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INTRODUCTION

This lecture notes give a survey of basic facts related to geometry of manifolds
endowed with a torsion free connection. We pay the attention especially on geome-
tries which come from the existence on some characteristic torsion free connection
closely related to some metric, in general case of an arbitrary signature. So we study
in this spirit affine differential geometry, Weyl and Codazzi geometries. One can
join naturally these two structures: a torsion free connection and a metric, and the
corresponding groups of transformations. We present basic facts related to these
groups. To study geometry of manifolds endowed with a torsion free connection, a
powerful tool is, of course, the corresponding curvatures. Therefore the curvature
is appeared in all five sections of this lecture notes. In Section I we give the defini-
tions of curvatures and some of their properties. Section II is devoted to curvatures
which are invariant with respect to some groups of transformations. These groups
are closely related to classical groups: GL(m,R),U(m),SO(m) etc. We use well
developed representation theory of these groups to enlight curvature from this point
of view. It is the content of Section III. To prove the irreducibility of some vector
space of curvatures one can use different methods. We pay the attention especially
on these ones closely related to the Weyl classical invariance theory. It allows to
study also some relations between topology and analysis of these manifolds with
their geometry. So we develop the theory of characteristic classes in Section IV and
differential operators of Laplace type in Section V. Among characteristic classes
we pay the attention on Chern classes and their dependence on some groups of
transformations and curvature symmetries. To fulfill our programme related to the
influence of Weyl classical invariance theory into the theory of differential operators
of Laplace type we study the heat equation method. Several operators of Laplace
type are studied more sistematically.

Finally, there are various possibilities to present some material related to this
topic. The author of this lecture notes choose this one closely related to her main
interest through previous twenty years. Her interest yields in the cooperation with
other colleagues a series of results which are presented too.

We omit the proofs as it is far from the framework of these notes. We rather
give the advantage to the results to present the riches of this topic to motivate the
readers into further investigations. Of course to go into this level we suggest to use
the corresponding monographs and papers, mentioned in the convenient moment
throughout this notes.

As it is usual the contribution of colleagues friends and institutions to the
quality of manuscript is significant. I would like to acknowledge all of them, bur
first of all to Prof. B. Stankovi¢, who has initiated and encouraged writing this
manuscript.



I. MANIFOLDS WITH A TORSION FREE CONNECTION

I.1. Definitions and basic notions

The straight lines play a very important role in the geometry of a plane. There-
fore, it would be useful to have lines on surfaces with the analogous properties to
these ones of straight lines. But the definition of such lines on surfaces is not so
evident as straight lines have several characteristic properties and hence it is not
clear which one should characterize “straight lines” on surfaces, i.e., which one can
be generalized, and specially which generalizations give the same and which one
give different lines. Among these properties are the followings:

(PL1) The curvature of a straight line (in a plane) vanishes.

(PL2) For any two points there exists the unique straight line which consists both
of them.

(PL3) The tangent vectors on a straight line are mutually parallel

All of these properties can be generalized for lines on a surface. To obtain this
one we use heavily a linear connection. Studying the same problem on a smooth
manifold M™ of the dimension m we need also a linear connection. Hence we give
its definition in a full generality. More details one can find in [61], [82], [85], etc.

Definition 1.1. Let X be the modul of vector fields over the ring of smooth
functions C*°(M) on M. A linear connection on the manifold M is a map V :
X(M) x X(M) — X(M), such that for all z,y,z € X(M), r € R and f € C>*(M)
it yields

(1) Ve(y+2) =Vey+ Vez and V,ry =rV,y,
(ii) Vaiyz =Vaz+Vyz and Viy = fV,y,
(iii) Vofy=(zrf)y+ fVzy (Leibnitz formula).

The operator V, : (M) — X(M) is the covariant derivative in the direction
of a vector field x. O

If (u, U) is a chart and {9/du’},,1 < i < m the corresponding coordinate base
of tangent space T, M, for any p € U, then arbitrary vector field x can be given in
the following way > X i%, X% e C®(M). A linear connection V is determined
by the vector fields } 5, (9/ Ou?). Tt allows to introduce the Christoffel symbols
of V.

Definition 1.2. Let V be a linear connection on the manifold M and (u,U)
a chart. Christoffel symbols of V with respect to the chart (u,U) are functions
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¥, € C°°(M) defined by

) . 0
Voro (5a7) = 25 ur &)

Let o : I — M be a curve. The tangent vector field T, of a curve « is given
by (Ta)a(t) = (ax)(d/dt),t € R. Usually we use the notation 7" for T, if there is no
confusion. Locally we have

do? 3]
no =X 50 ().,

Let y be a vector field defined along a curve ae. We say y is parallel along o if
Vr,y =0. A curve o on a manifold M is geodesic (with respect to the connection
V) if Vi, T, = 0. Let (M, g) be a Riemannian manifold endowed with a linear
connection V. The connection V is metric if it satisfies

xg(y, Z) = g(vxy7 Z) + g(y, va:z)7
for all z,y,z € X(M). A linear connection V is symmetric or torsion free if we have

for all z,y € X(M). A connection V is torsion free if and only if it yields Fi—“j = F?i
forall 1 <i,j,k < min an arbitrary coordinate chart. There exists a unique metric
symmetric connection V on a Riemannian manifold (M, g). This connection V is
called Levi-Civita connection.

Definition 1.3. The curvature tensor of type (1,3) of arbitrary connection V is
the map R : XxXxX — X defined by relation R(z,y)z = V,V,2-V, V2=V, 2.
The curvature tensor of Levi-Civita connection is called Riemann curvature tensor.

O

In a local coordinate system one can find

o 0 0 ;0
R 5t ) s = 22 Fowi
where the components Rjkil are defined by

m 0
Ry =T —Thij + erirlmk and T, = W(Fé‘i)'

Riemann curvature tensor of type (0,4) is the map R : XxXxXxX — C>*(M),
given by the relation R(x,y, z,w) = g(R(z,y)z, w).
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The curvature tensor of type (1,3) of arbitrary connection V satisfies the fol-
lowing relation

(1.2) R(z,y)z = —R(y,x)z;

for torsion free connection we have also

(1.3) R(z,y)z + R(z,2)y + R(y, 2)x =0,

(the first Bianchi identity), and

(1.4) (VoR)(z,y)z + (VaR)(y,v)z + (VyR)(v,2)z2 =0

(the second Bianchi identity). Riemann curvature tensor fulfills all these relations
(1.2)—(1.4) and

(1.5) R(z,y,z,w) = —R(z,y,w, 2),
R(w, z,2,y) = R(x,y,w, 2).

The curvature tensor of a metric connection satisfies symmetry relations (1.2),
(1.5) and (1.6).

Let II be a 2-dimensional subspace of tangent space T, M. The sectional cur-
vature of IT is Kp(II) = R(x,y,y,z)(p), where {z,y} is an orthonormal base of II.
If ,y are two arbitrary vectors in II, then

R(x,y,y,x)
K, () = ,
") = R = g9

where ||z||? = g(x,z). M is a space of the constant sectional curvature if K,(II)
is independent of the choice of II in T, M, where p is an arbitrary point of M and
depends on p € M. The Riemann curvature tensor of this space is given by

R(’LL, v, %, w) = Kp(g(u’ z)g(v, w) - g(u7 w)g(vv Z))

If K,(II) is independent of IT in T, M in all p € M then K, is same everywhere on
M.

Some information about the geometry of M give Ricci and scalar curvatures.
These curvatures are very powerful tool in studying of Einstein spaces and other
topics. Let ©p(zp,yp) : TpM — T, M be the map defined by the relation

Op(Tp, Yp)vp = R(vp, Tp)Yp.

Then O, (xp,yp) is linear for all p € M and xp,y, € T,M. Consequently, there
exists the trace of ©,(zp, yp)-
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Definition 1.4. Ricci curvature tensor p is the correspondence between points
p € M and maps S, : T,M x T,M — R, given by p,(z,,y,) = trace(©,(zp, yp))-
Ricci curvature in a direction x is pp(z, ). O

Definition 1.5. Let (M, g) be a Riemann manifold with Ricci curvature p.
The scalar curvature T of M in a point p is defined by 7 = >""" | pp((@i)p, (%i)p),
where {%1p,..., %y} is an orthonormal base of the tangent space T, M. t

Einstein space is Riemann space (M, g) such that p, = Tg,,.

In general case Ricci curvature tensor is neither symmetric nor skew-symmetric.
But, p, corresponding to Levi-Civita connection is symmetric. Manifolds endowed
with special type connections will be studied in next sections.

A skew-symmetric Ricci tensor naturally appeared on manifolds which admit
absolute parallelizability of directions (see for example [100, §§49, 89]). More
precisely, it means the following. Let (M, V) be a differentiable manifold with a
symmetric connection V. If a vector field v defined along a curve v collinear with
some parallel vector field w we say the direction of v is parallel. A manifold M
admits absolute parallelizability of directions if every direction given in a p € M
can be included in some field with parallel directions along every curve.

A skew-symmetric Ricci tensor is appeared also in the complete decomposition
of a curvature tensor for V in the spirit of the representation theory of classical
groups (see Section III).

1.2. Affine differential geometry

Torsion free, Ricci symmetric connections arise naturally in affine differential
geometry and motivate the discussion of the previous section. We review this
geometry briefly and refer to [10], [33], [97], [111], [124] for further details.

Let A be a real affine space which is modeled on a vector space V' of dimension
m+1. Let V* be the dual space. If a € 2, we may identify 7,4 =V and T = V*.

Let (-,-) : V* x V — R be the natural pairing between V* and V. Let = be a
smooth hypersurface immersion of M into 2. If p € M, let

C(M),={XeV*:(X,dx(v)) =0,Vv e T,M}

be the conormal space at p; we let C(M) be the corresponding conormal line bundle
over M. We assume C(M) is trivial and choose a non vanishing conormal field X.

We say the hypersurface x(M) is regular if and only if rank (X,dX) =m + 1,
for every point of M; we impose this condition henceforth. Then X is an immersion
X : M — V* which is transversal to X (M). Define y = y(X) : M — V by the
conditions (X, y) =1 and (dX,y) = 0.

The triple (z, X,y) is called a hypersurface with relative normalization; we
remark that y need not be an immersion. The relative structure equations given
below contain the fundamental geometric quantities of hypersurface theory: two
connections V, V*, the relative shape (Weingarten) operator .S, and two symmetric
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forms h and S. Let V be the flat affine connection on .
(2.1) Vwdzx

The first equation is called the Weingarten equation, the second two are the Gauss
equations. Symmetric form h is called the Blaschke metric. Generally, it is indefi-
nite. If h is positive definite, this means that the immersed hypersurface (M) is
locally strongly convex.

The relative shape operator S is self-adjoint with respect to h and is related to
the auxiliary shape operator S by the identity S(v,w) = h(S(v),w) = h(v, S(w)).
It is useful to define a (1,2) difference tensor C, a totally symmetric relative cubic
form C, and the Tchebychef form T by:

C = %(V — VY, Cv,w,z):=h(Cv,w),2), T(z):=m"'Try(C(z,)).

Let ’;’ denotes multiple covariant differentiation with respect to the Levi-Civita
connection V(h). T has the following useful symmetry property [123]: Ti;j = Tjﬂv.

We note that both V (the induced connection) and V* (the conormal connec-
tion) are torsion free connections on T'M. They are conjugate with respect to the
Levi-Civita connection; which implies %(V + V*) = V(h). Consequently, we may
express V =V(h) +C and V* =V(h) - C.

The curvature tensors R, R*, R(h) of V, V*, V(h) respectively can be ex-
pressed by the Gauss equations

h(v,w)Su — h(u, w)Sv,

v, wyu — S(u, wv,
C(C(w,u),v) = C(C(v,u),w)

S(
{ (U,u) (w w)v + h(v,u)S(w) — h(w,u)S(v)}.

o \

Let R;j, R};, R(h)i; be the components of Ricci tensors Ric, Ric”, Ric(h) for

V, V*, V(h) respectively relative to a local orthonormal frame. We use the metric
to raise and lower indices and identify S = S. Then:

Rij = 0ijSpr — Sij and R}, = (m —1)S;;.

We denote the normalized mean curvature by H := m~1S;;; the normalized
traces are then equal

(m —1)"! Try,(Ric) = (m — 1)~ Try, Ric* = mH.
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We construct the extrinsic curvature invariants of relative geometry from S
and h. Let {\!,...,A™} be the eigenvalues of S relative to h:

det(S — Ah) = 0.

These are the principal curvatures. Let {Hy,...,Hy} be the corresponding
normed elementary symmetric functions. For example the relative mean curvature
is given by mH; = At 4 - + \™.

We fix a volume form or determinant on 2. Then there is, up to orientation, a
unique equiaffine unimodular normalization which is invariant under the unimod-
ular group. Admitting arbitrary volume forms, all such normalizations differ by a
non-zero constant factor. The class of equiaffine normalizations can be character-
ized within the class of relative normalizations by the vanishing of the Tchebychev
form. We call such a hypersurface with equiaffine normalization a Blaschke hyper-
surface. The vanishing of T simplifies the local invariants greatly.

We take y = —x to define the centroaffine normalization. This geometry is
invariant with respect to the subgroup of regular affine mappings which fix the
origin of 2. Let X, be the equiaffine conormal field and let ( = —(x, X.) be the
equiaffine support function. We choose the orientation so that ¢ > 0. Then

N 2
S=h, H.=1 for r=1,...,m, and T—ﬁdln(g)

Among relative normalizations significant one is Euclidean normalization. Let
x : M — FE be a hypersurface, let Y be a conormal and y transversal. The
pair {Y,y} is called a FEuclidean normalization with respect to the given Euclidean
structure of E if Y and y can be identified by the Riesz theorem and (Y,y) = 1.
We write Y =y = p.

As a consequence of this definition one can express the regularity of a hypersur-
face in terms of Euclidean hypersurface geometry. More precisely, let x : M — E
be a hypersurface. Then the following properties are equivalent:

(i) « is non-degenerate.
(ii) The Euclidean Gauss-map is an immersion.
(iii) The Euclidean Weingarten operator is regular.
(iv) The third fundamental form IIT is positive definite on M.
(v) The second fundamental form II is regular.

We express the relative quantities (in the following on the left) for the Eu-
clidean normalization in terms of quantities of Euclidean hypersurface theory (on
the right).

(a) S(E) =0, (b) M(E) =11 (c) V(E) = V(I),
(d) S(B) =111,  (e) V*(E) = (UI), (f) V(h) = V(II),
(8) —2C(E) =V(I)II =-VIII)II (h) —2C(E)(v,w) = b~ ((V(I)ub)(w)),
(i) C(E) = %(V(I) V(III)) = V(I) —V({II)=V{I)-VII),
() T(E) = de lg |H,, (E)|, where b is the Weingarten operator.

Consider a pair of non-degenerate hypersurfaces x : M — V and *z: M — V*

such that (x,*z) = —1, (d*z,2) = 0, and (x,dxz) = 0. Such a pair is called a polar
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pair. These relations are satisfied for a non degenerate hypersurface x : M — V and
its centroaffine conormal map *z := X : M — V*. This indicates the important
role which centroaffine differential geometry has for the investigation of polar pairs.
We recall some facts about the controlling geometry of polar pairs and refer to [OS,
§7.2] for further details

S=h=*h="8,
V=*V*, V="V,
c=-*c, T=-"T, R="R.

Let 4 be a unit normal on an Euclidean sphere S™(r) C E of radius r and
with center xg. S™(r) can be characterized by the relation ru = x — o, or more
generally by p and (x — zg) being parallel. Studying quadrics we conclude that
all quadrics with center zo have the property that the equiaffine normal satisfies
y(e) = —H(e)x+xo. One can generalizes this notion in relative geometry as follows.

Let 2 : M — 2 be a regular hypersurface with relative normalization {Y,y}.
Then {z,Y,y} is called a proper relative sphere with center zq if

(2.3) y=Ax—x0), A€ C®(M).

{z,Y,y} is called an improper relative sphere if y = const # 0. A point p € M is
called a relative umbilic if the relative principal curvatures coincide

k1(p) = ka(p) = -+ = km(p).

A consequence of the Weingarten equation in (2.1) is that A = const in (2.3).

Since y = —xz per definition in centroaffine geometry it follows any hyper-
surface with centroaffine normalization is a relative sphere with respect to this
normalization.

Usually relative spheres with respect to the equiaffine normalization are called
affine spheres (instead of equiaffine spheres). Any quadric is an affine sphere. If a
regular quadric has a center xq, it is a proper affine sphere with center xg (exam-
ples: ellipsoids, hyperboloids are proper affine spheres; paraboloids are improper
affine spheres). In the following theorems we give some characterizations of relative
spheres and affine ones.

Theorem 2.1. (a) Each of the following properties (i)—(vi) characterizes a
relative sphere:
(i) S=X-id on M (where A € C*°(M) and X # 0 for proper relative spheres
and A = 0 for improper relative spheres).
(i) S=X-hon M, \eC>®M).
(iii) mV(h)T = +C on M.
(iv) V(h)C is totally symmetric on M.
(v) VC is totally symmetric on M.
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(vi) Ric = Ric* on M.
(b) S = \h implies \ = const = H.
(c) If x is a relative sphere, then for each p € M:
(i) p is an umbilic;
(i) 3o (ki — kj)* = m|Hh — S||* = m[||S||* — mH?] = 0. O

Theorem 2.2. Let x be regular with relative normalization {Y,y}. Then x is
a proper relative sphere with center x if and only if p(z¢) = (Y, xo—x) = const # 0.

O
Theorem 2.3. A regular hypersurface x with relative normalization {Y,y} is
an improper relative sphere if and only if S = 0. (]

We refer to [10], [11], [32], [68]-[72], [74]-[76], [95], [111], [122], [134], for
many examples including classifications of subclasses of affine spheres.

The complete classification is yet unknown. One tries to classify subclasses of
affine spheres. In the following theorem is given a result related to this topic.

Theorem 2.4. A locally strongly convex affine hypersphere with constant
equiaffine sectional curvature is either a quadric or equiaffinely equivalent to the
hypersurface z'2? ... 2™+ = 1, where z* : 2 — R is a coordinate function. O

We refer to [133] for the proof.

In case of an indefinite metric there are classifications for m = 2 in [75], [120],
and for m = 3 in [76]. Other classifications results one can find in [31], [117],
[134], etc.

There is a serious of results about compact affine spheres where many of the
results are related to the spectral geometry of the equiaffine Laplacian (see [114],
[115], [119] etc). We refer also Section V' of this paper.

In [122] was studied existence and uniqueness problem about 2-spheres. Cer-
tain types of PDE’s play an important role for the local and global classification of
affine spheres in the equiaffine theory. One of the first PDE which was used in the
theory of affine spheres is an expression for the Laplacian of the Pick invariant (see
[10, §76]). Simon [121] extends this PDE to non-degenerate hypersurface. Monge-
Ampere equations are used to investigate improper affine spheres and hyperbolic
affine spheres.

A characterization of quadrics and improper affine spheres in terms of symme-
try properties of VC and V2C is given in [22].

1.3. Weyl geometry

As we know the metric h of a semi-Riemannian manifold (M, h) is parallel
or covariantly constant with respect to the corresponding Levi-Civita connection.
The main purpose of this section is to study a torsion free connection ™V satisfying
the recurrence condition for the metric. This connection has been introduced by
H. Weyl.

Weyl [138] attempted a unification of gravitation and electromagnetism in a
model of space-time geometry combining both structures. His particular approach
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failed for physical reasons but his model is still studied in mathematics (see, for ex-
ample, [42], [49]-[53], [106], [130],) and in mathematical physics (see, for example
(54]).

We begin our discussion by introducing some notational conventions. Let
(M, h) be a semi-Riemannian manifold of dimension m > 2. Fix a torsion free
connection ™V, called the Weyl connection, on the tangent bundle of M. We begin
the definition of a Weyl structure by assuming that there exists a one-form 6 =6,
so that

(3.1) ©Uh = 20), © h.

Let € = ¢€{20} be the conformal class defined by h (for more details, see
Section II, 4), and let T = T{2} be the corresponding collection of one-forms 6.
Here and in the following we identify metrics in € which merely differ by a constant
positive factor. So there is a bijective correspondence between elements of € and
of . We will call the triple 20 = (*V, €, %) a Weyl structure on M and we will
call (M,20) a Weyl manifold.

The compatibility condition described in equation (3.1) is invariant under so-
called gauge transformations

- A - 1
(3.2) h — gh:=ph and 0 — g :=0+ d§(1nﬂ),

for 3 € C°(M). We note that C°(M) acts transitively on € and on %.

It is well known that a Weyl structure 20 can be generated from a given
pair {h,0} (where h is a semi-Riemannian metric and where 0 is a 1-form) in the
following way. Let, u,v,... be vector fields on M and let "V = V(h) be the
Levi-Civita connection of h. Let 6 be the vector field dual to the 1-form é, ie.,
h(w,0) = 0(w). We define a(u, v, w) := h((*V, ="V, )v,w). Since “V and "V are
torsion free, a(u, v, w) = a(v,u,w). Since "Vh = 0 and since ™V satisfies equation
(3.1), we have

o, v, w) + alu, w,v) + 20(u)h(v, w) = 0,
(3.3) a(u,v,w) = —0(uw)h(v,w) — O(v)h(u, w) + O(w)h(u,v),

UV,0 =" Vv — 0(u)v — 0(v)u + h(u, v)6.

Conversely, if equations (3.3) are satisfied, then “V = “V(h, é) is a torsion free
connection and equation (3.1) is satisfied. One can generates a Weyl structure from
an arbitrary semi-Riemannian metric h and from an arbitrary 1-form 6 by using
equation (3.3) to define *V and using the action of C'°(M) defined in equation
(3.2) to generate the classes € and ¥; see [138] or [42] for further details.

We use the sign convention of [61] to define the curvature of “V. Hence

mR(U, U) = mVu mvv - mvv mvu - mv[u,v]
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is the curvature corresponding to Weyl connection ®V. For h € €, Weyl introduced
the 2-form ®F := df}, as a gauge invariant of a given Weyl structure. He called it
the length curvature or distance curvature [138, p. 124]. We have that F and "R
are related by the equation

(3.4) h(z,® R(u,v)z) = " F(u,v)h(z, 2).
Weyl defined the directional curvature ™ K by
(3.5) "K(u,v)w =" R(u,v)w — " F(u,v)w.

The curvature ™ R of ®V and the Weyl directional curvature ™ K are also gauge in-
variants. Relations (3.4) and (3.5) imply the orthogonality relation hA(™ K (u, v)w, w)
= 0, for any h € € and for any vector field w. Moreover ®F' and ™K satisfy re-
spectively symmetry and skew-symmetry relations

h(®F(u,v)w,z) = h(®F(u,v)z,w),
h(® K (u,v)w, 2) = —h(K (u,v)z, w).

As a local result the following is known: if the Weyl connection ™V is metric,
then the length curvature vanishes identically. Conversely, if F' = dy, = 0, equation
(3.2) implies that the cohomology class [0, (20)] € H' (M) of the closed form 6}, (20)
does not depend on the choice of a metric in 20. Conversely, if *F = dé, =0
equation (3.2) implies that the cohomology class [0, (20)] € H'(M) of the closed
form 6, (20) is gauge invariant and does not depend on the choice of a metric in 20.
The following is well known; see, for example, [52], [106], [130].

Proposition 3.1. The following assertions are equivalent:

(i) we have ® F(20) = 0 and [0;,(20)] = 0 in H'(M);

(i) there exists h € €(20) such that ®Vh = 0; ie., ™V is the Levi-Civita
connection of h. O

Il. SOME TRANSFORMATIONS OF SMOOTH MANIFOLDS

I1.1. Projective transformations

The main purpose of this section is to study projective transformations of a
smooth manifold (M, V) endowed with a torsion free connection V. More details
one can find in [41], [64], [109], [112].

Amap f: (M,V) — (M.V) of manifolds with torsion free connections is called
projective if for each geodesic v of V, f o~ is a reparametrization of a geodesic of
V, i.e., there exists a strictly increasing C*° function h on some open interval such
that f o~ oh is a V-geodesic. Linear connections V and V on M are projectively
equivalent if the identity map of M is projective. A projective transformation of
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(M, V) is a diffecomorphism which is projective. The transformation s is projective
on M, if the pull back s*V of the connection is projectively related to V, i.e., if
there exists a global 1-form = = 7(s) on M such that

(1.1) §*Vv = Vv + m(w)v + 7(v)u,

for arbitrary smooth vector fields u,v € X(M). Having (1.1) in mind, if s and ¢
are two projective transformations, we find 7(st) = m(s) + § - w(t), where § is the
cotangent map, i.e. [5- 7],y = 8- [7]p.

If a transformation s of M preserves geodesics and the affine character of
the parameter on each geodesic, then s is called an affine transformation of the
connection V or simply of the manifold M, and we say that s leaves the connection
V invariant.

It is well-known that the Weyl projective curvature tensor has the form

P(R)(u,v)w = R(u,v)w + m21— T [mp(u, w) + p(w, w)]v

(12) — el w) + pl,v)u
+—lp(u,0) = (v, ],

for any m > 2, and for m = 2 we have P(R)(u,v)w = 0, where u,v,w,--- € X(M)
(see for example [110], [112], [136]). P(R) is a tensor that is invariant with respect
to each projective transformation of M. P(R) characterizes a space of constant
sectional curvature in very nice way: P(R) = 0 if and only if M™ (m > 2) is space
of constant curvature (in that case R is the Riemannian curvature of M™).

A manifold (M, V) is said to be a projectively flat, if it can be related to a flat
space by a projective map. We know that the curvature tensor of a flat space is
equal to zero: R(u,v) = 0, and therefore the Ricci tensor p is equal to zero also.
Due to this fact from (1.2) we have the Weyl projective curvature tensor P(R) of
a flat space vanishes. Since the tensor P(R) is invariant with respect to projective
transformations, we have immediately P(R) of a projectively flat space vanishes.
The inverse theorem is valid also. Namely, if P(R) of a manifold (M, V) vanishes
then (M, V) is a projectively flat space.

One can use (2.2) in Section I to see (M, V*) is a projectively flat space.

Ishihara studied in [56] the groups of projective and affine transformations.
Among others he investigated the conditions that these groups coincide.

Theorem 1.1. If (M, V) is a compact manifold with a torsion free connection
V and the Ricci tensor of V vanishes identically in M, then the group of projective
transformations of M coincides with its subgroup of affine transformations. O

If M is also irreducible then Ishihara has proved that the group of projective
transformations of M coincides with its group of isometries.

Projective transformations are closely related with projective structures (see
[60]). A projective structure on a m-dimensional manifold is determined if there
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exists an atlas on M with transition functions being projective transformations [65].

Projective structure can be considered also in terms of subbundles of principal fiber

bundles of 2-frames which structure group satisfies certain conditions (see [60]).
We refer also [83] for the references related this topic.

11.2. Holomorphically projective transformations

Before studying holomorphically projective transformations we need to intro-
duce an almost complex structure.

An almost complex structure J on a smooth manifold M?™ is an endomorphism
J such that J2 = —I on TM, where I is the identity. We say V is a complex
symmetric connection if it satisfies (1.1) of Section I and the following relation

(2.1) VJ =0.

The curvature R of V satisfies besides of (1.2)—(1.4) of Section I also the Kdhler
identity R(u,v)oJ = Jo R(u,v), for u,v € X(M). A manifold M>™ endowed with
an almost complex structure J is an almost complex manifold (M, J). An almost
complex manifold (M, J) may be endowed with a complex symmetric connection
V if the Nijenhuis tensor S of M, given by

S(u,v) = [u,v] + J[Ju,v] + J[u, Jv] — [Ju, Jv]

vanishes (see [101], [105]). An almost complex manifold (M, J) such that S =0
may be also endowed with a complex atlas, i.e., with complex coordinates. This
manifold is called a complex manifold.

Especially, a complex symmetric connection V is a holomorphic affine con-
nection if R(u,v) = —R(Ju,Jv), or an affine Kdhler connection when one has
R(u,v) = R(Ju, Jv).

Holomorphic affine connections naturally appeared in the context of semi-
Riemannian manifolds with the metric of signature (n,n) as well as in complex
affine and projective differential geometry (see [38], [59], [96], [98], [99] for more
details).

If a semi-Riemannian manifold (M, g) is endowed with an almost complex
structure J satisfying (2.1) with respect to the corresponding Levi-Civita connec-
tion then (M, g, J) is a Kahler manifold.

Let Iz be a 2-dimensional subspace of tangent space T, M, spanned by vectors
(u, Ju), for any unit vector v € T, M. The holomorphic sectional curvature of Iy is
KH,(Ilg) = R(u, Ju, Ju,u)(p). M is a space of the constant holomorphic sectional
curvature if K H,(I1x) is independent of the choice of Il in T,,M, where p is an
arbitrary point of M and depends on p € M. Its Riemann curvature tensor is given
by

R(u, v, z,w) = KHp(g(u, 2)g(v, w)
— g(u, w)g(v, 2) + g(u, J2)g(v, Jw)
= g(u, Jw)g(v, Jz) + 2g(u, Jv)g(z, Jw)).
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Let (M?™,g,J) be a connected Kihler manifold (m > 2). If KH,(Ily) is
invariant by J, depends only on p, then M is a space of constant holomorphic
sectional curvature.

A Hermitian manifold is a complex manifold endowed with a Riemannian
metric g such that

(2.2) g(Ju, Jv) = g(u,v),

for all u,v € X(M). More details about other types of almost complex manifolds
endowed with a metric g satisfying (2.2) one can find in [46].

A curve v is the holomorphically planar curve if its tangent vector field T
belongs to the plane spanned by the vectors T and JT under parallel displacement
with respect to a complex symmetric connection V along the curve ~; i.e., if T
satisfies the relation V1T = p(t)T 40 (t)JT, where p(t) and o(t) are some functions
of a real parameter t.

A diffeomorphism f : (M,V) — (M, V) of manifolds with complex symmetric
connections is called holomorphically projective if the image of any holomorphically
planar curve of M is also holomorphically planar curve of M. More details about
these diffeomorphisms and curves one can find in [83].

Let (M?™,V,J) be a complex manifold, where V is the corresponding com-
plex symmetric connection. Tashiro [129] has studied some transformations of
(M?™,V,J). The transformation s is holomorphically projective on (M?*™,V, J) if
it preserves the system of holomorphically planar curves, i.e., if the pull back s*V
of the complex symmetric connection V is holomorphically projective related to V,
i.e., if there exists a global 1-form 7 = 7(s) on M such that

§*Vyv = Vv + w(uw)v + w(v)u — n(Ju)Jv — w(Jv)Ju,

for arbitrary smooth vector fields u,v. He has proved that the holomorphically
projective curvature tensor

HP(R)(u,v)w = R(u,v),w + P(v,w)u — P(u,w)v — P(u,v)w + P(v,u)w
— P(v, Jw)Ju + P(u, Jw)Jv + P(u, Jv)Jw — P(v, Ju)Jw,

where

1

P(’U/,’U):— m

! ) (s, v)+ (p(u,0)+ p(0, u) = p(Ju, Jv) = p(Jv, Ju)) |,

2(m+1

is invariant with respect to each holomorphically projective transformation of V.
This tensor plays a similar role in studying of a manifold endowed with a complex
symmetric connection as the Weyl projective curvature tensor in studying of mani-
folds with a torsion free connection. So, HP(R) of a holomorphically projective flat
space vanishes. A complex manifold (M?™,J, V) is said to be a holomorphically
projective flat, if it can be related to a flat space by a holomorphically projective
map. HP(R) characterizes a space of constant holomorphical sectional curvature
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as follows: HP(R) = 0 if and only if M?™ is a space of constant holomorphic
sectional curvature. Ishihara in [55] has found the conditions that the group of
holomorphically projective transformations coincides with its subgroup of affine
transformations. More precisely, he proved the following theorem.

Theorem 2.1. If a complex manifold M of complex dimension m > 1 is
complete with respect to a complex symmetric connection V and the Ricci ten-
sor of M vanishes identically in M, then the group of holomorphically projective
transformations of M coincides with its subgroup of affine transformations. O

Moreover, if M is a compact Kéhler manifold then Ishihara has proved that
the identity component of its group of holomorphically projective transformations
for the Levi-Civita connection coincides with the identity component of its group
of isometries.

11.3. C-holomorphically projective transformations

As we have seen in I1.2 a C* differentiable manifold M?™ is said to have
an almost complex structure if there exists on TM a field J of endomorphisms
of tangent spaces such that J2 = —I, I being the identity transformation. Every
manifold carrying an almost complex structure must have an even dimension.

The notion of almost contact structure generalizes these structures in the case
of the odd dimension. A (2m + 1)-dimensional C'* manifold M is said to have an
almost contact structure (¢, &,n) if it admits a field of endomorphisms ¢, a vector
field ¢ and a 1-form 7 such that p? = —T+n®¢, 4n(€) = 1. The following relations
also hold p(§) =0, no ¢ =0, rank ¢ = 2m. We remark that any odd dimensional
orientable compact manifold M has Euler characteristic equal to zero, and there
exists at least one non singular vector field £ on M. On every almost contact
manifold M there exists a Riemannian metric g satisfying

g(x, &) = n(x), glex,0y) = g(x,y) —n(x)n(y),

g is said to be compatible with the structure (p,&,n) and (¢,&,n,g) is called an
almost contact metric structure. We refer to [7] for more details.

Example 3.1. Let M?™*+! be a C™ orientable hypersurface of an almost
Hermitian manifold M?™*2 with almost complex structure J and Hermitian metric
G.

Then there exists a vector field C' along M?™*! transverse to M?™*+! such
that JC is tangent to M?™T! (otherwise an almost complex structure on MZ?m+1
would exist, which is impossible). Thus, we can find a vector field £ on M?™+! such
that C = J¢ is transverse to M2™*+1. The relation Ju = @u + n(u)C defines the
tensor field ¢ of type (1,1) and the 1-form 1 on M?™*! satisfying ¢? = —I +n®¢
and o = 0. Since £ = 0 and n(§) = 1 also hold, (y,&,n) defines an almost
contact structure on M?™*!. Moreover, the metric g induced by G is the metric
compatible with the almost contact structure (¢, &, 7). O

Example 3.2. Let M?™ be an almost complex manifold with almost complex
structure J. We consider the manifold M?™*! = M?™ x R, though a similar
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construction can be made for the product M?™ x S'. Denote a vector field on
M?*m L by (u, f4) where u is tangent to M>™, ¢ is the coordinate of R and f is a
C™ function on M?™+1. Then n = dt, £ = (0, 4) and ¢(u, f4) = (Ju,0) define
an almost contact structure (p, &, n) on M2m+L, O

An odd-dimensional parallelizable manifold, especially any odd-dimensional
Lie group, carries an almost contact structure.

As is well known, if (M?™+1 ¢ € 1) is an almost contact manifold, the linear
map J defined on the product M?™+! x R by the relation

I (o 15) = (purem@) L),

where f is a C™ real-valued function on M?™*1 xR, is an almost complex structure
on M?m+1 x R; thus we have J? = —I. In particular, if J is integrable, the almost
contact structure (¢, &, n) is normal.

The almost contact structure (¢, &,n) is said to be normal if and only if the
tensors N, NV, N@ NG) vanish on M2"+! where

N(u’ U) = [QD, Lp](u, ’U) + dn(ua v)§, N®) (u’ U) = (Svg@)(U),

3.6
B0 N ) = () — (Sam), N ) = (Sen)(w),

£ denotes the Lie differentiation and [p, ] is the Nijenhuis torsion tensor of .

The normal almost contact structure generalizes, in the odd dimension, the
complex structure.

If an almost complex structure J is integrable then [J, J] = 0. As a consequence
there exists a torsion free adopted connection V, i.e., satisfying V.JJ = 0. Thus it
appears of interest to construct some connection V on the almost contact manifold
(M?m+1 o € n) which gives rise to an adapted connection V on M?™+! x R.

Definition 3.3. [79] A linear connection V on an almost contact manifold
(M?m+L o € n) is called an adopted connection if it satisfies the following system

(Vucp)w = m(o)hu + 5 (dn(ipu, o) — dn(u, £0)),
(31) (Vun)(0) =  (dn(u,v) + dnfipu, ov))
Vg = pu — idn(u, 93

where h =1 —-&® . O

We refer to [80] for more details related to the results which follow. Notice that
the system (3.1) is not the only solution to our initial problem VJ = 0. One can
check that the general family of the adopted connections V on the almost contact
manifold (M?™+1 o & n) is given by the equation

Vv = Vv + P(u,v),
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where V is an arbitrary initial connection and P is given by

Plu,) = 5(Vup)po = (Vubn(e) + 5(Vup) )6 + sn(Vun(o)e

Fu()pu — 1 {dn(u,v) + dnpu, pu)}E + (@ - ©)Q(u,v).

Here @ denotes an arbitrary tensor field of type (1.2) and & = %(I@I—g@@gﬁ),
0= %(I@I—h@h).

We remark the curvature tensor as well as the Ricci tensor of an adopted
connection on a normal almost contact manifold (M?2?™+1 p, £ 1) have some inter-
esting properties which allow us to consider some transformations, in the spirit of
the sections I1.2.

Definition 3.4. Let V be a torsion free connection adopted to the normal
almost contact structure (¢, &,n) on M?™*HL A curve v is C-flat (almost-contact
flat) with respect to V if VoT = p(t)T + o(t)eT, where T' denotes the vector
tangent to v and p, o are smooth real valued functions along ~. O

We remark that in this case the subspace spanned by T and ¢T' is not trans-
ported by parallelism along ~. Namely, V1 (¢T) does not belong to the space
spanned by T and ¢T. However, one can show that the dimension of this subspace
is constant along v and this dimension can be 2,1 or 0.

Remark. We introduced in [25] the concept of C-flat paths, obtaining a C-
projective tensor in normal almost contact manifolds, endowed, with a torsion free
connection whose fundamental tensors ¢, ¢ and 7 are parallel.

The torsion free linear connections V, V adapted to the normal almost contact
structure (p,&,n) are C-projectively related if they have the same C-flat curve.
One can show that two torsion free connections V, V adopted to the normal almost
contact structure (¢, &, n) are C-projectively related if and only if

Vv = Vv + Plu,v),
where P(u,v) = a(u)hv + a(v)hu — f(u)pv — B(v)pu, with « an arbitrary 1-form
satisfying a(¢) = 0, 3(u) = a(pu). Consequently, since V,V fulfill the same
conditions (3.1), their difference tensor P satisfies the same relations as in the case
where ¢, &, n are parallel.
Matzeu has proved in [80] that the tensor field W (R) given by

W(R)(u,v)z = hR(u,v)z + {L(u,v) — L(v,u) }hz + {L(u,v) + n(u)n(z) }hv
— {L(v, 2) + n(v)n(z) thu — {L(u, pv) — L(v, pu) + dn(u, v) }pz

(3.2) - {L(u7 wz) + %dn(m z)}cpv + {L(v, pz)+ %dn(m z)}apu,
with

1 1
(33) Llu,v) = m{pm)(u,hv) + S PR )

+ p(R)(hv,u) — p(R)(pu, pv) — p(R)(pv, W)]} + kdn(u, pv), k= const,
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1
is C-projectively invariant. Moreover, if k in (3.3) is given by k = 5 % all traces
of W(R) mt
trace(W(R)(u,v)),  trace(u — W(R)(u,v)z)
trace(eW (R)(u,v)), trace(u — W (R)(u,v)z)
vanish.

We say torsion free connection adopted to the normal almost contact structure
(¢, &,m) is C-projectively flat if its C-projective curvature tensor W (R) vanishes.
We refer [80] for the proof of the following theorem.

Theorem 3.5. For m > 2 the torsion free adopted connection V is C-
projectively flat if and only if it can be transformed locally by a C-projective
transformation into a torsion free adopted connection V whose curvature tensor R
satisfies the condition

hR(u, )z = {=nfwhv -+ n(o)hukn(z) + du(u, )z + Sdn(u, 2)ev — Zdn(v, 2)ou

The case m = 1 has been studied by Oproiu in [103]. It is also interesting that
there does not exist a flat adopted connection from a C-projective transformation.
But, in the framework of V with parallelizable (¢, &, n) it exists.

A special class of normal almost contact metric spaces (M2?™tL ¢ & 0, g) is
Sasakian one satisfying the condition n A dn™ # 0 (dn™ is m-th exterior power).
The Levi-Civita connection V of g for Sasakian manifold is an adopted one. A
Sasakian manifold is C-projectively flat if and only if it has constant ¢-sectional
curvature.

11.4. Conformal transformations

Let (M, g) be an m-dimensional Riemannian manifold. Locally the metric is
given by ds? = g;;jdz'dx’, where the g;; are the components of g with respect to the
natural frames of a local coordinate system (z%). A metric g* on M is said to be
conformally related to g if it is proportional to g, that is, if there is a function g > 0
on M such that g* = 32g. We denote by € a conformal class of Riemannian metrics
on a smooth manifold M, of dimension m > 2. By a conformal transformation of M
is meant a differentiable homeomorphism f of M onto itself with the property that
f*(ds?) = 8%ds®, where f* is the induced map in the bundle of frames and 3 is a
positive function on M. The set of conformal transformations of M forms a group.
Moreover, it can be shown that it is a Lie transformation group. A diffeomorphism
f of M onto itself is called an isometry if it preserves the metric tensor.

Under a conformal transformation of metric, the curvature tensor R(u,v)w
will be transformed into

R*(u,v)w = R(u,v)w — o(w,w)v + o(w,v)u — g(w,u)v + g(w, v)u,
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where o is the tensor of type (0,2) with components o, = ;.5 — ;5% + %gbc/@bﬁcgjky
and p the corresponding type (1,1) tensor with components

pi=ong", (8= ag)ngﬂ)-
Let m > 2. The tensor
Ol 0)w = R, 0)w — —— (pluw, u)o — pluw, v)u + gfow, u)S(v) ~ 9w, 0)S(w))
o=y 9w — 9w v)w),

where S is the Ricci endomorphism g(Su,v) = p(u,v), is invariant under a confor-
mal transformation of a metric, i.e. C*(u,v)w = C(u,v)w. This tensor is called
the Weyl conformal curvature tensor. The case m = 3 is interesting. Indeed, by
choosing an orthogonal coordinate system (g;; = 0, ¢ # j) at a point, it is readily
shown that the Weyl conformal curvature tensor vanishes.

Consider a Riemannian manifold (M, g) and let g* be a conformally related
locally flat metric. Under these circumstances M is said to be locally conformally
flat. Let

Clw,v,w) =~ (Vup),0) — (Vop) w,0)
1

~ 2(m —1)(m —2)

(g(uv U)va - g(u’ w)va)'

One can prove the following theorem

Theorem 4.1. A necessary and sufficient condition that a Riemannian mani-
fold of dimension m > 3 be a conformally flat is that its Weyl conformal curvature
tensor vanish. For m = 3, it is necessary and sufficient that the tensor C(u,v,w)
vanishes, i.e. C(u,v,w) = 0. O

There exist numerous examples of conformally flat spaces. For example, a
Riemannian manifold of constant curvature is conformally flat, provided m > 3.

Any two 2-dimensional Riemannian manifolds are conformally related, as the
quadratic form ds? for m = 2 is reducible to the form A[(du')?+(du?)?] (in infinitely
many ways).

For more details one can use [45], [64], [140] etc.

11.5. Codazzi geometry

Codazzi structure is constructed from a conformal and a projective structure
using the Codazzi equations. A torsion free connection *V and a semi-Riemannian
metric h are said to satisfy the Codazzi equation or to be Codazzi compatible if

(5.1) (*Vyh)(v,w) = (*V,h)(u,w).
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A projective class P of torsion free connections and a conformal class € of semi-
Riemannian metrics are said to be Codazzi compatible if there exists *V € P and
h € € which are Codazzi compatible. We extend the action of the gauge group to
define *V — 5V where 3V is defined by taking # = dIn 3 in (1.1):

(5.2) 5Vuv ="V, v+ dn(u)v +dn f(v)u.

One can check easily the Codazzi equations are preserved by gauge equivalence.
A Codazzi structure & on M is a pair (€,J8) where the conformal class of semi-
Riemannian metrics € and the projective class B are Codazzi compatible. A Co-
dazzi manifold (M, 8) is a manifold endowed with the Codazzi structure.

Suppose now that (h,*V) are Codazzi compatible. Let C :=*V — V(h) be a
(1,2) tensor and let C' be the associated cubic form. Since *V and V(h) are torsion
free, C' is a symmetric (1,2) tensor and C(u,v,w) = C(v,u,w). The relation (5.1)
and this symmetry implies C'(u,v,w) = C(w,v,u) and consequently C' is totally
symmetric.

Assuming that h is a semi-Riemannian metric and C is a totally symmetric
cubic form one can construct a conjugate triple (*V,h, V), i.e. a triple (*V,h, V)
satisfying

(5.3) uh(v,w) = (Vyv,w) + h(v,” Vyw).

Therefore, let *V := V(h) + C, where C is the associated symmetric (1,2) tensor
field. Since C is symmetric, *V is torsion free and the Codazzi equation (5.1) is
satisfied. If we put V := V(h) — C one can check the triple (*V, h, V) satisfies
(5.3), i.e., it is a conjugate triple.

If 20 is a Weyl structure one can define an associated Codazzi structure £(20).
We may recover also the Weyl structure from the associated Codazzi structure. We
refer to [20] for more details.

I1l. DECOMPOSITIONS OF CURVATURE TENSORS
UNDER THE ACTION OF SOME CLASSICAL GROUPS
AND THEIR APPLICATIONS

The main purpose of this section is to consider a curvature for a torsion free
connection from the algebraic point of view and to see why it does provide insight in
some problems of differential geometry, topology etc. It is possible also to study the
various curvatures which appear in differential geometry in different context (see
[73]). Let us mention that it is possible in this spirit to study some classification of
almost Hermitian manifolds [48], Riemannian homogeneous structure [132] etc. Of
course all these decompositions are, in principle, consequences of general theorems
of groups representations (see [135]).

More precisely, the proofs of theorems are based on the following facts. Let
® be a Lie group, V a real vector space and V* its dual space. When ¢ is a 6-
concomitant between two spaces, & acting on these spaces then the image for &
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of an invariant subspace is also invariant. Further, the image is irreducible when
the first space is irreducible. Also an invariant subspace of ®"V* is irreducible
for the action of some group if and only if the space of its quadratic invariants is
1-dimensional.

I11.1. Some historical remarks

The development of the theory of the decomposition was initiated by Singer
and Thorpe [125]. Let (V, g) be an m-dimensional real vector space with positive
definite inner product and denote by R,(V) the vector space of all symmetric
linear transformations of the space of 2-vectors of V. All tensors having the same
symmetries as the Riemannian curvature tensor including the first Bianchi identity
belong also to Ry(V). Singer and Thorpe gave a geometrically useful description of
the splitting of Ry(V') under the action of O(n) into four components. One of the
projections gives the Weyl conformal tensor. Their considerations are as follows.

Let a tensor R of type (1,3) over V be a bilinear mapping

R:V xV — Hom(V,V) : (z,y) — R(z,y).

We use the notation R(x,y,z,w) = g(R(x,y)z,w). Let Rp(V) and R(V) be
the subspaces of ®*V* consisting of all tensors having the same symmetries as
the curvature tensor, the first for metric connections, the second for Levi-Civita
connections. It means, R € Ry(V) if it yields
(a) R(l’,y) = _R(yvx)

(b) R(x,y) is a skew-symmetric endomorphism of V| i.e.,

R(':l:7 y? Z? w) + R(x’ y) w7 Z) = O

and R € R(V) if R satisfies (a), (b) and the first Bianchi identity
(¢) oR(x,y)z =0, where o denotes the cyclic sum over z, y and z.

The Ricci tensor p(R) of type (0,2) associated with R is symmetric bilinear
function on V' x V defined by p(R)(z,y) = trace(z € V — R(z,2)y € V). Then
the Ricci tensor @ = Q(R) of type (1,1) is given by p(R)(x,y) = g(Qz,y) and the
trace of ) is called the scalar curvature 7 = 7(R) of R.

Further, let « be the standard representation of the orthogonal group O(n) in
V. Then there is a natural induced representation & of O(n) in Ry(V') given by

a(a)(R)(x,y,z,w) = R(a(a™ )z, a(a ™y, ala™)z, a(a™Hw).

for all z,y,z,w € V, R € Rp(V) and a € O(n).

Theorem 1.1. R(,(V) =R1 D R2D Rz P Ry, R(V) =Ro ®R3DRy.
(i) R € Ry iff the sectional curvature is zero.
(ii)) R € Ry @® Ro iff the sectional curvature of R is constant.
(iii) R € R1 @ Rg iff the Ricci tensor of R is zero.
(iv) R € R1®R2@DR3 iff the Ricci tensor of R is a scalar multiple of the identity.
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(v) RERL PR3 DRy iff the scalar curvature of R is zero. O

Furthermore, the action of O(n) in Ry(V) is irreducible on each R;, i =
1,2,3,4. Since a curvature tensor R, corresponding to the Levi Civita connec-
tion V of a Riemannian manifold M satisfies the first Bianchi identity, we have
R € R{ = Ry @ R3 ® R4. Statement (iv) of Theorem 1.1 implies a very nice
characterization of an Einstein space as follows: a Riemannian manifold M has
curvature tensor in £ = Ry @ R3 at each point if and only if M is an Einstein
space. The Rs-component of a curvature tensor of M is its Weyl conformal curva-
ture tensor.

To study the action of SO(n), especially for dim V' = 4, Singer and Thorpe have
used the star operator *. They studied also in [125] the problem of a normal form
for the curvature tensor of a 4-dimensional oriented Einstein manifold by analyzing
the critical point behavior of the sectional curvature function o. In this case, the
function o on each 2-plane is equal to its value on the orthogonal complement. Using
this characterization, they have shown that the curvature function o is completely
determined by its critical point behaviour and they have shown what the locus of
critical points looks like.

The relationship between the Euler-Poincaré characteristic, the arithmetic
genus «(M) and the decomposition of the space of curvature operators at a point
of 4-dimensional compact Riemannian manifold has been studied by Gray [47].
Applications of the decomposition of R(V') involving orthogonal Radon transfor-
mations were given by Strichartz [127]. An algebraic interpretation of the Weyl
conformal curvature tensor due to Singer and Thorpe makes possible the develop-
ment of the theory of submanifolds in conformal differential geometry more up to
date (see [67]).

The complete decomposition of Ry(V) C R(V), dimV = 2m, satisfying the
Kahler identity, under the action of U(V') was treated by Sitaramaya [126] (see also
[57], [88]). Tricerri and Vanhecke [131] have found the complete decomposition
of R(V) under the action of U(V). They have obtained new conformal invariants
among components of the complete decomposition of R(V') on almost Hermitian
manifolds.

We refer to [24] for more details.

111.2. The action of general linear group

The main purpose of this section is to interpret the Weyl projective curvature
tensor as one of the projection operators in the decomposition of tensors having all
the symmetries of curvature tensors for torsion free connections under the action
of the general linear group GL(V'). We refer to [127] for some details.

In this section V' denotes m-dimensional (m > 2) real vector space, V* its dual
space, and Vi the space of (1,3) tensors T'(u,v, z,w) with u,v,2 € V and w € V*.
The group GL(V) acts naturally on Vi by
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Let 7(m) be representations of GL(V'), where m = (mq,...,m,,) is the highest
weight of the representation, with my; > mgy > -+ > m,,, all m; integers, and
for simplicity of notation we delete strings of zeroes (so that m(2,—1) stands for
7(2,0,...,0,—1). Let R(V) be a subspace of tensors with symmetries as the cur-
vature of a torsion free connection. So for R € R(V') we have

(2.1) R(u,v, z,w) = —R(v,u, z, w),
R(u,v, z,w) + R(v, z,u,w) + R(z,u,v,w) =0,
where R(u,v,z,w) = (R(u,v)z,w). We denote the Ricci contraction by p(R) =

con(1,4)R. Tt maps R(V) onto Vo. The space Vo splits as 7(2) @ «(1,1), the
symmetric and skew-symmetric tensors. Consequently, we have

R(V)=m(2) ®n(1,1) @ ker(p).

One can check easily that ker(p) is also irreducible. We introduce two special
products ®; and ®s to describe the corresponding projection operators. For Q € V}
and S € V, we have

QO S(u,v,2,w) = Qv,w)(S(u, z) + 5(z,u) — Q(u,w)(S(v,z) + 5(z,v))
Q 2 S(u,v,z,w) = Q(v,w)(S(u, z) — S(z,u)) — Q(u, w)(S(v, z) — S(z,v))
+2Q(z,w)(S(u,v) — S(v,u)).
By direct computation one can check Q ®1 S, Q ®2 S € R(V) with p(Q ®1 5)
symmetric and p (Q ®2 S) skew-symmetric. Henceforth we have

Theorem 2.1. Under the action of GL(V'), the space R(V') decomposes as
77(2) D 77(17 1) D 7T(2, la _1)7

(when m = 2 the third component is deleted) with corresponding projections

PoyR = §O1p(R), PanR= 5 @2 p(R),

1
2(m+1)
§ ®2 p(R)’

1
2(m—1)

P(2’17,1)R = R - 2

1
m(S ©®1 p(R) —

2(m+1)

where § is Kronecker symbol.

The 7(2,1,—1) component is the kernel of p, while

p(Py B) 1, 0) = 3 (p()(ut,0) + p(R)(v, )

p(Pa1)R)(u,v) = %(p(R)(v,u) — p(T) (u,v)).
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The corresponding dimensions and highest weight vectors are as follows:

Components | Dimension Highest Weight Vector
7(2) %m(m +1) YoplerNer) ®@er ®@ej
m(1,1) imim—1) |3, (2(e1Nex) ®ep@ef + (e1 Aep) ®ex @ e+
(ex Nex) ®er ® ef)
m(2,1,—1) | gm*(m? —4) (e1Ne2)®ey ®el,
R(V) im*(m? — 1)

If V.= T, M then one can compare (1.2) in Section II with P 1 _1)R to see
that they coincide and consequently the Weyl projective curvature tensor is really
an irreducible component in the proceeding decomposition. One can see easily that
the Weyl projective curvature tensor fulfills the algebraic conditions (2.2), (2.3) and
p(P(R)) = 0.

Strichartz in [127] has studied the complete decomposition of the vector space
of the first covariant derivative of curvature tensors for torsion free connections
under the action of GL(V'). Using these decompositions he has proved that a pro-
jectively flat affine manifold with skew-symmetric Ricci curvature must be locally
affine symmetric.

I11.3. The action of the group SO(m)

Studying projective transformations of a Riemannian manifold (M, g) we nat-
urally combine two structures: the positive definite metric g and torsion free con-
nections V, which can be, for example, projectively equivalent to the Levi-Civita
connection. Therefore we are interested now in the complete decomposition of
R(V) from the section II1.2 under the action of SO(m). We refer to [23] for more
details.

Let V be an m-dimensional real vector space endowed with positive definite
inner product (-,-). A tensor R of type (1,3) over V is a bilinear mapping

R:V xV — Hom(V,V) : (z,y) — R(z,y).

R is called a curvature tensor over V if it has the following properties for all
T, Yy, 2z, weV:
(1) R(J?,y) = _R(yax)a
(ii) the first Bianchi identity, i.e. oR(x,y)z = 0, where o denotes the cyclic sum
with respect to x,y and z.
We also use the notation R(x,y,z,w) = g(R(x,y)z, w). We denote by R(V)
the vector space of all curvature tensors over V. In addition to the Ricci tensor
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p(R) for a curvature tensor R € R(V) it makes sense to define the second trace

p(R) by

m

:ZR(€i7$,€i,y), xvye‘/a

where {e;} is an arbitrary orthonormal basis of V. The traces p(R) and p(R) are
orthogonal. Moreover, they are neither symmetric nor skew-symmetric in general
case. The scalar curvature 7 = 7(R) of R is defined as the trace of Q@ = Q(R),
given by p(R)(z,y) = (Qz,y). Now one can define all the components of the
decomposition of R(V'). We put

RY(V)={ReR(V)|p(R) and p(R) are skew-symmetric},

R (V)={ReR(V) | p(R) and p(R) are symmetric},
Rpy(V)={R e R(V) | p(r) is zero},
Ro(V)=R*(V)NR(V)={ReR(V) | p(R) and p(R) are zero},

W4 = orthogonal complement of Ry (V) in R, (V) NR*(V),
orthogonal complement of Ry (V) in R, (V) NR*(V)

W3 = orthogonal complement of R,(V) N R%(v) in R*(V),

W1 & Wy = orthogonal complement of R,(V)NR*(V) in R*(V),

Wy ={Re Wy & W, | 7(R) is zero},

W7 = orthogonal complement of Wy in Wy & Wo,

Ws ={R € Ro(V) | R(z,y, z,w) = —R(z,y,w, 2); z,y,z,w € V},

Wr; ={R € Ro(V) | R(z,y, 2z, w) = R(z,y,w, 2); z,y,z,weV}

Ws = orthogonal complement of Ws @ W7 in Ro(V).

ﬁ
[

)

So we can state the decomposition theorem for R(V).

Theorem 3.1. We have
(3.1) RV)=W1 @@ Ws,

where W; are orthogonal invariant subspaces under the action of SO(V') (m > 2).
Moreover,
(i) The decomposition (3.1) is irreducible for m > 4.
(ii) For m = 4 we have Ws = W+ @ W~ where W* = {R € W; | Rx = +R},
and the other factors are irreducible.

(iii) For m = 3 we have Wg = Wg = {0} and the other factors are irreducible.

(iv) For m = 2 we have Wy = Wj5 = = Wy, = Ws = {0} and the other factors
are irreducible. O

We compare the decompositions in subsections I1I1.2 and III1.3 to see

7T(2) =W & Wy, 7T(1,1> = Wi, 7T<2,1,—1> :RP(V)
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If we suppose z,¥, z, ... € X(M), the algebra of C* vector fields on (M, g) and R
and p the curvature and the Ricci tensor respectively then the projective curvature
tensor P(R) associated with R is the orthogonal projection of R on R,(X(M)).
We recall that the Weyl conformal curvature tensor belongs to the Rs-component
from Singer-Thorpe decomposition, which is irreducible under the action of the
group O(V). The projective component R, (V) is not irreducible under the action
of O(V) or SO(V).

The complete decomposition of R(V) given by Theorem 3.1. is very useful in
the study of the group of projective transformations on some manifold M™ and its
subgroups. We recall that an equiaffine transformation is an affine volume preserv-
ing transformation of a manifold (M, V). On a manifold (M™, V) there exists an
equiaffine transformation if and only if the Ricci tensor p(R), corresponding to any
symmetric connection V, is symmetric. Let us mention some of these results.

Theorem 3.2. Let (M, V,g) be a Riemannian manifold endowed with a sym-
metric connection V such that W3 = 0. Then the group of affine transformations
coincides with its subgroup of equiaffine transformations. O

Theorem 3.3. If a Riemannian manifold (M™, g) is compact and Wy = Wy =
W3 = 0 then the group P(M) of all projective transformations coincides with its
subgroup A(M) of all affine transformations. O

Some of components in (3.1) have other interesting geometric properties. So,
Nikéevi¢ has proved in [91] that Ro(X(M)) is conformally invariant.

Let us point out that for some torsion free connections the corresponding
curvature tensor has some of its projections on W; (i = 1,...,8) equal to zero.
Namely, if V is the Levi-Civita connection then we have

P(R) € W5 & W, for m > 4,
P(Rye WsoWT oW, for m =4,
P(R) € W5, for m = 3.

We refer to [28] for more details.

The decomposition (3.1) is not unique. The second one is given in [23] which
is closely related with the decomposition of curvature tensors for Weyl connections
under the action of the conformal group CO(m) [53].

I11.4. The action of the group U(m)

The main purpose of this section is to study algebraic properties of a holo-
morphically projective curvature tensor on Hermitian manifold. Therefore we start
with some considerations in a vector space endowed with some structures. We refer

o [81] for some details.

Let V be a 2m-dimensional real vector space endowed with the complex struc-

ture J, compatible with the positive definite inner product g, i.e.

J?=—I, g(Jz,Jy)=g(z,y),
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for all x,y € V and where I denotes the identity transformation of V. A tensor R
of type (1,3) over V is bilinear mapping

R:V xV —Hom(V,V) : (z,y) — R(z,y).

R is called a curvature temnsor over V if it has the following properties for all
T, Yy, 2z, w e V:
(i) R(l‘vy) = _R(y?m)v
(ii) oR(z,y)z =0 (the first Bianchi identity)
(i) JR(z,y) = R(z,y)J (the Kahler identity).
We use also the notation R(z,y, z,w) = g(R(z,y)z,w).
Let R(V') denotes the vector space of all curvature tensors over V. This space
has a natural inner product defined with that on V:

2m

(R,R) = Z g(R(ei,ej)ek7]~%(ei.ej)ek)7

i,5,k=1

where R, R € R(V) and {e;} is an orthonormal basis of V. A natural induced
representation of U(m) in R(V) is the same as of O(m) in the previous sections.

To describe a complete decomposition of R(V) under the action of U(m) we
need some basic notations. There are independent traces as follows:

2m 2m

p(R)(SC,y) = ZR(€i7x7yaei)7 T(R) = Z R(ei76ja€jaei)a
i=1 i,j=1
2m 2m

ﬁ(R)(l’,y) :ZR(ei,l',@i,y), T*(R) = Z R(eivejaJ€j7ei)a
i=1 i,j=1

where {e1,...,em, Je1,...,Jen} is an arbitrary basis of V. The trace p = p(R), as
we have seen in the Section I, is called the Ricci tensor, and 7 = 7(R) is the scalar
curvature of R.

In general, the traces p and p are neither symmetric nor skew-symmetric and
always we have p(Jx, Jy) = p(x,y); p and p belong to V? = V* @ V*, where V* is
the dual space of V. Let (-,-) be the inner product on V?(V) given by:

2n

(a, B) = Z ale;,ej)Bleie;), fora, 3 € V2(V).

ij=1

Now we introduce some tensors, and operators that we need to define components
in the complete decomposition of R(V).

m(w,y)z = g(x, 2)y — g(y, 2)x + g(Jx, 2)Jy — g(Jy, 2)Jw + 29(Jx,y)J 2,
71-2(1'7 y)Z L= (JSL‘, Z)y - g(Jya Z)JJ + Qg(Jx,y)Z - g(a:,z)Jy + g<y’ Z)Jﬂ?
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Let ¢ be the operator defined by
d(R)(x,y,z,w) := R(Jz, Jy,z,w), R € R(V),
and Rt and R~ be the vector subspaces of R(V) given by
RT:{ReR(V)|o(R) =R}, R :={ReR(V)|$(R)=—R}.

The vector space R(V) consists some subspaces which one can define in terms
of traces symmetry properties. So we have

Wo:={ReR(V)|7(R)=1"(R) =0},
Ry :={ReR(V)|p(R) =0},
Ro:={ReR(V)|p(R)=p(R) =0},
R, :={ReR(V)|p(R) #0 and p(R)(z,y) = p(R)(y, )},
R, :={R e R(V) | p(R) # 0 and p(R)(z,y) = —p(R)(y,z)},
Ry :={ReR(V)|pR) }

(V) | A(R)

Re:={ReR(V

Now we can define all components in the compete decomposition of R(V).

Definition 4.1. We put

Wo:={ReR"NRy| R(z,y,2,w) = —R(x,y,w, 2)},
Wio:={ReR"NRy | R(z,y, 2,w) = R(z,y,w, 2)},
W11 : = orthogonal complement of Wy @& Wigin Rt N Ry,

Wy - :R"'QRZ, Wi := L(m1);

Ws:=R™nN Ry, We := L(m2) :

Wy : = orthogonal complement of Ry in Ry N RZ,

Ws : = orthogonal complement of Ry in Ry N Rg,

Wiz :=R™ NRu,
We:=R™ N Rf) = orthogonal complement of Wj in RZ,
Wy:=R" N R‘; = orthogonal complement of W3 in RZ.

Thus we obtain

Theorem 4.2. If dimV = 2m, m > 3, then R(V) = W1 & --- & Wyo; if
m = 2,Wy; = Wis = {0} and R(V) = Wy @ --- @ Wyo. These subspaces are
mutually orthogonal and invariant under the action of U(m). O

Recalling that an invariant subspace is irreducible if it does not contain a
nontrivial invariant subspace, we have also
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Theorem 4.3. The decomposition of R(V') given above is irreducible under
the action of U(m). O

The projections of R € R(V) on W; (i = 1,2,...,12) and the dimensions of
W; have been done also in [81].

Let M be a 2m-dimensional C'*° manifold with an almost complex structure
J and a Hermitian inner product g. Then, for all u,v € X(M), the Lie algebra of
C™ vector fields on M, we have J?u = —u, g(Ju, Jv) = g(u,v). It is known (see
[90], [139]) that the existence on M of an arbitrary torsion free connection V s.t.
VJ =0 is equivalent, to the vanishing of the Nijenhuis tensor defined by

Ny(u,v) = [Ju, Jv] = J[Ju,v] — J[u, Jv] — [u,v], u;v € X(M).

For every p € M, the tangent space T, M has a Hermitian structure given by (Jp,,
gip)- Now let R(V') be the vector bundle on M with fibre R(7},M); the decomposi-
tion of R(T,M) gives rise to a decomposition of R(M) into orthogonal subbundles
with respect to the fibre metric introduced by g on R(M). We shall still denote the
components of this decomposition by W;, i =1,2,...,12. If V is an arbitrary linear
torsion free connection, the corresponding curvature tensor is a section of the vector
bundle R(M) and it is not difficult to check that its H P(R)-component in each
point p € M gives the well-known holomorphical projective curvature tensor associ-
ated with V (see [27], [139]); as a consequence, every subspace W;, i =7,8,...,12
of the decomposition is holomorphically projective invariant.

If some of the W, vanish then the corresponding manifold has special groups
of transformations and we have the following theorems (we refer [92]) for more
details).

Theorem 4.4. Let (M, g) be a Hermitian manifold with a torsion free con-
nection. If the homogeneous holonomy group of M has no invariant hyperplane,
or if the restricted homogeneous holonomy group has no invariant covariant vector
and Wy = --- = Ws =0 then HP(M) = A(M). O

We denote here by HP(M) the group of all holomorphically projective trans-
formations of M and denote by A(M) the group of all affine transformations of
M.

Theorem 4.5. If a Hermitian manifold (M, g) endowed with a torsion free
connection V is complete with respect toV.and Wy = --- = Ws = 0 then HP(M) =
A(M). O

I11.5. The action of the group U(m) x 1

In Section II.3 we have introduced C-projective transformations on a normal
almost contact manifold and have found C-projective curvature tensor - invariant
with respect to these transformations. The key point was the existence of a tor-
sion free adopted connection V. The main purpose of this section is to study the
curvature tensor R of V, especially its C-projective curvature tensor W(R) from
algebraic point of view.
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We use (3.2) of Section IT to check
(5.1) W(R)(u, v)p = oW (R)(u,v),  W(R)(u,v)§ = 0.

Now starting from (5.1) we shall define certain special curvature tensor fields on
M?m+1 which will become useful for our discussion.

Definition 5.1. Let (M?™+! » £ 7)) be a normal almost contact manifold.
We define the difference curvature tensor field of the torsion free adopted connection
V as K(R) = hR — hR, where R is the curvature tensor field of V and AR is given
by
(5.2)

hR(u,v)z = {—n(u)hv + n(v)hu}n(z) + dn(u, v)pz + %dn(u, 2)pv — %dn(v, 2)pu.0]

Notice that AR can be considered as the component on the vector subbundle
H = Kern of TM 2m+l of the curvature tensor field R of a torsion free adopted
connection V on M?™ !, Taking into account the properties of R and p(R) we find

(5.3) K(R)(u,v)z = —K(R)(v,u)z,
(5.4) o K(R)(u,v)z =0 (the first Bianchi identity),
(5:5) K(R)(u,v)pz = pK(R)(u,v)z,  K(R)(u,v)§ =0,

p(K(R))(u,v) = tr(z — K(R)(z,u)v) = p(R)(u,v) — p(R)(u,v),
p(K(R))(u, &) = 0.

I11.5.1. The vector space KC(V). Let V be an (2m + 1)-dimensional real
vector space endowed with an almost contact structure (¢,&,7n) and a compatible
inner product g and let V* be the dual of V. Then, the (1,1) tensor ¢, the vector
& € V and the one-form n € V* satisfy the relations:

p*=—Iy+&@n, n() =1,
=0, nop=0
g(px,py) = g(z,y) —n(x)n(y), z,yeV.

A tensor R of type (1,3) over V is a bilinear mapping R : V xV — Hom(V, V),
(z,y) — R(z,y). We say that R is a curvature tensor over V if

R(I,y) - *R(Q,I), and o R(I’,y)Z =0
.Y,z
We denote by R(V') the vector space of all curvature tensors over V. One can
consider the following inner product, induced by g:

2m—+1
(R,R) = Z g(R(ei, ej)ex, R(ei, ej)er), R,ReR(V),
1
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where {e;}, i =1,...,2m+ 1 is an arbitrary orthonormal basis of V. Furthermore,
the representation v of U(m) x 1 in V induces a representation & of U(m) x 1 in
R(V) in the following way

a:U(m) x1—gl(R(V)), r—a(r), reU(m)x1,

where a(r)(R)(z,y, z,w) = R(a(r Yz, a(r )y, a(r )z, a(r~t)w), for all z,y, z,
w € V. It follows that the mapping R +— a&(r)R is an isometry for R(V); therefore
(&(r)R, a(r)R) = (R, R), which implies that the orthogonal complement of an
invariant subspace of R(V) is also invariant and the representation & is completely
reducible.

Taking into account the properties (5.3)—(5.6) of a “difference curvature tensor
field” we shall denote by K the curvature tensors over V such that

(5.7) K(z,y)pz = K (z,y)z and K(z,y)§ =0,
for all z,y, z € V| or equivalently, if K(z,y,z,w) = g(K(x,y)z,w), we have

K($7 y7 Z? w) = K(SU’ y? @Z’ (lpw)7

5.8
) K@y &w) =0, K(r.y.2. = n(K(.)2) =0
Let K(V) be the vector subspace of R(V), whose elements are all K, satisfying
(5.7). This subspace of R(V) is invariant for &.

K (V) may be splited into direct sum of two subspaces Ky and K3, defined as
follows

Ki={KeK(V)|K(z,&zw) =0},
Ko ={K e K(V) | K(z,y,2 w) =n(x)K(&y,2,w) +ny)K(z,& z,w)}

It means
(5.9) K(V) =K1 &K,

and moreover 1 and Ko are mutually orthogonal and invariant with respect to the
action of U(m) x 1.

Now let H = Kern; H is a 2m-dimensional Hermitian vector space with
(¢lm, 9lm) as Hermitian structure and U(m) x 1|y ~ U(m); further, the vector
space Ky is naturally isomorphic to the vector space K(H) given by the curvature
tensors over H which satisfy the Kahler identity. This isomorphism allows us to
use the results of Section III.4. concerning the decomposition of IC(H) with respect
to the action of U(m) to obtain the decomposition of K.

To simplify our notation, in the following, we shall denote for every x € V the
component on H by &; that is, £ = hx, where h = Iy — n ® £ is the projection on



116 Bokan

H. First, we notice that for any K € K(V') there are only two possible independent
traces associated with K, analogously to these ones in II1.4. i.e.

2m—+1
p(K)(y7Z) = Z K(ei7y7zuei)7
i=1

ﬁ(K)(y,z):ZK(ei,y,ei,z), y,ZGV,

where {e;}, 1 = 1,2,...,2m + 1 is an arbitrary orthonormal basis of V. Further,
we have two scalar curvatures

T(K) =Y K(eiej,e5 ),
‘7‘]‘

7(K) = ZK(ei, ej, Pej, €;).

One can check easily
p(K)(y, z) = p(K)(5, 2) + n(y)p(K)(&, ),

(K (py, pz) = p(K)(y, 2).

In general, p(K) and p(K) are neither symmetric nor antisymmetric; moreover
p(K) (&, z) =0 for every K € Ky, while for K € Ko, p(K) reduces to n(y)p(K)(E, 2)
and p(K) = 0.

We omit all details related to the decomposition of Ky, because of the previous
comments, and pay the attention only on the decomposition of Ko C K. First of
all, we note that K(§,y, z,w) = K(&, z,y,w), for every K € Ky Next, we introduce
the endomorphism § on Ky defined by

1
2m + 2

§(K)(x,y, z,w) = {n(@)[g(wy, pw)p(K)(, 2) + g(ez, pw)p(K) (&, 9)
) )

— 9(py, w)p(K) (&, pz) — g(pz, w)p(K) (&, ¢y)]
—n(W)[g(pz, pw)p(K)(E, 2) + g(pz, pw)p(K)(E, 1)
— gz, w)p(K) (&, ¢z) — g(pz,w)p(K) (&, )]},

for any x,y,z,w € V. If we take into account p(6(K)) = p(K) we can check easily
§(K) € K2, 6% = § and § commutes with the action of U(m) x 1.
Now we define the following subspaces of Ko

W13:Ker5:{K€IC2\p(K):O}, W14:Im5,

and state the following theorem.
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Theorem 5.2. If dimV = 2m + 1, m > 2, then Ky = Wi3 ® Wiy. The
subspaces W13 and W14 are mutually orthogonal and invariant under the action of
U(m) x 1. In particular, for m = 1, Wy3 = {0} and Kq = W1y4. O

We use now (5.8), the isomorphism of Ky and R(H), Theorem 4.2. and The-
orem 5.2. to obtain the following decomposition theorem for K(V):

Theorem 5.3. If dimV =2m + 1, m > 3, then
(5.10) KV)=W1 @& Wy

and the subspaces W; are U(m) X 1 - invariant and mutually orthogonal. For
m =2, Wy; = Wiy = {0} and when m = 1, the decomposition reduces to K(V) =
Ws & Wg & Wig. O

111.5.2. Some geometric results. Let (M?™*! », &, 1, 9) be a normal almost
contact metric manifold. For every p € M?™+1, the vector space T,M>™*! has an
induced almost contact structure (¢, 7p,&p) with compatible inner product g,. If
we denote by K(M?™*1) the vector bundle on M?™ ! with fibre (T}, M?™*1), the
decomposition (5.10) gives rise to a decomposition of K(M?™T1) into orthogonal
subbundles with respect to the fibre metric induced by g on K(M?™+1). We use
the same notation W;, i =1,...,14 for the components of this decomposition.

Let V be a torsion free adapted connection on M?™+! with curvature tensor
R. Then, the difference tensor field K(R) is a section of K(M?*™*1). Let Q;
be the projections of K on the subspaces W; (i = 1,...,14). Recalling that
K(R) = hR — hR, where hR is given by (5.2) with W(R) = 0, we can state

Proposition 5.4. Let (M?™+1 ¢ €. n,g) be a normal almost contact metric
manifold. If V is an adapted torsion free connection on M?*™+! with curvature
tensor R, we have

W(R) =) Qi(K(R)), K(R)=hR-hR

and the spaces W;, i = 7,8,...,13 of the decomposition (5.9) are C-projectively
invariant. ]

If (M2™+1 o € n,g) is a Sasakian manifold, then dn(u,v) = 2g(pu,v), where
U, v, 2, - € X(MZMTL),

As we know, the Levi-Civita connection V on M?™+! is one of adapted con-
nections, and the system (3.1) in Section II is reduced to the simpler one

(Vup)v = n(v)u — g(u,v)§,  (Vurn)(v) = g(pu,v),
Vuf = pu, vug =0
(Vudn)(v,2) = 2n(v)g(u, 2) — 2n(2)g(u,v) = 2n(R(v, 2)u).

Among Sasakian manifolds one can characterizes these ones of constant y-sectional
curvature using the previous results. More precisely, we have
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Proposition 5.5. Let (M?™*! p,&,n,9), m > 3 be a Sasakian manifold.
Then K(R) = Q5(K(R)) € W5 if and only if it has constant yp-sectional curvature
c# =3 (M*m+! £ RImH1(_3)). O

Corollary 5.6. Let (M?>™*! . &,n,9), m > 3 be a Sasakian manifold #
R*m+1(-3). Then K(R) = Q5(K(R)) € Ws, if and only if it is C-projectively flat.
O

We refer to [78] for characterization of other classes of Sasakian manifolds
using the decomposition of curvature tensors and the corresponding examples (see
also [8], [9], [66] etc.).

A normal almost contact metric manifold (M?™*1 ¢ & 1, g) has a cosymplectic
structure if the fundamental 2-form Q defined by Q(u,v) = 2¢g(pu,v) and the 1-form
n are closed on M?™*1 Examples of cosymplectic manifolds are provided by the
products M x S', where M is any Kihler manifold. For a cosymplectic manifold
Matzeu [78] has proved

(i) K(R) =R = Q5(K(R)) € W5 if and only if it has constant -sectional curva-
ture ¢ = %,

(i) K(R)=R=Q5(K(R))+Qo(K(R)) if and only if it is n-Einstein, i.e. p(K) =
alg —n®mn), where a = Tz(fi)

We refer also to [78] for the studying of real hypersurfaces on complex space
forms in this spirit.

is constant.

IV. THE CHARACTERISTIC CLASSES

IV.1. Some basis notions and definitions

Let GL(m,R) be the full general linear group and gl(m, R) be the Lie algebra of
GL(m,R); this is the Lie algebra of real m x m matrices. A map @ : gl(m,R) — C
is invariant if Q(gAg—!) = Q(A) for all A € gl(m,R) and for all g € GL(m,R). Let
Q be the ring of invariant polynomials. One can decompose Q@ = $Q,, as a graded
ring, where Q,, is the subspace of invariant polynomials which are homogeneous of
degree v. Let

Ch(A) =Y Ch, for Ch,(A) := Tr{(EA)V},

27
v—1
C(4) 1= det(I+ T —=A) = 1+ C1(A) + -+ Cin(4)

define the Chern character and total Chern polynomial; Ch, € Q, and C, € Q,,.
The Chern characters and the Chern polynomials generate the characteristic ring:
Q =C|[Cy,...,Cp] and Q@ = C[Chy,...,Ch,,]. If @ € Q, we polarize @ to define a
multilinear form Q(A;,...,A,) so that Q(4) = Q(4,...,A) and Q(44,...,4,) =
QgArg™", ..., gAug™).
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We shall restrict our attention to the tangent bundle T'M henceforth; let V be
an arbitrary connection on T'M and R the corresponding curvature tensor. If {e;}
is a local frame for TM, then R(e;, e;)er = Rijk.lel. We shall let

1 ) )
R = Rfc = iRijklez A el

be the associated 2-form valued endomorphism. As we are not assuming that a
metric is given, we do not restrict to orthonormal frames. Thus the structure group
is the full general linear group GL(m,R) and not the orthogonal group O(m).

If Q € Q,, we define

Q(V):=Q(R,...,R) € C*(A** M)

by substitution; the value is independent of the frame chosen and associates a closed
differential form of degree 2v to any connection V on TM. The corresponding
cohomology class [Q(V)] € H?”(M;C) is independent of the connection V chosen;
as we shall see later. These are the characteristic forms and classes. For more
details one can use also [35], [40], [61].

From now on we deal with complex manifolds.

We express now (', 012 and Cy by using a suitable chosen frame of T M. Let
Ei, JEi,..., Ey, JE,, be a real base for tangent space T, M and w',w!,... ,w™,
w™ the corresponding dual base for T;M. Then we will write E,,+s = JEs = E5
and similarly w™" = @", 1 < s, r < m. We suppose summation for every pair of
repeated indexes. We use also the following ranges for indexes i, j, s,7 = 1,2,...,m,
and I,J,8,R =1,2,...,2m. We denote JEs = Eg and R(u,v)Es = Ry,s*Eg.
For w = Er; v = E; we simplify notation and write REIEJSR = Ry 5™

It will be useful for our consideration of Chern classes to introduce the following
traces:

1 )
(1.1) wlu,v) = 3 tr{w — R(u,v)w} = Rywi’,

1 )
(1.2) a(u,v) = g{w — Jo R(u,Jv)w} = Ry 7',

for u,v € T,M ® C and w € T, M. After some computations one can express these
traces in terms of the Ricci tensor as follows

20(u,v) = p(u,v) + p(Jv, Ju),
20, 0) = p(v,u) — plu,v).
We put Rf(u,v) = Rypr?, ie., Ri7 = Rpsr’/wf Aw? and
@{(uw) = —(Rg(u, v) — leR% (u,v)),
for u,v € T,M @ C. Then (©7) is a matrix of complex 2-forms and

1
2mv/—1

det (]~ O) =14 Cit+Cp
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is a globally defined closed form which represents the total Chern class of M via de
Rham’s theorem (see [61, vol. II, p. 307]). Chern classes determined by Cy, Cs are
denoted by ¢y, ¢y respectively. In particular, the Chern forms Cy,Cy, and C? are
given by

v—1 i V=1 i
Cr= g 2.0 = 5 (Ri-V=IRY,

1 ) .
Ci=-—— Y Oire

4m? L
1<i<j<m
1 ) P ) . . . . )
-1z Y ARIAR] - RIARY) — V=1(RiARL + R, AR},
W1§i<j§m
1 S
Cr=—15 > {6irej-6elrej}
& 1<i<j<m
b Y {RIARI-RIARL—RI AR, + RIARE)
T 4n2 i J 7 j % J i J

1<i<j<m
—V=UR{ARS + R; AR] — Ry AR — Ry AR) )

We consider Chern numbers v2(M) = [,,C2 and 4 (M) = [,, C} for a com-
pact complex surface M and similarly " = |  C1" for an arbitrary complex
compact m-dimensional manifold.

Let A € o(m) be a skew-symmetric matrix. Then Cs,11(A) = 0 and we de-
fine P,(A) = (—1)"Ca,(A); P =Y, P,(A) is the total Pontrjagin polynomial. The
{P,} for 2v < m generate the characteristic ring of the orthogonal group O(m). We
can always choose a Riemannian metric g for M and use the associated Levi-Civita
connection V(g) to compute the characteristic classes of the tangent bundle. This
reduces the structure group to O(m) and shows that only the Pontrjagin classes are
relevant in the study of the primary characteristic classes of TM. From the point of
view of cohomology, the connection plays an unessential role; however, in many geo-
metrical applications one must work with differential forms not cohomology classes.
We illustrate it by the following facts. Let dz be the volume element of compact
4-dimensional orientable M, where M is without boundary. The Chern-Gauss-
Bonnet formula [36] and the Atiyah-Patodi-Singer formula [1] yields formulas for
the Euler-Poincaré characteristic x(M) and the signature Sign(M):

0 = [ BV, Sim(D) =3 [ Pi(V(o)).

M
where 1
Ey(V(g)) = @(RijjiRkllk — 4Rk Rink + RijiRijri),
1
Pi(V(g)) = _@RijklkgRjik;;Mekl Aekz A eFs aeks

The interior integrands F4 and P; are primary characteristic forms, not characteris-
tic classes. But to express x(M) and Sign(M) of compact 4-dimensional orientable



Torsion free connections, Topology, Geometry and. .. 121

manifold M with smooth boundary 0M # ¢ we need also secondary characteristic
forms.

We introduce firstly relative secondary characteristic forms and later absolute
ones.

The space of all connections is an affine space; the space of torsion free connec-
tions is an affine subspace. If V; are connections on TM, let V; := tV;+ (1 —t)Vy.
Let U = V1 — Vy; ¥ is an invariantly defined 1-form valued endomorphism. Let
R(t) be the associated curvature. Let Q € Q,,. Let

TQ(V1,Vo) : = u/ol QT R(t),...,R(t))dt;

dTQ(V1, Vo) = Q(V1) — Q(Vo).

This shows that [Q(V1)] = [Q(Vo)] in de Rham cohomology. Note that we have:
TQ(Vo, V1) +TQ(V1,Vs) = TQ(Vy, V) + exact form.

(1.3)

Suppose now that M is a 4-dimensional Riemannian manifold with smooth non-
empty boundary OM. Let g be a Riemannian metric on M. Let indices 3,7,k
and [ range from 1 to 4 and index a local orthonormal frame {e;} for the tangent
bundle. At a point of the boundary of M, we assume e4 is the inward unit normal
and let indices a, b, ¢ range from 1 to 3. Let Lgp := (V(g)e,€p, €4) be the second
fundamental form on OM. We choose © = (y,t) to be local coordinates for M near
OM so the curves t — (y,t) are unit speed geodesics perpendicular to M. This
identifies a neighborhood of @M in M with a collared neighborhood I = M x (0, €)
for some € > 0. Let hg be the associated product metric. We denote by V1, Vg the
Levi-Civita connections of h, hg respectively. The T'P;(V1, Vy) is given by

TP (V1,Vo) =TP(L,V;) = Loy Rageac® N e A e,

1672

and consequently

Sign(M) =3 [ PU(Y() 5 [ TPLT(0) - @M
3 Jm 3 Jom

where the invariant n(dM) is intrinsic to OM and we will not be concerned with

this invariant here; see [40] for details.

To define absolute secondary characteristic forms we need the principal frame
bundle 7 : P — M for TM. A local section e to P is a frame e = {e;} for TM. Let
g be the natural inclusion of GL(m,R) in the Lie algebra gl(m,R) of m x m real
matrices. The Maurer-Cartan form dgg—! on GL(m,R) is a gl(m, R) valued 1-form
on GL(m,R) which is invariant under right multiplication. Let V be a connection
on T'M. Fix a local frame field e for T'M; this is often called a choice of gauge. We
denote by w the associated connection 1-form, Ve; = wle;. Let

0:=0(V) :=dgg '+ gwg™ !,
Q:=QV) :=g(dw—wAw)g ' =g(m*R)g™".
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These are Lie algebra valued forms on the principal bundle P which do not depend
on the local frame field chosen. If @ € Q,,, then we have Q(2) = 7*Q(V). We set
Q(t) =tdO — 20 AN O =tQ + (t — t2)O A © and define

(1.4) TQV) ::y/o Q(O,0(1), ..., 0(t))dt.

We refer to Chern and Simons [37, Propositions 3.2, 3.7 and 3.8] for the proof of:

Theorem 1.1. Let Q € Q5 and Q € Q,,. (1) We have dTQ(V) = 7*Q(V).
(2) We have T(QQ)(V) = TQ(V)AT*Q(V) + exact = m*Q(V) ATQ(V) + exact.
(3) Let V, be a smooth 1 parameter family of connections. Let A := 0,V ,|,—0.

Then 0,TQ(V,)|p=0 = vQ(A, Q, ..., Q) + exact. O

Suppose M is parallelizable. Let e be a global frame for the principal frame
bundle P. Let Ve = 0 define the connection *V. We use equations (1.3) and (1.4)
to see that

1
e"TQ(V) = /0 Q(we, Ry, ..., Ry) =TQ[V,* V),

where w, = Ve and Ry = tdw, — t>we A we = tR + (t — t2)we A we.

We note that R; is the curvature of the connection t°V + (1 — ¢)V. Fix
g € GL(m,R). Since @ is GL invariant, we have e*7Q(V) = (ge)*TQ(V).

Let Q € Q,. Suppose that Q(V) = 0. Then ¢*7Q(V) is a closed form on M
of degree 2v — 1 and [e*7Q(V)] in H?*7*(M; () is independent of the homotopy
class of e. We say that @ is integral if @ is the image of an integral class in the
classifying space; see [37, §3] for details; the Pontrjagin polynomials are integral.

Theorem 1.2. Let Q € Q,. Assume that M is parallelizable and Q(V) = 0.
(1) If Q is integral, then [e*T Q(V)] is independent of e in H**~Y1(M;C/Z).
(2) If v is odd, then [e*T Q(V)] is independent of e in H?**~(M;C). O

IV.2. Characteristic classes and symmetries of a curvature tensor

The main purpose of this section is to study topology of a manifold endowed
with a torsion free connection which curvature tensor has symmetries, invariant
under the action of some classical groups in the spirit of Section II.

The relations between topology and the existence of some flat connection have
been studied by Milnor [87], Auslander [2], Benzécri [5] etc.

The topological obstruction of the existence of a complex torsion free connec-
tion with skew-symmetric Ricci tensor has been studied in [12]. More precisely, we
proved if V is a complex torsion free connection on a Riemann surface M and the
Ricci tensor p for V is skew-symmetric then v, (M) = [;, C1 = 0.

Let us remark if M is a sphere S? we have v;(M) # 0. Therefore there
is no a complex torsion free connection V with the skew-symmetric Ricci tensor
globally defined on S2. The local existence of this connection is proved by its
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construction. Namely, (52, g) is the standard sphere with the standard embedding
into the Euclidean space R3 determined by

x=cosasinf, y=sinasinf, z=cosf, O0<a<22m 0<fB<m.

The Christoffel symbols for our complex connection are given by the following
formulas

= 1—cosf = —1+cosf

[o=——F—, D= 5 5
sin 3 sin” 3

- - 1 - )

F%z = F%l = sin 3’ F%l = —sinf,

f‘%Q = f§1 = f%l =1— cosf;

(see [12] for more details).

Having in mind the previously mentioned facts, torus T2 is a good candidate to
permite a globally defined torsion free connection V with the skew-symmetric Ricci
tensor. Really, let 1 = cosa, x9 =sina, z3 =cosf, x4 =sinfF, 0 < a < 27,
0 < 8 < 2m, be the standard embedding of the torus into the Euclidean space
R*. Let ffj (i,j,k = 1,2) be the Christoffel symbols for a complex torsion free

connection V. Then
I, =T%, =13, =T}, = —cosasin 3,
I, =T} =T2,=-T% =sinacosf.

We point out these connections belong to the class of affine conformal invari-
ants, studied by Simon in [123].

The Chern characteristic classes of complex surfaces endowed with a holomor-
phic affine connection V have been studied in [14]. The following theorem considers
complex surfaces with all vanishing characteristic classes.

Theorem 2.1. Let M be a complex surface (dim M = 2) endowed with a
holomorphic affine connection V. Then its Chern characteristic classes Cy and
C? vanish. Moreover, if M is a complex equiaffine surface (V permits a parallel
complex 2-form “w) then Cy also vanishes. O

One can find in [14] the examples of nonflat holomorphic affine connections
on the torus 7% and the Euclidean space R*.

Let us assume for our complex torsion free connection V to have a symmetric
curvature operator, i.e. R(z,y) satisfies the relation g(R(x,y)z,v) = g(R(x, y)v, 2).
Then R satisfies also the following relations

R(J‘T7 Jy) = R(xay)a p(xvy) - 7p(y71')7 ,0(:]33, Jy) = p(xay)v

(see [93] for the proof). Now one can use the results from the section IV.1 to study
the Chern characteristic classes of a Hermite surface M endowed with a complex
torsion free connection V with the symmetric curvature operator and conclude

[CLM)] =0, [C}(M)]=0, [Co(M)]=[rds] = [b2],
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where
1 1

~ 1672 ~ 1672

I|R|l, ||p]| are the norms of the curvature and the Ricci tensor, i.e.

02 @lpl® = IRI%)2%, b (72 = [|R||*)2?,

IRI* =Y RpoixRrqix, o> = prarrq

and ® = >~ w' Aw' is the fundamental 2-form; assuming that (w’, w?) is the corre-
sponding dual base for (E;, JE;). Moreover, we have also some geometrical conse-
quences. More precisely we have

Theorem 2.2. Suppose that a torsion free complex connection V exists on a
compact Hermite surface M with 7* = 0. Then v5(M) < 0. The equality holds if
and only if V is a flat connection. O

Corollary 2.3. Let (M,J) be a compact Hermite surface which admits a
Kiéhler-Einstein metric. Then every complex torsion free connection with 7 = 0
on M is flat. O

We refer to [16] for more details related to the symmetric curvature operators
and topology. One can find also some examples of complex torsion free connections
on reducible Hermite surface M with the generic R € R(T,M) or with R belonging
to some vector subspaces of R(T,M), which are invariant or, irreducible under the
action of the unitary group U(m). Some of examples show that the compactness
of M is an essential assumption in Theorem 2.2 and Corollary 2.3.

IV.3. The relations between characteristic classes
and projective geometry

If we are interested in relations between topology and geometry of a smooth
manifold we must work with differential forms. The main purpose of this section is
to study invariance of characteristic forms with respect to some group of transfor-
mations. We are interested in also does the topology of a manifold M determine
the relations between the group of holomorphically projective transformations, the
group of projective transformations and the group of affine transformations on M.

First, we are interested in the invariance of characteristic forms. Conformally
equivalent metrics and projectively equivalent torsion free connections have the
same characteristic forms. More precisely, it yields

Theorem 3.1. Let Q € Q, and let € C¥(M).

(1) Let V(h) be the Levi-Civita connection of a semi-Riemannian metric.
Then Q(V(h)) = Q(VA(h)), where 8(k) = Bh.

(2) Let V and V be two projectively equivalent torsion free connections.

Then Q(V) = Q(V). O

We refer [3], [15] for the proof of this theorem.
Matzeu [77] has studied the Chern algebra of the complex vector subbundle
H of TM defined as H = Kern, where M is normal almost contact manifold.
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The corresponding conditions to have invariant Chern forms under C-projective
transformations have been found. We refer to Section III.5. for basic notations.
Suppose that V is an adapted symmetric connection with symmetric Ricci tensor
field and D is its restriction to the vector subbundle H of TM defined as H = Kern.
The D is the complex connection with the Ricci tensor p(K) symmetric too. We
refer to [77] for the proofs of the following theorems.

Theorem 3.2. If the connection D with symmetric Ricci tensor field has the
first Chern form proportional to dn, then all its Chern forms are C-projectively
invariant. O

Theorem 3.3. All the Chern forms of a C-projectively flat adopted connection
are C-projectively invariant. O

Theorem 3.4. The Chern classes of a C-projectively flat manifold are trivial.(]

One can use the traces p, i given by (1.1), (1.2) and Chern numbers to prove
the following theorems related to the influence of topology of M in the group of
projective transformations and its subgroup of affine transformations. We refer to
[13] for details.

Theorem 3.5. Let M, dim¢c M = m, be a compact complex manifold with a
complex symmetric connection V. If
(i) p(u,v) = p(v,u), and p(Ju, Jv) = p(u,v),
(ii) [ is a semi-definite bilinear form, of rank 0 or m, nonnegative if m is odd,
(iii) ~7*(M) < 0 then the group of all projective diffeomorphisms of the connection
V coincides with the group of all affine diffeomorphisms of the same connection. [

Theorem 3.6. Let M be a surface of general type with a complex symmetric
connection V. If
(j) p(’U, u) = p(u7 U)7 and p(Ju, Jv) = p(u, v),
(ii) [ is a semi-definite bilinear form of rank 0 or m, nonnegative if m is odd,
(iii) v2(M) < 0, then the group of all projective diffeomorphisms of the connection
V coincides with the group of all affine diffeomorphisms of the same connection. [

Under the assumptions of Theorems 3.5. or 3.6. one can prove the group of
holomorphically projective transformations coincides with the group of affine trans-
formations of V.

In the general case the group of projective diffeomorphisms, the group of affine
diffeomorphisms and the isometry group do not coincide for a Riemannian manifold
(M, g). Nagano [89] has proved that if M is a complete Riemannian manifold with
parallel Ricci tensor then the largest connected group of projective transformations
of M coincides with the largest connected group of affine transformations of M
unless M is a space of positive constant sectional curvature. For Kéhler manifolds
problems of this type have been studied in [13]. So we have

Theorem 3.7. Let M be a compact Kédhler manifold of complex dimension
m > 1. If: (i) 7 = constant, (i) c; =0, then
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(a) the group of all projective diffeomorphisms of the Levi-Civita connection
coincides with the group of all affine diffeomorphisms of the same connection;

(b) the identity component of the group of all holomorphically projective dif-
feomorphisms of the Levi-Civita connection coincides with the identity component
of its group of isometries. O

Kobayashi and Ochiai have studied in [62] holomorphic normal projective con-
nections on complex manifolds and classified all compact complex analytic surfaces
which admit flat holomorphic projective connections. They have proved in [63]
a complex analytic surface of general type, which admits a holomorphic (normal)
projective connection, is covered by a unit ball B2 C C? without ramification.

IV.4. Characteristic classes and affine differential geometry

Let us recall, if x is a nondegenerate embedding of a manifold M as a hyper-
surface in affine space, we let (z, X,y) be a relative normalization. This defines a
triple (V,h, V*) on M, where h is a semi-Riemannian metric, and where V and V*
are torsion free connections on the tangent bundle TM. If @ is an invariant poly-
nomial, then Q(V) = 0, Q(V(h)) = 0 and Q(V*) = 0. Moreover, the secondary
characteristic forms of the connections V, V* V(h) vanish. To be more precise we
introduce a decomposable invariant polynomial @ by the relation @ = >, Q;1Q; 2,
where 0 # Q;; € Q,,;) and v(i,j) > 0. For the proofs of following lemma and
theorems we refer [15].

Lemma 4.1. Let (V,h,V*) be the conjugate triple defined by a relative
normalization (x, X,y) of an affine embedding of an orientable manifold M. Let
Qe Q,.

(1) IfQ is decomposable, then [T,Q(V)] = 0, [T,Q(V(h))] =0, and [T,Q(V*)] =0
in H2*~1(M,C).

(2) The classes [TQ(V)], [7.Q(V*)], and [TQ(V(h))] in H*~Y(M,C) are affine
invariants; these cohomology classes are independent of the relative normal-
ization chosen. (|

Theorem 4.2. Let (V,h,V*) be the conjugate triple defined by a relative
normalization (z,X,y) of an affine embedding of an orientable manifold M. Let
Qe Q.

(1) We have [T,Q(V)] = 0 in H**~*(M;C).

(2) If Q is integral and if v is even, then [TQ(V*)] =0 in H*~Y(M;C/Z).

(3) If v is odd, then [T,Q(V*)] =0 in H*~1(M;C).

(4) If v is even, then [T,Q(V(h))] = 0 in H*~Y(M;C).

(5) If v is odd and if h is definite, then [T,Q(V(h))] = 0 in H**~Y(M,C). O

One can apply these results to 3-dimensional affine differential geometry to
construct obstructions to realizing the conformal class of a Riemannian metric as
the second fundamental form of an embedding; this generalizes work of Chern and
Simons [37].

To state the corresponding theorem we have in mind that if M is a compact
orientable 3-dimensional manifold, then M is parallelizable. Hence we can choose a
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global frame f for TM. If Q € Qs, then ) = ¢P; + decomposable, so we need only
to study [7,P1], where P; is the first Pontrjagin form. Since P; is a real integral
differential form, we define

@Wﬁi@jﬁﬂaﬂewz

One can prove that ®(V) is independent of the particular parallelization f
which is chosen. Consequently, Theorem 4.2 implies

Theorem 4.3. Let (M, g,) be a 3-dimensional Riemannian manifold.

(1) If there exists an immersion x : M — R* so that gq is conformally equivalent
to the first fundamental form of x, then ®(V(g)) =0 in R/Z.

(2) If there exists an immersion x : M — R* so that gq is conformally equivalent
to the second fundamental form of z, then ®(V(g)) =0 in R/Z. O

We refer to [15] for details of the proof of this theorem and also for other
references related to other applications of the secondary characteristic forms in
3-dimensional geometry and in mathematical physics.

V. DIFFERENTIAL OPERATORS OF LAPLACE TYPE

The main purpose of this Section is to study the second order differential
operators of Laplace type which are naturally appeared in differential geometry. Of
course, the most interesting for us are these operators which depend on a torsion
free connection, and relations between the spectrum of operators from one side and
geometry and topology of a manifold from other side. To study these problems
we explore the heat equation method. We refer to monographs [6], [34], [44], and
expository papers [30], [39], [58] [84] etc. for more details.

V.1. Definitions and basic notations

Let M be a compact Riemannian manifold of dimension m. The Laplace-
Beltrami operator (shorter the Laplacian) is an operator

(1.1) A(f) = =+ (grad f),

where f € C*°(M), i.e. in coordinates A = — Z” g7 10:(g9"9;), for g = \/det(g;;).
For example if the metric is given by ds? = h(dx? + dy?), then A = g~1(92 + 35)

Let fi(x) denote the temperature in a time ¢ and a point € M. If we assume
the heat trasfers into the coolest direction, then f;(x) satisfies the equation

(1.2) %f+Af=0
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We say fo(z) is an eigenfunction of A with the eigenvalue X € R if it yields A(fy) =
A - fo. One can check then fi(z) = e * fo(x) satisfies the heat equation (1.2).
Therefore, f; may be interpreted as “a heat wave” with “the frequency” e™*t.

The theory of partial differential operators implies that there exist countable
set of eigenvalues \; and for every \; the finite-dimensional family of eigenfunctions
fi, such that we have A(f;) = \;f;. Furthermore, \; are positive, and A\; — oo
when i — oo. The collection {\;}, together with the multiplicities of each \;, is the
spectrum of a manifold M.

If one struck M with a mallet than \; may be interpreted as the sounds emitted
by M, assuming that sound satisfies a similar equation to that of heat.

Weyl [137] has proved that the spectrum of M determine one of significant
geometrical invariant - volume of M. This was a reason to believe that the spectrum
determines completely the geometry of Kac [58] formulated this problem in a lovely
question: “Can one hear a shape of a drum”. The example of two 16th dimensional
non-isometric torus [86] with the same spectrum have shown that expectations
were excessively strong. Many examples have been constructed later on (see [30],
[84] etc.) using different methods to show the same things.

We say manifolds M7 and M, are isospectral if they have the same spectrum.

A function Hy(z,y) is a fundamental solution of the heat equation (or a heat
kernel) if

(1.3) (% +AL)H =0,
(1.4) lim [ Hy(z,y)f(y)dy = f(z),
M

for any f € C°°(M). One can use (1.3) and (1.4) to check that the general solution
fi(z) of the heat equation with initial equation fo(z) = f is given by the formula

fulz) = /M H, (2, 9) f(4)dy.

We look for H; to fulfill the following conditions

(i) Hy(z,y) is uniquely determined by (1.3) and (1.4).

(ii) If M is a compact manifold and {f;} is an orthonormal base of eigenfunc-
tions with corresponding eigenvalues {\;}, then

Hy(z,y) =Y e M fi() fily).
Now we use (ii) to eliminate f;s and describe A;s. Therefore, we put

tr(H;) = /M Hy(x,x)dz.
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Consequently

tr(Hy) = trpz e 2 = / Z e Nt 2 (z)da
M
At 2 At
= e fide =" e .
S [ prae=y

If t — 0T then there is a power serious expansion, asymptoticaly equivalent to

Se At e
Ze—t)\i ~ Zan(A)t(n_m)/27
i n=0

where a,,(A) are spectral invariants determined by local geometry of M. If M is a
manifold with boundary, i.e. M # ¢, then asg1(A) # 0 and they depend on the
boundary conditions

Bpf = floar =0 (Dirichlet boundary condition) or
B f = (0, + S)|oa (modified Neumann boundary condition).

These results may be generalized for a partial differential operator D of order
d > 0 on a smooth vector bundle. We assume the leading symbol of D is self-adjoint
and positive definite. If the boundary of M is non-empty, we impose boundary
conditions B and let Domain (Dg) = {w € C*(V) : Bw = 0}. We assume the
boundary conditions B are strongly elliptic; see Gilkey [44, §1.11].

Let f € C°°(M) be an auxiliary test function. Then there is an asymptotic
series at ¢t | 07 of the form

trp2(fe=P%) ~ S an(f, D, B/,

n=0

see Gilkey [44, Theorem 1.11.4] for details. The global invariants a,,(f, D, B) are lo-
cally computable. Let 9%, f be the " normal covariant derivative of f. Then there
exists local measure valued invariants A, (z, D) defined for z € M and A%, (y, D, B)
defined for y € OM such that

15 (DB = [ fa@D+ 3 [ @045

0<r<n—1

From now on we study the local geometry of operators of Laplace type. Let
D = —(¢""0,0,,+ A°0, + B) be an operator of Laplace type on C*>° (M), for A7 €
End(M) and B € End(M). One can note that Dirichlet and modified Neumann
boundary conditions are strongly elliptic for second order operators of Laplace type.
We refer to [43] for the proof of
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Lemma 1.1. There exists a unique connection Vp on C*°(M) and a unique
function Ep € C*®(M) so that D = —(tr(V%) + Ep). If wp is the connection
1-form of Vp, then

1
Wp,s = 591/5(AV +9"Tgus”), and

ED =B - gyu(aﬂwD,u + Wp WD,y — wD,JFg,V,uU)~ O

We set f = 1 in (1.5) to recover the invariants a,(D,B) for an operator of
Laplace type. We use now these invariants to express A,(x,D). Let Qp; be
the curvature of the connection Vp on C*°(M) and let ’;” be multiple covariant
differentiation with respect to the Levi-Civita connection. We refer to Gilkey [43],
[44] for the proof of the following theorem:

Theorem 1.2. Let D = D(Vp,Ep) on C*®(M).
(a) Ao(z, D) = (4m)~™/2.
(b) As(z, D) =61 (4n)"™/2(1, + 6Ep).
(c) Ay(z, D) =360~ (47)~™/2{60(Ep); kk + 607, Ep + 180(Ep)? +
3OQD,1‘]‘QD7¢J‘ =+ 12(79);kk + 5(Tg)2 — 2|pg‘2 =+ 2|Rg|2}

We suppose given some auxiliary geometric structure J on which C$°(M) also
acts. For g € € and s € J we assume given a natural operator D = D{g, s} on
M which is of Laplace type. Let D — gD := D(gg,3s), where g — gg = fg,
B e CP(M),g € €, and let M(3) be function multiplication. An operator D is
said to transform conformally if 3D = M(3%) o Do M(B°) for a+b=—1.1f D
transforms conformally, the conformal index theorem of Branson and Orsted [29]
and Parker and Rosenberg [104] shows that a,,(D) = an(gD).

V.2. Asymptotics of Laplacians
defined by torsion free connections

In this section we present the heat equation asymptotics of the Laplacians
defined by torsion free connections.

V.2.1. Laplacians on the tangent bundle of a manifold without
boundary. We assume that (M™,g) is a compact Riemannian manifold without
boundary of dimension m > 1. We choose a local coordinates to have J; and dz®
as local coordinate frames for the tangent TM™ and cotangent T*M™ bundles re-
spectively. If V is a torsion free connection on T'M™ we denote by w; € End(T'M™)
the connection 1-form of V

VO, = da' @ wi(9;) = wy;"da’ © 0.

Since V is torsion free it follows wijk = wjik. Let VR be the curvature of V. Let
9V = V(g) be the Levi-Civita connection corresponding to the metric g. Then
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IV(0;) = Tykda' ® 9y, and 6 = V — 9V is tensorial and 0;;F = w;;* — T';;k. We
introduce also the tensor F € TM™ by contracting the first two indices of 6:

Fi— gjkejki _ gjk(wjki _ ijvz>.

The dual connection V* on T*M™ is defined by d(u, «) = (Vu,a) + (u, V*«), for
any smooth vector field v and smooth covector field a. Consequently

V*(da?) = —dz' @ w}(0;) = —wp’da’ @ da*.
If V*®1+4+1®V is the tensor product connection on T*M™ @ TM™, then
(2.1) P=P(V)=—¢{V'®1+1®@V}LV; on C®(TM™)

is a second order PDO of Laplace type.
We shall use Roman indices for a coordinate frame and Greek indices for an
orthonormal frame. We refer to [26] for the proof of:

Theorem 2.1. Let P = P(V) be a PDO of Laplace type given by (2.1).
Then
(a) ao(P) =m - vol(M),
(b) a2(P) = % f]y[(27— - 3]:1/}_1/)7
(¢) as(P) = 555 [, {im{57% — 2p% — 2p% + 2R? 4+ 157 (2F,,, — Fu F0)
+ 4745(2‘7:1/;1/ - foV)Q + %(}-u;u - -7:1/;#)2} + Tr(30§22)}. 0

We define the Hessian Hy for a torsion free connection V on T'M by
(Hv f)(u,v) = u(v(f)) = Vuv(f).

One can check easily that (Hy f)(u,v) = (Hv f)(v,u) and Hy is tensorial in X and
Y. The normalized Hessian H(f) := Hy(f) + (m — 1)~ fpy arises naturally in
the study of Codazzi equations; see [108] for details. We contract the normalized
Hessian for a torsion free connection with symmetric Ricci tensor py to define an
operator of Laplace type

(2:2) Df =D(g,V)f := —trg{Hy(f) + (m —1)"" fpv}.

In general case, D need not be self-adjoint.
If V and V are projectively equivalent, as in (1.1) Section II, then we may
choose a local primitive ¢ so d¢ = w. Then

(2.3) He = e"Hye ?;

i.e. the operators Hg and Hy are locally conjugate. Furthermore, if g = ey,
then (2.3) implies

(2.4) D(3,V) = e 29 D(g,V)e ?.
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If [7] = 0 in the first cohomology group H'(M), then ¢ is globally defined and
D(g,V) and D(g,V) are conjugate and hence isospectral. We refer to [17]-[19],
[21] for more details related to this operator.
Let K be a Codazzi structure, let (g,* V) € K and *V be the Weyl connection
defined by K. Then we use (2.2) and define
(i) Let *D := D{g,* V} be the trace of the normalized Hessian of *V.
(ii) Let “D := D{g,* V} be the trace of the normalized Hessian of V.
(iii) Let A := —tr, “Vd be the scalar Laplacian of “'V.
(iv) Let 90 := —try 0,d + (m — 2)7(g)/4(m — 1) be the conformal Laplacian.

V.3. Geometry reflected by the spectrum

As we already know torsion free connections arise naturally in affine differential
geometry and Weyl geometry. The main purpose of this section is to study geometry
of a manifold in the framework previously mentioned, reflected by the spectrum of
an differential operator of Laplace type. One can find more details in [17]-[21] and
[26].

V.3.1. Affine differential geometry reflected by the spectrum. In this
subsection we deal with smooth hypersurfaces M™ immersed into an affine space
A™+L Because of the convinience reason througout this subsection we denote
by 'V, 2V the induced connection and the conormal connection. We suppose
the Blaschke metric G positive definite henceforth; this means that the immersed
hypersurface z(M™) is locally strongly convex. Let P = P(1V,G) = P(z, X, y)
on C®(TM™) be defined by (2.1). The spectral geometry of P should play an
important role in affine geometry. Since the Blaschke metric G and first affine
connection 'V are defined by expressions which are invariant under the group of
affine transformations, the operator P and its spectrum are affinely invariant.

One can compute the heat equation invariants.

Lemma 3.1. (a) Cijk = 01-]-’“, (b) ’U)ijk = 1Fij k. (C) «7:1/ = mT,,,
(d) tr(Q%) = "R ' Rijt® = —2{m(m — 1)H* — . 35 (X = M)?}. O
1<
We combine now Lemma 3.1 and Theorem 2.1 with results from Section I1.2.
to prove the following theorems.

Theorem 3.2. Let x and T : M™ — A™*! define hyperovaloids with the
same regular relative spherical indicatrix y = 4 which are P isospectral. Then x
and T are translation equivalent. O

Theorem 3.3. Let x and ¥ : M? — A3 be ovaloids with centroaffine normal-
ization which are P isospectral. If x(M?) is an ellipsoid, then £(M?) is an ellipsoid.
O

Theorem 3.4. Let M; be ovaloids with equiaffine normalization and M an
ellipsoid. If for My := M, My := M
(i) fMH:fJ\ZH7 fMtr<1):f1\71tr(1) or
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(ii) [, H*= [ H*, [, tr(1) = [y tr(1), H* >0
(H? is the second elementary curvature function)
then M = M5 is an ellipsoid. O

We study now affine geometry reflected by the spectrum of the operator D
given by (2.2). Since the *V are torsion free, Ricci symmetric connections, we can
apply the results of Section V.2. to this setting. Let

'D:=D(G,'V), 2?D:=D(G,>V) and ©D:=D(G,V)

be the associated operators of Laplace type on C*°(M); these operators and their
spectra are affine invariants of (z, X, y).

We now compute the expressions of Lemma 1.1, which we need to obtain the
coeflicients in the corresponding heat equation asymptotics.

Lemma 3.5. Let D ='D and let e = 1 or let D = 2D and let ¢ = —1. Then:
1 -
DQZEC, wD:—femT, QD:O7
2
1o 1 -
Ep =mH — Zm2|T|2 + iemTi; i. O

Theorem 3.6. Let x : M — A be a hyperovaloid. Let D ='D and let e = 1
orlet D =2D and let ¢ = —1. Then:
(a) Ao(z,D) = (4m)~™/2. ao(D) = (4w)~™/? fM 1.
(b) As(z,D) = (47r)7m/2{%7'g +mH — %77”L2|T|2 + %emj};i}
as(D) = (4m)~™/? fM{%Tg +mH — im2|T|2}.~ )
(c) Asa(z,D) = (4m)~™/2360~ {607 (mH — tm?|T > + JemT;;) +
180(mH — 1m?|T? + LemTi;)? + 60(mH — 1m?|T)? + LemTy,) 5, +
127G + 578 — 2|pa|* + 2|Re[*}. O
One can combine Lemma 3.5 and Theorem 3.6 with results from Section I.2.
to prove the following theorems, which consider affine geometry reflected by the
spectrums of *D.

Theorem 3.7. Let D =1D or D =2D.

(a) Let (z, X,y) be a relative normalization. Then

(47"  as(D) - Z;é@(%)} < m/M .

Equality holds if and only if the normalization is equiaffine.
(b) If the normalization is equiaffine, then

m(m + 5) /M H < 6(47)™ 2a5(D) < m(m + 5)/ (H +J).

Equality holds on the left or on the right hand side if and only if the hyperovaloid
is an ellipsoid. O
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Theorem 3.8. Let D ='D or D = 2D. With the centroaffine normalization:
(a) ao(D) = (4m)~™/? Jy 1. ax(D)= (4m)—m/2 fM(%TG +m— im2|T|2).
(b) 6(47)™/?{az(D) — mao(D)} < [ 7 with equality if and only if the hyper-
ovaloid is an ellipsoid.
(c) Let z(M?) and #(M?) be ovaloids in 3 space with centroaffine normalization
which are D isospectral. Then x is an ellipsoid if and only if Z is an ellipsoid. [

As we have mentioned already the operators ‘D are not self-adjoint in general
case. The following theorem deals with the conditions to have self-adjoint operators
iD.

Theorem 3.9. (1) Let {z, X,y} be the Euclidean normalization. Then the
following assertions are equivalent
I-a) The Gauss-Kronecker curvature K = K,, is constant.
1-b) We have 'D =2D.
1-¢) The operator D or the operator 2D is self-adjoint.
(2) Let x be a compact centroaffine hypersurface with non-empty boundary. The
following assertions are equivalent:
2-a) We have !D =2D.
2-b) We have that D or 2D is self-adjoint.
2-¢) We have that x is a proper affine sphere.
(3) Let = be a compact centroaffine hypersurface without boundary. Then the
following assertions are equivalent:
3-a) We have 1D =2 D.
3-b) We have that 1D or 2D is self-adjoint.
3-c) We have that x is a hyperovalloid. O

Dirichlet boundary conditions on affine hypersurface with boundary were con-
sidered by Schwenk [113], [128] and Simon [116]. Their methods are different from
this one.

V.3.2. Projective geometry reflected by the spectrum. In general, con-
structing projective invariants is quite difficult. One such example is the projective
curvature tensor of H. Weyl (see Section II.1., especialy the formula (1.2)). This
subsection deals with spectral invariants which are also projectively invariant. More
precisely we have

Theorem 3.10. Let V,V be torsion free projectively equivalent connections
on a Riemannian manifold (M, g). Let D = D(g,V) and D = D(g, V).

(a) An(z, D) = A, (x,D) and A% (y, D,B) = A (y, D, B).

(b) an(D,B) = a,(D, B). 0

If m is odd, and if the boundary of M is empty, there is a global spectral
invariant called the functional determinant which can be defined in this context.

For Re(s) > 0, let {(s, D) := trp2(D~*), where we project on the complement
of the kernel of D to avoid the O-spectrum. This has a meromorphic extension to
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C with isolated simple poles on the real axis. The origin is a regular value and
¢’'(0) := —log(det(D)) is a global invariant of D.

Theorem 3.11. Let V,V be torsion free projectively equivalent connections
on a Riemannian manifold (M, g) and g € Q(g); If the boundary of M is empty
and if m = dim M is odd, then ¢'(0,D) = ¢’(0, D). O

V.3.3. Invariants of Codazzi and Weyl structures. The relation (2.4)
informs us that the operator D, given by (2.2) transforms conformally. This implies
one can apply the conformal index theorem of Branson and Orsted [29] and Parker
and Rosenberg [104] to prove the following lemma.

Lema 3.12. (i) Let D be an operator of Laplace type given by (2.2). Then

am(D(g, V)) = am(D(g, V))-
(ii) We have that a,,(*D), am (*D), am(“A), and a,, (?0) are gauge invariants
of a Codazzi structure K. O

One can compute the endomorphism E and the curvature  for four natural
operators defined in Section V.2.

Lemma 3.13. We have
(i) E{"D} ={(m+2)7(9,” V) — (m = 2)7(g9)}/4(m — 1).

) Q{*D}=—-(m+ 2)“’F[2. A
) E{"D} = —(m—2)6,0/2— (m —2)[|0]2 /4 + (m —1)"'7(g,"” V).

(iv) Q{¥D} = —(m — 2)* F/2 A
) E{"A} = —(m —2)d50/2 — (m — 2)?[|0]]7 /4.
) QYA)=—(m—2)YF/2.

(vii) E{90} = —(m — 2)7(g)/4(m — 1) and Q{90} = 0. O

We refer to [20] for the proof of this Lemma and more details related to the
operators *D, YD, YV and 901.

We use now Lemma 3.13 and Theorem 1.2 in dimensions m = 2 and m = 4.
Let x(M) be the Euler-Poincare characteristic of M. The Chern Gauss Bonnet
theorem yields

(M) = (47! / ~(g)(@)dvy (),

M

X(M*) = (320%) 7" /M{II“’RHE —49pll7 + 7(9)*}(x)dg ().

Theorem 3.14. Let dim(M) = 2. Then
(i) a2(*D) = x(M) /6 + (4m)~* [}, 7(g." V)dvy().
(ii) az("D) = x(M)/6 + (4m)~" [}, 7(9," V)(x)dvy(z).
(iii) as(*A) = x(M)/6.
(iv) a2(00) = x(M)/6. O
Theorem 3.15. Let dim(M) = 4. Let 9W be the Weyl conformal curvature.
Then
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(i) as(*D) = = X5 + s [ ABI9WII2 + 270]“ F2 + 457 (9. V)2 }duy ().
(ii) as(*D) = =25 + romas Su B2 + 30]“ F||2 + 457 (g, V) }dv,y (2).
(iii) as(MA) = —% + m fM{3||9W||§ + 30\\“’F\|§ + 57(h," V2}dy,(x).

(iv) a(0) = — X! + (rrseg S (BIOW 12 vy (). O

If f is a scalar invariant, let f[M]:= [,, f(x)dvy(x). The Euler characteristic
is a topological invariant of M which does not depend on the Codazzi structure.
Then we use Theorem 3.15 to prove the following Corollary:

Corollary 3.16. (i) The invariants 7(g," V)?[M], |“F||2[M] and ||9W ||2[M]
of a Weyl structure on M are determined by x(M) and by the spectrum of the
operators *D, "D, and ¥ A.

(ii) We have 32m%x(M*) > 457 (g, V)?*[M] + 270[|* F||2[M] — (47)*360a4(* D)
with equality if, and only if, the class € is conformally flat.

(iii) We have 327y (M*) > 457(g," V)?[M] + 3|[9W|2[M] — (47)?360a4(* D)
with equality if, and only if, the length curvature V' F = 0. (|
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