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Preface to Second Edition

For this second edition almost every chapter has been revised and
updated in some way. The principal changes from the first edition are the
following. A second chapter on the geometry of complex contact mani-
folds, Chapter 13, has been added. Chapter 7 on the curvature of contact
metric manifolds has been reorganized and updated extensively. A sec-
tion on the projectivized tangent bundle has been added to Chapter 9.
Additional examples and commentary on further results have been added
throughout.

There has been considerable work in recent years on a number of areas
related to the subject, and it has been impossible to treat all of this work.
The author believes, however, that the text offers a good introduction to
and necessary background for the study of these topics.

The author expresses his appreciation to C. Abbas, T. Draghici,
B. Foreman and B. Korkmaz for reading parts of the manuscript and
offering valuable suggestions. The author also expresses his appreciation
to Birkh&user for suggesting that he write a second edition and espe-
cially to Ann Kostant, Jessica Belanger and Tom Grasso for their kind
assistance in producing this book.

March, 2010 David E. Blair
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Preface to the First Edition

The author’s lectures “Contact Manifolds in Riemannian Geometry”,
volume 509 (1976), in the Springer-Verlag series Lecture Notes in
Mathematics have been out of print for some time and it seems appropri-
ate that an expanded version of this material should become available.
The present text deals with the Riemannian geometry of both symplectic
and contact manifolds, although the book is more contact than symplec-
tic. This work is based on the recent research of the author, his students,
colleagues, and other scholars, the author’s graduate courses at Michigan
State University and the earlier lecture notes.

Chapter 1 presents the general theory of symplectic manifolds. Prin-
cipal circle bundles are then discussed in Chapter 2 as a prelude to the
Boothby-Wang fibration of a compact regular contact manifold in Chap-
ter 3, which deals with the general theory of contact manifolds. Chapter
4 focuses on Riemannian metrics associated to symplectic and contact
structures. Chapter 5 is devoted to integral submanifolds of the contact
subbundle. In Chapter 6 we discuss the normality of almost contact struc-
tures, Sasakian manifolds, K-contact manifolds, the relation of contact
metric structures and CR-structures, and cosymplectic structures. Chap-
ter 7 deals with the important study of the curvature of a contact metric
manifold. In Chapter 8 we give a selection of results on submanifolds of

ix



b'e Preface to the First Edition

Kahler and Sasakian manifolds, including an illustration of the technique
of A. Ros in a theorem of F. Urbano on compact minimal Lagrangian
submanifolds in CP". Chapter 9 discusses the symplectic structure of
tangent bundles, contact structure of tangent sphere bundles, general
vector bundles and normal bundles of Lagrangian and integral subman-
ifolds giving rise to new examples of symplectic and contact manifolds.
In Chapter 10 we study a number of curvature functionals on spaces of
associated metrics and their critical point conditions; we show also that
in the symplectic case, the “total scalar curvature” is a symplectic invari-
ant and in the contact case is a natural functional whose critcial points
are the metrics for which the characteristic vector field generates isomet-
rics. In the presence of a certain amount of negative curvature, special
directions appear in the contact subbundle; we discuss these and their
relations to Anosov and conformally Anosov flows in Chapter 11. Chap-
ter 12 deals with the subject of complex contact manifolds. We conclude
with a brief treatment of 3-Sasakian manifolds in Chapter 13.

The text attempts to strike a balance between giving detailed proofs
of basic properties, which will be instructive to the reader, and stating
many results whose proofs would take us too far afield. It has been im-
possible, however, to be encyclopedic and include everything, so that
unfortunately some important topics have been omitted or covered only
briefly. An extensive bibliography is given.

It is the author’s hope that the reader will find this both a good intro-
duction to the Riemannian geometry of contact and symplectic manifolds
and a useful reference to recent research in the area.

The author expresses his appreciation to C. Baikoussis, B.-Y. Chen,
D. Chinea, T. Draghici, B. Foreman, Th. Koufogiorgos, Y.-H. P. Pang
and D. Perrone for reading parts of the manuscript and offering valuable
suggestions. The author also expresses his appreciation to Ann Kostant of
Birkhauser and to Elizabeth Loew of TEXniques for their kind assistance
in the production of this book.

October, 2001 David E. Blair



Contents

Preface to Second Edition

Preface to the First Edition

1 Symplectic Manifolds
1.1 Definitions and examples. . . . . . ... ... ... ....
1.2 Lagrangian submanifolds. . . . . . ... ... .. ... ..
1.3 The Darboux—Weinstein theorems . . . .. .. ... ...
1.4 Symplectomorphisms . . . . . . .. ...

2 Principal $'-bundles
2.1 The set of principal $'-bundles as a group . . . . . . ...
2.2 Connections on a principal bundle . . . ... ... .. ..

3 Contact Manifolds
3.1 Definitions . . . . . . . ...
3.2 Examples . . .. ... o

3.2.1
3.2.2
3.2.3
3.2.4

3.2.5

R2n+1

R PR™ .
M+ C R?2F2 with T, M?" 1 {0} =0 .. ...
Unit and projectivized tangent and cotangent

bundles . . . . ... ..o
T*M xR ..o

vii

ix

— O o = -



xii

Contents

3.2.6 Tori . . . . . . .
3.2.7 Overtwisted contact structures . . . . .. .. . ..
3.28 SZx SY o

3.29 Contact circles . . . . . ... ... L.
3.3 The Boothby—Wang fibration . . . . ... ... ... ...
3.4 The Weinstein conjecture . . . . ... ... ... .. ...

Associated Metrics

4.1 Almost complex and almost contact structures . . . . ..

4.2 Polarization and associated metrics . . . . . . ... .. ..

4.3 Polarization of metrics as a projection . . . . .. ... ..
4.3.1 Some linear algebra . . . . .. ... ... ... ..
4.3.2 Resultsontheset A . .. ... ... ........

4.4 Action of symplectic and contact transformations . . . . .

4.5 Examples of almost contact metric manifolds . . . . . . .

451 RIHL O
4.5.2 M+ c M?"*2 almost complex . . . ... .. ..
453 SPCSS L

4.5.4  The Boothby—Wang fibration . . . . . .. .. ...
455 M2 xR ...
4.5.6 Parallelizable manifolds . . . . . . ... ... ...

Integral Submanifolds and Contact Transformations
5.1 Integral submanifolds . . . ... ... ... .. ... ...
5.2 Contact transformations . . . . . ... ... ... ...
5.3 Examples of integral submanifolds . . . ... ... .. ..
531 StC ST oL
532 T?2CS® ..
5.3.3 Legendre curves and Whitney spheres . . . . . ..
5.3.4 Lift of a Lagrangian foliation, Legendre foliations .

Sasakian and Cosymplectic Manifolds
6.1 Normal almost contact structures . . . . . . . . ... ...
6.2 Thetensor field h. . . . . .. ... .. ... ... .....
6.3 Definition of a Sasakian manifold . . . . ... .. ... ..
6.4 CR-manifolds . . . . . .. . .. .. ... ...,
6.5 Cosymplectic manifolds and remarks on the Sasakian
definition . . . . . . . ... ..
6.6 Products of almost contact manifolds . . . . . .. .. ...

41
41
45
49
50
53
o7
60
60
61
63
64
66
67

69
69
71
74
74
74
75
7



Contents xiii

6.7 Examples . . .. .. .. o 100
6.7.1 R2FTL 100

6.7.2 Principal circle bundles . . . . ... ... .. ... 100

6.7.3 A nonnormal almost contact structure on S° . . . 102

6.7.4 ML M2 104

6.7.5 Brieskorn manifolds . . . ... .. ... ... ... 104

6.8 Some early topology . . . . . . ... oL 106

7 Curvature of Contact Metric Manifolds 111
7.1 Basic curvature properties . . . . . ... ... 111
7.2 Curvature of contact metric manifolds . . . . .. ... .. 116
7.3 The (k,pu)-manifolds . . . . ... ... ... .. 123
7.4 Sasakian Einstein manifolds . . . . ... ... ... .... 130
7.5 Locally symmetric contact metric manifolds . . . . . . . . 132
7.6 Conformally flat contact metric manifolds . . . . . .. .. 133
7.7 ¢-sectional curvature . . . . . . . ... ... 137
7.8 Examples of Sasakian space forms . . . .. ... .. ... 141
781 ST 142

7.8.2 RZEL 142

783 B"xR ... 142

7.9 Locally ¢-symmetric spaces . . . . . . ... ... ... .. 143

8 Submanifolds of Kihler and Sasakian Manifolds 151
8.1 Invariant submanifolds . . . . . . . .. ... ... ... .. 151
8.2 Lagrangian and integral submanifolds . . . . .. ... .. 155

9 Tangent Bundles and Tangent Sphere Bundles 169
9.1 Tangent bundles . . . . ... .. .. ... ... ...... 169
9.2 Tangent sphere bundles . . . .. ... ... .. ...... 175
9.3 Geometry of vector bundles . . . . . ... ... ... ... 183
94 Normal bundles . . . . . . . ... ... ... ... .. ... 186

9.5 The geodesic flow on the projectivized tangent bundle . . 191

10 Curvature Functionals on Spaces of Associated Metrics 195

10.1 Introduction to critical metric problems . . . .. .. ... 195
10.2 The *-scalar curvature . . . . . . . .. ... .. ... ... 201
10.3 The integral of Ric(§) . . . . . . ... ... .. ... 206

10.3.1 H-contact manifolds . . . ... ... .. ... ... 211

10.4 The Webster scalar curvature . . . . . . . . ... ... .. 212



xiv Contents

10.5
10.6

A gauge invariant . . . . .. ...
The Abbena metric as a critical point . . . . .. .. ...

11 Negative ¢-sectional Curvature

11.1
11.2
11.3

Special directions in the contact subbundle . .. .. . ..
Anosov flows . . . .. ... ...
Conformally Anosov flows . . . . . ... ... .......

12 Complex Contact Manifolds

12.1
12.2

12.3
12.4
12.5
12.6
12.7

Complex contact manifolds and associated metrics
Examples of complex contact manifolds . . ... ... ..
12.2.1 Complex Heisenberg group . . . ... ... .. ..
12.2.2 Odd-dimensional complex projective space . . . . .
12.2.3 Twistor spaces . . . . . . . .. .. ...
12.2.4 The Complex Boothby—Wang fibration . . . . . . .
12.2.5 3-dimensional homogeneous examples . . . . . ..
12.2.6 Complex contact Lie groups . . . . . . . .. .. ..
1227 C"ME X CP™16) . . .. oo
12.2.8 cosz3dz! +sinz3d2? .. .. ...
Normality of complex contact manifolds . . . .. ... ..
GH-sectional curvature . . . . ... ... ... ...
The set of associated metrics and integral functionals . . .
Holomorphic Legendre curves . . . . . . .. ... .. ...

The Calabi (Veronese) embeddings as integral
submanifolds of CP?"*t . . ...

13 Additional Topics in Complex Geometry

13.1
13.2
13.3
13.4

13.5

Partial and holomorphic hyperbolicity . . . . .. ... ..
Projectivized holomorphic bundles . . . . . . .. .. ...
The complex geodesic flow . . . . . . .. ... ... ....
Complex almost contact metric structure on Pr. . . . . .
13.4.1 A complex contact structure with nonintegrable

vertical subbundle . . . . ... ... 000

Special directions on complex contact manifolds and the
Lie group SL(2,C) . . . . . .. ... ...

219
219
221
227

233

. 233

238
238
240
242
244
246
247
248
250
250
252
255
257

260



14 3-Sasakian Manifolds
14.1 3-Sasakian manifolds
14.2 Integral submanifolds

Bibliography
Subject Index

Author Index

Contents

XV

291
291
299

303

335

339






1
Symplectic Manifolds

To set the stage for our development we begin this book with a treatment
of the basic features of symplectic geometry. In this chapter we discuss
symplectic manifolds and make brief mention of “associated metrics”, a
topic that will be thoroughly discussed in Chapter 4. Here we treat in
detail Lagrangian submanifolds and theorems of Darboux and Weinstein
on the local structure of a symplectic manifold. We end this chapter with
a brief discussion of symplectomorphisms.

1.1 Definitions and examples

By a symplectic manifold we mean an even-dimensional differentiable
(C*) manifold M?" together with a global 2-form Q which is closed
and of maximal rank, i.e., dQ = 0, Q" # 0. By a symplectomorphism
fo (M, Q1) — (Ma,Q9) we mean a diffeomorphism f : M; — My
such that f*Qq = Q.

Before continuing with symplectic manifolds we present some basic
linear algebra. On a vector space V2, if Q € A*V with rk Q = 2n, then
there exist 0',...,6%" € V*, linearly independent and such that

Q=0"ANPP+B3N0 -+ 6T NG,

D.E. Blair, Riemannian Geometry of Contact and Symplectic Manifolds,
DOI 10.1007/978-0-8176-4959-3 1, © Springer Science+Business Media, LLC 2010



2 1. Symplectic Manifolds

To see this, for a basis {w'} of V* write

Q= Za,’jwi Al =wh A Zaljwj + WA Zagjwj

i<j 1<j 2<j
+ terms in w?, ..., w?"
=W A F WP A B Fterms inWB, L w0,
where 32 involves only w?, ..., w?", ' = aw? + 32, and 3 involves only
w3, ..., w?. Therefore
1 TR TP S W S .3 2n
Q=w A4+ [ ANB°— [B°ANB +termsinw?, ..., w
a a
1
= (wl — 52> A B+ terms in w?, ..., W?"
a
which is of the form 6 A 82 + Qy, where Q; involves only w?, ..., w?".

Now repeat the process for €.
We shall often choose the labeling such that

Q=0"A" T 4. 49" NG

As a corollary we see that there exists a basis {e;, ,4;} of V27 such that
Qei, entj) = 0ij, 1,7 = 1,...,n. A change of basis that leaves invariant
the normal form 2 :TZ?:I 0 AO™ T is given by a symplectic matrix, i.e.,
(& [B))_l = (7DB _AC) if and only if

A B\ (0 IN(ABY (0 I
(en) (So)(en)-(%o)

In particular, the structural group of the tangent bundle of a symplectic
manifold is reducible to Sp(2n, R). Further, using the fact that M?" may
be given a Riemannian metric and is orientable, the structural group is
reducible to SO(2n) and hence in turn to U(n). Thus in particular, M?"
carries an almost complex structure; this will be discussed in greater
detail below and in Chapter 4. The name symplectic is due to H. Weyl
[1939, p. 165] changing the Latin com/plex to the Greek sym /plectic.

Two canonical examples of symplectic manifolds are the following:

1. R?" with coordinates (x',..., 2" y',...,y") admits the symplectic
form Q = > da’ A dy'. The classical theorem of Darboux states
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that on any symplectic manifold there exist local coordinates with
respect to which the symplectic form can be written in this way.
We will give a modern proof of this result in Section 1.3.

2. Let M be a differentiable manifold. Then its cotangent bundle T* M
has a natural symplectic structure. For z € T*M and V in the
tangent space of T*M at z, T,T*M, define a 1-form 3, often called
the Liouville form, by (V). = z(m.V), where 7 : T*M — M
is the projection map. If ', ... 2" are local coordinates on M,
then ¢ = 2 o m together with fiber coordinates p',...,p" give
local coordinates on T*M. In these coordinates ( has the local
expression » ' | p'dg’. The natural symplectic structure on T*M
is given by Q = —dg.

The reader may recognize the second example from classical mechan-
ics; indeed, the cotangent bundle of the configuration space may be
thought of as the phase space of a dynamical system, and we may
obtain Hamilton’s equations of motion as follows. Let H be a real-
valued function on a symplectic manifold (M,Q2) and define a vector
field Xy by Q(Xg,Y) = YH; Xp is called the Hamiltonian vector
field generated by H. Two basic properties of Xg are £x,Q = 0,
£ being Lie differentiation, and XygH = 0. In fact, the classical
Poisson bracket is {f1, f2} = Q(Xp,, Xy, ) = Xy, fo. In local coordinates
(q',...,q" p',...,p") given by the Darboux theorem, Q = 3" dq’ A dp’
and Xy = > ( — g;{ 621- + gﬁ 8?12')' Thus the differential equations for
the integral curves of Xy are

. oH ., OH
p=- s 4= i

aq" op*
Hamilton’s equations of motion.

Before giving further examples, we mention the relationship with
Riemannian geometry that will become central for our study, viz., “as-
sociated metrics”. Given a symplectic manifold (M,Q) there exist a
Riemannian metric ¢ and an almost complex structure J such that
QX,Y) = g(X,JY). In fact, we shall see in Chapter 4 that there are
many such metrics, g and J being created simultaneously by polarization.

On the other hand, given an almost complex structure .J, i.e., a tensor
field J of type (1,1) such that J? = —I, on an almost complex manifold,
a Riemannian metric is said to be Hermitian if g(J X, JY) = g(X,Y’) and
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the pair (J,g) is called an almost Hermitian structure. Now defining a
2-form Q by Q(X,Y) = g(X,JY), Q is called the fundamental 2-form
of the almost Hermitian structure. If d2 = 0, the almost Hermitian
structure is said to be almost Kdhler, whereas the structure is Kdhler if J,
or equivalently €2, is parallel with respect to the Levi-Civita connection of
g. Thus associated metrics can be thought of as almost Kéahler structures
whose fundamental 2-form is the given symplectic form.

Since dS2 = 0, [2] € H(M,R), [Q] denoting the de Rham cohomology
class determined by 2. Using an associated metric, 62 = 0 and hence (2
is harmonic. To see this, use the fact that an almost Kahler manifold is
quasi-Kdhler, i.e., (ViJip)J;? = (VpJij)Ji?, sum on the indices ¢ and F,
and use J? = —I. Also [Q]" = [Q"] € H*"(M,R). In particular, for M
compact the following are two necessary conditions for the existence of
a symplectic structure:

(i) M carries an almost complex structure.
(ii) There exists an element w € H?(M,R) such that w™ # 0.

Thus, for example, from (i) the 4-dimensional sphere S* is not symplectic,
and from (ii), S% is not symplectic.

If M is an open manifold, Gromov in his thesis proved that (i) implies
the existence of a 1-form w such that dw is symplectic (see A. Hae-
fliger [1971, p. 133]). Also, Kéhler manifolds are symplectic, so there are
plenty of compact ones, e.g., complex projective space, S x S2, algebraic
varieties. Note that the even-dimensional Betti numbers of a compact
almost Kéhler manifold are nonzero. It is also well known that the odd-
dimensional Betti numbers of a compact K&hler manifold are even, but
this is not true in the almost Kéahler case. We now give two descriptions
of an example of Thurston [1976] of a compact symplectic manifold with
no Kahler structure; this manifold is known as the Thurston manifold or
as the Kodaira—Thurston manifold (Kodaira [1964]).

Briefly, first take the product of a torus 72, as a unit square with
opposite sides identified, and an interval and glue the ends together by
the diffeomorphism of T2 given by the matrix (4 1). This gives a compact
3-manifold whose first Betti number is 2. Now taking the product with
51, we have a 4-manifold M with first Betti number 3, and hence M
cannot have a Kéhler structure. Let 61, 62 be coordinates on T?; then
dfy N dfy exists after the twisting on the 3-manifold. Thus if ¢; is the
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coordinate on the interval and ¢5 the coordinate on the final circle, df; A
dfy + dp1 A dgo is a symplectic form.

A second version of this example was given by E. Abbena [1984], who
also gave a natural associated metric for this symplectic structure, com-
puted its curvature, and showed that the first Betti number is 3 using
harmonic forms.

Let G be the closed connected subgroup of GL(4,C) defined by

1 a2 ails 0

0 1 a 0

0 0 ig 0 aiz,a13, a3, a S R )
0 0 0 627ria

i.e., G is the product of the Heisenberg group and S'. Let I' be the
discrete subgroup of G' with integer entries and M = G/I". Denote by
x,y,z,t coordinates on G, say for A € G, z(A) = a2, y(A) = ass,
2(A) = a3, t(A) = a. If Lp is left translation by B € G, then Lidx = dx,
Lydy = dy, Ly(dz — xdy) = dz — xdy, Ldt = dt. In particular, these
forms are invariant under the action of I'. Let @ : G — M denote
projection. Then there exist 1-forms a1, g, a3, ay on M such that
dex = oy, dy = mras, dz — xdy = *ag, dt = 7 ay. Setting ) =
ag N\ ag + ag A ag, we see that Q AQ # 0 and d2 =0 on M giving M a
symplectic structure.
The vector fields

0 0 0 0 0

Ox’ e2:8y+x82’ BT T ot

e =
are dual to dz, dy, dz — x dy, dt and are left-invariant. Moreover, {e;} is
orthonormal with respect to the left-invariant metric on G given by

ds* = dz® + dy? + (dz — z dy)? + dt*.

On M the corresponding metric is g = | a; @ a; and is called the Abbena
metric.
Moreover, M carries an almost complex structure defined by

Jei =e4, Jeg=—e3, Jeg=ey, Jes= —e.

Then noting that Q(X,Y) = g(X,JY), we see that g is an associated
metric.



6 1. Symplectic Manifolds

At the time of Thurston’s example there was no known example of a
compact symplectic manifold with no Kahler structure. Since the
appearance of this example there have been many others, e.g., Watson
[1983], McDuff [1984], Cordero, Ferndndez and de Leon [1985], Cordero,
Fernandez and Gray [1986], Benson and Gordon [1988], [1990], Ferndndez
and Gray [1990], Yamato [1990], McCarthy and Wolfson [1994], Gompf
[1994], [1995], Fernandez, de Leon and Saralegi [1996], Jelonek [1996],
Holubowicz and Mozgawa [1998]. These examples are of several types: nil-
manifolds, solvmanifolds, simply connected examples obtained by sym-
plectic blowup, symplectic sums, and total spaces of fiber bundles. A
survey of these topics can be found in the book of A. Tralle and J. Oprea
[1997]. We also mention that Guan [1994] gave examples of complex sym-
plectic manfiolds (also known as holomorphic symplectic manifolds) that
are not Kéhler including the complexification of the Kodaira—Thurston
manifold. A complex symplectic manifold is a complex manifold of com-
plex dimension 2n together with a closed holomorphic 2-form € such
that Q" # 0. Further examples of complex symplectic manifolds were
given by Yamada [2005].

1.2 Lagrangian submanifolds

Let ¢ : L — M?" be an immersion into a symplectic manifold (M?", Q).
We say that L is a Lagrangian submanifold if the dimension of L is n
and t*2 = 0. Two simple examples are the following:

1. The fibers of the cotangent bundle T*M as discussed in the previ-
ous section are Lagrangian submanifolds with respect to the sym-
plectic structure dB. Also suppose that ¢ is a section of 7% M. Then
¢* 3 is equal to ¢ as a 1-form on M; in particular,

(@ B)(X)m = B(9xX)p(m) = d(m) (M9 X) = (X ).

Therefore ¢*Q2 = ¢*(—df) = —d¢; thus a section ¢ : M — T*M is
a Lagrangian submanifold if and only if ¢ is closed. When ¢ is exact,
say dS, S is said to be a generating function for the submanifold.

2. Let (Mi,$4) and (Ma,2) be symplectic manifolds and f: M; —
My a diffeomorphism. Then (M7, Q) x (Ma, —§2) is symplectic, say
M = M; x Mj with projections m1 and 7 and Q = 77y — 750,
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Let I'y denote the graph of f. Then f is a symplectomorphism if
and only if 'y is a Lagrangian submanifold of (M, ).

There are several difficulties in studying Lagrangian submanifolds.
First of all, since t*Q2 = 0, there is no induced structure, so in a sense
the geometry is transverse to the submanifold. From the standpoint of
submanifold theory the codimension is high, so that the theory is more
complicated. Another difficulty is that Lagrangian submanifolds are very
abundant. For example, given any vector X at a point m € M, there ex-
ists a Lagrangian submanifold through the point tangent to X. We shall
see this as a corollary to the Darboux theorem in the next section. Also,
Lagrangian submanifolds tend to get in the way of each other; loosely
speaking, two Lagrangian submanifolds that are C''-close tend to inter-
sect more than one would expect of two arbitrary C''-close submanifolds.
Going into this point in some detail, let M be a compact manifold and,
identifying M with the zero section of T*M, view M as a Lagrangian
submanifold of T*M. Now let L be a Lagrangian submanifold of 7™M
near M. Regarding L as the image of a closed 1-form ¢, the question of
when L and M intersect reduces to the question of when ¢ has a zero. So
to perturb M to a disjoint Lagrangian submanifold L, M must admit a
closed 1-form without zeros. An obstruction to this was given by Tischler
[1970] in the following theorem.

Theorem 1.1 If a compact manifold admits a closed 1-form without
zeros, then the manifold fibers over the circle and conversely.

In contrast, the problem of perturbing M to an arbitrary disjoint sub-
manifold is equivalent to finding a nonvanishing 1-form, which is equiv-
alent to finding a nonvanishing vector field, and the obstruction to this
is the Euler characteristic.

If M is simply connected, the situation is “worse”. For now ¢ is exact
and hence given by a function on M, but since M is compact, such a
function must have at least two critical points. So a perturbation of 52
to an arbitrary submanifold in 7%S? may intersect in only one point,
but a perturbation to a Lagrangian submanifold must have at least two
intersection points.

For L, and Lo, C'-close Lagrangian submanifolds of a symplectic man-
ifold (M, ), the same situation holds by virtue of the following theorem
of Weinstein [1971] which we will prove in the next section.
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Theorem (Weinstein) If L is a Lagrangian submanifold of a symplectic
manifold (M,S), then there exists a neighborhood of L in M that is
symplectomorphic to a neighborhood of the zero section in T*L.

More general than the notion of a Lagrangian submanifold are the
notions of isotropic and coisotropic submanifolds. A submanifold ¢ :
N — M?" is isotropic if 1*Q = 0, so in particular the dimension of
N is < n. In the subject of almost Hermitian manifolds (M?",.J, g) these
submanifolds are called totally real submanifolds; see Yau [1974], Chen
and Ogiue [1974a]. The key point is that since Q(X,Y) = g(X,JY), J
maps the tangent space into the normal space. We remark that one some-
times sees another notion of totally real submanifold in the literature,
namely a submanifold for which no tangent space contains a nonzero
complex subspace; however, we will use only the stronger notion in this
text.

The isotropic or totally real condition at a point m € N can be written
as 1T, N C{V | QV, 0. T,,N) = 0}. A submanifold ¢ : N — M?" is
coisotropic if 1, T, N 2 {V | QV,u.T,,N) = 0}; in terms of (J,g), J
maps the normal space into the tangent space and hence the dimension
of N is > n.

In particular, for a Lagrangian submanifold N™ in C”, J maps the tan-
gent spaces onto the normal spaces; therefore TC"|y = TN" @ iTN™ =
TN ® C and hence the complexified tangent bundle is trivial. Gromov
[1971] (see also Weinstein [1977]) proved that if N™ is compact, then N"
admits a Lagrangian immersion into C" if and only if the complexified
tangent bundle is trivial.

The question of embeddings is a different matter. It is known that
the sphere S™ cannot be embedded in C" as a Lagrangian submanifold.
This is a consequence of a more general result of Gromov [1985] that a
compact embedded Lagrangian submanifold in C" cannot be simply con-
nected (see also Sikorav [1986]). For an immersed sphere as a Lagrangian
submanifold with only one double point, see Example 5.3.3, Weinstein
[1977, p. 26], or Morvan [1983].

Our discussion also has the following application to the problem of
fixed points of symplectomorphisms; see Weinstein [1977, p. 29]. Let
(M, Q) be a compact simply connected symplectic manifold. Then a sym-
plectomorphsim f sufficiently C! close to the identity has at least two
fixed points. To see this, let A be the diagonal of (M, Q) x (M, —) and
I'y the graph of f. Then A and I'y intersect at least twice, and hence
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f has at least two fixed points. For example, let M be complex projec-
tive space CP™ and f an automorphism of the Kahler structure that is
C'-close to the identity. Any function on CP" has at least n + 1 critical
points, so that f must have at least n + 1 fixed points.

1.3 The Darboux—Weinstein theorems

We have mentioned the theorems of Darboux and Weinstein already; in
this section we present a modern proof of both theorems using a technique
of Moser [1965]. The use of this idea to prove the classical Darboux the-
orem is due to Weinstein [1971, 1977] and independently to J. Martinet
[1970]. In addition to the papers mentioned, a general reference is the
book by P. Libermann and C.-M. Marle [1987, Chapter III, Section 15]
which we follow here; for the Darboux theorem see also N. Woodhouse
[1980, pp. 7-9]. We begin with the following theorem of Weinstein. As
a matter of notation, for a submanifold ¢ : N — M and a differential
form ® on M, ®|y denotes the form acting on T M, the restriction of
TM to N, and not the pullback, :*®, of ® to N (see, e.g., Libermann
and Marle [1987, p. 360]).

Theorem 1.2 Let Qg and 21 be symplectic forms on a symplectic man-
ifold M, and N a submanifold (possibly a point) on which Qo|n = Q1|n-
Then there exist tubular neighborhoods U and V' of N and a symplecto-
morphism p : U — V such that p|n is the identity.

Proof. Since d(Q; — Qp) = 0, by the generalized Poincaré lemma (see,
e.g., Libermann and Marle [1987, p. 361]) there exists a tubular neigh-
borhood W of N and a 1-form « on W such that 1 — Q¢ = da and
aly = 0. Now for t € R set 0y = Qg + t(21 — Qo); 2 is nondegenerate
on an open subset W7 of W x R containing N x R. Let X be the vector
field on W defined by

X(m,t) Q(m) = —a(m),

where  denotes the left interior product. For a point m, consider the
integral curve t — ¢, (t) of X through (m,0) and regard the domain of
¢ : (m,t) — ¢ (t) as an open subset Wy of W x R with Wy C Wj. Since
aly =0, X restricted to N x R vanishes and hence N x R C W5. Now
since [0, 1] is compact, any point m € N has a neighborhood U, C M
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such that U, x [0,1] C Ws. Let U = UpenUyp,. For (m,tg) € U x [0,1]
we compute

i1 On 7Oy, = o) (£x00+ ], ) () =0

since

d
£x =X th+d(X Qt) = —da=Qy—Q, and dtQt =01 — Q.

Thus if p: U — V = p(U) C W is the diffeomorphism determined by
(p(m),1) = ¢ (1), then p*Qy = Qp and p(m) = m for m € N.

As a corollary we now have the classical theorem of Darboux.

Theorem 1.3 Given (M?",Q) symplectic and m € M, there exist a
neighborhood U of m and local coordinates (171, at oyt ,y") on U

such that Q =Y dz' A dy'.

Proof. Let (ul, —oou™ ol oo o™) be local coordinates on a neighbor-
hood of m such that B(zi (m) and aii (m) form a symplectic frame at the
point m. Set Qo = Q and Q1 = ) du’ Adv'. Then Q and €2y agree at m.
Now constructing p as in the previous theorem, 2 = u*op and y* = viop
form the desired coordinates.

We remark that one can easily choose the “Darboux” coordinates such
that 8‘21 (m) is any preassigned vector X at m and that z' = const
defines a Lagrangian submanifold. Thus we see that given a point m and
a tangent vector X at m there exists a Lagrangian submanifold through
the point and tangent to X as we remarked in the last section.

There are more general versions of the Darboux theorem, and it seems
worthwhile to state the following two theorems here. We refer the reader
to the book of S. Sternberg [1983, Chapter III, Section 6] for proofs and
as a more classical reference to these results.

Theorem 1.4 Let Q be a closed 2-form such that QP # 0 but QP! =
0. Then about every point there exist local coordinates (x',... z"P,
yt, ... yP) such that Q = dx' Ady' + - - + daP A dyP.

Theorem 1.5 Let w # 0 be a 1-form such that dwP # 0 but w A (dw)P =

0. Then there exist local coordinates (x',... 2" Pyl ... yP) such that
w=aldy' + - +2PdyP. If w A (dw)P # 0 but dwP™ =0, then there exist
local coordinates (z',..., 2" P, y' ... yP) such that w = x'dy' + - +

aPdyP + dzPtt.
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We now prove the theorem of Weinstein that locally a symplectic man-
ifold is the cotangent bundle of a Lagrangian submanifold.

Theorem 1.6 If L is a Lagrangian submanifold of a symplectic manifold
(M, ), then there exists a neighborhood of L in M that is symplectomor-
phic to a neighborhood of the zero section in T*L.

Proof. Let Tt M be the restriction of the tangent bundle 7'M to L and
E a Lagrangian complement of T'L in T M. Such a vector bundle E
exists but is by no means unique; e.g., relative to an associated metric
as described above, E could be taken as the normal bundle of L. Define
j:E—T*L by
J(O(X) = Q(¢, X),

where ( € E,, and X € T,,L, m € L. Moreover there exist a tubular
neighborhood U of L in M and a diffeomorphism ¢ of U onto ¢p(U) C E
such that ¢|r, is the zero section and identifying Tt ) Ep with Ep,

(see e.g., Libermann and Marle [1987, p. 358], or in the Riemannian
case use the inverse of the exponential map). Then j o ¢ is a diffeomor-
phism of U onto the open subset j(¢(U)) of T*L whose restriction to L
is the zero section, sg : L — L' C T*L. Moreover, (j o ¢).(m) maps
the complementary Lagrangian subspaces T),L and E,, onto Tso(m)L’
and Ty (m) (T, L) respectively. But T,y L' and Ty, () (T, L) are com-
plementary Lagrangian subspaces with respect to the symplectic form dg
on T*L. Now identifying L and L', the restriction of (j o ¢).(m) to T,,,L
is just the identity and since ¢.(m)|g,, = id|g,,, (j © ¢)«(m) restricted
to E,, is j. In particular, (j o ¢).(m)( is vertical and X € T, L, so using
the local expression Y. dp’ A dq’ of d on T*L,

dB((5 © ¢)«(m)C, (j 0 ¢)«(m)X) = j(O)(X) = Q(C, X).

The result now follows from Theorem 1.2.

1.4 Symplectomorphisms

Recall that a diffeomorphism f : M — M is a symplectomorphism
if f*Q = Q. A vector field X which generates a 1-parameter group of
symplectomorphisms is called a symplectic vector field. Clearly £xQ = 0.
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Theorem 1.7 Let X be a symplectic vector field on (M,Q), g an asso-
ciated metric, and J the corresponding almost complex structure. Then
X = J*0, for some closed 1-form 6. Conversely, given a closed 1-form
0, X' = J*0,, defines a symplectic vector field.

Proof. First note that 0 = £xQ = d(X ) implies that = }(X Q)
is a closed 1-form. Let T" be the vector field given by g(7,Y) = 6(Y).
Then g(JT,Y) = —0(JY) = —Q(X,JY) = g(X,Y). Therefore X* =
JUT* or X' = J*@, as desired. Conversely, given @ closed, define X
by X¢ = J%*) from which -0, = J; X' = —J; X', ie, 0 = J(X Q).
Therefore £xQ =d(X Q) =2d0 =0.

Corollary 1.1 For f € C®(M), JVf is symplectic, where Vf is the
gradient of f. Conversely, given X symplectic, X is locally JV f.

In particular, X is locally the Hamiltonian vector field X . Compare
this with the following classical treatment. Suppose that N is a level
hypersurface of the function H on (M, ), on which dH # 0. Then Xp
is a nonzero tangent vector field that is in the direction of J of the normal
direction: g(Y,VH) = YH = Q(Xy,Y) = 9(Xg,JY) = —g(JXu,Y),
giving Xg = JVH.

Finally, we prove a result of Hatakeyama [1966] that the group
of symplectomorphisms acts transitively on a compact symplectic
manifold.

Theorem 1.8 The group of symplectomorphisms acts transitively on a
compact symplectic manifold (M,<).

Proof. We first prove the result for a Darboux neighborhood U about
p € M, i.e., we have local coordinates (x!,..,2", 9%, ...,y") such that
Q= >ds' Ady' and z¢(p) = y*(p) = 0. Let q(# p) € U with coordinates
(a’,b") and define a function f on U by f = > (a'y’ — b'z?). Then the
vector field X defined by X € = 2df generates a 1-parameter group ¢;
such that ¢1(p) = ¢. Writing X as X' 8277 + X" 8?;“ we have X Q =
Xidy' — XV da' = a'dy’ — b'da’. Thus X = o £i + b 82“ and its integral
curves have the form 2 = a't, y* = b't. Strictly speaking, X is determined
by f € C>®(M), where f equals ) > (a’y’ — biz’) on U and vanishes
outside some larger neighborhood; M compact then implies that ¢; is
a diffeomorphism of M. Thus any two points in &/ may be joined by a
symplectomorphism. Now for p,q € M join them by a curve and cover it
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by a finite number of Darboux neighborhoods U,,a = 1,... k.
Choose a sequence of points p, such that pg = p, pr = ¢ and p, €
Uy NUp+1, and apply the above result.

For a generalization to symplectomorphisms mapping k points to k
points, see Boothby [1969] or Kriegl-Michor [1997, p. 472].






2
Principal S*-bundles

A very important theorem in the geometry of contact manifolds, and the
start of the modern theory, is the Boothby-Wang theorem, which states
that a compact regular contact manifold is a principal circle bundle over a
symplectic manifold of integral class. We will prove this result in Section
3.3. In preparation for this we review principal circle bundles in this
chapter.

2.1 The set of principal S-bundles as a group

Let P and M be C'* manifolds, 7 : P — M a C* map of P onto M,
and G a Lie group acting on P to the right. Then (P, G, M) is called a
principal G-bundle if

1. G acts freely on P,
2. 7(p1) = w(p2) if and only if there exists g € G such that p1g = po,

3. P is locally trivial over M, i.e., for every m € M there exists a
neighborhood U of m and a map Fy : 7 () — G such that
for every p € 7~ Y(U) and g € G, Fy(pg) = (Fu(p))g, and such

D.E. Blair, Riemannian Geometry of Contact and Symplectic Manifolds,
DOI 10.1007/978-0-8176-4959-3 2, © Springer Science+Business Media, LLC 2010
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that the map v : 7~ 1(U) — U x G taking p to (7(p), Fy(p)) is a
diffeomorphism.

For a general reference to the theory of principal fiber bundles see Bishop
and Crittenden [1964, Chapters 3 and 5|, Kobayashi and Nomizu
[1963-69, Chapter II].

We now turn to the case where G = S, in which case we say that P
is a principal circle bundle over M and we study the group structure of
the set P(M, S') of all principal circle bundles over M. Our treatment
is based on Kobayashi [1956].

Given P,P' € P(M,S') with projections m, 7', let A(P x P') =
{(u,uv) € P x Pr(u) = 7n'(u)}. We say (ur,u})) ~ (ug,ul) if there
exists s € S such that u;s = up and u}s~! = u}. Note that since S! is
abelian, uz = ugt = uyst, uy = uht ™! = ujs~ 7 = u)(st)" L.

Let P+ P = A(Px P')/ ~and 7" : P+ P’ — M the induced
projection. St acts on A(P x P') by (u,u’)s = (us,u). Now if (u,u}) ~
(ug,ub), uit = ug and ujt=t = uly, we have ugs = uits = (uys)t. There-
fore (u1s,u}) ~ (ugs,ub) and hence S acts on P + P'.

St acts freely: Suppose u”s = u”,u” € P + P’ and suppose
(u,u’) represents u”. Then (u,u’) ~ (us,u’), so that v/s~1 =
v’ and hence s =1 € S*.

S1 acts transitively on fibers: Suppose v/, uy € #~!(m) and
1> %2

(u1,u}), (ug,ufy) are representatives. Then uy = uys, uh =

uhs', 5,8 € St Now (ug,uh) ~ (ugs’,uy) = (uss’,u)) =

(u1,u))ss’ and hence uf = ufss'.

P + P’ is locally trivial: If Fy(u) = g,F/,(«') = ¢, set
F/j(u,v') = gg'. Then Fj(us,u') = gsg’ = g¢’s.

Theorem 2.1 Under the operation +, P(M, Sl) is an abelian group.

Proof. Let Py be the trivial bundle and o« : P — P + Py defined by
a(u) = [(u, (m(u),1))]. Then a is a bundle isomorphism:
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Let —P be a manifold diffeomorphic to P and —u the point corre-
sponding to u. Define —7 : —P — M by —7m(—u) = 7(u). S! acts on
—P by (—u)s = —(us™!). Then —P € P(M,S'). Now let (u1, —ug) €
A(P x —P); then there exists a unique s € S! such that u; = ugs. Let
a: P+ (—P) — Py be defined by a([(u1,—u2)]) = (7(u1),s). Then «
is a bundle isomorphism.

Let A(P x P' x P") = {(u,v,u")|n(u) = 7' (v) = 7 (u")} and define
the equivalence ~ by (u,u’,u”) ~ (us,u's~ s, u”s'~1). Then A(P x P’ x
P")/ ~ is naturally isomorphic to (P + P') + P", ((u's™1,us)s', u"s'~1),
and to P+ (P + P"), (us, (u's’,u"s'~1)s71). St acts on A(P x P' x P")
by (u,u’,u")s = (us,u',u”). Now if (uy,u),u]) ~ (ug,ub,uly), then ug =
urt,uhy = uit= ' ulf = uft'~!. Then uss = uits = (u1s)t so that the
right action preserves ~.

Finally, P + P’ is isomorphic to P’ + P by [(u,u’)] «—— [(¢/,u)],
(us,u') ~ (u,u's).

Let G, be the cyclic subgroup of S* of order m and P € P(M,S%).
Since S! acts on P on the right, so does G,,,. Then P/G,, is a principal
bundle over M with group S'/G,,. But S'/G,, = S* and hence we can
consider P/G,, € P(M,S"'). More precisely: Let [u] be an element of
P/G,, that is represented by u € P. Define the action of S* on P/G,, by
setting [u]s = [us'], where s = s'™. This definition is independent of the
choice of u and §'. For if g € Gy, then [ugls = [ugs'] = [us'g] = [us'] =
[u]s, and if s”™ = s, then (s'~1s”)™ =1 so that s'~'s” € G, and hence

[us"] = [us's'~1s"] = [us'].

Theorem 2.2 Let P, G, and P/G,, be as above. Then P/Gy, = m- P.

Proof. From the definition above it follows by induction that m - P can
be defined directly by

AP x---xP)={(u1,...,up) € Px--- X Plm(u1) =--- =7(um)},

two elements of which, say (ui,...,uy) and (u1s1,. .., UnSy), are equiv-
alent if and only if s1---s, = 1. The quotient space of A(P x --- X
P) by this relation is m - P. The action of S' on m - P is given by
[(uiy ... um)ls = [(us,ug,...,up)]. Define ¢ : P/G,, — m - P by
o([u]) = [(u,...,u)], which is independent of the choice of wu, for if
g € Gpm, g™ = 1, then ¢(Jug]) = [(ug,...,ug)] = [(u,...,u)]. Now
take s € S' and s’ such that s'™ = s. Then ¢([u]ls) = ¢([us’]) =
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[(us',...,us")] = [(us,u,...,u)] = [(u,...,u)]s = (¢([u]))s. Therefore
¢ is a bundle isomorphism of P/G,, onto m - P

Corollary 2.1 If P is simply connected and m > 1, then there is no
bundle P' € P(M,S") such that P =m - P'.

Proof. Suppose that P’ exists. Then P = P’/G,, and so P’ is a covering
space of P. Since P is simply connected, this can happen only if m = 1.

A principal bundle may also be thought of as an equivalence class
of principal coordinate bundles that are given by their transition func-
tions. Let {U;} be a differentiably simple open cover of M (i.e., {U;}
is locally finite, each U; has compact closure and any nonempty finite
intersection is diffeomorphic to an open cell of R™). With respect to this
cover let fi; : Uy NU; — S1 be the transition functions of a bundle
P € P(M,S"). The fi; are defined by fi;(m(p)) = Fu,(p)(Fu,;(p)) "
Then f;; € T(U; NU;,SY), the set of all sections over U; N U; with
coefficients in S, the sheaf of germs of local C* maps from M into
S'. Thus f = {f;;} is a cochain of M. Now fir = fijfjk- Thus fiyi;i, =
O figin = fi0i1figz‘12fili2 = fioizfi;iz =1 and f is a cocycle. Now P and P’
are equivalent if and only if P — P’ is the trivial bundle, so P and P’
are the same here if and only if ff/~! is a coboundary, where f’ is the
cocycle of P'. Therefore P(M,S') = H'(M,S').

The natural short exact sequence 0 — Z — R — S — 0 induces
a short exact sequence of the corresponding sheaves 0 — Z — R —
S' — 0. From this we get the cohomology sequence

- — HY(M,R) — H'(M,S') - H*(M,Z) — H*(M,R) — --- .
Now let {¢; } be a partition of unity subordinate to {U/;} with ¢;|r/—y, = 0,
Vi CU;. Let {Bijx} € Z*(M,R). Consider a;; = >, dxBijk- If in a neigh-

borhood of m € U; NU;, B;ji is not defined, we have ¢y (m’) = 0 for every
m' in the neighborhood. Hence we see that «; is defined on U; NU;. Now

0{aij}y = {aij — i + ez} = {D_ di(Biji — Buwa + Bjw)}
z

= > &Bijn} = {Bijn}-
I
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This can be done for other-dimensional cocycles as well. Hence Z¢(M,R) =
BY(M,R),i > 0. Thus in particular we have that

HY(M,R) = H*(M,R) = 0.

On the other hand, the C'"*° maps of M into Z are just the constant inte-
ger functions and hence the corresponding cohomology groups must be
isomorphic, in particular H?(M, Z) = H?(M,Z). Thus we finally have
the isomorphisms

HY(M,S") = H*(M,7), P(M,S')= H*(M,Z).

For example, it is well known that for complex projective space CP",
H?(CP",Z) = Z. Thus by the above isomorphism, P(CP",S!) & Z.
The most famous example of a principal circle bundle over CP™ is the
Hopf fibration of an odd-dimensional sphere S?"*!. Suppose that S?"+! ¢
P(CP", S corresponds to k € Z. Then since S?"*1 is simply connected,
k = £1 by the corollary. Therefore we finally have the following result.

Theorem 2.3 P(CP",SY) = Z with S*"*1 corresponding to 1 for a
proper orientation of CP™.

2.2 Connections on a principal bundle

A connection on a principal G-bundle (P, G, M) is a C*° distribution H
on P such that

1. T,P = Hy®V,, V, = ker,,
2. Ry(Hp) = Hyg, Ry being right translation.

Vectors in H), are said to be horizontal, and for ¢ € T, P we denote its
horizontal part by Ht. The map | H, is one-to-one and hence s (Hp) =
Tr(pyM. Thus given a vector field X on M there exists a unique vector
field X on P such that X(p) € H, and m.X(p) = X(n(p)), i.c., X is
m-related to X. X is called the horizontal lift of X. The following two
properties of horizontal lifts follow easily from the definitions:

—_~—

[(X,Y]=H[X,Y], R,uX=X.
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A p-form w on P is vertical (resp. horizontal) if w(ty,...,t,) = 0 when
one or more of the ¢;’s is horizontal (resp. vertical).

Now regard p € P as a map of G — P by p(g) = pg. Let g denote
the Lie algebra of G and define a Lie algebra homomorphism of g into a
Lie algebra g of vector fields on P by X = (p,X)(e). The map p: G —
7 Y7 (p)) is a diffeomorphism, so given t € V,, let X(e) = p;'t. Then
there exists X € g such that X(p) = ¢. On the other hand, given X € g,
. X (p) = T (pX)(e) = (7 0 p)X(e) = 0, since m o p is a constant map.
Thus X is vertical.

Given a connection H on (P,G, M) define a g-valued 1-form ¢ on P
by #(t) = X € g where X(p) is the vertical part of ¢. ¢ is called the
connection form of H. The following lemmas are well known and their
proofs can be found in the references (e.g., Bishop and Crittenden [1964,
pp. 76-77], Kobayashi and Nomizu [1963-69, Volume I, p. 64]).

Lemma 2.1 ¢o Ry = Adg='o ¢, i.e., ¢ is equivariant.

Lemma 2.2 If ¢ is a g-valued C*° equivariant 1-form such that
?(X(p)) = X, then there exists a unique connection H whose 1-form

8 ¢.

Given a g-valued p-form o and a g-valued g-form w, their bracket is
defined by

[0-7 W](Xl, o 7Xp+q)
1 . .
= (p+q)' Z Sgn(7'17---Jp—i-q)[o'(Xilw“7Xip)7W(Xip+1a~-~7Xip+q)]-

(i17-~~77;p+q)

Let w be a p-form on P and define a (p + 1)-form Dw by
Dw(tl, N )thrl) = dw(Htl, ce ,Htp).

Clearly Dw is horizontal. If ¢ is the connection form of H, ® = D¢ is
called the curvature form of H. ® is equivariant as can be seen as follows:

O(Ryut1, Ryata) = dp(H Ryut1, HRyils) = dp(Ry Ht1, Ry Hto)
1 1
= 72¢(Rg* [Hty, Hty]) = 72Adg’1¢([Ht1, Hty))

= Ad g™ (1, 12).
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We now have the structural equation; again for the proof see the refer-
ences (e.g., Bishop and Crittenden [1964, p. 81], Kobayashi and Nomizu
[1963-69, Volume I, p. 77]).

Theorem 2.4 d¢ = —}[¢, ¢] + ©.

Let P € P(M,S') and note that the Lie algebra of S! is R with
the trivial bracket operation. Thus if 7 is a connection form on P, then
[n,m] = 0, and if ® is the curvature, the structural equation is simply
dn = ®.

Again since S is abelian, for X,Y € T,,P and s € S' we have

B(Re X, Re,Y) = Ads™'®(X,Y) = (X, Y).

Therefore there exists a unique 2-form €2 on M such that & = 7*(). Now
7*(dY) = d® = 0 and hence 2 is a closed 2-form on M.

If now 7/ is another connection, then as before, (n —1n') o Rge =n—1'.
Therefore there exists a unique 1-form 3 on M such that 78 =n —7/'.
Now 7*df = d(n—n') = ® — & = 7*Q — 7*Q' and hence df = Q —
Q. Thus the cohomology class of  is independent of the choice of the
connection form and is called the characteristic class of P; again see
Kobayashi [1956]. Since the transition functions are mappings from ;N
into S', they can be considered as real-valued functions (mod 1), and it
can then be shown that € is integral, i.e., fCQ = integer for any finite
singular cocycle ¢ with integer coefficients. This gives a homomorphism
of P(M, S') onto the integral classes of the second de Rham cohomology.

We end this chapter with the following theorem of Kobayashi [1963],
which should again be compared with the isomorphism P(M,S!) =
H?(M,7).

Theorem 2.5 Let Q be a 2-form on M representing an element of
H?(M,7). Then there exist a principal circle bundle P and a connec-
tion form m on P such that dn = Q.

Proof. Let P be the principal bundle corresponding to © and " a con-
nection form on P such that the closed 2-form € defined by dn’ = 7*(V/
is cohomologous to Q. Let 3 be a 1-form on M such that Q — Q' = dg.
Now set n = ' +7*3. Then 7*(3 is horizontal and equivariant, and hence
7 is a connection form on P and dn = 7*() as desired.






3
Contact Manifolds

In this chapter we give the basic definitions and properties concerning
contact manifolds both as given by a global contact form and as a contact
structure in the wider sense. We then give many examples of contact
manifolds, a discussion of the celebrated Boothby—Wang fibration, and
a discussion of the Weinstein conjecture.

3.1 Definitions

By a contact manifold we mean a C° manifold M?"*+! together with a
1-form 1 such that n A (dn)™ # 0. In particular, n A (dn)™ # 0 is a volume
element on M, so that a contact manifold is orientable. Also dn has rank
2n on the Grassmann algebra AT, M at each point m € M, and thus
we have a 1-dimensional subspace, {X € T,,M|dn(X,T,,M) = 0}, on
which 1 # 0 and which is complementary to the subspace defined by
1 = 0. Therefore choosing &, in this subspace normalized by n(&,) = 1,
we have a global vector field £ satisfying

dﬁ(faX) =0, 77(5) =1

¢ is called the characteristic vector field or Reeb vector field (Reeb [1952])
of the contact structure n. Computing Lie derivatives by the formula

D.E. Blair, Riemannian Geometry of Contact and Symplectic Manifolds,
DOI 10.1007/978-0-8176-4959-3 3, © Springer Science+Business Media, LLC 2010
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Le=do(§ )+ (£ )od, we have immediately that
£577:O, £§d7720.

We denote by D the contact distribution or subbundle defined by the
subspaces D, = {X € T,, M : n(X) = 0}. Roughly speaking, the mean-
ing of the contact condition, n A (dn)™ # 0, is that the contact subbundle
is as far from being integrable as possible; in particular, D rotates as one
moves around on the manifold. For a subbundle defined by a 1-form 7
to be integrable it is necessary and sufficient that n A (dn) = 0. In con-
trast, we shall see in Chapter 5 that for a contact manifold M?"*1, the
maximum dimension of an integral submanifold of D is only n. A one-
dimensional integral submanifold of D will be called a Legendre curve,
especially to avoid confusion with an integral curve of the vector field &.

A contact structure is reqular if £ is regular as a vector field, that is,
every point of the manifold has a neighborhood such that any integral
curve of the vector field passing through the neighborhood passes through
only once (cf. Palais [1957]). Two well-known examples of nonregular
vector fields on surfaces are the irrational flow on a torus and the flow
around a Md&bius band.

We now prove the classical theorem of Darboux. It is, of course, a
special case of Theorem 1.5, but it is worthwhile to give a short proof
here and to note that we will sometimes refer to a Darbouz coordinate
system as one in which the contact form is given locally in the notation
of Theorem 3.1.

Theorem 3.1 About each point of a contact manifold (M?"*+1 n) there
exist local coordinates (x',... x" yl, ... y", z) with respect to which

n
n=dz— Zyid:ci.
i=1

Proof. In some coordinate neighborhood choose a 2n-ball transverse to
&; dn is symplectic on this ball, and hence there exist local coordinates
(... 2™yl ... y", u) such that dn=Y" dz' Ady'. Now d(n+)_ y'dz') =
0 so that n + Y y'ds® = df for some function f, i.e., n = df — > y'dz’.
Now n A (dn)® = df Adx' A --- Ada™ Ady' A--- Ady™ # 0. Therefore
df is independent of dx',...,dz",dy', ..., dy", and hence we can regard
2t,y" and z = f as a coordinate system.
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In a Darboux coordinate system, £ = 3 .Forif & = aa +b 0 opi T ¢ ayz ,

then 1 = (&) = a — b'y’. Also 0 = dn(¢, (w) Sodat A dyt (€, 811) gives
¢" = 0. Similarly, 0 = dn(¢, 8?/1) gives b = 0. Thus @ = 1 and & = az

A diffeomorphism f of M?"*! or between open subsets of R?"*! with
the contact structure of the Darboux form of Theorem 3.1 is called a
contact transformation if f*n = tn for some nonvanishing function 7 on
the domain of f. If 7 =1, f is called a strict contact transformation.

There is also the notion of a contact structure in the wider sense,
often called simply a “contact structure” by many authors, which can
be defined in a number of ways. For example, a contact manifold in
the wider sense is a manifold with a differentiable structure modeled on
the pseudogroup of contact transformations on R?**! (J. Gray [1959]),
i.e., in the overlap of coordinate neighborhoods the transition functions
preserve the Darboux form to within a nonvanishing function multiple.
An alternate approach is to put the emphasis on the field of 2n-planes
D and to define the structure as a hyperplane field defined locally by a
contact form. In the overlap of coordinate neighborhoods U NU’, we have
n = f*n = 7n and hence dn’ = f*dn = dr A n+ 7dn from which

0’ A (dif )" =" A (dn)" # 0.

Let M?"*! be a contact manifold in the wider sense. On a coor-
dinate neighborhood U, choose coordinates (z!,...,z*"*!) such that
Na A (dne)™ = Aadx! A -+ A dx?" 1 with A\, > 0. Similarly, on a neigh-
borhood Uy choose coordinates (y', ..., y*" 1) such that ng A (dng)" =
Agdyt A -+ A dy*™ T with Ag > 0. Now on U, N Ug, o = Taplls and
hence 7y, A (dng)"™ = "Hng A (dng)™. Therefore T"H)\g’ e
this one may easily obtaln the following results (see also J. Gray [1959],
Sasaki [1965], Stong [1974]).

Theorem 3.2 Let M?"t! be a contact manifold in the wider sense. If
n is odd, then M?"*! is orientable.

Theorem 3.3 Let M2t be a contact manifold in the wider sense. If n
is even and M*"*1 s orientable, then M1 is a contact manifold.

We also have the following theorem of Sasaki [1965].
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Theorem 3.4 Let M*"*1 be a contact manifold in the wider sense which
s not a contact manifold in the restricted sense. Then its 2-fold covering
manifold is a contact manifold in the restricted sense.

Proof. Let {U,} be an open cover of M?"*1 by coordinate charts.
Recall the local contact forms 7, above and their transition 1, = 7,473.
Consider the 2-fold covering 7 : M?"t1 — M2+ given as follows:
M?"*+1 is the union of the sets {U, X Zo} with the following equivalence
relation, where Zso is the set of integers +1. Let €, denote +1 or —1.
Two elements (P, €q) € Uy X Zg and (pg, €3) € Up X Zy are equivalent if
Po = pp and €, = Sgn(Tag(pﬁ))Gﬁ-

Now define local contact forms on Uy X £1 by 7(q.c,) = €aT Na. Then

Novea) = €aT Na = €aT (Tapng) = €alTap © T)T 15 = €a€a(Tap © T)1(5,c4)
and e, €p(Tapom) > 0. The local forms 7, () can now be used to construct
a global contact form on M2+,

In particular, a connected and simply connected contact manifold in
the wider sense is a contact manifold in the restricted sense; for an al-
ternate approach to this idea see Monna [1983].

The name contact (Beriihrungstransformation) seems to be due to
Sophus Lie [1890] and is natural in view of the simple example of
Huygens’ principle (Huygens [1690]; see also Mac Lane [1968, part II,
p. 83]). Consider R? with coordinates (z,y). The classical notion of a
“line element” of R? is a point together with a nonvertical line through
the point. Thus a line element may be regarded as a point in R? deter-
mined by the point and the slope p of the line. Given a smooth curve
C' in the plane without vertical tangents, say y = f(z), its tangent lines
determine a curve in R? with coordinates (z,y,p) which is a Legendre
curve of the contact form n = dy — pdx. If now C' is a wave front, by
Huygens’ principle the new wave front C} at time ¢ is the envelope of the
circular waves centered at all the points of C, say of radius ¢ taking the
velocity of propagation to be 1. Corresponding to a point (z,y) on C,
the point (Z, ) on Cy lies on both the normal line and the circle of radius
t centered at (z,y), i.e., y—y = —;(:E —z)and (Z —2)?+ (y —y)? =12

Thus (z — )% = P2 depending on the direction of propagation, e.g.,

p2+1 9
choosing the negative root, the transformation of R® mapping (z,y, p) to
_ pt t
T=ux—

) y = + ) 7:7
N S LY/ - WL
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maps C to C;. A simple calculation shows that dy — p dz = dy — p dx,
and so the transformation is a contact transformation. Moreover, tangent
wave fronts (curves) are mapped to tangent wave fronts (curves) and
hence the name “contact”.

Beginning with Chapter 4, the main thrust of this book will be the
Riemannian geometry of contact and symplectic manifolds. For the reader
interested in purely topological considerations and constructions of con-
tact manifolds (in the wider sense) we refer to the expository writings of
H. Geiges [2006], [2008].

3.2  Examples

In [1971] J. Martinet proved that every compact orientable 3-manifold
carries a contact structure. However, we now have the following theorem
of J. Gonzalo [1987] showing that there are three independent contact
structures.

Theorem 3.5 FEvery closed orientable 3-manifold has a parallelization
by three contact forms.

Before turning to some detailed examples we should mention that in
contrast to Martinet’s result, there exist (2n + 1)-dimensional manifolds,
n > 2, with no contact structure even in the wider sense. In partic-
ular, Stong [1974] showed that for every n > 2 there is a closed ori-
ented connected manifold of dimension 2n + 1 with no contact structure
in the wider sense. One such manifold is SU(3)/SO(3) for n = 2 and
(SU(3)/S0O(3)) x 8?4 for n > 2.

3.2.1 R+l
In effect, we have already seen that R2" (2!, ... 2" ¢!, ... 9", 2) with
the Darboux form n = dz — Y. ; y’dz’ is a contact manifold. The char-

acteristic vector field ¢ is 86z and the contact subbundle D is spanned

0 ; 0 0

Xi= S 4y Xapi=
+y8z + oyt
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3.2.2 Rl x PR"

We now give an example of a contact manifold in the wider sense which
is not a contact manifold in our sense (J. Gray [1959]). Consider R"*!
with coordinates (x!,..., 2"*!) and real projective space PR" with ho-
mogeneous coordinates, (t1,...,t,41) and let M?"Tt = R**+1 x PR™,
The subsets U;,7 = 1,...,n + 1, defined by t; # 0 form an open cover
of M?"*1 by coordinate neighborhoods. On U; define a 1-form 7; by
7 = tll_ ;lill t;dx’; we then have n; A (dn;)™ # 0 and n; = Z n;j. Thus,
M?"*1 has a contact structure in the wider sense, but for n even, M?"+!
is nonorientable and hence cannot carry a global contact form.

3.2.3 M+ C R2+2 yith T,, M>*1 1 {0} = 0

Turning to more standard examples, we prove the following theorem
(J. Gray [1959)]).

Theorem 3.6 Let v : M1 — R?"+2 pe q smooth hypersurface im-
mersed in R*" T2 and suppose that no tangent space of M*" 1 contains
the origin of R?"*2. Then M***! has a contact structure.

Proof. Let 24, A =1,...,2n + 2, be Cartesian coordinates on R2"+2
and consider the 1-form

o = 2tdr? — 22da!t 4 - 4 2Lt _ 2042 g 20t

Let Vi,...,Vant+1 be 2n 41 linearly independent vectors at a point xg =

(z}, ... ,:U%"”) and define a vector W at xg with components

WA = *dl’A(VL e a‘/én+1)7

where * is the Hodge star operator of the Euclidean metric on R?"+2,
Then W is normal to the hyperplane spanned by Vi,...,Vs,41. Now
regard zg as a vector with components mé‘. Then

(A (da)™) (V... Vangr) = Y ag WA
Thus if no tangent space of M?"*! regarded as a hyperplane in R?"+2

contains the origin, then n = (*« is a contact form on M?"+1,

As a special case we see that an odd-dimensional sphere S?"*! car-
ries a contact structure. Moreover, a on S?"*1 is invariant under reflec-
tion through the origin, (z!, ..., 2?"*2) — (—z!,..., —2?"*2) and hence
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the real projective space PR?"*! is also a contact manifold. J. A. Wolf
[1968] then considered more general quotients of S?"*! and proved that
a complete connected odd-dimensional Riemannian manifold of positive
constant curvature inherits a contact structure from the form a.

Similarly, consider the 1-form g = 7' #'daz"t1*% and denote by
R and R the subspaces defined by 2! = 0 and z"F!'* = 0 re-
spectively, i = 1,...,n + 1. Then 3 induces a contact form on M?"*+1 if
and only if M?"+1 AR = ¢ and M?" ! AR is an n-dimensional
submanifold and no tangent space of M/2"+1 HRSH in Rg“ contains the
origin of Ry,

More generally, given a symplectic manifold (M, ), a hypersurface
t: S — M is said to be of contact type if there exists a contact form 7
on S such that dn = (*Q.

3.2.4  Unit and projectivized tangent and cotangent bundles

We shall show that the cotangent sphere bundle and the tangent sphere
bundle of a Riemannian manifold are contact manifolds (see, e.g., Reeb
[1952], Sasaki [1962]). Let M be an (n + 1)-dimensional Riemannian
manifold and T* M its cotangent bundle . Also let (z!, ..., 2""1) be local
coordinates on a neighborhood U of M and (p,...,p" ") coordinates
on the fibers over U. If 7 : T*M — M is the projection map, then as in
Chapter 1, ¢* = 2’ o and p’ are local coordinates on T*M. Consider the
Liouville form g; locally it is given by g = Z?:ll p'dq’. The bundle T} M
of unit cotangent vectors has empty intersection with the zero section of
T*M, its intersection with any fiber of 7*M is an n-dimensional sphere,
and no tangent space to this intersection contains the origin of the fiber.
Thus, as in the discussion at the end of the last example, 3 induces a
contact structure on the hypersurface T7M of T*M.

Instead of the unit cotangent bundle one can consider the projectivized
cotangent bundle. Each fiber of T*M is R™!, and one can form the
corresponding projective space RP"™ giving the projectivized cotangent
bundle, PT*M. The p*’s are homogeneous coordinates for the fibers of
PT*M and we introduce nonhomogeneous coordinates (p',...,p") on

the neighborhood defined by p"t! #£ 0 by p’ = ﬁfil. Then

n
n= dqn+1 _'_szdqz
=1
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is a local contact form, and taking charts on PT*M defined by p¢ # 0,
we obtain a contact structure in the wider sense.

Example 3.2.2 can be thought of as the projectivized tangent bundle of
R+ and in Section 9.5 we will briefly consider the geometry of the pro-
jectivized tangent bundle of the Beltrami model of the hyperbolic plane.
In the complex setting in Chapter 13 we will consider the projectivized
holomorphic tangent bundle of a Hermitian manifold.

Similarly one obtains a contact structure on the bundle 73 M of unit
tangent vectors. In fact, if G;; denotes the components of the metric on
M with respect to the coordinates (z!,...,2""!) and if (v!,... 0"
are the fiber coordinates on T'M, define (3 locally by § = Zi,j Gijvjdqi,
where ¢ = 2’ o and 7 : TM — M is the projection. This structure
will be discussed in detail in Section 9.2.

3.2.5 T"M xR

Let M be an n-dimensional manifold and T M its cotangent bundle. As
in the previous example we can define a 1-form [ by the local expression
g =3 ptdgt. Let M?"t! = T*M x R, t the coordinate on R, and
p: M2 — T* M the projection to the first factor. Then n = dt — u*3
is a contact form on M?"*1,

3.2.6 Tor:

We have mentioned that Martinet proved that every compact orientable
3-manifold carries a contact structure. Here we first give explicitly a
contact structure on the 3-dimensional torus 7. Consider R? with the
contact form

n=sinydr +cosydz; nAdn=—dxAdyAdz,

£= sinyé?x +cosy§z and D is spanned by {(%,cosyaax - sinyaaz}. The
rotation of D in the direction of the y-axis is dramatically clear in this
example. Thus one sees the nonintegrability of D as one moves around
on the manifold, especially along the y-axis.

Now 7 is invariant under translation by 27 in each coordinate, and
hence the 3-dimensional torus also carries this structure. For each value
of y, £ induces a flow on the 2-torus defined by y = const. Depending on
the value of y, the flow is a rational or irrational flow on 72. Thus the
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contact structure on T is not regular. Note here in particular, though,
that some of the integral curves of £ are closed and some are not.

Concerning contact structures on higher dimensional tori, we will
discuss briefly the fact that all odd-dimensional tori carry contact struc-
tures. However, we will prove in Theorem 4.14 that no torus carries a
regular contact structure.

In [1979] R. Lutz proved the existence of contact structures on princi-
pal T2-bundles over 3-manifolds. In particular, the 5-dimensional torus
admits a contact structure given by the form

1 = sin Oy cos 0dfy — sin 01 cos 01dfs + cos 01 cos 02db3

+ (sin 0y cos 03 — sin Oy sin O3)dO, + (sin 0 sin O3 + sin Oy cos 03)dbs.

The characteristic vector field for this structure is
B 1
 (sin? Ay + sin® 63)2 + cos? 0 cos? Oy

891 892 a93
+ (sin 01 cos 93(51112 0, + sin® Oy — cos® 01)

0
X (sin 05 cos 05 — sin 64 cos 04 + cos 01 cos 05

0

— sinfysin 03(sin2 6y + sin® 65 — cos? 02)) 50
4

+ (sin 01 sin Hg(sin2 0, + sin® Oy — cos® 01)

+ sin 6, cos 93(Sin2 61 + sin? 6, — cos? 92)) (;; >
5

and the contact subbundle is spanned by

{8(21 + cos 05 sin 03 0(24 — cos 05 cos O3 90;°

96, + cos 01 cos O3 8(24 + cos 01 sin 03 PR

0 . 0 0 . 0
_00891891 —l—sm92803, C0802892 —|—sm91803}.

Hadjar [1998] obtains other explicit contact forms on the 5-torus, espe-
cially ones for which the contact subbundle is transverse to the trivial

fibration of T over T by circles, answering a question of Eliashberg and
Thurston, [1998, p. 20].
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There has been also been recent interest in constructing contact mani-
folds using other surfaces as fiber. In dimension 5 both Geiges [1997a] and
Altschuler and Wu [2000] have proved that if M is a compact orientable
3-manifold and ¥ a compact orientable surface, then M x ¥ carries a
contact form.

Altschuler and Wu also show the existence of contact forms on the
products SZPHE+3 5 MF x ¥ where M* is compact, orientable and par-
allelizable, and X is a compact orientable surface as before.

Finally, Bourgeois [2002] proved the following theorem.

Theorem 3.7 Let M?"™3 be a closed contact manifold of dimension
2n — 3 > 3 and let ¥4 be a Riemann surface of genus g > 1. Then
the manifold ¥4 x M?"=3 also admits a contact structure.

As a consequence we see that all odd-dimensional tori have contact struc-
tures.

3.2.7 Quvertwisted contact structures

Examples 3.2.1 and 3.2.6 on R?, namely 1 = (dz—ydx) and n = (sin ydz+
cos ydz), have cylindrical coordinate versions (see also Douady [1982/83,
p. 131], Bennequin [1983, p. 93]). Let (r,0,2) be the usual cylindrical
coordinates on R3\ {z = y = 0}. Making the naive substitutions y — r,
dx — rdf, dz — dz, these examples become

n=dz—r%0, nAdy=—2rdrAdoAdz,
0 o 0 5 0
g_ﬁz’ D_{ar’ ae”az}’

and

n=cosrdz +rsinrdd, nAdn= (r-+sinrcosr)dr AdfAdz,

¢ sinr 0 rcosr+sinr 0
r+sinrcosr 09 r+sinrcosrdz’

L [0 o D
= or’ COSTae TSlH’Faz .

Note that in both examples the integral curves of aar are Legendre
curves and in the second example that the curve r = m,z = const. is
also a Legendre curve. Thus in the second example D is tangent to the
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disk A = {z = 0,7 < w} C R? along the boundary. Now consider the
topological disk A® = {z = er?,r < w}. D is tangent to A° only at the
origin. On A€\ {(0,0,0)} define a line field by the intersection of the
tangent plane to the paraboloid A€ and D at each point. These fields
can be expressed by the vector fields

0 0 5 0
T8T+2689+267’ Py

in the first case and

rsinr 0 — 2ercosr 0 + 2er? sinr
or 00 0z

in the second. For simplicity take the projection of these vector fields
to the xy-plane. The integral curves in the first case are the logarithmic
spirals r = Ae 2 and in the second case are the curves § = —2¢ In sin r+C,
which near the origin spiral indefinitely and approach a limit cycle on the
boundary of the disk. Thus we have the following diagrams; a diagram
of this type for the second example was introduced by Douady [1982/83]
(see also Bennequin [1983, p. 94]), and such a diagram is called the
Douady portrait of the contact structure.

A 3-dimensional contact manifold is said to be overtwisted (Eliashberg
[1989)]) if there exists a contact embedding of a neighborhood of the disk
A with the contact structure n = cosr dz + rsinr df.

Roughly speaking, the meaning of overtwisted is that as one moves
radially from the image of the origin, the plane D turns over in a finite
distance. For the radial Legendre curves in the disk A, D turns over as
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one goes from r = 0 to r = 7. This means that for some r between 0
and 7 the vector field £ is tangent to the disk A, and in particular for r
the solution of rcosr +sinr = 0 in (0,7), r &~ 2.02876, the circle of this
radius in A is an integral curve of &.

As a higher dimensional analogue of being overtwisted, Niederkriiger
[2006] introduced the notion of a Plastikstufe (see also Albers and Hofer
[2009]). Here let A denote the unit disk with coordinates (z,y). A con-
tact manifold of dimension 2n 4+ 1 with contact subbundle D contains
a Plastikstufe with singular set S if it admits a closed submanifold S of
dimension n — 1 and an embedding ¢ : A x S — M with ({0} x S) =S
having the following properties:

(1) There exists a contact form 7pg inducing D such that the 1-form
B = (*npg satisfies B A dB = 0 and 3 # 0 on (A\{0}) x S. Near
{0} x S, 8 = xdy — ydx and the pullback of 3 to A x S vanishes.

(2) The complement of {0} x S in (A\OA) x S is smoothly foliated
by B via an S!'-family of leaves diffeomorphic to (0,1) x S,
where one of the ends converges to the singular set {0} x S and
the other is asymptotic to the leaf OA x S. The set ((A x S) is
called the Plastikstufe, and a closed contact manifold is said to be
PS-overtwisted if it admits a contact form npg inducing D and con-
taining a Plastikstufe.

3.2.8 S%x St
Let © and U be the azimuth and zenith on S? respectively (0 <O < 2m,
0 < ¥ < 7) and «a the coordinate on S' (0 < a < 27). Then the form

1
=, (sin ¥dO© + cos Yda)

is a contact form on S2% x S!. The characteristic vector field and contact
subbundle are given by

1 0 0 0 0 0
&= 2(sin\Ifae) Jrcos\I/(%é), D= {8\1” COS\Ifae) fsin‘l’ﬁa}.
Viewing S? x S! as a thick spherical shell with the interior and exterior
surfaces identified, one can visualize the geometry of this structure. At

the north and south poles of the 2-spheres, one sees £ pointing upward,
and at the equatorial level (¥ = 7), £ is tangent to the equators.
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An interesting variation of this structure arises if we consider the form
1 .
n=, (sin 2WdO + cos 2¥Wda).

Introduce new local coordinates (r, 6, z) by

C) Osin? ¥

=20, f= = .
" ’ 20U + sin 2WU cos 20’ i a+2\11+sin2\110052\1/

In these coordinates n = rsinrdf + cosrdz, and we see that as one
moves radially, i.e., in the direction W, from a north pole, the contact
subbundle turns over as we reach the equator 7 = 7 (¥ = 7). Thus we
have an embedded overtwisted disk and S? x S becomes an overtwisted
contact manifold.

3.2.9 Contact circles

At the beginning of this section we mentioned the result of Gonzalo
[1987] that a compact orientable 3-manifold has three independent con-
tact structures. Geiges and Gonzalo [1995] introduce the notion of a
contact circle: A 3-manifold admits a contact circle if it admits a pair of
contact forms (71, 72) such that for any (A1, A\2) € S Xim1 + Ao is also
a contact form. This circle is a taut contact circle if the contact forms
A1+ Aame define the same volume form for all (Ay, A2) € S1: this is
equivalent to the following two conditions:

m Adm =mn2 ANdnz, m Adng = —mn2 Adn.

Geiges and Gonzalo then prove the following classification theorem.

Theorem 3.8 A compact orientable 3-manifold admits a taut contact
circle if and only if it is diffeomorphic to the quotient of a Lie group G
by a discrete subgroup, acting by left multiplication, where G is either
SU(2), the universal cover of PSL(2,R), or the universal cover of the
group of Euclidean motions E(2).

In contrast to the overtwisted contact structures in Example 3.2.7 (and
in contrast to taut contact circles), a contact structure is said to be tight
if it is not overtwisted (see, e.g., Eliashberg and Thurston [1998]). Geiges
and Gonzalo [1995] also prove that the connected sum of any number
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of copies of the manifolds listed in Theorem 3.8, T%-bundles over S!, or
S? x 81, admits a contact circle consisting of tight contact structures.

In further work Geiges and Gonzalo [1997] show that in fact on every
closed, orientable 3-manifold there are contact circles realizing any of the
two orientations. This paper also contains a number of explicit examples
of contact circles.

3.3 The Boothby—Wang fibration

We now give an important class of examples, namely principal circle
bundles over symplectic manifolds of integral class, and we will prove
the celebrated theorem of Boothby and Wang [1958] that a compact
regular contact manifold is of this type. An example of this type is often
referred to as a Boothby—Wang fibration.

In Chapter 2 we saw that the set of principal circle bundles over a
manifold M has a group structure isomorphic to the cohomology group
H?(M,Z). Now let (M?",Q) be a symplectic manifold such that [Q)] €
H?(M?",7), and m : M**! — M?" the corresponding circle bun-
dle. By Theorem 2.5 there exists a connection form 1 on M?"*! such
that dn = 7*Q. Now if & is a vertical vector field, say with n(§) = 1,
and Xji,..., X9, linearly independent horizontal vector fields, then
(m A (dn)™)(&, X1,...,Xo,) is nonzero. Thus regarding the Lie-algebra-
valued form 7 as a real-valued form, we see that 7 is a contact structure
on M2n+1.

The most well known special case of a Boothby—Wang fibration is the
Hopf fibration of an odd-dimensional unit sphere S?"*! over complex
projective space CP"™ of constant holomorphic curvature equal to 4. The
standard contact structure on S?"*! obtained in Example 3.2.3 can also
be obtained by the above construction. Additional details of the geometry
of Boothby—Wang fibrations will be given from time to time, particularly
in Examples 4.5.4 and 6.7.2.

Theorem 3.9 Let (M?*"*1 5/) be a compact regular contact manifold.
Then there exists a contact form n = 11 for some nonvanishing function
T whose characteristic vector field & generates a free effective S' action on
M2+ Moreover, M?"*1 is the bundle space of a principal circle bundle
7w ML M2 over a symplectic manifold M?™ whose symplectic
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form Q0 determines an integral cocycle on M*" and 1 is a connection
form on the bundle with curvature form dn = w*C.

Proof. Since 1/ is regular, its characteristic vector field £’ is a regular
vector field, and hence its maximal integral curves or orbits are closed
subsets of M?"*1: but M?"*+! is compact, so these integral curves are
homeomorphic to circles. Moreover, since &’ is regular, M?"*! is a fiber
bundle over a manifold M?" (the set of maximal integral curves with the
quotient topology; see, e.g., Palais [1957]) and we denote the projection
by .

Now let f/ : M2+t — M?"*! denote the 1-parameter group of diffeo-
morphisms generated by ¢ and define the period N of ¢ at m € M?"+!
by N (m) =inf{t | t > 0, f{(m) = m}. Then X is constant on each orbit
and since there are no fixed points, X' is never zero. Also, since the orbits
are circles, \’ is not infinite. We will show that )\ is constant on all of
M?* 1 Our argument is due to Tanno [1965]. Let k be a Riemannian
metric on M?" and let g = 7*k 4+’ ® 7. Then g is a Riemannian metric
on M?*1 and ¢ is a unit Killing vector field with respect to g since
n'(&') = 1 and £gn' = 0. If V denotes the Levi-Civita connection of
g, then g(Veg &', X) = —g(Vx¢, &) = 0 and hence the orbits of & are
geodesics. If v is an orbit through m, let 4’ be an orbit sufficiently near
to 7 that there exists a unique minimal geodesic from m to 7' meeting
~ orthogonally at m’. Then since f] is an isometry for all ¢, the image of
the geodesic arc mm’ is orthogonal to «v and ~/ for all t. Thus, as a point
m on v moves through one period along ~, the corresponding point on
7' moves through one period and hence X is constant on A/2"+1,

Now define ) and £ by n = {7 and £ = N'¢'. Since X is constant, ¢ is
the characteristic vector field of the contact form 7. Moreover, £ has the
same orbits as & and its period function A = 1. Thus the one-parameter
group f; of & depends only on the equivalence class modulo 1 of ¢ and
the action of S! is effective and free.

Since £ is regular, we may cover M?"*! by coordinate neighborhoods
with coordinates (x!,...,2?"!) such that the integral curves of ¢ are
given by z' = const.,...,x?" = const. Projecting such neighborhoods,
we obtain an open cover {i;} of M?" and on each U; we define a local
cross section s; by setting 2" *! = const. Then define F; : U; x St — St
by F;(p,t) = s;(p)t. The transition functions for the bundle structure are

then given by fi;(p) = Fi(p,t)F;(p, t)’l.
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We have already seen that £¢n = 0 and £L¢dn = 0, so that n and dn are
invariant under the action of S'. Now take A = C‘ft as a basis of 6! = R,
the Lie algebra of S', and set 77 = nA so that n may be regarded as
a Lie-algebra-valued 1-form. For an element B € &' denote by B* the
induced vector field on M?"*1, In particular, A* = £, so that 7j(A4*) = A.
Moreover, right translation by ¢ € S is just f; so that Rj7 = 7 by the
invariance of 1 under the S* action. Thus, 1 (precisely 7) is a connection
form on M?"+1,

If Q is the curvature form of 1, then the structural equation is dn =
—é[n, n]+Q = Q since S* is abelian. On the other hand, d is horizontal
and invariant, so there exists a 2-form Q on M?" such that dn = 7*Q.
Now 7*d) = dr*Q = d?*n = 0 so that dQ = 0 and 7*(Q)" = (7*Q)" =
(dn)™ # 0 giving Q™ # 0. Therefore M?" is symplectic. Finally, since the
transition functions f;; are real (mod 1)-valued, [ € H*(M?",Z) (see,
e.g., Kobayashi [1956]).

3.4  The Weinstein conjecture

In Example 3.2.6 we studied a contact structure on the 3-dimensional
torus and observed that some of the orbits of ¢ are closed and some are
not. It is a well-known conjecture of Weinstein [1979] that on a compact
contact manifold M satisfying H'(M,R) = 0, £ must have a closed orbit.
The present author knows of no example of a compact contact manifold
not satisfying H'(M,R) = 0 for which ¢ does not have a closed orbit and
believes the conjecture is true without the assumption of H!(M,R) = 0.
In view of the example on the torus, the following result of Petkov and
Popov [1995] is interesting. Let (M?"t! n) be an analytic, connected
contact manifold with complete characteristic vector field £. Since n A
(dn)™ is invariant under the action of £, it induces an invariant Lebesgue
measure on M?" 1. A point m € M?**+! is a periodic point if the integral
curve of £ through m is periodic. Petkov and Popov prove that either
the set of periodic points has measure 0 or there exists T' > 0 such that
exp(T¢)(m) = m for every point m. Note that for some m, T' could be
a multiple of the period for that m (cf. the notion of an almost regular
contact structure below).

Interest in the Weinstein conjecture has often been phrased in terms
of the question of the existence of periodic orbits of Hamiltonian systems.
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In Section 1.1 we considered briefly a real-valued function H on a
symplectic manifold (M, ) and its Hamiltonian vector field Xz. Since
XygH = 0, Xy is tangent to the level (energy) surfaces of H. Thus if
a level surface S is of contact type, the Hamiltonian vector field Xy is
collinear with the characteristic vector field &.

For hypersurfaces in R>**2 with the standard symplectic structure,
the Weinstein conjecture is known to be true if the hypersurface is con-
vex (Weinstein [1978]), star-shaped (Rabinowitz [1978]), and, more re-
cently, if the hypersurface is of contact type and without the assumption
HY(M,R) = 0 (Viterbo [1987], see also Hofer and Zehnder [1987]). As
an aside, it is interesting to note that Ginzburg [1995] showed that if
one gives up on the hypersurface being of contact type, then there exist
embeddings of $?"*1 n > 3, in R*"*2 whose Hamiltonian vector field
has no closed orbits.

In cotangent bundles T* M, first note that if S is a compact connected
hypersurface, then 7% M \ S has exactly two components, one of which is
bounded; Hofer and Viterbo [1988] prove that if the bounded component
of T*M \ S contains the zero section and if S is of contact type, then &
has a closed orbit.

For overtwisted compact contact manifolds the Weinstein conjecture
is intuitive, as alluded to in Example 3.2.7. On the standard overtwisted
disk we noted that as one moves radially from the origin, the plane D
turns over as one goes from r = 0 to r = «. In particular, the vector
field ¢ is tangent to the disk for r the solution of rcosr + sinr = 0 in
(0,7), giving a periodic orbit of £. In [1993] Hofer showed that indeed the
Weinstein conjecture is true on a compact overtwisted contact manifold.
In the same paper he proved the conjecture for any contact form on the
3-sphere and on a closed orientable 3-manifold with 7y # 0.

In [2005], Abbas, Cieliebak and Hofer proved the 3-dimensional
Weinstein conjecture for planar contact structures. A contact structure
is said to be planar if the pages of a supporting open-book decomposition
have genus zero. These include overtwisted contact structures.

Finally, for the 3-dimensional case, C. H. Taubes [2007] proved the
Weinstein conjecture in full generality. His proof uses a perturbed version
of the Seiberg-Witten equations on 3-dimensional manifolds.

In higher dimension Albers and Hofer [2009] proved the Weinstein con-
jecture for closed PS-overtwisted contact manifolds, showing that every
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Reeb vector field associated to a contact form inducing the contact sub-
bundle D has a contractible periodic orbit.

Banyaga [1990] showed that the Weinstein conjecture is true if the con-
tact form is C2-close to a regular contact form (again without assuming
H'(M,R) = 0). C. B. Thomas [1976] introduced the notion of an almost
regular contact structure. A contact structure is said to be almost reg-
ular, sometimes called quasi-regular, if there exists a positive integer N
such that every point has a neighborhood such that any integral curve
of £ passing through the neighborhood passes through at most IV times.
With this idea in mind, Banyaga and Rukimbira [1994] showed that the
Weinstein conjecture is true if the contact form is C''-close to an almost
regular contact form.

A contact manifold is called an R-contact manifold (Rukimbira [1993])
if ¢ is Killing with respect to some (not necessarily associated (Chapter
4)) Riemannian metric ¢g for which n(X) = ¢(X,¢). For compact con-
tact manifolds admitting such a metric the Weinstein conjecture is true
(Rukimbira [1993]). Also on a compact K-contact manifold M?"*! (see
Subsection 4.5.4 or Section 6.2), § has at least n+1 closed orbits (Rukim-
bira [1995a]). If a compact K-contact manifold M?"*! has exactly n + 1
closed orbits, then it is finitely covered by a sphere (Rukimbira [2000]).
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Associated Metrics

The main topic of this chapter is that of Riemannian metrics associated
to symplectic and contact structures, and their construction by means
of polarization. We also discuss the action of symplectic and contact
transformations on associated metrics. Some of our discussion is broader,
dealing with almost Hermitian and almost contact metric structures. The
chapter closes with several examples.

4.1 Almost complex and almost contact structures

We will generally regard the theory of almost Hermitian structures as
well known and give here only definitions and a few properties that will
be important for our study; many of these were already mentioned in
Chapter 1. For more detail the reader is referred to Gray and Hervella
[1980], Kobayashi-Nomizu [1963-69, Chapter IX] and Kobayashi-Wu
[1983]; also, despite its classical nature, the book of Yano [1965] con-
tains helpful information on many of these structures.

An almost complex structure is a tensor field J of type (1,1) such that
J%? = —I. A Hermitian metric on an almost complex manifold (M, .J) is
a Riemannian metric that is invariant by J, i.e.,

g(JX,JY)=g(X,Y).

D.E. Blair, Riemannian Geometry of Contact and Symplectic Manifolds,
DOI 10.1007/978-0-8176-4959-3 4, © Springer Science+Business Media, LLC 2010
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Noting that J is negative self-adjoint with respect to g, i.e., g(X,JY) =
—g(JX,Y), therefore Q(X,Y) = ¢g(X,JY) defines a 2-form called the
fundamental 2-form of the almost Hermitian structure (M, J, g). If dQ =
0, the structure is almost Kdhler. If M is a complex manifold and J the
corresponding almost complex structure, we say that (M, J,g) is a
Hermitian manifold. For geometers working strictly over the complex
domain, a Hermitian metric is a Hermitian quadratic form and hence
complex-valued. It takes its nonzero values, as appropriate, when one
argument is of type (1,0) and the other of type (0,1). In particular, our
metric g becomes half the real part of g(X —iJX,Y +iJY). For geome-
ters concerned with a variety of structures presented for the most part
in terms of real tensor fields, as we will be, it has become quite standard
to use the word Hermitian as we have done. A reader interested in this
point may want to see Kobayashi-Wu [1983, pp. 80-81] for commentary.

Note also that every almost complex manifold admits a Hermitian
metric, for if £ is any Riemannian metric, then g defined by

g(X,Y) = k(X,Y) + k(JX,JY)

is Hermitian.

Given (M, J,g) we can construct a particular local orthonormal basis
as follows. Let U be a coordinate neighborhood on M and X; any unit
vector field on U. Let X1+ = JX;. Now choose a unit vector field X
orthogonal to both X and Xi+. Then J X5 is also orthogonal to X; and
Xj+. Continuing in this manner we have a local orthonormal basis of the
form {X1,..., X, JX1,...,JX,}. Such a basis is called a J-basis. Note
in particular that an almost complex manifold is even-dimensional.

Again given (M, J), choose g Hermitian. Let {U,} be an open cover
with J-bases {X;, Xi«}, {X;, X;+} on U, and Ug respectively. With re-
spect to these bases J is given by

0 —I

I o0 )
If now X € TmM , m € Uy, NUg, then for the column vectors of compo-
nents (X) and (X) with respect to these bases, we have

©=(¢o 5 )@
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where A, B, C, D are n X n matrices and (é g) € O(2n). Now

(? _ol)<é~1 g)(X)—(JX)—<g1 g)(JX)

(e 5) (7 )m

ie. (é g) and (? ’01) commute. Therefore D = A and C' = —B and hence
(é g) € U(n). In particular, the structural group of the tangent bun-

dle of an almost complex manifold is reducible to U(n). Recall also that
det ( 4 &) = |det(A+1iB)|?> > 0 and therefore an almost complex man-
ifold is orientable.

Conversely, suppose that we are given M such that the structural group
of TM can be reduced to U(n). Let {U,} be an open cover such that we
can choose local orthonormal bases which transform in the overlaps of
neighborhoods by the action of U(n). In each {U,} define J, by (? _OI )i
this matrix commutes with U(n), and hence the set {.J,} determines a
global tensor field J such that J? = —I. Thus an almost complex (almost
Hermitian) structure on M can be thought of as a reduction of the struc-
tural group to U(n).

As we will see in our discussion of associated metrics below, the struc-
tural group of a symplectic manifold is reducible to U(n) and that of
a contact manifold to U(n) x 1 (Chern [1953]). For an odd-dimensional
manifold M1 J. Gray [1959] defined an almost contact structure as
a reduction of the structural group to U(n) x 1. In terms of structure
tensors we say that M?"*! has an almost contact structure or sometimes
(¢, &, m)-structure if it admits a tensor field ¢ of type (1,1), a vector field
¢, and a 1-form 7 satisfying

¢ =-I+n@¢ nE)=1

Many authors include also that ¢& = 0 and no ¢ = 0. However, these are
deducible from the other conditions, as we now show.

Theorem 4.1 Suppose M*"*! has a (¢,&,n)-structure. Then ¢& = 0
and no ¢ = 0. Moreover, the endomorphism ¢ has rank 2n.

Proof. First note that ¢* = —I + 7 ® ¢ and n(¢) = 1 give ¢?¢ =
—& 4+ n(€)€ = 0 and hence either ¢ = 0 or @€ is a nontrivial eigenvector
of ¢ corresponding to the eigenvalue 0. Using ¢? = —I 4+ 1 ® ¢ again,
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we have 0 = ¢*¢¢ = —¢¢ + +n(d€)E or ¢& = n(¢€)E. Now if ¢¢ is

a nontrivial eigenvector of the eigenvalue 0, n(¢€) # 0, and therefore
0 = @26 = n(d€)pE = (n(p€))*€ # 0, a contradiction. Thus, ¢& = 0.
Now since ¢¢ = 0, we also have that n(¢X)¢ = X + X = —¢pX +
d(n(X)E) + ¢X = 0 for any vector field X and hence no ¢ = 0.
Finally, since ¢ = 0, £ # 0 everywhere, rank ¢ < 2n + 1. If a vector
field ¢ satisfies ¢€ = 0, then ¢? = —I +n @ & gives 0 = —& + n(€)¢; thus
€ is collinear with ¢ and so rank ¢ = 2n.

If a manifold M?"*! with a (¢, ¢, n)-structure admits a Riemannian
metric g such that

9(¢X,9Y) = g(X,Y) = n(X)n(Y),
we say that M?"! has an almost contact metric structure and g is called
a compatible metric. Setting Y = £ we have immediately that

n(X) = g(X, ).
As in the almost Hermitian case, we define a 2-form, called the fun-
damental 2-form of the almost contact metric structure, by ®(X,Y) =
9(X,9Y). Also as in the case of an almost complex structure, the exis-
tence of the compatible metric is easy. For if &' is any metric, first set
E(X,Y) =K ($*X,¢?Y) +n(X)n(Y); then n(X) = k(X,€). Now define
g by .
9%, Y) = | (KXY + KX, 0Y) +n(X)n(Y)

and check the details.

For a manifold M?"*! with an almost contact metric structure (¢, £,7, g)
we can also construct a useful local orthonormal basis. Let ¢ be a
coordinate neighborhood on M and X; any unit vector field on U
orthogonal to £&. Then X~ = ¢X; is a unit vector field orthogonal to
both X; and £. Now choose a unit vector field X5 orthogonal to &, X3
and Xy«. Then ¢X5 is also a unit vector field orthogonal to £, X7, X+«
and Xs. Proceeding in this way we obtain a local orthonormal basis
{Xi, Xi» = ¢X;, &}, called a ¢-basis.

Now given a manifold M?"*! with a (¢,&,n)-structure, let g be a
compatible metric and {U,} an open cover with ¢-bases {X;, X;=,{}.
With respect to such a basis ¢ is given by the matrix

0 -I 0
I 0 O
0 0 O
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Proceeding as in the almost complex case, we see that the structural
group of M?"*1 is reducible to U(n) x 1. Conversely, given an almost
contact structure as defined by this reduction of the structural group
and an open cover {U, } respecting the action of U(n) x 1, define ¢, on
U, by the above matrix and define 7, and &, by row and column vectors
of 2n zeros and last entry 1. Then, again as in the almost complex case,
this defines global structure tensors (¢, £, n) satisfying ¢? = —I +n ® &
and n(€) = 1. We shall subsequently speak of an almost contact structure
(¢,&,m) and suppress the terminology “(¢, &, n)-structure”.

4.2 Polarization and associated metrics

We begin with a discussion of the well-known decomposition, called

“polarization”, of a nonsingular matrix A into the product of an orthog-
onal matrix F' and a positive definite symmetric matrix G. Let H(n)
denote the set of positive definite symmetric n x n matrices and as usual
O(n) the orthogonal group. In treating the subject of constructing
Riemannian metrics associated to 2-forms of rank 2r, Y. Hatakeyama
[1962] proved the analyticity of the polar decomposition; that the de-
composition is continuous can be found in Chevalley [1946, pp. 14-16].
We prove Hatakeyama’s result by a sequence of lemmas.

Lemma 4.1 For G € H(n), let \; > 0 be the eigenvalues of G. Then
the map og : gl(n,R) — gl(n,R) given by og(A) = GAG™! has positive
etgenvalues i;
Proof. There exists P € O(n) such that PGP~! is diagonal, say A.
Then a;lvop = o0¢ and hence oa and og have the same
eigenvalues. Now oa(A)y = (AAA™Y),; = ij )\iéijajkékl/\ll = i;ail.

Thus the n? eigenvalues of o are the positive numbers /\;.

Lemma 4.2 For G € H(n) and A skew-symmetric, AG symmetric
implies that A = 0.

Proof. AG = GTAT = —GA. Therefore og(A) = —A, and so by the
previous lemma A = 0.

Now O(n) and H(n) are analytic submanifolds of GL(n,R); thus ¢ :
O(n) x H(n) — GL(n,R) defined by ¢(F,G) = FG is analytic.
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Lemma 4.3 dy is one-to-one and hence ¢~ ' given by polarization is
analytic.

Proof. Let X € T(y)O(n) x H(n) and consider the curve (Fett, G +
tB), where A is skew-symmetric and B is symmetric and which has
tangent X at (F,G):

tA _
do(X) = lim Fe(G+tB) — FG

= FAG + FB.
t—0 t

If now dp(X) = 0, then F(AG + B) = 0. Therefore AG = —B, which is
symmetric. Thus by Lemma 4.2, A = 0 and hence also B = 0.

Theorem 4.2 Polarization as a map from GL(n,R) — O(n) x H(n)
gives an analytic diffeomorphism between these manifolds with respect to
the usual analytic structures.

We now prove the existence of associated metrics.

Theorem 4.3 Let (M*",Q) be a symplectic manifold. Then there exist
a Riemannian metric g and an almost complex structure J such that

g(X,JY) =Q(X,Y).

Proof. Let k be any Riemannian metric on M and let {Xy,..., X2, }
be a local k-orthonormal basis. Let A;; = Q(X;, X;). A is a 2n x 2n
nonsingular skew-symmetric matrix. By polarization we have A = FG
for some orthogonal matrix F' and positive definite symmetric matrix G.
Now define g and J by

Q(Xij) = Gi]', JX; = Finj.

g is independent of the choice of k-orthonormal basis. For if {Y7,...,Ys,}
is another k-orthonormal basis, there is an orthogonal matrix P such that

Bi]‘ = Q(K,Y}) = Q(PkiXk,Plel) = PkiPlekl = (PAP_l)ij.

If B = @I is the polarization of B, then ®I' = PFP~!PGP~!, and so
by the uniqueness of the polar decomposition, ® = PFP~! and ' =
PGP~!. Thus, in particular, we see that g and J are globally defined.
Also since A is skew-symmetric, F? = —I and F is skew-symmetric.
To see this, note that AT = GFT = —FG and hence applying F' on
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the right, G = —FFFTGF. But FT'GF is positive definite symmetric,
and so the uniqueness of the decomposition gives —F? = I. Finally,
F=_—F1=_FT

In particular, given a symplectic manifold (M?",Q), we say that a
Riemannian metric g is an associated metric if there exists an almost
complex structure J such that g(X,JY) = Q(X,Y). We remark that if
g is an associated metric and one uses it as the starting metric k in the
above polarization process, the process yields the metric g back again.

Theorem 4.4 Let (M?"*1 n) be a contact manifold and & its charac-
teristic vector field. Then there exists an almost contact metric structure
such that g(X, Y ) = dn(X,Y).

Proof. This time the proof is a two-step process. First let ¥’ be any
Riemannian metric and define a new metric k£ by

E(X,Y) =K (=X 4+ n(X)&, =Y +n(Y)E) +n(X)n(Y).

Then k(X,§) = n(X). Now polarize dn on the contact subbundle D
as in the symplectic case. This gives a metric ¢’ and almost complex
structure ¢ on D such that ¢'(X,¢'Y) = dn(X,Y). Extending ¢’ to a
metric g agreeing with k in the direction £ and extending ¢’ to a field of
endomorphisms ¢ by requiring ¢ = 0, we have an almost contact metric
structure (¢, &,n,g) such that g(X, ¢Y ) = dn(X,Y).

As in the symplectic case, given a contact manifold (M?"*1 n), we
say that a Riemannian metric g is an associated metric if there exists an
almost contact metric structure such that g(X,¢Y) = dn(X,Y). In this
case we also speak of a contact metric structure; other authors often use
the phrase contact Riemannian structure. Working strictly with structure
tensors, one may avoid the polarization process by defining an associated
metric as follows: Given a contact manifold (M?" ! n) with characteris-
tic vector field ¢, a Riemannian metric g is an associated metric if, first
of all,

n(X) = g(X,§)
and secondly, there exists a tensor field ¢ of type (1, 1) such that

Finally, we caution that it is possible to have a contact manifold (M?"+1 n)
with characteristic vector field £ and an almost contact metric structure
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(¢,€,1m,9), same & and n, without ¢g(X,¢Y) = dn(X,Y); see Example
4.5.3 for an example.

In the course of this book we will give many properties of associated
metrics; we give one simple property here, since it is discussed in Example
4.5.5 and used periodically.

Theorem 4.5 On a contact metric manifold the integral curves of & are
geodesics.

Proof. For a contact metric structure we have

0= (£en)(X) =&£9(X,§) —g(VeX — V&, §) = g(X, Ve),
so the integral curves of £ are geodesics.

In our discussion above in both the symplectic and contact cases we
started with an arbitrary Riemannian metric and obtained an associated
metric. Thus we are led to believe that there are many associated metrics
for a given symplectic or contact form. Indeed, this is the case, and we
now show that the set A of all associated metrics is infinite-dimensional
by exhibiting a path of metrics in A determined by a C'°° function with
compact support. Such paths of associated metrics will be useful to us
in the study of critical points of curvature functionals on A. We give the
construction in the symplectic case and then remark on the similarity
with the contact case.

Let f be a C*° function with compact support contained in a neigh-
borhood U of (M?" Q) and {X1,..., X, X1+,..., X,+} a local J-basis.
Let g be an associated metric. Make no change in g outside U, and on U
change g only in the planes spanned by { X7, X1+ } by the matrix

L+tf+ 5t f? 2 f2
st f? 1—tf 4 3% f?

This defines a path of metrics g;, and it is easy to check that each g; is an
associated metric for the symplectic form €2. In the contact case simply
begin with a ¢-basis and make the same construction.

Also, as already remarked in Section 1.1, it is evident that in the
symplectic case, A may be thought of as the set of all almost K&hler
metrics that have €2 as their fundamental 2-form.

On the other hand, it is possible for a Riemannian metric g to be an
associated metric for more than one symplectic structure. For example,
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on a hyper-Kdhler manifold one has, by definition, three independent
global Kéhler structures (Jg,,9), a = 1,2,3, satisfying JyJo + JoJ; = 0,
J3 = J1Ja. Thus the three fundamental 2-forms give three symplectic
structures with g an associated metric for each of them.

We close this section by noting that all associated metrics have the
same volume element and give the proof only in the symplectic case.

Theorem 4.6 Let (M?",Q) be a symplectic manifold (resp. (M*"+1 n)
a contact manifold) and g an associated metric. Then

_ =D, _ (=" n
av = o] Q" (resp. dV = o] nA (dn)"™)).

Proof. Let Xi,..., X, X1+,...X,~ bea J-basis and ',...,6™, 6, ...,
6™ the dual basis. Then with respect to this dual basis,

AV =0 A0 NP AT A N0 A

and
n

Q=) (0" N0 NO") = —Qiei A
=1 1=1

Therefore

Qn _2)71((01/\91*)+.___~_(9n/\9n*))n

(
(=2l (O AOYY A A (O AT = (—=2)"nldV.

4.3 Polarization of metrics as a projection

In the previous section we created associated metrics from an arbitrary
metric by polarization. In this section we give some further properties
of the set A and discuss how A sits in the set A/ of all Riemannian
metrics with the same volume element. Restricting ourselves to A, we
will interpret the polarization process of constructing associated metrics
from a given metric as a projection from A onto A.

On a compact manifold M the set M of all Riemannian metrics may
be given a Riemannian metric (Ebin [1970]): The tangent space, Ty M,
of M at a metric g is the space of symmetric tensor fields of type (0,2).
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For symmetric tensor fields S and T of type (0, 2) we define a Riemannian
metric (-, -) by

(8,7, / SiiTg™* g’ dv,.

For the set N of metrics with the same volume element, the geodesics in
N were found by Ebin [1970] and are curves of the form ge!, where S
is symmetric with tr.S = 0. ¢ = geS* is computed by

g(X,Y) = g(X,e5tY),

where here e acts on Y as a tensor field of type (1,1). Again and
throughout we shall often denote a symmetric tensor field of type (0,2)
and the corresponding tensor field of type (1,1) by the same letter. In
fact, in most of our computations we begin with a local orthonormal
basis for some g € A and regard S simply as its matrix of components.
As an aside, we remark that one can think of metrics with the same
total volume on an n-dimensional manifold as being at a fixed distance
from the zero tensor. Consider the path tg, t € [0, 1], from the zero tensor
to the metric g; then since g may be considered as the tangent to the
path at each point, we have the following entertaining computation:

1 1/2 LM
|g|—/(ggl/2dt /(; /M\/t”detgd:cln-d:c") dt:4\/VOTgL .

4.3.1 Some linear algebra

For the projection result below, Theorem 4.8, we will need the polariza-
tion of a particular path in GL(2n,R). Let J denote the matrix (9 _OI)
and let S be any symmetric 2n X 2n matrix. First dlagonallze S, say

Q71SQ = A, Q € O(2n), A diagonal, and set P = Qe~ 2 Our problem
will be to polarize PTJP, i.e., find F(t) € O(2n), G(t) € H(2n) such
that PTJP = F(t)G(t).

Lemma 4.4 Any symmetric 2n X 2n matriz S can be uniquely writ-
ten as B+ D, where B and D are symmetric and JB — BJ = 0 and
JD+DJ =0.

Proof. Setting B = 5(—jSJ +S)and D = %(ij + 5), the decom-
position is immediate. If now B+ D = B’ + D', then B— B'= D' — D
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and hence J(B — B') = (B — B)J gives J(D' — D) = (D' — D)J =
—J(D' — D). Therefore J (D' — D) = 0, and so since J is nonsingular,
D' =D and in turn B’ = B.

Of course B and D need not commute with each other. We will see
below that if [B, D] = 0, then F(t) = Q~'JQ, and G(t) = Qe PQ,
and conversely, if either F(t) or G(t) has this simple form, B and D
commute.

As a matter of notation, using the analyticity of the polar decomposi-
tion, we write

F(t) =Y FWth Gy =Y GWth
k=0 k=0

At t =0, PTJP = Q'JQ, which we denote by M. Since J € O(2n),
we have F(0) = M and G(0) = I. The main lemma of this section is the
following; due to its complexity we refer to the author’s paper [1983] for
its proof.

Lemma 4.5
-1

k _1\k . .
P9 =33 (G (5)@ i - )5+ Dyl

7=1
_ =Gl _ praW p=i) pr 4 pp pk—d) F<j>)7
k—1
G® = MF® £ My PG
j=1
k
o AN KN om vk j
g @ (Jz% 3)(B D)8+ D) )Q.

From this lemma we see easily that
FW =0, FO® = iQ‘lj[B,D]Q.
Continuing, we can find F®*) and G*) as far as desired; in particular,
¢ =-Q7BQ, G¥ = Q'BQ.

1
¥ =t ( B*~ _ (BD? - 2DBD + D’B)

1
6 24
—2(321) —2BDB + DBQ)) Q,
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GW — Q—1< 1

1
2434 + 16(B3D — B*DB - BDB? + DB?)

1
+ 96 (2B*D* - 7TBDBD + 3DB*D + 7TBD*B

—7DBDB + 2DQB2)> Q.

Corollary 4.1 [B, D] = 0 implies F(t) = Q7'JQ and G(t) = Qe BlQ.
Conversely, either of these implies the commutativity.

Proof. [B, D] = 0 implies that the bracket in F*) vanishes, and hence
by induction, F*) =0 for k£ > 0. Again if B and D commute,

k

> <k> (B — D)*I(B + D)/ =2*B*

=0 M

and hence G(t) = Q~le 5Q.
Clearly F(t) = Q7'JQ gives F®) = iQ’lj[B,D]Q = 0 and hence
[B, D] = 0. Finally, if G(t) = Q 'e P!Q, then

QGYQ ! + (1333 =0, QGWQ - 21434 =0.

Thus if we multiply the rest of the expression for G on the left by 48B
and separately on the right by 48B and add these two to 96 times the
rest of G, we have

—3BDBD + 3DB*D + 3BD*B — 3DBDB = 0.
Thus [B, D] = 0, but [B, D] is skew-symmetric and hence [B, D] = 0.

Lemma 4.6 Je° = e 57 if and only if ST + TS = 0.

Proof. The sufficiency if clear, so we prove only the necessity. Suppose
SX = AX. Then Je®X = A TX = e °TX. Also let {e;} be an or-
thonormal eigenvector basis of S with Se; = \e;. If now JX = Y'e;,
then

e VTX = TX =Yg

and A A
e S TX =e Yl = Z Yie Ne;.
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Thus for each 4, either A = —); or Y = 0 and hence

STX =) Y'hei=—AY'e; = -\J X,

but 78X = A\J X, giving (ST + JS)X = 0 for any eigenvector X and
hence S7 + JS = 0.

4.8.2  Results on the set A

First we will give a remark about general curves in A. Let g be a metric
in A. If g = g+ DYt + D@2 4+ ... is a path of metrics, we can easily
obtain a sequence of necessary conditions for g; to lie in A. Again note
that we use the convention that D will signify a tensor field of type (0, 2)
or type (1,1), related by the metric g, and it being clear from context
which is meant. We give the details in the symplectic case; the reader can
easily read ¢ instead of J for the contact case and follow the computation,
showing also that D*)¢ = 0 by a small amount of further computation:

oo
g(X,JY) = QUX,Y) = g(X, 1Y) = g(X, /;)Y) + Y DP(X, JY)tF,
k=1

from which
J=J+DWJt+ D2 + ... .

Applying J; on the right and J on the left, we have
Jy=JI +DWt+ D@2 ..,

Squaring this and comparing coefficients gives

k—1
JD® L pk) g — _ ZD(j)JD(k_j).
j=1

Using this last result repeatedly, we see that
JDW) + D®) J = J(polynomialin the DY) j < k).
In particular, we have the following:
JDW + pW =0, JD® 4+ D= DWD2

These equations yield immediately the following corollary.
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Corollary 4.2 A contains no line of metrics.

Recall that in the contact case the construction of associated metrics
was a two-step process, the first being the creation of a metric k£ such
that k(X,€) = n(X) from an arbitrary metric ¥’ and the second the
polarization of dn restricted to the contact subbundle. The first step
leads to a linear subspace £ of M. If ky and k; are two Riemannian
metrics for which k;(X, &) =n(X), i = 0,1, then k = (1 — t)ko + tk; for
all ¢ for which k is positive definite is also a Riemannian metric with this
property. Moreover, if k| and k} yield ko and k; respectively under the
first step of the process, (1 — t)kj, + tk} yields k = (1 — t)ko + tk;.

We have also seen that all associated metrics have the same volume
element. On a symplectic manifold of dimension 2, A = N, and on a
contact manifold of dimension 3, A = N N L. In higher dimensions A
is a proper subset of NV (N N £). We shall now show that A is totally
geodesic in N and then study how polarization of a path k; € N acts as
a projection onto gy € A.

Theorem 4.7 A is totally geodesic in N (N N L) in the sense that
if g € A and D is a symmetric tensor field satisfying DJ + JD = 0
(Do + ¢D =0 and DE = 0), then g; = geP! lies in A.

Proof. Let J; = JeP! (¢, = ¢eP?) and note that JeP! = e=P!J. Then
gt (X, 1Y) = g(X,eP'JeP'Y) = (X, JY) = Q(X,Y) (= dn(X,Y))

and
JE=JePljelt = J2 = —1 (¢? = -1+ n®¢).

In particular, the tangent space T;.A of A at g is the set of all symmetric
tensor fields that anticommute with J (¢ and annihilate ).

We now turn to the problem of understanding how the polarization of a
geodesic in N gives rise to path ¢g; € A and hence of viewing polarization
as a projection of A/ onto A (the author [1983]). We suppress mentioning
the contact case and for that case all tensors 1" should be understood as
also satisfying 7T¢ = 0.

Let us start with a geodesic ky = ge®* in A/ where g € A and S any
symmetric tensor field of vanishing trace. As we have seen, if S and J
anticommute, k; is already the path g; in A. We shall see as a corollary
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that if S and J commute, k; collapses to the metric g. (One can think
of a matrix B that commutes with J = ((1) _OI ) as being orthogonal to
a matrix D that anticommutes with J by showing that trBD = 0.)
Writing S as B + D, we will see that the construction process takes k;
to gePt if and only if B and D commute, but that g, and geP* agree
through second order in general.

Let {X;} be a local g-orthonormal basis with respect to which J is
given by the matrix (? ’OI ) The first problem is to construct a k-
orthonormal basis. As remarked above, we also denote by S the matrix of
S with respect to the initial basis {X;}.If SX = AX, then 5/ X = eMX,
and hence the eigenvalues of € are analytic in ¢. Let Q be an orthogonal
matrix dlagonahzmg S as in Subsection 4.3.1, i.e., Q71SQ = A, and set
A = e 2M and P = QA so that PTeStP = 1. Let X;(t) = Py(t)Xp,.

Then
ke(Xi (), X (1)) = 9(Pri Xy, €' Py X)) = PoiPij (%)™ 1grm = PTeSP = I

Thus {X;(t)} is a k;-orthonormal basis, but note that X;(0) = Qp;Xk.
Now our job is to polarize A(t) = Q(X;(t), X;(t)) = PTJP, giving F(t)
and G(t) as in Lemma 4.5.

If we are to have an expression for g; that we can compare more easily
for each t, we should express g(t) with respect to the original basis {X;}.
Now G(t) = gi(Xi(t), X;(t)) = PriPjge(Xx, Xi) = PT(g:( X, X1)) P, but
since P = QA, we have

9:(Xp, X)) = QATIG(H)ATIQ L

Theorem 4.8 If k, = ge°t is a geodesic in N through g € A, then the
path gy = g+ DWt + D@2 4 ... in A obtained by polarization is given
with respect to the basis {X;} by

l J .
PU=2 Z( ) (B+ Dy QG 1@ (B + DY,
0

GU=9) being given by Lemma 4.5.

The proof is by expansion of g;(Xz, X;) = QAT'G(t)A~'Q ! using the
series expansions of A=l = e2M and G(t) and noting that A = Q~1SQ
(again see the author [1983]).
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We remark that () need not be unique in the above argument (e.g., if
S does not have distinct eigenvalues), but each G*) is of the form

Q™! (polynomialin B and D) Q

and therefore D% is independent of the orthogonal matrix Q
diagonalizing S.
Again we list the first few terms:
2 3
pO—_p po»_P pe_D
’ 2 6
D* 1 22 2 2
94 + 96(—4B D*+5BDBD + 3BD*“B —5DB*“D
+5DBDB — 4D*B?).

1
- 12(3217 —~2BDB + DB?),

DWW —

Corollary 4.3 [B, D] =0 if and only if g; = ge"!
Proof. If [B, D] = 0, then as in Corollary 4.1,
(=1)F7
QGF—IQ~1 = Bk
(k=)
Thus

k

p® =31 By pyl” V¥ g
2 j (k)1

k'Z< > 1)5~(B + DY B*~ J_k:!Dk’

Conversely, if D*) = kl!Dk, multiply the rest of the expression for D®)
on both the left and right by —48D and add these two to 96 times the
rest of D) to yield —3BDBD + 3DB?D + 3BD?B —3DBDB = 0 and
in turn the conclusion as in Corollary 4.1.

Corollary 4.4 If k, = geSt and S commutes with J, then g, = g.

Proof. In this case D = 0, and the result follows from the previous
corollary.

Theorem 4.9 Two metrics in A may be joined by a unique geodesic.
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Proof. Let gg and g; be two metrics in A. From what has been said so
far, the problem is to find S such that g, = goe® and SJy + JoS = 0. As
before, let {X;} be a local gg-orthonormal basis with respect to which Jy
is given by the matrix J = (9 ). Then

J = UX;, X;) = q1(X;, 1 X;),

from which gy = —JJi, where here J; and g; are regarded as the matri-
ces of J; and g; with respect to the basis {X;}. In particular, —7JJ; is
positive definite symmetric and hence there exists a unique real symmet-

ric matrix S satisfying e® = —7.J;. Then g; = goe®, and since J? = —1,
we have Je° Je® = —1, from which e T = JeS. Lemma 4.6 then gives
ST+JS=0.

4.4 Action of symplectic and contact transformations

We begin by showing that if f is a symplectomorphism or strict contact
transformation and g an associated metric, then f*¢ is also an associated
metric.

Theorem 4.10 Let (M,Q) be a symplectic manifold, or respectively
(M,n) a contact manifold, and f a diffeomorphism satisfying f*Q = €,
respectively f*n = n. Then for any associated metric g, f*g is also an
associated metric.

Proof. In the symplectic case define J* by (f*¢)(X,J*Y) = Q(X,Y).
Then

9([: X, YY) =QX,Y) = QU X, YY) = g(f X, Jf.Y)
and therefore f,J* = Jf.. Now f.J*’X = J2f,X = —f. X, so that J*
is an almost complex structure satisfying (f*¢)(X, J*Y) = Q(X,Y) and

hence f*g is an associated metric.
In the case of a strict contact transformation, first note that

n(f8) = (fn)(€) = n(&) =1,
dn(f&, X)) = (f*dn)(§, X) = dn(§, X) = 0
and therefore f.& = £ Now define ¢* by (f*¢)(X,0*Y) = dn(X,Y)

and proceed as in the symplectic case to get f.¢* = ¢f, and in turn
¢*? = —T +n®E&. Also it is easy to check that (f*g)(€,X) = n(X).
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There is a partial converse for the case where M is a compact symplec-
tic manifold and the diffeomorphism belongs to the connected component
of the identity of the diffeomorphism group; in general, the converse is
not true and we will also give a couple of counterexamples (cf. Apostolov
and Draghici [1999]). The diffeomorphism group of a compact manifold
will be denoted by Diff and the connected component of the identity
by Diffy. The group of symplectomorphisms will be denoted by S.

Theorem 4.11 Let (M,Q) be a compact symplectic manifold and g an
associated metric. If for a diffeomorphism f € Diffy, f*g is also an
associated metric, then f € S.

Proof. For the associated metrics g and f*g let J and J be the corre-
sponding almost complex structures. Thus (J, g, ) and (j,f*g,Q) are
almost Kihler structures, and consider the action of f~! on the second
structure, i.e., setting J* = f,Jf!,. Then (j*,g7 f~1"Q) is again an
almost Kéahler structure with the same metric g. Since the fundamental
2-form of a compact almost Kéahler manifold is harmonic, both Q and
f~1*Q are harmonic with respect to the metric g. Now f € Diffy and so
Q and f~1"Q represent the same cohomology class in H?(M,R). There-
fore Q0 — f~1"Q is exact, but since it is also harmonic, it must be zero by
the Hodge decomposition. Thus f~1"Q = Q, giving f € S.

In general, the above theorem is not true and we give two counterex-
amples. First consider the diffeomorphism f of R* given by z! = é(azl +
2?2432t 2% = é(—x1+x2—x3+x4), 73 = ;(:vl +a?—ad—at), 7t =
%(fx1+x2+x3fx4) and the symplectic form Q = 2(dz' Adz3+dz? Adz?).
Let ¢ be the standard Euclidean metric on R*, which is clearly an as-

sociated metric. Now it is easy to see that (g‘;‘;) € SO(4) but not in
Sp(4,R). Thus f*g = g but f*Q # Q; in fact f*Q = —Q.

For a compact counterexample consider almost Kéhler structures of
the form (M = M x Ms, g = g1 + g2, 2 = Q1 + Q2), where (M, 91,Q1)
is any almost Kihler manifold and (My = St x S1, g9, €5) is the standard
product Kihler structure on S' x S1. Let f be the diffeomorphism idyy, x
1), where 1) is the map on S' x S! that interchanges the two factors.
Clearly, f is an isometry of g, but it is not a F-symplectomorphism,
since f*Q = Q1 — Qo.

In [1970], Ebin proved a “slice theorem” for the set of Riemannian
metrics M, i.e., given a metric g € M there is a neighborhood of g in
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M that is the product of a neighborhood of ¢ in the orbit of g under
the action of the diffeomorphism group and a submanifold orthogonal to
the orbit with respect to the inner product on M. The tangent space to
this submanifold or “slice” at g is the kernel of the codifferential ¢ of g
acting on second-order symmetric tensor fields (Berger—Ebin [1969]). In
Theorem 4.10 we saw that if f € S and g € A, then f*g € A and we may
consider the quotient space A/S. Considering the group of isometries
that are also symplectic transformations, Smolentsev [1995] shows that
the slice theorem of Ebin can be restricted to give a slice theorem for A.

This is a good point to give a technical lemma for use in Chapter 10, to
show the Berger—Ebin result that a symmetric tensor field D orthogonal
to an orbit of Diff is in the kernel of the codifferential and to show at
least that a symmetric tensor field D is orthogonal to an orbit of S if
and only if there exists a 2-form ¥ such that (§D) o J = 0V.

Lemma 4.7 Let (M, g) be a compact orientable Riemannian manifold
and for a vector field V let v(X) = g(V,X). Then [,,V'6;dVy = 0
for every closed 1-form 0 if and only if v = 0V for some 2-form V.
fM viXiclV;7 = 0 for every vector field X if and only if v = 0.

Proof. Taking 6 exact, say df, we have (v, df) = 0 and hence (dv, f) =0
for every smooth function f, where (.,.) denotes the global inner product
of differential forms. Therefore v = 0, so that v = w + 0¥ for some
2-form ¥ and harmonic 1-form w. Now taking 6 = w, (v,0) = 0 gives
(w,w) = 0. Thus w = 0 and v = §¥. Conversely, for v = ¥ and 6
closed, (v,0) = (6¥,0) = (¥,df) = 0. For the second statement we
already have v = J¥, but now let X be the contravariant form of §W,
then 0 = [,, v; X'dV, = (6¥,6V) giving v = 0.

We now look again at the diffeomorphism group, Diff, of M. For a
vector field X on M, let f; be its 1-parameter subgroup in Diff. Then
fi(m) is the integral curve of X starting at m € M, so in particular,

d

dt

Conversely, given a path f; in Diff with fy = id, we have for every

m € M, jtft(m)h:o € T,,M. Thus the tangent space to Diff at the
identity may be viewed as the Lie algebra X of vectors fields on M.

Now consider the orbit of O, of g € M under Diff. We have remarked

(Section 4.3) that the tangent space Ty M is the set of symmetric tensor

ft(m) |t=0 = X(m)
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fields of type (0,2) on M and ask what are the symmetric tensor fields
that are tangent to the orbit. Let v, : Diff — M be defined by
Pe(f) = f*g. Then 9gy : X — T,0,. Given X € X, let f; be its
1-parameter subgroup. Therefore

d .
Uge(X) = fig = Lxg.

Suppose now that a symmetric tensor field D € T, M is orthogonal to
O, at g. Then

0= (,,EXg,D):/ (V:X; + V;X;)DYdV,
M
=9 / (V:X;)D"dV, = —2 / (V:D")X,;dV,
M M

for every vector field X, and hence by Lemma 4.7, D = 0.

Now let M be a compact symplectic manifold and g an associated
metric with corresponding almost complex structure J. A symmetric
tensor field D is orthogonal to the orbit of g under the action of § if and
only if there exists a 2-form ¥ such that (§D)oJ = §VU. To see this, first
note that the tangent space to the orbit of g under the action of S at g
is the set of tensor fields of the form £ xg where X is a symplectic vector
field. As we have seen (Theorem 1.7), X? = J%*,, for some closed 1-form
0. Then as in the argument above,

(£x9,D) = 2/M(5D)iz]ik9kdvg,

and the result follows from Lemma 4.7.

4.5 Examples of almost contact metric manifolds

4.5.1 R+

In Example 3.2.1 we considered R*"*! with its usual contact structure

d,'zfzzh‘zl y'dx' and saw that the contact subbundle D is spanned by 321' +

y* 8(1 , 8(2;“ 1 = 1,...,n. For normalization convenience, we take as the

standard contact structure on R*"*1 the 1-form n = }(dz — > 1", y'da?).
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The characteristic vector field is then £ = 2 3‘1 , and the Riemannian
metric

1 <& 4 .
g=n®n+ > (') + (dy')?)
i=1
gives a contact metric structure on R***1. For reference purposes, we
give the matrix of components of g, namely

L ity 0 =y

The tensor field ¢ is given by the matrix

0 & O
=0 0 0 |,
0 4 0

and the vector fields X; =20, X4 =2(,0. +9'J.),i=1,...,n, and
¢ form a ¢-basis for the contact metric structure.

The Riemannian metric given here has the following properties. The
vector field £ is a Killing vector field, i.e., it generates a 1-parameter group
of isometries. The sectional curvature of any plane section containing &
is equal to 1. The sectional curvature of a plane section spanned by a
vector X orthogonal to £ and ¢X is equal to —3; for this reason this
example is often denoted R?"*1(—3).

In dimension 3 this example is often identified with the Heisenberg
group

Q9

left translation preserves n, and g is a left-invariant metric on Hp.

We have already seen that associated metrics are not unique, and in
Section 7.2 we shall give another associated metric of the contact form
n on R?"*! that is less standard but has some interesting and basic
properties.

4.5.2 M C M?t2 almost complex

We begin with a result of Tashiro [1963] that every C* orientable hyper-
surface of an almost complex manifold has an almost contact structure.
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Let (M?"2,.J) be an almost complex manifold and ¢ : M2+ — Af2n+2
a C*° orientable hypersurface. There exists a transverse vector field v
along M?"*1 such that Jv is tangent. For if J., X is tangent for every
tangent vector X, Ji, X = 1, fX defines a (1, 1)-tensor field f on M2+,
Applying J, we have f2 = —I on M?"*! making M?"*! an almost
complex manifold, a contradiction. Thus there exists a vector field £ on
M?"*1 such that v = Ju,& is transverse.
Define a tensor field ¢ of type (1,1) and a 1-form 7 on M?"+! by

Ju X = 1.0X +n(X)v; (%)
then applying J, we have
0. X = 1@ X 4 (X — (X)i€

and hence ¢ = —I + 1 ® & and no ¢ = 0. Taking X = £ in equation
(x) gives v = 1,.0& + n(§)v and hence ¢§ = 0 and n(§) = 1. Therefore
(¢,&,m) is an almost contact structure on M?"+1,

If M2"+2 is almost Hermitian with Hermitian metric g, set ¢ = 1*§
and take v to be a unit normal. Then Jv is tangent and defines £ by
Jv = —¢. Then again using equation (x),

9(X,Y) = §(Ju X, Ju.Y) = g(¢X, 9Y) +n(X)n(Y)

and we see that (¢,£,n,¢g) is an almost contact metric structure.

We can construct the usual contact structure on an odd-dimensional
sphere in this way. Let S?"‘H be a sphere of radius r in C?"*2 with its
usual Kihler structure denoted as on M2"t2 above with V denoting the
connection on C2"*2. With v as the unit outer normal, 7 is the standard
contact form (cf. Example 3.2.3). Since S2"*! is an umbilical hypersur-
face, its second fundamental form is o(X,Y) = —g(X, Y )v. Thus, using
the fact that J is parallel and the Gauss—Weingarten equations, we have

1

0= (Vx)6 = Vv = J(VxE +0(X,6)) = | X —6VxE— | n(X)E,

where V is the Levi-Civita connection of g. Applying ¢, we have
Vx€= —71“¢X. This in turn yields

(XY) = L (o(VxEY) ~ g(Vy& X)) = g(X,67).
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Thus for r # 1, g is not an associated metric, but this situation is easily
rectified. The structure 77 = 71,7), E=rf,p=¢and g = Tlgg is a contact
metric structure. Alternatively, the metric ¢’ = 71,9 +(1- i)n ® n is an
associated metric for the induced contact form 7 on S27+1,

Of course in general, one cannot expect the induced almost contact
metric structure to be a contact metric structure. The condition for this
when the ambient space is Kéhler was obtained by Okumura [1966], and
we have the following theorem.

Theorem 4.12 Let M2t be a hypersurface of a Kdhler manifold
M? 42 (¢,€,m, g) its induced almost contact metric structure and A its
Weingarten map. Then (¢,&,mn,9) is a contact metric structure if and

only if Ap + pA = —2¢.

Proof. From the Gauss-Weingarten equations we have on the one hand
Vx&=Vx&+o(X,€) and on the other

Vxé=-VxJv=JAX = ¢AX + n(AX)v.
Comparing gives Vx& = ¢ AX. Therefore

from which the result follows.

4.5.8 S°cC S

First consider R” as the imaginary part of the Cayley numbers O and
define a vector product by u x v by the imaginary part of uv. Then

(uxv)xw—(u-w)v+(v.-wu=—-ux (vxw)+(u-w)v—(uv)w,
both sides not being = 0 as in dimension 3. Also
(uxv)-(uxw)=(u-u)(v-w)— (u-w)(v-u),

though again in dimension 7, this would not hold if the second u were
replaced by a fourth vector.

The unit sphere (S%(1),§) in R” with outer unit normal N inherits an
almost complex structure J defined by JX = N x X. From the above
vector identities, we have

J?=Nx (N x X)=—-X,
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GJX,JY)=(NxX)- (NxY)=X-Y =§(X,Y),

giving S® an almost Hermitian structure (.J,§). One can also show that
(VxJ)Y +(VyJ)X = 0, and hence that the almost Hermitian structure
is nearly Kdhler (see also Example 6.7.3 below).

Now consider the totally geodesic 5-sphere in S%(1) € R” defined by
27 = 0 with v = _827' Let (¢,&,7m,9) be the induced almost contact
metric structure; in particular,

6
0 - 0 0
= — J = N = v .
¢ v " 97 ;x Bt " Ox7
0 0 0 0 0 0
_ 1 2 3 4 5 6 )
T R R T Ox3 T dz2 ~ * 9zl
7 is the restriction of 2'dx® — 28da! + 25dx? — x2da® + 2*da® — 23dax? to

S5 and hence is the usual contact form.
Compare this with the construction of (¢',&,n,g) on

S® CRO(2" = 0) ~ C3 = {2? +ia® a3 + iz, 2% + iz},
J’ g _ 0

Ox2 — 9z5’
by 827 considered as an imaginary unit in Q. Then for X 1 &,

etc., so viewing C3 ¢ C* ~ Q, J' is just left multiplication

0 0

X =JX= 8:1:7X = 5,7 x X,
since 827 1 X. Then ¢g(¢X,¢'X) = (N x X) - (827 x X) = 0. There-
fore (¢,&,m, g) is an almost contact metric structure with n contact and
& its characteristic vector field but is not a contact metric structure,
dn(X,Y) = g(X,9'Y) # g(X,¢Y). The difference between ¢ and ¢’
will be seen again in Example 6.7.3 by comparison of their covariant
derivatives.

4.5.4  The Boothby—Wang fibration

Let M?"*! be a compact regular contact manifold and 7 : M?"t1 —
M?" the Boothby-Wang fibration of M?"+! over a symplectic manifold
M?" of integral class with symplectic form . Let G be an associated
metric for €2 and J the corresponding almost complex structure; in par-
ticular, (M?",J,G) is almost Kihlerian. As we have seen, the contact
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form 7 can be viewed as a connection form on the principal circle bundle
M?"*1 Thus denoting the horizontal lift by 7, we define a tensor field ¢
on M?"*1 by ¢X = 7Jr,X. Then, since the characteristic vector field &
is vertical, ¢ = —I + 7 ® & and (¢, &,n) is an almost contact structure.
Now define a Riemannian metric on M?"*! by g = 7*G + n ® 1. Since
dn = (), we have

9(X,0Y)=G(m X, Jr.Y)or = Qm X, m.Y)or=m"Q(X,Y)=dn(X,Y).

Clearly n(X) = g(X,€), and hence (¢,£,n,g) is a contact metric struc-
ture on M?"*1 It is also clear that ¢ is a Killing vector field, i.e., &
generates a l-parameter group of isometries. A contact metric struc-
ture for which the characteristic vector field is a Killing vector field is
called a K-contact structure, a notion that we will discuss further in later
chapters.

We can at this point give a topological result on compact regular con-
tact manifolds. Since the characteristic class of the principal circle bundle
m o M2 — M2 s [Q] € H?(M?",Z), the bundle is nontrivial, and
hence the Gysin sequence becomes

0 — HI(MQn’R) 7'r_*> Hl(Mszrl,R) N HO(M2H,]R) £> H2(M2n,R) .

where L is left exterior multiplication by €2. Now L is injective and there-
fore the map 7* is an isomorphism giving the following theorem of Tanno
[1967a).

Theorem 4.13 Let © : M***1 — M?" be the Boothby-Wang fibra-
tion of a compact reqular contact manifold M?*" 1. Then the first Betti
numbers of M?" T and M?" are equal.

In Example 3.2.6 we saw that the 5-dimensional torus carries a contact
structure; we note, however, that it is not regular.

Theorem 4.14 No torus T?>"* can carry a reqular contact structure.

Proof. If T?"*! admitted a regular contact structure, it would be a
principal circle bundle over a symplectic manifold M?" by the Boothby—
Wang fibration. We have just seen that the first Betti number of the base
b1 (M?") is equal to by (T?"*!) = 2n + 1. On the other hand, we have the
homotopy sequence of the bundle

0— 7r2(M2”) — 7r1(51) — 7r1(T2"+1) — 7r1(M2”) —0
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since 72 (72" 1) = 0. Now consider the universal covering space R?"*1 of
T?+1 and the lift of the fibration; each circle lifts to a line, and hence
the fibration of T2"*! by circles has no null-homotopic fibers. Thus the
map from m(S?) into 7 (T?"*1) is nontrivial and hence mo(M?") = 0.
Then by the exactness of the sequence, 7 (M?") = 2@2@27 and hence
b1 (M?") = 2n, a contradiction.

It is also known that no torus can carry an R-contact structure,
Rukimbira [1993], so in particular no torus carries a K-contact struc-
ture. For this latter fact see also Itoh [1997].

4.5.5 M™ xR

Let (M?",J,G) be an almost Hermitian manifold with local coordinates
zb, ..., 2® and let t be the coordinate on R. Then on M?" x R set
n=fdt, &= ch gt for some nonvanishing function f. Note that dn = df Adt
and therefore n A dn = 0. Without stressing notation, for simplicity set
g =G+ n®n and define ¢ by ¢¢ =0 and ¢X = JX for X L £ Then
(¢,€,m,g) is an almost contact metric structure that is certainly not a
contact metric structure. Generally, in this example f is taken to be
identically 1. However, since for a contact metric structure the integral
curves of £ are geodesics, as we have seen, the question of whether for an
almost contact metric structure the integral curves of & must be geodesics
sometimes arises. That the integral curves of £ need not be geodesics can
be seen in this example by choosing f so that it is not independent of
z'. For then using the standard formula for the Levi-Civita connection,

29(VxY,Z2)=Xg(Y,Z2)+Yg(X,Z) — Zg(X,Y)
—|—g([X,Y],Z) —|—g([Z,X],Y) —g([Y, Z]7X>7

we have

20 (%6 0. ) =9 ([amwre] €)= ([e ] <)

- o1\ o )\ _ 20f
‘29<<axif> at’€>‘ f oxi’
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4.5.6  Parallelizable manifolds

Let M?"*! be a parallelizable manifold with {Xi,..., X2,41} a set of
parallelizing vector fields. Define a Riemannian metric by g(X4, Xp) =
d0ap. Let £ = Xo,41 and 7 its covariant form with respect to g. Similarly
let w' be the covariant form of X;, i = 1...,n, and w' that of X;» =
Xp+i. Then define ¢ by

(W'® X — ' ®X;),
1

n
qﬁ =
i=
and it is easy to check that (¢,&,n,¢g) is an almost contact metric struc-
ture.
In particular, any odd-dimensional Lie group carries an almost contact

structure.






5

Integral Submanifolds and Contact
Transformations

In this chapter we first discuss integral submanifolds of a contact mani-
fold, that is, submanifolds whose tangent vectors belong to the contact
subbundle. We then study contact transformations, some characteriza-
tions, their transitivity, etc., and end the chapter with several examples.

5.1 Integral submanifolds

Let M?"*! be a contact manifold with contact form 7. We have seen
that 7 = 0 defines a 2n-dimensional subbundle D called the contact
distribution or subbundle and that since nA(dn)™ # 0, D is nonintegrable.
This nonintegrability was easily visualized on R? in Example 3.2.6.

A submanifold M" of M?"*! is called an integral submanifold if
n(X) = 0 for every tangent vector X. It is clear that for any pair of
tangent vector fields we have

A(X,Y) = (Xn(V) ~ Yn(X) = n([X,¥]) = 0.

Then in terms of associated metrics, g(X,¢Y) = 0 and for this reason
integral submanifolds are often called C-totally real submanifolds. In par-
ticular, ¢ maps tangent vectors to normal vectors; also, since £ is a normal
vector, the dimension r can be at most n. On the other hand, by the

D.E. Blair, Riemannian Geometry of Contact and Symplectic Manifolds,
DOI 10.1007/978-0-8176-4959-3 5, © Springer Science+Business Media, LLC 2010
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Darboux theorem we have local coordinates (x!,...,z" y' ... ,y", 2)

with respect to which n = dz — Y1, y'dx’. Therefore ' = const,
z = const define an n-dimensional integral submanifold, and we have
the following theorem.

Theorem 5.1 Let M?**! be a contact manifold with contact form 1.
Then there exist integral submanifolds of the contact subbundle D of di-
mension n but of no higher dimension.

Continuing this theme, we have the following result of Sasaki [1964].

Theorem 5.2 Let (z°,y%,2),i = 1,...,n, be local coordinates about a
point m = (zf,i,v, z0) such that n = dz — Y., y'dz’ on the coordi-
nate neighborhood. In order that r linearly independent vectors Xy, A =
1,...,r < n, at m with components (ag\,bg\,c,\) be tangent to an r-
dimensional integral submanifold it is necessary and sufficient that
n(Xx) = 0 and dn(X,,Y,) = 0, that is, cx = 3, yhal and Y-, af\bL =
> ap by

Proof. Again the necessity is clear. To prove the sufficiency, set ¢y, =
> a@\bfl and choose a sufficiently small neighborhood U of the origin of
R" with coordinates (u',...,u") such that

I S U S S
A A
1
z=2zy+ ; e ut + 9 /\Z cAMu’\u“
N

defines a mapping ¢ of I into M?"*!. Then oz,

Hur —a)\, 8 v —bZ and
0z 02’ oz’ oy
_ no_ i ut =
A —C)\‘l‘;c)\,uu —Zi:yoau)\ +§8UA8UM z au)\v

and hence the mapping ¢ defines an integral submanifold of D tangent
to Xq,..., X, at m.

Finally, as in the symplectic case we note the abundance of integral

submanifolds of D; more precisely, we have the following result (Sasaki
[1964]).

Theorem 5.3 Given a vector X € D at m € ML and anyr,1 <r<
n, there exists an r-dimensional integral submanifold M"™ of D through
m with X tangent to M".
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The proof is again immediate from the Darboux theorem, choosing the
Darboux coordinates (x%,%%, 2),i = 1,...,n, such that X = 621 (m).

In Chapter 1 we discussed a theorem of Weinstein (Theorem 1.4) that
locally a symplectic manifold is the cotangent bundle of a Lagrangian
submanifold. We now state an analogous theorem due to Lychagin [1977]
(see also Kriegl-Michor [1997, p. 468]). Recall the Liouville form 3 on a
cotangent bundle (Section 1.1, Examples 3.2.4, 3.2.5).

Theorem 5.4 If L is an n-dimensional integral submanifold of a con-
tact manifold (M?"*1 n), then there exist an open neighborhood U of L
in M*" 1 an open neighborhood V of the zero section in T*L x R, and
a diffeomorphism f : U — V such that f|r is the identity on L
and f*(6 —dt) =n.

5.2 Contact transformations

Recall that a diffeomorphism f of M?"*! is a contact transformation if
f*n = mn for some nonvanishing function 7 and that f is a strict contact
transformation if T = 1. Clearly f*dn = dr An+71dn, so if dn is invariant,
(1 — 1)dn = —dt An and hence (1 — 1)n Adn = 0, giving 7 = 1. Thus f
is strict if and only if dn is invariant.

Theorem 5.5 f is a contact transformation if and only if X € D im-
plies f, X € D.

Proof. n(f.X) = (f*n)(X) =mn(X) =0, and conversely 0 = n(f.X) =
(f*n)(X) implies that f*n is proportional to 7.

Theorem 5.6 A diffeomorphism f is a contact transformation if and
only if f maps r-dimensional integral submanifolds to r-dimensional in-
tegral submanifolds.

Proof. If f is a contact transformation and M" an integral submanifold,
then for X tangent to M", f, X € D by the previous result and therefore
f(MT™) is an integral submanifold. Conversely, given X € D,,, we have
seen that there exists an integral submanifold M" through m with X
tangent to M". Now since f(M") is an integral submanifold, f, X € D
and hence f is a contact transformation.



72 5. Integral Submanifolds and Contact Transformations

If £xn = on for some function o, X is called an infinitesimal contact
transformation. If o = 0 we say that X is a strict infinitesimal contact
transformation.

Theorem 5.7 A wvector field X is an infinitesimal contact transforma-
tion if and only if there exists a function f on M?***1 such that X =

— 0V f + f€.

Proof. For the sufficiency we compute as follows:

(Lxm)(Y)

(X dn)(V) +df(V) = 2dn(~ 6V f + JE.Y) + ¥ f

—dn(@V 1Y)+ Y[ =—g(VLY)+n(Vn(Y)+Yf
Efm(Y).

Conversely, £ xn = on implies Xn(Y) —n([X,Y]) = on(Y"). Then setting
f =n(X), we have

2dp(X,Y) +Y | =on(Y),
or

from which —2¢ X + Vf = ¢&, and applying ¢ we have

X = ¢ + f

as desired; note also that ¢ = &f, and hence we have the following
corollary.

Corollary 5.1 X is strict if and only if £f = 0.

As in the symplectic case (Theorem 1.8) we have the following the-
orem of Hatakeyama [1966] on the transitivity of the group of contact
transformations.

Theorem 5.8 Let M?"*! be a compact contact manifold. Then for any
two points p, q, there exists a contact transformation mapping p to q.
If M?"F1 gs reqular, there exists a strict contact transformation mapping

p toq.
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Proof. We first prove the result for a Darboux neighborhood U about
p = (0,0,0). Suppose ¢ = (A%, B?, C) in this coordinate system and define
a function f on U by f = > (Bla’— Aly')+C — 3 > A'B’. Let X be the
infinitesimal contact transformation generated by f (strictly speaking, X
is determined by f € C°°(M) such that on U, f is as given and f vanishes
outside some larger neighborhood). Writing X as X’ 8 —I—Xl —l—XO 525

we have, since {f =0 on U, dn(X, 822) = ;Xl . Now by Theorem 5.7,

in (X o) = o (= yo95 + 56 g0, ) = =49 (6916 5., )
1 0
=y <g (Vf, x’) —n(Vfn (a:w))

18f 2\ 1
2(9’ <§f) <8m’>_ QB

and hence X* = B’ Similarly dn(X, 821) = 514", giving X = A’. Now
f=n(X)=X"—¢y' X = X0~ ¢A" and so X" -y’ A" = Biz? — A’ +
— 5> A'B". Therefore

) ) . 1 N D
X=Alg 4B+ (Ba'+0- > aB) .

Thus the integral curves of X 1n U are given by z' = A't, y* = B't,
z=(C— )Y AB)t+ (2 AZBZ) . When ¢ = 1 this curve is at g. Thus
the corresponding 1-parameter group f; of X gives a diffeomorphism f;
mapping p to q. For general p and ¢ in M?"*!, the usual continuation
argument gives the result.

Now for M?"*! regular, the result is a consequence of the following
lemma.

Lemma 5.1 If M?"t! is a compact reqular contact manifold and f a
C* function on a neighborhood U of p such that {f = 0, then there
exists f € C>(M?*" 1Y such that £f =0 and on some neighborhood V of

p. f=F.

Proof. Let 7 : M?"*1 — M?" be the principal circle bundle structure
of M?"*+1 Since £f = 0, f is constant on fibers and therefore there exist
a neighborhood V" about 7(p) and a function f’ on V' such that f = f’or
on 71(V'). Now extend f’ to a C° function f’ on M?" agreeing with
f" on V. Then setting f = f’ o mr, we have the desired function.
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As in the symplectic case, Boothby [1969] mapped & points to k points;
see also Kriegl-Michor [1997, p. 472].

5.3 Examples of integral submanifolds

One can readily cite some simple examples of integral submanifolds,
e.g., an n-dimensional integral submanifold in R?"*! given by 3* = 0
as already noted and the fibers of 177" M and 71 M with the contact struc-
tures given in Example 3.2.4. We give a few more examples here, and
we will give further discussion of integral submanifolds and additional
examples from time to time.

5.8.1 S"c St

Consider the space C"*! of n+1 complex variables and let J be its usual
almost complex structure. Let 52" = {z € C"*!||z| = 1}. Then as we
have seen, we can give S?"*! its usual contact structure as follows. For
every z € S and X € T,5%"t!, ¢ = —Jz and ¢X is the tangential
part of JX. Let g be the standard metric on S?**! and 7 the dual 1-form
of £&. Then (¢,€,7,g) is a contact metric structure on S?**1. Now let L
be an (n + 1)-dimensional linear subspace of C"*! passing through the
origin and such that JL is orthogonal to L. Then, since £ is simply the
negative of the action of J on the position vector, S* = S*"*1 N L is
orthogonal to £ and is therefore an n-dimensional integral submanifold
of the contact structure on S?"*1. Clearly S™ is a totally geodesic integral
submanifold.

582 T?cCS?

The following embedding of a 3-torus into the unit 5-sphere as a flat
minimal submanifold is well known. Given in terms of its position vector
x: T3 — SPC S~ C3itis

x = (cos u, sin u, cos v, sin v, cos w, sin w).

V3

Now embedding 72 in 7% diagonally by u 4+ v + w = 0, we have a flat
minimal surface in S° given by

x =, (cosu,sinu,cosv,sinv,cos(u+ v), —sin(u + v)).

V3
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Since the characteristic vector field is given by —J acting on the position
vector,

E=—Jx =

3 (— sinu, cos u, — sin v, cos v, sin(u + v), cos(u + v)).
Computing the tangent vectors x, = g’; and x, = BZ‘ directly, it follows
easily that (£,x,) = (£,x,) = 0 and hence that this torus in an intergral
surface of the contact structure on S°.

Examples 5.3.1 and 5.3.2 show that S° contain both S? and T2 as inte-
gral submanifolds. It is known for topological reasons (see, e.g., Steenrod
[1951, p. 144]) that S® does not admit a continuous field of 2-planes.
Thus S° cannot be foliated by integral surfaces of its contact structure.

5.8.8  Legendre curves and Whitney spheres

Recall that a 1-dimensional integral submanifold of a contact manifold

is called a Legendre curve, and we begin with an elementary property

of Legendre curves in the contact manifold (R3,n = dz — ydz). The

projection v* of a closed Legendre curve v in R? to the zy-plane must

have self-intersections; moreover, the algebraic (signed) area enclosed by
*

~v* is zero. Since dz — ydr = 0 along -, this follows from the elementary
formula for the area enclosed by a curve given by Green’s theorem,

O——/dz—/ —ydx = area,
Y 7

the area being + for v* traversed counterclockwise and — for clockwise.
Legendre curves and their projections are discussed further in Section
8.3. Here we note that one can think of the pair of v and its projec-
tion v* in the following terms. Suppose that v itself does not have self-
intersections and regard v* as a Lagrangian submanifold in R? = C with
self-intersections; then think of going from ~* to v as a way of removing
the singularity but preserving the “Lagrangian—Legendre” property.
For example, the map of the circle u? + v? = 1 into R? given by
(u,v) — (v, 2uv)

has a double point, viz. (+1,0) — (0,0). On the other hand, the map of
the circle u? 4+ v? = 1 into (R3, = dz — y dz) given by

4
(u,v) — <2uv,v,2u - 3u3>

is an embedding and is a Legendre curve.
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A generalization of this example and an important Lagrangian sub-
manifold of R?" =2 C" is the Whitney sphere. We give two descriptions
of the Whitney sphere. Let Q = "7 | dz’Ady’ be the standard symplectic
form on R?" and consider the sphere S™ in R"™! given by Y1  (u’)? =1
immersed in R?" by

(W, ... u") — (ul, . 200t L 200,

Again notice the double point (+1,0,...,0), and it is easy to check that
this immersed sphere is a Lagrangian submanifold of R?" (cf. Weinstein
[1977, p. 26], Morvan [1983]). In Section 1.2 we remarked that the
sphere S™ can not be embedded in C" as a Lagrangian submanifold.
In a related wvein there are no wumbilical, non-totally-geodesic
Lagrangian submanifolds isometrically immersed in any complex space-
form (Chen—Ogiue [1974b]).

Now embed Y7 ((u’)®> = 1 in the contact manifold R*"! with its
standard contact metric structure (Example 4.5.1) by

(... u") — <2u0u1, T VT VL T i(uo)?’) ,
giving an embedded sphere as an integral submanifold of the standard
contact structure. We refer to this sphere as a contact Whitney sphere.

The Whitney sphere is often presented in another form, which, though
slightly more complicated, lends itself to natural geometric character-
ization. For the Whitney sphere M" as a Lagrangian submanifold of
R?" 22 C", the immersion is

1
(u°,...,u") — |+ (u0)2 (b, um et uPum)
This submanifold satisfies the relation
n+2
H|? =
| | n2(n _ 1)7-7

where H is the mean curvature vector and 7 the scalar curvature of M".
This equality characterizes the Whitney sphere as a Lagrangian subman-
ifold of C™. More precisely, it was proven by Borrelli, Chen and Morvan
[1995] and independently by Ros and Urbano [1998] that if M™ is a

Lagrangian submanifold of C", then |H|? > n%ﬁl) 7 with equality if and
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only if M™ is either totally geodesic or a (piece of a) Whitney sphere.
Borrelli, Chen and Morvan [1995] and Ros and Urbano [1998] also gave
the characterization that the second fundamental form o of a Lagrangian
submanifold in C" is given by

o(X,Y)= i L(G(X.Y)H +§(JX,H)JY +§(JY, H)JX)

if and only if the submanifold is either totally geodesic or a (piece of a)
Whitney sphere.

In the contact manifold R?**! with its standard contact metric struc-
ture we also have a second presentation of the contact Whitney sphere
as an embedded sphere and an integral submanifold of the contact struc-
ture, namely

1 u®
0 0,1 0 1
(uy...,u") — 1+(u0)2<u u,. ., uu ,...,u”,l (uO)Q)'

For this contact Whitney sphere the analogues of the above results
of Borrelli, Chen and Morvan, and Ros and Urbano were given by
A. Carriazo and the author [2000/2001].

5.8.4  Lift of a Lagrangian foliation, Legendre foliations

Let m : M?"*! — M?" be the Boothby-Wang fibration of a compact
regular contact manifold AM?"*! over a symplectic manifold M?" of inte-
gral class with symplectic form €2 and recall the details of Example 4.5.4.
Let L be a Lagrangian submanifold of M?" and consider the set of fibers
over L. Then since ¢X = 7Jm, X, this is a submanifold N**1 of M2 +!
with the property that ¢ maps the tangent space into the normal space;
such a submanifold is sometimes called an anti-invariant submanifold. If
X and Y are horizontal tangent vector fields to N™*!, then

0=29(X,¢Y) = 2dn(X,Y) = Xn(Y)=Yn(X)-n([X,Y]) = —n([X, Y]).

Thus the horizontal distribution in N™*! is integrable, giving n-dimen-
sional integral submanifolds of M?2"*1,

If now the base manifold has a foliation by Lagrangian submanifolds,
then the bundle space will have a foliation by n-dimensional integral
submanifolds. Such a foliation is called a Legendre foliation. M.-Y. Pang
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[1990] introduced an invariant for Legendre foliations, F, of contact
manifolds, (M,n), by

Hr(X,Y) = —(£xLyn)(§) = 2dn(Y, [X,£]),

where X and Y are vector fields tangent to leaves of the foliation. Since
the foliation we just described is contained in a foliation by anti-invariant
submanifolds, [X,¢] is tangent to the leaves of this foliation, and hence
Ir =0.

Examples of Legendre foliations for which the the Pang invariant is
nonzero are the non-Sasakian (k, y1)-manifolds, and we will discuss this
briefly in Section 7.3. Legendre foliations and the Pang invariant have
also been studied by P. Libermann [1991], N. Jayne [1992], [1994], [199§],
and B. Cappelletti Montano and L. Di Terlizzi [2008].
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Sasakian and Cosymplectic Manifolds

In this chapter we define the normality of an almost contact structure
and the notion of a Sasakian manifold as a normal contact metric mani-
fold. We also introduce another important structure tensor, h, which will
be useful in the study of non-Sasakian contact metric manifolds. As an
additional topic, cosymplectic manifolds will be discussed in some detail.
We also give several examples and additional commentary.

6.1 Normal almost contact structures

Recall that almost contact manifolds were defined as manifolds with
structural group U(n)x1 and hence can be thought of as odd-dimensional
analogues of almost complex manifolds. We now consider almost contact
manifolds that are, in a sense to be defined, analogous to complex man-
ifolds.

As is well known, an almost complex structure need not come from a
complex structure. The celebrated theorem of Newlander and Nirenberg
[1957] states that an almost complex structure .J of class C?"*% with
vanishing Nijenhuis torsion is integrable, i.e., is the corresponding almost
complex structure of a complex structure. The Nijenhuis torsion [T, 7]

D.E. Blair, Riemannian Geometry of Contact and Symplectic Manifolds,
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of a tensor field T of type (1,1) is the tensor field of type (1,2) given by
[T, T)(X,Y) = T2[X,Y] + [TX,TY] - T|TX,Y] - T|X,TY].

All manifolds under consideration are of class C°°, so the theorem of
Newlander and Nirenberg applies. For detailed studies of complex mani-
folds see for example Goldberg [1962], Kobayashi and Nomizu [1963-69,
Chapter IX], Kobayashi and Wu [1983], Morrow and Kodaira [1971],
Yano [1965], Zheng [2000].

Let M?"*t! be an almost contact manifold with structure tensors
(¢,€,m) and consider the manifold M?"*! x R. We denote a vector field
on M1 xR by (X, f &), where X is tangent to M?"+1, ¢ the coordinate
on R, and f a C™ function on M?**! x R. Define an almost complex
structure J on M?"*t1 x R by

I(%.55) = (X~ remx) ):

that J? = —I is easy to check. If now .J is integrable, we say that
the almost contact structure (¢, &, n) is normal (Sasaki and Hatakeyama
[1961]).

Since the vanishing of the Nijenhuis torsion of J is a necessary and suf-
ficient condition for integrability, we seek to express the condition of nor-
mality in terms of the Nijenhuis torsion of ¢. Since [J, J] is a tensor field
of type (1,2), it suffices to compute [J, J]((X,0), (Y,0)) and[J, J]((X,0),
(0, ) for vector fields X and Y on M?"F1:

LTI 0),(V,0)) = = (0. Y],0)+ [(6X.000) ). (67000 )]
= 7[(0xnx) ). 00)
- J[(x,0), (¢>Y n) )]
= (X, Y] (X, ¥ ) + (16X, 6], (9Xn(V) — 6Vn(X)) )
— (916X, Y]+ (Yn(X))E (90X, Y]) )
— (61X, 6Y) — (Xn(¥ ) (X, 6Y)) 1)
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= (19610, Y) + 200X, V)E ((£oxn) (V) ~ (£ayn)(X)) 5 ).
(0, (0. 9) = [(6x.000) ). (-€.0]
~a](oxn0x) ). (0. $)] - I10x,0), (-,0)]

d d
= (- ox.¢). €n(x) 4, ) + (olx, €l (X, €D 4, )
= ((£ed) X, (£en)(X)).

We are thus led to define four tensors N, N2 NG N&) by

NO(X,Y) = [6,0](X,Y) + 2dn(X, Y ),
NO(X,Y) = (Loxm)(Y) = (£gyn)(X),
N = (£e9)X
NW = (£en)(X )

Clearly the almost contact structure (¢,&,n) is normal if and only if
these four tensors vanish. However, the vanishing of N implies the
vanishing of N&, N®) and N®, so that the normality condition is

simply
(6, )(X,Y) + 2dn(X,Y)§ = 0.

We now prove this and other properties of these tensors (cf. Sasaki and
Hatakeyama [1961], [1962]).

Theorem 6.1 For an almost contact structure (¢,&,m) the vanishing of
N implies the vanishing of N, N® and N4,

Proof. Setting Y = £ and applying n we have dn(X, &) = 0, which easily
gives N = 0. Then

0= [¢,4)(X,€) = *[X, €] - 9[6X, €] = ¢((£c0)X).

Applying ¢ and noting that dn(¢,$X) = 0, implies n([¢, ¢X]) = 0, we
have N®) = 0. Finally, applying 7 to

0= [¢, (X, Y) + 2dn(6X,Y )¢,

we have 1([¢>X, ¢Y]) + ¢Xn(Y) — n([¢X,Y]) = 0, which simplifies to
N® =o.
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Theorem 6.2 For a contact metric structure (¢,€,1,9), N® and N®
vanish. Moreover, N®) vanishes if and only if & is a Killing vector field.

Proof. We have already seen that N = 0. Now N can be written
NO(X,Y) = 2dn(¢X,Y) —2dn(3Y, X) = 29(6X, 6Y) ~2g(4Y, 6 X) = 0.

Turning to N®), we note that since dr invariant is under the action

of &,
0= (£§d77)(X7Y) = fg(X, ¢Y) - g([£7X]v¢Y) - g(Xa¢[€»Y])
= ("Eﬁg)(Xv ¢Y) +g(X7 (£§¢)Y)7

from which we see that N® = 0 if and only if ¢ is Killing.

Next we establish a formula for the covariant derivative of ¢ for a
general almost contact metric structure (¢, &, 7, g).

Lemma 6.1 For an almost contact metric structure (¢,€,m,9), the
covariant derivative of ¢ is given by

29((Vx )Y, Z) = 3d®(X, ¢Y, ¢Z) — 3d2(X,Y, Z) + g(NV(Y, Z), ¢X)
+ NO(Y, Z)n(X) + 2dn(¢Y, X)n(Z)
— 2dn(¢Z, X)n(Y).

Proof. Recall that the Riemannian connection V of g is given by

29(VxY,Z) = Xg(Y,2) +Yg(X, Z) — Zg(X,Y)
—|—g([X,Y],Z) —|—g([Z,X],Y) —g([Y, Z]7X)

and that the coboundary formula for d on a 2-form ® is
1
dd(X,Y,7Z) = 3 {XO(Y,2)+YP®(Z,X)+ ZP(X,Y)
- q)([Xa Y]7Z) - (I)([Z,X],Y) - (I)([Y7 Z])X)}
Therefore

2((Vx9)Y, Z) = 29(Vx6Y, Z) + 29(V Y, 6Z)
— Xg(0Y, Z) + 6V g(X, Z) — Zg(X,4Y)
+9(IX. Y1, 2) + g([Z, X],6Y) — g(9Y, Z), X)
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+Xg(Y,02) +Yg(X,92) — $Zg(X,Y)
+9([X,Y].0Z) + g([¢Z, X].Y) — g([Y, $Z], X)

= X@(Y,Z) + oY (2(¢Z, X) + n(Z)n(X)) — Z2(X,Y)
= O([X, Y], 0Z) +n([X, ¢Y])n(Z)
+ ©([Z,X].Y) — g(o[0Y, Z], X)) + n(X)n([Z, ¢Y])
+ XO(PY, 0Z) —YB(Z,X) — ¢Z((4Y, X)
+n(Y)n(X)) + @([X,Y],Z2) — ®([¢Z, X],¢Y)
+n([¢Z, X])n(Y) = g(o[Y, ¢Z], 6X) + n(X)n([¢Z,Y])
+{2([Y, 2], X) — g([Y, Z]. 6 X)}
—{2([¢Y, 0Z], X) — g([¢Y, ¢Z], ¢ X)}
+{9(2dn(Y, 2)¢, ¢ X)}

= 3dD(X, pY, ¢Z) — 3dD(X,Y, Z) + g(ND (Y, Z), X))
+ NV, Z)n(X)+2dn(6Y, X)n(Z) — 2dn(¢Z, X)n(Y).

Corollary 6.1 For a contact metric structure the formula of Lemma 6.1
becomes

29((Vx9)Y. Z) = g(ND(Y. Z), o X)+2dn(9Y, X)n(Z)~2dn(¢Z, X)n(Y ).

Taking X = & in Corollary 6.1, we see that V¢¢ = 0 for any contact
metric structure. By choosing a ¢-basis, Corollary 6.1 also yields

Vi¢'; = —2nn;

on a contact metric manifold.

While our main interest is in contact manifolds, we mention, in regard
to the normality of almost contact structures, papers of Sato [1977] and
Geiges [1997b]. Sato proved that if a compact 3-dimensional normal al-
most contact manifold M is not homotopic to St x S2, then 7y(M) = 0,
and Geiges gives a complete classification.

6.2 The tensor field h

We have seen that on a contact metric manifold, N®) vanishes if and only
if ¢ is Killing (Theorem 6.2) and a contact metric structure for which £
is Killing is called a K-contact structure . For a general contact metric
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structure the tensor field N®) enjoys many important properties, and
for simplicity we define a tensor field i on a contact metric manifold by

h=_Lep= ;N(3).

The first property to note is immediate, namely h§ = 0. We now give
a number of important properties of h.

Lemma 6.2 On a contact metric manifold h is a symmetric operator,
Vx{=—¢X — ¢hX,

h anticommutes with ¢, and trh = 0.

Proof. We have already seen that on a contact metric manifold V¢ = 0
and V¢£ = 0. Thus

9(£ep) X, Y) = g(VepX — Vyx§ — ¢V X + ¢V xE,Y)

which vanishes if either X or Y is £. For X and Y orthogonal to £, N @ =
0 becomes 7([¢X,Y]) + n([X, #Y]) = 0; continuing the computation, we
then have

9(£Lep) X, Y) = n(VexY) +n(Vx oY)
=n(Vy¢X) +n(Vgy X)
= g((£e9)Y, X).

For the second statement, using Lemma 6.1 we have

29((Vx9)E, Z) = g(°[€. Z] — ¢l€, 6Z], X) — 2dn($Z, X)
= —9(o(£e9)Z,9X) —29(¢Z, 9 X)
= —9((£9)Z, X) +n((£0) Z)n(X) = 29(Z, X)
+2n(Z)n(X)
= —9((£ed)X, Z) = 29(X, Z) + 29(n(X)¢, Z)

and hence —¢pV x¢& = —;(fgqb)X — X +n(X)E&. Applying ¢ we then have

Vyé = —6X — ohX.
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To see the anticommutativity, note that

=9(=0X — ¢hX,Y) — g(=¢Y — ¢hY, X).
Therefore 0 = g(—¢hX,Y) — g(Y, h¢ X), giving h¢ + ¢ph = 0.
An immediate consequence of this anticommutativity is that if hX =

AX, then h¢p X = —A¢pX. Thus if X is an eigenvalue of h, so is —\ and
hence trh = 0.

As a result we get the following easy corollary.
Corollary 6.2 On a contact metric manifold én = 0.

Proof. Choosing an eigenvector basis {e;} of h we have

g(vei§7 ei) = g(_¢ei — ¢he;, ei) =0.

Example 3.2.6 provides a nice illustration of the tensor field h. Let
n = i(cosz®dz! + sinaz3dz?) be the contact form on R®. Then ¢ =
2(cos x* 821 + sin 23 832) is the characteristic vector field. The flat metric
gij = }15@-3- is an associated metric and ¢ is given by

0 0 sin 23
¢ = 0 0 — cos 23
—sinz® cosz? 0
The contact subbundle D is spanned by X = —sin 23 3‘21 +cos z® 322 and

823' Since the metric is Euclidean on R3, V x¢ = 0. Therefore by Lemma
6.2, h¢X = ¢X, but ¢X = %5, and so h 0y = 05, ie., ;0 spans the
+1 eigenspace of h and in turn X spans the —1 eigenspace. See figure on
page 86.

Conditions on V¢h arise frequently, as we will see in later chapters, but
we mention a couple at this point. Calvaruso and Perrone [2000] prove
that a 3-dimensional contact metric manifold is locally homogeneous if
and only if it is ball-homogeneous and V¢h = ah¢ where a is a constant.
Moreover, recalling the contact circles (Example 3.2.9) of Geiges and
Gonzalo [1995], Calvaruso and Perrone prove that a compact orientable
3-manifold admits a taut contact circle if and only if it admits a locally

homogeneous contact metric structure satisfying V¢h = 0.
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6.3 Definition of a Sasakian manifold

In this short section we give an important definition, namely that of
a Sasakian manifold. A Sasakian manifold is a normal contact metric
manifold. In some respects Sasakian manifolds may be viewed as odd-
dimensional analogues of Kahler manifolds. This point of view is reflected
in many of the examples and results on Sasakian manifolds that will
be discussed. To begin with, the following theorem is analogous to an
almost Hermitian manifold being Kahler if and only if the almost complex
structure is parallel with respect to the Levi-Civita connection.

Theorem 6.3 An almost contact metric structure (¢,&,n,9) is Sasakian
if and only if

(Vxo)Y =g(X,Y)§ —n(Y)X.

Proof. The necessity follows easily from Lemma 6.1, for if (¢,£,n, g) is
a normal contact metric structure, then ® = dn, N® =0 and N® =0,
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and hence

29((Vx @)Y, Z) =2dn(¢Y, X)n(Z) — 2dn(¢Z, X)n(Y')
=2(g(Y, X) —n(Y)n(X))n(Z) — 29(Z, X)
—n(Z)n(X))n(Y)
=29(9(X,Y)§ —n(Y)X, Z).

Conversely, assuming (Vx¢)Y = g(X,Y )¢ —n(Y)X, setting Y = £ gives
—¢pVx& =n(X)§ — X and hence Vx& = —¢pX. Therefore

1
showing that (¢, &, n, g) is a contact metric structure. Now

(6, 0](X,Y) = (6Vy ¢ — Vyyd) X — (¢Vxd — Vyx )Y,

and straightforward substitution of the hypothesis simplifies this to

[0, (X, Y) = =2dn(X, Y)E.

Recall that a contact metric structure (¢, &, n, g) is said to be K-contact
if £ is a Killing vector field, in particular if h = 0. Since Vx¢& = —¢X in
the above proof, h = 0 and we have the following corollary.

Corollary 6.3 A Sasakian manifold is K-contact.

In dimension 3 the converse is true, Corollary 6.5. For K-contact struc-
tures that are not Sasakian, see Example 6.7.2.

While we will see other examples of Sasakian manifolds in due course,
let us show here that the standard contact metric structure on an
odd-dimensional unit sphere is Sasakian. Recall that the standard con-
tact metric on an odd-dimensional sphere was exhibited in Example 4.5.2,
and in particular, if the radius is 1, the constant curvature metric is an
associated metric. Using the notation there and the Kahler property of
C?"*+2, we have

0= (VxJ)Y = Vx(¢Y +n(Y)r) = J(VxY — g(X,Y)v)
= VxoY — g(X,¢Y)v + (Xn(Y))v +n(Y)X
—oVxY —n(VxY)v —g(X,Y)¢
= (Vx¢)Y —g(X,Y){+n(Y)X + (Vxn)(Y) — g(X, oY)
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Taking the tangential part, we see that (Vx¢)Y = g(X,Y )¢ — n(Y)X
and hence that the structure is Sasakian.

We close this section with a couple of diagrams indicating some analo-
gies between almost Hermitian manifolds and almost contact metric
manifolds. Let (M?"J,g) be an almost Hermitian manifold and let
denote the fundamental 2-form. Then we have the following schematic
array of structures.

Hermitian 2 = 0 > Kahler
A A
[J, J] =0 [J, J] =0
VJ=0
almost o almost
Hermitian dQ =0 Kéahler

Recall that S carries an almost Hermitian structure that is neither
Hermitian nor almost Kéhler (cf. Example 4.5.3 and Example 6.7.3
below). The well known Calabi-Eckmann manifolds S?*! x §24+1 4 ¢ >
1, are Hermitian manifolds (see also Section 6.6 below) that are not
Kahler for the topological reason that the second Betti number of a com-
pact Kéhler manifold is nonzero. As noted in Section 1.1, there are many
compact symplectic (and hence almost Kahler) manifolds with no Kéhler
structure. Also the tangent bundle of a nonflat Riemannian manifold
carries an almost Ké&hler structure that is not Kéhlerian (Dombrowski
[1962]; Tachibana and Okumura [1962]; see also Section 9.1 below).
Finally, there are many well-known Kahler manifolds.

The corresponding diagram for almost contact metric manifolds is the
following, the notion of a K-contact manifold being intermediate between
a contact metric manifold and a Sasakian manifold.

We have already seen in Example 4.5.3 that S° carries an almost con-
tact metric structure that is not a contact metric structure, and we will
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normal
almost
contact
metric

A

Sasakian

Y

NV =01 (V)y=gX V)Eny)x [NV=0

almost

o contact
contact > tri
metric o = dn metrce

see in Example 6.7.3 that the structure is not normal. Cosymplectic man-
ifolds as discussed in Section 6.5 are examples of normal almost contact
metric manifolds that are not Sasakian. Since the first Betti number of a
compact Sasakian manifold is even (cf. Section 6.8), odd-dimensional tori
have no Sasakian structures though they have the contact structures dis-
cussed in Example 3.2.6. Also we will see in Section 9.2 that the tangent
sphere bundles are in general not Sasakian. Finally, we just noted that the
odd-dimensional spheres are Sasakian, and other examples are given in
Section 6.7. Also in his classification of compact 3-dimensional normal
almost contact manifolds, Geiges [1997b] identifies those which are
normal contact (Sasakian). In particular he proves the following.

Theorem 6.4 A compact 3-dimensional manifold admits a Sasakian
structure if and only if it is diffeomorphic to a left-invariant quotient
of SU(2), the Heisenberg group, or SL(2,R) by a discrete group.

A similar treatment can be found in Belgun [2000].

6.4 CR-manifolds

In this section we discuss some aspects of the relation of almost contact
structures and contact metric structures to CR-structures. Let N be an
n-dimensional C'* manifold and TCN its complexified tangent bundle,
ie., TI(,CN =T,N@rC ~T,N®iT,N. Let H be a C"° complex subbundle
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of complex dimension [. A CR-manifold, as introduced by Greenfield
[1968], of real dimension n and CR-dimension [ is a pair (N, H) such
that H, N 7:[p = 0 and H is involutive, i.e., for vector fields X, Y € H,
[X,Y] € H. Then there exist a unique subbundle D of T'N such that
DC = H & H and a unique bundle map 7 : D — D such that 72 = —I
and H = {X —iJX|X € D}.

Now let (M, H) be a CR-manifold with M of real dimension 2n + 1
and H of complex dimension n. Consider the space F, of all covectors
f € TrM such that D C kerf. This defines a real line bundle ' C T*M.
If M is orientable, then FF — M admits a global nowhere vanishing sec-
tion n which is called a pseudo-Hermitian structure and (M, H,n) is called
a pseudo-Hermitian manifold. The Levi form of (M, H,n) is defined by

Ly(X,Y)=—dn(X,JY), X,Y €D;

(M, H,n) is nondegenerate if L, is nondegenerate. In this case M has a
natural volume form nA (dn)™; thus 7 is a contact form and its character-
istic vector field ¢ is transversal to D. If L, is positive definite (M, H,n)
is said to be strongly pseudoconvex. Using the direct sum decomposition
TM = D @ {{} we may extend L, to a Riemannian metric g, on M,
called the Webster metric (see, e.g., S. Dragomir [1995]), by g,(£, &) = 1,
gn(§,X) =0for X € D, and ¢,(X,Y) = L,(X,Y) for X,Y € D. More-
over, we may extend J to a tensor field ¢ on M by ¢¢ = 0 and ¢ X = JX
for X € D. Therefore a strongly pseudoconvex CR manifold (M, H,n)
carries a contact metric structure (¢,&,n, gy).

In [1978] Bejancu defined the notion of a CR-submanifold of an almost
Hermitian manifold. A submanifold N of an almost Hermitian manifold
(M, J,g) is a CR-submanifold if there exists a holomorphic (J-invariant)
subbundle D of TN, with D,, # {0} or T,,N for any p € N, and such that
its orthogonal complement D+ C T'N is totally real, i.e., JD; C TplN .
Clearly real hypersurfaces are CR-submanifolds.

Let P denote the projection from TN to D and @) the projection from
TN to D+. Now since D is J-invariant, set 7 = JP and define a complex
subbundle H of TN by H = {X —iJ X|X € D}. The following lemma
is immediate.

Lemma 6.3 J(X —iJX)=JPX —iJJPX.
Now suppose that the ambient space (M, J, g) is Hermitian, i.e., the

almost complex structure J is integrable. We then have the following
lemma and the theorem of B.-Y. Chen and the author [1979].
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Lemma 6.4 Let N be a CR-submanifold of a Hermitian manifold
(M, J.g). Then for X,Y € D, Q([JX, Y]+ [X,JY]) =0.

Proof. Since M is Hermitian, [J, J] = 0 and hence
0= [1,JJ(JX,Y) = —[JX, Y] - [X,JY] + J(X,Y] - [JX, JY)),

but [X,Y] and [JX, JY] are tangent to N, so J([X,Y] — [JX, JY]) has
no D+-component. Therefore [JX,Y] + [X, JY] has no D+-component.

Theorem 6.5 Let M be a Hermitian manifold and N a CR-submanifold.
Then N is a CR-manifold.

Proof. Let X,Y € D. Then
(X —iJX,)Y —iJY]|=[X,Y] - [JX,JY]| —i[JX,Y] — i[X,JY]
=—JJX,) Y] - JX,JY]—iP[JX,Y] —iP[X,JY]

by virtue of [J, J] = 0 and Lemma 6.4. Continuing the computation using
Lemma 6.4 again and then Lemma 6.3,

X —iJX,Y —iJY]=—J[JX,Y] - J[X,JY] +iT?*[JX,Y]
+iJ?[X, JY]
= —J(JX,Y]|—iJ[JX,Y]) - T(X,JY]
—iJ[X,JY]) e H.

Turning to the case of almost contact structures, consider an almost
contact manifold M2"+! with structure tensors (¢, &, 7). Since ¢ = —I+
n®& and ¢& = 0, the eigenvalues of ¢ are 0 and +i each with multiplicity
n; in particular, ¢ is an almost complex structure on the subbundle D
defined by n = 0. Thus the complexification of D, is decomposable as
D, ®D,, where D), = {X —i¢pX|X € Dy} and D, = {X +i¢X|X € D,},
the eigenspaces of +i respectively.

Lemma 6.5 ¢(X —i¢X) € D,,.
Proof. ¢(p(X —i¢pX)) = ¢(i(X —ipX)) = ip(X —i¢pX).

We now prove a theorem of Tanus [1972] that a normal almost contact
manifold is a CR-manifold. The converse is not true, and in Theorem 6.7

we will obtain a necessary and sufficient condition for a contact metric
manifold to be a CR-manifold.
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Theorem 6.6 If (M?"+1 ¢, £ 1, g) is a normal almost contact manifold,
then (M?"+1 D') is a CR-manifold.
Proof. First of all, D, = D) and D), N D) = 0; thus it remains to
show that [X — i¢pX,Y —i¢Y] € D’ for X,Y € D. By the normality,
[, d] + 2dn ® £ = 0, so that
0=—[X,Y]+[9X,¢0Y] - ¢[¢X, Y] — ¢[X, oY ].
Also since N =0, (£,x1)(Y) — (£4y1)(X) = 0, from which
n([¢X, Y] + [X, ¢Y]) = 0.
Now
(X —igX,Y —igY] = [X,Y] = [¢X, ¢Y] = i[¢X, Y] — i[X, ¢Y]
= — HPX. Y] - 9[X, ¢Y] + i’ [ X, Y]
— in([pX, Y)E +id?[X, oY ] — in([X, Y ])€

= — 0([6X. Y]~ ig[oX,Y]) - §((X, 6V
—ip[X, 9Y]) € D'

On a contact metric manifold M2+ (M?"+1 D’) might be CR with-
out the structure being normal. We present an important result of Tanno
[1989] giving a necessary and sufficient condition for a contact metric
manifold to be a CR-manifold.

Theorem 6.7 Let (M?"+1 1, g) be a contact metric manifold. Then the
pair (M?"t1 D) is a (strongly pseudoconvex) CR-manifold if and only

if
(Vx@)Y = g(X +hX,Y)§ = n(Y)(X + hX). (%)

Proof. The strong pseudoconvexity refers to the positive definiteness of
the Levi form

L(va) :_dU(X7¢|DY)7 X7Y€D'
We must show the equivalence of () and
[X —i¢pX,Y —i¢Y]| € D for X,Y € D. (1)

Since N =0, n([X,Y] — [¢X,$Y]) = 0 for X,Y € D, from which we
can see that (1) is equivalent to

X Y] = 9[oX, 0Y] - [pX, Y] - [X,9Y] =0 X,V eD. (i)
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Now replacing X,Y by ¢X, @Y, we have an expression for our condition
in terms of general vector fields X, Y, viz.

P[PX, Y] = o[=X +n(X)§, =Y +n(Y)E]
— [ X +n(X)E, 0Y] = [pX, =Y +n(Y)¢] = 0.

Applying ¢ and changing the sign, we get

[0, 0)(X,Y) = n([¢X, Y ])E — ¢*[n(X)E, Y] = ¢*[X, n(Y)€)
+ o[n(X)E, oY ] + ¢[0 X, n(Y)E] = 0.
Expressing the Nijenhuis torsion and Lie brackets in terms of covariant

derivatives and noting that —n([¢X, ¢Y]) = 2dn(¢X, ¢Y) = 2dn(X,Y),

we have

(@Vyd—Vsy9) X — (¢Vx ¢ — Vyx )Y + 2dn(X,Y)E
N(X)(¢*Vy€ — dVy&) —n(Y)(¢*VxE — ¢Vyx€) = 0.
Now recall that since g(X, ¢Y) = dn(X,Y’), the cyclic sum on {X,Y, Z}
in g((Vx )Y, Z) must vanish. Thus taking the inner product of our con-

dition with a vector field Z and using this cyclic sum property twice, we
obtain

9(d(Vyd)X,Z) — g(6(Vx )Y, Z) + g(Vx9)Z, ¢Y ) + g(Vz¢)$Y, X)
—9((Vy9)Z,0X) — g((Vz9)pX,Y) + 2dn(X,Y )n(Z)
+0(X) (= 9(VyE Z) + g(VevE, 0Z))
—n(Y)(=9(Vx& Z) + 9((Vexé, 0Z)) =0

Also, since ¢? = —I[+n®¢, we have (Vx @)oY +o(Vx @)Y = g(Vx& Y)E+
n(Y)V x&. Using this we obtain

29((Vz¢)¢YX)—g(Vz€, Y)n(X) —n(Y)g(VzE€, X)
+n(X)9(Vey &, 02) —n(Y)g(Vex§, ¢Z) = 0.
—(V

)Y

z¢) Y = (9(62,Y) + g(¢hZ,Y))¢. Finally,
9(Z+nhz,Y)E=n(Y)

Lemma 6.5 then yields

replacing Y by ¢Y, (Vz¢ (Z+hZ) as desired.

In contrast to the fact that not every 3-dimensional contact metric
manifold is Sasakian, every 3-dimensional contact metric manifold is a
strongly pseudoconvex CR-manifold, as we see in the following corollary.
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Corollary 6.4 A three-dimensional contact metric manifold is a strongly
pseudoconvexr CR-manifold; in particular, on a 3-dimensional contact
metric manifold,

(Vxo)Y = g(X + hX,Y)¢ —n(Y)(X + hX).

Proof. The left-hand side of () when restricted to D is just —¢[e, ¢],
and hence it is enough to verify (1) on the basis {X,Y = ¢X} of D,
which is straightforward.

Corollary 6.5 A 3-dimensional K-contact manifold is Sasakian.

Proof. Since being K-contact is equivalent to a contact metric manifold
satisfying h = 0, the result follows from Corollary 6.4 and Theorem 6.3.

Remark. In the literature there is also the following definition of a
CR-structure which does not include the integrability. A CR-structure
on a manifold M is a contact form 7 together with a complex structure
J on the contact subbundle D (see, e.g., Chern-Hamilton [1985]). Let
(M,n,J) be a CR-structure in this sense and set

H={X—-iJX|X cD}={ZecD"\JZ=iZ}.

If the Levi form L,, is Hermitian, then (M, n, J) is called a nondegenerate
pseudo-Hermitian manifold (the condition is equivalent to the partial
integrability condition: [X,Y] € DC for X,Y € H). Then (M,n,J) is
said to be integrable if H is involutive, i.e., [X,Y] € D for X,Y € D.

If L, is positive definite, (M,n,J) is called a strongly pseudoconvex
CR-manifold. So the notion, in this sense, of a strongly pseudoconvex
CR-structure on M is equivalent to our notion of a contact metric struc-
ture (¢,€,m,9) by the relations g = L, + n®n, J = ¢|p, where L, also
denotes its natural extension to a (0,2) tensor field on M. Using this
definition of CR-structure, Theorem 6.7 can be given in the following
form: Let (M,n,g) be a contact metric manifold and (7, J) the corre-
sponding strongly pseudoconvex CR-structure. Then (7, J) is integrable
if and only if the condition (x) of Theorem 6.7 holds. In particular,
(M,n, g) is Sasakian if and only if h = 0 and (n,J) is integrable.

We shall continue to include the integrability in our definition of a
(strongly pseudoconvex) CR-manifold.
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6.5 Cosymplectic manifolds and remarks on the
Sasakian definition

There are two notions of a cosymplectic structure in the literature (in
fact, counting “Hermitian cosymplectic” (02 = 0) there are at least
three). P. Libermann [1959] defines a cosymplectic manifold to be a
(2n 4 1)-dimensional manifold admitting a closed 1-form 7 and a closed
2-form @ such that n A ®™ is a volume element. As before, on the sub-
bundle defined by n = 0, ® may be polarized to give an almost contact
metric structure (¢, £, n, g) for which both n and the fundamental 2-form
O(X,Y) = g(X, ¢Y) are closed. In [1967] the author defined a cosymplec-
tic structure to be a normal almost contact metric structure (¢,&,1,g)
with both 1 and ® closed, and we adopt this point of view here.

Corresponding to Theorem 6.3 for Sasakian structures we have the
following result.

Theorem 6.8 An almost contact metric structure (¢,&,1,qg) is cosym-
plectic if and only if ¢ is parallel.

Proof. Since NV = 0 implies N = 0, that a cosymplectic manifold
satisfies Vx¢ = 0 follows immediately from Lemma 6.1. Conversely,
Vx¢ = 0 implies that d® = 0 and NV = 2dn @ €. Now

NO(Y,€) = (Loyn)(€) = —n([#Y. €])
= —g(§& Voy& — VedY) = g(§,6VeY) = 0;

so setting Z = & in Lemma 6.1, dn(¢Y,X) = 0 for all X. Therefore
dn =0 and in turn N = 0.

Since dn = 0 on a cosymplectic manifold, it is clear that the subbundle
defined by n = 0 is integrable; moreover, one can show that 7 is parallel.
Also, the projection map to the tangent spaces of the integral subman-
ifolds, —¢?> = I —n ® &, is parallel. Thus from Theorem 6.8 we see
that locally a cosymplectic manifold is the product of a Kéahler mani-
fold and an interval, the complex structure being the restriction of ¢ to
integral submanifolds. There are, however, cosymplectic manifolds that
are not globally the product of a Ké&hler manifold and a 1-dimensional
manifold; a 3-dimensional example was given by Chinea, de Leon and
Marrero [1993], and higher-dimensional examples were given by Marrero
and Padron [1998].



96 6. Sasakian and Cosymplectic Manifolds

We have remarked that a Sasakian manifold is sometimes viewed
as an odd-dimensional analogue of a Kéhler manifold. In view of the
present theorem, the same can be said of cosymplectic manifolds. More-
over, recalling the almost complex structure J(X, f gt) = (¢X — f¢,
n(X)jt) on M?"t1 x R defined at the beginning of this chapter, con-
sider the product metric G = g + dt?. An easy calculation shows that

S(s(xn ) (Vhegy) =6((%i ) (V)

so that (M?"*! xR, J,G) is an almost Hermitian manifold. Denote by V
the Levi-Civita connection of G. If now one assumes that this structure
is Kéhler, then another straightforward computation gives

0= (Voo NY.0) = (Vo). (Txm)(¥) ),

from which we see that M?"+! is cosymplectic.

Thus we have the question of the relation between the metric structure
on M?"*1 xR and the Sasakian condition. This was discussed by Tashiro
[1963] and Oubina [1985]. Let G = ¢*G’ be a conformal change of a
Kahler metric. Then, as is well known, the respective connections are
related by

DxY = D\Y + (Xp)Y + (Yp)X — G'(X,Y)P,
where P = grad’p, and we have
(DxJ)Y = (JYp)X — G'(X, JY)P — (Yp)JX + G'(X,Y)JP.

Now suppose that the product metric G on M?"*! x R is conformally

equivalent to a Kéhler metric G’ with p = —t. Then grad’p = —e 2 .

Thus for X,Y vector fields on M2+
d
(Do) ) (Y.0) = =n(Y)(X,0) +g(X.6Y) (0, ) +9(X.Y)(€.0)
on the one hand, and on the other,
d
(Dix)7)(Y:0) = Dixy (#¥on(Y) 5, ) = J(VxY,0)

*) ~ (6Vxrm(vx) ).

- (vXqSY, (Xn(¥)) ., dt
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Comparing the components, we see that (Vx¢)Y = g(X,Y )¢ —n(Y)X
and hence that M?"*! is Sasakian. Also (Vxn)(Y) = g(X,¢Y), since &
is now Killing.

Conversely, it is clear that if M?"*! is Sasakian, then (Dx,0J)(Y,0)
is given as above. Therefore, making the inverse conformal change,

(Dix,0))(Y,0) = 0.
Moreover,

d
(Decoy7) (0, 5 ) = Dixoy(=€,0) = (~Vx€,0) = (¢, 0),

and this is equal to

d

(Do) (0, ) ~ 9.0 & + (9%.0(3) ).

Therefore (DEX,O)J)(O’ &) =0, and similarly

(D) 0 =0 (7 ,9) (0.) =0

Combining these cases, we see that G’ is a Kahler metric.

The idea of using a deformed metric on M xR to characterize Sasakian
manifolds can be done in another way which is sometimes taken as the
definition of a Sasakian manifold (see, e.g., Boyer and Galicki [2008,
Definition 6.5.15]). Let (M™, g) be a Riemannian manifold, Ry the
positive reals and

C(M™) = (Ry x M™,dr* +1%g)

the cone over M™. Then (M™, g) is Sasakian if and only if the holonomy
group of C'(M™) reduces to a subgroup of U(™;"). Thus (Ry x M™, dr’+
r2g) is Kihler and m = 2n + 1, n > 1. Boyer and Galicki are particu-
larly interested in defining 3-Sasakian manifolds in an analogous way;
see Chapter 14 of this book, Boyer, Galicki, and Mann [1994], or Boyer
and Galicki [2008, p. 477].

6.6 Products of almost contact manifolds
We continue our discussion in the last section with a look at products

of almost contact manifolds. However, we stress only the statement of
results rather than the details of their proofs; the interested reader may



98 6. Sasakian and Cosymplectic Manifolds

consult the references. Let M7 and Ms be almost contact manifolds with
almost contact structures (¢;,&,n:),7 = 1,2. A. Morimoto [1963] defined
an almost complex structure J on the product M; x My by

J(X1, X2) = (01 X1 — m2(X2)&1, 92 Xo + mi(X1)&2);

that J2(X1, X3) = —(X1,X5) is an easy calculation. Morimoto then
proved the following theorem.

Theorem 6.9 J is integrable if and only if both (¢1,&1,m) and
(¢2,&2,m2) are normal.

An interesting corollary of this is a result of Calabi and Eckmann [1953]
that the product of two odd-dimensional spheres is a complex manifold.

Corollary 6.6 S?P+1 x §24+1 s o complex manifold.

Turning again to metric considerations, let M; and Ms be almost con-
tact metric manifolds with almost contact metric structures (¢;, &, 1i, gi),
i = 1,2. Capursi [1984] studied the product metric G = g; + g2, and it
is again an easy calculation that

G(J(X1,X9),J(Y1,Y2)) = G((X1, X2), (Y1, Y2)).

The result of Capursi is the following.

Theorem 6.10 (M; x My, J, G) is Kahler if and only if both (M, ¢1,&1,
i, gl) and (M27 ¢27 527 n2, 92) are cosymplectic.

In view of this and the observation of Tashiro and Oubina in the last
section on how to obtain the Sasakian condition from the structure on
M x R, one might ask how to get both M; and M, Sasakian out of the
almost Hermitian structure (J, G) on My x Ms. To the author’s knowledge
this is an open question. On the other hand, a special almost contact
metric structure introduced by Kenmotsu [1972] seems to play a role
here.

An almost contact metric manifold (M, ¢, &, n, g) is called a Kenmotsu
manifold if it satisfies

(Vxo)Y = g(6X,Y)E —n(Y)pX.

Kenmotsu [1972] gave a local characterization of this structure.
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Theorem 6.11 Every point of a Kenmotsu manifold has a neighborhood
that is a warped product (—e,€) x ¢V, where f(t) = ce' and V is Kdihler.

Returning to the product space M; x Ms, define an almost complex
structure by

J(X1,X2) = (01 X1 — e 2na(X2)&1, o Xo + € 2y (X1)E2) -

Again J?(X1, X5) = —(X1, Xo) is an easy calculation. Let G = e*’g; +
e?7gy. Then G is Hermitian if and only if p = %(p — 7). Oubina and the
author [1990] then noted the following.

Theorem 6.12 Let My and My be almost contact metric manifolds and
U a coordinate neighborhood on My such that & = gt Consider the
change of metric G = e*g; + €2"gy on My x U, where p = log(k — e™?)
and T = —t for some constant k. Then (M1 xU, J,G) is Kahler if and only
if the structure on My is Sasakian and the structure on U is Kenmotsu.

A variation of the above result is that if (M; x U, J,G) is Kéhler for
the conformal change p = 7 = —t, then M is Sasakian and the structure
(p2, —&2, —12, g2) is Kenmotsu.

The fact that this theorem is local in regard to the second manifold
M is not unnatural. Even for M; x R, the 1-dimensional case for Mo,
note that the Hopf manifold S?**1 x S! is locally conformally Kihler
but not globally conformally Ké&hler.

We close this section with a remark on a generalization of these struc-
tures. In the classification of Gray and Hervella [1980] of almost
Hermitian manifolds there appears a class, Wy, of Hermitian manifolds
which are closely related to locally conformally Kéhler manifolds. Again
consider M; x R with the almost complex structure J(X, f &) = (¢X —
ff,n(X)C‘lit) and product metric G. Oubina [1985] introduced the
notion of a trans-Sasakian structure as an almost contact metric structure
(¢,€,m,9) for which the almost Hermitian manifold (M; x R, J,G)
belongs to the class W;. This may be expressed by the condition

(Vx@)Y = a(g(X,Y)E = n(Y)X) + B(g(¢X, V)€ — n(Y)9X)

for functions a and § on M, and the trans-Sasakian structure is said to
be of type («, ). If B but not « (respectively a but not ) vanishes,
the structure is a-Sasakian (resp. 3-Kenmotsu) (see also Janssens and
Vanhecke [1981]). Marrero [1992] showed that a trans-Sasakian mani-
fold of dimension > 5 is either a-Sasakian, S-Kenmotsu or cosymplectic.
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He also showed that if M is a 3-dimensional Sasakian manifold with
structure tensors (¢,&,1,g), f a positive nonconstant function and g =
fg+(1—f)n®mn, then (4,&,n,g) is trans-Sasakian of type (}, % (log f)).

6.7 Examples

6.7.1 R

In Example 4.5.1 we gave explicitly an associated almost contact metric
structure (¢, &, n, g) to the Darboux contact form 7 = %(dz =30 ytdat)
on R?"*1 From the matrix expression for ¢ given in Example 4.5.1 it is
easy to check that [¢, ¢] +2dn® & = 0 and hence that this contact metric
structure is Sasakian.

6.7.2  Principal circle bundles

In Example 4.5.4 we saw that a compact regular contact manifold M ?"+!
carries a K-contact structure (¢,&,n,g), defined in terms of the almost
Kihler structure (J, G) of the base manifold M?". Since Lep = NG) =,

(6, $1(€, X) + 2dn (€, X)¢ = ¢°[¢, X] — ¢[¢, ¢X] = 0.
Now ¢ X = wJm, X, so for projectable horizontal vector fields X and Y,

[0, 8)(X,Y) 4 2dn(X,Y )¢ = 7 2m [ X, Y] + [# I 7. X, 7T, Y]

— I dm X, Y] — 7 Jm X, 7 Jm.Y]
+dn(X,Y)E

= 7 X, Y] + 7[Jn. X, Jr,Y]
+n([rdm X, 7 Jm.Y])E — nJ[Jm X, 7. Y]
— 7J[m X, Jm Y]+ dn(X,Y)E

= 7[J, J)(m X, 1Y) = 2(Q(Jm X, JmY ) o
—Q(m X, mY) om)E

= 7[J, J)(m X, mY).

Thus we see that the K-contact structure (¢, &, 1, g) is Sasakian if and

only if the base manifold (M?"J,G) is Kihlerian (Hatakeyama [1963]).
If (M?"J,G) is only almost Kihler, then (¢,&,7,g) is only K-contact.
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Similar to the Boothby-Wang fibration of compact regular contact
manifolds, A. Morimoto [1964] obtained a fibration of compact normal al-
most contact manifolds with & regular. First, however, let 7 : M2+ —
M?" be a principal circle bundle over a complex manifold M?" and sup-
pose there exists a connection form 7 such that dn = 7*W, where V is a
form of bidegree (1,1) on M?". Then we again define ¢ by ¢X = 7.Jm, X,
where J is the almost complex structure on M?" and 7 the horizontal
lift with respect to 7. Let & be a vertical vector field with 7(§) = 1. Then
(¢,&,m) is an almost contact structure. Noting that £¢n = 0, since 7 is
a connection form, and £¢¢ = 0 by the definition of ¢, a computation of
N similar to the one just given shows that M2?" ! is a normal almost
contact manifold (Morimoto [1963]).

Conversely, we give the following theorem of Morimoto [1964] and just
sketch its proof, since the major ideas have already been given.

Theorem 6.13 Let M?"*! be a compact normal almost contact mani-
fold with structure tensors (¢,€,m) and suppose that & is a regular vec-
tor field. Then M*"*' is the bundle space of a principal circle bundle
7 M2 —— M over a complex manifold M?". Moreover, 1 is a
connection form and the 2-form W on M*" such that dn = 7V is of
bidegree (1,1).

Proof. In the proof of the Boothby-Wang theorem (Section 3.3) we
defined the period function A of the vector field £ and showed that A was
constant on M?"*1, which we then took to be 1. The argument (cf. Tanno
[1965]) required only that n(§) =1 and £¢n = N® = 0. Thus we again
have a circle bundle structure as in the Boothby-Wang fibration with
7 a connection form. Now since £¢p = N () = 0, ¢ is projectable and
we can define an almost complex structure .J on M?" by JX = m,07X,
where 7 denotes the horizontal lift with respect to n. That J? = —I is
immediate and

Tl L JN(X,Y) = = [7 X, 7Y ] + ([ X, 7Y])§ + [07 X, o7Y ]
—1([p7 X, 7Y ])§ — 9T X, 7Y ] — ¢[7 X, ¢7Y]
= [0, ¢(F X, 7Y) + 2dn(¢7 X, ¢7Y)¢
= [0, ¢](7X, TY) + 2dn(7 X, 7Y )§ = 0,
the last equality following from N() = 0 and the next to last from N?) =

0. Finally, U(J X, JY )orr = dn(¢p7X,¢p7Y) = dn(7 X, 7Y) = U(X,Y)om,
showing that ¥ is of bidegree (1,1).
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6.7.3 A nonnormal almost contact structure on S°

In Example 4.5.3 we saw that S° inherits from the almost Hermitian
structure on S% an almost contact metric structure different from the
standard one. Recall that the almost Hermitian structure (J,§) on S°
given in Example 4.5.3 is a nearly Kéhler structure, ie., (VxJ)X =
for all vector fields X. The geometric meaning of this condition is that
geodesics are holomorphically planar curves. A curve v on an almost
Hermitian manifold is holomorphically planar if the holomorphic section
determined by its tangent field is parallel along the curve.

We will now show that the induced almost contact metric structure
(¢,€,m,9) on S® satisfies a similar condition, namely (Vx¢)X = 0. This
is an immediate consequence of the following theorem of the author
[1971]; for notation see Example 4.5.2.

Theorem 6.14 Let M?" ! be a hypersurface of a nearly Kdhler mani-
fold M?"*2_ Then the induced almost contact metric structure (0,€,1m,9)
satisfies (Vx @)X = 0 if and only if the second fundamental form o is
proportional to (n @ n)v.

Proof. From equation (x) in Example 4.5.2 and VxV = VyY +0(X,Y)
we have

(Vx®)(Y,2) = (Vx)(Y. 2) + §(o(X,Y),v)1(Z) = §(o(X, Z),v)n(Y),

where 2 is the fundamental 2-form of the nearly K&hler structure.
Interchanging X and Z and adding, we obtain

(Vx®)(Y, Z) + (V1) (Y, X)
= —29(0(X, 2),v)n(Y) + g(o(X,Y),v)n(Z)
+9(0(Z,Y),v)n(X).
Now if o is proportional to (n ® n)v, (Vx¢)X = 0. Conversely, if

(Vxo)X =
0=-2g(c(X,2),v)n(Y) + g(o(X,Y),v)n(Z) + g(o(Z,Y ), v)n(X).
Setting Y = £ gives 2g(0 (X, Z),v) = g(o(X,&),v)n (Z() (Z,8),v)n(X),

g(o v
but now setting X = &, we have g(o(&,2),v) = (&,8), ) (Z) and
consequently g(o(X,Z),v) = g(a(§,€), v)n(X)n(Z).

A cosymplectic version of this theorem was given by Goldberg in
[1968a] (see also Okumura [1965]). An almost contact metric structure
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(¢,&,m,9) satisfying (Vx¢)X = 0 is called a nearly cosymplectic struc-
ture. As a further justification of this name we remark, without proof,
that a normal nearly cosymplectic manifold is cosymplectic (see the
author’s paper [1971] for details), but we do give the following two
propositions.

Proposition 6.1 On a nearly cosymplectic manifold, £ is a Killing vec-
tor field.

Proof. Clearly (V¢¢)§ = 0, from which one easily obtains V¢ = 0.
Now differentiating the compatibility condition g(¢pX, Y ) = g(X,Y) —
n(X)n(Y') with respect to &, we obtain

9(Vep) X, 0Y) + g(¢X, (Vep)Y) = 0.

The nearly cosymplectic condition then gives

9(Vx9)§, ¢Y) + g(oX, (Vy$)§) =0,

which easily simplifies to

9(Vx&Y)+g9(Vy§ X) =0.

Proposition 6.2 On a normal nearly cosymplectic manifold, dn = 0.

Proof. Since the structure is normal, N M and N@ vanish; thus set-
ting Y = X and Z = ¢ in Lemma 6.1 we have dn(X,¢X) = 0 for all
vector fields X . Linearizing this, we obtain dn(X, ¢Y) 4+ dn(Y,¢X) =0,
but from the vanishing of N, dn(X,¢Y) = —dn(¢X,Y) and hence
dn(X,6Y) = 0. Also dn(X,€) = 1(9(Vx, &) — g(Ve€, X)) = 0, and so
we obtain dn = 0.

Turning now to S° as a totally geodesic hypersurface of S¢ (Exam-
ple 4.5.3), its induced structure is nearly cosymplectic by Theorem 6.14.
This structure is not normal, for if it were, then by our two proposi-
tions 1 would be respectively coclosed and closed and hence harmonic,
contradicting the vanishing of the first Betti number of S°.
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6. 74 M2ntl C M2n+2

We have already seen that the odd-dimensional spheres are Sasakian
manifolds and that this structure may be obtained both by viewing the
sphere as a hypersurface in C"*! and by considering the Hopf fibration
7w 827t CP™ as a special case of the Boothby-Wang fibration. In
Theorem 4.12 we saw the condition for the induced almost contact metric
structure on a hypersurface of a Kéahler manifold to be contact metric.
Now similar to Theorem 6.14 we give the condition for the hypersurface
to be Sasakian; this is a result of Tashiro [1963] and we will omit the
proof since it is similar to the proof of Theorem 6.14.

Theorem 6.15 Let M?"*' be a hypersurface of a Kdihler manifold
M?"+2 Then the induced almost contact metric structure (¢,€,m,9) is
Sasakian if and only if the second fundamental form o = (—g+B(n®n))v,
for some function (3.

An almost contact metric structure (¢,&,7,¢9) is said to be nearly
Sasakian if (Vx¢@)Y + (Vy¢)X = 29(X,Y)E — n(X)Y — n(Y)X. The
above theorem also holds for this structure on a hypersurface of a nearly
Kéhler manifold (Showers, Yano and the author [1976]). Similar to the
structure on S° obtained in Examples 4.5.3 and 6.7.3, consider S° as
an umbilical hypersurface of the unit sphere S at a “latitude” of 45°,
so that o(X,Y) = —¢g(X,Y)v. Then the induced almost contact metric
structure is nearly Sasakian but not Sasakian.

For other results on hypersurfaces of Kéhler manifolds see Okumura
[1964a, 1964b, 1966], Vernon [1987].

6.7.5 Brieskorn manifolds

In this section we will show that the Brieskorn manifolds admit Sasakian
structures which are often nonregular.

Consider C"™! with coordinates z = (z,...,2,) and let (ao,...,ay)
be an (n+ 1)-tuple of positive integers. A polynomial of the form P(z) =
200+ - 4297 is called a Brieskorn polynomial, and we let V" (ay, . .., a,),

or just V2", denote the zero set of P. Then ©*" !(ay,...,a,) = V"N
S§2n+1(1), or just X2"~ 1 is called a Brieskorn manifold.
For w € C define f,, : C**1 — C*+! by

muw mw

fuw(z) = (e W 2g,...,€an zn),
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where m is the least common multiple of (ag,...,a,). Gc = {fu|w €
C} is an abelian group of diffeomorphisms of C"tl. Let Gg be the
I-parameter subgroup given by {fs|s € R}. The R-action leaves V2"
invariant, and differentiating with respect to s at s = 0, we see that the
vector field that generates Gp is

m
a= Za )
(226

Now let Gs = {fult € R}; fi equals fijyior) and is an Sl-action on
C"*! leaving 2"~ invariant. The vector field that generates Gg is

b =1ia= (miza).

G,

The almost complex structure J on C**! restricts to V2", and € = —b =
—Ja is a vector field tangent to X2"~!. Moreover, for an arbitrary vector
field tangent to £2"~ !, decomposing JX as

JX = ¢X +n(X)a

gives ©2"~1 an almost contact structure (¢,&,n) as in Example 4.5.2;
see Sasaki and Takahashi [1976] and Sasaki [1985]. (In Sasaki [1985],
the structure tensors have the opposite sign from our construction here.)
Sasaki and Takahashi prove the following.

Theorem 6.16 The almost contact structure (¢,&,m) on the Brieskorn
manifold 2?1 is normal.

Recalling the theorem of Morimoto, Theorem 6.9, we have following
result of Brieskorn and Van de Ven [1968].

Corollary 6.7 Let ¥?"! and 2?1 be Brieskorn manifolds. Then
Y20l xR and 271 x $27~1 are complex manifolds.

In regard to nonregularity, Sasaki and Takahashi prove the following.

Theorem 6.17 The almost contact structure (¢,&,n) on the Brieskorn
manifold 2" (aq, ..., a,), is nonreqular if and only if there exist three
positive integers ay, ay, a, among the positive integers ag,...,a, such
that the least common multiple of ay and a, is not equal to the least
common multiple of ay, a,, a,.
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Now let H be the inner product of a with the position vector z €
C"*! i.e., denoting the inner product on C"*! by (,), H = (a,z) =
my o_g Zgi"‘. Taking the inner product of JX = ¢X + n(X)a with
the position vector z, we have Hn(X) = (JX, z) = —(X, Jz). Thus if ¢ :
»2n—1 ., C"*! denotes the embedding and w = ; > o(Zadza—20dZ,),
then n = t*w/H and (*w are contact forms on ¥2"~1. This was shown by
Sasaki and Hsu [1976] and simpler proofs were given by Abe [1977] and
Vaisman [1978].

Turning to the question of an associated metric for 7, set

X Y) = n(X)(Y.6) ~ (VX8

+n(X)n(Y)(,€)) +n(X)n(Y).

g(X,Y) =

Note that g is not the induced metric from the embedding ¢ : ¥**~1 —
Cn*l. Sasaki [1985] then showed that (¢,&,7,g) is a Sasakian structure
on ¥,

Thus we see that there are in fact many nonregular Sasakian manifolds.
Much of the above goes over to more general spaces. For discussion of
these generalizations, see the references mentioned as well as Abe [1976],
Abe and Erbacher [1975], Lutz and Meckert [1976] and Sato [1977]. An
earlier example of a nonregular Sasakian manifold was given by Tanno
[1969].

In recent years, interest in the homotopy spheres as Sasakian manifolds
has increased. For example, Boyer, Galicki and Nakamaye [2003a] prove
the following result.

Theorem 6.18 Fvery homotopy sphere of dimension > 5 that can be
realized as the boundary of a parallelizable manifold admits a Sasakian
metric of positive Ricci curvature.

For more information on Sasakian structures on homotopy spheres see
the book of Boyer and Galicki [2008, Chapter 9].

6.8 Some early topology

In the 1960s, a great deal of work was done on the topology of compact
Sasakian and to a lesser extent cosymplectic manifolds. The idea was to
see how much a compact Sasakian manifold must be like a sphere. In the
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case of a compact Kéhler manifold, the even-dimensional Betti numbers
are different from zero and the odd-dimensional Betti numbers are even,
properties which are certainly enjoyed by complex projective space (see,
e.g., Goldberg [1962, Chapter V]). Furthermore, the Betti numbers b, of
a compact Kéhler manifold of positive constant holomorphic curvature
are equal to 1 for p even and vanish for p odd (see, e.g., Goldberg [1962,
Chapter VIJ).

In [1965] Tachibana proved that the first Betti number of a compact
Sasakian manifold M?"*! is zero or even. This is proved by first showing
that on a compact K-contact manifold, a harmonic 1-form w is orthog-
onal to the contact form 7. Then letting © = w o ¢ and computing the
Laplacian of @, one obtains the harmonicity of @ as well. Thus the num-
ber of independent harmonic 1-forms is even. The computation uses the
fact that on a Sasakian manifold the Ricci operator commutes with ¢, a
fact that we will prove in our subsequent discussions of curvature. More
generally, the pth Betti number is even for p odd and 1 < p < n and
by duality for p even and n+ 1 < p < 2n (Fujitani [1966]; see also S. I.
Goldberg and the author [1967]).

For a regular Sasakian manifold M/?"+! fibering over a Kihler man-
ifold M?", the Betti numbers are related by b,(M?"T1) = b,(M>") —
bp—a(M?"), 0 < p <n (see Boyer and Galick: [2008 chapter 7]).

In Section 3.4 we noted the result of Rukimbira [1995a] that on a
compact K-contact manifold M?"+1, ¢ has at least n+ 1 closed orbits. In
the same paper he proves that a compact Sasakian manifold for which &
has only a finite number of closed orbits has vanishing first Betti number.

Considerable attention has been given to the vanishing of the second
Betti number of a Sasakian manifold under some curvature restrictions as
well as such a manifold being isometric to the unit sphere under stronger
conditions. A compact Sasakian manifold of strictly positive curvature
has vanishing second Betti number (Moskal [1966], Tachibana and Ogawa
[1966], Tanno [1968], Goldberg [1967] in the regular case and Goldberg
[1968b] in the regular case with nonnegative curvature). A compact, sim-
ply connected Sasakian Einstein space of strictly positive curvature is
isometric to the unit sphere (Moskal [1966]). Pinching theorems have
been obtained by Tanno [1968] including an analogue of holomorphic
pinching.

In [1986] Goldberg showed that a compact simply connected regular
Sasakian manifold M of strictly positive curvature is homeomorphic
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to a sphere. If, in addition, M has constant scalar curvature, then
Goldberg had shown earlier [1967] that M is isometric to a sphere, but
not necessarily with a constant curvature metric (cf. the metrics on the
sphere in Example 7.8.1).

Allowing some negative curvature, Tanno [1968] showed that if M?"+1
is a compact K-contact manifold with sectional curvature greater than
2;31, then b; = 0. Similarly, if the Ricci tensor p is such that p + 2g is
positive definite, then b, = 0. By duality in dimension 3, one also has

bs = 0.

In dimension 5, Perrone [1989] showed that if M° is a compact
simply connected regular Sasakian manifold with by = 0 and with scalar
curvature 7 > —4, then M® is homeomorphic to a sphere. If, in addition,
M? has constant scalar curvature, M is isometric to a sphere (but not
necessarily with a constant curvature metric).

A classical result on the topology of a compact Kihler manifold M 2"
is the monotonicity of the Betti numbers, namely b, < b,12, p < n —1;
this is proved using the idea of effective harmonic forms (see Goldberg
[1962, Chapter V]). We briefly describe the idea of effective forms in
the almost contact context. Let (M tl g €, g) be a compact almost
contact manifold, and as before, we denote the fundamental 2-form by
®. Define two operators L and A acting on differential forms « by

La=aA®, Aa==xLzxaq,

where * denotes the Hodge star isomorphism (La = a A Q in the sym-
plectic case). A p-form « is said to be effective if Ao = 0. We now have
the following proposition (see Goldberg and the author [1967], Chinea,
de Leon and Marrero [1993]).

Proposition 6.3 On an almost contact metric manifold of dimension
2n 4+ 1, every p-form o with p < n+ 1 may be written uniquely as a sum

T
E k
a = L Bp—?ka
k=0

where the B3,_9;’s, 0 < k < r, are effective forms of degree p — 2k and
r=1[3]

In the cosymplectic case we cite the work of Chinea, de Leon and
Marrero [1993]. They prove that on a compact cosymplectic manifold
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M2 H by < by < o0 < by = byg1 and bpgr > bpag > o0 > b
Moreover, the differences by,11 — bg, with 0 < p < n are even, and so
in particular, the first Betti number of M?"*! is odd. They also prove a
strong Lefschetz property for a compact cosymplectic manifold and show
that such a manifold is formal (i.e., the homotopy type of the differential
graded algebra of differential forms is the same as the homotopy type of
the cohomology ring).

This topological work involves generalizing from Kéhler geometry
notions of the bidegree of differential forms, effective harmonic forms,
etc. For studies of the tridegree of differential forms and applications, see
Chinea, de Leon and Marrero [1997], Moskal [1977], and Fujitani [1966].
A p-form « is said to be coeffective if La = 0. Coeffective cohomology
was studied in the symplectic case by Bouche [1990] and in the almost
cosymplectic case by Chinea, de Leon and Marrero [1995]. In both
papers the relation between the coeffective and the de Rham cohomolo-
gies of the manifolds is discussed (for the almost contact case see also
M. Fernéndez, R. Ibdnez and M. de Leon [1997], [1998]).






7
Curvature of Contact Metric Manifolds

In this chapter we discuss many aspects of the curvature of contact metric
manifolds. As such, it is to be regarded as one of the most important
chapters in this book.

7.1 Basic curvature properties

We begin with some preliminaries concerning the tensor field h. Let
M?"+1 be a contact metric manifold with structure tensors (¢,&,7,9)
and h = é£5¢> as before. Recall that in Lemma 6.2 we saw that Vx& =
—¢X — phX.

Proposition 7.1 On a contact metric manifold M**T' we have the
following formulas:

(Veh)X = ¢X — h*¢X — ¢Rx ¢&,
;(Rgxﬁ — ¢Resx€) = B*X + ¢*X.

Proof. We compute Re x§ = VeVxE — Vx Vel — Ve x)§ using Vx§ =
—pX — ¢hX; thus

Rex€ = Ve(=¢X — ohX) + ¢[¢, X] + oh[¢, X].

D.E. Blair, Riemannian Geometry of Contact and Symplectic Manifolds,
DOI 10.1007/978-0-8176-4959-3 7, © Springer Science+Business Media, LLC 2010
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Applying ¢ and recalling that V¢ = 0, we have

PR xE = V(X + hX) — n(Ve(X + hX))E—[€, X] +n([€, X])§ — [E, X]
= (Veh)X + Vx&+ hVxE.

Using Vx& = —¢pX — ¢ohX and ¢h + h¢ = 0 (Lemma 6.2), this becomes
¢Re x€ = (Veh)X — 60X + h*¢X,

which is the first formula.
Now from the first formula we have

Rexé=h*X + ¢*X — ¢(Veh) X
and
ORepx§ = —h*X — ¢*X — ¢(Veh)X;
subtracting then yields the second formula.

Corollary 7.1 On a contact metric manifold M?"*' the Ricci curvature
in the direction & is given by

Ric(€) = 2n — trh?

Proof. Choosing X to be a unit vector orthogonal to &, the inner prod-
uct of X with the second formula yields the following formula for sectional
curvatures:

K(&X) +K(£’¢X) = 2(1 _g(thvX))'

Therefore if {Xi,..., X, 0X1,...,0X,,£} is a ¢-basis, then summing
over {X1,...,X,} yields the result.

Recall that a K-contact structure is a contact metric structure for
which the vector field ¢ is Killing and that this is the case if and only if the
symmetric operator h vanishes. Thus from the above corollary we have
the following immediate result (the author [1977]).

Theorem 7.1 A contact metric manifold M***1 is K-contact if and
only if Ric(§) = 2n.

With regard to sectional curvature we have an earlier result obtained by
Hatakeyama, Ogawa, and Tanno [1963].
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Theorem 7.2 A contact metric manifold is K-contact if and only if
the sectional curvature of all plane sections containing & are equal to 1.
Moreover, on a K-contact manifold,

Rxe§ =X —n(X)E.

Proof. In view of the above, the sufficiency is clear. Conversely, if the
structure is K-contact, then since Vx& = —¢ X, we have for X orthogonal

to &,
Rex€ = Ve(=¢X) + ¢l¢, X] = —¢Vx€ = "X = —-X.
The second statement is easily obtained.
Furthermore, for the Ricci operator () acting on £ we have the following.
Proposition 7.2 On a K-contact metric manifold M*" ', Q¢ = 2n€.
Proof. Since £ is Killing, it is affine and therefore
VxVy€&—Vyyvé = Rx¢Y.

From this we have —(Vx¢)Y = Rx¢Y, but in Section 6.1 we saw that
on a contact metric manifold V;¢'; = —2nn;. Thus letting {X4} be a
local orthonormal basis of the contact subbundle we have

Q¢ =) Rex,Xa=) (Vx,6)Xa = 2n¢.

We noted in Theorem 7.2 that on a K-contact manifold, Rx¢§ =
X —n(X)&. On a Sasakian manifold we have the following stronger result.

Proposition 7.3 On a Sasakian manifold,
Rxy€&=n(Y)X —n(X)Y.
Proof.
Rxy&=—-VxoY + VyoX + ¢[X,Y]

—(Vx9)Y + (Vyo)X
=n(Y)X —n(X)Y.

As converses of these results one often sees propositions of the following
type (Hatakeyama, Ogawa, and Tanno [1963]).
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Proposition 7.4 Let (M?*"! g) be a Riemannian manifold admitting
a unit Killing field & such that Ry ¢{ = X for X orthogonal to . Then
M2+ s a K-contact manifold.

Proof. Let n(X) = g(X,¢) and ¢X = —Vx&. Since ¢ is unit Killing,
we have V€ = 0 and

VxVy€—Vyvl=RxcY. (%)
Thus for X orthogonal to &,
¢*X = Vyyef = Rexé = —X

and ¢¢ = 0. Therefore ¢?> = —I +n ® £. Moreover,
1
d(X,Y) =, (g(Vx&Y) = g(Vy& X)) = —g(Vy{ X) = g(X, 9Y).

Therefore (¢,£,7,g) is a contact metric structure on M27+1,

An interesting variation is a result of Rukimbira [1995b] that if a
Riemannian manifold admits a unit Killing field £ such that the sec-
tional curvatures of plane sections containing & is positive, then it also
admits a K-contact structure but with a possibly different metric.

Proposition 7.5 If in Proposition 7.4, Rxv§ = g(&,Y)X — g(X,&)Y,
then M*"*1 is Sasakian.

Proof. From equation (x) in the proof of Proposition 7.4, (Vx¢)Y =
Re¢ xY and hence

9(Vx)Y,Z) = g(RexY, Z) = g(Ry 2§, X) = g((Z2)Y —n(Y)Z, X).

These results start with a Riemannian structure and construct the de-
sired structure. However, given a contact metric structure we have the
following proposition.

Proposition 7.6 A contact metric structure is Sasakian if and only if

Rxy&=nY)X —n(X)Y.
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Proof. The necessity is Proposition 7.3 above. To prove the sufficiency
first note that for X orthogonal to §, R¢x§ = —X, and so from the
second equation of Proposition 7.1 we have

;(—X — ¢p(—pX)) = h2X + ¢*X = h®X — X.

Therefore h? = 0, but h is a symmetric operator and so h = 0. Thus ¢ is
Killing and the result follows as above.

Finally, for future use we establish some additional lemmas on Sasakian
manifolds. The reader will recognize these curvature properties as being
analogous to well-known curvature properties of Kéhler manifolds. Let
M?"*! be a Sasakian manifold with structure tensors (¢,&,7,g) and
define a tensor field P of type (0,4) by

P(X,Y,Z,W) = dn(X, Z)g(Y,W) — dn(X,W)g(Y, Z)
—dn(Y,Z)g(X, W) +dn(Y,W)g(X, Z).

Lemma 7.1 On a Sasakian manifold we have
(a) g(RxvZ,oW) + g(Rxy¢Z,W) = —P(X,Y,Z,W).
For X,Y, Z, W orthogonal to & we have
(b) 9(Ryx ¢y 9Z,¢W) = g(Rxy Z, W)
and
(€) 9(RxoxY,0Y) = g(RxyX,Y)+g(Rx oy X, 0Y)-2P(X,Y, X, ¢Y).
Proof. A direct computation or the Ricci identity shows that

(VxVy®— VyVx® — Viyy®)(Z, W)
= —g(RxyZ,¢W) — g(Rxy¢Z,W).

Computing the left-hand side using (Vx¢)Y = ¢g(X,Y)¢ — n(Y)X
yields (a). Using (a) and the definition of P we obtain (b). Finally,
applying the first Bianchi identity to g(RxsxY,¢Y) and using (a),
we obtain (c).
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Lemma 7.2 On a Sasakian manifold, Q¢ = ¢Q).

Proof. Choosing a ¢-basis {X;, X,+i = ¢X;,£}, we have for X and YV
orthogonal to &,

9(QoX,0Y) = g(Rsx x,Xa,0Y) + g(Ryx ¢, 0Y)

M 1M

9(Ryx px,0XA,0Y) +g(X,Y)
-1

A
9(QX,Y),

where we have used (b) from the previous lemma. We already know
that Q¢ = 2n&, and hence the Ricci operator @ commutes with ¢ on a
Sasakian manifold.

7.2 Curvature of contact metric manifolds

Before giving our main curvature results, we present some rather
complicated lemmas from the paper [1979] of Olszak.

Lemma 7.3 On a contact metric manifold,

(Vx@)Y + (Vox¢)dY = 29(X,Y)E —n(Y)(X + hX +n(X)E).
Proof. Using Corollary 6.1 or by direct differentiation of Vy £ = —¢Y —
¢hY we obtain

(Vx®)(¢Y, Z) — (Vx®)(Y,9Z) = —n(Y)g(X + hX, ¢ Z)
and replacing Z by ¢Z and using Corollary 6.1 again we obtain
(Vx @) (oY, 02)+(Vx®)(Y, Z) = n(Y)g(X+hX, Z)—n(Z2)g(X+hX,Y).
()
Now since d® = 0, we have
(Vx®)(Y,Z)+ (Vy®)(Z,X) + (VzP)(X,Y)
+ (Vox @)(9Y, Z) + (Vgy @)(Z, ¢X) + (V2 2) (60X, 9Y)
+ (Vox®)(Y, 02) + (Vy @) (02,0 X) + (V422)(¢X,Y)
= (Vx®)(9Y,02) = (Vgy ®)(PZ, X) — (VyzP)(X,9Y) = 0.
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Now (*) and (xx) give

(Vox®)(Z,0Y )+ (VxP)(Z,Y)
=2n(Z)g(X,Y) —n(Y)g(X + hX, Z) — n(X)n(Y)n(2),

from which the result follows.

Lemma 7.4 The curvature tensor of a contact metric manifold satisfies

9(RexY,Z) = —(Vx®)(Y, Z) — 9(X, (Vyoh)Z) + g(X, (Vzph)Y),
9(Re xY,Z) — g(Re xY,9Z) + g(Re pxY, 0Z) + g(Re x Y, Z)
— A(Vpx D) (Y, Z) — 20(V)g(X + hX, Z) + 20(2)g(X + hX,Y).

Proof. Differentiating Vz¢ = —¢Z — ¢hZ, we have
Ry 76 = —(Vy$)Z + (V29)Y — (Vyoh)Z + (Vzoh)Y,
which, since d® = 0, yields the first formula. Now set

AXY, Z) = = (Vx®)(Y, 2) + (Vx®)(¢Y, ¢2)
= (Vox @)Y, 02) — (Vyx @)(¢Y, Z)

and

B(X,Y,Z) = —g(X,(Vyoh)Z) + g(X, (Veyoh)pZ)
— 9(6X, (Vy¢h)oZ) — g(¢X, (Vgy ¢h)Z).
Then by the first formula, the left side of the second formula is

AX,Y,Z) + B(X,Y,Z) — B(X,Z,Y). Now by Lemma 7.3 and equa-
tion (xx) in its proof we have

A(Xv Y, Z) = 29(X7Y)77(Z) - 29(X7 Z)U(Y)

Also it is straightforward to show that n((Vgyh)Z) = g(=Y + hY,hZ).
Now rewrite B as

B(X,Y,Z) = - g(X,(Vy$)hZ) + g(X, h(Vy ¢)Z)
+ g(X? h¢(v¢Y¢)Z) + g(X’ ¢(V¢Y¢)hz)
+10(X)n((Veyh)Z).
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Then using Lemma 7.3 again,
B(X,Y,Z) =29(hX,(Vy$)Z) + 2n(Z)g(hX,Y) — 2n(X)g(hY, hZ).

Finally, computing A(X,Y,Z) + B(X,Y,Z) — B(X,Z,Y) and using
d® = 0, we have the result.

Let p denote the Ricci tensor and 7 the scalar curvature. In addition,
we define the *-Ricci tensor p* and *-scalar curvature T by contracting
the curvature tensor by ¢ instead of the metric. Precisely,

Kl ;
pij = Rikim@™ 5™, 7= p*i'".
These notions have their origin in almost Hermitian geometry, and we

shall see their almost Hermitian analogues in Section 10.2. We now have
an important proposition due to Olszak [1979].

Proposition 7.7 On a contact metric manifold M?"+1,
1
T — 74 4n? = trh? + 2(|V¢|2 —4n) >0,

with equality if and only if M*"*' is Sasakian.
Proof. We have seen that V;¢'; = —2nn; and V& = —¢Jj — 7, h™,.
Therefore using ¢? = —I + 1 ® ¢ and basic properties of h (Section 6.4),
we have ' ‘
oMV Vgt = —dn®. (%)
Differentiation of ¢? = —I +7® ¢ yields ¢ijt¢kj = 0. Since d® = 0, we
have ¢kjvk¢tj = gbkj(—Vtgbjk—ngﬁkt) from which we obtain ¢F/V¢!; =
0. In turn, ¢MV,V1.¢t; = —(V10")(Vi¢!;). Using d® = 0 on the second
factor on the right and simplifying, we have
. 1
AV R =, Vol (%)
From (x) and (),
4 1
S (ViVid'j = ViVid') =, [Vof* —an’.
Therefore by Corollary 7.1,

1 ; *
JIVOP — 0% = M (Rigl 6% — Rey"d'a) = (6 — €4€%) (—pra) + 7
= 71" — 74 (2n — trh?),

which is the desired formula.
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Now (Vipik — giknj + gijme) (ViT* — g*&l 4 gl €F) > 0 is equivalent
to |V¢|? — 4n > 0, giving the inequality, and by Theorem 6.3, equality
holds if and only if the structure is Sasakian.

We now prove the following important result of Olszak [1979].

Theorem 7.3 If a contact metric manifold M***+1 is of constant cur-
vature ¢ and dimension > 5, then ¢ =1 and the structure is Sasakian.

Proof. Recall from Proposition 7.1 that é(Rg x&§ — ¢Reyx§) = R2X +

¢*X; thus if RxyZ = c(g(Y,2)X — g(X,Z)Y), then §(n(X)¢ — X +

#*X) = h’X + ¢*X. Therefore h2X + (¢ — 1)¢?X and hence trh? =
2n(1 — ¢). Now from the second equation in Lemma 7.4,

c(g(X,YIn(Z) —n(Y)g(X, Z)) =0 —en(Y)g(¢X, ¢Z) + en(Z)g(¢ X, ¢Y)
= 2(Vpx®) (Y, Z) — 20(Y)g(X + hX,Z) + 20(Z)g(X + hX,Y).

Therefore

(Vax®)(Y, Z) = (1 = o)(n(Y)g(X, Z) = n(2)g(X,Y))
+n(Y)g(hX, Z) —n(Z)g(hX,Y).

Replacing X by hX, we have

(V1) (~x4nx))9)Y, Z) = (1 = c)(n(Y)g(hX, Z) = n(Z)g(hX,Y))
+n(Y)g((c = (=X +n(X)§), Z)
—n(Z)g((c = (=X +n(X)E),Y),

and hence
(Vx@)Y = g(X + hX,Y)§ —n(Y)(X + hX).
Using this to compute |V¢|? and using trh? = 2n(1 — ¢), we obtain
|Vo|* = 4n(2 — ¢).

On the other hand, 7 = 2n(2n + 1)¢, and 7* = 2nc, as is easily checked.
Now from Olszak’s formula in Proposition 7.7,

1
T — 7" —4n® = —trh® — 2|V¢|2 +2n <0,
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with equality if and only if the structure is Sasakian. Computing both
sides of this formula, we find that 4n?(c — 1) = 4n(c — 1); thus if n > 1,
then ¢ = 1 and hence 7 — 7* — 4n? = 0, giving M?"*! Sasakian.

Earlier, the present author [1976] showed that in dimension > 5, there
are no flat associated metrics. Thus while the 5-torus carries a contact
structure (Example 3.2.6), the flat metric is not an associated metric. In
dimension 3, the only constant curvature, cases are constant curvature 0
and 1, as we will note below. The nonexistence of flat associated metrics
does raise the question whether there are contact metric manifolds of
everywhere non-positive curvature, except for the flat 3-dimensional case.
If the manifold is compact and we ask for strictly negative curvature, we
can answer this question in the negative using the following deep result
of A. Zeghib [1995] on geodesic plane fields. Recall that a plane field on a
Riemannian manifold is said to be geodesic if any geodesic tangent to the
plane field at one point is tangent to it at every point.

Theorem 7.4 A compact negatively curved Riemannian manifold has
no C' geodesic plane field (of nontrivial dimension,).

Since for any contact metric structure the integral curves of £ are geo-
desics (Theorem 4.5), £ determines a geodesic line field to which we can
apply the theorem of Zeghib, as was pointed out by Rukimbira [1998].
Thus we have the following corollary.

Corollary 7.2 On a compact contact manifold, there is no associated
metric of strictly negative curvature.

The author conjectures that this and a bit more is true locally, viz. that
except for the flat 3-dimensional case, any contact metric manifold has
some positive sectional curvature. The fact that hyperbolic space has
many 1-dimensional totally geodesic foliations does not violate such a
conjecture, since the hyperbolic metric cannot be an associated metric
of any contact structure by the above theorem of Olszak.

Along the line of the influence of a contact structure on the curvature of
its associated metrics we also make the following remark. In [1941] Myers
proved that a complete Riemannian manifold for which Ric > § > 0 is
compact and has finite fundamental group. In [1981] Hasegawa and Seino
generalized Myers’ theorem for a K-contact manifold by proving that a
complete K-contact manifold for which Ric > —§ > —2 is compact (they
state their result in the Sasakian case, but their proof uses only the
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K-contact property). As we have seen in the K-contact case, all sectional
curvatures of plane sections containing & are equal to 1, and hence there is
some of positive curvature from the outset. In an attempt to weaken the
K-contact requirement in this result, R. Sharma and the author [1990a]
considered a contact metric manifold M?"+! for which ¢ is an eigenvector
field of the Ricci operator, equivalently, the divergence of h¢ is propor-
tional to n. In this case, if Ric > —§ > —2 and the sectional curvatures
of plane sections containing & are > € > ¢’ > 0, where

5 :2\/n(5—2\/26—|—n+2) — (0 —2V20 + 1+ 2n),

then M?**+! is compact.

The flat case was investigated further by Rukimbira [1998], who showed
that a compact flat contact metric manifold is isometric to the quotient
of a flat 3-torus by a finite cyclic group of isometries of order 1, 2, 3, 4
or 6.

In Example 3.2.6 and Section 6.2 we saw explicitly a flat contact metric
structure on R? and in turn on the 3-dimensional torus 72. As in Section
6.2, let n = é(cos 23dz' +sin 23dx?) be the contact form; g;; = }Léij is an
associated metric, and the nonzero eigenvalues of h are +1. It is inter-
esting to study this example in Darboux coordinates and to generalize it
to higher dimensions. By the Darboux theorem there exist coordinates
(z,y, z) such that the contact form 7 is given by %(dz — ydx). Consider
the map f: R? — R3 given by

z! = zcosx —ysinz, xzz—zsinx—ycosx, T = —x.

Then %(dz —ydx) = f*nand go = f*g is a flat associated metric for the
Darboux form 7y = é(dz — ydx). The metric gg is given by

1+9y2+22 2 —y
go = z 1 0
4 -y 0 1

Now consider the Darboux form n = }(dz — 3 y'dz’) on R?"*1. The
metric
52‘]‘ + yiyj + 61‘]‘22 5ijz —yi
9= 0ijz i 0
i 0 1
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is an associated metric quite different from the Sasakian metric given in
Examples 4.5.1 and 6.7.1. Direct computation shows that hfgi =— 8‘?/1.
Therefore —1 is an eigenvalue of A of multiplicity n, and hence in turn +1
is also an eigenvalue of multiplicity n. This metric enjoys the following
curvature properties: Re x§ = 0 for every X and Rxy¢{ =0 for X,Y €
{—1}. However, Rxy¢ # 0 in general; for example in dimension 5,
1 9 0 1 0 9 O ;0
Rail aizf T2 (—y ot TV ga2 Y Z@yl Y 28y2> ’

We now show that the condition Rxyy& = 0 for all X,Y has a strong
and interesting implication for a contact metric manifold, namely that it
is locally the product of Euclidean space E"*! and a sphere of constant
curvature +4 (the author [1977]).

Theorem 7.5 A contact metric manifold M?" 1 satisfying Rx y& = 0
is locally isometric to E"T' x S™(4) for n > 1 and flat for n = 1.

Proof. Rxy& = 0 implies, by Proposition 7.1, that h? + ¢> = 0 and

hence that the nonzero eigenvalues of h are +1, each with multiplicity
n. For XY € [-1],
0= —Vixyié = 6[X,Y] + ¢h[X, Y]

and n([X,Y]) = —2dn(X,Y) = —2¢(X, ¢Y) = 0. Thus [—1] is integrable.
Also 0 = —Vx ¢¢, so that [X,{] € [~1]. Therefore [-1] @ {£} is inte-
grable.

Choose coordinates (u’,...,u*") such that 8(30 ey 62n €1 ®{&}-
Let X; = aui T 2o f B(ZJ" where the f/’s are functions chosen so
that X; € [+1]. Now [azk’Xi] e[-1]®{}, k=0,...,n, and hence

0=Vio 1=V o Vx,{-Vx,V s {=-2V 5 ¢X;,
[Buk7 l] ouk ! ’ ouk ouk
from which
Vex, X = 0.

We therefore see that the integral submanifolds of [—1] & {¢} are totally
geodesic and flat.

From the second equation of Lemma 7.4, we have for X,Y, Z orthog-
onal to ¢ that g((Vx¢)Y,Z) = 0. Also for X,Y € [+1],

0= Rxy§{=—-2VxeY +2VyoX — V[xy|§
= —2(Vx9)Y +2(Vy¢)X — 20[X, Y] + ¢[X, Y] + oh[X,Y].
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Taking the inner product with Z € [+1] gives g(—¢[X,Y]-h¢[X, Y], Z) =
0, and hence g(¢[X,Y],Z) = 0. Thus [X, Y] is orthogonal to [—1]. Also
n([X,Y]) = 0, and therefore [+1] is integrable.
Now take X € [-1] and Y € [+1]. Then
0= Rxy{=—-2VxoY +¢[X,Y]| + ¢h[X,Y]
= —2(Vx9)Y —¢VxY — ¢Vy X — h¢VxY + hoVy X.

Taking the inner product with Z € [—1], we have g(¢Vy X, Z) = 0 and
hence that Vy X is orthogonal to [+1]. Also Vy&§ = —2¢Y is orthogonal
to [+1]. Therefore the integral submanifolds of [+1] are totally geodesic.
Moreover, we are now at the point that M2?"*! has a local Riemannian

product structure.
For X e [+1],

9(Vxd)Y,&) = —g((Vx9)E,Y) = g(¢VxE,Y)
=g9(o(—2¢X),Y) = 29(X,Y),

and hence by the second formula of Lemma 7.4, (Vx¢)Y = 29(X,Y )¢
for X, Y € [+1]. Now for X, Y, Z, W € [+1],

9(VxVyoZ,oW) = g(VxVyZ, W)

=9(Vx(29(Y,Z)§ + ¢Vy Z),oW) — g(VxVy Z,W)

= —4g9(Y, Z)g(X, W),
using the property we noted above that g((Vx¢)Y,Z) = 0 for X,Y, Z
orthogonal to £. Using this property again to treat the terms involving
Vix,y], we have
9(RxyoZ,oW)—g(Rxy Z,W) = =4(g(Y, Z)g(X, W) —g(X, Z)g(Y,W))
but g(Rx y$Z,pW) = 0 by virtue of the Riemannian product structure.
Therefore the integral submanifolds of [+1] are locally isometric to S™(4).

In dimension 3, the integrability of [—1] and [+1] is immediate and the
rest of the proof goes through, giving that M3 is flat.

7.3 The (k, u)-manifolds

As a generalization of both Rxy{ = 0 (Theorem 7.5 above) and the
Sasakian case, Rxy¢& =n(Y)X —n(X)Y, consider

Rxv&=r(nY)X —n(X)Y) + p(n(Y)hX —n(X)hY)
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for constants xk and p. A contact metric manifold satisfying this condi-
tion is called a (k, u)-manifold. Despite the technical appearance of this
condition there are good reasons for considering it; we first mention them
here, referring to Koufogiorgos and Papantoniou and the author [1995] for
details and then give a classification theorem due to Boeckx [2000] and
other results.

Theorem 7.6 A (k,u)-manifold M is a strongly pseudoconvex
CR-manifold.

Theorem 7.7 Let M?"*! be a (k, u)-manifold. Then k < 1. If k = 1,
the structure is Sasakian. If k < 1, the (k,u) condition determines the
curvature of M*" 1 completely.

We remark that when x = 1, the proof shows that h = 0, and hence pu
is indeterminant in this case. When x < 1, the nonzero eigenvalues of h
are ++/1 — k, each with multiplicity n. Let A be the positive eigenvalue.
Then M?"*! admits three mutually orthogonal subbundles, D(0), D()\)
and D(—A\), which are integrable.

The curvature tensor of a non-Sasakian (x, u)-manifold may be found
in Boeckx [1999]. We mention only that for a unit vector X € [\], pX €
[—A], we have the following sectional curvatures:

K(X.6) =r+t, K(OX.€)=r— M, K(X,0X)=—(x+p).

Thus, turning to the question of the sign of the curvature, if a (k, u)-
manifold were of negative curvature, then A > 1 by Corollary 7.1 and
now with both x 4 A < 0, we have A2 —1 > Mu|. Then K(X,¢X) =
—(k + ) < 0 which gives A|u| < A2 — 1 < p, a contradiction.

The Ricci operator and the scalar curvature of a (2n + 1)-dimensional
(K, p)-manifold are given by

QX =02n—-1)—nuw)X + 2(n—1) + p)hX
+ (n(26 4+ 1) = 2(n — 1))n(X)E,
T=2n2(n—1)+ Kk —nu).

Theorem 7.8 Let M be a 3-dimensional (k,p)-manifold. Then M is
either Sasakian or locally isometric to one of the unimodular Lie groups
SU(2), SL(2,R), E(2), E(1,1) with a left-invariant metric.
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Theorem 7.9 The standard contact metric structure on the tangent
sphere bundle T1' M (see Section 9.2) satisfies the (k,p) condition if and
only if the base manifold M is of constant curvature. In particular, if M
has constant curvature ¢, then kK = ¢(2 — ¢) and p = —2c.

Given a contact metric structure (¢,&,n,g), consider the deformed
structure

i A _
n=an, fzaf, ¢=¢, g=ag+ala—1)namn,

where a is a positive constant. Such a deformation is called a D-homothetic
deformation, since the metrics restricted to the contact subbundle D are
homothetic. This deformation was introduced by Tanno in [1968] and
has many applications. While such a change preserves the state of being
contact metric, K-contact, Sasakian, or strongly pseudoconvex CR, it
destroys a condition like Rxy€& = 0 or Rxy¢ = k(n(Y)X — n(X)Y).
However, the form of the (k, ) condition is preserved under a D-homo-
thetic deformation with

_ k4+a?—1 _ p+2a-—-2
R= N :
a a
For a non-Sasakian (k, u)-manifold M, Boeckx [2000] introduced an
invariant
1-4

I pu—
M V1—k

and showed that for two non-Sasakian (k, p)-manifolds (M;, ¢, &, 75, Gi),
1 = 1,2, we have Iy, = I, if and only if up to a D-homothetic defor-
mation, the two spaces are locally isometric as contact metric manifolds.
Thus we know all non-Sasakian (k, 1)-manifolds locally as soon as we
have for every odd dimension 2n + 1 and for every possible value of the
invariant I, one (k, p)-manifold (M, ¢,&,n,g) with Iy = I. From The-
orem 7.9 we see that for the standard contact metric structure on the
tangent sphere bundle of a manifold of constant curvature ¢, I = ﬁfa.
Therefore as ¢ varies over the reals, I takes on every value > —1. Boeckx
now gives an example for any odd dimension and value of I < —1; his
construction is as follows.

Let g be a (2n + 1)-dimensional Lie algebra, n > 2. Introduce a basis
for g, {£, X1,...,Xn, Y1,...,Y,}, and for real numbers o and [ define
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the Lie bracket by

2 2
&x)= _aZﬁXQ -, Y, [6,Xo] = aQﬁX1 - O; Yo,
a2
[gyXi]:_ 9 K,ZZ:ﬂ’
2 2
€] = g X - O;ﬁYz, €, Ys] = ﬁ2 X, + afyl’
52 .
£,Yi =", Xi,i>3,
X0, Xi] =aXi i £ 1, (X, X]=0,i5#1,

[Y27 Z] /6}/;727&2 D/Z-aY,v]] _07 27‘77&27

[(X1,Y1] = =8Xa + 2§, [X1,Yi]=0,i>2,

[Xo, V1] = 0X1 —aYs, [Xo,Yo] =aY1 +28, [Xo,Y;] =p8X;,i>3,
[(Xi, Y1) = —OéYz, i>3, [Xi,Y2]=0,i>3,

(X, Yj] = 6ij(—=BX2 + a1 +2€), 4,5 > 3.

The associated Lie group G is not unimodular for dim g > 5, and
not both o and 3 are equal to zero, since tr adx, = (n — 1) and tr
ady, = (n—1)3. Now define a metric on G by left translation of the basis
{£,X1,...,X,,Y1,...,Y,}, taken as orthonormal at the identity. Then
taking 7 as the metric dual of £ and defining ¢ by ¢& = 0, ¢ X; = Y; and
oY; = —X;, we have a contact metric structure on GG. Now for the present
purpose suppose that 32 > o2. Then G is a non-Sasakian (K, pv)-manifold
and
B2+ a? '
B2 —a2 = -5
thus for appropriate choices of 5 > a > 0, Iz attains any value
< -1

For the 3-dimensional case, keeping Theorem 7.8 in mind, consider the
Lie algebra

Ig=—

a2 62
[£9X]:_ 2Y7 [é:Y]: 2Xa [XaY]:2§a
which corresponds to a unimodular Lie group. Boeckx [2000] now points
out that for § > a > 0 we obtain a left-invariant contact metric structure
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on SL(2,R) with Igror) < —1. For 8 > 0 and a = 0 we have a left-
invariant contact metric structure on E(1,1) with Igq ) = —1. It is
worth mentioning that there are also (k, p)-structures on SL(2,R) with
-1 < Isper) < +1, on E(2) with Igp) = +1 and on SU(2) with
Isy(2) > 1. (see also Koufogiorgos, Papantoniou and the author [1995]).

In [2000] Koufogiorgos and Tsichlias considered the question of contact
metric manifolds for which ¢ satisfies the (k,pu) condition but where
r and p are functions rather than constants and called these spaces
generalized (k, pv)-manifolds. They showed that in dimensions > 5, x and
© must be constant and in dimension 3 gave an example for which &
and p are not constants; this case is studied further in Koufogiorgos and
Tsichlias [2003]. Moreover, this idea is closely related to the question of
the characteristic vector field as a map into the tangent sphere bundle
being a harmonic map. We discuss this topic in Subsection 10.3.1.

We have already noted that for a non-Sasakian (x,p)-manifold, h
admits two nonzero eigenvalues +\ determining n-dimensional integrable
subbundles D(A) and D(—\) and hence two complementary Legendre
foliations. Cappelletti Montano and Di Terlizzi [2008] studied these
foliations in detail. The Pang invariants (see Example 5.3.4) are

A+1)2 -k — pA

Opy = ) glpyxDr)s
—(A=1)%+ Kk —pA
Hp_y = ( )A . IID=A)xD(=N)-

Cappelletti Montano and Di Terlizzi then prove the following theorem.

Theorem 7.10 Let (M, ¢,&,m,g) be a non-Sasakian contact metric man-
ifold. Then the manifold is a (K, u)-manifold if and only if it admits two
mutually orthogonal Legendre subbundles L and Q) and a unique linear
connection ¥V such that

VLCL, VQcCAQ,
Vn=0, Vdn=0, Vg=0, Vo¢=0, Vh=0,
T(X,Y)=2dn(X,Y)¢ forall X,Y €D,
T(X,8) =[¢, XL]g + [€, XolL for all tangent vector fields X,

where T denotes the torsion of ¥V and the subscripts indicate the projec-
tions to L and Q. Furthermore, L and Q) are integrable and coincide with
the eigenspaces D(N) and D(—N).
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For a Legendre foliation with IIr nondegenerate, Libermann [1991]
introduced a linear map A : TM — TF by

I(AX,Y) =dn(X,Y).

While the kernel of this map is TF @ R¢ and A? = 0, this map and 117
can be used in particular cases to define a field of endomorphisms ¢ and
a metric g to give a contact metric structure to a contact manifold as
in the works of Jayne [1998] and Cappelletti Montano [to appear|. The
latter author especially gives conditions under which a contact manifold
admits a (k, pu)-structure.

If on a (k, p)-manifold, p = 0, the contact metric manifold is said to
be one for which £ belongs to the k-nullity distribution. In general, the
r-nullity distribution of a Riemannian manifold (M, g) is the subbundle
N (k) defined by

Ny(k) = {Z € T,M|RxyZ = x((9(Y, 2)X - g(X, 2)Y)VX,Y € T,M}.

In dimension 3, Koufogiorgos, Sharma and the author [1990] showed
that & belonging to N (k) is equivalent to the Ricci operator ) commuting
with ¢ and equivalent to the contact metric manifold being n-Einstein,
ie.,

Q=al +nRE

for some functions a and b. In dimensions > 5 it is known that for any
n-Einstein K-contact manifold, a and b are constants. The main result of
the author’s papers with Koufogiorgos and Sharma [1990] and H. Chen
[1992] is that a 3-dimensional contact metric manifold for which £ belongs
to the x-nullity distribution is either Sasakian, flat, or locally isometric
to a left-invariant metric on the Lie group SU(2) or SL(2,R).

We now give another example of a manifold with £ belonging to the
rk-nullity distribution. Using the Boeckx invariant we construct an exam-
ple with k =1 — 71w n > 1. Since the Boeckx invariant for a (1 — }L,O)—
manifold is \/n > —1, referring to Theorem 7.9 above, we consider the
tangent sphere bundle of an (n + 1)-dimensional manifold of constant
curvature c¢. Choose a D-homothetic deformation so that the resulting
manifold will be a (1 — !,0)-manifold. That is, for x = ¢(2 — ¢) and
= —2c, we solve

1 k+a?—-1 W+ 2a —2

1- = , 0

n a? a
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for a and c¢. The result is

+ 1)
c:(\/n ), a=1+c,
n—1
and taking c and a to be these values, we have a contact metric manifold
with £ belonging to the (1 — le)—nullity distribution.
Now consider the concircular curvature tensor
T

ZxyV = RxyV —
X XY T onn + 1)

and let Z¢x - Z denote the action of Z¢x on Z as a derivation. J.-S. Kim,
M. M. Tripathi and the author [2005] proved the following theorem.

Theorem 7.11 A (2n+1)-dimensional contact metric manifold M with
& belonging to the k-nullity distribution satisfies

Zex -2 =0

if and only if M 1is 3-dimensional and flat, or locally isometric to the
sphere S*"*1(1), or locally isometric to the above example (k = 1 — rlw
n>1).

An interesting side question associated with ¢ belonging to the k-
nullity distribution is the dimension of the x-nullity distribution itself.
Clearly if a vector Z belongs to N(k), then the sectional curvatures of
all plane sections containing Z are equal to x. In particular, on any
Riemannian manifold, N (k) is nontrivial for at most one value of . It is
known that N (k) is an integrable subbundle with totally geodesic leaves
of constant curvature r; see, e.g., Tanno [1978a]. In unpublished work,
Baikoussis, Koufogiorgos and the author showed that if the characteristic
vector field ¢ on a contact metric manifold M?"+! with n > 1 belongs
to N(k), then (k <1 and) if kK < 1 and k # 0, then dim/N(x) = 1. The
corresponding result for n = 1 is due to R. Sharma [1995]. If k = 0,
M?*1 s locally E"t! x S™(4), as we have seen, and & is tangent to
the Euclidean factor, giving dimN(0) = n + 1. If k = 1, the structure
is Sasakian. This leaves the question of the dimension of N(1) on a
Sasakian manifold. P. Rukimbira [2009] showed that the dimension of
N(1) is either < n or 2n + 1, i.e., N(1) is the whole tangent bundle. F.
Gouli-Andreou and the author conjecture that the dimension of N (1)
must be either 2n + 1 (and M?"*! is of constant curvature) or 3 (and
M?"*! has a Sasakian 3-structure; see Chapter 14) or 1.
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7.4 Sasakian Einstein manifolds

Sasakian Einstein manifolds have recently been shown to be very numer-
ous, and so a brief discussion is in order. For a more complete treatment
see the book of Boyer and Galicki [2008, Chapter 11] and for very recent
results see the papers of J. Kollar [2009], J. Sparks [2009], and C. van
Coevering [2009].

First note that on a Sasakian Einstein manifold M, Q¢ = 2n{ and
Q =, 11, and hence the scalar curvature is 7 = 2n(2n + 1) > 0. The
Einstein constant being 2n implies that in the compact case, 71 (M) is
finite by Myers’ theorem [1941].

An important recent result is the following theorem of Boyer and
Galicki [2001]; see also Boyer and Galicki [2008, pp. 372-374]. This re-
markable result should be compared with the Goldberg conjecture that a
compact almost Kahler Einstein space is Kéhler (see Section 10.2). The
Goldberg conjecture is true for nonnegative scalar curvature (Sekigawa
[1987]). Since Sasakian Einstein manifolds have positive scalar curvature,
one might hope for a result similar to the Goldberg conjecture in contact
geometry, and Boyer and Galicki achieved the following.

Theorem 7.12 A compact K-contact Einstein manifold M1 s
Sasakian.

For an almost regular (quasiregular) K-contact manifold the proof of
this theorem by Boyer and Galicki is to consider the quotient by the flow
of &, which is an almost Kéahler orbifold and is Einstein with positive
scalar curvature. Since Sekigawa’s proof of the Goldberg conjecture uses
only local computations and certain integral formulas, one has that the
orbifold is Kéhler Einstein. Thus in turn, one has that the given manifold
is Sasakian. If £ is not almost regular, Boyer and Galicki show that it
may be approximated by a sequence of almost regular vector fields that
define K-contact structures for a sequence of metrics.

An alternative proof of this theorem was given by Apostolov, Draghici
and Moroianu [2006]. Their approach is to use the cone

C(M2n+1) — (]R+ % M2n+1,g —_ d,r,Q + T,Qg)

over the K-contact manifold M In+1 The curvature R of the cone is given
by RxyZ = RxyZ+g(X,Z)Y —g(Y,Z)X for vectors tangent to M?"+1
and vanishes if any of the vectors is 861, Then QX = QX — 2nX, and
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we see that g is Einstein (with Einstein constant 2n) if and only if the
cone is Ricci flat. Thus the bulk of the work in this proof is to prove the
integrability.

It is also known that a contact metric Einstein manifold of dimension
> 5 with £ belonging to the s-nullity distribution is Sasakian (Tanno
[1988]). In fact, aside from the flat 3-dimensional case there are no non-
Sasakian Einstein (x, u)-manifolds, as can easily be seen from the formula
for the Ricci operator of a (k, u)-manifold given in the last section.

In [2006] Apostolov, Draghici and Moroianu also prove the following
theorem.

Theorem 7.13 Let (M, $,&,m, g) be a Sasakian Einstein manifold.. Then
any contact metric structure on M with characteristic vector field £ and

the same metric g is Sasakian. Moreover, if £’ # +&, then either (M, g)

admits a 3-Sasakian structure (see Chapter 14) or (M, g) is covered by

a round sphere.

There are many Sasakian Einstein manifolds, as shown by Boyer and
Galicki in [2000] and in their book [2008, Chapter 11], including the well-
known Sasakian Einstein structure on S3 x .S? (see Tanno [1978b] and Sec-
tion 9.2). Generalizing this last example, Boyer, Galicki and Nakamaye

[2003b] showed that S3 x S? carries 14 inequivalent Sasakian Einstein
structures and that there are infinite families of such structures on the
connected sums S® x S%# --- #4853 x §? with 2,...,7 summands. More
recently, J. Kollar [2007] proved the existence of families of Sasakian
Einstein metrics for any number of summands > 6. We also note that
very explicit expressions for Sasakian Einstein metrics on S% x S? were
given in Gauntlett, Martelli, Sparks and Waldram [2004].

It is also known that there exist Sasakian Einstein metrics on many
homotopy spheres; see Boyer, Galicki and Kolldr [2005] and Boyer and
Galicki [2008, Section 11.5].

Let us now turn briefly to the n-Einstein case. Recall that this means
that the Ricci tensor p = ag+bn®mn, where initially a and b are functions,
but if the dimension is > 5, a and b must be constants. S. Morimoto [1992]
and independently Boyer and Galicki [2001] prove the following theorem.

Theorem 7.14 If M?"*! is a compact n-Einstein K-contact manifold
with Ricci tensor, then p = ag + b ®n, and if a > —2, then M***1 is
Sasakian.
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Boyer and Galicki in their treatment of this question prove more,
namely, that if a > —2, then the D-homothetically deformed metric
g=ag+ala—1)n®n with a = 26:;22 is Sasakian Finstein and hence
71 (M?"*1) is finite. For further results on Sasakian n-Einstein structures
we refer to the paper of Boyer, Galicki and Matzeu [2006] and to the book

of Boyer and Galicki [2008, Sections 11.1 and 11.8].

7.5 Locally symmetric contact metric manifolds

The question of locally symmetric contact metric manifolds has a long
history, but the list of such manifolds is very short, and we highlight just
a few of the results in this direction.

Already in [1962a] Okumura proved that a locally symmetric Sasakian
manifold is of constant curvature +1. This was generalized to the
K-contact case by Tanno [1967b].

In [1989] the author showed that the standard contact metric structure
of the tangent sphere bundle (or unit tangent bundle but with a homo-
thetic change of metric) Ty M of a Riemannian manifold M is locally
symmetric if and only if either M is flat, in which case T1 M is locally
isometric to E" ! x §™(4), or M is 2-dimensional and of constant curva-
ture +1, in which case T M is locally isometric to 71.5% ~ RP3 ~ SO(3).
We remark that even though 77,53 is topologically S% x S2, the product
metric is not an associated metric to the natural contact structure (see
Section 9.2).

The above results raise the question of the classification of all locally
symmetric contact metric manifolds, and one might conjecture that the
only two posibilities are contact metric manifolds that are locally iso-
metric to $?"*1(1) or E"*! x §"(4). In dimension 3, R. Sharma and the
author [1990b] showed that a locally symmetric contact metric manifold
is of constant curvature 0 or 1. In dimension 5, A. M. Pastore [1998]
showed that indeed local isometry with S°(1) or E3 x S%(4) are the only
two possibilities.

In [1994] K. Bang showed that a locally symmetric contact metric man-
ifold with Ry ¢& = 0 is locally isometric to E™T! x S™(4); this answered
positively a question posed by D. Perrone [1992a].

When the contact metric manifold is a CR-manifold (i.e., (Vx¢)Y =
g(X + hX,Y), —n(Y)(X + hX)) of dimension 2n + 1 > 3 but # 7,
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Ghosh and Sharma showed in [1999] that the condition of being locally
symmetric implies that the manifold is locally isometric to S?**1(1) or
E™L x Sn(4).

Finally, in [2006], without any further restrictions, Boeckx and Cho
proved the following classification theorem.

Theorem 7.15 A locally symmetric contact metric manifold is locally
isometric to S?"1(1) or E"t! x S"(4).

7.6 Conformally flat contact metric manifolds

Instead of asking when a contact metric manifold is locally symmetric, we
now consider the question of a contact metric manifold being conformally
flat. In [1962a] Okumura showed that a conformally flat Sasakian man-
ifold of dimension > 5 is of constant curvature +1 and in [1963,1967Db]
Tanno extended this result to the K-contact case and for dimensions > 3.

Theorem 7.16 A conformally flat K-contact manifold is of constant
curvature +1 and Sasakian.

In a similar vein, if a contact metric manifold of dimension > 5 is a
CR-manifold, Ghosh, Koufogiorgos and Sharma [2001] showed that
conformal flatness implies constant curvature +1.

In dimension > 5, as we have seen, a contact metric structure of con-
stant curvature must be of constant curvature +1 and in dimension 3
a contact metric structure of constant curvature must be of constant
curvature 0 or +1. For simplicity and future use we introduce another
symmetric operator [ by

IX = Ry €.

K. Bang [1994] showed that in dimension > 5 there are no conformally
flat contact metric structures with { = 0, even though there are many
contact metric manifolds satisfying [ = 0; see Theorem 9.16. Bang’s result
was extended to dimension 3 and in fact generalized by Gouli-Andreou
and Xenos [1999] who showed that in dimension 3 the only conformally
flat contact metric structures satisfying Vel = 0 (equivalent to Veh = 0,
Perrone [1992a]) are those of constant curvature 0 or 1.

In the case of the standard contact metric structure on the tangent
sphere bundle (Section 9.2), the condition of conformal flatness is quite
extreme; in fact, the metric is conformally flat if and only if the base
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manifold is a surface of constant Gaussian curvature 0 or 1 (Theorem
9.6), as was shown by Th. Koufogiorgos and the author [1994].

In [1999] Calvaruso, Perrone and Vanhecke showed that in dimension
3 the only conformally flat contact metric structures for which £ is an
eigenvector of the Ricci tensor are those of constant curvature 0 or 1. This
seems to be a somewhat key condition and has attracted the attention
of several authors. Finally, in [2004] the corresponding result in higher
dimensions was achieved by F. Gouli-Andreou and N. Tsolakidou. An
independent and basis-free proof was given by K. Bang and the author
in [2008].

Theorem 7.17 A conformally flat contact metric manifold whose char-
acteristic vector field is everywhere an eigenvector of the Ricci operator
is of constant curvature.

A contrasting condition to £ being an eigenvector of the Ricci tensor,
namely that Q& be orthogonal to £, was considered by F. Gouli-Andreou
and R. Sharma [2003]. They showed that a compact 3-dimensional con-
formally flat contact metric manifold satisfying this condition is flat.

In view of these strong curvature results one may ask whether there
are any conformally flat contact metric structures that are not of con-
stant curvature. We devote the rest of this section to showing the local
existence and giving some additional remarks.

We will work in R?, primarily with cylindrical coordinates (r, 6, z). Let
n= %(a dr + 3 rdf + v dz) be a contact form on R3. Then

1
dn = ) (B4 rBr —ag)dr ANdO + (v, — a)dr Adz + (vg — r3:)d0 A dz).

If ¢ is a conformally flat metric, we may write it as ds®> = }162"((17“2 +
r2df? + dz?). If g is also an associated metric, the characteristic vector
field is given by

0 10 8)7

+5 erf?z

_ —20
£=2e (aﬁr r 00

20 1

and 7(¢) = 1 gives €?? = a? + 2 +~2. Computing g~!, we can obtain ¢
from dn but we must have dn(&,X) =0 and ¢> = —1 +n®E.

Much of our analysis will actually be done with respect to the Euclid-
ean metric on R3, and we denote the Euclidean length of a vector field
B by |B|. In particular, if B = agr + ,81889 + ’yaaz, then |B| = e°.

r
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Now dn(§,X) =0 for all X gives

B8+ 6 — ag) 7 — ) =
g — B =) + (00 — 1) =

alaz =)+ BrBs — ) =0,

and therefore curl B is proportional to B, say curl B = fB. Then ¢? =
—I + 1 ® ¢ yields f2 = €27, Therefore curl B = +¢?B. Since we may
change the sign of  without changing the problem, our study reduces to
the study of the differential equation

curl B = |B|B.

Thus we are at the point that the existence of 3-dimensional confor-
mally flat contact metric manifolds corresponds to finding solutions of
curl B = |B|B. Had we carried out our analysis in Cartesian coordi-
nates (z,y, z), we would have been led to the same differential equation
for a vector field B = « aaz + 0 gy + gz. The familiar unit vector field
B =sinz 8335 + cos z Bay that is equal to its own curl corresponds to the

flat case. Stereographic projection from S® to R? gives the vector field

0

0
§=(mz—y) Oz

o 1 2 2 9
1 22
(%—I—(:r—l—yz)ay—i—Q( +2° =2 —y°)

corresponding to the contact form

_ Moz —y)do + 4w +yz)dy + 201+ 2° — 2? —y?)dz
B (14 22+ y% 4 22)?

2 2 2
for which g = %(I‘fx; f;jgijf)g) is an associated metric of constant curvature

+1. The vector field B = (1+$2+8yg+22)2§ satisfies curl B = |B|B, though
we remark that it is not of vanishing divergence.

In both of the two constant curvature examples above, the component
functions are not functions of the radial coordinate alone. If curl B =
|B|B and the component functions are functions of r alone, then a = 0
and the other components, 3(r) and ~(r), satisfy

1
BB =V 2y, =V 28 (+)
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Local existence away from r = 0 follows easily from the standard exis-
tence theorems for systems of ordinary differential equations.

Finally, one can show that the metric ds? = €27 (dr? + r?df* + dz?)
with €2 = 3% 4+ 42 is not of constant curvature. Differentiating e?° =
(3%24+~2% using (), we have o/ = —32/re??. If g were of constant curvature,
the value of the curvature would be 0 or +1. Consider the unit vector
field X = 26’2"(: 889 — ﬂaaz) belonging to the contact subbundle D.
Then computing the sectional curvature of the plane section spanned by

& and X, we have
_ o’ 4e=67
9(Rxe€ X) = —4e ™7 (a’2+ 7,) =", B

If the constancy of the curvature were 0, then § or v would vanish,
and from (%) both would vanish, making n = 0, a contradiction. If the

curvature is +1, then re3” = 283v; differentiating this using () and
2
o = —Tf%, we again have that g = 0.

This class of examples was studied further by G. Calvaruso [2000]; he
showed that
20y

Ve¢h = ahe, a= 0 2 constant.

He also showed that if a is a constant # 2, then a 3-dimensional con-
formally flat contact metric manifold satisfying V¢h = ah¢ has constant
curvature. It is not known whether there exist conformally flat contact
mteric manifolds of dimension > 5 that are not locally isometric to the
standard Sasakian structure on the unit sphere.

The equation curl B = fB for some function f arises in solar physics,
and curl B = |B|B can be viewed as a special case; B = yH, where
H is the magnetic field and p the magnetic permeability. An “active
region” on the sun is an area of extreme magnetic flux. These regions
contain sunspots as well as the highly volatile phenomena of solar flares.
For some solar phenomena, such as flares and prominences, the Lorentz
force, j x B, j being the current density, dominates the pressure gradient
and gravitational forces and thus for a relatively slow moving plasma
we have from the equations of motion the approximation j x B = 0,
the so-called “force-free” field. From Maxwell’s equations we have for an
electrically neutral field curl B = pj. Thus one is led to curl B = fB.
There are many solutions in the literature (see, e.g., the book by E.
Priest [1982]) which by Maxwell’s equation must also satisfy divB = 0.
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Except for the simple case B = sin z aaz + cos z gy, the solutions listed in
Priest [1982] do not satisfy curl B = |B|B. Our vector field is divergence-
free and hence another solution; also its series expansion converges rapidly,
so that its calculation for physical purposes is not prohibitive.

7.7 ¢-sectional curvature

In this section we introduce the notion of ¢-sectional curvature. This idea
plays the role in Sasakian geometry that holomorphic sectional curvature
plays in Kihler geometry. A plane section in T}, M?"*! is called a ¢-
section if there exists a vector X € T}, M?"*! orthogonal to ¢ such that
{X,¢$X} span the section. The sectional curvature K(X,¢X), denoted
H(X), is called ¢-sectional curvature.

Recall that the sectional curvatures of a Riemannian manifold deter-
mine the curvature transformation Rxy Z. It is also well known that
the holomorphic sectional curvatures of a Kéahler manifold determine
the curvature completely. We shall show that on a Sasakian manifold
the ¢-sectional curvatures determine the curvature completely (Moskal
[1966]). Let B(X,Y) = g(RxyY,X) and for X orthogonal to &, let
D(X) = B(X,¢X). Also recall the tensor field P defined by

P(X,Y, Z,W) = dn(X, Z)g(Y,W) — dn(X,W)g(Y, Z)
- dﬁ(Y, Z)g(Xa W) + d77<Y7 W)g(X, Z)

in Section 7.1.

Proposition 7.8 On a Sasakian manifold, for tangent vectors X and
Y orthogonal to & we have

1

B(X.Y)=

(3D(X YY) +3D(X —¢Y) - D(X +Y)— D(X —Y)
—AD(X) —4D(Y) — 24P(X, Y, X, ¢Y)).

Proof. Direct expansion and Lemma 7.1 give

1
32
—4D(X) — 4D(Y) — 24P(X,Y, X, ¢Y))

(SD(X YY) +3D(X —¢Y)— DX +Y)— D(X —Y)
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- 312 (69(RX vY, X) + 69(Rpx ¢y dY, ¢X) + 8g(Rx yx¢Y,Y)
+129(Rx vy 6, 6X) — 2g(Rx gy ¢V, X) — 29(Ryx vY, 6 X)
+4g(Rx 4vY,¢X) — 24P(X,Y, X, ¢y)>

= g(RXyY,X).

Proposition 7.9 Let M be a Sasakian manifold and {X,Y} an ortho-
normal pair in T, M with X andY orthogonal to §. Set g(X, ¢pY ) = cos b,
0 <6 <. Then the sectional curvature K(X,Y) is given by

K(X,Y)= ;(3(1 +cos0)?H(X + ¢Y) + 3(1 — cos 0)*H(X — ¢Y)
~H(X+Y)-H(X-Y)-H(X)—-H(Y)+ 6sin0).

Proof. K(X,Y)= B(X,Y) in the previous proposition, so we examine
the terms in the expansion of B(X,Y). Clearly D(X) = g(X, X)?H(X)
for any X orthogonal to &, and hence for the given pair {X,Y},
g(X + Y, X 4+ ¢Y) = 2(1 + cosh), g(X — oY, X — ¢Y) = 2(1 — cosb),
g X+Y,X+Y)=2and g(X —Y,X —Y) = 2. Thus D(X + ¢Y) =
4(1+cos0)?2H(X + ¢Y), and so on. Finally, note that P(X,Y, X, ¢Y) =
—sin? #, completing the proof.

Theorem 7.18 The ¢-sectional curvatures of a Sasakian manifold
determine the curvature completely.

Proof. Since the sectional curvatures of a Riemannian manifold deter-
mine the curvature, it suffices to show that for an orthonormal pair
{X,Y}, K(X,Y) is determined uniquely by H and g. If X and Y are or-
thogonal to £, the previous proposition applies. If X or Y is &, K(X,Y) =
1. So suppose that X =n(X)§ +aZ and Y = n(Y)E + bW, where n(X),
n(Y),a=+/1—-n(X)2 and b = /1 — 7(Y)? are nonzero. Recall that on
a Sasakian manifold, R¢ 7§ = —Z and Rz¢Z = —£ for any unit vector
orthogonal to £. Therefore

K(X,)Y) = g(Ryx)etaz nv)erswn(Y)E + W, n(X)E + aZ)
= b*n(X)* = 2abn(X)n(Y)g(Z, W) + a’n(Y)?
+a’b’g(RzwW, Z).
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Now g(Z,W) + 3, 9(X —=n(X)&,Y = n(Y)E) = =} n(X)n(Y), giving
9(RzwW,Z) =(1 = g(Z,W)*)K(Z,W)
=(1- a;an(X)Zn(YP) K(Z,W).
Thus

K(X,Y) = n(X)*(1 = n(Y)?) + 2n(X)*n(Y)* +0(Y)*(1 = n(X)?)
+ (1= n(X)") (@ = n(Y)?) = n(X)*n(Y)*)K(Z,W)
= n(X)? +0(Y)? + (1 - n(X)* = n(Y))K(Z,W),

and K (Z,W) is given by the previous proposition completing the proof.

Note that the above proof uses not only the values of the ¢-sectional
curvatures, but also the facts that on a Sasakian manifold Re x§ = —X
and Ry ¢X = —¢ for any unit vector X orthogonal to . Thus we have
actually proved that any tensor field of type (1,3) on a Sasakian manifold
that satisfies the symmetries of the curvature tensor, the first Bianchi
identity, identity (a) of Lemma 7.1, R¢ x{ = —X, and Rx¢X = —¢ for
any unit vector X orthogonal to £ and that agrees with the values of the
¢-sectional curvatures must be the curvature tensor. Therefore we can
easily prove the following theorem of Ogiue [1964].

Theorem 7.19 If the ¢-sectional curvature at any point of a Sasakian
manifold of dimension > 5 is independent of the choice of ¢-section at
the point, then it is constant on the manifold and the curvature tensor is
given by

c+3
RxyZ=, (9(Y,Z)X —g(X,2)Y)

£ (0Om2)Y a0 M(2)X + 9(X, Z (Y )e

= gV Z)n(X)E + 2.V )9X ~B(Z, X)8Y +20(X,Y)$Z),

where ¢ is the constant ¢-sectional curvature.

Proof. In view of the above remark, in order to see that the curvature
tensor has the above form with ¢ a function on the manifold one need
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only check the necessary conditions, and this is easily done. The Ricci
tensor p and the scalar curvature 7 are given by

H(X.Y) = n(c+3)+c— 1g(X,Y) B (n+1)2(c_1)17(X)17(Y)
and 1
T= 2(n(2n+ )(c+3) +n(c—1)).

Now from the second Bianchi identity, V,7 — 2Vgpﬂa = 0, where p%,
are the components of the Ricci tensor of type (1, 1), and hence

(n—1)dc+ (&c)n = 0.

Applying this to £, we have £¢ = 0 and hence dc = 0 for n # 1, as desired.

A Sasakian manifold of constant ¢-sectional curvature ¢ will be called
a Sasakian space form and denoted by M (c). Note that a Sasakian space
form has constant scalar curvature and is n-Einstein. Also if ¢ < 1 we
have the following pinching of the sectional curvature, similar to that in

the Kéahler case:
c+3

c<K(X,)Y)< g
if ¢ > 1, the inequalities are reversed.

Th. Koufogiorgos [1997a] studied (k, pt)-manifolds of dimension > 5
for which the ¢-sectional curvature at any point is independent of the
choice of ¢-section at the point. He proved that the ¢-sectional curvature
is constant and obtained the curvature tensor explicitly.

In the general context of contact metric manifolds J. T. Cho [2003]
introduced the notion of a contact Riemannian space form. We get at
this notion in the following way. In Mitric [1991] and Tanno [1992] it was
shown that the tangent sphere bundle with its standard contact metric
structure is a CR-manifold if and only if the base manifold is of constant
curvature (see Theorem 9.9 below). Cho first computes the covariant
derivative of h in this case, obtaining

(Vxh)Y = g((h — h*)pX,Y)E+n(Y)(h — h*)opX — um(X)heY,

where p is a constant. He then abstracts this idea and defines the class
1 of contact metric CR-manifolds for which the covariant derivative of
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h satisfies the above condition. We remark that in the study of contact
manifolds in general, lack of control of the covariant derivative of h is
often an obstacle to further results.

Now for a contact metric manifold M2"*! of class Q with n > 1 and for
which the ¢-sectional curvature is independent of the choice of ¢-section,
Cho shows that the ¢-sectional curvature is constant on M?"*! and
he computes the curvature tensor explicitly. He then defines a contact
Riemannian space form to be a complete, simply connected contact met-
ric manifold of class £ of constant ¢-sectional curvature. Cho also gives a
number of non-Sasakian examples and shows that a contact Riemannian
space form is locally homogeneous and is strongly locally ¢-symmetric
(see Section 7.9).

Another generalization of a Sasakian space form was introduced by
P. Alegre, A. Carriazo and the author in [2004] and studied further by
Alegre and Carriazo in [2008]. An almost contact metric manifold is a
generalized Sasakian space form if its curvature tensor is of the form

RxvZ = fi(g(Y,2)X — g(X,2)Y)
+ f2(9(X, 02))pY — g(Y, 0Z)pX +29(X, ¢Y)dZ)
+ fs((X)n(2)Y —n(Y)n(2)X + (X, Z)n(Y)¢
- 9(Y, Z)n(X)¢),

where the f;’s are differentiable functions. There exist numerous exam-
ples, but the most interesting ones are on almost contact metric manifolds
that are not contact metric manifolds. In particular, in dimensions > 5
a contact metric generalized Sasakian space form is a Sasakian space
form. For this reason we will not give a detailed discussion and refer the
reader to the references. The special case of fo = f3 with some additional
conditions was considered by Bueken and Vanhecke [1988b].

7.8 Examples of Sasakian space forms

To begin, let (¢, &, 1, g) be a contact metric structure and recall the notion
of a D-homothetic deformation:

i -1 _
n = an, €=a€, ¢=¢, g=ag+ala—1)n®mn,
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where a is a positive constant. The deformed structure (¢,&,7,q) is
again a contact metric structure, and it enjoys many of the properties
of the original structure as we remarked in Section 7.3. In particular, if
(¢,€,m,g) is Sasakian, so is (¢, &,17,g); if M(c) is a Sasakian space form,
then deforming the structure, we obtain the Sasakian space form M (¢)
where ¢ = “13 — 3 (see Tanno [1968], [1969] for details). We will show
that there exist Sasakian space forms M(c) for every value of ¢. More-
over, we state the following theorem of Tanno and refer to [1969] for the
proof.

Theorem 7.20 Let M(c) be a complete, simply connected Sasakian
manifold with constant ¢-sectional curvature c. Then M(c) belongs one
of the three families of examples listed below.

7.8.1 St

Let (¢,&,m,g) be the standard contact metric structure on the sphere
S+l constructed either as a hypersurface of C2"*2 (Example 4.5.2 and
Section 6.3) or as a principal circle bundle over CP" (Examples 4.5.4
and 6.7.2). Applying a D-homothetic deformation to this structure, one
obtains a Sasakian structure on S?"*! with constant ¢-sectional curva-
ture ¢ = ;1 — 3. Note that from the remark on pinching in Section 7.7,
these metrics on S?"*! for ¢ > 0 satisfy the condition of Goldberg’s
theorem [1967] refered to in Section 6.8.

7.8.2 R+
In Examples 4.5.1 and 6.7.1 we saw that R?"*! with coordinates (z°,y*, z),
i=1,...,n, admits the Sasakian structure

1 oo 1 . .
n= 2(dz—zyzdx’), g=n®n+ 42((dmz)2+ (dy')?).
i=1 1=1

With this metric, R?**! is a Sasakian space form with ¢ = —3
(cf. Okumura [1962b]) and often denoted by R?"1(—3).

7.8.3 B" xR

Let B™ be a simply connected bounded domain in C™ and (J, G) a Kéhler
structure with constant holomorphic sectional curvature k < 0. For such
a structure, the fundamental 2-form €2 of the Kahler structure is exact
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and hence 2 = dw for some real analytic 1-form w. Now on B"™ x R
let m denote the projection onto B™ and t the coordinate on R. Then
B" x R with n = 7*w + dt and g = 7*G + n ® n is a Sasakian manifold.
Regarding 7 as a connection form on B"™ x R, let 7X denote the hori-
zontal lift of a vector field X on B"™. Also we denote by K the sectional
curvature of B™. Then by direct computation (see Ogiue [1965] or use the
Riemannian submersion technique of O’Neill [1966]), we have
K(#X,7Y) = K(X,Y) — 3n(Vzx7Y)? where {X,Y} is an orthonor-
mal pair on B". Now ¢(Vzx7Y,§) = —g(7Y,Vzx§) = g(7Y,¢7X) =
g(7Y,7JX). Therefore B™ x R has constant ¢-sectional curvature ¢ =
k—3.

7.9 Locally ¢-symmetric spaces

We have seen that the only locally symmetric Sasakian manifolds are
locally isometric to S2"*1(1) and that the only locally symmetric contact
metric manifolds are locally isometric to S?"*1(1) or to E"*! x S™(4).
Certainly this can be regarded as saying that the idea of being locally
symmetric is too strong. For this reason, T. Takahashi [1977] introduced
the notion of a locally ¢-symmetric space. A Sasakian manifold is said
to be a Sasakian locally ¢-symmetric space if

*(VyR)xyZ =0

for all vector fields V, XY, Z orthogonal to &; such spaces were called
locally D-symmetric spaces by Shibuya [1982]. It is easy to check that
Sasakian space forms are locally ¢-symmetric spaces. In [1987a] L. Van-
hecke and the author showed that a Sasakian manifold is locally ¢-
symmetric if and only if

I(VxR)x px X,0X) =0

for all vector fields X orthogonal to €.

Note that on a Sasakian manifold M, or more generally on a K-contact
manifold, a geodesic that is initially orthogonal to & remains orthogonal
to & We call such a geodesic a ¢-geodesic. A local diffeomorphism s, of
M, m e M, is a ¢-geodesic symmetry if its domain contains a (possibly)
smaller domain U such that for every ¢-geodesic 7(s) parametrized by
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L

arc length we have (i) «(0) is in the intersection of & and the integral
curve of  through m, and (ii)

(sm ©7)(s) = (=)

for all s with v(£s) € U. Since the points of the integral curve of £
through m are fixed, we see that setting S = —I 4+ 2n ® £, we have

Sm = €XD,y, © S 0 exp, L.

Takahashi [1977] defines a Sasakian manifold to be a Sasakian globally
P-symmetric space by requiring that any ¢-geodesic symmetry can be
extended to a global automorphism of the structure and that the Killing
vector field £ generate a 1-parameter group of global transformations.

Among the main results of Takahashi [1977] are the following four
theorems.

Theorem 7.21 A Sasakian locally ¢-symmetric space is locally isomet-
ric to a Sasakian globally ¢-symmetric space, and a complete, connected,
simply connected Sasakian locally ¢-symmetric space is globally
¢-symmetric.

Theorem 7.22 A Sasakian manifold is locally ¢-symmetric if and only
if it admits a ¢-geodesic symmetry at every point that is a local automor-
phism of the structure.

Now suppose that U is a neighborhood on M on which £ is regular.
Then since M is Sasakian, the projection m : U — V = U/ gives a
Kaéhler structure on V. Furthermore, if s (,,) denotes the geodesic sym-

metry on V at m(m), then s,y o7 =7 0 Sp,.

w(m
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Theorem 7.23 A Sasakian manifold is locally ¢-symmetric if and only
if each Kdahler manifold that is the base of a local fibering is a Hermitian
locally symmetric space.

Following Okumura [1962a], we define on a Sasakian manifold a linear
connection V by VxY = VxY + TxY, where

TxY =dn(X,Y)§ —n(X)oY +n(Y)eX,

and it is easy to see that the structure tensors are parallel with respect
to this connection. Takahashi [1977] then proves the following.

Theorem 7.24 A Sasakian manifold is a locally ¢-symmetric space if
and only if VR = 0, equivalently,

(VvR)xyZ =—-TvRxvZ + Rr,xvyZ+ Rx1,vZ+ RxvyIvZ

for all XY, Z V.

In the spirit of the fact that a Riemannian manifold is locally symmet-
ric if and only if the local geodesic symmetries are isometries and in view
of the above results of Takahashi, we state the following extension of
Theorem 7.21 (sufficiency in the Sasakian case, Vanhecke and the author
[1987Db]; in the K-contact case, Bueken and Vanhecke [1989]).

Theorem 7.25 On a Sasakian locally ¢-symmetric space, local ¢-
geodesic symmetries are isometries. Conversely, if on a K-contact man-
ifold the local ¢-geodesic symmetries are isometries, the manifold is a
Sasakian locally ¢-symmetric space.

Originally, the notion of a locally ¢-symmetric space was for the most
part explored only in the Sasakian context, and it was not clear what
the corresponding notion should be for a general contact metric manifold.
Without the K-contact property one loses the fact that a geodesic initially
orthogonal to ¢ remains orthogonal to £&. We have just seen that in the
Sasakian case local ¢-symmetry is equivalent to reflections in the integral
curves of the characteristic vector field being isometries. Boeckx and
Vanhecke [1997] proposed this property as the definition for local
¢-symmetry in the contact metric case and formalized two notions in
Boeckx, Bueken and Vanhecke [1999]. We adopt this formulation here. A
contact metric manifold is a weakly locally ¢-symmetric space if it satisfies

*(VyR)xyZ =0
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for all vector fields V, X,Y, Z orthogonal to £ as in the Sasakian case.
A contact metric manifold is a strongly locally ¢-symmetric space if
reflections in the integral curves of the characteristic vector field are
isometries.

From Chen and Vanhecke [1989] (see also Boeckx, Bueken and
Vanhecke [1999]) one sees that on a strongly locally ¢-symmetric space,

g(VEXR)xvX,Z) =0,

for all X,Y, Z orthogonal to £ and all k € N. Conversely, on an analytic
Riemannian manifold these conditions are sufficient for the contact met-
ric manifold to be a strongly locally ¢-symmetric space. In particular,
taking £ = 0 in the second condition, we note that a strongly locally
¢-symmetric space is weakly locally ¢-symmetric. Calvaruso, Perrone
and Vanhecke [1999] showed that a 3-dimensional strongly locally ¢-
symmetric space is either K-contact with constant scalar curvature or
is a (k, p)-manifold with x < 1. They also showed that a 3-dimensional
contact metric manifold is a strongly locally ¢-symmetric space if and
only if it is locally contact homogeneous, i.e., the pseudogroup of local
automorphisms of the contact metric structure acts transitively on the
manifold, and £ is an eigenvector of the Ricci operator.

Examples of strongly locally ¢-symmetric spaces include the non-
Sasakian (k, u)-manifolds (Boeckx [1999]). Special cases of these are the
non-abelian 3-dimensional unimodular Lie groups with left-invariant con-
tact metric structures (Boeckx, Bueken and Vanhecke [1999]). Boeckx,
Bueken and Vanhecke [1999] also gave an example of a non-unimodular
Lie group with a weakly locally ¢-symmetric contact metric structure
which is not strongly locally ¢-symmetric.

To see these last examples explicitly, we include the classification of
simply connected homogeneous 3-dimensional contact metric manifolds
as given by Perrone [1998]. Let W = {(7 — Ric(§) + 4) denote the
Webster scalar curvature (cf. Section 10.4 below). The classification of
3-dimensional Lie groups and their left-invariant metrics was given by
Milnor in [1976].
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Theorem 7.26 Let (M3 ,n,g9) be a simply connected homogenecous
contact metric manifold. Then M is a Lie group G and both g and 7
are left invariant. More precisely, we have the following classification:
(1) If G is unimodular, then it is one of the following Lie groups:

1. The Heisenberg group when W = |£¢g| = 0;
2. SU(2) when 4V/2W > |£egl;

3. the universal covering of the group of rigid motions of the Fuclidean
plane when 4v2W = |£¢g| > 0;

4. the universal covering of SL(2,R) when —|£¢g| # 4V2W < |Leg);

5. the group of rigid motions of the Minkowski plane when 4v/2W =
—|£egl <O0.

(2) If G is non-unimodular, its Lie algebra is given by
[617 62] = ey + 267 [6175] = e, [621 5] - 07

where o # 0, e1,ea = ¢e; € D, and 4/2W < |£¢g|. Moreover, if v =0,

the structure is Sasakian and W = —Of.

The structures on the unimodular Lie groups in this theorem sat-
isfy the (k,p)-nullity condition, and hence they are strongly locally ¢-
symmetric. The weakly locally ¢-symmetric contact metric structure
of Boeckx, Bueken and Vanhecke [1999] that is not strongly locally ¢-
symmetric is the non-unimodular case with v = 2.

Notice also in the unimodular case the role played by the invariant
p = 4V2W /| £¢g|. Moreover, W = (22“) and |£¢g] = 2v/2v/1 — &; thus,
p = 2 —u/2v/1 — k, which is the invariant Ij; of Boeckx discussed in
Section 7.3.

Returning to Boeckx’s observation [1999] that a non-Sasakian (k, u)-
manifold is strongly locally ¢-symmetric and also locally homogeneous,
he recently, [2006], proved a converse.

Theorem 7.27 Let M be a locally contact homogeneous contact met-
ric manifold. If M is strongly locally ¢-symmetric, then it is a (k, p)-
manifold.

J. Berndt [1997] studied the geometry of the complex Grassmannian
CGa,yy, of complex 2-planes in C™*2. Each point in his model of this
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Grassmannian represents a closed geodesic in the focal set Q™! of
CP™F! in HP™*!, and he views the Riemannian submersion Q™! —
CGy,, as an analogue of the Hopf fibration S§?m+l ., CP™. Among
Berndt’s observations [1997, p. 37] is that Q™! is a Sasakian globally
¢-symmetric space and that @2 has constant ¢-sectional curvature equal
to 5.

Cho [1999] makes use of the generalized Tanaka connection *V (see
Section 10.4) and studies contact metric manifolds satisfying

("V5R)(-,7)7 =0

for any unit *V-geodesic v (*V4¥ = 0). Cho shows that a (&, ¢1)-manifold
satisfying this condition is either Sasakian locally ¢-symmetric,
3-dimensional with p = 0 and weakly locally ¢-symmetric, or has y = 2
and is weakly locally ¢-symmetric.

Returning to the Sasakian context, Vanhecke and the author [1987a]
showed that complete, simply connected globally ¢-symmetric spaces are
naturally reductive homogeneous spaces. Watanabe [1980] showed that a
Sasakian locally ¢-symmetric space is locally homogeneous and analytic.
Berndt and Vanhecke [1999] proved that a simply connected Sasakian
¢-symmetric space is weakly symmetric, i.e., any two points can be
interchanged by an isometry. Complete simply connected globally
¢-symmetric spaces have been classified by Jiménez and Kowalski [1993].
In dimension 3, the classification is the unit sphere S3 together with the
universal covering of SL(2,R), the Heisenberg group, and SU(2), each
with a special left-invariant metric (Vanhecke and the author [1987b]).
In dimension 5, the classification was obtained by Kowalski and
Wegrzynowski [1987]. As a corollary to this classification, Kowalski and
Wegrzynowski in dimension 5 and Jiménez and Kowalski in general di-
mension gave a classification of the complete, simply connected Sasakian
space forms. An isospectral problem for locally ¢-symmetric spaces was
studied by Shibuya [1982].

Watanabe [1980] also showed that a 3-dimensional Sasakian manifold
with constant scalar curvature is locally ¢-symmetric. Two extensions
of this are the following: A compact regular Sasakian manifold with
constant scalar curvature and nonnegative sectional curvature is locally
¢-symmetric (Perrone and Vanhecke [1991]). A 3-dimensional contact
metric manifold with Q¢ = @@ is weakly locally ¢-symmetric if and only
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if it is of constant scalar curvature (Koufogiorgos, Sharma and the author
[1990])).

We have remarked that the product metric on S® x S? is not an
associated metric. A family of Sasakian globally ¢-symmetric structures
on S3 x S? was constructed by Watanabe and Fujita [1988], and Perrone
and Vanhecke [1991] proved that the only 5-dimensional compact,
simply connected, homogeneous contact manifolds are diffeomorphic to
S5 or S3 x S2.

On a Riemannian locally symmetric space, the local geodesic symme-
tries are isometries and hence volume-preserving. However, there exist
Riemannian manifolds whose local geodesic symmetries are volume pre-
serving but not locally symmetric (see, e.g., Kowalski and Vanhecke
[1984]). In dimension 3 (Vanhecke and the author [1987b]; see also
Watanabe [1980]) and dimension 5 (Vanhecke and the author [1987c]),
Sasakian manifolds whose geodesic symmetries are volume-preserving are
locally ¢-symmetric and conversely.

J. C. Gonzélez-Davila, M. C. Gonzélez-Davila and L. Vanhecke [1995]
considered metrics with respect to which a given vector field £ is a unit
Killing vector field, with emphasis on the case in which the dual form n
is a contact form; this is again the context of the R-contact manifolds of
Rukimbira [1993]. These authors study the case in which local reflections
with respect to the flow lines are isometries; such spaces are called locally
Killing-transversally symmetric spaces . In particular, they show that a
Riemannian manifold with a unit Killing vector field £ has a natural
structure as a Sasakian locally ¢-symmetric space if and only if it is a
locally Killing-transversally symmetric space and K (X,£) = 1 for all X
orthogonal to €.

There are a number of other geometric ideas surrounding the subjects
of Sasakian space forms and locally ¢-symmetric spaces, and we will men-
tion a few of these with a few references. One area of interest is the study
of reflections and other symmetries; in addition to some of the references
already given, we mention Bueken and Vanhecke [1993] which studies
reflections in a submanifold. Another area is the study of Jacobi vector
fields and their use in the characterization of Sasakian space forms as well
as in the study of symmetries. Here we will give only a few references on
the use of Jacobi fields: Vanhecke and the author [1987d], Bueken and
Vanhecke [1988a], and Vanhecke [1988] for a survey of the techniques
involved.






8

Submanifolds of Kahler and Sasakian
Manifolds

In this chapter we study submanifolds in both contact and Kéahler geom-
etry. These are extensive subjects in their own right, and we give only a
few basic results.

8.1 Invariant submanifolds

For a submanifold M of a Riemannian manifold (M,§) we denote the
induced metric by g. Then the Levi-Civita connection V of g and the
second fundamental form o are related to the ambient Levi-Civita con-
nection V by
VxY =VxY 4+ 0(X,Y).

For a normal vector field v we denote by A, the corresponding Wein-
garten map and we denote by V- the connection in the normal bundle;
in particular, A, and V= are defined by

Vxv=—-A4,X+ Vﬁgy.

The Gauss equation is

R(X,)Y,Z, W) =R(X,Y,Z W)+ g(c(X,2),0(Y,W))
—g(a(Y,Z),0(X,W)).

D.E. Blair, Riemannian Geometry of Contact and Symplectic Manifolds,
DOI 10.1007/978-0-8176-4959-3 8, © Springer Science+Business Media, LLC 2010
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Defining the covariant derivative of o by (V'0)(X,Y,Z) = Vxo(Y,Z) —
o(VxY,Z)—o(Y,VxZ), the Codazzi equation is

(RxyZ)*t = (Vo) (X,Y,Z) — (Vo). X, Z).
Finally, for normal vector fields v and (, the equation of Ricci—Kiihne is
R(X,Y,v,¢) = R*(X,Y,1,¢) — g([A,, A X,Y).

For a general reference to submanifold theory see Chen [2000].

Let M?" be an almost Hermitian manifold with structure tensors
(§,J). A submanifold M is said to be invariant if JT,M C T,M. Tt
is well known that an invariant submanifold of a Kahler manifold is both
Kéhler and minimal.

For a contact metric manifold M2" 1 with structure tensors (¢, &, 7, §),
a submanifold M is said to be invariant if qupM C T, M. Some authors
also require that & be tangent to M, but this is a consequence. Clearly
€ cannot be normal on any neighborhood U of M, for then ¢ would be
an integral submanifold of the contact subbundle D and hence as we
have seen (Section 5.1) would not be invariant by ¢. Now if £ = U + v,
where U is tangent and v is normal, first note that éu is normal, since
G(ov, X) = —g(v,¢X) = 0. Therefore 0 = ¢ = ¢U + ¢v and hence
dU =0 and ¢v = 0. As a result, U = 75(U)¢ and v = ()€, but both U
and v cannot be collinear with £.

Clearly an invariant submanifold inherits a contact metric structure
by restriction. Moreover, for the induced structure (¢,&,7,9) we have
h = h|yr as well. Also for the second fundamental form we have

0(§,X) =Vx&—Vxé=—9¢X — phX — (=X — ¢hX) = 0.

Our first result is a theorem of Chinea [1985] and independently of
Endo [1985]; we give the proof of Chinea.

Theorem 8.1 An invariant submanifold M of a contact metric mani-
fold is minimal.

Proof. By Lemma 7.3 we have

(VXO)Y + (V5 d)dY = 25(X,Y)E — (V) (X + hX +7i(X)E),
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from which
VxoY 4+ 0(X,9Y) — ¢VxY — ¢o(X,Y)
+ Vox (=Y +0(Y)§) = 0(6X,Y) = 6Vox Y — do(¢X,0Y)
= 25(X, Y)E — i(Y)(X +hX +(X)E).
Taking the normal part, we have
o(X,9Y) — 0(¢X,Y) — ¢(0(X,Y) + 0(¢X,9Y)) = 0.
Interchanging X and Y now yields
o(pX,9Y) = —0(X,Y)

and hence that M is minimal.

Note also that o(X,¢Y) = 0(¢X,Y). Thus we have g(A,X,¢Y) =
9(0(X,9Y),v) = §(o(6X,Y),v) = g(A,¢X,Y) and hence

Ao+ ¢A, = 0.

Moreover, a ¢-section on M is a qz—section on M ; the Gauss equation
and o(¢X, YY) = —0(X,Y) yield H(X) < H(X), with equality holding
everywhere if and only if M is totally geodesic (Endo [1986]).

Theorem 8.2 If M is a K-contact (resp. Sasakian) manifold and M an
invariant submanifold, then M is also K-contact (resp. Sasakian).

Proof. We have already noted that h = ﬁ| m and hence the K-contact
result. Now again as in the last proof,

(Vx@)Y = VxoY +0(X,9Y) — ¢VxY — ¢o(X,Y),

so if (Vx@)Y = §(X,Y)E — ii(Y)X, we have (Vx¢)Y = g(X,Y)¢ —
n(Y)X.

In [1973a] Harada showed that invariant submanifolds of a compact
regular Sasakian manifold respect the Boothby—Wang fibration. For a
compact regular Sasakian manifold M, let us denote by M/¢ the base
manifold of the Boothby—Wang fibration, which, as we have seen, carries
a natural Kéahler structure. We can now state Harada’s result.
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Theorem 8.3 Let M be a compact invariant submanifold of a compact
regular Sasakian manifold M. Then M is regular and M/€ is a Kdhler
(invariant) submanifold of M /€.

For example, consider the complex quadric Q™! in CP™ together with
the Hopf fibration S?**1 — CP™. Then the set of fibers over Q" !
form a codimension 2 invariant submanifold of the Sasakian structure on
S2n+ls see Kenmotsu [1969], Kon [1976].

Let us now very briefly recall results of Simons [1968] and of Chern, do
Carmo and Kobayashi [1970] on submanifolds of a sphere. The Simons
result is that if M™ is a closed minimal submanifold of the sphere S™*7(1)
and if [o|? < n/(2— 117), then M™ is totally geodesic. Chern, do Carmo and
Kobayashi proved that the only minimal submanifolds of the sphere
S"HP(1) with |o|?> = n/(2 — 11)) are pieces of the Clifford minimal hy-
persurfaces and the Veronese surface. The proofs of these center on the
computation of the Laplacian of |o|2. In [1972] Ogiue used these ideas to
study complete invariant submanifolds M?" in CP™P(1), the complex
projective space with the Fubini-Study metric of constant holomorphic
curvature 1. Ogiue’s results of [1972] may be summarized as follows: Let
M?" be a complete Kihler submanifold of CP"*P(1). If the holomorphic
curvature H of M?" is greater than ; and the scalar curvature of M?"
is constant or if H > 1 — 2(21319)’ then M?" is totally geodesic.

In his excellent survey article [1974], Ogiue obtained other results,
posed several conjectures and open problems, and continued this theme in
[1976a]. For example, in the context of the above results Ogiue proved in
[1976a] that if the sectional curvature K of M?™ exceeds "43 or if K > |
and H > 5, then M?" is totally geodesic. Ogiue’s conjectures from [1974]
and [1976a] included that (i) H > ; or (ii) K > } and n > 2 imply that
M?" is totally geodesic. In [1985a] A. Ros introduced a new technique to
attack this kind of problem for M?" compact, viz. for unit tangent vectors
V, regard |o(V,V)|? as a function of the unit tangent bundle of M?" and
study its behavior at its maximum point. The result of Ros in [1985a] is
that Ogiue’s conjecture (i) is true, and using the same technique, Ros and
Verstraelen in [1984] proved conjecture (ii). Notice that the Calabi

(Veronese) embeddings of CP"(3) into cp"” (1) show that these con-
jectures are best possible (see Section 12.7). In fact, in [1985b] Ros gave
a complete classification of compact Kéhler submanifolds of CP"*P(1)
with H > %; there are seven interesting cases. As an illustration of the



8.2 Lagrangian and integral submanifolds 155

Ros technique we will give in the next section the proof of a theorem of
Urbano [1985] on Lagrangian submanifolds of CP™.

The corresponding problem in Sasakian geometry is to study a com-
pact invariant submanifold M?"+! of a Sasakian space form M2("+P)+1(¢)
with constant ¢-sectional curvature ¢ > —3. This was first taken up by
Harada [1973a], [1973b], Kon [1976], and later by VanLindt, Verheyen
and Verstraelen [1986]. Again the later results are the stronger ones and
use the Ros technique; in particular, VanLindt, Verheyen and Verstraelen
prove that if the ¢-sectional curvature of M?"*! exceeds 553 or if the
sectional curvature of M?" 1 exceeds “%?, then M?"+1 is totally geodesic.

A well-known classical characterization of complex space forms is the
following theorem of Yano and Mogi [1955].

Theorem 8.4 A Kihler manifold M*™, n > 2, is a complex space form
if and only if for every point and every holomorphic section at the point,
there exists a unique totally geodesic holomorphic curve tangent to the
given holomorphic section at the point.

The condition that for every point and for every holomorphic section
at the point there exists a totally geodesic surface through the point and
tangent to the section is known as the azxiom of holomorphic planes,
and this result has many generalizations. For example, instead of planes
one can consider 2k-dimensional holomorphic subspaces, 1 < k < n, and
instead of totally geodesic submanifolds one can consider umbilical
submanifolds (aziom of holomorphic 2k-spheres), Kassabov [1982] (see
also Goldberg and Moskal [1976], where the umbilical submanifolds are
assumed to have parallel mean curvature vector).

In Sasakian geometry one has the axiom of ¢-holomorphic planes,
which requires for every point and every ¢-section at the point the exis-
tence of a totally geodesic surface tangent to the ¢-section at the point.
K. Ogiue [1964] showed that a Sasakian manifold is a Sasakian space
form if and only if it satisfies the axiom of ¢-holomorphic planes. For the
idea of an axiom of ¢-holomorphic 2-spheres, see Harada [1974a].

8.2 Lagrangian and integral submanifolds
We have already seen in Section 1.2 that the maximum dimension of an

isotropic submanifold of a symplectic manifold M?" is n and that an
n-dimensional isotropic submanifold is called a Lagrangian submanifold.
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In Section 5.1 we saw that the maximum dimension of an integral sub-
manifold of a contact manifold M?"*! is also n. In almost Hermitian
geometry, isotropic submanifolds are known as totally real submanifolds,
since they are characterized by the fact that the almost complex struc-
ture maps the tangent space at any point into the normal space at the
point.

In the spirit of the results of the last section we mention a few results
on compact minimal Lagrangian submanifolds M"™ of a complex space
form M?"(c). In [1974] Yau considered a totally real minimal surface
M? in a Kahler surface of constant holomorphic curvature ¢ and proved
the following results: (1) If M? has genus zero, then M? is the standard
embedding of RP? in CP2. (2) If M? is complete and nonnegatively
curved, then it is totally geodesic or flat. (3) If M? is complete and
nonpositively curved with Gaussian curvature K and if §{ — K > a > 0
for some constant a, then M? is totally geodesic or flat. In [1973] Houh
proved that if a totally real minimal surface M? in CP? has constant
scalar normal curvature, it is totally geodesic or is nonpositively curved,
and combining this with Yau’s result, Houh showed that if in addition M?
is complete, it is totally geodesic or flat. The flat case is realized by the
torus, 72, embedded in CP? as a flat minimal Lagrangian submanifold;
Ludden, Okumura and Yano [1975].

In [1976b] Ogiue showed that if ¢ > 0 and the sectional curvature K of

M™ satisfies K > 4((2;3)10), then M™ is totally geodesic. This was extended

by Chen and Houh [1979], who showed that if ¢ > 0 and K > 4((7;3)10),
then either M™ is totally geodesic or n = 2 and the surface M? is flat. If a
minimal Lagrangian submanifold in M?"(¢) is itself of constant curvature
k, then it was shown by Chen and Ogiue [1974a] that the submanifold
is either totally geodesic or k < 0; this was improved upon by Ejiri
[1982], who showed that the submanifold is either totally geodesic or
flat. Finally, to give a stronger result and to illustrate the technique of
A. Ros, we give the following theorem of Urbano [1985] with proof.

Theorem 8.5 Let M be a compact Lagrangian submanifold minimally
immersed in CP"(c). If the sectional curvature K of M is greater than 0,
then M 1is totally geodesic.

Proof. We denote by (J,§) the almost Hermitian structure on CP"(c),
where ¢ is the Fubini-Study metric of constant holomorphic curvature c.
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For tangent vectors X and Y we have readily
0= (VxJ)Y =VxJY-JVxY = —Ajy X+VxJY —JVxY —Jo(X,Y),

giving
AjyX = —Jo(X,Y), VxJY =JVyY.

The equations of Ricci-Kiihne and Gauss give

R (X,Y,JZ,JW) = §(RxyJZ,JW) + g([Asz, Aqw]X,Y)
=g(RxyZ,W)—g(o(Y,.Z),0(X,W))
+9(0(X,2),0(Y,W)) + g(Asw X, Aj2Y)
—9(AszX, AgwY)
=g(RxyZ,W).

Since the ambient space is of constant holomorphic curvature, RxyZ =
Y, )X —g(X, 2)Y —=QY,2)JX +Q(X, Z)JY +2Q(X,Y)JZ) and
hence (RxyZ)* = 0. Thus by the Codazzi equation, (V'o)(X,Y, Z) =
VoY, Z) —o(VxY,Z) — o(Y,VxZ) is symmetric. Defining V2o by

(V20)(X, Y, Z,W) = Vx((Vo)(Y, Z,W))
(Vo) (VxY, Z,W) — (V'o)(Y,VxZ,W)
= (V'o)(Y, 2,V xW)

we have by the symmetry of (V'o)(X,Y, Z) that

(V20)(X,Y, Z,W) =(V"?0)(Y,X,Z,W) 4+ Ry yo(Z,W)
— J(RXyZ, W) — a(Z, Rx yW).

Define a real-valued function on the unit tangent bundle Ty M by
f(V)=g(o(V,V),JV). Since T1 M is compact, f attains its maximum
at a unit vector V tangent to M at a point p. For any unit tangent vector
U at p, let y(t) be the geodesic in M with v(0) = p and 7/(0) = U. Let
V(t) be the parallel vector field along v with V(0) = V. Then

d

0= dtf(V(t))L:O =g((V'o)(U, V. V), JV).
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Also

V(t)],_y = 3(V?0)(U,U,V, V), JV)
= g(V"?e) (U, V,V,U),JV)

),

= §((V?0)(V,U,V,U) + Rizyo(V,U) — o(RuvV,U)
V)
)

d2
>
02 42/

—o(RyvU,V),J

= §((V?0)(V,V,U,U),JV) +g(RyvV,Jo(U,V))
—9(AguRuvV,V) = g(AjvRuvU, V)

= §((V?0)(V,V,U,U),JV) +29(Ry vV, Jo(U,V))
+9(RyvU, Jo(V,V)).

On the other hand, restricting f to the fiber of Ty M at p and taking
U orthogonal to V|, we have

0= Uf:2§(U(U,V),JV)+§(0'(V:V),J )
=29(AwV,U) 4+ g(o(V,V),JU) = 35§(c(V, V), JU).

Therefore, since U is any unit vector orthogonal to V,
c(V.V) = f(V)IV or ApV = f(V)V,
i.e.,, V is an eigenvector of Ay with eigenvalue f(V'). Furthermore,
0> U*f =64(c(U.V),JU) +33(a(V.V),J(=V))
=6g(c(U,U),JV)—=3f(V)

= 6g(AvU,U) = 3f(V).

Thus if {Uy,...,U,} is an orthonormal eigenvector basis of Ay with
U,=V and if \;; i =1,...,n — 1, are the other eigenvalues, then

FV) =2\ > 0.
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Now from the above and the minimality, we have
n ~
0> {g((v%)(v, V,U;,U;), JV)
i=1
+29(Ru, vV, Jo (Ui, V) + g(Ru, v Ui, Jo (V, V))}

= nz_: { —2MK(V.Uy) + f(V)E(V,U;) )

-
= ZK(V,UZ-){ﬂV)—m}.

Finally, since the sectional curvature is positive, we conclude that each \;
equals éf(V) and hence trA y = (n+12f(V) =0, giving f(V) = 0. Now
f(=U) = —f(U) and V was the maximum point of f, so f = 0. Thus
o(V,V) is orthogonal to JV and to JU for any U L V., and hence
o(V,V) =0 for any vector V', and so M must be totally geodesic.

In Section 1.2 and Example 5.3.3 we remarked that there is no topo-
logical embedding of a sphere as a Lagrangian submanifold of C™ and no
umbilical, non-totally-geodesic, Lagrangian submanifolds of a complex
space-form. The immersed Whitney sphere was the closest candidate
with only one double point. Its second fundamental form ¢ was given by

n

Lo @XYH +g(JX, H)JY + g(JY, H)JX),

o(X,Y)= "

where H denotes the mean curvature vector (Borrelli, Chen and Morvan
[1995], Ros and Urbano [1998]).

More generally, a Lagrangian submanifold of a Kahler manifold is said
to be Lagrangian H-umbilical if the second fundamental form o is of the
form

o(X,Y) = aj(JX,H)§(JY,H)H
+ 83(H,H)(3(X,Y)H + §(JX,H)JY + §(JY,H)JX)

for suitable functions « and 3. This notion was introduced and a classi-
fication of such submanifolds in complex space forms was given by Chen
in a series of papers [1997a,b], [1998].

In the contact case, integral submanifolds are often called C-totally
real submanifolds, since ¢ maps the tangent space at any point into the
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normal space. However, we will not adopt this term here. As a reminder,
since n(X) = 0 for any vector X tangent to the integral submanifold, £
is a normal vector field.

Examples that we might mention here are S™ C S?"*! as a totally
geodesic integral submanifold as was described in Example 5.3.1 and
T? C S° as a flat minimal integral submanifold as was described in
Example 5.3.2.

We begin our discussion of integral submanifolds with the following
lemma.

Lemma 8.1 Let M be an integral submanifold of a K-contact manifold
M. Then A¢ = 0.

Proof.

9(AeX,Y) = §(o(X,Y),8) = §(VxY,€) = —§(Y, Vx€) = §(Y,X) = 0.

Now for an integral submanifold M™ of a Sasakian manifold M2" 1 let
{e1,...,en} be alocal orthonormal basis on M™. Then {¢ey,..., de,, &}
is an orthonormal basis of the normal space at each point of the local
domain. For simplicity we write A; for Ag,.

Lemma 8.2 Let M be an integral submanifold of a Sasakian manifold
M. Then Aiej = Ajei.

Proof.

g(Aiejv ek:) = g(O’(ej, ek)v ¢61) = g(@eke‘ja ¢el)
= —glej, (Ve,d)ei + dVe,er) = §(Ve, e, 0e5) = g(Ajei, er).

Now let M™ be an integral submanifold of a Sasakian space form M (c);
the Gauss equation yields

c+3
4

+ ) (9(AX, W)g(AY, Z) — g(AiX, Z)g(AY, W)

i=1

g(RxyZ,W) = (9(X,W)g(Y, Z) — g(X, Z)g(Y,W))
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by virtue of Lemma 8.1. In turn, the sectional curvature K (X,Y’) of M™
determined by an orthonormal pair {X,Y} is given by

+ ) (9(AX, X)g(A;Y,Y) — g(A X, Y)?).
i=1

K(X,Y):CZS

Moreover, the Ricci tensor p and the scalar curvature 7 of M"™ are given
by

p(XV) =" et 990 Y) + D A)g(AX, V) — D g(AX, AY),
i=1 1=1
n(n—1)

=" ey ) o

From these expressions the following proposition is not difficult, and
we omit the proof.

Proposition 8.1 Let M™ be an integral submanifold of a Sasakian space
form M?"*1(c) that is minimally immersed. Then the following are equiv-
alent:

(a) M™ is totally geodesic.

(b) M™ is of constant curvature “}?.
(c) p="3"(c+3)g.

(@) 7="0"(c+3).

Similar to the result of Chen and Ogiue [1974a] in the Kéhler case,
Yamaguchi, Kon and Ikawa [1976] proved the following result.

Theorem 8.6 Let M™ be a minimal integral submanifold of a Sasakian
space form M*TY(c). If M™ has constant curvature k, then either M™
is totally geodesic or k < 0.

For the standard Sasakian structure on S°(1) we give the following the-
orem of Yamaguchi, Kon and Miyahara [1976], and we include a proof,
since its techniques, though not new, are different from those presented
so far in this book.
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Theorem 8.7 Let M? be a complete integral surface of S°(1) that is
minimally immersed. If the Gaussian curvature K of M? is < 0, then
M? is flat.

Proof. Choose a system of isothermal coordinates (z!,z?) so that the

induced metric g is given by ¢ = E((dx')? + (dz?)?). Let X; = a(?ci and

oij = 0(Xj, X;). Recall the standard formulas for the induced connection:
X1E XoF XoF X\E

Vx, X1 =-Vx,Xo = o X1 oF Xo, Vx, X5 = oF X1+ o Xo.

Using the minimality and the Codazzi equation, one readily obtains
Vg‘(lalg — V)L(QUH =0, V)l(lan + Vﬁ‘ﬁalg =0.
Now define a complex-valued function F' by
F = g(ow, ¢X1) —ig(o12, ¢.X1).

Note that F is nowhere zero on M?, for if F = 0 at some point m,
then g(o11,¢X1) and g(o12,¢X;) vanish at m, but by the minimality
G(022,0X1) = —g(o11,0X1) = 0 and by Lemma 82 g(o12,¢X2) =
g(o22,¢X1) = 0 and —g(o22,¢X2) = g(o11,¢X2) = g(o12,9X1) = 0.
Thus o vanishes at m, and so by the Gauss equation, the Gaussian cur-
vature at m is +1, contradicting the hypothesis K < 0.

Differentiating the real part of F' with respect to X7, we have

- N X1 F XoF
X1ReF = §(Vx,011,0X1) + § (011,E§ + 235 »X1 — 22E ¢X2>

XH1 F XoF
~ 1 ~ 1 2
= —9(Vx,012,0X1) + 7 <011, oF ¢X1 — oF ¢X2>-

Differentiating with respect to Xo and making similar calculations for
the imaginary part of F', Lemma 8.2 and the minimality yield X;ReF =
XoJmF and XoReF = —X;JmF. Thus F is analytic and therefore
log |F|? is harmonic.

Now |F|? = §(o11,$X1)?+G(012,$X1)?. On the other hand, the Gauss
equation gives the Gaussian curvature K as

1 . . 2
K=1+ ., (§(o11,092) — g(o12,012)) =1 — E3|F|2~
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Thus |F|* = E3(1_2K ). Note also the classical formula for the Gaussian
curvature of g, namely K = gblAlog E3.
Suppose now that the Gaussian curvature of M? is nonpositive. Then

|2

Alog = ~Alog B* =6EK <0 (%)
and P2
F — 1
log 73 = log 5 210g2.

Thus — log @32 is a subharmonic function which is bounded above.

Now define a metric g* on M? by ¢g* = |F|((dz!)? + (dx?)?); its
Gaussian curvature is —4‘1F|Alog|F|2 = 0. That is, ¢* is a flat met-
ric on M? that is conformally equivalent to ¢, and hence the universal
covering surface M of M? is conformally equivalent to the Euclidean
plane. Thus M is a parabolic surface; but every subharmonic function
that is bounded above on a parabolic surface is a constant. Therefore
—log |§f, lifted to M , is a constant, and hence it is constant on M?2.
Equation (%) now gives K = 0.

Combining Theorems 8.6 and 8.7, we have the following corollary.

Corollary 8.1 A complete integral surface of S°(1) with constant cur-
vature that is minimally immersed has constant curvature 0 or +1.

Turning to curvature conditions in the spirit of the Urbano result
above, we have the following result of VanLindt, Verheyen and
Verstraelen [1986].

Theorem 8.8 Let M™ be a compact integral submanifold minimally
immersed in a Sasakian space form M?*"*1(c) with ¢ > 3. If K > 0,
then M™ 1is totally geodesic.

If the sectional curvature is only > 0, one can do better in dimension 7;
namely, we have the following result of Dillen and Vrancken [1989)].

Theorem 8.9 Let M3 be a compact integral submanifold of the standard
Sasakian structure on S7(1) that is minimally immersed. If K > 0, then
either M3 is totally geodesic, M3 is a covering of the 3-torus or M3 is a

covering of S*(v/3) x 52(\?).

In dimension 5 the third case does not have an analogue, and the corre-
sponding result was given by Verstraelen and Vrancken [1988]. For the
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example of S1(v/3) x 52(*é3) in the above theorem, the sectional curva-
tures satisfy 0 < K < g, where both extremal values are attained (Dillen
and Vrancken [1990]). Restricting the curvature to 0 < K < 1, Dillen
and Vrancken proved in [1990] the following theorem.

Theorem 8.10 If M™ is a compact minimal integral submanifold of
S2HtL(1) and if 0 < K < 1, then K is identically 0 or 1.

Other conditions on integral submanifolds of Sasakian space forms
that have been considered include the notions of the mean curvature
vector H and second fundamental form being C-parallel. That is, Vg-(H
is parallel to £ for all tangent vectors X, and respectively, (V'o)(X,Y, Z)
is parallel to £ for all tangent vectors X, Y, Z. Recall also that a curve v(s)
parametrized by arc length in a Riemannian manifold is a Frenet curve of
osculating order r if there exist orthonormal vector fields E1, Fs, ..., E,
along v, such that

v=FE1, ViyE1=kFEy,, Vsyby=—kF+koFEs,
v"yEr—l = _kT—QET—2 + kT—lET7 V’yET = _kr—lET—ly

where ki, ks, ..., k.—1 are positive C° functions of s. The function k;
is called the jth curvature of v. So, for example, a geodesic is a Frenet
curve of osculating order 1, a circle is a Frenet curve of osculating order 2
with k; a constant; a helix of order r is a Frenet curve of osculating order
r such that ki, ks, ..., k._1 are constants. With these ideas in mind, C.
Baikoussis and the author [1992] proved the following theorem.

Theorem 8.11 Let M? be an integral surface of a Sasakian space form
M5<C). If the mean curvature vector H is C-parallel, then either M? is
minimal or locally the Riemannian product of two curves as follows: (i)
a heliz of order 4 and a geodesic or heliz of order 3, (i) a heliz of order

3 and a geodesic or helix of order 3, or (iii) a circle and a geodesic or
heliz of order 3.

On the other hand, Baikoussis, Koufogiorgos and the author [1995]
obtained the following result.

Theorem 8.12 Let M? be an integral submanifold of a Sasakian space
form M7(c) with C-parallel second fundamental form. Then locally M3
is either flat or totally geodesic or a product v x M?, where v is a curve
and M? is a surface of constant curvature and also has C-parallel second
fundamental form.
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This paper of Baikoussis, Koufogiorgos and the author includes for the
unit sphere, S7(1), an explicit representation of the flat case. Recently,
Fetcu and Oniciuc [to appear] obtained an explicit expression of the flat
case for S7(c), the Sasakian space form with —3 < ¢ < 1 (see Example
7.8.1).

We now give an example of this theorem in the case of ¢-sectional
curvature ¢ < —3. In Example 7.8.3 we saw that the product B"™ x R,
where B" is a simply connected bounded domain in C", has a Sasakian
structure of constant ¢-sectional curvature ¢ < —3. Now take B"™ to be
the unit ball in C™ with the metric

452 — 41— X2 dzidz) + (3 zidz) (X zidz)
(1= zf?)?

This metric has constant holomorphic curvature —1, and the fundamen-
tal 2-form €2 of the Kéhler structure is given by

o — g U= 2P dzy A dz)) + (X 25dz) A (3 2d%)
podem (1= 3 |5

. e4i22jd2j

‘d<R 1—2|Zj|2>'

Then B™ x R with contact form 7 = w + dt and metric ds? = d5*> +n®n
is a Sasakian space form with constant ¢-sectional curvature ¢ = —4.

It is well known that setting the imaginary part of z; equal to zero gives
an embedding of real hyperbolic space H" of constant curvature _411 as a
totally real, totally geodesic submanifold of B™. To construct a nontrivial
example of M? as an integral submanifold of M"(—4) = B3 x R with
C-parallel second fundamental form, we consider an umbilical surface in
H?3, and as t varies in R we rotate H> so that the surface will trace out
the desired M?3. For this purpose it will be convenient to use the polar
form ;€% of z;. Then n,¢ and ds? become

> rsd

2

)
n=4 2 2
1=>r;

van, €=,
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and

(1 =) (X(dr} +r7do37)) + (3o rjdry)® + (3o r7de;)?
(1=
(Z r]2-d9j)2 82 ’I“jzd(gj'dt
+

a-xr T 1oxe

We remark that the induced metric on H? in B? defined by 0; =
constant is the Beltrami—Klein model and not the Poincaré model of
hyperbolic space. In this model an umbilical submanifold is in general an
ellipsoid. With this in mind we construct our example as follows. On the

Sasakian space form M7 (—4) = B3 x R we designate the C(_)ordinates by
(w1,...,27) = (11,79,73,01,02,03,1). Now define t : M — M"(—4) by

ds® =

+ 16

2
(ri,mo,t) — (rl,rg,b\/l —7r2—7r2,0,0, —%;; t,t) )
where b is a constant such that b < 1. It is easy to see that 1(1,0;) =
N(tx02) = N(1+07) = 0. Thus M is a 3-dimensional integral submanifold
of the Sasakian space form M7(—4). Direct computation then shows that
M has C-parallel second fundamental form (see Baikoussis, Koufogiorgos
and the author [1995] for details).

In [1973] Chen and Ogiue introduced the axiom of antiholomorphic
k-planes on a Kahler manifold M?", n > 2. The axiom requires that for
every point and every totally real k-plane at the point, there exists a
k-dimensional totally geodesic submanifold tangent to the k-plane at the
point. The main result of Chen and Ogiue is that a Kéhler manifold
M?" n >3, is a complex space form if and only if it satisfies the axiom
of antiholomorphic 2-planes.

In [2001] Kirichenko took a somewhat different approach to this prob-
lem and introduced the aziom of totally real k-planes for an almost
Hermitian manifold M?". The axiom requires that for every point and
every totally real k-plane at the point, there exists a k-dimensional
totally real, totally geodesic submanifold tangent to the k-plane at the
point. Kirichenko is then able to extend the axiomatic characterization
of complex space forms to the almost Kahler (symplectic) setting.

Theorem 8.13 An almost Kdhler manifold M?™, n > 3, is a complex
space form if and only if it satisfies the axiom of totally real n-planes
(Lagrangian,).
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Similarly, in contact geometry one has these two settings. A Sasakian
manifold satisfies the axiom of anti-¢-holomorphic planes if for every
point and every 2-plane at the point that is annihilated by n and dn,
there exists a totally geodesic surface tangent to the plane at the point
(Harada [1974b]). Harada proves that a Sasakian manifold of dimension
> 7 is a Sasakian space form if and only if it satisfies the axiom of anti-¢-
holomorphic planes. On the other hand, Kirichenko and Borisovski [1998]

introduced an axiom called the geodesic integrability (of the contact
subbundle) for a contact metric manifold M?"*!. The idea is to require
that for every point and every n-dimensional linear subspace at the point
that is annihilated by n and dn, there exists a unique n-dimensional,
totally geodesic, integral submanifold tangent to the subspace at the
point. With this notion Kirichenko and Borisovski can extend the Harada
idea to the K-contact case. Specifically, they prove that a K-contact
manifold of dimension > 7 is a Sasakian space form if and only if it is
geodesically integrable.






9

Tangent Bundles and Tangent Sphere
Bundles

In the first two sections of this chapter we discuss the geometry of the
tangent bundle and the tangent sphere bundle. In Section 3 we briefly
present a more general construction on vector bundles and in Section
4 specialize to the case of the normal bundle of a submanifold. The
formalism for the tangent bundle and the tangent sphere bundle is of
sufficient importance to warrant its own development, rather than spe-
cializing from the vector bundle case. In Section 5 we discuss briefly a
contact structure on the projectivized tangent bundle of the hyperbolic
plane and the geodesic flow on this bundle rather than on the unit
tangent bundle, which is its usual setting.

9.1 Tangent bundles

In Chapter 1 we saw that the cotangent bundle of a manifold has a
natural symplectic structure, and we will see here that the same is true
of the tangent bundle of a Riemannian manifold. Moreover, the tangent
bundle carries a natural Riemannian metric, called the Sasaki metric.
We give the connection and curvature of this metric and the implication
of the metric being locally symmetric or conformally flat.

D.E. Blair, Riemannian Geometry of Contact and Symplectic Manifolds,
DOI 10.1007/978-0-8176-4959-3 9, © Springer Science+Business Media, LLC 2010
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Let M be an (n+ 1)-dimensional C'*° manifold and 7@ : TM — M its
tangent bundle. If (x!,. .., 2""1) are local coordinates on M, set ¢* = x'o
7; then (¢%,...,¢" ") together with the fiber coordinates (v!,... v" 1)
form local coordinates on T'M.

If X is a vector field on M, its vertical lift XV on TM is the vector
field defined by XVw = w(X) o 7, where w is a 1-form on M, which on
the left side of this equation is regarded as a function on T'M.

For an affine connection D on M, the horizontal lift X of X is defined
by X H,, = Dxw. The covariant derivative Dyw has local expression
(X5 dup _ x Zwkl“k Ydx?, where the Fk ’s are the connection coefficients. If

we evaluate Dxw on a vector t = v 8817 we have easily
T

Ow;

(Dxw)(t) = v X* a:c

9 9
— X' wy = (XZ _ Xk, )wlvl.

oq’ Y vk

Thus the local expression for X is

-0 0
H _ i i, J17k
X=X = X

The span of the horizontal lifts at t € T'M is called the horizontal sub-
space of T, T'M. The connection map K : TTM — T M is defined by

Kx" =0, KX} =X, teTM.

The connection map K may also be defined in the following way. Given
X € TyTM, let v be a smooth curve in T'M with tangent vector X at
t = 4(0). Let a = 7 o v be the projection of the curve to M. Then

KX = Do,

and the curve v in TM is horizontal if ~, viewed as a vector field along
«, is parallel. The horizontal subspace can also be defined by

{(s0a)+(0) € T{T M| pathin M, s section of T'M, s(a(0)) = t, Dy(0)s = 0}.
It is immediate that [X",Y"]w = 0. Furthermore,

0 0 0
1 jl’\k Yl
dq' i Gk avl}

= (0O xvnt) D

XH YY) = [XZ

= (DxY)V
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Similarly, denoting the curvature tensor of D on M by R we have at the
point t € T M,

(XH v, = (X, Y] — (Rxvt)".
TM admits an almost complex structure J defined by
JXH =xV, JxV =_XxH,

Using the above expressions for the Lie brackets in the Nijenhuis torsion
of J one can easily see that J is integrable if and only if D has vanishing
curvature and torsion (Hsu [1960], Dombrowski [1962]).

If now G is a Riemannian metric on M and D its Levi-Civita connec-
tion, we define a Riemannian metric g on T'M called the Sasaki metric,
Sasaki [1958] (not to be confused with a Sasakian structure), by

§(X,Y) = (G(mX,mY)+ GKX,KY)) o,

where X and Y are vector fields on TM. Since 7,0J = —K and KoJ =
T4, g is Hermitian for the almost complex structure J.

On T'M define the Liouville form 3 by 3(X); = G(t,7.X), t € TM,
or equivalently by the local expression g = ZGijvidqj . Then dg is a
symplectic structure on 7'M, and in particular, 2d3 is the fundamental
2-form of the almost Hermitian structure (J, g). To see this, first note
that since S(X") =0 and [XV,Y"] =0, 2d3(X",Y") = 0. Similarly

2dB(XV, v, = xV (G, 7Y ") or) = XV (G (d ail , Y> o w>
= G(X,)Y)=g(x",v"V)=g(xV, gy

Now choose a vector field Z on M such that Z,,, =t and (DxZ);, =0
for all X. Then

20p(XH YY), = (XH(G(Z,Y)orm) —YH(G(Z,X) o) — G(t,[X,Y])m
= G(t,DxY)m — G(t,Dy X)pm — G(t,[X,Y])m = 0.

Thus TM has an almost Kahler structure which is Kéhlerian if and only
if (M, G) is flat (Tachibana and Okumura [1962]).

As before, we let R denote the curvature tensor of D, which is now
the Levi-Civita connection of G. The Levi-Civita connection V of g and
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its curvature tensor R were computed by Kowalski [1971]. These are
given by the following formulas, and we will give a partial proof as an
illustration:

_ 1
(Vxu Y™, = (DxY){ — 2(RX vty

— 1
(Vxn¥V)e = (Rey X) + (DxY)Y
- 1
(Vv Y ) = ) Rex )Y,
vaYV - 0

For example, from 2g(VxY, W) = Xg(Y,W)+Yg(X,W)—-Wg(X,Y)+
g([(X. Y], W) + g([W, X],Y) — g([Y, W], X) we have

29(Vxu YV, WY) = X"g(yV, w") +g(DxY)",W")
g(DxW)V, YY)

G(DxY)Y W)+ G(DxY,W)o

= 25((Dx Y)Y, W")

and

2§(Vxn YV WH), = vVg( X" WH) + g(Rxwt)”,Y")
=GRy X, W) o7 = g((Rey X)), W),

giving the formula for (VyuY");.
Turning to the curvature, we have

RXvaZV — 0,
— 1 1 H
(Ryvyv 2z, = (RXyZ+4RtXRtyZ—4RtthXZ> ,
t
H

_ 1 1
(RxHyVZV)t = — <2RYZX+ 4RtthZX> )
t
\%

_ 1 H 1 1
(RXHYVZH)t — 2((DXR)tyZ)t + <2RX2Y+ 4RRtyZXt) ,
t
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_ 1
(RxuyuZ")e =, (DxR):zY — (DyR) 2X);'
14

1 1
+ (nyz—i- 4RRtZYXt_ 4Rthxyt> ,
¢
H

_ 1 1 1
(Rxn YHZH)t = (RXYZ + 4RtRzth + 4RtsztY + 2RtRXYtZ>
t

+ ; ((DzR)x Yt)z/

We will prove the fourth of these formulas. Recall that we may write
the point ¢ as v a ,; this is important When we have to differentiate with

respect to position. Also we abbreviate , by 0;:

_ — 1
RynyvZ" =Vyn 2vl(Ral yZ)H

_ 1 . _
— Vyv ((Dx2) - 2qﬁ(Rx 20)") = Vipyyyw 2"
Therefore

(RynyvZH), = XWTE Ry, yZ2)

1
’Ul((DXRalYZ) 2(RXRalyzt)l‘t/)

N =N =N =

1
(ReyDx 2){! 2(RXZY)§/ - Q(RthYz)fI,

from which the fourth curvature formula readily follows.
The main result of Kowalski [1971] is the following theorem.

Theorem 9.1 The tangent bundle TM with the Sasaki metric g is
locally symmetric if and only if the base manifold (M,G) is flat, in
which case (T'M,g) is flat.

Proof. Clearly if the base manifold is flat, then so is (T'M, g); so we have
only the necessity to prove. Using the above formulas for the connection
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and curvature of g, we have

H

_ - 1 1
((VWHR)XHYvZV)t = VwH <—2RYZX - 4RtYRtZX>
t

D, 174
~Rpyx)p-imuxoy)yvZ

D 1%
— Bxn (L oy W) +(Dw V)2

_ 1
- Ry (R W)+ (D2} ).

Using the hypothesis and taking the vertical part, we obtain

1
0= ZRW(;Rsz-FiRtYRtZX)t

1 1
- <RX ‘RywZ +  Reir,wxt =  Br,x ;Rtywt)
1R 1R Y
4 BRa lrow xRy ir,w ) -
In this expression set Y =t and Z =t to get respectively

Rwr,,xt — Rxr,,wt =0,
Rwry,xt —2RxR,,wt = 0.

Now replace Y by Z in the second of these equations and compare with

the first to obtain

Rx thwt =0.

Setting W = X and taking the inner product with Z yields |R;z X|? = 0

and hence that (M, G) is flat.

K. Bang [1994] obtained the corresponding result for (7'M, g) being
conformally flat as a corollary to his result on conformally flat vector

bundles, Theorem 9.13.

Theorem 9.2 The tangent bundle TM with the Sasaki metric g is
conformally flat if and only if the base manifold (M, G) is flat, in which

case (TM,g) is flat.
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9.2 Tangent sphere bundles

We have seen that principal circle bundles over symplectic manifolds
form a large class of examples of contact manifolds; they have K-contact
structures which are Sasakian when the base manifolds are Kahlerian.
These examples together with the standard structure on R?"*! (Exam-
ples 3.2.1, 4.5.1, 6.7.1, 7.8.2) show that Sasakian manifolds form a large
and important class of contact manifolds. However, despite the example
of T15% = RP? and more generally Theorem 9.3 below, the tangent and
cotangent sphere bundles (Example 3.2.4) are not, in general,
K-contact, even though they are classically an important class of con-
tact manifolds. Boothby and Wang [1958] proved that a compact, simply
connected, homogeneous contact manifold M of dimension 4r + 1 with
r > 1 is homeomorphic to a tangent sphere bundle only when M is the
Stiefel manifold Va,422. In [1978] the author showed that the standard
contact structure on the tangent sphere bundle of a compact Riemannian
manifold of nonpositive constant curvature cannot be regular.

We will regard the tangent sphere bundle of a Riemannian manifold
as the bundle of unit tangent vectors, even though, owing to the factor ;
in the coboundary formula for dn, a homothetic change of metric will be
made. (If one adopts the convention that the % does not appear in the
coboundary formula, this change is not necessary. However, to be con-
sistent, the odd-dimensional sphere as a standard example of a Sasakian
manifold should then be taken as a sphere of radius 2 (cf. Tashiro [1969]
and Sasaki and Hatakeyama [1962]).)

The tangent sphere bundle, 7 : Ty M — M, is the hypersurface of T M
defined by ZGijvivj = 1. The vector field v = v* 8‘22- is a unit normal
as well as the position vector for a point t € Ty M. We denote by ¢’ the
Riemannian metric induced on 77 M from the Sasaki metric g on TM
and by V its Levi-Civita connection. We can easily find the Weingarten
map of a hypersurface. For any vertical vector field U tangent to 17 M,

_ L0 e (0N
Vv =Uv 8vi+UvU(8xi> =U.

For a horizontal tangent vector field X, we may suppose that X is the
restriction of a horizontal lift. Then

_ 5 1. ,
(Vo) = (@')Hvl)avi + 2U1(Rt8iaj)fl + ' (Dy,8;);

1
= Q(Rttaj)iH =0,
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where we have again abbreviated 621' by 0;. Thus the Weingarten map
A of TY M with respect to the normal v is given by AU = —U for any
vertical vector U and AX = 0 for any horizontal vector X.

With the simple form for the Weingarten map just obtained, many
computations on 71 M can be done on T'M. Yampol’skii [1985] (see also
Borisenko and Yampol’skii [1987a], Tanno [1992]) computed the Levi-
Civita connection and the curvature of ¢'.

While this is enough formalism to proceed, since vertical lifts need
not be tangent to T3 M, Boeckx and Vanhecke [1997] introduced the
notion of a tangential lift. For X € T, M, the tangential lift X* of X to
(m,t) € T1 M is given by

XT =XV - G(X,t).
The metric ¢’ on T1 M at a point (m,t) is then given by

g/(XH’YH) = g(XijH) = G(va)a gl(XHvYT) =0,
JXT, YT =g XxT,v") =G(X,Y) - G(X,t)G(Y,1).

The Levi-Civita connection of ¢’ is given by VyrY? = —G(Y,t)X7,
while the formulas for Vyu Y Vyr YT and VyrYH are given by for-
mulas for V in the last section with vertical lifts replaced by tangential
lifts, e.g.,

1
VXHYH = (DXy)H — 2(R,X yt)T,
since G(Ry, x+t,t) = 0.
We know that as a hypersurface of the almost Kéahler manifold 7'M,

Ti1 M inherits an almost contact metric structure. Following the usual
procedure (Example 4.5.2), we define ¢/, &', and 1’ by on TY M by

/ (2 (2" o
§:—J1/=—’UJ<axi> =0 (836’) , JX =¢ X+ (X))

Then (¢, &', 1, ¢') is an almost contact metric structure. Moreover, 1’ is
the form on 77 M induced from the Liouville form 3 on TM, for

W (X) = g(v, JX) = 2dB(v, X) =2 _ (d(Gijv?) Adg’) (v* g

av’f’X)
= ZGijUjdqi(X) = B(X).
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However, ¢'(X,¢'Y) = 2dn/(X,Y), so strictly speaking, (¢',&',7,¢') is
not a contact metric structure. Of course the difficulty is easily rectified
and

1I ! / 1/
pr— :2 pu— pr—
U] 27775 §, =0, g 49

is taken as the standard contact metric structure on T77M. In local

coordinates,
/o \H
=" , ;
g % <axz ) )

the vector field v?( a?ci Y is the well-known geodesic flow on Ty M.

Before proceeding to our theorems we obtain explicitly the covariant
derivatives of £ and ¢. For a horizontal tangent vector field we may again
use a horizontal lift. Then

(Vxu&) = (Vxn&)r = (XT20)(9){ + 20" (Dx0;){" — (Rxt))
= - (RXtt)yv

and hence for any horizontal vector X at (m,t) € Ty M we have

(Vx&) = —Ruxet) = —Rexet)"

For a vertical vector field U tangent to 17 M we have

(Vu)e =(Vué)e = (U20")(9);" —v' Riv+(9:)){ = =2(¢U)e—(Rrvet){’,

since (0;)f = —J(0;)V, or in terms of tangential lifts of a vector X on
M,

Vyré = —20XT — (Rx )M,

Comparing with Vx¢ = —¢pX — ¢hX, we have for X horizontal and
orthogonal to ¢ and for U vertical,

hX = —X + (Ru,xt)?, WU =U— Rryt)’.

One can approach the differentiation of ¢ either in terms of lifts or by
considering T1 M as a hypersurface in T'M. First note that

1
oXxH = X7, ¢oxT =_XxH4 2G(X, t)¢
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and that for any tangent vector fields X and Y,
(Vx@)Y = VxJY — (Vxi ) (Y)v +1/(Y)AX
—J(X,AgY)v — JVxY — ¢ (X, AY )¢ .
We present two computations, one done in each manner.
As before, for X, Y horizontal we suppose that they are horizontal lifts,

and we have
(Vr )Y =Vu YT — ¢V yuYH

= Ry X)" 4 (DY) = 6((Dx1) — | (R y1)")

1
= 2(RtXY)H7

where we have used the first Bianchi identity.

For U = U’ 6‘; a vertical vector field tangent to 71 M and X a hori-

zontal tangent vector we have

(Vxo)U) = = (XUNO — U (D xd)E + (R x )}
— (ViU = IXUNOY — U (Dr.x0)Y
+ ;J(RKU{]T*X)tH

1
=, Rex KU,

where we have used (Vx7)(U) = ¢/ (Vx¢,U) = —1G((Rr, x¢t, KU) =
29(Re.x 1 KU)Y v).
Similarly one obtains

(ngb)X = — 277(X)U + ;(RKUM'*X)T,
(Vo)W = 29(U,W)E + | (Recur KW',

where W is also a vertical vector field tangent to T1 M.
We now prove a theorem of Tashiro [1969] which shows that the contact
metric structure on the tangent sphere bundle is almost never Sasakian.

Theorem 9.3 The contact metric structure (¢,&,m,9) on Ty M is K-
contact if and only if the base manifold (M,G) has positive constant
curvature +1, in which case Ty M is Sasakian.
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Proof. If (¢,&,n,9) is a K-contact structure, then Vx& = —¢X, as we
have seen, but for a horizontal lift we have (Vyn&); = —(Rx )" and
hence (¢X); = (Rxt)". Now for X orthogonal to t, X = X" and
therefore Rx ¢t = X for all orthogonal pairs {X, ¢} on (M, G) from which
we have RxyZ =G(Y,Z2)X — G(X,2)Y.

Conversely, by the formulas above for the covariant derivative of ¢, the
condition RxyZ = G(Y,Z2)X — G(X,Z)Y on (M,G) gives us on T4 M

(Vxo)Y = | (@ X,m¥)t = G Y, m X) = g(X,Y)E —n(Y)X,
(Vxo)U = ;(G(KU, tymX — G(m. X, KU)t)T =0,

(Vup)X = —2p(X)U + ;(G(t,ﬂ*X)KU - GKU,m, X)t)T = —n(X)U,
and

(Vo)W = 2g(U, W)+ ;(G(t, KW)KU —G(KU, KW)t) = g(U, W),

showing that 17 M is Sasakian.

In particular, the contact metric structure on the tangent sphere
bundle of a unit sphere is 7-Einstein, as shown by Tanno [1987b], and can
be deformed by a D-homothetic deformation to an Einstein metric. Thus
T1S3(1) ~ S x S% admits an Einstein metric other than a Riemannian
product of constant curvature metrics. If gy denotes the standard metric
on the sphere, then (S93,2gy) x (52, go) is Einstein but clearly not an
associated metric for any contact structure in view of Theorem 7.15 on
locally symmetric contact metric manifolds. Recall also our discussion in
Section 7.4 of the many Sasakian Einstein structures on S3 x S2.

The symmetric operator [ was defined by X = Ry £ (Section 7.6).
For a K-contact structure we have | = I —n ® £, and there exist many
contact metric manifolds for which [ = 0, as we will see in Section 9.4,
Theorem 9.16. More strongly, we have seen that Rxy& = 0 implies that
the contact metric manifold M?"*! is locally isometric to E"! x S"(4)
(Theorem 7.5), which is the tangent sphere bundle of Euclidean space.
In the case of the contact metric structure on 71 M we have the following
result (the author [1977]).

Theorem 9.4 The standard contact metric structure (¢,€,n,g) on T1 M
satisfies IlU = 0 for vertical vector fields U if and only if the base manifold
(M, Q) is flat, in which case we have Rxy& =0 for all X andY on Ty M.
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Proof. First note that for a vertical vector field U tangent to 77 M,
Ry ¢& = 0 implies Ry ¢§ = 0. Now recall that

_ 1 1
K(RxHyVZH)t = 2szY+ 4RRtyZXt'

Since & = 2v'( ail)H , combining these facts gives

RRKUtt tt = Oa

ie., Rr, x xX = 0 for any orthonormal pair on (M,G). Taking the
inner product with Y gives |[Ry x X|? = 0 from which we see that (M, G)
is flat.

Conversely, if (M, G) is flat, the Gauss equation for 71 M as a hyper-
surface of TM gives ¢'(R'y &, Z) = 0 and hence that Ry y¢ = 0.

We remark at this point that if the base manifold (M, G) has constant
curvature —1, then the sectional curvature K (U,&) = 1 for any vertical
vector U tangent to T/ M and K(X,§) = —7 for any horizontal vector
tangent to T1 M.

In Section 7.5 we studied the classification of all locally symmetric con-
tact metric manifolds. Since these are locally isometric to E™+1 x S™(4)
or of constant curvature +1, the only possible cases for the standard
contact metric structure on the tangent sphere bundle being locally sym-
metric are those in which the base manifold is flat or 2-dimensional and
of constant curvature +1. The second case follows from Musso—Tricerri
[1988], who prove that (T3 M,¢') is Einstein only when dim M = 2, or
by Theorem 9.6 below on the conformally flat case. For a direct proof of
this result on locally symmetric tangent sphere bundles see the author’s
paper [1989] .

For the more general case of locally ¢-symmetric contact metric man-
ifolds we note the following theorem of Boeckx and Vanhecke [1997].

Theorem 9.5 The standard contact metric structure (¢,&,n,g) on Ty M
is strongly locally ¢-symmetric if and only if the base manifold (M, G) is
of constant curvature.

When the base manifold is either odd-dimensional or of dimension 2,
this is also equivalent to the contact metric structure on 77 M satisfying
Veh = ahg for some function a that is constant on the fibers (Boeckx,
Perrone and Vanhecke [1998]).
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The result for (77 M, g) being conformally flat is much stronger than
that of being locally symmetric (Koufogiorgos and the author [1994]).

Theorem 9.6 The standard contact metric structure on Ty M is confor-
mally flat if and only if the base manifold (M, G) is a surface of constant
Gaussian curvature 0 or +1.

We now study the condition V¢h = 0 and prove a result of Perrone
[1994]. For each unit tangent vector ¢ € T,,,M, let [t]* be the subspace
of T,,M orthogonal to ¢t and define a symmetric linear transformation
Ly : 1] — [t]* by LiX = Rxt.

Lemma 9.1 If the contact metric structure on Ti M satisfies Veh = 0,
then for any orthonormal pair {X,t} on (M,G), L?X = L;X and (M,G)
1s locally symmetric.

Proof. Since hU; = U; — (Rxyt)Y for a vertical vector U € TyTi M,
we have h?U; = Uy — 2(LyKU)Y + (L2KU)V. Proceeding as in the proof
of Theorem 9.4, we also have [U; = (L?KU)Y +2((D;R) gy ¢t)™. On the
other hand, since V¢h = 0, applying ¢ to the first equation of Proposi-
tion 7.1 gives ¢ + h% 41 = 0. Applying this to U, the vertical part gives
L? = L, on (M,G). The horizontal part gives us that (M,G) is locally
symmetric by a result of Cartan that a Riemannian manifold (M, G) is
locally symmetric if and only if G((DxR)y xY, X) = 0 for all orthonor-
mal pairs {X,Y} (English translation: Cartan [1983, pp.257-258]).

Theorem 9.7 The standard contact metric structure (¢,€,1n,g) on Ty M
satisfies Ve¢h = 0 if and only if the base manifold (M, Q) is of constant
curvature 0 or +1.

Proof. This theorem follows from Lemma 9.1 and the purely Riemannian
result (Perrone [1994]) that a Riemannian manifold (M, G) is locally sym-
metric and satisfies L? = L, if and only if (M, G) is of constant curvature
0 or +1.

As we have been seeing from time to time, conditions on V¢h on a
contact metric manifold are of significant geometric interest. Here we
mention a result of Boeckx, Perrone and Vanhecke [1998]. Define a tensor
field S of type (1,1) by SX# = X# and SXT = —XT.

Theorem 9.8 The base manifold (M,G) is locally isometric to a
two-point homogeneous space if and only if the contact metric structure
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(¢7 57 m, g) on TlM SGtiSﬁ@S
Veh = ahé + bS,

where a and b are functions that are constant along the fibers of T M.
Moreover, this is true if and only if the eigenvalues of h are constant
along the fibers and I maps vertical vectors to vertical vectors.

In Section 6.4 we saw that a contact metric structure gives rise to a
strongly pseudoconvex CR-structure if and only if

(Vxo)Y = g(X + hX,Y)¢ —n(Y)(X + hX).

For the tangent sphere bundle we have the following result of Mitric
[1991], Tanno [1992].

Theorem 9.9 For dim M > 3 the standard contact metric structure on
Ti M gives rise to a strongly pseudoconvexr CR-structure if and only if
the base manifold (M, Q) is of constant curvature.

Proof. Using hU; = U; — (Rgy¢t)", evaluate the right-hand side of
(Vxo)Y = g(X +hX,Y)E —n(Y)(X + hX)

on two vertical vectors U and W and compare with our earlier expres-
sion for the left-hand side. The right-hand side becomes 2g(U, W)&; —
g(Ripet)y ,W)&, while the left-hand side is 2g(U,W)& +
é(RKUtKW)fI. Equality implies that on the base manifold, Rx ;Y is
collinear with ¢ for all X, Y orthogonal to ¢. In particular, G(Rx .Y, X) =
0 for every orthonormal triple {¢, X, Y}, and hence (M, G) is of constant
curvature. Conversely, if RxyZ = ¢(G(Y,Z)X — G(X,Z2)Y), evaluate
both sides of (Vx¢)Y = g(X + hX,Y){ —n(Y)(X + hX) for the four
cases of X,Y being both horizontal, both vertical and each one horizon-
tal with the other vertical, and compare.

Tanno actually proves more: In [1992] (and [1991]) he introduces a
gauge invariant B of type (1,3) (on the contact subbundle) whose van-
ishing implies the CR~condition of Theorem 6.7 and conversely under
the CR-condition, B reduces to the Chern—-Moser—Tanaka invariant. See
Section 10.5 for the notion of a gauge transformation. Tanno proves that
on T'M, dim M > 3, B vanishes if and only if (M,G) is of constant
curvature —1.
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Th. Koufogiorgos studied in [1997a] the idea of constant ¢-sectional
curvature for non-Sasakian contact metric manifolds, especially for (k, u1)-
manifolds. For the tangent sphere bundle he proved the following
theorem.

Theorem 9.10 If (M,G) is of constant curvature ¢ and dimension > 3,
the standard contact metric structure on TyM has constant ¢-sectional
curvature (equal to ¢?) if and only if ¢ = 2 £/5.

For (M, G) a surface of constant curvature ¢ # 1, (71 M, g) has constant
¢-sectional curvature ¢, as follows readily from Theorem 7.9 and the
formula K(X,¢$X) = —(k + p) from the same section.

Recently E. Boeckx [2003] [2005] studied the question of the reducibil-
ity of the tangent sphere bundle.

Theorem 9.11 The standard contact metric structure on the tangent
sphere bundle of a Riemannian manifold of dimension greater than 2
18 locally reducible if and only if the base manifold has o flat factor. If
the tangent sphere bundle is a global Riemannian product, then the base
mamnifold is either flat or a global Riemannian product.

Additional results on the geometry of the tangent sphere bundle can
be found in the survey of G. Calvaruso [2005].

9.3 Geometry of vector bundles

The geometric constructions on the tangent bundle described in Section
9.1 can be carried out on a general vector bundle. In this section we
describe this construction and the corresponding results without proofs.
We follow the treatment given by K. Bang in [1994].

Let (M", G) be a Riemannian manifold with Levi-Civita connection D
and curvature tensor R as before. Consider a vector bundle 7 : E"tF —;
M™ with fiber metric g* and a metric connection V. If (2!, ..., 2") are lo-
cal coordinates on M, set q' = xPor; if {e,} is a local orthonormal basis of
sections of E, writing a point (m,U) € Eas U = Y u%e,, (¢*,...,q") to-
gether with the fiber coordinates (u', . .., u") form local coordinates on E.

For a section ¢ = ) (“e, of E, the connection V is given by

aCOf + Cﬁﬁ%) €a;

where Vy,es = pg;ea-
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If X is a tangent vector field on M and if ¢ is a section of E, the
horizontal lift X of X and the vertical lift ¢V of ¢ are defined by

.0 . 0
H _ 8
X _Xlaqi — X'u Mgi(‘)ua
and

0
oue’

Then 7, X? = X and 7,.¢" = 0. Define a linear map K : TE — E by

CV:CQ

KX =0, K¢, ) =Cm (m,U) €E,

or by its local expression: If (X l X "+ are the components of a vector
X tangent to E at (m,U) with respect to the coordinate basis, then

KX = (X" + X" g, )eq.
We define a Riemannian metric § on E, called the Sasaki metric , by
9(X,Y) = G(m.X,mY) + g" (KX, KY),

where X and Y are vector fields on E. When E = TM and V = D, g is
the Sasaki metric on T'M.

The curvature tensor R of V is given by Rxy( = VxVy(—VyVx(—
Vix,y)¢ and V is said to be flat if R vanishes for all vector fields XY
on M and all sections ¢ of E. Since Rxy( is also a section of E, we
can compute its inner product gJ-(RX y(, 1) with another section 1. We
then define the adjoint R< »X by

G(ReyX,Y) = g (Rxv(,v).

With this notation in mind we give the the covariant derivatives of the
Levi-Civita connection V of the Sasaki metric g at a point (m,U) € E:

_ 1 _ 1 -
Vyn Y7 = (DxY)H — 2(RXYU)V, VyncV = Q(RUCX)H +(Vx¢)V

_ 1 - _
VoY= (Ryc¥)", Vau! =0.
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The curvature R of the Sasaki metric at (m,U) is given as follows: R
vanishes on three vertical lifts and

_ R 1. 1. . i
RcvvaHZ <R<¢Z+4RUCRU¢Z—4RU¢RUCZ> s

_ 1 1. - "
_ 1 . H 1 1 v
H
RXHCVZ = 2 ((DXR)UCZ) + <2RXZC+4RRU<ZXU) ’
_ 1 A - H
RyuyulV = ) (DxR)y Y — (DyR)y¢X)
1 1 v
+ (RXY(—F 4RRUCYXU_ 4RRU§XYU) ’

_ 1. 1. 1. a
RXHYHZH = <RXYZ+ 4RURszX+ 4RURXZUY+ 2RURXyUZ)

+ ;((VZR)XyU)V.

Concerning the questions of the vector bundle E with the Sasaki metric
being locally symmetric or conformally flat, K. Bang proved the following
theorems.

Theorem 9.12 Let 7 : E"* — M" be a vector bundle over a
Riemannian manifold (M,G) with fiber metric g~ and a metric
connection V. Then the Sasaki metric on E is locally symmetric if and
only if the connection V is flat and (M, G) is locally symmetric.

Theorem 9.13 Let 7 : E"* — M"™ be a vector bundle over a
Riemannian manifold (M,G) with fiber metric g* and a metric con-
nection V. Then the Sasaki metric on E is conformally flat if and only
if either (M,G) is flat with flat connection ¥V or (M,G) has constant
curvature with flat connection V and k = 1.

As a corollary K. Bang pointed out that the tangent bundle T'M with
the Sasaki metric g is conformally flat if and only if the base manifold is
flat (Theorem 9.2 above).



186 9. Tangent Bundles and Tangent Sphere Bundles
9.4 Normal bundles

For the case of the normal bundle of a submanifold of a Riemannian
manifold, the above construction of the Sasaki metric was developed
by Reckziegel [1979] and Borisenko and Yampol’skii [1987b] using the
normal connection V1. In this section we consider the special cases in
which the submanifold is a Lagrangian submanifold of a Kéhler manifold
or an integral submanifold of a Sasakian manifold. Again the results were
obtained by K. Bang in his thesis [1994].

First let L be a Lagrangian submanifold of a symplectic manifold M?"
with associated metric § and corresponding almost complex structure .J.
Recall that if X is tangent to L, then JX is normal. Typically, normal
vectors will be denoted by (, v, ¢. Using the ideas of horizontal and
vertical lifts in the case of vector bundles from the last section, we define
an almost complex structure J on the normal bundle 7L of L by

Xt =x)V, J¢ = Jgor
That J? = —I and that the Sasaki metric g is Hermitian with respect
to J are easily verified. However, the symplectic nature of (T+L,J,q)
depends on the ambient manifold (M?",.J, §) being Kihler. Let © be the

fundamental 2-form of the almost Hermitian structure just defined on
T+L.

Theorgm 9.14 Let L be a Lagrangian submanifold of a Kdhler manifold
(M?*,J,§). Then the normal bundle (T+L,Q) is a symplectic manifold.

Proof. Since (J,g) is an almost Hermitian structure, it is immediate
that Q" # 0, so we have only to show that Q is a closed 2-form. First,
it is immediate that Q(X7 V) = 0, QX7 ¢V) = §(X,J(¢), and
Q(¢Y,4") = 0. Now for horizontal lifts of vector fields tangent to L,
we have

XY H) = (XY (R )Y

at the point » € THL. Thus using the coboundary formula for d§), we
have

3dQXH YH 7H)
= XHQYH, zH) + YHEQ(ZH, X1 + ZHQ(XH, Y1)
- (X", Y H), z!h oy, 21, x M) — oz, xM, v
= Q((Rxyv)", Z") + Q((Ry zv)", X" + Q((Rz xv)¥, Y.
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In keeping with the notation of this chapter, let G be the induced metric
on L, D its Levi-Civita connection and R is curvature tensor. Using
the Gauss—Weingarten equations and the Kéahler condition, one readily
obtains

JV%xv = DxJv.

Thus we have

QU(Rxyv)", 2™) = §((Rx )", JZM) = —g((JRxy»)", Z2™)
= —GRxyJr,Z) =GRxyZ, Jv).

Substituting this and like expressions in the coboundary formula and
using the Bianchi identity, we have 3dQ(X",YH ZH) = 0. In much the
same way one shows that dQ(X YH ¢V) =0and dQ(XH, ¢V, 9") =0,
and of course d) vanishes on three vertical vectors.

We now turn to the question of when the above almost Kahler structure
on T+ L is itself Kéhler.

Theorem 9.15 Let L be a Lagrangian submanifold of a Kdahler manifold
(M?",J,G). Then the following are equivalent: (i) (T+L,J,g) is Kdhler.
(i) L has flat normal connection. (iii) L is flat.

Proof. In the previous proof we noted that jvJXV = DxJv and there-
fore Rx ij = jR)L(Yl/. Thus L is flat if and only if L has flat normal
connection.

To complete the proof we show that the almost complex structure .J
on THL is integrable if and only if L has flat normal connection. This
will be done by computing the Nijenhuis torsion of J:

T )XY = X ¢+ (XY (T = T X))
—J1xM ()
= (V4O — (VLX) = J((X, T — (BE ;o))

= —(Vx(+ Vi JJX + JX, I + (JRy ;).

Now using the Kihler condition and the fact that J[X,J¢] is normal to
L one can show that Vx( + VR_JX + J[X, J¢] = 0. Therefore

T, J)XT V) = (TRE ;o)
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Similarly
[j7 j](XH7YH) = (Rg_(YV)V’ [j7 j]((ijV) (RJJ_CL]w )V7

and the result follows.

We remark that in Chapter 1 we proved a theorem of Weinstein that
a symplectic manifold is locally the cotangent bundle of any Lagrangian
submanifold. Here one may note that since JVL xvV=Dx J v, J provides a
connection preserving isomorphism between the tangent bundle and the
normal bundle of L.

Turning to the contact case, let M™ be an integral submanifold of a
contact metric manifold M2" ! with structure tensors (¢, &, 7, §). On the
normal bundle T+ M", we define an almost contact structure (¢, £, 7) by

oXT=@x)", o =0, & ="
for all tangent vectors X and normal vectors ¢ orthogonal to &. Also let
for any vector X. Then 77(§) = 1 and ¢? = —I + 7 ® £ follow easily.
Using the coboundary formula for dij we have at a point v € T+M™,
2dip(X T, YT = X Py ) — yHap(x ") — a(x 7, v 1)
= — (X", Y1].6) = §(Rx yv.£)
= g(RXY’/7 g) + g([AVa Aé]X7 Y)

by the equation of Ricci-Kiihne. For a normal vector ¢ orthogonal to é
we have

Similarly dip(X™,€) =0, d(¢¥,€) = 0 and di(¢",v") = 0.
If now M?"*! is Sasakian, by Lemma 8.1, A = 0, and by Proposition

7.3, RxvE = 7(Y)X — (XY, giving g(RXYV £) = g(RXyV £) = 0.
Thus RX Y§ = 0 for any tangent vectors X and Y, and in turn, RE =0
for all v € T+M"™. Now setting
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we see that dn(X,Y) = g(X,¢Y) for all vector fields on T+M, giving
T+M™ a contact metric structure (¢, &,7, g).

In Section 7.6 we mentioned in passing that there exist many contact
metric manifolds satisfying | = 0 (IX = Rx¢£). This is seen from the
following theorem of Bang [1994].

Theorem 9.16 Let M"™ be an integral submanifold of a Sasakian man-
ifold M1 with structure tensors (¢,€,7,3). Then the normal bundle,
T-M™, has a contact metric structure (¢,€,1,9) satisfying | = 0.

Proof. We have just seen that when M™ is an integral submanifold
of a Sasakian manifold M?**! T-M" has a contact metric structure
(6,€,m,9). So it remains only to show that [ = 0. From the curvature
expressions of Section 9.3 and Z%éyX = 0 we have

Ryn e =4Ryu gva =—(R
and RCV 55 = 0

In particular, we see that the contact metric structure (¢,&,7,g) on
T-M" is never Sasakian. Concerning the question of flat normal connec-
tion we have the following result of Yano and Kon [1983, p.50].

Theorem 9.17 Let M™ be an integral submanifold of a Sasakian mani-
fold M?"*Y. Then M™ has flat normal connection if and only if (M", G)
has constant curvature 1.

As an example of Theorem 9.17 recall Example 5.3.1 of S™ as a totally
geodesic integral submanifold of the Sasakian manifold S?"*!. In this
case the normal bundle 715" has flat normal connection, and 7T+S"
as a contact metric manifold with the structure (¢,&,7,¢g) is again the
common example E"T! x S™(4) (cf. Theorem 7.5).

We also point out that for a normal vector ¢ orthogonal to &, we have on
T+-M" that Vev€ = Ngvév = 0 where V is the Levi-Civita connection
of g. Thus from Lemma 6.2, h¢¥ = —¢V, and hence —1 is an eigenvalue
of h with multiplicity n. Since h¢+ ¢h = 0, +1 is also an eigenvalue with
multiplicity n and h X = X From [X VH] = [X,Y|H — (Ryyv)V
we see that the subbundle [+1] is integrable if and only if M™ has flat
normal connection.

We close this section with a continuation of Example 5.3.2. There we
gave an embedding of the 2-torus as a flat minimal integral submanifold
of S°. In keeping with the notation of Section 9.3 we let {z', 2%} be
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the local coordinates on 72 instead of {u,v}; X; = al,Xg = 62 are

orthonormal in the metric G, the restriction of g to T2 Let e; = ¢X 1
ey = d)XQ and ez = 5 To find Va g = uﬁ eq explicitly, compute Vea
using the Sasakian condition. Then one obtains

1 2 :
py =1, ph=-1, ph=1, pp=1
as the nonzero ugl’s Also {ul,u2,u3} denote the fiber coordinates, so

that {¢' = 2’ om,u®} are local coordinates on T-T2. Now computing the
Sasaki metric g, we have

(25 =+ Sttt
g(a(zi’ aia) = ugi’, §<aia, aiﬂ) — G-

Thus for the contact metric metric structure (1, g) on T+T? we have

QI

1
=, (du® + utdg + u?dg?)

and
1+ (u')? + (ud)? ulu? - 0wt
1 ulu? T+ W2+ @W)? 0 —ud u?
9=, —u? 0 1 0 0
0 —u? 0o 1 0
ul u? 0 0 1

Compare this metric with the metric

5@' + yiyj + (SijZQ 51']‘2’ —yi
g = 5@‘2’ 51‘]‘ 0
—y! 0 1

associated to the Darboux form n = J(dz—3 y’dz’) on R*"*! introduced
in Section 7.2 as a formal generalization of the flat associated metric of
the Darboux form on R3.
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9.5 The geodesic flow on the projectivized tangent
bundle

In this section we consider the geodesic flow on the projectivized tangent
bundle rather than on its usual home, the unit tangent bundle. We do
this in anticipation of our discussion of the complex case, Sections 13.2—
13.4, and for illustrative purposes we restrict ourselves to case where the
base manifold is the Beltrami model of the hyperbolic plane. This model
is the open unit disk in the zy-plane with the Beltrami metric G given
by

(1 —y?)da? + 2zy do dy + (1 — 2?)dy?

ds? =
§ (1 — 22 — y2)2

Geodesics in the model are chords of the disk.

The projectivized tangent bundle, PT M, is the product of the disk
with a real projective line, which one can imagine as vertical line fibers
over a horizontal disk. Let m = Z? be a nonhomogenous coordinate
on the fibers, v! and v? being homogeneous coordinates. We will use
(x,y,m), or (z!,2%,m) to accommodate indexing (1,2,3), to denote the
local coordinates in the projectivized tangent bundle. The metric g on
PTM will be the projection of the Sasaki metric on the tangent bundle,
and the formalism is the following. Set P; = Gj1v' + Giov?. Instead of
tangential lifts we introduce projective lifts by

<a§;i>P - ”1<£i N PiZ”a?ﬂ)

The projective lifts of the coordinate fields project to PTM as

(ai)P —’ _ma?n’ (ai,)P _> a(;'

To obtain the metric g, first recall that the unit tangent bundle is
defined by Gi1(v')? + 2G12v'0? + Ga2(v?)? = 1, and we construct the
fiber as a projective line (m = z?) from this restriction. Note that v! =

—x2 92 .
1=2"~y . First,
\/1+m27(mx7y)2

2 a2
933 :g(ail,ail) —9(((%)13’ (;)P> B (1+n12 - (mxy— y)?)?
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Using this, the component g3 is readily computed from

0= g((ai)H’ (e?y)P) - g(;x tmy f;niyw 8?71’ ai)

m(z + my)

pr— + .
T3 (1 4 m2 — (ma — y)2)?2

Similarly, one finds g3, and then using horizontal lifts one finds g¢11,
g12 and go2. In summary,

g = 2y 22 T 2 ;n(x Z%y) 2127
(1—22-y?)? (1-22—-y*)(1+m? - (mx—y)?)

g Ty m(zx 4+ my)?

12 = — )
(1—-22—y?)?2 (1- y?)(1 +m? — (mx — y)?)?

oy = 1 — 22 (x +my)?

Py T (- - ) w2 (ma — y)?)?

m(z + my) (x + my)
913 = — 2 220 923 = 2 2)2°
(1+m? — (mz —y)?) (1 +m? — (mz —y)?)
].—.'.U2—y2
933 =

(14+m2 — (mzx —y)2)%

The “geodesic flow” is given by the vector field (% +m ay, and an
integral curve through a point (z,y, m) is a line of slope m lying in a copy
of the disk at height m and passing through (z,y). Note that the point at
infinity on a fiber corresponds to a vertical line in the (z,y)-plane. The
geodesic flow is hyperbolic (an Anosov flow without the compactness
requirement), as can be visualized in the following discussion.

Consider a directed line (chord) in the disk and a point on it. Through
the point there are two horocycles; these are ellipses tangent to each
other at the point and tangent to the boundary of the disk at the ends of
the chord. Asymptotic parallels to the line in the positive direction have
greater slope on one side of the line and lesser slope on the other and
are orthogonal to the horocycle in the positive direction from the point.
The curve in the projectivized tangent bundle lying over (and under) the
horocycle whose m-value at each point is the slope of the corresponding
asymptotic parallel is the stable submanifold of the geodesic flow through
each of its points. Similarly, the asymptotic parallels to the line in the
negative direction have lesser slope on the first side and greater on the
other and are orthogonal to the horocycle in the negative direction.
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The curve in the projectivized tangent bundle lying under (and over)
the horocycle whose m-value at each point is the slope of the corre-
sponding asymptotic parallel is the unstable submanifold of the geodesic
flow through each of its points.

The vector field 2 vj(aij Y projects to

1—a? —y? (3 3)

=2
: V1+m2— (mz —y)2\0x dy

and its covariant form is

(1 +y(mz — y))dz + (m — z(mz — y))dy
2(1 — 22 — y2)\/1 +m2 — (mx —y)2

This is a contact form with

—dx ANdy N\ dm

T 40— ) — (e - )

The metric 411 g is an associated metric for the contact form 7, and & is
the characteristic vector field giving a contact metric structure on the
projectivized tangent bundle.






10

Curvature Functionals on Spaces of
Associated Metrics

In this chapter we discuss a number of curvature functionals defined
on the spaces of associated metrics for both compact symplectic and
compact contact manifolds. Since these spaces are smaller than the space
of Riemannian metrics of the same total volume, one expects for the
classical curvature functionals weaker but still interesting critical point
conditions. Other functionals that depend on the symplectic and contact
structures are also considered.

10.1 Introduction to critical metric problems

The study of the integral of the scalar curvature, A(g) = | u TdVy, as
a functional on the set M7 of all Riemannian metrics of the same to-
tal volume on a compact orientable manifold M is now classical, dating
back to Hilbert [1915] (see also Nagano [1967]). A Riemannian met-
ric g is a critical point of A(g) if and only if g is an Einstein metric.
Since there are so many Riemannian metrics on a manifold, one can re-
gard, philosophically, the finding of critical metrics as an approach to
searching for the best metric for the given manifold. Other functions
of the curvature have been taken as integrands as well, most notably
B(g) = [y, 72 dVy, Clg) = [, |p|* dV,, where p is the Ricci tensor, and

D.E. Blair, Riemannian Geometry of Contact and Symplectic Manifolds,
DOI 10.1007/978-0-8176-4959-3_10, © Springer Science+Business Media, LLC 2010
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D(g) = [,; |Rijin|* dVy; the critical point conditions for these have been
computed by Berger [1970]. From the critical point conditions it is easy to
see that Einstein metrics are critical for B(g) and C(g) but not necessar-
ily conversely. For example, an 7-Einstein manifold M?"*! with scalar
curvature equal to 2n(2n + 1) or 2n(2n + 3) is a non-Einstein critical
metric of C(g), Yamaguchi and Chuman [1983]. In the case of B(g),
Yamaguchi and Chuman showed that a Sasakian critical point is
FEinstein.

Another area of interest in the functional B(g) is the study of ex-
tremal Kéhler metrics initiated by Calabi in [1954], [1982] and [1985].
Let (M, J, g) be a compact Kéhler manifold with fundamental 2-form
and let M|q) denote the set of Kéhler metrics on M whose fundamen-
tal 2-forms belong to the same cohomology class as 2. Calabi defined
an extremal metric as a critical point of B(g) restricted to Mg and
proved that a Kéhler metric is extremal if and only if the gradient of the
scalar curvature is a (real) holomorphic vector field, i.e., an infinitesimal
automorphism of the complex structure (see also Besse [1987, p. 334]).
In a developing area, Boyer, Galicki and Simanca [2008], [2009] intro-
duced the notion of an extremal Sasakian structure by considering the
functional B(g) on the set of Sasakian structures with the same char-
acteristic vector field and complex normal bundle as a given Sasakian
structure. Unfortunately, a detailed treatment of these topics would take
us too far afield, and we refer the interested reader to the references in
this paragraph.

Metrics of constant curvature and Kéhler metrics of constant holomor-
phic curvature are critical for D(g), see Muto [1975]. Also, a Sasakian
manifold of dimension m and constant ¢-sectional curvature 3m — 1 is
critical for D(g), see Yamaguchi and Chuman [1983].

To introduce the techniques for our study we will prove the classical
result that a Riemannian metric is critical for A(g) if and only if it is
Einstein. Let M be a compact orientable manifold and M the set of all
Riemannian metrics normalized by the condition of having the same total
volume, usually taken to be 1, but one need not insist on the particular
value in a given problem. As in Section 4.3 we often denote by the same
letter a tensor field of type (0,2) and its corresponding types (1,1) and
(2,0) determined by the metric under consideration, e.g., we may write
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Lemma 10.1 Let T be a second order symmetric tensor field on M.
Then fM trT'DdV, = 0 for all symmetric tensor fields D satisfying
Sy trD dVy =0 if and only if T = cg for some constant c.

Proof. If T' = cg, trT'D = ctrD and the sufficiency is immediate. Thus
we have only to prove the necessity. Let X,Y be an orthonormal pair
of vector fields on a neighborhood & on M and f a C° function with
compact support in 4. Regarding X and Y as part of a local orthonormal
basis, define a tensor field D on M by D(X,X) = f and D(Y,Y) = —f,
with all other components equal to zero and D = 0 outside . Then
Jy (T(X,X) -=T(Y,Y))fdV, = 0 for any C* function with compact
support and hence T'(X, X) = T(Y,Y) for every orthonormal pair X, Y.
Therefore T' = cg for some function ¢ and it remains to show that c is
a constant. To see this, let X be any vector field and D = £xg. Then
since the integral of a divergence vanishes,

0 _/ T9(V,X; +V;X;)dV, = —2/ (ViTY)X; dVy,
M M

but X, is arbitrary so that V;7% = 0 (Lemma 4.7), from which we see
that ¢ must be a constant.

Now the approach to these critical point problems is to differentiate the
functional in question along a path of metrics. The curvature functionals
we study are not generally invariant under homothetic transformations;
so when necessary we normalize these problems by restricting them to
M. Let g(t) be a path of metrics in M; and
_ 993
P = It |

its tangent vector at g = ¢(0). We define two other tensor fields by
1
D" = ) (V;D;" +Vv,D;" —V"Dj;,),
Dyji" = ViDyi" = V; Dy,
where V denotes the Riemannian connection of g(0), and we note that

D.h = h_
71 ot t:07 kji ot t:()’

where Fjih and Rka'h denote the Christoffel symbols and curvature tensor
of g(t).



198 10. Curvature Functionals on Spaces of Associated Metrics

Theorem 10.1 Let M be a compact orientable C* manifold and M,
the set of all Riemanni(m metrics on M with unit volume. Then g € M
is a critical point of A(g fM TdVy if and only if g is Einstein.

Proof. The proof is to compute dt at t = 0 for a path g(t) in M. First
note that from gijgjk = ok,

391'1' -
=-—-D".
ot

t=0

Differentiation of the volume element gives

d d 1 d
dv, = det(g(t))dz" d det(g(t
o= gy Vdetla@)a - ndat = detlato) )av,
1../d 1
= 59" (dtgij>dVg =, DidVy.
Now
dA d/ L
= Ryji"g’" dV,
dt |,y dt Sy 9o

y o

= /M (Drji*g"" — pji D7 + 579" Dji) dVy
o

= /M(—p”—f—QTg”)DﬁdVg,

since the integral of a divergence vanishes. On the other hand, differen-
tiation of [,, dV, = 1 gives [,, D dV, = 0. Thus setting %} o = 0and
applying Lemma 10.1, we have

1
Pji = 5T9ji = CYji

for some constant ¢ and hence that g is Einstein. The converse is imme-
diate.

In [1974a] Y. Muto computed the second derivative of A(g) at a critical
point and proved the following theorem.

Theorem 10.2 The index of A(g) and the index of —A(g) are both pos-
itive at each critical point.
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Y. Muto also considered the second derivative of the functional D(g)
from the following point of view. Let Diff denote the diffeomorphism
group of M; if f € Diff, then D(f*g) = D(g), and hence we have
an induced mapping D : My /Diff — R. We say that a metric g is
a critical point of D if its orbit under Diff is a critical point of D.
Recall from the introduction to this section that a Riemannian metric
of constant curvature is a critical point of D(g); Y. Muto [1974b] proved
the following result.

Theorem 10.3 If M is diffeomorphic to a sphere and go is a metric of
positive constant curvature, then the index of D(g) and the index of D
are both zero at go and D has a local minimum at gg.

We now turn to integral functionals defined on the set of metrics as-
sociated to a symplectic or contact structure. To begin, we recall from
Chapter 4 how the set A of associated metrics sits in the set A of all
Riemannian metrics with the same volume element. In particular, we saw
that a symmetric tensor field D is tangent to a path in A at ¢ if and
only if

DJ+JD =0

in the symplectic case and
DE=0, Do+ oD =0

in the contact case.
Similar to the role played by Lemma 10.1 we have the following lemma
for critical point problems on A.

Lemma 10.2 Let T be a second order symmetric tensor field on M.
Then fM TijDij dV =0 for all symmetric tensor fields D satisfying DJ+
JD =0 in the symplectic case and DE =0, Do+ ¢D = 0 in the contact
case if and only if TJ = JT in the symplectic case and ¢T — T¢ =
n®¢TE — (noT)®E in the contact case (i.e., ¢ and T commute when
restricted to the contact subbundle).

Proof. We give the proof in the symplectic case, the proof in the
contact case being similar (see A. J. Ledger and the author [1986]).
Let X1,..., X9, be a local J-basis defined on a neighborhood U (i.e.,
X1, ..., Xo, is an orthonormal basis with respect to g and Xo; = JX2;_1)
and note that the first vector field X; may be any unit vector field on U.
Let f be a C* function with compact support in U and define a path
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of metrics g(t) as follows. Make no change in g outside ¢ and within
change g only in the planes spanned by X; and X5 by the matrix

L+tf+ 5t f? 2 f?
t2f? L—tf+ 52 f?

It is easy to check that g(¢) € A, and clearly the only nonzero components
of D are D1y = —Dj = f. Then [, T D;; dV = 0 becomes

/ (T =122 fdV = 0.

M

Thus since X1 was any unit vector field on U,
TX,X)=T(JX,JX)

for any vector field X. Since T' is symmetric, linearization gives T'J = JT.
Conversely, if T' commutes with J and D anticommutes with J, then
trTD = trTJDJ = trJTDJ = —trTD, giving T% D;; = 0.

We end this section with our first main result (S. Ianus and the author
[1986]), namely we consider the functional A(g) restricted to the set A
and find the critical point condition. Since A is a smaller set of metrics
than My, we expect a weaker critical point condition than that of being
Einstein; we will see that the condition is that the Ricci operator com-
mute with the corresponding almost complex structure, and hence we
still have a very natural condition.

Theorem 10.4 Let M be a compact symplectic manifold and A the set
of metrics associated to the symplectic form. Then g € A is a critical
point of A(g) = [, T dVy restricted to A if and only if the Ricci operator
Q of g commutes with the almost complex structure corresponding to g.

Proof. The proof is again to compute ‘fl‘? at t = 0 for a path g(¢) in A.

Since all associated metrics have the same volume element, this is easier
than in the Riemannian case. In particular, we have

dA d k ji
dt |,y dt/MR’“” g dVs
= / Dyji* g’ — pji D7 dV,
M

= —/ p'Dj; dV,,
M

t=0 t=0
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Since ijikgji = (Vg Djik)gji = Vk(Djikgﬁ) which is a divergence; note
that trD = 0 and hence Dy,;* = 0. Setting Cﬁl’? = 0, the result follows
from Lemma 10.2.

The commutativity QJ = J@Q is equivalent to p(JX,JY) = p(X,Y)
and is often referred to as the J-invariance of the Ricci tensor or as the
manifold having Hermitian Ricci tensor.

=0

10.2 The *-scalar curvature

In Section 7.2 we defined the *-Ricci tensor and the x-scalar curvature
in contact geometry. In almost Hermitian geometry these are defined
similarly by

pij = R J" T}, 7 = pih.

On a Kéhler manifold, pj; = p;;. The most important property of 7* on
an almost Kéahler manifold is the analogue or forerunner of Proposition
7.7, viz.

1
— 7 =—"|VJJ.
T—T 2\ |

Therefore 7 — 7* < 0, with equality holding if and only if the metric is
Kahler. Thus for M compact, Kéahler metrics are maxima of the func-
tional

K(g):/ T—7"dV
M

on A, and hence it is natural to ask for the critical point condition in
general. This was the main question of S. Ianus and the author in [1986];
the critical point condition for K (g) turns out to be the same as for A(g)

on A, viz. QJ = JQ.

Theorem 10.5 Let M be a compact symplectic manifold and A the set
of metrics associated to the symplectic form. Then g € A is a critical

point of K(g) if and only if QJ = JQ.

At first it may seem surprising that A(g) and K(g) have the same
critical point condition, but we will see in the course of our discussion
that this is natural. The proof of Theorem 10.5 will then be an easy
consequence of Theorem 10.4 and Theorem 10.6 below. It is also natural
to ask whether Kéhler metrics are the only critical points of K(g); the
answer to this is negative and a counterexample was given by Davidov
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and Muskarov [1990] on the twistor space of a compact Einstein, self-dual
4-manifold with negative scalar curvature.

In [1969] S. I. Goldberg showed that if RxyJZ = JRxyZ on an al-
most Kéahler manifold, then the metric is Kéhler and conjectured that
a compact almost Kéhler Einstein manifold is Kahler. This conjecture
is still open, but under the additional assumption of nonnegative scalar
curvature it was proved by Sekigawa [1987]. Without the assumption of
compactness, the conjecture is false; nonexistence was shown by
Armstrong [1998]; Nurowski and Przanowski [1999] gave an example
of a 4-dimensional non-Kéhler almost Kahler that is Ricci flat; and
Apostolov, Draghici and Moroianu [2001] have given noncompact coun-
terexamples to the conjecture in dimensions > 6. The scalar curvature
in the twistor space example, mentioned above, of a non-Kéhler, almost
Kahler manifold satisfying QJ = J(@ is negative; thus one might ask
in light of Sekigawa’s result whether a compact almost Kéhler mani-
fold with QJ = J@Q and nonnegative scalar curvature is Kahler. Draghici
[1999] answered this question affirmatively in dimension 4 and negatively
in general dimension. As a partial result in general dimension, Draghici
proved in [1994] that if M is a compact almost Kéhler manifold with
Hermitian Ricci tensor and if there exists a constant A > 0 such that
A < Rie(X) < 2 for any direction X, then M is Kédhler. Recently there
has been interest in other curvature conditions that imply that an al-
most Kahler structure is Kéhler, especially questions involving the Weyl
curvature tensor; see, e.g., Kirchberg [2004] and Draghici and the author
[2009].

The original proof of Theorem 10.5 was to proceed as in Theorem 10.4
and differentiate —7*. This is very complicated and only after clever use
of many identities does one see that differentiation of this term again
yields a contribution of —p¥ D;; to the integrand and hence that one
has the same critical point condition (precisely 2Q) commuting with .J).
This suggests that if we consider the “total scalar curvature” I(g) =
f u T+ 7°dV, the contributions of each term to the derivative of the
integrand would have canceled each other, and hence every metric in A
would have been a critical point; thus, since A is path connected, I(g)
must be constant on A and hence a symplectic invariant (the author
[1991a]). We now prove this using only relatively short computations.
The motivation for studying the integral of the sum of 7 and 7* lies in
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the author’s work with D. Perrone [1992] on critical point problems in
the contact case and will be discussed later in this section.

Theorem 10.6 Let M be a compact symplectic manifold. Then fMT +
7*dV is a symplectic invariant and to within a constant is the cup product

(et (M) U[Q"H)([M]),
where c¢1 (M) is the first Chern class of M.

Proof. Consider an almost Hermitian manifold with structure tensors
(J,9). The generalized Chern form - is given by

8myij = —4J"pfy — T (V") Vi
Now on an almost Kéhler manifold,
(Vidip)Ji” = (VpJig) Ji;
this is the condition for an almost Hermitian structure to be quasi-Kdhler
(see e.g., Gray and Hervella [1980]). Using this we have the following
computation:
87, JIt = A — TRV T (Vi Tw) T
= 47 — TN YV The) T
= 47" — |VJ|?,
but 7 — 7% = —|VJ|?, and hence

21 + %) = 47 — |VJ|? = 87y J7

Thus the “total scalar curvature” of an associated metric becomes I(g) =
4 fM YijJ7*dV . Moreover, writing © in terms of a J-basis, a simple
computation shows that

g 1
7 dV = ol
S0 0 = e [, 0

Thus one has a relatively easy proof that the “total scalar curva-
ture” is a symplectic invariant, and writing 7 — 7% as 27 — (7 + 77), we
see that A(g) and K(g) have the same critical point condition, proving
Theorem 10.5.
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On a Kéhler manifold the Ricci form is, up to a constant, the first
Chern form v, i.e., 2my;; = fpikjkj. On an almost Kéahler manifold the
Ricci tensor need not be J-invariant and hence the Ricci form is not in
general defined. In [1994] Draghici defined a Ricci form on an almost
Ké&hler manifold by decomposing the Ricci tensor p into its J-invariant
and J-anti-invariant parts and defining the Ricci form ¢ by ¢(X,Y) =
P (X, JY). Similarly define the *-Ricci form by ¢*(X,Y) = p*(X, JY);
since p*(JX,JY) = p*(Y, X), ¢* is a well-defined 2-form. Draghici then
obtained a cohomological version of the Goldberg conjecture and proved
that if M is a compact almost Kéhler manifold whose Ricci form is
cohomologous to the first Chern class, then M is a Kéhler manifold.

In the contact case the results corresponding to Theorems 10.4 and 10.5
were obtained by A. J. Ledger and the author in [1986], and the critical
point conditions are different. The integral K (g) for a contact manifold
M?*t1 s taken to be K(g) = [,, 7 — 7" — 4n?dV (see Proposition 7.7)
even though it is not necessary to include the constant 4n2.

Theorem 10.7 Let M be a compact contact manifold and A the set of
metrics associated to the contact form. Then g € A is a critical point
of A(g) restricted to A if and only if Q and ¢ commute when restricted
to the contact subbundle.

Theorem 10.8 Let M be a compact contact manifold and A the set of
metrics associated to the contact form. Then g € A is a critical point
of K(g) if and only if Q — 2nh and ¢ commute when restricted to the
contact subbundle.

Moreover, from Proposition 7.7 we see that Sasakian metrics, when they
exist, are maxima of K(g).

In approaching Theorem 10.6 we remarked that the study of
f u T+ 7°dV in symplectic geometry was motivated by the correspond-
ing study in contact geometry (Perrone and the author [1992]). It is
interesting to remark that many results in contact and Sasakian geome-
try were motivated by the corresponding ones in symplectic and Kahler
geometry. Here we have an example of a result in contact geometry
preceding its symplectic analogue. In contact geometry the functional
I(g)= [ y T+ 75dV is not an invariant and gives a critical point prob-
lem whose critical point condition gives the important class of K-contact
metrics, i.e., associated metrics for which the characteristic vector field
generates isometries.
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Theorem 10.9 Let M be a compact contact manifold and A the set of
metrics associated to the contact form. Then g € A is a critical point
of I(g) = [y, 7+ 7°dV if and only if g is K-contact.

Proof. The terms 7 and 7* are differentiated as in Ledger and the author
[1986], and the contributions of p% D;; cancel instead of doubling up as
in Theorem 10.8 and the original proof of Theorem 10.5. The result is

that
d

*d
dt/MT—FT %

Thus from Lemma 10.2 and h§ = 0, the critical point condition becomes
¢h — he¢ = 0; but ¢h + h¢ = 0 and hence h = 0. Therefore £ is a Killing
vector field (see Section 6.2).

= —4n/ W'Dy dv.
t=0 M

Turning to the second variation, we have the following result of Perrone
and the author [1995].

Theorem 10.10 The index of I(g) and the index of —I(g) are both
positive at each critical point.

Proof. Referring to Perrone and the author [1995] for details, the second
derivative of I(g) evaluated at a critical point is given by the following
succinct formula:

1"(0) = 2n / tr(¢D£¢D)dV.
M

Now as in the proof of Lemma 10.2, let X1, ..., Xo,,& be a local ¢-basis
defined on a neighborhood U and again note that the first vector field
X1 may be any unit vector field on U orthogonal to £. Let f be a C*
function with compact support in & and define a path of metrics g(t) as
follows. Make no change in g outside U and within ¢/ change g only in
the planes spanned by X; and X5 by the matrix

1+82f2 tf
tf 1)
It is easy to check that g(t) € A, and clearly the only nonzero components

of D are D15 = Do; = f. Denoting the first vector field in the ¢-basis
by X, calculation of I”(0) in the above formula yields

1"(0) = —dn /M (€, X1, X)) v,
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where X may be regarded as any unit vector field on ¢ belonging to
the contact subbundle. Thus the proof reduces to finding unit vector
fields belonging to the contact subbundle on U for which n([[¢, X], X])
has either sign, and again we refer to Perrone and the author [1995] for
details.

As a application of Theorem 10.10 we prove the following result
(Perrone and the author [1995]).

Theorem 10.11 The functional A(g) restricted to A cannot have a local
minimum at any Sasakian metric.

Proof. Suppose that gy is a Sasakian metric and a local minimum of
A(g) in A. Then there exists a neighborhood U of g9 € A on which
A(go) < A(g). Since all associated metrics have the same volume element,
Jyy0dV < [, 7dV for every g € U. From Proposition 7.7,

2 —An? < 14+ 717,

with equality if and only if the metric is Sasakian. Thus we have
1(g0) = / 279 — An® dV < / 27 —4n*dV < I(g)
M M

for every g € U, that is, gg is a local minimum for I(g), contradicting
Theorem 10.10.

10.3 The integral of Ric(§)

The integral L(g) = [, Ric(§) dV was studied in general dimension by
the author in [1984] and independently by Chern and Hamilton in [1985]
in the 3-dimensional case. Recall (Corollary 7.1) that

Ric(€) = 2n — trh?;

thus K-contact metrics, when they occur, are maxima for L(g) on A.
Moreover, the critical point question for L(g) is the same as that for
Jas M2 dV or [, IT1?dV, where T(X,Y) = (£¢9)(X,Y) = 29(X, hoY).
It is the integral E(g) = [,,|T|*dV that was studied by Chern and
Hamilton [1985] for 3-dimensional contact manifolds as a functional on
A regarded as the set of CR-structures on M (there was an error in their
calculation of the critical point condition, as was pointed out by Tanno
[1989]). The first result concerning L(g) is the following.
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Theorem 10.12 Let M be a compact reqular contact manifold and A
the set of metrics associated to the contact form. Then g € A is a critical
point of L(g) = [,; Ric(§) dV if and only if g is K-contact.

Proof. As with our other critical point problems, the first step is to
compute Cfl% at t =0 for a path g(t) € A:

dL
dt

_/ (—himhmk _ ersifrfs 4 2hzk>le dV.
t=0 M

Thus if ¢(0) is a critical point, Lemma 10.2 gives
Rxef = —*X — h2X + 2hX

as the critical point condition. Using the first formula of Proposition 7.1,
this becomes

(Veh)X = —2¢hX.

From this we see that the eigenvalues of h are constant along the integral
curves of ¢ and that for an eigenvalue A # 0 and unit eigenvector X,
9(VeX,0X) = —1.

If now M is a regular contact manifold, then M is a principal circle
bundle with ¢ tangent to the fibers; locally, M is U x S'. Since h¢+ ¢ph =
0, we may choose an orthonormal ¢-basis of eigenvectors of h at some
point of U x S, say Xo;_1, Xoj = ¢pXoi_1, €. Since the eigenvalues are
constant along the fiber, we can continue this basis along the fiber with
at worst a change of orientation of some of the eigenspaces when we
return to the starting point. Thus if Y is a vector field along the fiber,
we may write

Yy — Z(Ozgi_lXQz’—l + (2 X2) + 7€,

2

where the coefficients are periodic functions.

Now suppose that the critical point g is not a K-contact metric. Since
¢ and h anticommute, we may assume that all the Ao; 1,7 =1,...,n, are
nonnegative. Also from (V¢h)X = —2¢hX it is easy to see that if some
of the A9;_1 vanish, the zero eigenspace of h is parallel along £, and hence
we may choose the corresponding Xs; 1 and Xo; parallel along a fiber.
Again since M is regular, we may choose a vector field Y on U x S' such
that at least some ag;_1 Z 0 for some Ag;_1 # 0 and Y is horizontal and
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projectable, that is, [£,Y] = 0. Writing Y = >, (a0i—1X2i—1 + (2 X2)
along a fiber we have using Vx& = —¢X — ¢h X,

0=[Y]=VY - Vy¢
= Z((ﬁazi—l)Xﬂ—l + ;-1 VeXoi_1 + (§62i) Xoi + B2; Ve Xo;

i

+ agi—1X2i + Aai—102i—1X2i — P2iX2i—1 + A2i—152i X2i—1).-

Taking components, we have

0=Eagj1+ Z a2i-19(VeXai, Xoj) + Agj—1025,

1

0=¢EB8; + Zﬁzz'g(vgxzi, Xoj) 4+ Agj_1a2j_1.

Multiplying the first of these by 32;, the second by aw;_1, and summing
on j, we have

5(2 a2j7152j) == Noji(ad;_y + 3 <0.
J J

Thus Zj apj_1[f; is a nonincreasing, nonconstant function along the
integral curve, contradicting its periodicity.

One might conjecture Theorem 10.12 without the regularity. How-
ever, we have the following counterexample: The standard contact met-
ric structure on the tangent sphere bundle of a compact manifold of
constant curvature —1 is a critical point of L but is not K-contact (the
author [1991b]). We give this in the next theorem. Recall also the result
of Tashiro, Theorem 9.3, that the standard contact metric structure on
the tangent sphere bundle of a Riemannian manifold is K-contact if and
only if the base manifold is of constant curvature +1.

Theorem 10.13 Let T1 M be the tangent sphere bundle of a compact
Riemannian manifold (M,G) and A the set of all Riemannian metrics
associated to its standard contact structure. Then the standard associated
metric is a critical point of the functional L(g) if and only if (M,G) is
of constant curvature +1 or —1.

Proof. We have seen that the critical point condition of L(g) is

Rx¢€ = —¢*X — h*X +2hX
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or ¢* + h? +1 = 2h (IX = Rx¢£). Applying this to a vertical vector
U € TyT1 M as in the proof of Lemma 9.1, we find that (M, G) is locally
symmetric by the Lemma of Cartan [1983, pp. 257-258] and that L?X =
X for any orthonormal pair {X,¢} on (M, G). Thus the only eigenvalues
of Ly : [t]* — [t]* are £1. The manifold M is irreducible; for if M
had a locally Riemannian product structure, then choosing ¢ tangent
to one factor and X tangent to the other, we would have Rx = 0,
contradicting the fact that the only eigenvalues of L; are +1. Now the
sectional curvature of an irreducible locally symmetric space does not
change sign. Thus if for some ¢, L; had both +1 and —1 as eigenvalues,
there would be sectional curvatures equal to +1 and —1. Consequently,
only one eigenvalue can occur, and hence (M,G) must be a space of
constant curvature 41 or —1.

Conversely, if (M, G) has constant curvature ¢, our expressions for h
on horizontal vectors X orthogonal to £ and vertical vectors U in Section
9.2, namely

hX = —-X + Rrx ), WU =U— (Rgyqt)Y,

become hX = (¢ — 1)X and hU = (1 — ¢)U. Similarly IU = c*U and
IX = (4c — 3c®)X. Substituting these into the critical point condition,
we see that it is satisfied if and only if ¢ = +1.

In [1991] S. Deng studied the second variation of the functional L(g),
or equivalently, of E(g) = [,,|T|*dV.

Theorem 10.14 Let g € A be a critical point of E(g). Then g is a
MINIMUM.

Proof. As with Theorem 10.10 we will sketch the proof and refer to
Deng [1991] for details. The first step is a lengthy calculation of E”(0)
yielding

E"(0) = 2/ | £eD]?dV > 0.
M

The second step is an auxiliary result that if £¢D = 0, then |T|? is
constant along the geodesics g(t) = geP* in A. Now proceed as follows.
If £eD = 0 for all D, then |T| is constant and hence E(g) is constant.
So suppose that g is not a minimum and that there exist D such that
LeD # 0. Let V' be the subspace of TyA consisting of those D with
LeD =0 and V-t its orthogonal complement. Let ¢ be a neighborhood
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of g in exngJ- (cf. Ebin [1970, p. 37]) on which E exceeds E(g). Let
W be a neighborhood of Y C A formed by geodesic arcs in directions
belonging to V. Since g is not a minimum, there exists g € W such that
E(g) < E(g). Then there is a geodesic v from g in a direction D € V
that meets U at say §. F is constant along v and therefore E(g§) < E(g),
contradicting E(g) > E(g) for g € U.

We have noted a number of times a role played by conditions of the
form V¢h = ahg for some function a, and here the critical point condition
for the functional L, or equivalently F, is of this type, viz. V¢h = 2ho,
equivalently VT — 2T - ¢ = 0, where T'- ¢(X,Y) = T(X, ¢Y). Barletta
and Dragomir [2001] pointed out that this condition has a “universality”
property for functionals depending on |T'|? and refer to VeI'-2T-¢p =0
as Tanno’s equation. Specifically, let f : R — R be a real analytic
function and set t = |T'|%. Then g € A is a critical point of the functional
E¢(g) = [ f(t)dV on A if and only if

F'OENT + f1(6)(VeT = 2T - ¢) = 0.
In [1992b] D. Perrone considered the integral

F(g) = /M T+ 7"+ 2nRic(§) dV,

or setting 71 = 7" +2nRic(§), F(g) = [, 7+71dV on A. In dimension 3,
letting K (D) denote the sectional curvature of the contact subbundle D,
T =2K (D) + 2Ric(§), and 7" = 2K (D), so 71 = 7. In higher dimensions
using Proposition 7.7,

71 =7+ (2n — 1)(Ric(€&) — 2n) + ;(|V<z5|2 —4n),

and hence if the manifold is Sasakian, 7y = 7. The critical point condition
for F(g) is V¢h = 0.

Little has been said about the existence of critical metrics, and in
general this is a difficult problem. Recall the notion of an almost reg-
ular contact manifold as given by C. B. Thomas [1976] (Section 3.4).
Rukimbira [1995¢] proved that every almost regular contact manifold
admits a critical metric for E(g) (equivalently L(g)). A number of peo-
ple, including this author, have raised the question of approaching the
existence question as a Ricci flow problem on A, but to date there are
no definitive results.
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10.3.1 H-contact manifolds

We have often encountered the condition that £ be an eigenvector of
the Ricci operator Q. One of the more important interpretations of this
condition is that of an H-contact manifold as introduced by D. Perrone
[2004], and this is a good place to discuss this concept. First, on a given
compact m-dimensional Riemannian manifold (M, ¢), a unit vector field
X is said to be a harmonic vector field (C. M. Wood [1997]) if it is a
critical point of the energy functional

E(X) = 5 " ol(M, g) / VX2 dV
on the space of all unit vector fields. Perrone then defines an H-contact
manifold to be a contact metric manifold for which the characteristic
vector field £ is a harmonic vector field and proves the following theorem.

Theorem 10.15 A contact metric manifold is an H-contact manifold if
and only if its characteristic vector field is an eigenvector of the Ricci
operator.

Note that from V& = —¢— ¢h, if we consider the energy £ as a functional
on A for a fixed contact form, and hence a fixed unit vector field &, then
g € A is critical for £ if and only if it is critical for the functional L.

In the same paper Perrone also proves the following theorem.

Theorem 10.16 Let (M?"+1, 5, g) be a compact H-contact manifold such
that g is critical for L. If p + cg is positive definite for some constant

c<2— \|/72|n, the first Betti number of M*"1 vanishes.

Furthermore, in dimension 3, Perrone showed that a compact H-contact
3-manifold such that g is critical for L is either Sasakian or locally isomet-
ric to a non-Sasakian left-invariant contact metric structure on SL(2,R)
and conversely. In particular, using the classification of Geiges, Theorem
6.4, Perrone showed that a compact H-contact 3-manifold such that g is
critical for L is diffeomorphic to a left quotient of SU(2), the Heisenberg
group or SA’E(Q,R) by a discrete group.

By a result of Han and Yim [1998], a harmonic vector field X on a
Riemannian manifold (M, g) defines a harmonic map into the tangent
sphere bundle with the metric ¢’ induced from the Sasaki metric on TM
(see Section 9.2) if it satisfies the additional condition

tl”(Z — *RVZX,XY) =0
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for all vector fields Y on M. Perrone [2003] related this idea to the gener-
alized (k, u)-manifolds of Koufogiorgos and Tsichlias [2000] by showing
that a 3-dimensional contact metric manifold is a (k, s1)-manifold on an
everywhere open dense set if and only if the characteristic vector field
defines a harmonic map into the tangent sphere bundle. Following up on
these ideas, Koufogiorgos, Markellos and Papantoniou [2008] introduced
the notion of a (k, u,v)-manifold as a contact metric manifold whose
curvature tensor satisfies

Rxy&=r(n(Y)X —n(X)Y) + pn(Y)hX —n(X)rY)
+v(n(Y)h¢X — n(X)heY)

for functions k, g and v and showed that for dimensions > 3 such
a manifold is a (k, p)-manifold. However, in dimension 3 they proved
that a (k,u,r)-manifold is an H-contact manifold and conversely, a
3-dimensional H-contact manifold is a (k, u,v)-manifold on an every-
where open dense set. This paper also contains examples of 3-dimensional
(k, pt, v)-manifolds that are not generalized (k, p)-manifolds, and there-
fore for these examples the characteristic vector fields are harmonic
vector fields but do not define harmonic maps.

10.4 The Webster scalar curvature

In Theorem 6.7 we saw that a contact metric manifold is a strongly
pseudo-convex CR-manifold if and only if (Vx¢)Y = g(X + hX,Y)§ —
N(Y)(X +hX). On a strongly pseudoconvex CR-manifold Tanaka [1976]
introduced a canonical connection. In [1989] Tanno introduced the corre-
sponding connection on a contact metric manifold called the generalized
Tanaka connection; it agrees with the connection of Tanaka when the
contact metric manifold is a strongly pseudoconvex (integrable)
CR-manifold. This connection, denoted by *V, is defined by

VXY = VxY +n(X)oY —n(Y)Vx&+ (Vxn)(Y)E
= VxY+n(X)oY +n(Y)(¢X + ¢hX) + dn(X,Y)§+dn(hX, Y)E.
The torsion of this connection, *T', is given by
T(XY) =n(X)oY = n(Y)oX —n(Y)Vx{+n(X)Vy& + 2dn(X,Y)E
= n(Y)ohX —n(X)ohY +29(X, ¢Y)E.
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Tanno [1989] then proves the following proposition.

Proposition 10.1 The generalized Tanaka connection *V on a contact
metric manifold is the unique linear connection such that

*Vn=0, *V&=0, *Vg=0,
((Vx9)Y = (Vxo)Y — g(X + hX,Y)§ +n(Y)(X + hX),
*T(X,Y) = 2dn(X,Y)¢, onD.

Tanno also computed the curvature of *V and upon contraction
obtains the generalized Tanaka—Webster scalar curvature

Wi =71 — Ric(§) + 4n.

This is eight times the Webster scalar curvature as defined by Chern
and Hamilton [1985] on 3-dimensional contact manifolds and as used by
Perrone [1998] in Theorem 7.26.

We now prove a theorem of Chern and Hamilton [1985], an alternate
proof of which was given by Perrone in [1990], and a theorem of Tanno
[1989]. The proofs will be given simultaneously.

Theorem 10.17 (Chern-Hamilton) Let M be a compact 3-
dimensional contact manifold and A the set of metrics associated to the
contact form. Then g € A is a critical point of E1(g) = [, W1dV if and
only if g is K-contact.

Theorem 10.18 (Tanno) Let M be a compact contact manifold and A
the set of metrics associated to the contact form. Then g € A is a critical
point of Ei(g) = [, W1 dV if and only if

(Qd = dQ) — (I¢ — ¢l) = 49h — N ® PQE + (N0 QP) ®E.

Proofs. Clearly it is enough to consider [’ 1y T — Ric(§) dV, and having
computed the derivatives of each term separately in our previous theo-
rems, we have

d
&t /MT — Ric(§)dV

Thus by Lemma 10.2 we see that the critical point condition is

(Qd — ¢Q) — (I¢ — ¢l) = 49h — N ® PQE + (N0 QP) ® .

t=0 M
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Now in dimension 3, the Ricci operator determines the full curvature
tensor, i.e.,

RxyZ = (9(Y, 2)QX — g(X. 2)QY +g(QY, 2)X — g(QX. Z)Y)

T

= (Y, 2)X = g(X, 2)Y).
Therefore the operator [ is given by

IX = QX = n(X)Q¢ +9(Q8, X — g(QX, ¢ — | (X — n(X)¢),
from which

(¢ — o)X = (Q¢ — 9Q) X + n(X)PpQE — 9(QP X, §)E.
Combining this and the critical point condition, we have 4¢h = 0, and
hence, since hé =0, h = 0.

As we saw in the last section, in dimension 3, 7 = 2K (D) + 2Ric(§)
and 7 = 2K (D). Using this, W7 = 7 — Ric(§) + 4n becomes

1
Wy = 2(T—|—T*—|—8).

Thus in dimension 3 the critical point problem for Fi(g) is the same as
the critical point problem for I(g) in Theorem 10.9, suggesting that

1
W = 2(T+T*+4n(n+1))

may be the proper generalization of the Webster scalar curvature.

There are, however, other generalizations of the Webster scalar curva-
ture. Again in dimension 3, we may write Wy as 7* + Ric(§) + 4, and we
define a second generalization of the Webster scalar curvature by

Wy = 7" + Ric(§) + 4n?.
In general dimension the critical point condition of Ey(g) = [,, WodV is

Q¢ —¢Q) — (Ip — ¢l) = —4(2n — 1)oh =1 © QL+ (o0 QP) ® ¢

(see Perrone and the author [1992]). The generalization of the Webster
scalar curvature W = é(7'+7'* +4n(n+1)) is the average of Wy and Wh.
Th. Koufogiorgos [1997b] has considered the difference of these, and we
briefly mention his results.
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Proposition 10.2 Let M?"*t! be a contact metric manifold with a
strongly pseudoconver CR-structure. Then

Q¢ —9Q) = (Ip — ¢l) + 4(n — hé —n @ $QE + (n© Q) ®E.

Theorem 10.19 Let M?***+1 be a contact manifold withn > 1 and A the
set of associated metrics. If g € A gives rise to a strongly pseudoconvex
CR-structure, then g is a critical point of fM Wi — WydV.

The idea of the proof of this theorem is to find the critical point condition
of [, W1 — WadV, which is exactly the formula of Proposition 10.2.

Finally, a word is in order on the constants depending on dimension
that occur in the definitions of Wy, Wy and W. Again recall the notion
of a D-homothetic deformation, namely a change of structure tensors of
the form

i - 1 _
n = an, €=a€, p=¢, g=ag+ala—1)n®n,

where a is a positive constant. By direct computation one shows that 7,
Ric(§), and 7* transform in the following manner:

11— — 12
T= T+ GQGRZ'C(@ - 2n<a a ) ’
Ric(é) = ;2 (Ric(€) + 2n(a® — 1)),
1, a—1, 1- 1-ad?
AR Ric(¢) + 2n (2n aa) + ).

—%
7

From these we see that W = ;Wl, Wy = in and W = iW

10.5 A gauge invariant

Use has often been made of the notion of a D-homothetic deformation, as
we have seen. The notion of a gauge transformation of a contact metric
structure has not received as much attention. No doubt this is due in part
to computational complexity; nonetheless, comparing with the notion of a
contact structure in the wider sense, the notion of a gauge transformation
should be fundamental and deserving of attention.

Let (M?"! ¢,£,m,9) be a contact metric manifold and consider a
gauge transformation 77 = on of the contact structure, where o is a
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positive function on M?"*+1. Let ¢ = 210q5V0', Vo being the g-gradient
of the function o, and let z be the covariant form of (. Now define new
structure tensors £, ¢ and g by

o _ 1
= ler0. a0+, ne T (0.
g=o(g—-n®z—z0n) +aolc—1+[(*)nan.

Then (¢,£,7,g) is a contact metric structure, and the change from
(6,€,m,9) to (¢,€,7,7) is called a gauge transformation of the contact
metric structure. When o is a constant this is a D-homothetic deforma-
tion. The notion of a gauge transformation in contact metric geometry
is due to Sasaki [1965, p. PTSB-1-3] (see also Tanno [1989]).

Tanno [1989] computed the change of the generalized Tanaka—Webster
scalar curvature under a gauge transformation. The result of his
computation is

2(n+1) (n+1)(n—2)

- 1

W= (Wi- (Ag —ggo) =TT ((dof? = (600
In the same paper Tanno generalizes an invariant of Jerison and Lee
[1984] for strongly pseudoconvex CR-manifolds; specifically, he considers

g =it { [ (" G = epy + mar?) av, )

where the infimum is taken over all nonnegative functions f such that
fM fPdvVy=1,p=2+ i, and proves that r(, ;) is a gauge invariant.

Now for a compact contact manifold (M?"1 n) let F(p) be the set
of all nonnegative functions f such that | u fPdVy = 1 and define a
functional F;, : M x F(p) — R by

e n= [ (0 are - eop +w) v,

Also define F{,, ;) : F(p) — R by F;, o(f) = Fy(g, f). In [1989] Tanno
studied these functionals in detail; here we mention only the following
result.

Theorem 10.20 Let (M?"*1 ¢,¢,m, g) be a compact contact metric man-
ifold with constant generalized Tanaka—Webster scalar curvature Wi.
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Then F, is critical at the pair (g, f) with f = (vol(M,g))~"/? if and
only if

Qb — dQ) — (¢ — ¢l) = 49h — N ® pQE + (N0 QP) ®&.

Note that this is also the critical point condition of Ei(g) = [,, W1 dV
in Theorem 10.18.

10.6 The Abbena metric as a critical point

In Section 1.1 we discussed Thurston’s example of a compact symplectic
manifold with no Kéhler structure and a natural Riemannian metric
on this manifold introduced by E. Abbena [1984]. She computed the
curvature, and with respect to the basis {e;} introduced in Section 1.1,
the Ricci operator @) is given by the matrix

—5 0 00
0 -5 00
0 0 3 0
0 0 00

From the expression for @ it is clear that (M, g) is not Einstein, nor is
QJ = JQ. Thus this metric is not a critical point for A(g) considered
as a functional on M or on A, or for K(g) on A. Also, 7 = —1/2 and
T* = +1/2, giving zero for the “total scalar curvature”.

In [1996] Park and Oh discussed a functional for which the Abbena
metric on the Thurston manifold is a critical point; their results are
given in the following theorem. Recall that M; denotes the space of
Riemannian metrics with unit volume.

Theorem 10.21 The Abbena metric on the Thurston manifold is a crit-
ical point of the functional

/ (4trQ37'> aVy
M \3

on M. The index of this functional and its negative are both positive at
the Abbena metric on the Thurston manifold.

We remark that the Abbena metric on the Thurston manifold is a
critical point for K (g) in a different context. C. M. Wood [1995] showed
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that the Abbena metric is a critical point of K(g) = —3 [, [VJ[>dV
defined with respect to variations through almost complex structures J
that preserve g. For this problem the critical point condition is

[J,V*V.J] =0,

where V*VJ is the rough Laplacian of the metric in question.
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Negative &-sectional Curvature

In this chapter we introduce some special directions that belong to the
contact subbundle of a contact metric manifold with negative sectional
curvature for plane sections containing the characteristic vector field.
We also discuss in this chapter some questions concerning Anosov and
conformally Anosov flows.

11.1  Special directions in the contact subbundle

In [1998] the author introduced some special directions belonging to the
contact subbundle of a contact metric manifold with negative sectional
curvature for plane sections containing the characteristic vector field &
or more generally when the operator h admits an eigenvalue greater
than 1. For simplicity we will often refer to the sectional curvature of
plane sections containing the characteristic vector field £ as &-sectional
curvature.
We may regard the equation

Vyé = —¢X — ohX

of Lemma 6.2 as indicating how £ or, by orthogonality, the contact
subbundle rotates as one moves around on the manifold. For example,

D.E. Blair, Riemannian Geometry of Contact and Symplectic Manifolds,
DOI 10.1007/978-0-8176-4959-3_11, © Springer Science+Business Media, LLC 2010
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when h = 0, as we move in a direction X orthogonal to &, & is
always “turning” or “falling” toward —¢X. If hX = AX, then Vx& =
—(1 + X\)¢X, and again ¢ is turning toward —¢X if A > —1 or toward
¢ X if A < —1. Recall that we noted above that if A is an eigenvalue of h
with eigenvector X, then —\ is also an eigenvalue with eigenvector ¢.X.

Now one can ask whether there can ever be directions, say Y orthog-
onal to &, along which ¢ “falls” forward or backward in the direction of
Y itself.

Theorem 11.1 Let M?"*! be a contact metric manifold. If the tensor
field h admits an eigenvalue X > 1 at a point p, then there exists a vector
Y orthogonal to & at p such that Vy¢€ is collinear with Y. In particular,
if M2+ has negative &-sectional curvature, such directions Y eist.

Proof. Let )\ denote a positive eigenvalue of h and X a corresponding
unit eigenvector. Then

VX&Z—(l'F)\)(ﬁX, V¢X§:(1—>\)X.

Now let Y = aX + bpX with a > 0,b > 0,a® + b? = 1 and suppose that
Vy€& = aY. Then

a(aX +bpX) =Vy&=—(14 NapX + (1 — \)bX,

from which aa = (1 — A\)b, ab = —(1 + X)a and hence

2 A—1 9 A+1 B 5

a” = 9y b = 9y 04*—\/)\—1.
Thus we see that directions along which Vy¢ is collinear with Y
exist whenever h admits an eigenvalue greater than 1. From the fact
that Ric(¢) = 2n — trh? (Corollary 7.1) we see that if M?"*! has neg-
ative &-sectional curvature, at least one of the eigenvalues of h must
exceed 1.

Note that when there exists a direction Y along which Vy¢ is collinear
with Y as above, there is also a second such direction, namely Z =
aX —bpX. For Z we have Vz£ = —aZ; thus we think of £ as falling
backward as we move in the direction Y and falling forward as we move
in the direction Z.

Next note that 1

V,Z)=a*> -V =~
9, Z) =a N
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and hence that such directions Y and Z are never orthogonal. Also, if
A has multiplicity m > 1, then there are m-dimensional subbundles Y
and Z such that Vy§& = aY for any Y € Y and Vz§ = —aZ for any
7 € Z. We refer to directions along which the covariant derivative of &
is collinear with the direction as special directions.

11.2 Anosov flows

The most notable example of a contact manifold for which the char-
acteristic vector field is Anosov is the tangent sphere bundle of a neg-
atively curved manifold; here the characteristic vector field is (twice)
the geodesic flow, as we saw in Section 9.2. In the case of the tangent
sphere bundle of a surface, this is closely related to the structure on
SL(2,R) from both the topological and Anosov points of view. If we set
Zy = {((1) (1)), (Bl _01)}, then PSL(2,R) = SL(2,R)/Z5 is homeomorphic
to the tangent sphere bundle of the hyperbolic plane. Moreover, the geo-
desic flow on a compact surface of constant negative curvature may be
realized on PSL(2,R)/T by {(eot egt)}v where I is a discrete subgroup
of SL(2,R) for which SL(2,R)/T" is compact (see e.g., Auslander, Green
and Hahn [1963, pp. 26-27]). However, from the Riemannian point of
view these examples are quite different, as we shall see. In fact, in the
case of the tangent sphere bundle of a negatively curved surface, the spe-
cial directions never agree with the stable and unstable directions of the
Anosov flow (Theorem 11.3).

Classically an Anosov flow is defined as follows (Anosov [1967]). Let
M be a compact differentiable manifold, £ a nonvanishing vector field
and {1} its 1-parameter group of (C*) diffeomorphisms. {1;} is said to
be an Anosov flow (or £ to be Anosov) if there exist subbundles E* and
E" that are invariant along the flow and such that TM = E*@® EY @ {£},

and there exists a Riemannian metric such that

Y| < ae”|Y]fort > 0andY € Ej,
Y| < ae[Y|fort <Oand Y € E,

where a and ¢ are positive constants independent of p € M and Y in
E} or E. The subbundles E* and E* are called the stable and unstable
subbundles or the contracting and expanding subbundles. The subbundles
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E® and E* are integrable with C* integral submanifolds, but in general
the subbundles themselves are only continuous.

When M is compact the notion is independent of the Riemannian
metric. If M is not compact the notion is metric dependent; in fact, we
will give an example of a metric on R? with respect to which a coordinate
field is Anosov, even though a coordinate field is clearly not Anosov
with respect to the Euclidean metric on R3. Since we are dealing with
Riemannian metrics associated to a contact structure, when we speak
of the characteristic vector field being Anosov, we will mean that it is
Anosov with respect to an associated metric of the contact structure.

The following properties of Anosov flows will be of importance here.
The subbundles £* ® {£} and E" @ {£} are integrable (Anosov [1967,
Theorem 8]). Let i denote the measure induced on M by the Riemannian
metric. Recall that a flow is ergodic if for every measurable set S, 14(S) =
S for all ¢ implies p(S)u(M — S) = 0. If on a compact manifold an
Anosov flow admits an integral invariant, i.e., an invariant measure that
is equivalent to the measure y, in particular if it is volume preserving,
then it is ergodic (Anosov [1967, Theorem 4]), and in turn, by the ergodic
theorem almost all orbits are dense (see e.g, Walters [1975, pp. 29-30]).

As an aside we note that on a compact manifold, an Anosov flow has
a countable number of periodic orbits (Anosov [1967, Theorem 2]) and
if the flow admits an integral invariant, then the set of periodic orbits is
dense in M (Anosov [1967, Theorem 3]). This has an immediate implica-
tion for contact geometry. In Section 3.4 we discussed the conjecture of
Weinstein that on a simply connected compact contact manifold, & must
have a closed orbit, so in particular the Weinstein conjecture holds (with-
out the simple connectivity) for a compact contact manifold on which £
is Anosov.

Let us now turn our attention to the case of a 3-dimensional contact
metric manifold and suppose that the &-sectional curvature is negative
and that £ is Anosov with respect to the associated metric. We then have
both the special directions of Section 11.1 and the Anosov directions, i.e.,
the 1-dimensional stable and unstable bundles. One can then ask what
happens if the special directions and the Anosov directions agree.

Theorem 11.2 Let (M3,n,g) be a 3-dimensional contact metric mani-
fold with negative &-sectional curvature. If the characteristic vector field
& generates an Anosov flow with respect to g and the special directions
agree with the Anosov directions, then the contact metric structure
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satisfies V¢h = 0. Moreover, if M3 is compact, then it is a compact
quotient of SL(2,R).

Proof. Suppose that Y is a local unit vector field such that Vy & = aY,
a = —/\2 — 1. Since ¢ is Anosov and ) agrees with the stable Anosov
subbundle, the subbundle Y & {{} is integrable. Thus from [¢,Y] =
VeY —aY, VY belongs to Y & {¢}; but g(VeY,€) =0 and Y is unit, so
g(VeY,Y) = 0. Thus V¢Y = 0. Similarly V¢Z = 0. Recall the operator
[ defined by IX = Rx¢{ for any X; clearly [ is a symmetric operator.
Computing Ry ¢§ and Rz¢{ we have

IY = —(a+ %)Y, 1Z=(¢a—a*)Z;

but Y and Z are not orthogonal, so éa = 0 and I|p = —a?I|p. Now
compute V¢h acting on each vector of the h-eigenvector basis, { X, ¢.X, £},
using the first equation of Proposition 7.1; this gives

(Veh)X = (X — X —1X) = ¢(X — N2X +a?X) =0

and similarly (Veh)oX = 0; (Veh)é = 0 is immediate. Therefore
Veh = 0.

Finally, recall a result of E. Ghys [1987] that if £ is Anosov on a
compact 3-dimensional contact manifold M and the Anosov directions
are smooth, then M is a compact quotient of SL(2,R). This may also be
proved directly using consequences of V¢h = 0; see the author’s paper
[1998].

We now exhibit a family of contact metric structures on the Lie group
SL(2,R), show that the characteristic vector field is Anosov, and show
that the special directions agree with the Anosov directions.

On a 3-dimensional unimodular Lie group we have a Lie algebra struc-
ture of the form

[62,63] = ceq, [63761] = 262, [61762] = C3€3.

In [1976] J. Milnor gave a complete classification of 3-dimensional Lie
groups and their left-invariant metrics. If one ¢; is nonzero, the dual
1-form w; is a contact form and e; is the characteristic vector field.
However, for the Riemannian metric defined by g(e;,e;) = 6;; at the
identity and extended by left translation to be an associated metric for
wi, we must have ¢; = 2. For SL(2,R) two of the ¢;’s are positive and one
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negative in the Milnor classification, so taking w; as the contact form,
we write the Lie algebra as

[ea, €3] = 2e1, [es,e1] = (1 — Nea, [e1,ea] = (1+ Nes, (%)

where A > 1. Further, by way of notation, set

SL(z,R):{<i g)‘m—yu:1}.

Now consider the matrices

SVAZ -1 0
0 —VA2—1 )’

0 _\/)\-QH 0 _\/)\;1
A1 ’ A-1
Vi R
in the Lie algebra sl(2,R), which we regard as the tangent space of

SL(2,R) at the identity. Applying the differential of left translation by
¥ ¥) to these matrices gives the vector fields

1 0 0 0 0
2 _ _ _
G 2\/A ! (xaz: y@y Ty U(%) ’

C\/A+1 o _, 0 o 0
2 2 Vou dy  Ou ov )’

C__\/)\—l o 0. 0. 0
T 2 \You dy  Ou ov )’

whose Lie brackets satisfy (x). Using these matrices again, define a left-
invariant metric g; then {(1, (2, (3} is an orthonormal basis. The contact
form wy is given by

2

w1 = vdr —vy du).

e ¢ y du)
The characteristic vector field £ is (3. The metric g is an associated
metric and ¢ as a skew-symmetric operator is given by ¢¢ = 0 and

¢l = (3. The symmetric operator h is given by hé = 0, h(s = A(a,
h(s = —A(3. The special directions are

A—1 A+1 VA2 -1 9 0
Y\/Q)\ C2+\/2)\ == VA <x8y+u8v>
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A—1 A+ 1 VA2 -1/ 0 0
Z_\/QA CQ_\/zx A (yax”au)'

The 1-parameter group of {1} of £ is given by
z oy pez VA1t ye‘é‘/xz_”
Ve w v )\ gerVlt e—sVA-Lt |

Then applying ¥4 to Y at a point p yields

and

wt*Yp — e*é\/)ﬁflt}{n — 67\/>\271tY1[)t(p)7
1 _ —
b2y = e2 VA 1th VN 1tZ¢t(p)'

Thus the corresponding subbundles ) and Z are invariant under the
flow. Finally, since {(1, (2, (3} is orthonormal, |Y|? = )‘2_)\1 + )‘2';1 =1and
hence 1
—_ 2_
Y| = e 2V

similarly
132
W2y = €2V Z,).

Thus & is an Anosov vector field and the special directions Y and Z agree
with the Anosov directions.

In contrast to this, consider the contact metric structure on the tan-
gent sphere bundle. We mentioned at the beginning of this section that
the tangent sphere bundle of a surface is closely related to the struc-
ture on SL(2,R) from both the topological and Anosov points of view.
Comparing the above with the following theorem, we see that from the
Riemannian point of view these are quite different.

Theorem 11.3 With respect to the standard contact metric structure
on the tangent sphere bundle of a negatively curved surface, the charac-
teristic vector field is Anosov, but the special directions never agree with
the stable and unstable directions.

Proof. We noted in Section 9.2 that for the standard contact met-
ric structure on the tangent sphere bundle of a Riemannian manifold,
the characteristic vector field £ is (twice) the geodesic flow, which is an
Anosov vector field when the base manifold is negatively curved (see, e.g.,
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Anosov [1967]). By Theorem 11.2, if the special directions of the contact
metric structure agree with the Anosov directions, then V¢h = 0. Now
by Theorem 9.7 the standard contact metric structure of the tangent
sphere bundle of any Riemannian manifold satisfies V¢h = 0 if and only
if the base manifold is of constant curvature 0 or +1.

Perrone [2000], utilizing the special directions Y and Z belonging to the
contact subbundle on a contact metric manifold of negative £-sectional
curvature, introduced another notion. Let ) and Z denote the subbun-
dles generated by Y and Z. The special directions are said to be Anosov-
like if the subbundles Y @ {¢} and Z @ {{} are integrable. Perrone then
proved that a contact metric 3-manifold admits Anosov-like special direc-
tions if and only if it satisfies V¢h = 0 and has negative Ricci curvature
in the direction &.

Three-dimensional contact metric manifolds satisfying V¢h = 0 were
called 3-7-manifolds by F. Gouli-Andreou and Ph. Xenos [1998]. The
name comes from the equivalent condition V¢7 = 0, where here 7 = £L¢g;
in particular, 7 and h are related by 7(X,Y) = 2¢(h¢X,Y).
A 3-dimensional contact metric manifold on which the Ricci operator
@ and ¢ commute satisfies V¢h = 0 but not conversely.

We close this section with an example (the author [1996]) of a contact
metric manifold satisfying V¢h = 0 but with Q¢ # ¢Q. We include this
example here because it is also an example of a metric on R? with respect
to which the coordinate field aaz is Anosov.

Consider the standard Darboux contact form n = }(dz — ydz) and
characteristic vector field & = 2 gz . Let f be a smooth function of x and
y bounded below by a positive constant ¢. Then the metric given by

zf 1 2 7zf,2 zf _
1 € +( +f2)6 + y2 € f 1 _y
= erf -1 zf
g 4 7 e 0
-y 0 1

is an associated metric. The tensor fields ¢ and h are given by

esz—l ezf 0
zf 2\po—2f _ ezf_
o= | (O ey g |
zf _ e
y(“ ) yerl 0
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e?f ferf 0
B — _(fezf'i'(lﬂ;)(—f)@*zf) —e*l 0
yef yferf 0

By direct computation, Veh = 0. Also 2A\? = trh? = 2(1 + f?), and
hence the positive eigenfunction of h is A = \/ 1+ f2 > 1. Now on a
3-dimensional contact metric manifold satisfying Q¢ = ¢(@Q), the eigen-
function A is a constant (Koufogiorgos, Sharma, and the author [1990]).
Thus if f is not constant this structure on R? satisfies V¢h = 0 but not
Qo = 9Q.

For this structure the special directions discussed in Section 11.1 are

given by
0

0 0 0
Y_fﬁm_3y+yf8z’ Z=

oy’

To check that £ = 2 gz is Anosov with respect to g, consider for simplicity
just faz; its flow 1, maps a point pg(x,y, z) to the point p(x,y,z + t).
Now recalling that the function f was chosen to be bounded below by a
positive constant ¢, we have for ¢t < 0,

B)
dy

‘%*a(z(po)‘ _ ’;y(p)‘ _ ;e(zgt)f _

(on)| < e (0]
Similarly for ¢t > 0,

)
dy

—ct

+yfaaz)(po) <e-z (f(9 0 +yfaaz)(po)‘-

ox _8y

0
‘¢t* (f or
Thus 2 equivalently &, is Anosov with respect to this metric;

0z’
Y determines the stable subbundle and Z the unstable subbundle.

11.3 Conformally Anosov flows

Another interesting notion, more general than an Anosov flow, is that of
a conformally Anosov flow. We will show that if a 3-dimensional com-
pact contact metric manifold has negative -sectional curvature, then the
characteristic vector field is conformally Anosov.

Mitsumatsu [1995] and Eliashberg and Thurston [1998] introduced a
generalization of Anosov flows as follows. A flow v and its corresponding
vector field are said to be conformally Anosov, Eliashberg and Thurston
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[1998] (projectively Anosov Mitsumatsu [1995]), if there is a continuous
Riemannian metric and a continuous, invariant splitting TM = E° &
E" @ {£} as in the Anosov case such that for Z € E* and Y € E*,

Y02 - alZ]
gy = 1Y

for some constant ¢ > 0 and all ¢ > 0.

Now a contact structure 1 on a 3-dimensional contact manifold M3
determines an orientation on M3. This is true in dimension 3 even for a
contact structure in the wider sense, since the sign of n/Adn is independent
of the choice of local contact form 7.

The main result for our purpose from Mitsumatsu [1995, p. 1418] and
Eliashberg and Thurston [1998, pp. 26-27] is the following.

Theorem 11.4 If two contact structures (in the wider sense) on a com-
pact 3-dimensional contact manifold M?> induce opposition orientations,
then the wvector field directing the intersection of the two contact sub-
bundles is a conformally Anosov flow. Conversely, given a conformally
Anosov flow on M3, there exist two contact structures giving opposite
orientations on M?> whose contact subbundles intersect tangent to the

flow.

We now show that certain curvature hypotheses on a compact contact
metric 3-manifold imply that the characteristic vector field £ is con-
formally Anosov; in particular, negative £-sectional curvature is such a
hypothesis (the author [2000]). A variation of this result appears in the
author’s paper with D. Perrone [1998].

Theorem 11.5 Let (M?3,4,€,1,9) be a compact 3-dimensional contact
metric manifold with nowhere vanishing h and {e1,ea(= ¢e1),&} an
orthonormal eigenvector basis of h with hey = ey and X\ the positive
eigenvalue. If K (€,e1) < (14+\)? and K (£, e3) < (1—-))?, then £ is confor-
mally Anosov. In particular, if the £-sectional curvature is negative, & is
conformally Anosov.

Proof. Let w!, w? be the dual 1-forms of e; and es. Since the three
eigenvalues of h are everywhere distinct, the corresponding line fields are
global. By the orientability, one may choose local bases directing the line
fields that either agree or have two directions reversed in the overlap of
coordinate neighborhoods. Thus in computing w! A dw! and w? A dw? on
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such a basis we may regard the computations as global. By straightfor-
ward computation we have

-1 1

W' N dw' (e1, €9,€) = 6 69(V§€1,€2)7
A+1 1

w? Adw?(eq,e,6) = — 6 6g(V561,62).

On the other hand, applying the first equation of Proposition 7.1 to e;
and eo, we obtain

K(&e1) =1— X —2\g(Veer, e3),
K(&ey)=1— A2+ 2Ag(Veer, ea).

Combining these equations, we have

1

= oy (A== K (€ o))

wh A dw'(eq, ez, )

and
1

T 123
The hypotheses now imply that w! A dw'(er,ez,€) > 0 and w? A dw?

(e1,e2,€) < 0. Therefore ¢ is conformally Anosov by the result of
Mitsumatsu and Eliashberg—Thurston.

w? A dw?(eq, e, §) (—A+ 1)+ K(& e1)).

We remark that the curvature of the standard contact metric structure
on the tangent sphere bundle of a surface of negative curvature satisfies
the curvature hypotheses in the first statement of the theorem. In partic-
ular, the standard contact metric structure on the tangent sphere bun-
dle of a surface of constant curvature —1 has sectional curvature —7 for
horizontal plane sections and sectional curvature 41 for plane sections
spanned by & and the vertical direction; the positive eigenvalue A is +2
with vertical vectors as eigenvectors (see Section 9.2).

We also remark that our argument uses two contact structures to
study a third, an interesting idea in view of the result of Gonzalo [1987]
(Section 3.2) that a 3-dimensional compact orientable manifold admits
three independent contact structures.

It is immediate that the characteristic vector field £ of a contact
structure can never be Anosov or conformally Anosov with respect to
a Sasakian metric. This is a consequence of the fact that on a Sasakian
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manifold ¢ is a Killing vector field; thus its flow is metric preserving and
therefore cannot satisfy the exponential growth behavior in the defini-
tion of a classical or conformal Anosov flow. It is possible, however, for
a vector field to belong to the contact subbundle of a Sasakian structure
and be conformally Anosov with respect to this metric. We present an
example of this which has the additional feature that the characteris-
tic vector field is invariant along the flow (again see the author and D.
Perrone [1998]). We begin with the following lemma.

Lemma 11.1 On a 3-dimensional contact manifold, in terms of local
Darbouz coordinates (z,y,z) (n = 5(dz — ydz)), any associated metric
is of the form

with ac —b? — cy? = 1; the metric is Sasakian if and only if the functions
a, b and c are independent of z.

Proof. The form of the last row and column follows from the require-
ment that 7(X) = ¢(X,&). In dimension 3 the remaining requirements
reduce to the determinant of the matrix (without the 411) being 1. Also in
dimension 3 the Sasakian condition is equivalent to the contact metric
structure being K-contact. Thus evaluating the Lie derivative, £¢g, on
the coordinate vector fields, we see that £ = 2 662 is Killing if and only if
the functions a, b and ¢ are independent of z.

To construct the example, consider R} = {(z,y,2)ly > 0} with the
standard Darboux contact form n = %(dz — y dx). The characteristic
vector field is 2 8‘1 and the Riemannian metric given by the following
matrix is Sasakian by the lemma:

) e2v \/62y —y2—1 —y
9=4 Ve —y2 —1 1 0
-y 0 1

The vector field 88y is conformally Anosov with respect to this metric.

To see this we observe that the subbundles determined by 8‘92 = ;{ and

8‘1 correspond to E* and E" respectively. The flow simply maps a point
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po(x,y, z) to the point p(z,y + t, 2), and we have easily that

|aaa;(p)‘ _ €t|ai;(P0)|'
FAGI |2 (po)

Clearly this flow satisfies ¥,.& = &.

For a discussion of conformally Anosov flows on 3-dimensional homo-
geneous contact metric manifolds including an Anosov flow belonging
to the contact subbundle on the Lie group E(1,1), see Perrone and the
author [1998].






12
Complex Contact Manifolds

While the study of complex contact manifolds is almost as old as the
modern theory of real contact manifolds, the subject has received much
less attention, and since many examples are now appearing in the liter-
ature, we devote this and the next chapter to the subject.

12.1 Complex contact manifolds and associated
metrics

The notion of a complex contact manifold stems from the late 1950s and
early 1960s with the papers of Kobayashi [1959] and Boothby [1961],
[1962]; this is just shortly after the Boothby—Wang fibration in real con-
tact geometry. Then in [1965], J. A. Wolf studied homogeneous complex
contact manifolds and their relation to quaternionic symmetric spaces.
An example of more recent work is the result of Moroianu and Semmel-
mann [1994] that on a compact spin Kéhler manifold M of positive scalar
curvature and complex dimension 47+ 3, the following are equivalent: (i)
M is a Kéhler—Einstein manifold admitting a complex contact structure,
(ii) M is the twistor space of a quaternionic Kéhler manifold of positive
scalar curvature, (iii) M admits Kéhlerian Killing spinors. LeBrun [1995]
proves that a complex contact manifold of positive first Chern class, i.e., a

D.E. Blair, Riemannian Geometry of Contact and Symplectic Manifolds,
DOI 10.1007/978-0-8176-4959-3_12, © Springer Science+Business Media, LLC 2010
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Fano contact manifold, is a twistor space if and only if it admits a Kéhler
Einstein metric and conjectures that every Fano contact manifold is a
twistor space.

In the 1970s and early 1980s there was a development, of the
Riemannian theory of complex contact manifolds by Ishihara and Konishi
[1979], [1980], [1982]. In this development, however, the notion of normal-
ity seems too strong, since it precludes the complex Heisenberg group as
one of the canonical examples, although it does include complex projec-
tive spaces of odd complex dimension as one would expect (see Section
12.4). In the real case both the Heisenberg group and the odd-dimensional
spheres have natural Sasakian (normal contact metric) structures. As a
subject, the Riemannian geometry of complex contact manifolds is still
in its infancy.

A complex contact manifold is a complex manifold of odd complex
dimension 2n + 1 together with an open covering {O,} by coordinate
neighborhoods such that:

1. On each O, there is a holomorphic 1-form 6, such that

O A (dO)™ # 0.

2. On O, N Op # 0 there is a nonvanishing holomorphic function f,g3
such that 0, = f.303.

The subspaces {X € 1,0, : 0,(X) = 0} define a nonintegrable holo-
morphic subbundle H of complex dimension 2n called the complex con-
tact subbundle or horizontal subbundle. The quotient L = TM/H is a
complex line bundle over M. Kobayashi [1959] proved that ¢;(M) =
(n+1)c1 (L) and hence for a compact complex contact manifold, a com-
plex contact structure is given by a global 1-form if and only if its first
Chern class vanishes (see also Boothby [1961], [1962]). It is for this reason
that our definition of complex contact structure is analogous to that of a
contact structure in the wider sense. Even for the most canonical exam-
ple of a complex contact manifold, CP?"*1 the structure is not given by
a global form. Since a holomorphic p-form on a compact Kahler manifold
is closed (see, e.g., Goldberg [1962, p. 177]), no compact Kéhler manifold
has a complex contact structure given by a global contact form. More-
over, Ye [1994] showed that a compact Kéhler manifold with vanishing
first Chern class has no complex contact structure. There are, however,
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interesting examples of complex contact manifolds with global complex
contact forms, as we shall see; these are called strict complex contact
manifolds (Foreman [2000a], [2000b]).

We will not need a complex Darboux theorem in our development here,
but a complex version of the real Darboux theorem is possible, and such
a result is discussed briefly by LeBrun [1995, p. 423].

If (M, {6,}) is a complex contact manifold, the transition functions f,s3
define a holomorphic line bundle over M, viz. L~!. Using local sections
of this bundle we define complex-valued 1-forms {m,} such that each
To 18 a nonvanishing, complex-valued function multiple of 6, and on

OaNOz #0,
Wa:haﬁﬁﬂ, haﬁzoaﬁ05—>51.

The hog are then the transition functions of a circle bundle P over M
(see Ishihara and Konishi [1982]) and on O,

Ta A (d7e)" Ao A (dTig)"™ # 0.

Writing 7, = uo — ivs, We have v, = uqy o J, since 6, is holomorphic.
Moreover, u, and v, transform naturally with respect to S'; namely, if
has = a + b, then

ug = aug — bva, vg = buy + avg, a’+ b =1.

The set {m,} is called a normalized complex contact structure with
respect to {0, }; Foreman [1996].

For simplicity we will often omit the subscripts on the local tensor
fields. Define a local section U of T'M, i.e., a section of TO, by du(U, X) =
0 for every X € H, u(U) = 1 and v(U) = 0. Such local sections then
define a global subbundle V by V|» = Span{U, JU }. We now have TM =
‘H @V, and we denote the projection map to H by

p:TM — H.

The subbundle V is called the vertical subbundle or characteristic subbun-
dle. Tt is generally assumed that V is integrable, but in Subsection 13.4.1
we will give an example of a complex contact structure for which V is
not integrable. Except for this example the integrability will be assumed
throughout.
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On the other hand, if M is a complex manifold with almost complex
structure J, Hermitian metric g and open covering by coordinate neigh-
borhoods {O,}, M is called a complex almost contact metric manifold if
it satisfies the following two conditions:

(1) On each O, there exist 1-forms u, and v4, = uy o J with orthogonal
dual vector fields U, and V, = —JU, and (1,1) tensor fields G, and
H, = G,J such that

G2 =H2 = T+ uy®@Uqy+ 14 @V,
GaJ = _JGOH GaU =0, g(X, Gay) = _g(GaXv Y)

(2) On O, N Oy # 0,

ug = aug — bve, vg = buy + av,,
Gﬂ =aG, — bH,, H/g =bG, + aH,,

where a and b are functions with a? + b = 1.

It is clear that H, also anticommutes with J and is skew-symmetric
with respect to g and that G, and H, annihilate both U and V.

Returning to the local forms m, = u, — iv, on a complex contact
manifold, a Hermitian metric g is called an associated metric if there
are local fields of endomorphisms G, such that the tensor fields G,
Hy = GoJ, Uy, Voo = —JUy, Ug, Vo = uq 0 J, g form a complex almost
contact metric structure satisfying

9(X,GaY) = dua(X,Y), ¢g(X,HoY) =dva(X,Y), XY eH.

As a consequence we also have Ug = aU, — bV,, V3 = bU, + aV,, and
hence U, + iV, = hgﬁl(Ug +iVj3). In particular, {h;g,} are the transition
functions of the bundle V. Another way to look at this subbundle is to
note that on O, N Op, Uy AV, = Ug A Vg and hence that each U, AV,
defines part of a global object.

Kobayashi [1959] also showed that the structural group of a com-
plex contact manifold is reducible to (Sp(n) - U(1)) x U(1). Such a
reduction is equivalent to a complex almost contact metric structure;
cf. Shibuya [1978]. Shibuya’s approach is the complex analogue of that
of Hatakeyama [1962], which we utilized in Section 4.2. A formulation
in terms of global tensor fields similar to the fundamental 4-form of a
quaternionic Kéhler manifold (see, e.g., Ishihara [1974]) was given by
Ishihara, Ludden and the author [1978].
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Ishihara and Konishi [1982] (see also Foreman [1996]) prove that a com-
plex contact manifold admits a complex almost contact metric structure
for which the local contact form 6 is of the form u — ¢v to within a non-
vanishing complex-valued function multiple and the local tensor fields G
and H are related to du and dv by

du(X,Y) =g(X,GY) + (o ANv)(X,Y),
dv(X,Y)=g(X,HY) — (c Nu)(X,Y)

for some 1-form o. When V is integrable, o takes the form o(X) =
9(VxU,V). We refer to a complex contact manifold with a complex
almost contact metric structure satisfying these conditions as a complex
contact metric manifold. For a given normalized contact structure we
denote by A, as in the real case, the space of associated metrics. As
a matter of notation we define local 2-forms G and H by G(X,Y) =
g(X,GY) and H(X,Y) = g(X,HY).

In the case of a strict complex contact structure, u and v may be taken
globally such that § = u —iv and ¢ = 0.

Bearing in mind that the local contact form 6 is u — iv to within a
nonvanishing complex-valued function multiple and since in the overlap
0o NOg, ug = aug — bvg, vg = bug + avy, we can define an integral sub-
manifold as a submanifold whose tangent spaces belong to the complex
contact subbundle, i.e., u(X) = v(X) = 0 or equivalently #(X) = 0. If
the submanifold is itself a complex submanifold, we call it a holomor-
phic integral submanifold. When the holomorphic integral submanifold
has complex dimension 1, it is called a holomorphic Legendre curve.
Recall that in real contact geometry the maximum dimension of an
integral submanifold of a contact manifold of dimension 2n + 1 is only
n. Similarly, since U and V are normal, from the above equations we
see that for any integral submanifold, GX and HX are normal for any
tangent vector X. Thus an integral submanifold of a complex contact
manifold of complex dimension 2n + 1 has real dimension at most 2n.

We have seen in the earlier chapters that for a contact metric structure
(¢,€,m,9), the tensor field h defined by h = é£ ¢¢ plays a fundamental
role. Now for a complex contact metric structure we define local tensor
fields by

1 1
hy = 25ym(£UG) op, hy = 2sym(.,BvH) op,
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where sym denotes the symmetric part; hy anticommutes with G, hy
anticommutes with H, and

VxU = —GX — GhyX + o(X)V, VxV=-HX — HhyX — o(X)U.

From these equations one readily sees that the integral surfaces of V are
totally geodesic submanifolds. Just as the meaning of the vanishing of h
in the real case is that the metric was invariant under the action of &,
i.e., ¢ is Killing, an associated metric g is projectable with respect to the
foliation induced by the integrable subbundle V if and only if hyy and hy
vanish.

12.2  Examples of complex contact manifolds

12.2.1  Complex Heisenberg group

We have seen that R with the Darboux form 7 = %(dz — ydx) as its
contact structure and Sasakian metric g = }l(de +dy?)+n®nis a
standard example of a contact metric manifold. Identifying R? with the
Heisenberg group

1
Hgr = 0 %.%ZGR :Rga
0

o R
— 8 W

left translation preserves 7, and ¢ is a left-invariant metric on Hp (see
Example 4.5.1).

The complex Heisenberg group is the closed subgroup He¢ of GL(3,C)
given by

1 22 Z3
He = 0 1 =z 2’1,2’2,236([: 2((:3.
0 0 1

If Lp denotes left translation by B € Hc, then Lidz1 = dz, Lpdz =
dzo, Ly(dzg — zadz1) = dz3 — z2dz;. The vector fields 8(21 + 29 8237 g
8(23 are dual to the 1-forms dzi, dzo, dzg — z0dz1 and are left-invariant

vector fields. Moreover, relative to the coordinates (z1, 2o, 23, 21, 22, 23)
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the Hermitian metric (Jayne [1992, p. 234])

14 |22|2 0 —2

O 0 1 0
1 —Z9 0 1
g =
1+ |2’2‘2 0 —2
0 1 0 O
—Z9 0 1

is a left-invariant metric on Hc, but it is not a Kéhler metric. The form
1
0 = 5 (dz3 — z9dz1)

is a complex contact structure on Hc, and in our view, (Hc, 0, g) plays
the role in the geometry of complex contact manifolds that R? with
its standard Sasakian structure does in the geometry of real contact
manifolds.

As we have seen, a complex contact manifold admits a complex almost
contact metric structure. Here Hc ~ C? and 6 is global, so the structure
tensors may be taken globally. With J denoting the standard almost
complex structure on C3, .J 8?“ = 8?/1’ we may give a complex almost
contact metric structure to Hc as follows. Since 6 is holomorphic, setting
0 = u—iv, we have v = uoJ. Also set 4323 = U+iV; then u(X) = g(U, X)
and v(X) = g(V, X). Finally, in complex coordinates G and H were given
by Jayne [1992, p. 235]:

0 1 0
O -1 0 0
0 Z9 0
G = :
0 1 0
-1 0 0 0
0 zZ 0
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0 — 0
0 0 0
0 —iZQ 0
H =
0 72 0
- 0 0 0
0 iz 0O

Note that the matrix gG is that of the real part df and the matrix gH is
that of the imaginary part of df. For this structure the 1-form ¢ vanishes.
Now let

I v 73
= 0 1 vy | |w=mk+ing, mg,np €7Z p;
0 0 1

I' is a subgroup of Hc ~ C3. The 1-form dz3 —z9dz; is invariant under the
action of I" and hence the quotient Hc/T" is a compact complex contact
manifold with a global complex contact form. H¢/I' is known as the
Twasawa manifold. The Iwasawa manifold has no Kéhler structure, but
it does have an indefinite Kéahler structure and it has symplectic forms;
see Ferndndez and Gray [1986].

12.2.2  Odd-dimensional complex projective space

We will need a local expression for the complex contact structure on

CP?*! and will use homogeneous coordinates (z1,..., 2,11,
w1, . .., Wy+1). Then the complex contact structure is given by the holo-
morphic 1-form
n+1
Z/) = Z(de’wk — wkdzk)
k=1

To give a little more detail we remark that the complex contact struc-
ture on CP?"*! is closely related to the Sasakian 3-structure on the
sphere S4"*3 (see Chapter 14) and to the quaternionic Kéhler struc-
ture on quaternionic projective space HP™. The space C?***+2 ~ H"+!
has three almost complex structures I, J, K, which act on the position
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vector x as

Ix =1x = (izl,. .. ,ian,iwl,.. . ,iwn+1),
Jx = (i, ..., 1Wn41, =121,y —1Zn+1),
Kx = (’Lf)l,. ey Wity — 21y ey —Zpt1)-

The vector fields on S4"+3 given by ¢ = —Ix, & = —Jx, &3 = —Kx are
the characteristic vector fields of the three contact structures ny, 12, 73
on S**3 In terms of the complex coordinates, 1y, 72, 173 on S*"*3 are
the restrictions of the following forms on C?"*2, which we denote by the
same letters:

. n+1

t i~ I~ — _
n = ~y ;(dezk — Zrdzi + wpdwy, — u}kdwk)7
n+1
b =mn3+in = Z(zkdwk — wrdzy).
k=1

Ishihara and Konishi [1979] proved that if one of the contact structures
of a manifold M*"*+3 with a Sasakian 3-structure (see Theorem 14.10) is
regular, the base manifold M of the induced fibration is a complex con-
tact manifold. The structure is constructed as follows. If (¢1,&1,m1,9)
is the regular Sasakian structure, then ¢; and g are projectable. Let 7
denote the horizontal lift with respect to the principal S* bundle connec-
tion defined by n;. Then J defined by JX = m,¢17X and the projected
metric form a Kéhler structure on M (cf. Example 6.7.2). For a coordi-
nate neighborhood ¢ on M and a local cross section s of M*"+3 over U,
the 1-forms v and v and a tensor field G defined on U by

u(X) om =mna(s:X), v(X)om=mns(s.X),
GX = W*(QZ)ZS*X - 771<S*X>53 + 773(5*X)€1)7

define the complex contact and complex almost contact structures on M.
In the case of the Hopf fibration this is the standard Kahler structure on
CP?"*! with the Fubini-Study metric. With the Hopf fibration induced
by &1, ¥ = m3+1ino is a local expression for the complex contact structure
on CP?+l,
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12.2.3 Tuwistor spaces

Generalizing the previous example, we discuss twistor spaces over quater-
nionic Ké&hler manifolds, the twistor space of quaternionic projective
space being odd-dimensional complex projective space. Consider a Rie-
mannian manifold (M*", g) whose holonomy group is contained in Sp(n)-
Sp(1) = Sp(n) x Sp(1)/{£I}). This means that there exists a subbundle
E C End(TM) with 3-dimensional fibers such that locally there exists
a basis of E consisting of almost complex structures {Z,J,K} satisfy-
ing, Z7 = —JZ = K and such that VxZ,VxJ7,VxK belong to the
span of {Z,J,K} for any vector field X on M. In dimension 4 (n = 1),
Sp(1) - Sp(1) = SO(4), so the holonomy group condition is not a restric-
tion. For n > 1, (M*",g) is called a quaternionic Kdhler manifold . A
well-known result of Alekseevskii [1968] (see also Berger [1966], Ishihara
[1974]) is that in this case, the metric g is Einstein.

Since Sp(1) - Sp(1) = SO(4), a stronger definition of quaternionic
Kahler manifold is needed in dimension 4. A 4-dimensional manifold is
said to be a quaternionic Kdhler manifold if it is Einstein and self-dual
with nonzero scalar curvature (see, e.g., LeBrun [1991]).

Returning to the subbundle 7 : E — M, regardless of dimension, we
define the horizontal subspace ’F(p at p € E as follows. Let a denote a
curve in M such that a(0) = 7(p) and let s denote a section of E such
that s(a(0)) = p. Then set

Hy = {(s0a).(0) € T,E | V4(0)s = 0}.

Now induce a bundle metric on E by making each quaternionic Kahler
frame {Z,J,K} an orthonormal basis. Let Z be the space of all unit
elements of E. Locally

Z={aT+yJ+2K€E|2a*+y*+2* =1}

w: Z — M, is called the twistor space of M and each element j € 7 is
an almost complex structure on the tangent space of M at 7(j).

Let V = kerm,. Since each fiber of Z is a unit sphere, then at
j=aT +yJ + 2K, 22 +y* + 22 = 1, we may make the identification

Vi={X € B | X Lj}={aZ+bT+cK|ax+by+cz =0}

Setting H = H|z, we have the splitting TZ =2 V @ H. Define an almost
complex structure J on Z as follows. For a vertical vector V' € V;, set
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JV = j x V, where x denotes the usual vector product in Euclidean
3-space; in particular, this is the usual almost complex structure on S2.
To define the action of J on X € H;, first let “denote the horizontal lift
with respect to the connection on E determined by H. Then since j is an
almost complex structure on the tangent space of M at 7(j), set JX =

—_—

jm«X. Now local V-valued forms 6 defining H give Z a complex contact
structure; see Salamon [1982] or for verification of the integrability, Besse
[1987, pp. 413-415] and for O A (d)™ # 0, Besse [1987, p. 416].

Now let {U,} be an open covering of the quaternionic Kéhler manifold
(M*" g), and corresponding to a neighborhood U,, set

Ou={2T+yT+2K€Z|2#1}, O, ={2l+yT+2K€Z|z+# —1}.

The collection of pairs {Oa, Oy} is then an atlas on Z. On O, define
vector fields U and V by

1=z — 22

o=""7"" "1 " g4ak

1- 1-

and V = —JU. Then {U,V} forms a basis of V on Q. As elements
of B, U and V are unit and there exist real 1-forms @ and ¢ such that
w(U) =o(V) =1, a(V) = 9(U) = 0. On O, define vector fields U’ and
V' by

- 1+2z—2?
U = 17— K
142 1+ zj T
and V' = —JU’. Again we have the corresponding 1-forms @', 9’ and

U+iV =hU +iV"), a—id=h(@ —it),
where h : O,NO!, — S1. Thus {—i9} is a normalized contact structure
on Z and 4t ® 4+ v ® 0 is a global tensor field on Z.
Let ¢ > 0 and define a Riemannian metric g. on Z by
ge=(1®@a+0®0)+7"g,

gely = c%(,), where (,) is the Euclidean metric on fibers of E restricted
to S2. The metric g. is called the Salamon, Bérard-Bergery metric with
vertical coefficient c. Setting u. = cti, v, = 0, {u, —iv.} is a normalized
contact structure on Z and

gc:uc®uc+vc®vc+ﬂ'*g~

In [1996] Foreman proved the following theorem.
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Theorem 12.1 Let (M*", g) be a quaternionic Kdhler manifold and T
the scalar curvature of g. Consider the twistor space Z with the Salamon,
Bérard-Bergery metric g., ¢ > 0, and normalized contact structure
{ue —iv.}. Then we have the following:

1. g. is Hermitian with respect to the complex structure J on Z.

2. gc is an associated metric if and only if ¢|T| = 8n(n + 2).

3. g is Kdihler if and only if T = 4n(n + 2).

4. g. is associated and Kdhler if and only if ¢ = é and T = 16n(n+ 2).

Recall that in Section 1 we noted conditions for an associated metric g
to be projectable with respect to the foliation induced by the integrable
subbundle V, namely that hy and hy vanish. Foreman [1996] also proves
the following result.

Theorem 12.2 Let Z be the twistor space over a quaternionic Kdhler
manifold (M*",g) of constant scalar curvature T and let ¢ be such that
c|r| = 8n(n+2). Then in the space A of all associated metrics with respect
to the normalized contact structure {u. — iv.}, the Salamon, Bérard-
Bergery metric g. is the only projectable associated metric in A.

Again it seems worthwhile to mention the result of LeBrun [1995].

Theorem 12.3 A complex contact manifold of positive first Chern class
18 a twistor space if and only if it admits a Kahler Einstein metric.

Further discussion of the geometry of twistor space can be found in
Foreman [2000b], [2002b]. In particular he gives curvature conditions for a
complex contact metric manifold to be the twistor space of a quaternionic
Kahler manifold. His main result is the following.

Theorem 12.4 A complex contact metric manifold is isometric to the
twistor space of a quaternionic Kahler manifold with positive scalar cur-
vature if and only if

Rxy(aU +bV) = (au+bv)(Y)X — (au+ bv)(X)Y
+ (au + b)(JY)JX — (au + bv)(JX)JY
+29(X, JY)(aU + bV)

12.2.4 The Complex Boothby—Wang fibration

In [2000a] and again in [2000b] Foreman constructed complex contact
manifolds with global complex contact forms and fibrations with vertical
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fibers S' x 81, and hence these examples are quite different from the
twistor space examples. Here we discuss the complex Boothby—Wang
fibration of Foreman [2000a]. Let (M, ) be a complex symplectic man-
ifold of complex dimension 2n and complex structure Jy, i.e., M is a
complex manifold together with a closed holomorphic 2-form 2 such
that Q™ # 0. Writing Q = Q1 + i€y, we see that Q1 and €y are closed
2-forms. On the other hand, {2 may be written in terms of a local basis
of holomorphic 1-forms as 61 A 0,11 + - - + 0, A 02,. Then taking real
and imaginary parts of 0, = oy + i3), we have

M =1 Nagyr — B A Bugr + -+ an Aoy — By A Ban,
Qo =01 A Bpg1 + 1 Nagyr + -+ an A PBan, — B A gy,

from which we see that Q3" # 0 and Q3" # 0. Thus we have two distinct
symplectic structures on M. If each of these is of integral class, we have
two principal circle bundles P; and P, with contact (connection) forms
71 and 79 as in Sections 3.3, 4.5.4 and 6.7.2, and each dn; = . Finally,
let &1 and & be the characteristic vector fields of these contact structures.

Define a principal S' x S'-bundle P over M by P = P, ® P, and let 7
denote the projection map. For z € P, set V,P = ker W*‘Z. This defines
a vector bundle V over P, and by extending each & to be trivial on the
other factor, we may regard &; and & as vector fields on P. Moreover, the
pair (11,72) defines a connection on P (see Foreman [2000b] for details).
We denote the horizontal subspace determined by the connection at z by
H.P and the horizontal lift by 7@ or X.

The bundle space P carries an almost complex structure J defined as
follows. On V define J by J& = & and J& = —¢&;, and for X € H, P,
set JX = 7Jom.X. Since the Lie algebra s! @ s! is abelian, [¢1,&] = 0
and hence [J, J](€1,&) = 0. Also it is easy to check that [&,, X] = 0
and hence that [J, J](&, X) = 0. Finally, utilizing the integrability of .J
on M one can readily show that m,[J,J](X,Y) = 0. Therefore P is a
complex manifold.

We can now define a complex contact structure on the complex mani-
fold P. First note that 7o = —n; o J, where again by extending each 7
to be trivial on the other factor we regard n; and 7, as 1-forms on P.
Set @ = m1 + ing; then 6 is of type (1,0). Since  is holomorphic and
df = 7*Q, we see that 0 is a holomorphic 1-form. Again since df = 7*(2,
a straightforward computation shows that O A (df)™ # 0. Thus P becomes
a complex contact manifold with a global complex contact form.
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We summarize the above construction in the following theorem.

Theorem 12.5 Let M be a complex symplectic manifold with a com-
plex symplectic form Q = Qq + Qo such that both 1 and Qs deter-
mine integral classes. Then the S1 x S'-bundle defined by ([Q1],[Q0]) €
H?(M,Z) ® H*(M,Z) has a complex contact structure given by a holo-
morphic connection form whose curvature form is §2.

For example, CP™ x CP" is a complex symplectic manifold, and hence
the Calabi-Eckmann manifold S?**t1 x §2"+1 carries a complex contact
structure as described in the theorem. In [2000a] Foreman also gave
examples for which the base complex symplectic manifold is a complex
torus of even complex dimension.

Foreman next proved a converse to this theorem as a complex Boothby—
Wang fibration; we state the result here and refer to Foreman [2000a] for
the proof. For a global complex contact form 6 we write 8 = u — iv,
where u and v are reals forms with v = u o J; the vertical bundle V is
then spanned by global vector fields U and V = —JU, where

uwU)=1, oU)=0, (U)du=0,
u(V)y=0, o(V)=1, (V)dv=0.

Theorem 12.6 Let P be a (2n + 1)-dimensional compact complex con-
tact manifold with a global form 6 = u — iv such that the correspond-
ing vertical vector fields U and V are regular. Then 0 generates a free
St x Sl-action on P and p : P — M is a principal S* x S*-bundle
over a complex symplectic manifold M such that 6 is a connection form
for this fibration and the complex symplectic form € on M is given by
P =db.

12.2.5  3-dimensional homogeneous examples

In the previous example we saw that B. Foreman had given a complex
Boothby—Wang fibration for (regular) complex contact manifolds with a
global contact form. In [1999] Foreman studied 3-dimensional complex
homogeneous complex contact manifolds with a global complex contact
form and obtained the following classification.

Theorem 12.7 If M is a 3-dimensional complex homogeneous complex
contact manifolds with global complex contact form, then M is of the
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form M = G/T, where G is a simply connected 3-dimensional complex
Lie group and I' C G is a discrete subgroup.

1. Suppose G is unimodular. Then G is one of the following:
(a) SL(2,C) if rk(ad(V)) = 2;

(b) The universal cover of the group of rigid motions of the com-
plex Euclidean plane if tk(ad(V)) = 1;

(¢) Hc if rk(ad(V)) = 0.

2. Suppose G is not unimodular. Then G is solvable, rk(ad(V)) = 1,
and G is one of the following complex Lie groups:

(a) The semidirect product G, = C x,, C2?, for any o € C*\1,
where T, is the representation of C in GL(2,C) given by 7,(t) =

(e_t 0 )
0 e—at )

mc={(o')

0 01

t,u,vE(C}.

The question of the regularity of the vertical foliation on compact
quotients of SL(2,C) by a discrete group was discussed by Foreman in
[2010]. In Section 13.5 we will discuss complex contact structures on the
Lie group SL(2,C) in more detail.

12.2.6 Complex contact Lie groups

A complex contact Lie group is a (2n+ 1)-dimensional complex Lie group
G with a left-invariant holomorphic 1-form 6 such that 6 A (df)™ # 0 on
the complex manifold G. Define ¢ in the Lie algebra g by df(&,-) = 0
and 0(¢) = 1. Then g = V@& H with V = (§)¢;  is called the Reeb vector
field of 6.

Complex contact Lie groups in dimensions greater than 3 and for which
the adjoint representation of £ is diagonalizable were studied by Foreman
in [2006]. His result is the following.

Theorem 12.8 Let (G,0) be a (2n+1)-dimensional complex contact Lie
group G such that ad(€) : ¢ — g is diagonalizable. If n > 1, then the
universal cover group of G is the semidirect product C*" xq C, where §
is the standard symplectic form on C?".
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12.2.7 C" x CP™(16)

In [1998] B. Korkmaz gave a complex analogue of the real contact metric
manifold E"T! x S"(4) together with a curvature characterization anal-
ogous to Theorem 7.5. We describe the example and state the theorem.
Let (to,...,t,) be homogeneous coordinates on CP™ and U; the neigh-
borhood defined by t; # 0. On U; introduce nonhomogeneous coordi-
nates by w/ = Z, j=0,...,n, 7 # i Let O; = C""! x U; and let
(2°,...,2") be coordinates on C"*!. Define a holomorphic 1-form 6; on
O; by 0; = . 37j_gtedz*. Then 0; A (d0;)" # 0 on O; and 0; = ;16; on
O; N O;. Thus {6;}" is a complex contact structure on C"*1 x CP™.
For convenience we continue our work on Oy with 6, = dz° +
Sk wkdz*. The product metric on C**1 x CP"(16) is given by the

matrix
I n+1 0

1 0 g

where ég is the metric on CP"(16), i.e.,

(1 + D5y [wF?)di5 — w'w?
g =
K (14 2k [wh]?)?

Let fo=1+>,_4 |w”|? and define real 1-forms ug and vg by

ug =

1 n
dz" +dz2° + Y (WFd* + wFdzh) ),
il 2 |

1
vy = dz? —dz° + whdzF — kdz
4V fo ( ;

Similarly define vector fields Uy and Vj by

o= \/2fo (azo + aazo * Zn: (“’k kaik))
)

=20 0 (0
Vo_\/fo <8z0820+z( dzk 82’“)
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Then (90 = 2\/f0(U0 — ivo), duO(Uo,X) =0 for all X € H, Uo(Uo) =1,
vo(Up) = 0, and ¢g(Up, X) = up(X) for all X.

Let
0 A
O
3 B 0
GO - fo 2 A )
O
B 0
where
w! w? w"
A= ’UJI’U_JQ |w2|2 _ fO w2wn :
,wl,wn w?,wn |wn|2 _ fO
—w!
1 —w2
B=f2
0 In
_wn

Then G% = —T+uy®Uy+vy®Vy, GoJ + JGy = 0, etc. On Oq set
fi=1+ ">+ 37, [wF%. Then ;‘z = Ii;}i Setting a — bi = i(l’ ﬁ) on
Op N Oy, we have a® + b? =1 and

u1 = aug —bvg, v =bug+avy, G1=aGy—bHy, Hyj=0bGy+ aHy,
where uq,v1,G1, Hy are the structure tensors on ;. Therefore

{(uk, vi, U, Vie, Gie, Hi, g) } on {Op }i—g

is a complex contact metric structure on C**1 x CP"™(16).

It can be shown that for this structure, hyy = hy; see Korkmaz [1998].
We now state a characterization of this example due to Korkmaz [1998]
analogous to Theorem 7.5 that a contact metric manifold on which
Rxy¢& =0 is locally isometric to E"! x S™(4).

Theorem 12.9 Let M be a complex contact metric manifold with hy =
hy. If RxyV =0, then M is locally isometric to C**t1 x CP"(16).
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12.2.8 cos 23dz" + sin 23d2?

In Example 3.2.6, Section 6.2, and Section 7.2 we studied the contact
form

1
) (cos z®dx’ + sin 23da?)

on R? and T° with 41152’]' as a flat associated metric. We can similarly
consider the complex contact form

1
0= 2(cos 23dz" + sin 23d2?)

on C3, 2F = zF +iy* k =1,2,3. For this structure,

U—|—iV:4(cosz —|—Sin23822),

3
0zt
and an associated metric is given by

sech 2y3 0 0
(9n) = 0 sech2y® 0
0 0 1

The other structure tensors can be readily computed (cf. Jayne [1992,
pp. 222-223]). One can also compute the curvature of this metric quite
readily and one finds that the metric is not flat.

In the real case we have noted that aside from the flat 3-dimensional
case, there are no flat associated metrics in any dimension. In the complex
case we conjecture that there are no flat complex contact metric struc-
tures at all. In view of Olszak’s result that the only contact metric man-
ifolds of constant curvature and dimension > 5 are of constant curvature
+1 (Theorem 7.3), we also conjecture that aside from odd-dimensional
complex projective space, there are no complex contact metric structures
of constant holomorphic curvature.

12.3 Normality of complex contact manifolds

As we have seen, in real contact geometry the product M x R of an
almost contact manifold and the real line carries a natural almost com-
plex structure J, and if J is integrable, the structure is said to be normal.
Recall also that a Sasakian manifold is a normal contact metric manifold.
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Ishihara and Konishi [1979], [1980] introduced a notion of normality
for complex contact structures. Their notion is the vanishing of the two
tensor fields S and T given by

S(X,Y) [ GI(X,Y) 4+ 2G(X,Y)U — 2H(X,Y)V
+2w(Y)HX —v(X)HY) + o(GY)HX — o(GX)HY
+0(X)GHY —o(Y)GHX,

T(X,Y) =[H,H|(X,Y) = 2G(X,Y)U + 2H(X,Y)V

+2u(Y)GX —u(X)GY) + o(HX)GY — o(HY)GX
o(X)GHY — o(Y)GHX.

However, this notion seems to be too strong; among its implications is
that the underlying Hermitian manifold (M,g) is Kéhler. Thus while
indeed one of the canonical examples of a complex contact manifold,
the odd-dimensional complex projective space, is normal in this sense,
the complex Heisenberg group is not. B. Korkmaz [2000] generalized the
notion of normality, and we adopt her definition in this book. A complex
contact metric structure is normal if

S(X,Y)=T(X,Y) =0, for every X,Y € H,
S(U,X)=T(V,X) =0, for every X.

Even though the definition appears to depend on the special nature of U
and V, it respects the change in overlaps O, N Op and is a global notion
(Korkmaz [2000]). With this notion of normality both odd-dimensional
complex projective space and the complex Heisenberg group with their
standard complex contact metric structures are normal. We remark that
for Ishihara and Konishi’s notion of normality, the holonomy group is the
full unitary group U(2m + 1) Houh [1976]. Also, Ishihara and
Konishi’s notion of normality is equivalent to the curvature condition in
Theorem 12.4, Foreman [2000b)].

One consequence of normality is that Ay = 0 for every U € V; this is
analogous to the fact that every Sasakian structure is K-contact. Another
is that the sectional curvature of a plane section spanned by a vector in V
and a vector in H is equal to +1 (cf. Korkmaz [2000], Foreman [2000b]).

We now give expressions for the covariant derivatives of G and H on a
normal complex contact metric manifold; for proofs see Korkmaz [2000].
A complex contact metric manifold is normal if and only if the covariant
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derivatives of G and H have the following forms:

9(VxG)Y, Z) = o(X)g(HY, Z) + v(X)do (GZ,GY)
—20(X)g(HGY, Z) —uw(Y)9(X,Z) —v(Y)g(JX, Z)
+u(Z2)g(X,Y) +v(Z)g(JX,Y).

J(VxH)Y,Z) = — o(X)g(QY, Z) — u(X)do(HZ, HY)
—2u(X)g(GHY, Z) + u(Y)g(JX,Z) —v(Y)g(X, Z)
—u(2)g(JX,Y)+v(Z)g(X,Y).

In these formulas the first two terms on the right vanish for the com-
plex Heisenberg group (Example 12.2.1), and the second and third terms
cancel on PC?"*! (Example 12.2.2). Also one has

VxU=-GX, VxV=-HX
on H¢ and
VxU=-GX +o(X)V, VxV=-HX—-o(X)U
on CP?*1. Finally, on a normal complex contact manifold we have

9(VxJ)Y,Z)
=u(X)(do(Z,GY) —29(HY, Z)) + v(X)(do(Z, HY ) + 29(GY, Z)).

When the complex contact structure is strict, i.e., given by a global
complex contact form, the situation is more restrictive. In particular,
o = 0 and therefore some of the above formulas simplify. Foreman [2000b]
defines a complex Sasakian manifold to be a normal complex contact
metric manifold whose complex contact structure is given by a global
complex contact form. His paper gives a number of examples and basic
properties including local projectivity to a hyper-kéhler manifold.

12.4 G H-sectional curvature

Corresponding to the ideas of holomorphic curvature in complex geome-
try and ¢-sectional curvature in real contact geometry, B. Korkmaz [2000]
defined the notion of GH-sectional curvature for a complex contact met-
ric manifold. For a unit vector X € H,,, the plane in T},, M spanned by X
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and Y = aGX +bHX, a,b € R,a®?+b? = 1, is called a GH-plane section,
and its sectional curvature, K(X,Y), the GH-sectional curvature of the
plane section. For a given vector X, K(X,Y') is independent of the vector
Y in the plane of GX and HX if and only if K(X,GX) = K(X,HX)
and g(RxgxHX,X) = 0. Let M be a normal complex contact metric
manifold; if the G H-sectional curvature is independent of the choice of
G H-section at each point, it is constant on the manifold, and we say that
M is a complex contact space form. The curvature tensor and the follow-
ing theorems were obtained by Korkmaz [2000]; explicitly, the curvature
tensor is

RxvZ =

o X - gx 2y

+9(Z,JY)IX — g(Z,JX)JY +2g(X, JY)JZ)

0 (F )u(2)+ oY o(2) X+ (X 2) +0(X)0(2) Y

+2u ANV(Z,Y)IX —2u Av(Z, X)JY +4uAv(X,Y)JZ
+9(Z,GY)GX — g(Z,GX)GY +29(X,GY)GZ

+9(Z, HY)HX — g(Z, HX)HY +29(X,HY)HZ

+ (—uwX)g(Y, Z) +u(Y)g(X, Z)

+u(X)g(JY, Z) —v(Y)g(JX, Z) + 2v(Z)g(X, JY))U
+ (—v(X)g(Y,Z) +v(Y)g(X, Z)

— u(X)g(JY, 2) +u(Y)g(J X, Z) - 2u(Z)g(X,JY))V)

_ g(do(U, V) + et 1)((o(X)u A v(Z,Y) oY )u A o(Z,X)
+20(Z)u Ao(X,Y))U — (u(X)u Av(Z,Y)
—u(Y)uANv(Z, X))+ 2u(Z)u ANv(X, Y))V).

Odd-dimensional complex projective space with the Fubini-Study metric
of constant holomorphic curvature 4 is of constant GG H-sectional curva-
ture 1. The complex Heisenberg group has holomorphic curvature 0 for
horizontal and vertical holomorphic sections and constant G H-sectional
curvature —3.

Theorem 12.10 Let M be a normal complex contact metric manifold.
Then M has constant GH -sectional curvature c if and only if for X
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horizontal, the holomorphic sectional curvature of the plane spanned by
X and JX isc+ 3.

Theorem 12.11 Let M be a normal complex contact metric manifold of
constant G H -sectional curvature +1 and satisfying do(V,U) = 2. Then
M has constant holomorphic curvature 4. If, in addition, M is complete
and simply connected, then M is isometric to CP?>" 1 with the Fubini—
Study metric of constant holomorphic curvature 4.

Korkmaz [2000] then introduced the idea of an H-homothetic deforma-
tion of a complex contact metric structure. Let o be a positive constant
and consider the local structure tensors (G, H,U,V,u,v,g). Then define
new structure tensors by

u=aou, U=au, Ule, f/:lv, G=G, H=H,
« «

g=agt+ala—1)(u@u+vv).

This change of structure is called an H-homothetic deformation. The
new structure then respects the transitions on the overlaps of coordinate
neighborhoods and hence gives a new complex contact metric structure
on M. Moreover, S(X,Y) = S(X,Y) on H, S(X,U) = ClyS(X, U), etc.,
so if the given structure is normal, so is the new structure. Korkmaz
computed the curvature and showed that if on a normal complex contact
metric manifold the original structure has constant G'H-sectional cur-
vature ¢, then the new structure has constant GH-sectional curvature

c= CZ?’ — 3; in particular, she proved the following results.

Theorem 12.12 Complex projective space CP?" 1 carries a normal com-
plex contact metric structure with constant GH -section curvature i -3
for every a > 0.

Theorem 12.13 A normal complex contact metric manifold with met-
ric g of constant GH -sectional curvature ¢ > —3 is H-homothetic to a
normal complex contact metric manifold with metric g of constant GH -
section curvature ¢ = 1. Moreover, if do(V,U) = (¢ + 3)?/8, the metric
g is Kahler and has constant holomorphic curvature 4.

In [2003] B. Korkmaz continued her study of the curvature of complex
contact metric manifolds and of H-homothetic deformations; in partic-
ular, she developed a theory of complex (k, p1)-spaces analogous to that
described in Section 7.3 for the real contact geometry.
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12.5 The set of associated metrics and integral
functionals

In [1996] B. Foreman began the study of the set of all associated metrics
on a complex contact manifold. In Chapter 4 we studied how the set of
associated metrics A for a symplectic or contact form sits in the set of
Riemannian metrics with the same volume element, and in particular we
studied the tangent space to A at an associated metric g. As before, we
will typically use the same letter for a symmetric tensor field as a tangent
vector to a curve of metrics and for the corresponding tensor field of type
(1,1) determined by the metric.

As already mentioned, and in keeping with the notation in the real
case, we will denote by A the set of all associated metrics for a complex
contact structure as defined in Section 12.1. As in the real case, A is
infinite dimensional; all associated metrics to a given complex contact
structure have the same volume element; A is totally geodesic in N in
the sense that if D € T,A, the geodesic g = ge'? is a path in A; and two
metrics in .4 may be joined by a geodesic. We now give a characterization
of T, A; for details of this and the preceeding statements see Foreman
[1996].

Lemma 12.1 Let g be a metric in A. Then a symmetric tensor field D
of type (0,2) is in T, A if and only if D, as a tensor field of type (1,1),
satisfies
DJ=JD, D|y=0, DG=-GD
for any local tensor field G as in the preceding sections.
As before, to study integral functionals defined on A we will be differ-
entiating such functionals along paths of metrics, and for this we need the

following fundamental lemma (Foreman [1996]). For an endomorphism
T of a complex vector space, set

1 1
T-JTJ), T¢=
i.e., T is the part of T that commutes with J, and 7% the part of T that

anticommutes with J.

Ts = T+ JTJ),

Lemma 12.2 For g € A and T a symmetric (1,1) tensor field,

/ trTDdV =0
M
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for every D € Ty A if and only if
p(TJ+ JT)p=HTG - GTH,

or equivalently

pT°p = —GT*G.
In Section 10.3 we studied the integral of the Ricci curvature in the
direction of the characteristic vector field &, i.e., L(g) = [, Ric(§)dV,

as a functional on the set of associated metrics. In [1996] Foreman gave
two analogues of Ric(§) for complex contact manifolds and proved the
following results. For a unit vertical vector field U, Ric(U) + Ric(JU) is
global, i.e., it respects transition on O, NOg, and we denote it by Ric(V).
For the second analogue, Foreman utilizes the *-Ricci tensor, and it is
easy to check that for a unit vertical vector field U, Ric*(U) = R;‘jUin
is independent of the unit vertical vector field U and globally defined;
we denote it by Ric*(V). Define functionals L and L* on A by

/ Ric(V L*(g) :/M Ric*(V)adv.

Theorem 12.14 Let M be a compact complex contact manifold and A
the set of associated metrics. Then g € A is a critical point of L(g) if
and only if

(Vuhy)® + (Vyhy)® = o(U)h§ — o(V)hi — AGh
for any local unit vertical vector field U.

Clearly, any projectable associated metric is a critical point of L(g).
In fact, Foreman showed that Ric(V) = 8n — 2K(V) — trhi, — trh},
where K (V) is the sectional curvature of a vertical plane section, and
moreover that [, K(V)dV is independent of the associated metric. Thus
projectable metrics are maxima of L(g). If g is Kéhler, h{; = 0 for any
vertical vector field U, and moreover, (Vyhd)* = 0 for any vertical
vector field W. Thus we also have the following corollary.

Corollary 12.1 If g € A is Kdhler and a critical point of L(g), then it
is projectable.

Theorem 12.15 Let M be a compact complex contact manifold and A
the set of associated metrics. Then g € A is a critical point of L*(g) if
and only if

h(VyJ) =0

for any local unit vertical vector field U.
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In particular, if g is projectable or Kéhler, it is critical. For the twistor
spaces as described in Example 12.2.3 this theorem may be improved
as follows. If Z is the twistor space of a compact quaternionic Kahler
manifold M*4", 4n > 8, with normalized complex contact structure {u, —
iv.} and if the Salamon, Bérard-Bergery metric g. is an associated metric,
then an associated metric g is critical for L* if and only if hf‘lj = 0 for
every vertical vector U.

B. Foreman also obtained some important results on the constancy of
L*, i.e., when L* is independent of the associated metric.

Theorem 12.16 Let M be a complex contact manifold with correspond-
ing almost complex structure J. Then L* is constant on A if and only if
J is projectable.

Theorem 12.17 Suppose M is a compact complex contact manifold
with a global complex contact structure and A the set of associated met-
rics. Then L* is constant on A.

Turning now to the scalar curvatures, in real contact geometry the
“total scalar curvature” defined by [ y T+ 7°dV is a functional on A
whose critical points are precisely the K-contact metrics, as we have
seen (Theorem 10.9). B. Foreman (unpublished) has also defined a xx-
scalar curvature by first contracting the curvature with the local tensor
fields G and H as in the x-scalar curvature, giving %-scalar curvatures
7& and Tpp; T = 75 + 77 is then globally defined, and one defines the
“total scalar curvature” I(g) by I(g) = [,, 7+ 7" + 7"* dV. Recall that
an almost Hermitian structure (J, g) is semi-Kahler if the fundamental
2-form 2 is coclosed. Foreman computed the critical point condition for
this functional and though complicated, it yields the following result.

Theorem 12.18 A projectable semi-Kahler metric is a critical point of
the functional 1(g).

12.6 Holomorphic Legendre curves

Let M be a Hermitian manifold of complex dimension n with complex
structure J and corresponding Riemannian metric g. Following Chern,
Cowen and Vitter [1974] and S. Dolbeault [1977], we describe holomor-
phic curves and Frenet frames. A holomorphic curve in M is a noncon-
stant holomorphic map ¢ : M — M , where M is a Riemann surface.
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If z; = z;(w) is a local representation of M in a neighborhood of w = 0,
. . L )

then its holomorphic tangent vector at ¢(0) is given by > 2;(0) 52 = wPV/,

where p is a nonnegative integer and V a nonzero vector. The isolated

points where p > 0 are called stationary points of order 0. A unitary

frame {f1,..., fn} is called a Frenet frame if f; = H‘f‘ and

Vxfi = wii—1(X) fii1 + wis(X) fi + wiip1(X) fisa

for i =1 to n — 1, where wj; 41 is a holomorphic 1-form and w;1;(X) =
—w;i+1(X). Points where w;;11 vanish are called stationary points of order
i. In general, a unitary frame is not holomorphic, but we will be interested
in the case in which the f;’s are holomorphic vector fields, and we then
speak of a holomorphic Frenet curve and a holomorphic Frenet frame.

Not every holomorphic curve in a Hermitian manifold M has a Frenet
frame. Chern, Cowen and Vitter [1974] (or see Dolbeault [1977]) give
curvature conditions on M under which every holomorphic curve has a
Frenet frame; in particular, a Kéhler manifold of complex dimension > 3
has a Frenet frame along every holomorphic curve if and only if it has
constant holomorphic curvature.

M being a holomorphic Frenet curve has implications on M as a sub-
manifold. In the following lemma we give three such implications, the first
two of which are immediate in any Ké&hler manifold. For our purpose we
give the lemma only for Hermitian manifolds of complex dimension 3
(see Baikoussis, Gouli-Andreou and the author [1998] for the proof).
Recall that the span of the second fundamental form « is called the first
normal space and will be denoted by 1. Let ‘proj’ denote projection to
the orthogonal complement of M & v;. Define 8(X,Y, Z) by

B(X,Y,Z) = projVxVy Z(= projVxa(Y, Z)).

The span of 3 is called the second normal space and will be denoted by
vo. Successively the higher normal spaces may be defined in this manner
taking higher order derivatives.

Lemma 12.3 Let M b~e a holomorphic Frenet curve in a 3—dimensiona~l
Hermitian manifold (M, J, g) with second fundamental form o. Let R
denote the curvature tensor of M. Then

(1) a(X,JY) = Ja(X,Y) for any tangent vectors X,Y , and hence the
real dimension of the first normal space is 2;
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(2) VxJ|pyerin =0;

(3) for any tangent vectors X,Y, Z, we have that R(X,Y)Z is orthog-
onal to the second normal space.

Conversely, if M is a holomorphic curve satisfying (1), (2), and (3),
then it has a holomorphic Frenet frame.

Related to the idea of a Frenet frame are the curvatures themselves.
These Frenet curvatures for a holomorphic curve date back to Calabi
[1953a], who defined (n — 1) real-valued curvature functions (see also
Lawson [1970]). When the ambient space is a complex space form, these
curvatures are actually intrinsic (Lawson [1970]). We follow the develop-
ment as presented by Lawson.

Let M be a holomorphic curve in a 3-dimensional Hermitian mani-
fold M for which the properties of the lemma hold. From a(X,JY) =
Ja(X,Y) we have easily that for all unit tangent vectors X,Y (Y not
necessarily distinct from X), |a(X,Y)|? is a function of position alone,
say k1(p),p € M; k1 is called the curvature or first curvature of M. Now
with B(X,Y,Z) defined as above, from property (2) of the lemma we
have B(X,Y,JZ) = JB(X,Y, Z). From the second expression for § in
the definition we see that § is symmetric in the second and third vari-
ables, giving (X, JY,Z) = JB(X,Y, Z). Let v be a vector in the second
normal space. Then by property (3), ¢(VxVyZ,v) = g(VyVxZ,v),
giving that 3 is symmetric in the first and second variables and therefore
B(JX,Y,Z) = JB(X,Y,Z). From these properties of 5 we have that

B(X.Y, 2)]
w2(p) k1(p)
is well defined, X,Y, Z being any unit tangent vectors. We call ko the
torsion or second curvature and also denote it by 7.
It is interesting to compare the curvature and torsion with the deriva-
tives of the Frenet frames and the holomorphic connection forms wj;41.

In particular, writing f; as 6175761, we have K = |wia(e1)]? and 7 =

jwas(e1)[?.
We begin with the following proposition from Baikoussis, Gouli-Andreou
and the author [1998].

Proposition 12.1 Let M be a real surface in (Hc,0,g9) such that
0(X) = 0 for any tangent vector X. Then M is a holomorphic Legendre
curve as well as a holomorphic Frenet curve with torsion T = 1.
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We now state two results, due to Baikoussis, Gouli-Andreou and the
author [1998].

Theorem 12.19 If the torsion of a holomorphic Frenet curve in the
complex Heisenberg group is not identically zero and at one point the
complex contact form annihilates the tangent space, then the curve is a
holomorphic Legendre curve.

Theorem 12.20 Let M be a holomorphic Legendre curve in (Hc,0,q)
and N its projection to C? = {(21, z2)} with its standard complex struc-
ture and Kdhler (Euclidean) metric. Then the Gaussian curvature of M
is 8 times that of N.

Turning to the complex contact manifold CP3, we a give complete
characterization of holomorphic Legendre curves due to Bryant [1982].

Theorem 12.21 Let M be a connected Riemann surface and let f and
g be meromorphic functions on M with g nonconstant. In terms of ho-
mogeneous coordinates define v : M — CP3 by

g_) (1agvf_g2{]/722,> .

Then v : M — CP3 is a holomorphic Legendre curve. Conversely, any

holomorphic Legendre curve is either of this form or has its image in
some CP' c CP3.

Specifically, if (z1, 22, w1, w2) are homogeneous coordinates on CP? and
Y = z1dwy —widz1 + zodwy — wodzo as in Example 12.2.2, then it is easy
to check that (. 864) =0.

As an application of his result, Bryant uses the fibration of CP? over S*
to show that given a compact Riemann surface, there exists a conformal
superminimal generically one-to-one immersion into S* whose image in
S4 is an algebraic surface.

12.7 The Calabi (Veronese) embeddings as integral
submanifolds of CP?*""!

In [1953b] Calabi showed that up to holomorphic congruence there is a
unique holomorphic embedding of CP"(?}) into CPN(4), N = (”j") -1
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that does not lie in any totally geodesic complex projective space of lower
dimension. Nakagawa and Ogiue [1976] showed that the only full isomet-
ric immersions of positively curved complex space forms into positively
curved complex space forms are local versions of these embeddings. These
embeddings are known as the Calabi embeddings or as the Veronese em-
beddings, especially in the case CP?(2) — CP®(4). For n = 1 these
embeddings are called Calabi curves. Classically the Calabi embeddings
are given as follows. Let (i,...,(,+1 be homogeneous coordinates for
CP™(!). The Calabi embedding of CP"(?) into CPN(4), in terms of
homogeneous coordinates for CPY(4), is given by

(Cla e a<n+1)
v v—1 v! al an4-1 v
C17\/VC1 C27"'7 | 151 "'§n+17"'7gn+1 ’

ai:-- - Ap41-

where Z::'ll a; = v, the a;’s being nonnegative integers. The meaning of
the integer v is that there are v — 1 normal spaces for these embeddings.

The question to be addressed in this section is the following. For which
of these embeddings is there a holomorphic congruence of CP?"*! that
positions the submanifold as a holomorphic integral submanifold of the
complex contact structure?

For the Calabi curves we have the following positive answer due to
Dillen, Verstraelen, Vrancken and the author [1996].

Theorem 12.22 There exists a holomorphic congruence of CP*"t1(4)
that positions the Calabi curve (CPl(Qn‘fH) as a holomorphic Legendre
curve in CP?"+1(4).

The embedding is given explicitly as follows. For simplicity set A =

\/(%fll); now position (CPl(Qn‘fH) in CP2"+1(4) by

2n+1 2n+2—k ~k—1 1
<<17C2) — ( anr 7"'7AkC1n+ CQ a"'aATL+1C{L+ C;L)

22n—‘,—17 e (_1)k—1AkC22n+2—k {c—l7 o (_1>nAn+1C§H_1({Z)-
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Then
3621 B :Z; (Ak@” +2 = k)¢rh éclaik
(1) A (e — 1)C22n+2_kgf_283k),
ai - ni (Ak(k' — 1)tk g-gaik

. w1k b1 O
+ (DAL (20 + 2 — k)R 18wk>

represent the tangent space, and the proof is to show that 1/1(8621) =
w(8‘22) =0, where ¢ = ZZ:%(zkdwk — widzy) as in Example 12.2.2.

On the other hand, there is no holomorphic congruence of CP°(4)
that brings the Veronese surface CP?(2) into position as a Legendre
submanifold of the complex contact structure on CP%(4) even though
the codimension is large enough. This has to do with the fact that the
integer v is equal to 2.

Theorem 12.23 Assume that N = (";2) — 1 is odd. There is no holo-
morphic congruence of CP™N(4) that brings the Calabi embedding of CP™(2)

into position as an integral submanifold of the complex contact structure
on CPN(4).

Proof. Recall that the meaning of the condition v = 2 is that the first
normal space is the whole normal space. Suppose now that CP"(2) —
CPN(4) is an integral submanifold of the complex contact structure with
second fundamental form a. We have already noted that the vector fields

U and V are normal and that for any tangent vector X, GX is normal.
Using VxU = —GX + o(X)V, we have

0= XQ(K U) = g(@va U) —g(Y,GX) = g(a(X,Y),U),

and similarly g(«(X,Y),V) = 0. Thus U and V are orthogonal to both
the tangent space and the first normal space, but the first normal space
is the whole normal space, giving a contradiction.

For v = 3 we first give a nonexistence result for n = 2 and then a
positive result for n odd; these results are due to Korkmaz, Vrancken
and the author [2000].
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Theorem 12.24 There is no holomorphic congruence of CP%(4) that
brings the Calabi embedding of CPQ(g) into position as an integral sub-
manifold of the complex contact structure on CPY(4).

Theorem 12.25 When v = 3 and n is odd, N = (n§3) — 1 s odd
and there exists a holomorphic congruence of CPN(4) that brings the
Calabi embedding of (CP”(‘;) into position as an integral submanifold of
the complex contact structure on CPN (4).

Finally, we give an example with ¥ =25. In terms of the homogeneous
coordinates (z1,..., 228, W1,...,Was), CP3(§) may be realized as an
integral submanifold of the complex contact structure on CP%(4) in
the following way:

2= w = —(

22 = Cg w2 = —sz

23 = V5({G wy = —V5¢5¢s
24 = V(1 wy = V566G

25 = V514 ws = V5(3¢a

26 = V53¢ we = —V/5({C3
2 = V5033 wr = V5

zs = V5 ws = V5(1 ¢

20 = V10633 wy = —v10¢3¢
210 = V103 (3 wio = —vV10G5¢E
a1 = V10653 wy = —v10¢3¢3

219 = V10$35¢? w1z = —vV10¢ G
213 = V103¢3 wiz = —V10¢5¢E
214 = \/10@)’@% W14 = _\/10<2C22

215 = V20(7 (a(s
216 = V2067¢2Cs
217 = V206 G5
218 = V20(3¢1C3
219 = V20G5C14

wis = V201G
wig = v20¢5 ¢l
wi7 = V20316
wig = V20$5¢1¢3
wig = V207 (3
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220 = V2063 G3Ca
21 = V/30¢F(3¢s
2o = V/30¢3¢3¢
23 = V30(7 G5,
221 = V30GT i
zo5 = V/30C3 ¢33
206 = V30G3¢ G
297 = V60 (23
za8 = V60C2(1C3G

wao = —V20¢C1¢
war = V303 ¢
Wy = V/30C3C3C
waz = —V3063(T¢
Wy = —V3065¢5Cu
was = V30C3C3¢
wae = —V305¢3C3
war = —V60¢5¢1(
wag = —V60¢3¢1Ca3



13
Additional Topics in Complex Geometry

Before turning to our main topics we first discuss partially hyperbolic
diffeomorphisms and holomorphic Anosov flows as introduced by Etienne
Ghys [1995]. In Section 13.2 we discuss the geometry of the projectivized
holomorphic tangent and cotangent bundles. The study of the projec-
tivized holomorphic tangent bundle naturally raises the question of a
complex geodesic flow, which we discuss in Section 13.3. In Section 13.4
we return to the projectivized holomorphic tangent bundle and develop
its complex almost contact metric structure. In Section 13.5 we first dis-
cuss special directions on complex contact manifolds analogous to our
treatment in the real case in Chapter 11 and then discuss complex con-
tact structures on the Lie group SL(2,C) in detail.

13.1 Partial and holomorphic hyperbolicity

The purpose of this section is to present, as preliminaries, some ideas
related to real and complex hyperbolicity. A diffeomorphism f of a (usu-
ally compact) Riemannian manifold M is said to be partially hyperbolic
in the narrow sense (see, e.g., Pesin [2004, pp. 13-14]) if there exist
numbers C' > 0 and

O< M < <X<pup<A3<pus, p <1, A3>1,

D.E. Blair, Riemannian Geometry of Contact and Symplectic Manifolds,
DOI 10.1007/978-0-8176-4959-3_13, © Springer Science+Business Media, LLC 2010
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independent of p € M, and an invariant spliting
TM =E°® E°® E"
such that for n > 0,
CI o] < | fo]l < Culllell, v € B,
CTI oIl < [Iffvll < Cugloll, v e Ep,
CWgloll < |Ifrl < Cugloll, v e BY.

As mentioned in Section 11.2 for Anosov flows, when M is compact the
notion is independent of the choice of metric, but when M is noncompact,
the notion is in general metric dependent. The subbundles E¢, E¢ and
EY are called the stable, central, and unstable subbundles respectively.

For example, let ¢, be an Anosov flow corresponding to a vector
field £. For fixed ¢ the diffeomorphism ); is partially hyperbolic with
1-dimensional central direction generated by £. In Section 13.5 we will
encounter a real vector field whose corresponding 1-parameter group is
a group of partially hyperbolic diffeomorphisms for which the central
subbundle has dimension 2.

In [1995] E. Ghys defines the notion of a holomorphic Anosov flow as
a particular C*-action on a complex manifold that gives rise to an invari-
ant splitting of the real tangent bundle, together with natural growth
conditions on the subbundles. Lemma 2.1 of Ghys [1995] shows that the
resulting stable and unstable subbundles extend to complex subbundles
in the complexified tangent bundle. Also, in remarks on page 600 of his
paper, Ghys discusses the possible consideration of starting with a holo-
morphic vector field and the flow it generates. This is described in terms
of a splitting of the complexified tangent bundle, but one could equally
well begin with a splitting of the holomorphic tangent bundle, and we
take this point of view here.

Let £ be a holomorphic vector field on a Hermitian manifold M strictly
speaking, & does not determine a flow due to the lack of a natural order-
ing of the complex numbers. However, for a holomorphic vector field, the
theory of complex differential equations goes through as in the real case.

Let w1, ...,w, be local complex coordinates on M and f7(w1,...,w,)
the holomorphic component functions of £ with respect to the basis
{ 831 e 63;” }+. Then the complex autonomous system
dw
Y= f*wy...,w,), a=1,...,n,

dz
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satisfies existence and uniqueness theorems similar to those in the real
case (see, e.g., Hille [1976, Theorem 2.2.2]). Thus for a given point wgy €
M one can construct a unique local holomorphic curve through the point
by the solution w(z) = (w1 (z),...,wy(2)), w(0) = wy. Therefore given
&, one can define a “flow”1), mapping a point wg to the point w(z). We
say that & (and the flow) is a holomorphic Anosov flow if there exists an
invariant splitting of the holomorphic tangent bundle 7 as a direct sum
of type-(1,0) subbundles E*, E* and the 2-dimensional bundle tangent
to the orbits of 1, together with numbers C' > 0, A > 0 such that

[z0v]] < Ce P Pjof|, v e B,
[z0v]| > CHTE o), v e B,

where PRe denotes the real part.
Before leaving this section we discuss briefly the question of integra-
bility for a complex autonomous system of the form

ow®

oz

fa(wl,...,w”), a=1,...,n,

where the functions on the right are complex-valued but not necessarily
holomorphic. This is motivated by the consideration of a vector field, £ =
e agav of type (1,0) but not necessarily holomorphic. The question
is when is there a local foliation by holomorphic curves whose tangent
spaces are determined by the vector field. Being of type (1,0), the vector
field is of the form X — iJX for some real vector field X, and hence
it determines a subbundle spanned by X and JX. Integrability of the
subbundle requires that the Lie bracket [X, JX] be a linear combination
of X and JX, say [X, JX] = aX +bJX for some real-valued functions a

and b. Since [, £] = 2i[X, JX], the integrability condition takes the form

€,€] =i(ag + af), « = a+ib.

Proposition 13.1 Consider the compler autonomous system

ow®

P ot w), a=1,...,n,
where the complex-valued functions f* are smooth and nonvanishing on
a stmply connected domain. Then the system is integrable if and only if
the f1’s are of the form f® = gF®, where each F® is holomorphic and g
18 complex-valued.
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Proof. For the sufficiency suppose f* = gF'“, where each F'“ is holo-
morphic. Then

, WO =y D
6.8 = > 9F awa,ZgFﬁawﬁ}
. 99 ) P
= gFe 0 B awﬂ =Y gpe 0

(X e (G )

giving the integrability.

Conversely, given the integrability of the subbundle, we can view it
as a foliation of a domain in C™ by J-invariant submanifolds, but such
submanifolds are complex submanifolds and therefore are given by holo-
morphic functions w’(z). The corresponding holomorphic tangent vector
field, say S F© 8204’ must then be proportional to the given vector field
> e

We can easily generalize this proposition slightly. Suppose that the
hypotheses on the f%’s hold for a = 1,...,p and that f¢ =0 for a > p.
Then for any solution, w® = const. for a > p, and the remaining p
equations behave as in the proposition. For example, in Example 12.2.7
we have the nonholomorphic vector field

, 4 10 &K, 0
Uo+zV0:\/fO(aZO+z:1w (%a),

a=

where we caution that the coordinates in this example are {ZO, v, 2",

w', ... ,w™}. For the corresponding autonomous system, the w®’s become
constants and the n—+1 functions on the right-hand sides of the remaining
equations are of the form ¢ = # times the constant functions F'® =

0
w®. The solutions represent the integral submanifolds of the vertical sub
bundle V.

13.2  Projectivized holomorphic bundles

In Section 9.5 we gave an example of a contact structure on the projec-
tivized tangent bundle of the hyperbolic plane, and in Example 3.2.4 we
briefly mentioned the projectivized cotangent bundle. In the complex set-
ting we first discuss the projectivized holomorphic cotangent bundle and
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then study the projectivized holomorphic tangent bundle as a complex
analogue of the tangent sphere bundle.

Let M be an n + 1 complex dimensional complex manifold with lo-
cal coordinates (w’,...,w™) and 7* its holomorphic cotangent bundle
with fiber coordinates (p°,...,p"). Each fiber of 7* is a copy of C"*1,
and one can consider the corresponding projective space CP" giving the
projectivized holomorphic cotangent bundle P7*.

If 7 : 7 — M is the projection map, then w® and p® are local
coordinates on 7*, where we have identified w® with w® on. Consider the
Liouville form 3, which is given locally by 5 = >""_, p“dw®. Now on P7*
the p®’s are homogeneous coordinates for the fibers, and we introduce
nonhomogeneous coordinates (p',...,p") on the neighborhood defined

byﬁO#Obypazgz.Then

n
0 =du®+> p*dg”
i=1
is a local complex contact form, and taking charts on P7* defined by
p* # 0, we obtain a complex contact structure.

Turning to the Hermitian setting, we first note that one case of the
projectivized holomorphic tangent bundle has already been discussed,
namely C"*! x CP"(16) in Example 12.2.7. More generally, let M be
an n+ 1 complex dimensional Hermitian manifold with local coordinates
{w? ...,w"} and # : 7 — M its holomorphic tangent bundle with fiber
coordinates {QCO, ey f”} Each fiber is C"*!, and we consider the corre-
sponding complex projective space CP™. We call the bundle constructed
in this way the projectivized holomorphic tangent bundle Pt. The éa’s
are homogeneous coordinates for the fibers of Pr, and we introduce non-
homogeneous coordinates {¢',...,¢"} on the neighborhood defined by
CO£0 by ¢ = (Aa/éo_ Let m : Pt — M denote the projection, and we
denote by {w", ..., w™ ¢!, ..., ("} the local coordinates on Pt, where we
have identified w® with w® o .

The vertical coordinate fields on 7 project to P7 in the following
manner:

9 1~ 0 0 19
= E ¢ ) T . =1
e Tl a0 ate {oa

Let G5 denote the Hermitian metric on M and . the connection
coefficients. The metric gives rise to horizontal lifts of vector fields to 7
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by
0 \H 8
= g .
<8w5 ) = (i By oo
The vertical lift Ofaga is (agﬂ)v = 8?5'
In the fibers of 7 consider the spheres ZZWZO GC@(A“@ = 1 and set

P, = Z::O Ga,—yé’Y. Now instead of studying the vertical lift of a vector
field to 7, we define the projective lift to T by

(ue) == P20 0)

Projecting to Pt, we have
9 \F - 0 O \P o
<8w0) %_;Cvacw <3w0‘) —>8C0" a=1,...,n.

We also remark that dividing Y =0 aﬁéa@ =1bhy |CAO|2 gives

Gop + Z Goy(7 + Z Goo¢” + Z G

2 R T op
The left-hand side is now a local function on P71, and hence ‘Cé|2’ or just
(%], becomes an important local function on Pr.

The holomorphic tangent bundle carries a Hermitian metric, similar to
the Sasaki metric of Section 9.1 on the tangent bundle of a Riemannian
manifold (see, e.g., Munteanu [2004, p. 50]). Denoting this metric by g,
it is given in terms of vectors X,Y of type (1,0) on M by

XY =9(xV,Y") =G(X,Y), g(x".YV)=o.
We now define a Hermitian metric g on Pt by

g(XM V) = (X Y1) = G(X, V),
g X" YPy=0, g(XxXP,vF)=g(x"Y").



13.3 The complex geodesic flow 271
13.3 The complex geodesic flow

Let us first recall the characterization of complex space forms of Yano and
Mogi (Theorem 8.4) that a Kihler manifold M?", n > 2, is a complex
space form if and only if for every point and every holomorphic section
at the point, there exists a unique totally geodesic holomorphic curve
through the point and tangent to the given holomorphic section at the
point. Thus for complex space forms one has a natural complex analogue
of a geodesic.

Now consider the vector field on the holomorphic tangent bundle 7

defined by
n . 9 H
o;) ¢ (8wa ) '

For our discussion of the projectivized holomorphic tangent bundle Pr,
first divide the above vector field by ¢° and consider the vector field

== (aiﬂ)H *;Ca(azaf‘

We will do this explicitly for complex hyperbolic space CH"*! and com-
plex projective space CP™ !, The case of C"*! is trivial.

For complex hyperbolic space, the Bergman metric of constant holo-
morphic curvature —1 is given by

g2 — 4 (1= XY dwdi?) + (3 0 dw?) (3w dir”)
- (1= 3 Jwef2)2 '
The connection coefficients are

2w w”
— o [0 — a
Hes = 4 — 3 |Jwe|? Fap = 4 — 3 w2 pos =0, ppy =0

For complex projective space CP" !, we have the Fubini-Study metric
of constant holomorphic curvature +1:

FENIICR DY [w®[*)(Y0 dwdiv®) — (3 @ dw®) (Y wdw®)

s“ = .
(1437 |[we]?)?

The connection coefficients are

_9af _ &b
s 2w 5 w o a
66 = 1 4 S el P8 T 1 ey M8 =0 Hey =0
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An important observation is that in both cases ,ugﬁ = Q,u;y,ﬁ. In fact, a
Kéhler manifold of complex dimension > 2 with local coordinates {w®}
and satisfying ,ugﬁ = 2/1%, tgg =0, pg, = 0is of constant holomorphic
curvature. This fact may be of some independent interest, and a proof is
given in the author’s paper [2007].

We now use the projections of the vertical coordinate fields from 7
to P71 and the expression for horizontal lifts from the previous section.
The following computation is straightforward, though somewhat delicate,
but it relies only on the properties ,ugﬂ = Zu%, g =0, pg, = 0 of the
connection coefliecients and is therefore the same for both CH™*! and
Ccprti:

I \H & 0 \H
%
(8w0) +BZ:_1< (E)w5> 7
0 i 0 " 0 " 0
y=1 y=1 v,0=1
" 9 ) 9
+ 2 g ~H30 s — D 1
= {awﬁ a¢h 5 7 9¢Y
" 0 0 0
0 B B
+ u,goZlC”aO - ;Boumé“"agﬁ - ugoagﬁ}
Y= s )

0 1l oy 0 L s O
_ 8w0+2M00;C 3C”+QVZ RGN

o=1
N B 9 1 )
B B (B2 B B
+2 7 s — 2 Has(C) acB 5D D Hasl < oer
= et B=1175,0
+y D HaC Cocr T DB PR < o
Bt B=1178,0
1 g~ 0
2#00%@ acs
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For this vector field consider the holomorphic autonomous system

dw® dw® d¢ce
dz dz dz
Solving, we have a map 1, that maps a point (wl),w¢, ..., w, ¢, ..., )

to the point (w) + z,w} + Sz, ..., wh + 2, ¢, ..., (), and the orbits
of 1, are lifts of the complex geodesics. We call this flow, and the vector
field, the complex geodesic flow, and we have the following theorem.

Theorem 13.1 On the projectivized holomorphic tangent bundle of a
Kahler manifold of constant holomorphic curvature, the vector field

2 \" & o \"
= _ B
= (o) P2 (o)

generates a flow whose orbits are horizontal lifts of the complex geodesics
of the Kahler manifold.

Before studying this complex geodesic flow further for the cases of the
complex hyperbolic plane and complex projective plane, we will prove a
converse of Theorem 13.1 for Kahler manifolds. That is, when the base
manifold is Kéhler we take up the question of the integrability of the
subbundle determined by the vector field =.

First recall that when the base manifold M is Ké&hler, the connection
coefficients take the form

o Gga aGVS
Hay owB’
and the curvature of M is given by
Opy 5
gwd = RapiG

Thus the Lie brackets of horizontal lifts of the coordinate fields become

. ou% ~ On%
(o) " (o) =& 2, =075 2,
0

e

; e} 9 s @
= —CVRﬁg,ﬁ—Gs aéa + CERﬁgngW
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To find the integrability condition of the subbundle determined by =

we write = as .
o ow?
6=0

and compute the Lie bracket [Z, E] The horizontal part vanishes and the
vertical part is imaginary, namely

2 5 e O
- jm(c COR;- _QPa ¥ >7
cor? T o
where we have used the symmetry R,3.,5 = Rpgasy. Therefore the
subbundle will be integrable when the inner product of this with 8‘20
vanishes. Computing this on the bundle 7 in terms of the metric § and
relabeling, we have

R O \P.c. . N J .
() ey () VT R ),
Now if this vanishes, we interpret it in terms of (1,0) vectors Z and W,
giving
G(R,,W,Z) = G(W, 2)G(R ;7. 7).
Taking conjugates, we have
G(RZzza W) = /\G(Za W)a

where A = G(R,3Z, 7). Writing Z as X — iJX and taking the (1,0)
part, we have

Rx_irx)(xtisx) (X —iJX) = AM(X —iJX),

since the left-hand side expands to 2i(Rxsx X —iJRx xX). From this
we see that the integrability condition of the subbundle is that Rxjx X
be proportional to JX, a well-known characterization of constant holo-
morphic curvature (Kosmanek [1964] for Kéhler manifolds and general-
ized by Tanno [1973] to almost Hermitian manifolds satisfying
GRyxsvJX,JZ)=G(RxyX, Z)). Combining with Theorem 13.1 we
have the following theorem.

Theorem 13.2 On the projectivized holomorphic tangent bundle of a
Kahler manifold M, the vector field = = (ago)H + Zgzl Cg(aa )H

wﬁ
determines an integrable subbundle if and only if M is of constant holo-

morphic curvature.
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To compare the vector field here with the corresponding one in the
real case we refer the reader to Sections 9.2 and 9.5.

For the complex space forms the differential of the complex geodesic
flow, 1., is easily computed and for n = 2 is simply the matrix

S O =
o~ O
=N O

We now discuss in greater detail the geometry of the complex geodesic
flow for the complex hyperbolic plane and the complex projective plane.
In particular, we will first analyze the flow v, for the vector field 83}0 +
Ca?ul on the bundle P over CH?; since n + 1 = 2, we denote the fiber
coordinate ¢! simply by ¢, but for the index on a tensor we use 1*.
The metric g of the previous section on P is given with respect to the
coordinates {w?® w!,(} by

41— w'P) [CPa® + ¢a'?
01— w02 = 22 (1= w02 — ot P)(1 [P — [Gu® — w!2)2°
4 w! Cl@® + ¢w'|?
P (1= w0 = [l [2)2 (1= w02 — ot 2)(L 4 [¢[2 — [Cu® — w[2)2°
41 = [wP?) [ + (w2
= (1 P2 =t 22 (1 O = (L (G [Gu® — w![2)2
- C(w” + (')
TGP~ [ou® — w22
(a° + ') L= — o' ?

T @GP JGu® = w'2)2 T (14 [¢f2 — [Gud — w![2)2°
Now consider the vector fields
0

v = w0+§w1i\/1+|(|2—|(w0—w12 ,
L+ [¢P

the entries being the components with respect to the basis { 830 , 83)1 , 68( }.
Notice that (w® — w' is constant along the orbits of the flow v,. Apply
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the differential of the flow to the values of VE at (wf,wd, (p):

1 0 0 0
01 z wy + Cowd £ /14 |G| — |Cowd — w2
00 1 14 [¢ol?
0
= | wd+ Cowg + (1+[¢o[*)z i| \/é + 160l = [Gowd — w§|?
1+ ¢

but this is the value of V* at the image point (wg + z,w(l) + 0z, ¢o)-
Therefore V* determine invariant subbundles transverse to orbits of the
flow.

Next we compute the square of the length of V* and obtain

w0 + Cw! £ /14 [¢2 — [Cu® — w!|? |2
(1= |wO? = [w![2)>(L + [¢[* = [Cw® — w![?)
X (41 = [ P)(1 + ¢ = [¢u” = w!P) + 1 = [’ = [w' 7).
The idea is to compare this at the image point with its value at the
initial point; not surprisingly, this is quite complicated. Also the map 1,
is not an isometry. However, consider the isometry of CH? that maps the
disk ¢w' — w! = (wd — w§, fixed ¢, to the disk w! = 0 (¢ = 0) and the
point (wg, w(l)) to the origin. Now w? is just z on the unit disk. Moreover,
the function w® + (w' £ /1 + [¢|2 — [¢w® — w!|2, which is the second
component of V*, is mapped to the function z & 1, which is the value
of the second component of V* along (w’,0,0). Now along (w?,0,0) the
square of the length of V¥ as given above is just
|z £+ 12
1— |22
and we study this function on the unit disk. The function tends to infinity
as |z] — 1 along all radii except the negative real axis in the plus case
and the positive real axis in the minus case; in these cases the limit is 0.
Restricted to the real axis this is hyperbolic behavior, with the plus case
corresponding to the unstable bundle and the minus case to the stable
bundle relative to increasing real parameter. Moreover, returning to the
complex disk, choose a number R such that 0 < R < 1. Let C =1—- R

o _ (1-R)?
and « such that R = 1+ R

g(VEVE) =

X 5,

. Then on |z| < R, we have

|z £ 1)? C
5< . 5
L—[zP 7 Jaf®

in the spirit of Ghys’s condition for a holomorphic Anosov flow.

Cz]%5 <



13.3 The complex geodesic flow 277

Now in contrast consider CP2. The metric ¢ on P7 with respect to
the coordinates {w”, w!, ¢} is given by

A1 ! P) [P+ Cat
JO= (g w02+ [w!]2)2 T (14 w02+ [wd[2)(14 [C]2+ ¢ — wl[2)2’
v Cfi+ G
Jo1=— (1+ |w0|2+ |w1|2)2 _(1-|- |w0|2+ ‘w1|2)(1—|— |C|2+ |Cw0_ w1|2)27
4(1 + [P |w® + ¢w|?
Jg1i= (14 w2+ |wl?)2 (14 |wO2+ |w!2) (1+ [¢|2+ |Cw® — wl|?)?”
o ¢(@” + ')
POI= (1 (¢ + [Cw® — wh[2)2”
(0° + ¢wt)

TEZ7 (4 1P + |G — wt 2)2

I B T S [ b
TET = (1 ¢+ G — wl2)2°

Now suppose the vector field V =« 830 +b a?ul + 884 is invariant under
1. and compute the square of its length along (w°,0,0):

04+ |wl|?

V. V) = |a|? b _
g(V,V) = laf (1+|w0|2)2+| | 1+ w02

bir® — bw® 4 (1 4 [w°?).

Taking the initial point to be (0,0,0) and V = ag 830 + bo 8?01 + 68( at
this point we have at z (= w°),

_ Aagl? 3|z + bo?

2
g(V7V) - (1+|Z’2)2 1+|Z’2 +1+|b0| )

which has limit 44 |bg|? as 2| — oco. On the other hand, if either |V (2)| <
|Z1|a|V(O)] or |V (z)] > |2|*|V(0)], then the limit of g(V,V) as |z| — o
is either 0 or co. Thus for CP?, v, on P7 does not admit holomorphic
hyperbolic behavior. Thus, as with the classical geodesic flow, we see
some hyperbolic behavior in the case of the negatively curved space CH?,
but not in the positively curved space CP?.
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13.4 Complex almost contact metric structure
on Pt

One of the difficulties of Hermitian geometry is the lack of holomorphic-
ity in the metric. In fact, the only time the components of a Hermitian
metric are holomorphic functions is when they are constants, and hence
the metric is already flat, a much too restrictive situation. Thus, instead
of seeking a complex contact metric structure on P7, which insists on the
holomorphicity of the local contact forms, we relax this to require only
that the local forms be of type (1,0). Another difficulty of Hermitian
geometry is that using the metric to raise or lower indices reverses type
(e.g., lowering the index on a (1,0) vector field gives a (0, 1)-form). How-
ever this difficulty is easily overcome by taking conjugates. Usmg the
metric we define a form by looking at the inner products g( PR Z) giv-

ing a (1,0)-form 6,
Z P, dw®,
CO) a=0
or equivalently

n

0= Z(Ga(_) +pa)dwa, Pa = z GO@C_’Y'
v=1

a=0

We remark that in the overlap with the coordinate patch defined by
¢1 0 one has 6; = (¢9/(1)0y, where we have used subscripts to identify
the forms on the particular coordinate patches.

Staying within Kéhler geometry, we can ask whether the local (1,0)-
forms 6 are contact forms in the sense that 6 A (df)™ # 0, even though
they are not necessarily holomorphic forms giving a complex contact
structure. Recalling that 0G5/ Ow? is symmetric in o and 3 on a Kéhler
manifold, the differential of  is a form of type (1,1) and given by

o = (aGaO Z aG” O)dw A dio® zn: Gamdw® A dC.
y=1

To show that 6 A (df)™ # 0, it is enough to evaluate it on the coordinate
vector fields

{ 0 0 o 0 8}
Ow?’ Qwl’ T own’ 9L’ a¢n )T
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Let € denote the sum on the signed permutations of kg, ..., k,. It is
sufficient to look at sums of the form

@9(33»;0)%(55”1 ’ a§1> "'de(ajﬂn’ a?n>

- @ (élo)P"vo (—21)”(}511 G
= (21)”( C}O) D (X Gunt7) Gt Guan

The terms in the ) -sum for v = 1,...,n will give zero upon doing the
@-sum. Therefore we have

<_21)H@GHO()GK11 o Gpn = (;1>ndet(G,ﬁ) £ 0.

Therefore 6 A (df)™ # 0, giving us a local contact form of type (1,0).

Returning to the general setting, we show that even though we cannot
expect a complex contact metric structure on the projectivized holomor-
phic tangent bundle P, it does carry a complex almost contact metric
structure.

Define local real 1-forms u and v by

U — 1w =

I
5 0
and vector fields U and V by
U +iV = 4/¢°=.

Since both E and € are of type (1,0), we have that V = —JU and

v = uoJ. By an easy computation we see that 6(Z) = If(l’lz and then

(U +iV) = 510+ 8)(4)C°2) = 2, giving u(U) = 1 and u(V) = 0.
Similarly v(V) =1 and v(U) = 0.

Before defining the fields of endomorphisms G and H, we introduce
the following vector fields:

E, :50((62a>H—Pa505), a=1,...n.
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Then one can check directly that the subbundle H defined by 6 = 0 is
spanned by {F1,..., E,, 8(21 ey a?"}‘

We now define G by GU = GV =0 (or GZ = 0),

ci.= 2. c¢?% - k. cB,=" ¢’
aca aga aca 8Ca

Then it is straightforward to show that G? = —I+u®U +v®V and that
GJ 4+ JG = 0. Setting H = GJ, one can easily check the corresponding
conditions.

For the metric we first recall that the real metric associated to a
Hermitian metric g, also denoted by g, is given by

= —E,.

1
9JXY) = Reg(X —iJX,Y +iJY).

Recall also that for the standard contact metric structure on the tangent
sphere bundle (Section 9.2), a homothetic change with factor }1 was made
in the induced metric from the Sasaki metric on the tangent bundle.
Similarly, we take the real Riemannian metric g on P71 to be }1 of that
used in Sections 13.2 and 13.3 now denoted by ¢’. This ensures that u
and v are the covariant forms of U and V. The condition ¢(X,GY) =
—g(GX,Y) is equivalent to

Re g/ (X —iJX,G(Y —iJY)) = —Re g (G(X +iJX),Y +iJY).

Note also that

_ g 0 2012
9B Bs) = (e ggs) = <G = PaFs).
It now becomes straightforward to check the skew-symmetry of G. Thus
we have the following theorem.

Theorem 13.3 The projectivized holomorphic tangent bundle of a
Hermitian manifold carries a matural complex almost contact metric
structure.

18.4.1 A complex contact structure with nonintegrable vertical
subbundle

The motivation to consider the question of a complex geodesic flow in
this chapter and in the author’s paper [2007] was not just the question
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itself, even though that is a natural consideration, but also the question
of the complex analogue of the tangent sphere bundle as a canonical
example in complex contact geometry. We noted in Section 13.2 that
the projectivized holomorphic cotangent bundle of a complex manifold
carries a natural complex contact structure and we have just seen that
the projectivized holomorphic tangent bundle carries a natural complex
almost contact metric structure. In Riemannian geometry one can easily
use the metric and its inverse to give a diffeomorphism between the tan-
gent bundle and the cotangent bundle. In particular, we pass from vector
fields to their dual 1-forms with ease. As remarked above, doing this in
Hermitian geometry reverses type, but using conjugation, one could still
construct a diffeomorphism between the holomorphic tangent bundle and
the holomorphic cotangent bundle. However, it will not in general be a
holomorphic or antiholomorphic map; as we noted above, the only time
the components of a Hermitian metric are holomorphic functions is when
they are constants. In the case of C"™! x CP"(16) (Example 12.2.7) the
vector field of type (1,0) corresponding to the vertical subbundle of the
complex contact structure is

0 I D
8w0+a§lg ow®’

which is not holomorphic, but the Hermitian metric of the structure
and conjugation give the underlying local complex contact form dw?® 4
> ¢¥dw®. One might consider reversing our procedure for a given holo-
morphic 1-form 6 and seek a vector field Z on P7 such that 6, = g,5 Z8,
where B denotes that the sum is over the whole range of coordinates..
One might first try for CH? the 1-forms 6 = dw” + (dw", or analogous to
the real projectivized tangent bundle of the Beltrami model of the real
hyperbolic plane,

6 =(1—w(w"—cw’))duw® + (¢ + v’ (w! — Cw®))dw';

again see Section 9.5. While these lend themselves to higher-dimensional
generalizations as holomorphic contact forms, via the metric on Pt they
yield vector fields = that do not give rise to a natural vertical subbun-
dle, V to play the role of the characteristic vector field in real contact
geometry.

Instead for the projectivized holomorphic tangent bundle of CH? we
make a shift in the role of the coordinates and consider the local
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holomorphic contact form
0 = dw' — (du® = g5 =B.

The resulting vector field via the metric is

:_(1—\w0\2—|w1|2) = 02 0.1, 0
== ) {-Ca—pP)+uah),

- 0

12 70 1
+ (1 — |w'| 4—wa)aw1
w? + ¢w! 2 0 12y 9
1t (116 [€w —1ur>8g}
Note that

1 1
Y GoaEr=-C and Y GigEv =1
a=0 a=0

This is the analogue of the Liouville form Y p;dg® on the cotangent
bundle, where the ¢ are the generalized coordinates and p; the momenta.
0|2 112
Now g(=) = (-1 |4_|w D (14]¢2 = |¢w® — w!]?), and we consider the
normalized form

1

U — = 0
V1= ]2 — [ /14 (G2 — (G — w2

The equation # = 0 defines the horizontal subbundle H, which is spanned

by
{aag + 5(?5’ (aio +<ail) + (ago +Eaawl)}'

Consider the normalized vector field

U+iV = 8 E.
V= 0O = [0t P14+ =[G - wt?

As we saw in Section 12.1 the defining requirement for the correspond-
ing vertical subbundle of a complex contact structure is a vector field U
such that du(U, X) =0 for X € H, u(U) =1 and v(U) = 0. Then U and
V = —JU span the vertical subbundle V and one checks that U defined
above satisfies these conditions.
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Now recall that it is typically assumed that the vertical subbundle V
of a complex contact structure is integrable. The 1-form

(1 — Jw'? + Cao®wh)duw® + (C(1 — [w°?) + wl@")dw?

applied to any linear combination of U and V is zero. Thus if V were
integrable,

(1 — '+ Cow")dw® + (C(1 — [w°[?) + w'@")dw' ) ([U, V])

would vanish, but it does not. To our knowledge this complex contact
structure on the projectivizd holomorphic tangent bundle of CH? is the
first known example of a complex contact structure for which V is not
integrable.

13.5 Special directions on complex contact manifolds
and the Lie group SL(2,C)

In this section we first summarize the ideas of holomorphic and real spe-
cial directions on a 3-dimensional complex contact metric manifold as
given by B. Korkmaz and the author in [2009] and analogous to the
real case as discussed in Chapter 11. We then discuss a 2-parameter
family of complex contact metric structures on the Lie group SL(2,C).
Recall from Section 13.1 the notion of a holomorphic Anosov flow, which
was introduced by E. Ghys in [1995]. On SL(2,C) we show that for our
2-parameter family of structures, the holomorphic special directions
determine subbundles which agree with the stable and unstable sub-
bundles of the corresponding holomorphic Anosov flow. Reducing to a
1-parameter family of complex contact metric structures, we also show
that SL(2,C) admits a real vector field generating a partially hyperbolic
flow whose central bundle has dimension 2.

Another treatment of complex contact structures on SL(2,C) was
given by Foreman [2002a], which we will discuss at the end of this section.

To begin let & = hy — hy. Then it is straightforward (or see Blair—
Korkmaz [2009]) to show that

kJ+ Jk = 0.

Since k anticommutes with J, if it is nonzero it admits a positive eigen-
value, say k > 0 with unit eigenvector X. Then X is a horizontal vector
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field and —k is also an eigenvector of k with eigenvector JX. Since the
real dimension is 6, there is another eigenvector W of k with nonnegative
eigenvalue v. Then again W is a horizontal vector field and —v is also
an eigenvalue of k with eigenvector JW.

Definition. A vector Y —iJY of type (1,0) on a complex contact met-
ric manifold M where Y is horizontal is called a holomorphic special
direction if

Vy _isy (U 4iV) = (y +i6)(Y —iJY)

for some nonzero complex number v + id.

We remark that if hyy = hy (kK = 0), then there are no holomorphic
special directions, and from the author’s paper with B. Korkmaz [2009]
we have the following result.

Theorem 13.4 Let M be a complex contact metric manifold of complex
dimension 3 with hy # hy. If o = 0 and if k is nonsingular on the
horizontal subbundle, then there exist holomorphic special directions
on M.

One can also raise the question of real special directions on a complex
contact metric manifold.

Definition. A horizontal real vector Y on a complex contact metric
manifold M is called a real special direction for U (resp. for V) if

VyU =~Y

(resp. VyV =~Y) for a nonzero number ~.

Again from B. Korkmaz and the author [2009] we have for the vector
field U the following result and a similar one for V.

Theorem 13.5 Let M be a complex contact metric manifold with o = 0.
If hy has an eigenvalue \ > 1, then there are real special directions for
U. In particular, if all plane sections generated by U and a horizontal
vector field have negative sectional curvatures, real special directions for
U exist.

We now study the Lie group

SL(Q,(C) = { ( <1 221 > |le4 —z223| = 1}

23
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We form a 2-parameter family of complex contact metric structures on
SL(2,C) as follows. Take A > p > 0 and consider the matrices

1 1 0 Ap /0 —1 A—u/ 0 -1
\/ 22— g2

2 0o -1 )’ 2 1 0 ’ 2 -1 0

in the Lie algebra sl(2,C), which we regard as the tangent space of

SL(2,C) at the identity. Applying the differential of left translation to
these matrices gives the vector fields

1 0 0 0 0
_ 2 _ 2 _ _
& 2 \/)\ H (Zl 01 = 029 + 2 Oz3 > ’

“ 0zy
A +py 0 d d 9
52 B \/ 2 <ZQ 82’1 A 82’2 T A 823 “3 (92’4 ) ’

g——\/A_”(z O vl +al vz a>
3 2 2821 182:2 4823 382’4 .
The complex contact form on SL(2,C) is

2
w = (z4dz1 — z2dz3) = u — iv.

\/)\2 _ ,U2

Set & = 5(U+iV), & = §(Ea—iJEy), & = 3 (E3—iJE3). An associ-
ated metric is determined by left translation of the basis {U,V, Ea, JEs,
Es, JEs}, as an orthonormal basis at the identity, and the structure
tensors G and H = GJ are determined by GFEs = F3 and HFEs = —JEj3.

The basis {U,V, Eq, JEs, E3, JE3} is an eigenvector basis of the oper-
ators hy and hy. In particular,

hUE2 = )\EQ, hUJEQ = _>\JE2, hvE2 == /J,EQ, hVJE2 = —/J,JEQ.

Using the anticommutivities hyyG + Ghy = 0 and hyH + Hhy = 0, we
get

hUEg = —)\Eg, hUJEg = )\JEg, hvEg = /LEg, thE3 = —/J,JEg.

Also, from this Lie algebra of vector fields it is straightforward to compute
covariant derivatives and, in particular, to easily show that o = 0.

We now turn to the question of holomorphic special directions in
SL(2,C). Using the eigenvalues and the eigenvectors of hyy and hy, we
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see that Fs and JFEs3 are eigenvectors of k = hy — hy corresponding to
the eigenvalues \ — ,u and A + p respectively. If a and b are two numbers
satisfying a® + b? = 2/\“ , then

A A
Y—aE2+bJE2+\/)\+ubJE3+\/)\+M Es
W

gives a holomorphic special direction with
Vy_isy (U +iV) = —/A2 — 12(Y —iJY),

and

A A
Z_aE2+bJE2—\//\i_ZbJE3_\//\+Z aFEs

gives an independent holomorphic special direction with
Vi igz(U+iV) = /X2 = pu2(Z —iJ2).

Theorem 13.6 On SL(2,C) the vector field & is a holomorphic Anosov
flow, and the stable and unstable subbundles, E° and E“, agree with
the subbundles determined by the special directions corresponding to the
vector fields Y and Z respectively.

Proof. The complex flow associated to the holomorphic vector field

0 0 0 0
& Tt \//\ H (Zl 021 2 079 + 2 0z3 = 8,24)

Ve = ( eV Vst me_w—““)
z I

236\/>‘2_”2 # z4e_\/)‘2_“2 #

is

and its differential with respect to { .2 Py 9 1 is given by

0
Y Oz 823’ 0z4

eV Az 0 0 0
o 0 e VAuz 0 0
o 0 0 eV Nz 0

0 0 0 VA2 2z



13.5 Special directions 287

Now for the vector field Y,

Y —iJY = (a+ib)(Ey —iJEs) + \/i

f Z(a +ib) (B3 — iJEs)

A—p

B A p ) 0 0
= 4\/ 5 (a+zb)(z1822 + 23 )

= 2(@ + ’Lb)fg + 2\/)\ + M(a + ’Lb)fg

Applying ¥, to Y —iJY at the point p, we have
oY —iJY), = e VVTHY i), = VY ZigY ),

and
lsn(¥ = iTY), || = VIR (v —igy), |
Therefore the special direction determined by Y determines the stable

subbundle.
Similarly, the vector field Z yields the holomorphic special direction

A p

N — u(a + Zb)fg

Z —iJZ = 2(a+ib)&s — 2\/

B A p ) 0 0
N 4\/ 2 (a+zb)(22821 +Z48z3)’

Therefore
. 2,2, .
Vou(Z — 10 2), = VN (L —id 7))

and

[6:e(Z = i Z), || = V¥R (2 — i 2), |,
giving the unstable subbundle.

We now study the real special directions associated to the vector
field U.

Theorem 13.7 If A > 1, then there exist real special directions associ-
ated to the wvector field U on SL(2,C). Moreover, when p = 1,
U determines a partially hyperbolic flow with 2-dimensional central
subbundle E° spanned by U and V.
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Proof. The first statement is clear from Theorem 13.5. In terms of the
coordinates z; = x; +4y;, when u =1,

1 4 B d
_ 2 _1\J+1 ) .
U=,V 1;( 1) (xjamj+y]8yj>'

The corresponding flow v, maps a point (x1,y1,z2, Y2, T3, Y3, T4,Y4) tO
the point

¢ 2_ sz,
e g 1t(:cl,yl,O,O,:zsg,yg,O,0)—i—e* % 1t(O,O,azz,gj/g,O,O,a:4,y4).

Consider the vector field

A2 —1 0 0 0
Y = aEy + bEs = —\/ ( )
als + 013 A\ x18x2+y13y2+x38x4+y36y4
Applying . at a point p, we have
2_
puvy =y, = ey
and J
AZ-1
[PuYpll = €™ 2 Y.
Now consider the vector field
A2 —1 0 0 0 0
JY = aJBEy +bJE; = ( _ _ )
bl 3 \/ A " 0xo 1 0> * y38x4 x35‘y4

Applying 14 to this vector we have

2_
wt*JYVp _ 6_\/)\2 1tjy;) _ 8_\/)\2_1tJth(p)

and
v

A2-1
Yyl =™ 2 Y[V,
Thus Y and JY give a subbundle, £°, which ¢, leaves invariant and
for which . shortens lengths exponentially. We remark that since JFEj3
is also an eigenvector of hy with eigenvalue A, aJFE3 + bJ Es is a special
direction but the corresponding vector field is not invariant under ).
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Similarly, we have the special direction

A2 —1 0 0 0 0
7 = akF Fe = —
aly +bEs3 \/ A\ <x28x1+y28y1+x46x3+y48y3>’

which satisfies
A2—-1
Vs dp = eV tZwt(p)

and together with JZ defines an unstable bundle E*.
Finally, consider the vector field

4

1 ' 0 0
- 2 _ — 1)Ly .y
1% 5 Va2 -1 ;( 1) (y] oz, x; ayj).

Applying 14, we have
wt*vp = th(p)‘

Thus U defines a partially hyperbolic flow whose central bundle is
2-dimensional and spanned by U and V; E® and E" are the stable and
unstable bundles.

In [2002a] B. Foreman looked at complex contact structures on SL(2,C)
from a more algebraic point of view. He considers PSL(2,C) which has a
well-known identification with the space M of Md&bius transformations,
the isometry group of hyperbolic 3-space H?. Every linear fractional
transformation z — Zj_tg can be written in such a way that the ma-
trix (‘Cl Z) has determinant +1; the matrix is unique up to sign, giving
SL(2,C) as a 2-fold cover of M. The boundary H? of H? is readily
identified with C = S2. If g € M has exactly one fixed point in C, then
g is said to be parabolic. Suppose g € M has two fixed points. Then if g
has infinitely many fixed points in H?, ¢ is elliptic; on the other hand, if
¢ has no fixed points in H? and preserves an open disk or half-plane in @,
g is hyperbolic. Foreman first proves an Iwasawa decomposition theorem.

Theorem 13.8 Given two distinct points qi,qo € OH? and a point x €
H? lying on the geodesic connecting qi and qa, there is a unique Twasawa
decomposition of M given by

M=K-A-N,
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where
K = {g € M : giselliptic, g(z) = «} U {id},

A ={g € M:gishyperbolic, g(q1) = ¢1,9(q2) = ¢2} U{id},
N = {g € M : g is parabolic, g(¢q2) = ¢2} U {id}.

As a real Lie algebra, s[(2,C) has a natural complex structure given

by
(2 8)-(5 %)
cC —a 1C —ia

Also, from the Iwasawa decomposition of M, N is the set of all par-
abolic transformations fixing some ¢ € @, and we denote the correspond-
ing space by IV,. Then the corresponding Lie algebra n, is a J-invariant
subspace of real dimension 2. Again taking ¢ € C, let F,={geM:
g(q) = ¢}, a Lie subgroup of M; its Lie algebra f, is a J-invariant sub-
space of complex dimension 2.

We are interested in left-invariant complex contact structures on M,
i.e., those that are described by ker 6 for some 6 € s[(2,C)*. The main
result of Forman [2002] is the following.

Theorem 13.9 Let ker 6 be a left-invariant 2-dimensional subspace of
sl(2,C). Then ker 0 satisfies exactly one of the following statements:

1. ker 0 = ng, +ny, for two distinct q1,q2 € OH3. In this case ker 0 is
a complex contact structure.

2. ker 0 = f4 for some q € OH?3. In this case ker 8 is a foliation.

In the first case, for any f € M —{id} such that f(q1) = ¢1, f(q2) = ¢2
there is a unique complex contact structure 6 such that the corresponding
characteristic vector field &(= (U +iV)) satisfies exp(¢) = f.



14
3-Sasakian Manifolds

In this chapter we will give more of a survey of 3-Sasakian manifolds and
only a few proofs. A more thorough treatment is given in the book by
Boyer and Galicki [2008, Chapter 13].

14.1 3-Sasakian manifolds

If a manifold M2?™+! admits three almost contact structures (¢;, &,7;),1 =
1,2, 3, satisfying the following for an even permutation (i, j, k) of (1,2, 3),

O = Gidj — 1M @& = —Q0; + 1 @&,
Sk = ¢i&j = — P58, Mk =i © Q5 = —mjo Py,

then the manifold is said to have an almost contact 3-structure. This
notion was introduced by Kuo [1970] and independently under the name
almost coquaternion structure by Udriste [1969]. Some authors follow
different sign conventions, taking ¢ = —¢ip; + 1; ® &, etc. (see, e.g.,
the latter part of Section 14.2, the author’s paper with Baikoussis [1995],
Boyer and Galicki [2008, p. 486]). Note that given two almost contact

D.E. Blair, Riemannian Geometry of Contact and Symplectic Manifolds,
DOI 10.1007/978-0-8176-4959-3_14, © Springer Science+Business Media, LLC 2010
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metric structures satisfying

P12 — M2 @& = — Q201 + M R &,
$1&o = — @281, Mmoga=—moodr, m(&)=m(&) =0,

then there exists a third almost contact structure defined by

$3 =12 =2 ® &, &= d1&e, M3 = —m2o ¢y

giving an almost contact 3-structure.

Now given an almost contact 3-structure (¢;, &, ;), define on M?m+1 x
R three almost complex structures J; using each of the almost contact
structures as in Section 6.1. It is then easy to check that J, = J;J; =
—J;J;. Therefore M 2m+1 % R has an almost quaternionic structure, and
hence its dimension is a multiple of 4. Thus the dimension of a manifold
with an almost contact 3-structure is of the form 4n + 3. Tachibana and
Yu [1970] used this idea to show that there cannot be a fourth almost
contact structure (¢4, &q,ma) with 1;(&4) = ma(&;) = 0,4 = 1,2, 3, and sat-
isfying the anticommutativity conditions with the first three structures.
To see this, let J4 be the almost complex structure on M?™*! x R con-
structed using (@4, &4,m4). Then pairing Jy with each of Jy, Jo, J3 yields
Jud; = —J;Jy, i = 1,2,3. This contradicts J3Jy = J1JoJy = —J1Jydo =
JyJ1Jy = JyJs.

The normality of these almost contact structures was discussed by
Yano, Ishihara and Konishi [1973]. In particular, if two of the almost
contact structures are normal, then so is the third.

Kuo [1970] proved that given an almost contact 3-structure, there ex-
ists a Riemannian metric compatible with each of them, and hence we can
speak of an almost contact metric 3-structure (¢;,&,ni,9), t = 1,2,3. He
also showed that the structural group of the tangent bundle is reducible
to Sp(n) x I3. Moreover, the vector fields {{i,&2,&3} are orthonormal
with respect to the compatible metric.

If the three structures (¢;,&;, 7, g) are contact metric structures, we
say that M43 has a contact metric 3-structure. If the three structures
are Sasakian, we say that M*"*3 has a 3-Sasakian structure, sometimes
called a Sasakian 3-structure, and M*"*3 is a 3-Sasakian manifold.

As we remarked at the end of Section 6.5, Boyer and Galicki [2008,
p. 477] define a 3-Sasakian manifold by considering the cone Ry x M.
A Riemannian manifold (M™,g) is a 3-Sasakian manifold if and only
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if the holonomy group of the cone (R, x M,dr? + r2g) reduces to a
subgroup of Sp(mf). Again we see that m = 4n + 3, n > 1. Moreover,
(Ry x M, dr?+41r2g) is a hyper-Kihler manifold, i.e., it has a quaternionic
structure consisting of three global almost complex structures that are
Kihler with respect to the metric dr?+r2g. For a proof of the equivalence
of these definitions see Boyer, Galicki, Mann [1994].

One can also have the notion of an almost hyper-Kéhler manifold,
where the three fundamental 2-forms of the almost Hermitian structures
are only required to be closed. However, it is an important result of
Hitchin [1987] that an almost hyper-Kéhler manifold is in fact hyper-
Kahler.

Now the cone over a manifold with a contact metric 3-structure has
an immediate almost hyper-Kahler structure and hence by the above
mentioned result of Hitchin is a hyper-Kéahler manifold. Thus we have the
following theorem of Kashiwada [2001]; her proof used a generalization
of Hitchin’s result that she gave in [1998].

Theorem 14.1 FEvery contact metric 3-structure is 3-Sasakian.

There is also a notion of hypercontact structure that was introduced by
Geiges and Thomas [1995]. A hypercontact structure is a triple of contact
forms (a1, a9, a3) and an almost contact metric 3-structure (¢;, &, i, 9),
i = 1,2,3, such that each do; is the covariant form of ¢;. If n; = «y,
this would be a contact metric 3-structure and hence 3-Sasakian. Per-
rone [2002] considers hypercontact structures for which the characteristic
vector field (; of «a; is the metric dual of a; and calls such a structure a
hypercontact metric structure. In their paper Geiges and Thomas prove
a connected sum theorem for hypercontact manifolds. In the Perrone
paper he proves that a 3-dimensional hypercontact metric manifold is
either 3-Sasakian and locally isometric to S3(1) or is locally isometric to
SL(2,R) with a left-invariant hypercontact metric structure that is not
a contact metric 3-structure.

Again if M43 has two Sasakian structures (¢;, &, 1, 9),4 = 1,2, with
&1 and & orthogonal, then the third structure defined by {5 = ¢1&2 and
@3 X = —V x&s gives a 3-Sasakian structure. Exploring this idea further,
Tachibana and Yu [1970] proved the following theorem.

Theorem 14.2 Let M be a complete simply connected Riemannian
manifold admitting Sasakian structures (¢;,&,mi,9),1 = 1,2, such that
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9(&1,&2) is a nonconstant function on M. Then M is isometric to a unit
sphere.

The proof of this theorem is to differentiate the function f = g(&;1,&2)
twice and use the Sasakian conditions to show that f satisfies V; V. f; +
219k + frgii+ figue = 0, where f; = V; f. Then by a well-known theorem
of Obata [1965] (see also Tanno [1978al), M is isometric to a unit sphere.

Using Vx& = —¢; X one readily obtains on a manifold with a
3-Sasakian structure that [{;,&;] = 2§;. Thus the subbundle spanned
by {&1,&2,&3} is integrable with totally geodesic leaves that are easily
seen to be of constant curvature +1. Notice also that from ¢;§; = &,
etc., each leaf of the foliation is itself a 3-Sasakian manifold.

The canonical example of a manifold with a 3-Sasakian structure is
the sphere S4"*3. Its structure is readily obtained by taking S4"*3 as
a hypersurface in H"*!. Each of the three almost complex structures
forming the quaternionic structure of H**! applied to the outer normal of
the sphere gives a vector field &,i = 1,2, 3, on S**3. These three vector
fields are orthogonal and give rise to the standard 3-Sasakian structure
on §4+3. This 3-Sasakian structure on S*"*3 also projects under the
Hopf fibration to the quaternionic structure on quaternionic projective
space HP™. We will briefly discuss generalizations of this fibration below.

We first, however, prove an early result of Kashiwada [1971] that a
3-Sasakian manifold is Einstein; this can be regarded as analogous to
the well-known fact that a quaternionic Kéhler manifold is Einstein.
Kashiwada’s proof is computational relative to an orthonormal basis, but
here we give a noncomputational proof utilizing properties of cones and
hyper-Kéahler manifolds.

Theorem 14.3 Let M*"t3 be a manifold with a 3-Sasakian structure

(¢i7£i777i7g)7 1= 17273'

Then M43 is an Finstein space with positive scalar curvature.

Proof. First, recall that the cone over a Riemannian manifold M is
Ricci flat if and only if M is Einstein with Einstein constant equal to
dim M — 1. Second, recall that hyper-Kéahler manifolds are Ricci flat.
Thus considering the cone over M*"*3  we have the result.

As a corollary, or from our previous remarks, we see that a 3-dimen-
sional manifold with a 3-Sasakian structure is of constant curvature +1.
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Additional curvature properties of 3-Sasakian manifolds include the
following. For a vector X orthogonal to {&1,&2,&3} (4n+3 > 7), the sum
of the three ¢-sectional curvatures satisfies

3

D KX, ¢:X) =3;

i=1

Tanno [1971]. If the sectional curvature of plane sections orthogonal to
{&1, 62,83} is constant (4n+3 > 7), the 3-Sasakian manifold is of constant
curvature +1; Konishi and Funabashi [1976].

All complete 3-dimensional 3-Sasakian manifolds were classified by
Sasaki [1972] in the following theorem.

Theorem 14.4 A complete 3-dimensional 3-Sasakian manifold is a quo-
tient S3/T, where T is one of the following finite subgroups of Clifford
translations on S®:

1.0 =11},
2. T = {+]},

8. T is the cyclic group of order q > 2 generated by

2w s 21

cos —sin 0 0
o 97
sin q” Cos ; 0 0
0 0 cos 2T sin 2; ’
s 2T 27
sin cos
0 0 . .

4. T is a group of Clifford translations corresponding to a binary
dihedral group or the binary polyhedral groups of the regular
tetrahedron, octahedron, or icosahedron.

Boyer, Galicki and Mann [1994] classified all 3-Sasakian homogeneous
spaces.

Theorem 14.5 Let M be a 3-Sasakian homogeneous space. Then M is
one of the following:

Sp(n+1) An+3 Sp(n +1) An+3
~ G ~ RPT
Sp(n) Sp(n) x Zs
SU(m) SO(k)

S(U(m—2) x U(1))" SOk —4) x Sp(1)’
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G2 F4 EG E? ES
Sp(1)” Sp(3)" SU(6) Spin(12)" E;
For the first two cases when n =0, Sp(0) is the identity group; m > 3;

and k > 7. Moreover, M fibers over a quaternionic Kdhler manifold; the
fiber is Sp(1) for S¥+3 and SO(3) in the other cases.

There are in addition many inhomogeneous 3-Sasakian spaces, even
simply connected ones. Boyer, Galicki and Mann [1994] prove that there
are infinitely many homotopically distinct 7-dimensional strongly inho-
mogeneous compact simply connected 3-Sasakian manifolds.

Let (M, $,&,1n,9) be a Sasakian manifold with complete Riemannian
metric g and denote by I(M) the isometry group of g. Let A(M) be
the automorphism group of the Sasakian structure (¢, &,7,9g), i.e., A(M)
is the subgroup of isometries which also preserve ¢, £ and 7. In [1970]
Tanno proved the following theorem.

Theorem 14.6 Let (M,$,&,n,9) be a complete Sasakian manifold that
s not of constant curvature. Then either

dim I(M) = dim A(M) or dimI(M) = dim A(M) + 2.

Moreover, dimI(M) = dim A(M) if and only if M does not admit a
3-Sasakian structure, and dim I[(M) = dim A(M) + 2 if and only if M
admits a 3-Sasakian structure.

Turning to fibration questions, Tanno [1971] proves that of the three di-
mensional 3-Sasakian manifolds in Theorem 14.4, only S3(1) and RP3(1)
are regular with respect to any of the three characteristic vector fields.
Consequently, we have the following result of Tanno [1971].

Lemma 14.1 Let (M**3 ¢, &.m,9), i = 1,2,3, be a complete
Riemannian manifold with a 3-Sasakian structure. If &1 is reqular then
so are & and &, and the leaves of the foliation induced by {&1,&2,&3} are
isometric to S3(1) and RP3(1).

Tanno’s proof uses only the K-contact property, but by Kashiwada’s
result (Theorem 14.1) the structure is 3-Sasakian. Moreover, M*"+3 is
a fiber bundle over an almost quaternionic Kéhler manifold M*" that is
both Einstein and quaternionic Kéhler. These properties of 3-Sasakian
manifolds have been proved by various authors at different points in
time. Under the assumptions of regularity, Tanno proved in [1971] that
the base manifold of the fibration is Einstein. When n > 2, Ishihara
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[1973] proved that the base manifold is quaternionic Kéhler. Conversely,
if the induced structure on the base manifold is quaternionic Kéhler, then
the structure is 3-Sasakian; Konishi [1973]. The reason for the restriction
n > 2 is that the usual definition of a quaternionic Kéhler manifold M*™
in terms of holonomy breaks down in dimension 4; more precisely, the
condition that holonomy group be contained in Sp(n)-Sp(1) (= Sp(n) x
Sp(1)/{£I}) C SO(4n) becomes in dimension 4 simply the orientability
of the manifold since Sp(1) - Sp(1) = SO(4). Thus in dimension 4, a
manifold is said to be a quaternionic Kéhler manifold if it is Einstein with
nonzero scalar curvature and self-dual (see, e.g., LeBrun [1991]). With
this understanding Tanno [1996] extended Ishihara’s result to include
n = 1. We summarize this discussion in the following theorem.

Theorem 14.7 Let (M*"3 ¢;,&,mi,9), @ = 1,2,3, be a complete
Riemannian manifold with a contact metric 3-structure. If one of the
&’s is regular, then M3 is an Sp(1) or SO(3) bundle over a quater-
nionic Kéhler manifold M*™.

The converse question was considered by Konishi in [1975], i.e., starting
with a quaternionic Kihler manifold M*" with n > 1, she constructs a
canonical SO(3) bundle, M3, over M*". When the scalar curvature of
M4 is positive, M43 has a 3-Sasakian structure. Tanno [1996] extends
this construction to the case n = 1 and to the case of negative scalar
curvature. We state these results as follows.

Theorem 14.8 Let M*" be a quaternionic Kdhler manifold with nonzero
scalar curvature. Then there exists a canonical SO(3) bundle, M*"+3,
over M*™. If the scalar curvature of M*" is positive, M*™ 3 admits a
3-Sasakian structure; if the scalar curvature is negative, M*" 3 admits a
pseudo-3-Sasakian structure, the signature of the metric g being (3,4n).

In dimensions 7 and 11 the complete principal Riemannian fibrations
with 3-Sasakian structure of positive scalar curvature were determined by
Boyer, Galicki and Mann [1993, p.253]. They are S7, RP7 and SU(3)/U (1)
in dimension 7, and S, RPY SU(4)/S(U(2) x U(1)) and G2/SU(2) in
dimension 11.

In general, the foliation determined by the vector fields {&1, &2, &3} is
not a fibration, and Boyer, Galicki, and Mann [1994] prove the following
result.
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Theorem 14.9 Let (M*"3 ¢;,&,m:i,9), i = 1,2,3, be a 3-Sasakian
manifold such that the wvector fields &1,&2,&3 are complete. Then the
space of leaves of the foliation determined by {&1,&2,&3} is a quaternionic
Kahler orbifold of dimension 4n with positive scalar curvature 16n(n-+2).

In view of our study of twistor spaces as complex contact manifolds
over quaternionic K&hler manifolds, we also consider fibrations of a mani-
fold with a contact metric 3-structure by one of the structure vector fields.
The following result of Ishihara and Konishi [1979] is not surprising.

Theorem 14.10 Let M3 be a manifold with a contact metric
(Sasakian) 3-structure and suppose that one of the structures, say (¢1,&1,
n1,9), is reqular (and Sasakian). Then the orbit space M*" 3 /& admits
a complex contact metric structure. Moreover, the complex contact met-
ric structure on the orbit space is a Kdhler Einstein structure of positive
scalar curvature.

Without the regularity, this question was taken up by Boyer and Galicki
[1997], who gave an orbifold version and showed that the space Z =
MAnt3 /&1 is the twistor space of a quaternionic Kéhler orbifold.

Some important results on the topology of a compact 3-Sasakian man-
ifold are the following due to Galicki and Salamon [1996] (see also Boyer
and Galicki [2008, Section 13.5]). In Section 6.8 we noted that the odd
Betti numbers of a compact Sasakian manifold are even up to middle
dimension. Galicki and Salamon prove a stronger result for 3-Sasakian
manifolds.

Theorem 14.11 Let M*"*3 be a compact 3-Sasakian manifold. Then
the odd Betti numbers bap1 are all zero for 0 < k <mn.

In the regular case, Galicki and Salamon [1996] relate the Betti num-
bers of M*"*3 to those of the quaternionic Kihler base space M*" and
the intermediate space Z obtained as the Boothby—Wang fibration with
respect to one of the characteristic vector fields. In particular, the odd
Betti numbers of M*"* and Z vanish. Furthermore, one has the rela-
tions boy, (M 3) = byy(Z) — bop—2(Z) = bop (M) — bop_4(M*"), k < n.
Galicki and Salamon also prove the following remarkable result.

Theorem 14.12 Up to isometries, there are only finitely many compact
reqular 3-Sasakian manifolds in each dimension 4n + 3, n > 0, and the
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only compact reqular 3-Sasakian manifolds with by > 0 are the spaces

U(m)

Um—2) x U@y ™=%

In the same paper Galicki and Salomon obtain the following result on
sums of Betti numbers.

Theorem 14.13 The Betti numbers of a compact regular 3-Sasakian
manifold of dimension 4n + 3 satisfy

n
D k(41 —k)(n+1—2k)by =0.
k=1

Moreover, if by =0 and n = 3 or 4, then the manifold is either a sphere
or a real projective space.

14.2 Integral submanifolds

When we have one contact structure on a manifold of dimension 2n + 1,
we have seen that the maximum dimension of an integral submanifold is
n. In the present context we have three independent contact structures
on a manifold of dimension 4n + 3, and we begin with the following
lemma.

Lemma 14.2 The mazimum dimension of a submanifold which is an
integral submanifold of all three contact structures is n.

Proof. If Xi,..., X, is a local basis tangent to such a submanifold,
then the ¢; X,, 71 =1,2,3,a =1,...,r, are normal to the submanifold as
well as perpendicular to &,7 = 1,2,3, since ¢;§; = ;. Moreover, from
Or = ¢ipj —nj ®&; these vectors are independent. Thus the codimension
is at least 3r 4+ 3, and hence r < n.

Thus in dimension 7 these would be integral (Legendre) curves, and
that they are plentiful can be seen as follows. The characteristic vector
fields of the standard 3-Sasakian structure on S” are tangent to the fibers
S3 of S7 viewed as a principal S3-bundle over S*. Thus the horizontal
lift of a curve on S* gives a curve in S7 which is a Legendre curve for
each of the three contact structures. Curves in S’ which are Legendre
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curves for all three contact structures and of constant curvature and unit
torsion were classified by Baikoussis and the author in [1995].

In contrast to this lemma, it is possible to have submanifolds of
dimension up to 2n + 1 which are integral submanifolds of two of the
three contact structures. We will discuss this briefly in the case of S7.
Note first that if M? is a 3-dimensional submanifold of a manifold with
3-Sasakian structure that is an integral submanifold of the first Sasakian
structure (¢1,&1,m1,9) and an invariant submanifold with respect to the
third Sasakian structure (¢s,&3,73,9), then it is an integral submani-
fold of the second Sasakian structure (¢2,&2,72,¢). To see this, let X be
tangent to M3; then 1no(X) = g(&2, X) = g(¢3&1, X) = —g(&1,¢3X) =
—m(¢3X) = 0.

To give a couple of examples, consider Euclidean space E® with three
complex structures (or quaternionic structure),

0 0 0 I
(0 - | 0o 0o - o o
I_<I4 0 > =1 o o ol K=
I, 0 0 0

where [,, denotes the n x n identity matrix. Let x denote the position
vector of the unit sphere in E8, and as usual define three vector fields on
S” by & = —Ix, & = —Jx, £3 = —Kx. The dual 1-forms 7; are three
independent contact structures on S7. Now consider the linear subspace
L of E® defined by =5 = x4 = 27 = 2g = 0. The intersection S> = S"NL
is then an integral submanifold for 7; and 7y, but &3 is tangent, and this
sphere is invariant under the action of K restricted to S”. Now consider
the torus in the 3-sphere we just constructed defined by 2% + 2% = 5,
3+ 22 = % This torus is an integral surface for both 7; and 79, but
&3 is tangent. Note also that the image of the tangent space under ¢3 is
normal.

We now state the following result from Baikoussis and the author
[1995].

Theorem 14.14 Let M? be a 3-dimensional submanifold of S” isomet-
rically immersed as an integral submanifold of the Sasakian structure
(1,&1, m,G) (and (P2,&2,m2,9)) and an invariant submanifold of the
third Sasakian structure (¢3,&s,n3,9). Then M3 is a principal circle bun-
dle over a holomorphic Legendre curve in CP3. Moreover, if M? is of
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constant ¢-sectional curvature then either M? is totally geodesic or a
principal circle bundle over the holomorphic (Calabi) curve (CPl(g).

As a corollary, we note that a holomorphic Legendre curve of constant
Gaussian curvature in CP? cannot lie in a totally geodesic subspace
CP2. Similarly, if M? is a 3-dimensional submanifold of S7 isometrically
immersed as an integral submanifold of one of the Sasakian structures
and as an invariant submanifold of one of the other Sasakian structures
and if M3 is of constant ¢-sectional curvature and not totally geodesic,
then M? cannot lie in any totally geodesic Sasakian submanifold (S?)
of §7.

We now turn to the case of a 2-dimensional submanifold of S7 which is
an integral submanifold of two of the Sasakian structures. Even though
it cannot be an integral submanifold for the third structure, we still can
have that ¢3 maps the tangent bundle into the normal bundle as in the
above example of a torus. In this regard we have the following result of
Baikoussis and the author [1995].

Theorem 14.15 Let M? be a surface isometrically immersed in S* as
an integral submanifold of the Sasakian structures (¢1,&1,m1,3) and
(¢2,&2,m2,9) and suppose that ¢3(TM) C T+M. Then M? is flat and
&5 is tangent to M?.
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