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Chapter 0

Introduction

0.1 Introduction

A classical object of differential geometry are Killing vector fields. These are by definition
infinitesimal isometries, i.e. the flow of such a vector field preserves a given metric. The
space of all Killing vector fields forms the Lie algebra of the isometry group of a Riemannian
manifold and the number of linearly independent Killing vector fields measures the degree
of symmetry of the manifold. It is known that this number is bounded from above by
the dimension of the isometry group of the standard sphere and, on compact manifolds,
equality is attained if and only if the manifold is isometric to the standard sphere. Slightly
more generally one can consider conformal vector fields, i.e. vector fields with a flow
preserving a given conformal class of metrics. There are several geometric conditions
which force a conformal vector field to be Killing. These two classes of vector fields are
well studied and one has many classical results.

Much less is known about a rather natural generalization of conformal vector fields,
the so-called conformal Killing forms. These are differential forms ¢ satisfying for any
vector field X the differential equation

Vx — ﬁXdeJr nf;HX*/\d*Q/J =0, (0.1.1)
where p is the degree of the form 1 and n the dimension of the manifold. Moreover, V
denotes the covariant derivative of the Levi-Civita connection, X* is 1-form dual to X and
1 is the operation dual to the wedge product. It is easy to see that a conformal Killing
1-form is dual to a conformal vector field. Coclosed conformal Killing p-forms are called
Killing forms. For p =1 they are dual to Killing vector fields.

The left hand side of equation (0.1.1) defines a first order elliptic differential operator
T, which was already studied in the context of Stein-Weiss operators. Equivalently one
can describe a conformal Killing form as a form in the kernel of T. From this point of
view conformal Killing forms are similar to twistor spinors in spin geometry. One shared
property is the conformal invariance of the defining equation. In particular, any form
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which is parallel for some metric g, and thus a Killing form for trivial reasons, induces
non-parallel conformal Killing forms for metrics conformally equivalent to ¢g (by a non-
trivial change of the metric).

Killing forms, as a generalization of the Killing vector fields, were introduced by
K. Yano in [Yab5l]. Later S. Tachibana (c.f. [Ta69]), for the case of 2-forms, and more
generally T. Kashiwada (c.f. [Ka68], [KaTa69]) introduced conformal Killing forms gener-
alizing conformal vector fields. These articles contain several Weitzenbock formulas and
integrability results for Killing resp. conformal Killing forms. Nevertheless, the only
given examples of Riemannian manifolds admitting conformal Killing forms are spaces of
constant curvature, e.g. the standard sphere.

Already K. Yano noted that a p—form 1 is a Killing form if and only if for any geodesic
v the (p — 1)~form % 44 is parallel along . In particular, Killing forms give rise to
quadratic first integrals of the geodesic equation, i.e. functions which are constant along
geodesics. Hence, they can be used to integrate the equation of motion. This was first
done in the article [PW70] of R.Penrose and M. Walker, which initiated an intense study
of Killing forms in the physics literature. In particular, there is a local classification of
Lorentz manifolds with Killing 2-forms. More recently Killing forms and conformal Killing
forms have been successfully applied to define symmetries of field equations (c.f. [BCK97],
[BCIT)).

Despite this longstanding interest in Killing forms there are only very few global results
on the existence or non-existence of (conformal) Killing forms on Riemannian manifolds.
The aim of our paper is to fill this gap and to start a thorough study of global properties
of conformal Killing forms.

As a first contribution we will show that there are several classes of Riemannian man-
ifolds admitting Killing forms, which did not appear in the literature so far. In particular,
we will show that there are Killing forms on nearly Kéhler manifolds and on manifolds
with a weak Ga—structure. All these examples are related to Killing spinors and nearly
parallel vector cross products. Moreover, they are all so-called special Killing forms. The
restriction from Killing forms to special Killing forms is analogous to the definition of a
Sasakian structure as a unit length Killing vector field satisfying an additional equation.
One of our main results in this paper is the complete classification of manifolds admitting
special Killing forms.

Since conformal Killing forms are sections in the kernel of an elliptic operator it is clear
that they span a finite dimensional space in the case of compact manifolds. Our second
main result is an explicit upper bound for the dimension of the space of conformal Killing
forms on arbitrary connected Riemannian manifolds. The upper bound is provided by the
dimension of the corresponding space on the standard sphere. It is also shown that if the
upper bound is attained the manifold has to be conformally flat.

There are several non-existence results for conformal Killing forms, e.g. on compact
manifolds of negative constant sectional curvature. All of them are trivial consequences
of a well-known integrability condition. The only further work in this direction is due to
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S. Yamaguchi ( c.f. [Y75]). He states that on a compact Ké&hler manifold, any conformal
Killing form has to be parallel (with some restrictions in low dimensions and for low
degrees). We completely clarify the situation in the Kéhler case. First of all we show that
there are two wrong statements in the paper of S. Yamaguchi. It turns out that there
are examples of non-parallel conformal Killing 2-forms and of conformal Killing n-forms
on 2n-dimensional Kdhler manifolds. The complex projective spaces provide the simplest
examples. These forms are closely related to Hamiltonian 2-forms, which were recently
studied in [ACGO1la] in connection with weakly self-dual Kahler surfaces and Bochner flat
Kahler manifolds. Moreover, we show that the remaining exceptional cases cannot occur.

As our last main result, we show that on a compact manifold with holonomy G2 any
conformal Killing p—form (p # 3,4) has to be parallel. As a first step we prove that on
a compact manifold with holonomy Gs or Spin; any closed or coclosed conformal Killing
form has to be parallel. On compact Ge-manifolds we then continue to show that for
p # 3,4 any conformal Killing p-form is either closed or coclosed.

So far we described our most important results. In addition we proved several proper-
ties of conformal Killing forms which may be useful in a further study of the subject. In
our paper we also tried to collect all that is presently known for conformal Killing forms
on Riemannian manifolds. This includes new proofs and new versions of known results.

Acknowledgments
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his support and his interest in my work. I am grateful to A. Moroianu and G. Weingart for
many helpful comments, important hints and a continued interest in the topic of conformal
Killing forms on Riemannian manifolds. Moreover, I would like to thank V. Apostolov
and P. Gauduchon for several interesting discussions.

0.2 Overview

We will now give a more detailed description of our paper.

Chapter 1. The first chapter contains several equivalent definitions and basic properties
of conformal Killing forms. In particular, we give the fundamental Weitzenbock formulas
and integrability conditions. This generalizes the characterization of Killing vector fields
on compact manifolds as divergence-free vector fields in the kernel of A — 2Ric. Other
interesting properties are the conformal invariance of the defining equation and the fact
that the Hodge star operator preserves the space of conformal Killing forms. We also
include a short section on Killing k-tensors. These are (0, k)-tensors 7 such that the
complete symmetrization of VT vanishes. Any Killing 2-form has an associated Killing
2-tensor and any Killing k-tensor defines a k-th order first integral of the geodesic equation.

Chapter 2. The second chapter collects most of the known global examples. We start
with a discussion of parallel forms. Here we give a characterisation of conformal Killing
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forms which are induced from parallel forms via a conformal change of the metric (Propo-
sition 2.1.1). This can be used to show that on a 4-dimensional manifold the complement
of the zero set of a self-dual conformal Killing 2-form is conformally equivalent to a Kéahler
manifold. We continue with a discussion of conformal vector fields, including the fact that
they are dual to conformal Killing 1-forms. As the next class of manifolds with Killing
forms we describe Sasakian manifolds. We show that starting from the Killing vector
field defining the Sasakian structure one can define several Killing forms in higher degree.
Killing forms on Sasakian manifolds were also studied in [Y72a]. New examples of confor-
mal Killing forms can be constructed using vector cross products. We recall the definition
of vector cross products and show that the fundamental 2-form of a nearly Kéhler man-
ifold is Killing and that the same is true for the defining 3-form of a weak Ga-structure.
A further interesting result is that the K&hler form of an almost Hermitian manifold is a
conformal Killing 2-form if and only if the manifold is nearly Kéahler (Proposition 2.4.2).
Finally, we recall the construction of conformal Killing forms on the sphere. Here one can
explicitly compute the spectrum of the Laplace operator on forms. It turns out that the
eigenforms corresponding to the minimal eigenvalues are conformal Killing forms.

Chapter 3. The third chapter contains the classification of special Killing forms (The-
orem 3.2.6). These are Killing forms 1 satisfying the additional equation

Vxth = cX* Ay, (0.2.2)

for any vector field X and some constant c¢. For Killing 1-forms of length one equa-
tion (0.2.2) just defines a Sasakian structure. Hence, special Killing forms appear as a
natural generalization of Sasakian structures. The main idea for the classification is to
show that special Killing p-forms induce a parallel (p + 1)-form on the metric cone. If
the manifold is not isometric to the sphere the cone is irreducible. Hence, the prob-
lem of describing special Killing forms translates into a holonomy problem. The possible
holonomies for the cone are U(m),SU(m), Gy and Spin,, which translate into Sasakian,
Finstein-Sasakian, nearly Kéahler and weak G structures on M. In particular, we obtain
new examples of (special) Killing forms on Einstein Sasakian and on 3-Sasakian manifolds
(Proposition 3.2.4).

Chapter 4. In this chapter we consider the space of all conformal Killing forms and prove
in Theorem 4.3.2 a sharp upper bound on the dimension of the space of conformal Killing
forms. The idea is to construct a vector bundle together with a connection, called Killing
connection, such that conformal Killing forms are in a 1-1-correspondence to parallel
sections for this connection. It then follows that the dimension of the space of conformal
Killing forms is bounded by the rank of the constructed vector bundle. Moreover, it turns
out that this rank is exactly the number of linearly independent conformal Killing forms
on the standard sphere and that a manifold on which the maximal dimension is attained
has to be conformally flat. Together with a conformal Killing form 1 we consider dy, d*vy
and Ai. Several elementary but lengthy calculations show that covariant derivatives of

6



each of these four forms can be expressed in terms of the other three forms and zero order
curvature terms. Based on the resulting four equations we define the components of the
Killing connection.

The fourth chapter also contains an interesting curvature condition satisfied by con-
formal Killing forms (Proposition 4.2.1) and a characterization of conformal Killing forms
Y for which dip or d*y are again conformal Killing forms (Proposition 4.4.9). Moreover,
we give here a surprising commutator rule between the twistor operator 1" and the Laplace
operator (Proposition 4.4.6). As a result of this formula we have that on locally symmet-
ric spaces any conformal Killing form can be decomposed into a sum of eigenforms of the
Laplace operator which are again conformal Killing forms. The proof of the commutator
rule is contained in Appendix C.

Chapter 5. In this chapter we consider the holonomy decomposition of Killing forms.
If a Riemannian manifold has reduced holonomy the form bundle splits into parallel sub-
bundles, i.e. bundles preserved by the Levi-Civita connection. Accordingly one has a
decomposition of any form. In Proposition 5.1.3 we prove in the case of manifolds with
holonomy Gg or Spin; that any component in the holonomy decomposition of a Killing
form is again a Killing form. In Proposition 5.1.2 we show the same statement for confor-
mal Killing m-forms on a 2m-dimensional manifold. The chapter also contains results on
the decomposition of Killing forms on Riemannian products.

Chapter 6. Here we prove non-existence results, i.e. we show that under certain con-
ditions conformal Killing forms have to be parallel. We start with the case of compact
Kahler manifolds. In Theorem 6.1 we recall the results of S. Yamaguchi, which still leave
open several cases and moreover contain wrong statements. Nevertheless, we are able to
correct the theorem and to clarify the situation completely. We first prove that on a com-
pact 10-dimensional Kéhler manifold any conformal Killing 3-form has to be parallel. This
rules out the exceptional case in the theorem of S. Yamaguchi. Our most important result
for Kéhler manifolds is Theorem 6.1.5. Here we show that on a compact 2n-dimensional
Kihler manifold an n-form w is conformal Killing if and only if it is of the form u = L¥ uy,
where ug is the primitive part of an invariant conformal Killing 2-form and L denotes
the wedging with the Kéahler form. Next, we study conformal Killing 2-forms on compact
Kahler manifolds and show how they are related to Hamilton 2-forms which were studied
in [ACGOla]. In particular, we see that there are many examples of compact Kéhler man-
ifolds with non-parallel conformal Killing 2-forms, which also yield examples of conformal
Killing n-forms on 2n-dimensional Ké&hler manifolds. As the simplest example we describe
the construction on complex projective spaces.

In the second part of Chapter 6 we consider conformal Killing forms on compact
manifolds with holonomy Go. In Theorem 6.2.1 we prove that on these manifolds any
closed or coclosed conformal Killing form has to be parallel and that any conformal Killing
p-form with p # 3,4 has to be either closed or coclosed. For the first part we consider the
decomposition of 2- resp. 3-forms as a Ga-representation and derive explicit formulas for
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the projections onto the irreducible summands. Here we have to prove several elementary
but useful formulas.

Chapter 7. In the last chapter we collect several results for conformal Killing forms
which are still without an interesting application. In the first part we consider conformal
Killing forms on Einstein manifolds and give simplified versions of formulas of Chapter 4.
In the second part we study conformal Killing 2-forms. The main result here is Proposi-
tion 7.2.3, where we show that a conformal Killing 2-form considered as skew-symmetric
endomorphism commutes with the Weyl tensor. Finally, we cite results on conformal
Killing spinors on Sasakian manifolds and further integrability conditions.

Appendices. Appendix A contains elementary remarks on the extension of linear maps
as derivations on the space of forms. Appendix C gives the proof of the commutator rule
used in Chapter 4. The interesting part is Appendix B, where we study the curvature
endomorphism ¢(R) in more detail. In particular, we prove that 2¢(R) is the zero order
term in the Weitzenbock formula for the Laplace operator on forms. It is easy to see
that ¢(R) acts as a scalar multiple of the identity on spaces of constant curvature. In
Proposition B.0.8 we show that in some sense also the converse is true. Finally, we present
a more general definition of ¢(R) as an endomorphism of an arbitrary bundle associated
to a representation of the holonomy group. In particular, we show that it depends only
on the representation defining the bundle.



Chapter 1

Conformal Killing Forms

1.1 Definition

In this section, we will define conformal Killing forms, give integrability conditions and
prove some elementary properties, including equivalent characterizations of conformal
Killing forms.

Let (V, (-,-)) be an n—dimensional Euclidean vector space. Then the SO(n)-representa-
tion V* ® APV* has the following decomposition:
V¥ APV = APTIYVE @ APV @ APV (1.1.1)

where AP1V* is the intersection of the kernels of wedge product and contraction map.
The highest weight of the representation AP'V* is the sum of the highest weights of V*
and of APV*. In general, this is a decomposition into irreducible summands.

Elements of AP'V* C V* ® APV* can be considered as 1-forms on V with values in
APV*. Forany v € V, a € V* and ¢ € APV*, the projection pryp,: : V*@APV* — APV *
is then explicitly given by

prapa(a @ P)lo = a(w)y — Zqva(a AY) — oot A(Qfuy),  (112)

where v* denotes the 1-form dual to v, i.e. v*(w) = (v,w), o is the vector defined by
a(v) = (af,v) and v denotes the interior multiplication which is dual to the wedge
product v A.

The construction described above immediately translates to Riemannian manifolds
(M™, g), where we have the decomposition

T*M @ APT*M = AP7'T*M @ APT'T*M @ AP T*M (1.1.3)

with AP'T*M denoting the vector bundle corresponding to the representation A”'. The
covariant derivative Vi of a p—form v is a section of T*M & APT* M, projecting it onto
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the summands APTIT*M and AP~'T*M vyields dip and d*1. The projection onto the
third summand AP'T*M defines a natural first order differential operator 7', which we
will call the twistor operator. The twistor operator T : T(APT*M) — T(APAT*M) C
D(T*M ® APT*M) is given for any vector field X by the following formula

[TY](X) = [pram (VO] (X) = Vi — 5h Xodi + b X A 09

The twistor operator 7' is a typical example of a so-called Stein—Weiss operator and
was in this context already considered by T. Branson in [Br97]. The definition is also
similar to the definition of the twistor operator in spin geometry. There, one has the
decomposition of the tensor product of spinor bundle and cotangent bundle into the sum
of spinor bundle and kernel of the Clifford multiplication. The twistor operator is defined
as the projection of the covariant derivative of a spinor onto the kernel of the Clifford
multiplication, which, as a vector bundle, is associated to the representation given by the
sum of highest weights of spin and standard representation.

Definition. A p-form 1 is called a conformal Killing p-form if and only if 1 is in
the kernel of T, i.e. if and only if v satisfies for all vector fields X the equation

Vx = sg Xody — soqg XA dy (1.1.4)
If the p-form v is in addition coclosed it is called a Killing p-form. This is equivalent
to V¢ € T(APFIT*M) or to X 4 Vi = 0 for any vector field X. Closed conformal
Killing forms will be called *—Killing forms. Sometimes they are also called planar. In the
physics literature, equation (1.1.4) defining a conformal Killing form is often called the
Killing—Yano equation.

In Section 2 we will see that the Killing-Yano equation is indeed a generalization of
the Killing vector field equation, i.e. we will show that a conformal Killing 1-form is dual
to a conformal vector field, whereas a Killing 1-form is dual to a Killing vector field. Note
that parallel forms are conformal Killing forms for trivial reasons. Moreover, conformal
Killing forms which are closed and coclosed, e.g. harmonic forms on compact manifolds,
have to be parallel.

It follows from the decomposition (1.1.3) that the covariant derivative Vi splits into
three components. Using the twistor operator 1" we can write the covariant derivative of
a p-form 1 as

Vxt = g Xody — ;g X5 A dY + [TY](X) . (1.1.5)

This formula leads to the following pointwise norm estimate together with a further
characterization of conformal Killing forms.
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Lemma 1.1.1 Let (M™, g) be a Riemannian manifold and let 1 be any p—form. Then

Vo ? > g |d )P + g [0 (1.1.6)

with equality if and only if ¥ is a conformal Killing p—form.

Proof. We consider the embeddings iyp+1 : AP T*M — T*M @ APT* M which are right
inverse to the wedge product resp. the contraction map (cf. Section 4.6). Since (1.1.3) is
an orthogonal decomposition we have

(VO I* = linerr (@) I + Jine-r(d0) [ + [Ty
Hence the lemma immediately follows from (4.6.10). O

The pointwise estimate for |[V¢|> was also proven in [GM75], where it was used to
derive a lower bound for the spectrum of the Laplace operator on p—forms on manifolds
with positive curvature operator. It follows immediately from this proof that eigenforms
which realize the lower bound have to be conformal Killing forms. Nevertheless, this does
not lead to interesting examples, since the condition to have positive curvature operator
is very restrictive. In fact, all these manifolds are locally isometric to spheres.

As another application of Lemma 1.1.1 one can prove that the Hodge star-operator
maps conformal Killing p—forms into conformal Killing (n — p)—forms.

Corollary 1.1.2 Any p—form v is a conformal Killing p—form if and only if *xv is a
conformal Killing (n—p)—form. In particular, the Hodge star x interchanges closed and
coclosed conformal Killing forms, i.e. Killing and x—Killing forms.

Proof. It follows from Lemma 1.1.1 that conformal Killing forms are characterized by
the fact that inequality (1.1.6) becomes an equality. Since the Hodge star-operator is an
isometry and since d* = + x dx, with the sign depending on the degree of the form, we
have

apr ldx 0P + g d sy P = g [ P+ g lde P = [ Ve

where we assumed v to be a conformal Killing p—form. The Hodge operator commutes
with the covariant derivative and in particular it follows |V * ¢ |2 = | V4 |2. Hence, we
have an equality in the estimate (1.1.6) for the (n — p)—form x4, i.e. 1 has to be a
conformal Killing (n — p)~form. O

We will now derive integrability conditions which characterize conformal Killing forms
on compact manifolds. Similar characterizations were obtained in [Ka68]).

At first, we obtain two Weitzenbock formulas by differentiating equation (1.1.5). Their
proof also follows from some later calculations. We have

VY = g didy 4+ o ddty + T, (1.1.7)
2q(R) Y = Jrdidy + hyddy — T'Ty, (1.1.8)
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where 2¢(R) is the curvature expression appearing in the classical Weitzenbock formula
for the Laplacian on p-forms: A = d*d + dd* = V*V + 2¢(R). It is the symmetric
endomorphism of the bundle of differential forms defined by

2¢(R) = ) _ € AeiaRee,,

where {e1} is any local ortho-normal frame and R, ., denotes the curvature of the form
bundle. On forms of degree one and two one has an explicit expression for the action of
2¢(R). Indeed, if ¢ is any 1-form, then 2¢(R) ¢ = Ric (§) and if w is any 2—form then

2q(R)w = %w — 2R(w) + Ricp(w), (1.1.9)
where s is the scalar curvature, R denotes the Riemannian curvature operator defined by
JR(XANY), ZANU) = —g(R(X,Y) Z, U) and Ric is the endomorphism induced by the
trace-free Ricci tensor. In particular, this last summand vanishes if (M", g) is an Einstein
manifold. Note that Ric is a symmetric endomorphism of the tangent bundle which can
be extended as a derivation to an endomorphism on forms of any degree. Denoting this
extension by Ric again we can write equation (1.1.9) also as: 2¢(R)w = Ric (w) —2R (w).
Section B of the appendix contains further properties of the curvature endomorphism
2q(R).

Integrating the second Weitzenbock formula (1.1.8) gives rise to an important integra-
bility condition. Indeed we have

Proposition 1.1.3 Let (M™, g) a compact Riemannian manifold. Then a p—form is a
conformal Killing p—form, if and only if

2q(R)y = JFBpdidy + EPddie. (1.1.10)

As an application of this proposition, we conclude that there are no conformal Killing
forms on compact manifolds where g(R) has only negative eigenvalues. This is the case
on manifolds with constant negative sectional curvature or on conformally flat manifolds
with negative-definite Ricci tensor. Of course, this gives only very few examples. We will
see later that there are much bigger classes of Riemannian manifolds which do not admit
any non-parallel conformal Killing forms.

For coclosed forms, Proposition 1.1.3 is a generalization of the well-known characteri-
zation of Killing vector fields, as divergence free vector fields in the kernel of A — 2 Ric.
In the general case, it can be reformulated as

Corollary 1.1.4 Let (M™, g) a compact Riemannian manifold with a coclosed p—form 1.
Then v is a Killing form if and only if

1
av = PRy
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Of course, there is a corresponding result for *—Killing forms on compact manifolds.
If the manifold is not compact, we still have the equation for Ay. We have a similar
characterization for conformal Killing m-forms on a 2m-dimensional manifold.

Corollary 1.1.5 Let (M?™, g) be a compact Riemannian manifold. Then an m~—form 1)
1s a conformal Killing form, if and only if

Ay = T 2(R)y .

One of the most important properties of the equation defining conformal Killing forms
is its conformal invariance (c.f. [BC97]). We note that the same is true for the twistor
equation in spin geometry. The precise formulation for conformal Killing forms is

Proposition 1.1.6 Let (M™, g) be a Riemannian manifold with a conformal Killing p—
form 1. Then ¢ := etV is a conformal Killing p—form with respect to the conformally
equivalent metric § := e*g.

It is known that on a compact manifold of dimension greater than two, every Rieman-
nian metric is conformally equivalent to some metric of constant scalar curvature. Thus, in
the study of conformal Killing forms, we may assume the scalar curvature to be constant.
Moreover, Proposition 1.1.6 has the following

Corollary 1.1.7 Let (M™, g) be a Riemannian manifold with a conformal Killing p—form
Y and a conformal vector field § with Lie derivative L¢g = 2Xg. Then

L — (p+1)Ay
s again a conformal Killing p—form.

Note that the above corollary states in particular the existence of a representation
of the isometry group on the space of conformal Killing forms. There is still another
characterization of conformal Killing forms which is usually given as the definition.

Proposition 1.1.8 Let (M™, g) be a Riemannian manifold. A p—form 1 is a conformal
Killing form if and only if there exists a (p — 1)—form 60 such that

(Vy P)(X, Xo, ..., Xp) + (Vx )Y, Xa,. .0, Xp)

p
= 29(X, Y)0(Xa, ..., X,) — > (~1)° (g(Y, Xo)0(X, X, ... Xay oo Xy)
a=2

+ g(Xa Xa) 9(}/7 X27 e 7XCL> ceey Xp))
for any vector fields Y, X, X1, ... X}, where X, means that X, is omitted.
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Proof. Evidently the above equation is equivalent to the following one
XiVyYy + YiVxy = 2¢g(X,Y)0 — Y AN (X10) — X AN (YJ0)
= XY A0 +YI(XANO

Assume that such a (p — 1)—form 6 exists, then summation over X = Y = ¢;, for an
ortho-normal basis {e;}, leads to —2d*y =2(n — (p — 1)), i.e.

1 *
0 = —imdy
and the equation may be written as
0 = [XaVyy + g X o (Y A d'9)] + [Y 5Vt + 50g YV 5 (X A d79))

— X (TH(Y)) + Y (T (X)) .

Hence, if 9 is a conformal Killing p-form, the characterizing equation is satisfied with
0= —n_; —1 d"¢. Conversely, if a p-form ¢ satisfies the equation, it follows that T is
completely skew-symmetric, i.e. it lies in the APT1(T*M)-summand of T*M @ AP(T*M).
But by definition, the twistor operator 7' maps into the complement of this summand.

Hence, T =0 and v is a conformal Killing p—form. O

1.2 Killing tensors and first integrals

It was already mentioned in the introduction that the interest in Killing forms in relativity
theory stems from the fact that they define first integrals of the geodesic equation. At the
end of this chapter, we will now describe this construction in more detail.

Let 9 be a Killing p-form and let v be a geodesic, i.e. V5 = 0. Then
Vi(yav) = (Vsd)ad + 2V =0,

ie. 4.1 is a (p— 1)—form parallel along the geodesic v and in particular its length is
constant along . The definition of this constant can be given in a more general context.

Indeed for any p-form % we can consider a symmetric bilinear form K defined for any
vector fields X,Y as
Ky(X,Y) = g(X29,Y9).

For Killing forms the associated bilinear form has a very nice property.

Lemma 1.2.1 If 4 is a Killing form, then the associated symmetric bilinear form Ky is
a Killing tensor, i.e. for any vector fields X,Y, Z it satisfies the equation

(VXK )Y, 2) + (VyEy)(Z, X) + (V2K)(X,Y) = 0. (1.2.11)

In particular, Ky (¥, 4) is constant along any geodesic .
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In general, a (0, k)—tensor T is called Killing tensor if the complete symmetrization
of VT wvanishes. This is equivalent to (Vx7)(X,...,X) = 0. It follows again that for
such a Killing tensor, the expression 7 (7,...,%) is constant along any geodesic v and
hence defines a k-th order first integral of the geodesic equation. Note that the length of
the (p—1)-form X 14 is Ky(X,X) and that tr(Ky) = p|¢[.
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Chapter 2

Examples

First of all, we have conformal and Killing vector fields, which is of course a very well
studied class with a huge number of examples. Then, we can use the conformal invariance
to produce examples of conformal Killing forms as scaled parallel forms (with respect to
conformally equivalent metrics). Moreover, in the physics literature, one can find many
locally defined metrics admitting (conformal) Killing forms. But apart from these, there
seems to be only very few known global examples; they are mainly spaces of constant
curvature and Sasakian manifolds. In this section we will make some comments on parallel
forms and conformal vector fields. We will describe the examples on spheres and Sasakian
manifolds, and finally present two new classes of manifolds admitting conformal Killing
forms.

2.1 Parallel forms

Parallel forms are obviously in the kernel of the twistor operator, hence they are conformal
Killing forms. Using Proposition 1.1.6, we see that with any parallel form 1, also the form
¥ = e®PTDXy) is a conformal Killing pform with respect to the conformally equivalent
metric § := e?* g. The next proposition gives a characterization of conformal Killing forms
which in this way are related to parallel forms.

Proposition 2.1.1 Let (M", g) be a Riemannian manifold with a conformal Killing p—
form . There exists a function X such that v := e®tV> 4 is parallel with respect to the
Levi-Civita connection of § := e** g, if and only if the following two equations are satisfied

dp = —(p+1)d\ AN 9 and  d*Y = (n—p+1)grad(A) 29 .

Proof. Let § := e**¢ be a metric conformally equivalent to g. Then the Levi-Civita
connection V with respect to g is given on p—forms by the formula

Vyu = Vyxu — pX(Nu — dA A X su + X A grad(\) su
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where u is any p—form. Using this equation for the p—form 12)\ = e®PTDX 4y we see that 121\
is parallel, if and only if for any vector field X the following equation holds

0 = (p+1)XN)Y + Vxtv — pXN Y — dAA X1 + X A grad(\) 29

= Vx¢ + XJ(d\AY) + X Agrad(\) 2o

~ X, (ﬁdﬂj +dr A q/}) F XA (— . grad()\)_:dJ) .

In the last equation we used the assumption that v is a conformal Killing p—form. The
two equations of the proposition follow, if we contract or wedge with X := e; and sum
over a local ortho-normal frame {e;},i=1,...,n. O

Note that the above proof also shows that the modified form {b\ is closed if and only
if the first equation holds and is coclosed if and only if the second equation holds.

Let ¢ be a conformal Killing form which is parallel for some conformally equivalent
metric. Then the length function f := 14| has no zeros and the conformal Killing form
1) corresponding to the metric § = f~2¢ has constant length 1. Conversely, we have the
following application of Proposition 2.1.1 for conformal Killing 2—forms on 4—dimensional
manifolds (c.f. [P92] or [ACGOla]). In this situation we can assume that a conformal
Killing 2-form 1 is either self-dual or anti-self-dual. If 1 is a self-dual or anti-self-dual
2-form then ¢? = —%id , where we consider 1 as a skew-symmetric endomorphism.
Hence, any such form defines (outside its zero set) an almost complex structure: I :=

V2
Tl ¥-

Proposition 2.1.2 Let (M*, g) be a 4-dimensional manifold admitting a self-dual or anti-
self-dual conformal Killing 2-form 1 without zeros. Then (§ := 1|72 g, Iy) defines a

Kéhler structure on M with Kihler form 1 = || =3 4p.

Proof. First of all we note that for a self-dual or anti-self-dual 2—form ) the two equations
of Proposition 2.1.1 are equivalent. If we define the function A\ by e** = |¢)|72, we have
to verify the equation

A = 3grad(\)uw = =3[ grad([Y)) o v = —§ |72 grad(jy*) sy .
It remains to compute grad(|¢)|?) for the conformal Killing 2-form 1. Here we find

dyP(X) = 29(Vxv, ) = 2g(X adp, ) — 39(X A d*, )
= —dg(X Ad,p) = Eydy, X).

Hence, it follows: grad(|¢[?) = 34(d*1), where we consider the 2-form ¢ as a skew-
symmetric endomorphism. Using this formula for the gradient of the length function of ¥
we obtain

— 3| P grad(|y)?) v = =22 (d ) = dY
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where again 1 is identified with the corresponding endomorphism and we have used the

|¢|

formula ¢? = id , valid for self-dual or anti-self-dual 2—forms. We see that the two

equations of Prop081t10n 2.1.1 are satisfied, i.e. w is parallel and (g := |[¢| 2 g, 1) defines
a Kahler structure. 0O

Later we will see that there are classes of manifolds, e.g. K&ahler manifolds or Ga—
manifolds, where any conformal Killing form is parallel (possibly with some restrictions
on the degree of the forms). For these manifolds we can apply the following

Proposition 2.1.3 Let (M, g) be a connected Riemannian manifold such that any con-
formal p—form, for a < p <b, is parallel. Then any metric conformally equivalent to g
which admits a parallel p—form, for a < p <b, has to be a constant multiple of g.

Proof. Assume that there is a parallel p-form 121\ for a conformally equivalent metric
G =e2g. Then ¢ := ¢~ PTDA 12 is a conformal Killing p-form with respect to the metric g.
But since there are no non-parallel conformal Killing p-forms it has to be parallel. Hence,
we are in the situation of Proposition 2.1.1, i.e. we have a parallel form ) such that the
form {b\ = ety ig parallel with respect to the conformally equivalent metric § = e?}g.
Since 1 is parallel we have dip = 0 = d*¢) and we conclude from Proposition 2.1.1 that
dA\ N\ =0 = grad(\) 1. It follows

0 = grad(\) 1 (dAA) = |grad(\)|*¢ — dX\ A (grad(M) 2¢p) = |grad(\)|? ¢

On the other hand, since 1 is parallel, it has no zeros. Thus, grad(A) has to vanish on
M, ie. A isconstant. O

2.2 Conformal vector fields

Conformal Killing forms were introduced as a generalization of conformal vector fields, i.e.
we have the following well-known result.

Proposition 2.2.1 Let (M, g) be a Riemannian manifold. Then a vector field £ is dual
to a conformal Killing 1-form if and only if it is a conformal vector field, i.e. there exists
a function f such that L¢g = fg. Moreover, { is dual to a Killing 1-form if and only if
it is a Killing vector field, i.e. if L¢g = 0.

Proof. Let n:=¢&* be the 1-form dual to the vector field €. Then 7 is a conformal Killing
1-form if and only if for any vector fields X,Y

0 = (Vaxn)(Y) — 3dn(X,Y) + L g(X,Y)d"
(Vxm)(Y) — 5 (Vxn)(Y) — (Vyn)(X)) + +9(X,Y)d"n
= L ((Vxn)Y) + (Vyn)(X)) + 19X, V)d"

= L(Leg)(X,Y) + Lg(X,Y)d"
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In particular, if n is a Killing 1-form, i.e. if n) is in addition coclosed, we obtain £ ¢ g = 0.
Hence, € is a Killing vector field. O

We will now recall several classical results concerning the existence, resp. non-existence
of conformal Killing 1-forms. A natural question would be whether it is possible to extend
these properties to conformal Killing forms of arbitrary degree. Part of the following
proposition is due to M. Obata (c.f. [Ob72]).

Proposition 2.2.2 Let (M, g) be a compact Riemannian manifold. Then any conformal
vector field on M is already a Killing vector field if one of the following conditions is
satisfied:

1. (M, g) has constant non-positive scalar curvature.
2. (M, g) is an Finstein manifold not isometric to the sphere.
3. (M, g, J) is a Kdhler manifold.

4. (M*FY g, €) is a Sasakian manifold, with n > 2, which is not isometric to the
sphere.

Corollary 2.2.3 Let (M™, g) be a compact irreducible and simply connected Riemannian
manifold. If the holonomy group of M 1is strictly contained in SO(n), then any conformal
vector field is already a Killing vector field.

Proof. It follows from the assumptions of the corollary and the Berger list of possible
holonomy groups that M is either a Riemannian symmetric space or the holonomy of M
has to be one of the following groups: U(m),n = 2m; Sp(m) - Sp(1),n = 4m; SU(m),n =
2m; Sp(m),n = 4m; Ga,n = 7; Spiny,n = 8. An irreducible Riemannian symmetric
space is automatically Einstein and we can apply the second condition of the proposition.
Manifolds with holonomy U(m) are Kéhler, hence the third condition of Proposition 2.2.2
is satisfied. Manifolds with holonomy Sp(m) - Sp(1) are called quaternion Ké&hler and
known to be Einstein. Thus, we can again apply the second condition. If the holonomy
of the manifolds is one of the remaining groups, then it is automatically Ricci-flat and
the scalar curvature is identically zero, i.e. we can apply the first or the second condition.
O

Note that four of the possible holonomies imply that the underlying manifolds has to
be Ricci-flat. If the manifold is also compact then any Killing vector field is parallel, as
follows from the characterization given in Corollary 1.1.4. In fact, the same is true for any
compact manifold with non-positive Ricci curvature.

The equation defining a conformal Killing form is conformally invariant (c.f. Proposi-
tion 1.1.6). Hence, any vector field which is Killing for some metric gives rise to a conformal
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vector field with respect to any conformally equivalent metric. It turns out that, with the
exception of certain conformal vector fields on the sphere and the Euclidean space, also
the converse is true. This is a theorem of D.V. Alekseevskii (c.f. [A172]) which generalizes

the corresponding result for compact manifolds due to M. Obata and J.Lelong-Ferrand
(c.f. [LF)).

Theorem 2.2.4 Let (M, g) be a complete Riemannian manifold which is not conformally
equivalent to the sphere or the Euclidean space. Then any conformal vector field is a Killing
vector field for some metric conformally equivalent to g.

2.3 Sasakian manifolds

The first interesting class of manifolds admitting conformal Killing forms are the Sasakian
manifolds. These are contact manifolds satisfying a normality (or integrability) condition.
In the context of conformal Killing forms, it is convenient to use the following

Definition. A Riemannian manifold (M, g) is called a Sasakian manifold, if there
exists a unit length Killing vector field £ satisfying for any vector field X the equation

Vx (d€") = —2X*A &, (2.3.1)

Note that in the usual definition of a Sasakian structure, as a special contact structure
one has the additional condition ¢> = —id + n ® ¢ for the associated endomorphism
¢ = —V¢ and the dual 1-form n := £*. But this equation follows from (2.3.1), if we
write (2.3.1) first as

(Vxo)(Y) = g(X, YV)§ — n(Y) X, (2.3.2)

and take then the scalar product with £. It follows that the dimension of a Sasakian
manifolds has to be odd and if dim(M) = 2n + 1, then £* A (d&*)" is the Riemannian
volume form on M.

There are many examples of Sasakian manifolds, e.g. given as S'-bundles over Kihler
manifolds. Even in the special case of 3-Sasakian manifolds, where one has three unit
length Killing vector fields, each defining a Sasakian structure with the SO(3)-commutator
relations, one knows that there are infinitely many diffeomorphism types (c.f. [BGM96)).

On a manifold with a Killing vector field ¢ we have the Killing 1-form &*. It is then
natural to ask whether d&* is also a conformal Killing form. The next proposition shows
that for Einstein manifolds this is the case, if and only if & defines a Sasakian structure.
More generally, we have
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Proposition 2.3.1 Let (M, g) be a Riemannian manifold with a Sasakian structure de-
fined by a unit length vector field £. Then the 2—form d&* is a conformal Killing form.
Moreover, if (M", g) is an Finstein manifold with scalar curvature s normalized to s =
n(n—1) and if £ is a unit length Killing vector field such that d&* is a conformal Killing
form, then & defines a Sasakian structure.

Proof. We first prove that for a Killing vector field £ defining a Sasakian structure,
the 2-form d¢* is a conformal Killing form. From the definition (2.3.1) of the Sasakian
structure we obtain: d*d&* = 2(n — 1)&. Substituting £ in (2.3.1) using this formula
yields:

Vx (d&*) = —2X* A ﬁd*d{* = L X* A dder.

But since d¢, is closed this equation implies that d£* is indeed a conformal Killing form.

To prove the second statement, we first note that d*d&* = A&* = 2Ric (§*) = 2(n —
1)¢* because of equation (1.1.10) for Killing 1-forms and the assumption that (M, g)
is an Einstein manifold with normalized scalar curvature. Then we can reformulate the
condition that d&* is a closed conformal Killing form to obtain

1 1

i.e. the unit length Killing vector field £ also satisfies the equation (2.3.1) and thus defines
a Sasakian structure. O

If we assume the manifold (M, g) to be complete and not of constant positive curvature,
we can weaken the assumptions in the second statement of the above theorem, i.e. we do
not have to assume the length function f := |£*|?> to be constant. Indeed, if f is not
constant, equation (2.3.1) implies that f satisfies the equation

Vi )z + 2X(f)g(Y, 2) + Y(f)g9(X, Z) + Z(f)g9(X,Y) = 0

for any vector fields X, Y, Z. Due to a theorem of M. Obata (c.f. [Ob72]) it then follows
that the universal covering of M is isometric to the sphere, which was excluded.

At this point we know that on a Sasakian manifold defined by a Killing vector field
&, the dual 1-form &* and the 2-form d&* are both conformal Killing forms. By the
following proposition, all possible wedge products of £* and d&* are as well conformal
Killing forms. In fact this is part of a more general property which we will further discuss
in Chapter 3.

Proposition 2.3.2 Let (M?"! g, &) be a Sasakian manifold with Killing vector field .
Then
wp = €A (dE)
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is a Killing (2k + 1)—form for k =0,...n. Moreover, wy satisfies for any vector field X
and any k the additional equation

VX(dwk) = —2(k+1)X*/\wk.

In particular, wy is an eigenform of the Laplace operator corresponding to the eigenvalue
4k+1)(n—k).

Proof. Since (M?"*! g, ¢) is a Sasakian manifold, we know that w, = &* A (d¢*)" is
the Riemannian volume form. Hence, w, is parallel and a conformal Killing form for
trivial reasons. For the other cases, 0 < k < n, we use that £* is a Killing 1-form and the
defining equation (2.3.1) to obtain

V(& A (dE)) = (Vx€&) A () + & A Vx(de)
= 3 (X 2d€) A ()" + k& A V() A (dE)H!
= g X 2 [dE) = 2k A (X A€ A (A
= o X (€ A (dE)")

2(k+1)

From this we conclude that &* A (d¢*)F is coclosed and it immediately follows that wy, is
a Killing form. To prove that w is an eigenform of the Laplace operator, we first compute
the covariant derivative of dwy = (d€*)*+1. We find

Vx(dwy) = (k+1)Vx(dE) A (e = —2(k+1)X A £ A (dEF)F .
This proves the additional equation for w; and leads to
Awe = =) eiaVeldo) = 20k+1) Y es(es AE A (dE7))
= 2(k+ 1)(dim M — (2k 4+ 1)) wy

= Ak+1)(n—Fk)wy. O

2.4 Vector cross products

We will now describe a general construction which provides examples of Killing forms
in degrees 2 and 3. For this aim we have to recall the notion of a vector cross product
(c.f. [G69]). Let V be a finite dimensional real vector space and let (-, -) be a non-degenerate
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bilinear form on V. Then a vector cross product on V is defined as a linear map P : V®" —
V satisfying the axioms

(1) (P(vr,...v),v) = 0 (1<i<r),
(i7) |P(v1, ... v)]* = det((v;, vj)) .

Vector cross products are completely classified. There are only four possible types: 1-fold
and (n-1)-fold vector cross products on n-dimensional vector spaces, 2-fold vector cross
products on 7-dimensional vector spaces and 3-fold vector cross products on 8-dimensional
vector spaces. We will consider r-fold vector cross products on Riemannian manifolds
(M, g). These are tensor fields of type (r, 1) which are fibrewise r-fold vector cross prod-
ucts. As a special class, one has the so-called nearly parallel vector cross products. They
satisfy the differential equation

(Vx,P)( X1, ..., X)) = 0

for any vector fields X1, ..., X,. Together with an r-fold vector cross product P, one has
an associated (r + 1)-form w defined by

w(Xl, ceey Xr—f—l) = g(P(Xl, ey X,«), Xr-i—l) .

Lemma 2.4.1 Let P be a nearly parallel r-fold vector cross product with associated form
w. Then w is a Killing (r + 1)-form.

Proof. The vector cross product P is nearly parallel, if and only if the associated (r+1)-
form w satisfies the differential equation

(VXlw)(Xl, ...,Xr) = 0,

i.e. X1 Vxw =0 for any vector field X, and we already know that this condition is
equivalent to the Killing equation for w. O

We will examine the four possible types of vector cross products to see which examples
of manifolds with Killing forms one can obtain. We start with 1-fold vector cross products,
which are equivalent to almost complex structures compatible with the metric. Hence, a
Riemannian manifold (M, g) with a nearly parallel 1-fold vector cross product J is the
same as an almost Hermitian manifold, where the almost complex structure J satisfies
(Vx J) X = 0 for all vector fields X. Such manifolds are also called nearly Kdhler. It fol-
lows from Lemma 2.4.1 that the associated 2-form w defined by w(X,Y)=g¢(JX,Y) isa
Killing 2-form. On a Kéahler manifold, w is the K&hler form and thus parallel by definition.
But there are also many non-Kahler, nearly Kéhler manifolds, e.g. the 3-symmetric spaces
which were classified by A. Gray and J. Wolf (c.f. [GW69]). Due to a result of S. Sala-
mon (c.f. [FFS94]) nearly Kéhler, non-Kéahler manifolds are never Riemannian symmetric
spaces.
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Next, we consider 2-fold vector cross products. They are defined on 7 dimensional
Riemannian manifolds and exist, if and only if the structure group of the underlying
manifold M can be reduced to the group Go C O(7), i.e. M admits a topological Ga-
structure. One can show that this is equivalent to the existence of a spin structure on M.
Riemannian manifolds with a nearly parallel 2-fold vector cross product are also called
weak Go—manifolds. There are many examples of homogeneous and non-homogeneous
Go—manifolds, e.g. on any 3-Sasakian manifold, there exists a second Einstein metric
which is weak-Ga. Again, with the exception of the sphere, weak Go—manifolds are never
Riemannian symmetric spaces. These and further results are contained in [FKMS97].

Finally, we have to consider the (n — 1)-fold and 3-fold vector cross products. But
in these cases, results of A. Gray show that the associated forms have to be parallel
(c.f. [G69]). Hence, they yield only trivial examples of conformal Killing forms.

It is interesting to note that compact simply connected manifolds with an Einstein-
Sasakian structure, a nearly Ké&hler structure (in dimension 6) or a weak Ga-structure
are always spin and admit Killing spinors, canonically associated to the Killing form.
This proves again that in these cases the underlying manifold cannot be a Riemannian
symmetric space. The relation between Killing forms and Killing spinors in these examples
becomes clear from the results in Chapter 3.

We have seen that nearly Kahler manifolds are special almost Hermitian manifolds
where the Kéhler form w, defined by w(X,Y) = g(JX,Y), is a Killing 2-form. This leads
to the natural question whether there are other almost Hermitian manifolds with a K&hler
form, which is a conformal Killing form. The following proposition gives an answer to this
question.

Proposition 2.4.2 Let (M?", g, J) be an almost Hermitian manifold. Then the Kdhler
form w is a conformal Killing 2-form if and only if the manifold is nearly Kdhler or
Kdhler.

Proof. Let A denote the contraction with the 2-form w, i.e. A = %Z Jeijae; 1. On
an almost Hermitian manifold (with Ké&hler form w), one has the following well known
formulas:

A(dw) = J(d*w) and dw = (dw)o + 15 (Jd*w) A w,

where (dw)p denotes the effective or primitive part, i.e. the part of dw in the kernel of

A.

We will show that if w is a conformal Killing 2-form, then it has to be coclosed. The
defining equation of a Killing 2-form reads

(Vxw)(A, B) = %dw(X, A, B) — 2n£1 (9(X, A)d*w(B) — g(X, B)d*w(4)) .
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Because VxJoJ + JoVxJ =0 we see that Vxw is an anti-invariant 2-form. Setting
X =¢; and A = Je; and summing over an ortho-normal basis {e;} substituted into the
above equation yields

—d'w(JB) = }> dw(e;, Jei, B) + 55 > glei, B) d*w(Je;)

= Z2A(dw) + 525 d*w(JB)

2n—1

= (35 — 2)d'w(JB).

From this equation follows immediately d*w = 0, i.e. w is already a Killing 2-form. But
this is equivalent for (M, g,J) to be nearly Kahler, where we consider Kahler manifolds
as a special case of nearly Kéhler manifolds. 0O

2.5 Conformal Killing forms on the sphere

The spectrum and the eigenforms of the p-form Laplacian on the sphere are explicitly
known. This leads to an explicit knowledge of the conformal Killing p-forms as well.

Let (S™, g) be the standard sphere with scalar curvature s = n(n — 1). The curvature
operator on 2-forms is then the identity map and an easy calculation shows that 2¢(R)
acts on p-forms as p(n — p)id. The spectrum of the Laplace operator on p-forms consists
of two series:

N, = (p+k)n—p+k+1) and Ne = (p+k+1D(n—p+k),

where k = 0,1,2,.... The eigenvalues X, correspond to closed eigenforms, whereas the
eigenvalues A} correspond to coclosed eigenforms. The multiplicities of the eigenvalues are
well-known. For the minimal eigenvalues \{ and \{j we have

1 1
Ay has multiplicity <n + ) and Ay has multiplicity (n + > .
D p+1
The conformal Killing forms turn out to be sums of eigenforms of the Laplacian corre-
sponding to the minimal eigenvalues on ker(d) resp. ker(d*).

Proposition 2.5.1 A p—form w on the standard sphere (S™, g) is a conformal Killing
form, if and only if it is a sum of eigenforms for the eigenvalue X, resp. of eigenforms
for the eigenvalue X.

Proof. We will see later that on locally symmetric spaces, the twistor operator 7" com-
mutes with the Laplace operator (c.f. Proposition 4.4.6). Hence, we can assume the
conformal Killing p—form w to be an eigenform of the Laplacian for an eigenvalue .
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Moreover, since *w is again a conformal Killing form we can assume p < n/2. Integrat-
ing the equation A = V*V + 2¢(R) we get

Mwl? = IV l* + QeR)w, w) = g ldwl® + g I dw]® + p(n—p) ||

}% (sincep < %) and ||[dwl?* + |d*w||* = (Aw, w) = Al|w ||, we obtain

i llwl? + pn=p) wl® < AMwl® < Zylwl® + po-p)llw]®.

This implies
o=pn—p+l) < XA < Ng=(p+1)(n—p)

with A = Aj if and only if w is closed and A = \] if and only if w is coclosed. Since
N=p@+1)(n—p+2) >\ =(p+1)(n—p), we see that there is no eigenvalue between
Ay and Aj. Thus, the conformal Killing form w is either an eigenform for A and closed
or an eigenform for A\j and coclosed.

Now assume that w is an eigenform for the eigenvalue Aj = p(n —p+1). Then w
is closed and dd*w = Aw = p(n — p+ 1)w. Hence, it follows from equation (1.1.8)

T'Tw = Zhph—-p+lw — pn—plw = 0

and integrating this equation yields Tw = 0, i.e. w is a conformal Killing form. In the
case where w is an eigenform for the eigenvalue ){, it follows in the same way from
equation (1.1.8) that w is a conformal Killing form. O
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Chapter 3

Special Killing forms

3.1 Definition and Examples

In [Ta70] S. Tachibana and W. Yu introduced the notion of special Killing forms as Killing
forms satisfying an additional equation. This definition seemed to be rather restrictive
and indeed the only discussed examples were spaces of constant curvature. Nevertheless,
it turns out that almost all examples of Killing forms described in the preceding section
are special.

In this section we will give the definition and equivalent versions of it, which in some
sense are more natural than the original one. In particular, it becomes clear that the
restriction from Killing forms to special Killing forms is analogous to the restriction from
Killing vector fields to Sasakian structures. Finally, we give a classification of compact
manifolds admitting special Killing forms. It turns out that essentially there are no other
examples as the ones discussed so far.

Definition. A special Killing form is a Killing form 1 which for some constant ¢
and any vector field X satisfies the additional equation

Vx (dY) = cX* A . (3.1.1)

There is an equivalent version of equation (3.1.1), which gives a definition closer to the
original one. Indeed, a special Killing form can be defined equivalently as a Killing form
satisfying for some (different) constant ¢ and for any vector fields X, Y the equation

Viyd = c(@X, Y)Y — X AY ). (3.1.2)

From equation (3.1.1) it follows immediately that special Killing p—forms are eigen-
forms of the Laplacian corresponding to the eigenvalue —c(n — p). Hence, on compact
manifolds the constant ¢ has to be negative.
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Our first examples of special Killing forms came from Sasakian manifolds. Here the
defining equation (2.3.1) coincides with equation (3.1.1) for the constant ¢ = —2, i.e. a
Killing vector field £ defining a Sasakian structure is dual to a special Killing 1-form with
constant ¢ = —2. Moreover, we had seen in Proposition 2.3.2 that on a Sasakian manifold
also the forms wy := &* A (d€*)F are special Killing forms. All other known examples are
given in

Proposition 3.1.1 The following manifolds admit special Killing forms:

1. Sasakian manifolds with defining Killing vector field &. Here all the Killing forms
wr = & A (dE¥)F are special with constant ¢ = —2(k +1).

2. Nearly Kdhler non-Kdhler manifolds in dimension 6. Here the associated 2—form
w s special with constant ¢ = — {5 and the 3-form xdw is special with constant

c=— %, where s denotes the scalar curvature.

3. Weak Gs—manifolds of scalar curvature s. Here the associated 3—form is a special

7. . 2
Killing form of constant ¢ = — 57.

4. The standard sphere S™ of scalar curvature s = n(n — 1). Here all Killing p-
forms, i.e. all coclosed minimal eigenforms of the Laplacian are special with constant
c=—(p+1).

Proof. The proof of this proposition will be an an immediate consequence of our classi-
fication of special Killing forms given below. Nevertheless, it is not difficult to give direct
proofs without using the classification. O

Note that weak Go—manifolds and the nearly Kéhler non-Kéhler manifolds in dimen-
sion 6 are Einstein manifolds, hence they have constant scalar curvature. One can easily
see that the associated 2-form on nearly Kéhler manifolds of dimension different from 6
is not special. More precisely, a nearly-Kéahler, non—-Kéhler manifold has an associated
2—form which is a special Killing form if and only if it is 6-dimensional.

In this section we only consider Killing forms. But since the Hodge star operator maps
+Killing forms to Killing forms, we have a condition similar to (3.1.1) for *Killing forms.

Lemma 3.1.2 Let ¥ be a x—Killing form. Then =i is a special Killing form with the
constant ¢ if and only if
Vx(d) = c¢X 9 (3.1.3)

In particular, a *x—Killing p—form satisfying (3.1.3) is an eigenform of the Laplacian for
the eigenvalue cp.

Finally, we cite one of the few known results on special Killing forms. In [Ta70]
S. Tachibana and W. Yu used it to prove that a Riemannian manifold, not isometric to
the standard sphere, can have at most 3 pairwise orthogonal Sasakian structures.
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Proposition 3.1.3 Let (M, g) be a complete simply connected Riemannian manifold ad-
mitting special Killing forms « and . If the scalar product (o, B) defines a non—constant
function, then (M, g) is isometric to the standard sphere. In particular, on a manifold not
isomeltric to the sphere the length function of any special Killing form has to be constant.

3.2 Classification

In this section we will give a classification of compact Riemannian manifolds admitting
special Killing forms. It turns out that a p-form ¢ on M is a special Killing form, i.e. a
Killing form satisfying the additional equation (3.1.1), if and only if it induces a (p + 1)—
form on the metric cone M which is parallel. Since the metric cone is either flat or
irreducible, the description of special Killing forms is reduced to a holonomy problem, i.e.
to the question which holonomies admit parallel forms. This question can be completely
answered and retranslated into the existence of special geometric structures on the base
manifold. The result will be that special Killing forms can exist only on Sasakian mani-
folds, nearly Kéahler manifolds or weak Gs—manifolds. Our approach here is similar to the
one of Ch. Bér in [B493] which lead to the classification of Killing spinors.

The metric cone M over a Riemannian manifold (M, g) is defined as the warped
product M x,» R, with metric § := r?g + dr?. An easy calculation shows that the
Levi-Civita connection on 1-forms is given by

VyY* VxY* - Lg(X,Y)dr, Vxdr =rX*,

A~

Vo, X* = —L1Xx*  Vadr =0,

T

where X, Y are vector fields tangent to M with g-dual 1-forms X*, Y™, and where O
is the radial vector field on M with dr(9d,) = 1. From this we immediately obtain the
following useful formulas

Vx¥ = Vxo¢ — Ydr A (Xo9), Voo = -2y,

where ¢ is a p-form on M considered as_p—form on M. For any p—form v on M, we
define an associated (p + 1)—form ¢ on M by

pp+l

Q,/Z)\ = rPdr AN Y + s} diy . (3.2.4)

The next lemma is our main technical tool for the classification of special Killing forms.
It states that special Killing forms are exactly those forms which translate into parallel
forms on the metric cone.
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Lemma 3.2.1 Let (M, g) be a Riemannian manifold and ¢ a p—form on M. Then the
associated (p+1)—form 1 on the metric cone M is parallel with respect to V if and only

if

Vx1 = ﬁX_ldQﬂ and  Vx(dy) = —(p+1D)X* A

i.e. @/ZJ\ is parallel if and only if 1 is a special Killing form with constant ¢ = —(p +1).

Proof. We will first show that a (p 4+ 1)-form ¢ defined on the metric cone as in (3.2.4)
is always parallel in radial direction. Indeed we have

pot1

Vo, = prPrdray + 1PdrAVae ¢ + rPdw + m@@(dw)

= (pr* =P Rydr A Y+ (P - DL (p+1))dy

= 0.
Next, we compute the covariant derivative of 1//1\ in direction of a horizontal vector field
X. This yields

1

Vxt = PVx(dr)Ay + PdrAVxy + 553 Vi (dy)

P+l
p+1

= PPUX*AY + PdrAVxdY + Vx (d) — Jrpdr A (X o dy)

p+1
= (XA + S Vx (@) + P (Vxy - S X ody)

From this equation it becomes clear that QZ is parallel, if and only if the two brackets
vanish, i.e. if and only if the form v on M is a special Killing form. O

We already know that on Sasakian manifolds, the Killing 1-form £* together with all
forms &* A (d¢*)* are special Killing forms. As an immediate corollary of Lemma 3.2.1
we see that a similar statement is true for all manifolds admitting special Killing forms of
odd degree. Note that we have to assume the Killing form ¢ to be of odd degree, since
otherwise di A dip =0 and we could not obtain a new Killing form.

Lemma 3.2.2 Let ¢ be a special Killing form of odd degree p, then all the forms
Y = 1 A (dip)F k=0,...
are special Killing forms of degree p+ k(p +1).

Proof. Let 121\ be the parallel form associated with the special Killing form . Then

o~ k o~
the form 1), associated to % turns out to be %1&’“’1 which is of course again
parallel. Hence, v is a special Killing form. O

32



In the proof of the lemma we have used that the power of the associated form 1//1\ is
again parallel and can be written as associated form for some other special Killing form
1. The following lemma will show that this is a general fact, i.e. we have an simple
characterization of all parallel forms on the metric cone. It turns out that there are no
other parallel forms on the cone as the ones corresponding to special Killing forms on the
base manifold.

Lemma 3.2.3 Let w be a form on the metric cone M. Then w is parallel wz’t]z respect
to V if and only if there exists a special Killing form ¥ on M such that w = 1.

Proof. We know already that {Z)\ is parallel on the metric cone, provided that ¢ is a
special Killing form on M. It remains to verify the opposite direction. Assuming w to
be a parallel form on the cone we write it as

w = wg + dr Nwi,

where we consider wy and w; as a r-dependent family of forms on M. It is clear that w is
parallel in the radial direction 0, if and only if the same is true for the two forms wg and
wi. Let » = n(r) be any horizontal p-form on M considered as family of forms on M.
Locally we can write n = > 7P fi(r,x) dx;, A ... Adx;,, with multi index I = (iy,...,14p).
Then 7 is parallel in radial direction if and only if

0 = O (P fr(r,x)) + rfr(r,2) (=F)
= prP7Hfi(r2) + PO (fr(r,@) — rP7hp fi(r @)

= PO, (fr(r,x)) .

It follows that f(r,x) does not depend on r. Hence, we can write 7 = rP ny, where 7 is

a p-form on M. In particular, we have wy = rp“wéw and w; = r? w, where wé\/[ and

w] are forms on M. Next, we consider the covariant derivative of the parallel form w

in direction of a horizontal vector field X. Here we obtain
Vxw = rpH%Xwéw + PP X AWM 4 Pdr A Vxw
_ +1 M 1 M
= P (Vxwy — Ldr A (X2 wy'))
+rPPX AW+ rPdr A Vxwi

From this we conclude that the form w = r? dr A wi? + 7P is parallel if and only if
the following two equations are satisfied for all vector fields X on M

Vxwdl = X 2wt and Vxwdl = =X* AWl (3.2.5)
Using these equations we immediately find:

dwdt = 0 = d'w}, dw =@p+1)w), dw) =mn-pwi .
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In particular, we have AwM = (p+ 1)(n — p)wM and it is clear that w = ¢ for the
special Killing p-form ¢ =w. O

Up to now we know that the map ¢ — 121\ defines a 1-1-correspondence between
special Killing p-forms on M and parallel (p + 1)-forms on the metric cone M. We
will use this fact to describe manifolds admitting special Killing forms. Let M be a
compact oriented simply connected manifold, then the metric cone M is either flat,
and the manifold M has to be isometric to the standard sphere, or the cone is irre-
ducible (c.f. [B&93] or [G79]). In the latter case we know from the holonomy theorem
of M. Berger that M is either symmetric or its holonomy is one of the the follow-
ing groups: SO(m), U(m), SU(m), Sp(m), Sp(m) - Sp(1), G2 or Spin;. An irreducible
symmetric space as well as a manifold with holonomy Sp(m) - Sp(1l) is automatically
Einstein (c.f. [Be]). But it follows from the O’Neill formulas applied to the cone, that
ﬁE(@r, Or) = 0, i.e. the metric cone can only be Einstein if it is Ricci-flat. In this case
the symmetric space has to be flat and the holonomy Sp(m) - Sp(1) restricts further to
Sp(m) (this again can be found in c.f. [Be]).

Let (M, g) be a compact oriented simply connected manifold not isometric to the
sphere. If 1 is a special Killing form on M then the metric cone M is an irreducible man-
ifold with a parallel form 12 Since any parallel form induces a holonomy reduction, we see
that the above list of possible holonomies is further reduced to U(m), SU(m), Sp(m), Ga,
or Spin;. We will now go through this list and determine what are the possible parallel
forms and how they translate into special Killing forms on M. The description of possible
parallel forms can be found in [Be]. The only exception is the holonomy Sp(m). Never-
theless, the parallel forms can be described using the realization of Sp(m)-representation
due to H. Weyl (the result is also contained in [Fu58]). Concerning the translation from
special holonomy on M to special geometric structures on M we refer to [Ba93], where
the explicit constructions are described.

The first case, i.e. holonomy U(m), is equivalent to M being a Kahler manifold. In
this case all parallel forms are linear combinations of powers of the Kéhler form. On the
other hand, it is well-known that M is Kahler, if and only if M is a Sasakian mamfold If
the Killing vector field ¢ defines the Sasakian structure on M, then £ =rdrANE + L d&*

defines the Kihler form on M. Hence, all special Killing forms on a Sasakian manlfold
are spanned by the forms wy given in Proposition 2.3.2, and they all correspond to the
powers of the Kéahler form on M.

In the next case, M has holonomy SU(m) and equivalently is Ricci-flat and Kéhler.
In this case, there are two additional parallel forms given by the complex volume form
and its conjugate. As real forms we obtain the real part resp. the imaginary part of the
complex volume form. Because of the O’Neill formulas, the cone is Ricci-flat, if and only
if the base manifold is Einstein, i.e. in this case our manifold is Einstein-Sasakian. As
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special Killing forms we have the forms w; and two additional forms of degree m. The
two extra forms can also be described using the Killing spinors of an Finstein-Sasakian
manifold.

In the third case, M has holonomy Sp(m) and is by definition a hyper-Kahler man-
ifold, i.e. there are three Kéahler forms compatible with the metric and such that the
corresponding complex structures satisfy the quaternionic relations. In this case all paral-
lel forms are linear combinations of wedge products of powers of the three Kahler forms.
The metric cone is hyper-Kéhler if and only if the base manifold has a 3-Sasakian structure
and the possible special Killing forms are described by

Proposition 3.2.4 Let (M, g) be a manifold with a 3-Sasakian structure defined by the
Killing 1-forms n1, no and ns. Then all special Killing forms on M are linear combina-
tions of the forms 1, p . defined for any integers (a,b,c) by

Vab,c = grbre [ A (dnn) '] A (dn2)” A (dn)©
+ s (dn)® A g A (dn2)"™'] A (dg)*
+ o (dm)® A (di)® A Tz A (dns)T']

Proof. Let ¢; be the parallel 2-form associated with the Sasakian structure §;, for i =
1,2,3, ie.
¢; = rdr Nn; + %dm.

Then it follows from a simple computation that ¢ A (;Sg A @5 is a parallel form which is,
up to a factor, associated to the form 1,4 . defined above. O

Next, we have to consider the two exceptional holonomies Gg resp. Spin;. These
holonomies are defined by the existence of a parallel 3— resp. 4—form v and the only non-
trivial parallel forms on such a manifold are the linear combinations of 1 and =i. The
metric cone has holonomy G if and only if the base manifold is a 6-dimensional nearly
Kahler manifold. Here, the parallel 3-form 1 translates into the Kéhler form w and the
parallel 4-form *1) translates, up to a constant, into the 3-form *dw. To make this more
precise, we note the following simple fact
Lemma 3.2.5 Let w be a p-form on M considered as p-form on the metric cone M.
Then the Hodge star operators of M and M are related by

*FW = T (kW) A dr

Now, back to the nearly Kéhler case, let ¢ = r2dr A w + ?dw be the parallel 3-
form associated with the Kéahler form w. As in the proof of Lemma 3.2.3 we conclude
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Aw = 12w. Hence, the scalar curvature sp; of the 6-dimensional nearly Kéhler manifold
is normalized to sp; = 30. Applying the above lemma yields

*p = 2 #17 (dr A w) + g * 77 (dw)
= r287~4(*]\7w) + § 17 (dw) = s w + ?(*de) A dr .
Since Aw = 12w and d*w = 0 it follows d*dw = — *3; d %3y dw = 12w and we obtain
d(*prdw) = —12 *p; w. Substituting this into the above equation, we find
*p = —%d(*de) - gdr A (kprdw) .

From where we conclude that #)/dw is the special Killing form on the nearly Kéahler
manifold M corresponding to the parallel 4-form —3 %571 on M.

Finally we have to consider the case of holonomy Spin,. The metric cone has holonomy
Spin; if and only if M is a 7-dimensional manifold with a weak Ga-structure. Here the
parallel 4-form v on the cone is self-dual, i.e. *i = 1, and the corresponding special
Killing form is just the 3-form defining the weak Ga-structure.

Summarizing our description of compact manifolds with special Killing forms we have
the following

Theorem 3.2.6 Let (M", g) be a compact, simply connected manifold admitting a special
Killing form. Then M s either isometric to S™ or M is a Sasakian, 3-Sasakian, nearly
Kahler or weak Go—manifold. Moreover, on these manifolds any special Killing form is a
linear combination of the Killing forms described above.
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Chapter 4

The space of conformal Killing
forms

In this chapter we will prove a sharp upper bound on the dimension of the space of confor-
mal Killing spinors. The idea is to construct a vector bundle together with a connection,
called Killing connection, such that conformal Killing forms are in a 1-1-correspondence
to parallel sections for this connection. It then follows immediately that the dimension
of the space of conformal Killing forms is bounded by the rank of the constructed vector
bundle. Moreover, it turns out that this rank is exactly the number of linearly independent
conformal Killing forms on the standard sphere.

4.1 The Killing connection

By definition, the covariant derivative of a conformal Killing p—form ¢ involves di) and
d*1y. Hence, the first step will be a computation of the covariant derivative of these
sections. For 2p # n we obtain an expression involving only zero order terms and A
(c.f. Corollary 4.1.4). The case 2p = n has to be treated separately but leads eventually
to the same result. The next step will be a computation of the covariant derivative of Aq.
Here we obtain an expression involving zero order terms and the sections dy and d*i
(c.f. Proposition 4.4).

This can be formulated in the following way. Let 1 := (1, di, d*, Aq)), then ¥ is
a section of EP(M) := APT*M @ APYIT*M @ AP~1T*M @ APT*M and we have Vi) =
A(X) 1), where A(X) is a certain 4 x 4-matrix with coefficients which are endomorphisms
of the form bundle, depending on the vector field X. The Killing connection V is then a
connection on EP(M) defined as Vx := Vx — A(X) and the conformal Killing forms are
by definition the first component of parallel sections of EP(M).

We start with defining the four components of the Killing connection on EP(M) under
the assumption that 2p # n. In the rest of this section and in Section 4.4 we will prove
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that conformal Killing forms are parallel for this connection. Let W = (11, 9,13,14) be
a section of EP(M). Then the first component is defined by

(VW) = Vxt — 3 X v + by X Aty

Let ¢ be a conformal Killing form. Then it is clear from the definition that we have
(VX\If)l =0 for ¥ = ¢ (¢, dip, d*, Ay). In order to define the second and third
components of the covariant derivative, we introduce the following notation: R (X) :=
> e ANRxe and R™(X):=}_ ej1 Rx ¢;, where {e;} is a local ortho-normal basis. We
then define:

(Vx®)y = Vx(ia) — BLRY(X) ¢ + 2L X A oy ﬁz“gp)x A 2¢(R) 1 |
(Vx¥)s = Vx(is) + PP RT(X) g + BB X gy — %XJ 2q(R) Y -

The fourth component is a rather lengthy expression, which only simplifies for Einstein
manifolds. Here we still need the following notations: (dR)x = — > (Ve¢,R)e,;, x, where
we consider R as an endomorphism-valued 2-form and {e;} is again a local ortho-normal
basis. Moreover, we define dR" 1) := 3" ej A (0R)e; ¢ and dR™ ¢ = 3 ej 1 (OR)e, 1.
Using this notation, the fourth component of the Killing connection is defined as

(Vx®)i = Vx(wn) = X (G Ric(s) + B4 20(R) s + 0B v )

+ XA (n%m[s% — Ric (¢s)] + 224 2q(R) Y5 + 6B 41 )
—2¢(VxR)y1 + 6R(X) 1 .

For Einstein manifolds, Ric acts as a scalar multiple of the identity and the endo-
morphisms (6R)x resp. SR* vanish (c.f. Lemma 4.4.3). The simplified expression for
(Vx)4 is contained in Corollary 7.1.1.

We will now prove that the second and third component of the Killing connection
vanish on conformal Killing forms. This is a straightforward calculation starting from
the definition. The proof of the corresponding statement for the fourth component is
contained in Section 4.4. It is also an elementary but somewhat tedious calculation.

We start with proving an expression for Vx(dv) in terms of dd*1 and the zero
order term RT(X)41. Replacing dd*+ by d*d+ leads to the additional zero order term

2q(R) .
Proposition 4.1.1 Let ¢ be a conformal Killing p-form, then for all vector fields X
Vx(dy) = EELRY(X)y + nf’*pil) X Addy

= EHRN(X)y - X Ad (R) ¢ .

)
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Proof. Since ¢ is a conformal Killing p-form, it satisfies equation (1.1.4). Taking the
covariant derivative with respect to X leads to

Vx(Vyy) = 57 (VxY)adp + Y 2 Vx(dy))
e (VXY) A+ Y A Vx(d))

Hence
Viy @) = Vx(Vyv)—Vyyy o
= p+1YJ Vx(dy) — P pHY/\VX(d*z/J)

We note that taking the trace in the last expression proves the Weitzenbock formula
(1.1.7) on conformal Killing forms. However, we will use it here to compute the curvature

RX,Y = v%{,Y —V%X. We get
Rxyd = b (Vo Vx(dh) — X Vy(de)

= p+1 (Y A Vx(d) — X A Vy(d)) .

Applying this equation, we obtain:

Z e; A RX,ej P

= S Y6 AlejaVx(dy) — X 1V, (dy)]
— e > € Ales A Vx(d') — X A Ve (d'))]

= Vyx — S Y6 A X Ve (dy))
n— p+1 Zej X N Vey(d*l/f)]

= Vx(dy) + 77 Y Xlej A Ve (dy)] — S5 Vx(dy)

— L X A dd Y

= L Vx(d)) — L X A ddy

This proves the first equation for Vx(dy). To prove the second equation we use the
Weitzenbock formula (1.1.8) and the assumption that ¢ is a conformal Killing form.
Hence

x(dy) = EERYX)¢ + By X A dd*y

o +1 +1 *
= PLRHX)y + ZHLX A (n S2(R) % — gpborryd d¢)

= ERRY(X)y - X Add + FESX A 2(R)$ . O
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Next, we do the same for Vx(d* 1) and obtain an expression involving d* dv and the
zero order term R~ (X)1. Again, the change from dd* ) to d*d leads to the additional
zero order term 2q(R) .

Proposition 4.1.2 Let 1 be a conformal Killing p-form, then for all vector fields X :

Vx(dy) = —"SELRI(X)Y — ety Xod dy

= —2PHR(X)y + LX  dd*y — 2P X 12(R) ¢ .

n—p p(n—p)

Proof. We use the expression for Rx,y ¢ which we derived in the proof of Proposi-
tion 4.1.1. Here we have to compute R~ (X) 1.

R (X)¢ = > ejaRxe

= p+1Z€J GJJVX di/)) *X—‘ve](dw)]
— ot Y ejale A Vx(d) — X A Ve (d*y)]

— o X od'dy — g Vx (') + 250 Vx(d™) + = Vx(d')

= — L Xoddy — 22 Vx(dY)

This proves the first equation for Vx (dt). To prove the second one we use the Weitzenbock
formula (1.1.8) and the assumption that 1 is a conformal Killing form. Hence,

Vx(dW) = -SEERI(X)Y — il X ad'dy

n—p+l p— n—p+l '
- SEELR O - SR (F2(R)6 - pishdd )

— PP RT(X)y + LX sddy — MPEX G 2g(R)y . O

n—p )

From the result and the proof of the preceding two propositions, we obtain in the case
where 1 is a Killing or *-Killing form a nice formula for V§(7yw. This will be helpful
especially in Section 6.1. Moreover, starting at the same point, we will derive in the next
section a curvature condition for conformal Killing forms. Here we have

Corollary 4.1.3 Let (M™, g) be a Riemannian manifold with a conformal Killing p—form
. Then 1 satisfies for any vector fields X,Y the equations:

Viv¢ = LY RY(X)y if d'v=0,

Vive = 5Y AR (X)9 if dp=0.
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Finally, we want to prove that the second and third component of the Killing connection
vanishes for conformal Killing forms. For this, we still have to replace the terms d*d resp.
d d* appearing in the formulas of Propositions 4.1.1 resp. 4.1.2 by As). At this point the
assumption 2p # n is necessary since we want to invert the Weitzenbock formulas (1.1.7)
and (1.1.8).

Corollary 4.1.4 Let ¢ be a conformal Killing p-form, with 2p # n and let ¥ = 1} be
the associated section of EP(M). Then (VU)y =0 and (VVU)3 =0, i.e. the second and
the third component of the Killing connection vanish for the conformal Killing form .

Proof. First of all, we recall that the vanishing of the second and third component of
the Killing connection is equivalent to the following two equations.

2
Vx(dy) = BERU(X)) — ZLX AAY + RS X A 2(R)y

_ _ n— n— 2
Vx(dy) = —ZPH R (X)y — ZBELX Ay + [ZPH X 9q(R)y

If 1) is a conformal Killing p-form with 2p # n, we can invert the two Weitzenbock formulas
(1.1.7) and (1.1.8) in order to obtain expressions for d*di and dd*i in terms of V*Vi)
and 2¢(R)vy. We get

ddy = PP grgy 2L og(R) g (4.1.1)

Applying these equations and the classical Weitzenbock formula A = V*V 4 2¢(R) yields

Vx(ay) = BLRY(X)p + o2 x A (<22 v vy 4 e og(R) )

p n—2p n—2p

= BARNX)p — BLX AVVY + 2 X A 2(R) ¢

hS]

= PRRY(X)¢ -

! PELX A AY + (1) % A 2(R) 9 .

n p(n—2p)

To prove the equation for Vx(d*y) we use (4.1.1) and proceed similarly.

Vx(@v) = —SPERT(X)y - gl x (R vy - 2Eog(R) v)

n—p+1 p— n—p+1 * n—p+1

— - n— n— >
= TP R(X) g - EELX A+ (U X 2g(R)y . D

So far, we know that for a conformal Killing form 1, the first three components of
the Killing connection have to vanish. It still remains to show that the same is true for
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the fourth component. The corresponding calculation of Vx(A) is straightforward but
rather lengthy. Hence, we postpone it to Section 4.4, where it is given in the proof of
Proposition 4.4.1.

4.2 The curvature condition

In this section we digress from the proof of the dimension bound to discuss a remarkable
formula for the Riemannian curvature applied to conformal Killing forms. This formula
has several applications, e.g. it poses strong restrictions for conformal Killing forms which
are at the heart of all the known non-existence theorems. In fact our curvature condition
is already contained in [Ka68]. Nevertheless, we present it here in a rather different and
much shorter form.

In the proof of Propositions 4.1.1 we obtained an expression for the curvature Rx y
applied to a conformal Killing tensor . This formula still involves V x (di) and Vx (d*v).
But substituting these terms by applying Propositions 4.1.1 and 4.1.2 we obtain

Proposition 4.2.1 Let (M"™, g) be a Riemannian manifold with a conformal Killing p—
form 1, then for any vector fields X, Y the following equation is satisfied:

R(X,Y)y = ﬁ(Y/\XJ — X AY 2)2¢(R) %

n—p)

— 2 (XORT(Y) = YLR"(X)¢ - ;5 (X AR (Y) =Y AR (X))¢.

n—p

If we assume in addition that the conformal Killing form is either closed or coclosed
then the curvature formula becomes even simpler. Using the curvature condition of Propo-
sition 4.2.1 we obtain two equivalent pairs of equations for closed resp. coclosed conformal
Killing forms.

Proposition 4.2.2 Let (M", g) be a Riemannian manifold with a conformal Killing p—
form 1. Then for any vector fields X, Y the following equations are satisfied:

R(X, Y)Y = —L(X RY(Y) - YIRY (X)), if  d=0,
RX,Y)¢p = —;L(XAR(Y) - Y AR (X)¢, if  dip=0.

Corollary 4.2.3 Let (M™, g) be a Riemannian manifold with a conformal Killing p—form
. Then for any vector fields X, Y the following equations are satisfied:

SYAXL = XAY L )2¢(R)Y = (XAR(Y) =Y AR (X)y if d'¢=0,
YAXL —XAY1)2(R)Y = (XJRY(Y) — YLORT (X))  if dp=0.

1
n—p
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Considering R(-,-)% as a section of AP(T*M) ® A?(T*M), we can write the above
curvature condition in a much shorter form. Indeed, we have a decomposition of the tensor
product AP(T*M) ® A%2(T*M) corresponding to the following isomorphism of SO(n)-
representations:

APV* @ A2V* =2 APV* @ APTLLYV* @ APTLIV @ APT2V* @ APT2V* @ AP2V* | (4.2.3)

The notation is the same as in (1.1.1) and AP2V* is defined as the irreducible represen-
tation which has as highest weight the sum of the highest weights of APV* and A2V*. In
Section 4.6 we give explicit formulas for the projections onto the six summands on the right
hand side of (4.2.3), denoted as pryp, pryp+i,1, prap+2 and prppe2. In particular, we will
see that the projections of R (-,-)1) onto the summands APT2T*M vanish because of the
Bianchi identity and the projection of R (-,-)1 onto APT*M is precisely 2q(R) . Using
this notation it follows from the results of Section 4.6 (c.f. Lemma 4.6.5, 4.2.2 and 4.2.3)
that we can reformulate the curvature condition of Proposition 4.2.1 as well as the the
specialized equations from Proposition 4.2.2 in the following form

Corollary 4.2.4 Let (M", g) be a Riemannian manifold with a conformal Killing form
. Then

prap2(R(-,)Y) = 0. (4.2.4)
Moreover, if 1 is coclosed, then the additional equation pryp-11(R(-,-)) = 0 is
satisfied. Similarly, if 1 is closed then the additional equation prypsii(R(-,-)) =0

holds.

There are several situations in which the curvature equation of Proposition 4.2.1 is
satisfied for every p—form, e.g. it is true for every 1-form £. Here we have 2¢(R)¢ = Ric (§)
and an easy calculation shows

(XJR"(Y) - YL R"(X))€ = —Rxyv¢
(XAR(Y)-YAR X)) = YAXL — X AYJ)Ric(€)
Also, it is true for any p—form on a space of constant sectional curvature c. In this case
we find 2¢(R) = cp(n—p)id, R*(X)Y = —pX Ay and R (X)) = —(n —p) X L .

Slightly more generally, it is not difficult to prove that the same is true on conformally
flat manifolds, i.e. we have

Proposition 4.2.5 Let (M™, g) be a conformally flat manifold. Then for any p—form
the curvature condition 4.2.4 is satisfied, i.e.

pravz (R(-)¢) = 0.
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The first non-trivial condition appears for conformal Killing 2-forms, which is further
discussed in Section 7.2. Since the decomposition (4.2.3) is again orthogonal we have a
pointwise norm estimate similar to the one in Lemma 1.1.1. Using the results of Section 4.6
we find

Proposition 4.2.6 Let (M"™, g) be a Riemannian manifold and ¢ any p—form then

RV + s |20B)F > 22 RO + LR (vl
with equality, if ¢ is a conformal Killing form. If in addition, the p—form 1 is coclosed,
then p|R(-,-)v[?> = |RY()¢|?. Similarly, if 1 is closed, then (n — p)|R(-,-)¢|? =
R ()0

Finally, we note that it is possible to give an alternative proof of the curvature condition
of Proposition 4.2.1, using the Killing connection. Indeed, since a conformal Killing form is
parallel with respect to the Killing connection, it follows that the curvature of the Killing
connection applied to a conformal Killing form has to vanish. This yields four equations
corresponding to the four components of the bundle EP(M). The first of these equations
turns out to be equivalent to the curvature condition of Proposition 4.2.1.

4.3 The dimension bound

In this section we will use the results obtained so far to prove that the space of conformal
Killing forms on a connected manifold is finite dimensional. More precisely, we will give a
sharp upper bound for its dimension. It is well-known that the twistor operator is elliptic.
Hence, the space of conformal Killing forms is finite dimensional on compact manifolds.
Indeed the twistor operator T appeared as one of the typical examples of Stein-Weiss
operators in the article of T. Branson [Br97], where he in particular proved its ellipticity.
Of course it is also no problem to verify that the symbol map, given by the projection
Pryp1 is injective. It turns out that the twistor operator is elliptic in a much stronger
sense, i.e. it has a symbol of finite type.

Lemma 4.3.1 Ifn > 2 and a ® ¢ is a decomposable element in the complexified tensor
product (V* @ APV*) @r C = (V @r C)* @ AP(V @r C)* of degree 0 < p < n satisfying
prapi(a®1y) =0, thena®vy = 0.

Proof. According to the explicit formula given in Chapter 1, the condition prpp:(a ®
1) = 0 is equivalent to

1

1
av)y = p—I—IUJ (aANY) +
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for all v € V. Applying v 1 of 4 to this equation we get

1

m@(’[))'l}_l Oéﬁ_l w

a)vsafoy =

By assumption, we have p < n and we conclude v1 of 5 1) = 0 for all v € V. So
af 31 = 0, unless p = 1. In case p = 1, but n > 2, we may still conclude of 1 ¢ = 0 by
rewriting equation (4.3.5) to read

av)y = %a(v)w - 1oz/\(vJv,/J) + %’U*/\(aﬁ_nw).

2
Then of 11 = 0 follows, since we may choose v* linearly independent from o and 1.
A completely analogous argument interchanging A and 4 shows o Ay = 0. Conse-
quently, pry,1(a®) = 0implies aA = 0 = of 54 and thus (a®)(v) = a(v)y = 0
for all v € V by equation (4.3.5). O

Evidently, not only the proof given above breaks down for n = 2, but the statement of
Lemma 4.3.1 itself becomes wrong. Any two complex isotropic covectors a, ¥ € (V@grC)*
with (o, 1) # 0 satisfy pryq1 (e ® ) = 0.

It follows already from the theory of differential operators with symbols of finite type
that the kernel of the twistor operator, i.e. the space of conformal Killing forms, is finite
dimensional on connected Riemannian manifolds. Nevertheless, we will use the Killing
connection of Section 4.1 to prove this result. This approach has the advantage of providing
an explicit upper bound for the dimension.

Theorem 4.3.2 Let (M, g) be a n—dimensional connected Riemannian manifold and
denote with CKP(M) the space of conformal Killing p-forms, then

dim CKP(M) < <” + 2)
p+1

with equality attained on the standard sphere. Moreover, if a manifold admits the mazximal
possible number of linear independent conformal Killing forms, then it is conformally flat.

Proof. In Section 1.1.4 we defined the Killing connection on sections of the bundle EP(M)
in such a way that a p-form 1 is a conformal Killing form, if and only if the associated
section v := (¢, d, d*1p, Av)) is parallel with respect to the Killing connection. Hence,
the rank of the bundle EP(M) is an upper bound on the dimension of the space of conformal
Killing forms, i.e.

dim CK?(M) < 2(2) + (pﬁl) * (pi1> - (”Zl) ! (Zib - <Zﬁ>
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It follows from Section 2.5 that this upper bound is attained on the standard sphere.
Finally, we use Theorem 7.4.1 to show that manifolds with the maximal possible number of
linearly independent conformal Killing forms have to be conformally flat. Indeed one can
easily verify that for any x € M the evaluation map EP(M) — AP(T¥M) is surjective. O

From the proof of the theorem we also obtain sharp upper bounds for the dimension
of the space of closed resp. coclosed conformal Killing forms. Again, the upper bound is
provided by the dimension of the corresponding spaces on the sphere and manifolds with
the maximal possible number of closed resp. coclosed conformal Killing spinors have to
be conformally flat.

4.4 The fourth component of the Killing connection

In this section we will prove that also the fourth component of the Killing connection
applied to a conformal Killing form has to vanish, i.e. the main result of this section is

Proposition 4.4.1 Let ¢ be a conformal Killing p-form, with 2p # n and let ¥ = 12
be the associated section of EP(M). Then (VWU)4 = 0, i.e. for any vector field X a
conformal Killing p-form 1 satisfies the equation

Vi(AY) = 1X (ﬁRic(dw) + 2l og(R)dy + 5R+¢)

— XA <n—§+1 [sd* — Ric (d*)] + "=E12q(R)d") + SR~ w)

+2¢(VxR) ¢ — SR(X)0 .

The proof of the formula for Vx (A1) consist of a sequence of elementary calculations
starting from the definitions. They are straight forward but rather lengthy. We derive
the expression for Vx(A) by using the decomposition of the covariant derivative given
in (1.1.5). In the present case it reads

Vx(AY) = o3 X 0d(AY) — s X A d(AY) + T(AY)(X) . (4.4.6)
Hence we have to compute d(Ay) = A(dy), d*(Ay) = A(d*y) and T(Avy). For the
computation of the first two terms we will need the following elementary lemma. Recall
that the Ricci tensor can be extend as a derivation to A¥(T*M), which is locally given
as Ric = ) e; A Ric(e;)u . If (M, g) is an Einstein manifold, i.e. Ric = Aid and
Lemma A.0.3 implies that Ric(w) = deg(w) Aw. Using this notation we have
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Lemma 4.4.2 Let (M, g) be a Riemannian manifold with scalar curvature s and let 1
be a conformal Killing p-form, then

Z e; A Rei,e]. (Vei ¢) = leC (d¢) + ﬁ QQ(R) di,

> €0 Repe, (Vo)) = o [sdy — Ric(dy)] — L7 2(R)d"y .

Proof. Let us denote the two sums of the proposition by R*(¢)) := 3" €j A Re,¢;(Ve, ¥)
and R™(¥) := > ej 1 Re,¢;(Ve; ¥). Then

RT() = 3¢ A Rer, (p+1 ciady — e A d*zp)
= o Z ej A [(Reye;€i) adyp + €0 Rey e, (di))]
— n%m D> e A [(Repe €i) Adp + e A Rey e, (d*)]
Tt Z ej A [—Ric( e])Jdap + eia Reye; (d)]
i p+1 Z e; N |—Ric(ej) AN d*Y + e A Re“e](d*w)]
= p+1 Ric (dy) + p+1 2q(R) dy .

Note that ) e; A Ric(e;) = 0 because of the symmetry of the Ricci tensor. Moreover,
we used the 1. Bianchi identity, which can be written as

Zej/\ei/\Rei,ej =0.
A similar calculation proves the second statement of the lemma.
R (y) = 3" € Rey, <p+1 cisd — e A d*z/J)

- Iﬁ Z €j 2 [(Reye;€i) 2 d + € 1 Re, e, (di) ]
— Z ej o [(Reye;€) A d Y + e A Rey e, (d™) ]

= 4 D ejo [~Ric(ej) adv + e Re, e, (di)) ]
—anZeJ_n —Ric(ej) A d* + e; A Re, e, (d*) ]

= — p+1 Z (Ric (e5), ej) d*yp — Ric(e;) A eja d*yp] — n%p_HQq(R) d*

= — p+1 (sd*yp — Ric(d*y)) — nf;)ﬂ 2q(R)d*y . O
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For the definition of the fourth component of the Killing connection we introduced
the notation (6R)x = — ) (Ve R)e,, x, where we consider R as an endomorphism-
valued 2-form. It is well known that the second Bianchi identity links d R to the covariant
derivative of the Ricci curvature:

Lemma 4.4.3 Let X,Y,Z be any vector fields, then
9((6R)xY,Z) = (VyRic)(Z, X) — (VzRic)(Y, X)

Proof. The proof uses the second Bianchi identity. We write the right-hand side of the
equation as

(VyRic)(Z, X) — (VzRic)(Y, X)
= > (VWwR)(Zeiei, X) — (VzR)(Y, ei,e5, X)

= = (VzR)(eY.ei,X) + (Ve, R)(Y, Z,e;, X) + (Vz R)(Y, e, X)

= =Y (Ve R)(Y.Zej,X) = =) (Ve,R)(ei, XY, Z) = g((0R)xY,Z). D

In particular, R = 0, for manifolds with parallel Ricci tensor, e.g. FEinstein mani-
folds of dimension greater than two. We also defined: dR* ¢ := Y e; A (0R),; ¢ and
OR™ v = ) ej 1 (6R),, 1. Using this notation and applying Lemma 4.4.2 we derive the
following

Proposition 4.4.4 Let (M, g) be a Riemannian manifolds with scalar curvature s and
let ¥ be a conformal Killing p-form, then

A(dg) = ;Ric(dw) + p;l?q(R)dz/z 4 p;l(mw,
A(d*p) = nip[sd*w—Ric(d*zp)] + ";f;12q(3)d*¢ - ”;f;lmzp.

Proof. Let ¢ be a conformal Killing p-form. Then we have already an equation for
Vy (di). We take the covariant derivative with respect to X and obtain

VxVy (d9) = 7B (VxY Add*y + Y A Vx(dd*4))

+ p—l‘;—l Z (VX ej A RY7€j’(7b + 6]' N VX(RY,GJ‘ 7!’)) .

From this we conclude:
Viv(@) = EHsY A Vi(dd y)
+ % Z €; VAN [VX(RY,BJ- 1/}) — vay&jlf) — RY,VXEJ"QZ}] .
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Taking the trace we get an expression for V*V(dv):
V(dp) = p“ Z ej A [ ei(Ree; V) — Ry, .eie; ¥ — Re,ve.e; 1/1}
= 2N A [(VeR)ewe, ¥ + Reyey (Ve )]
= Rty - 2 [_ o7 Ric (dv) + 537 2¢(R )(dw)}
= PEGRY ¢ + LRic(dy) — L2q(R)dy .

This proves the statement for A(dy) = V*Vdi + 2q(R)dw. The proof of the equation for
A(d*y) is similar. We start with

VxVy (d9) = — G5y (VxY ad'dy + Y 5 Vx(d'dy))

= (Vxeja Ry,e;p + €j 1 Vx(Ry,e; ) -
From this we get
Viv(dW) = —G5Fn Y 5 Vx(d'dy)
- = pH Z ej1 [Vx(Ry,e;¥) — Ruyv,e, ¥ — Rywye, ¥] -

Finally we take the trace to obtain an expression for V*V(d*1):

VIV (d ) = BN e [(Ve,R)epe; ¥ + Reye;(Ve,)]

= IR+ S [ (a0 — Rie(d') — o 20(R) 4

= —mPH SRy + SL[sd" — Ric(d'¥)] — -1 2q(R)d*y . O

n

At the end of this section we will prove a second formula for A(dy) resp. A(d*®).
Comparing it with the corresponding one from the proposition above provides us with an
expression for 6 RF, which we then can use in the final computation of T(A), i.e. we
obtain

Proposition 4.4.5 Let (M, g) be a Riemannian manifold and ¢ be a conformal Killing
p-form, then

SRY ¢ = Y er N2¢(Ve,R)Y  and SR ¢ = Y er12¢(Ve,R)Y .

49



So far we have expressions for A(dy) and for A(d*w). It still remains to compute
T (A1), for which we need a commutator rule between the covariant derivative V and the
operator V*V + 2¢(R). The proof of it is again a lengthy calculation, which is contained
in Appendix C. Nevertheless, it is surprising to see that after a series of cancellations it
is possible to obtain a rather short formula. In our case we will need the following special
case.

Proposition 4.4.6 Let ¢ be a conformal Killing form, then for any vector field X

T(AY)(X) = 2¢(VxR)$ — 0R(X) ¥ .

In particular, A is again a conformal Killing p-form, if the manifold is locally symmetric.
If the manifold is Einstein then T(A¥)(X) =2¢(VxR) for any vector field X.

Proof. In Appendix C we prove a formula for the commutator of the twistor operator T
and the Laplace operator A. This formula still involves the projection onto AP”'', which
is explicitly given in (1.1.2). Together with the equations for 6R¥+ of Proposition 4.4.5
we find

TAY)(X) = Y prass (¢ ® [2a(Ve,R) — R(e;)] )

2q(VxR)¢ — 6R(X) 9

— S XY e A[2q(Ve;R) — SR(e;)]

— i X A Y € 5120(Ve, R) — SR(ej)]
= 2¢(VxR)v — 6R(X) .

For locally symmetric spaces we have VR = 0. Thus, 2¢(VxR)v¢ and JR(X) vanish.
If the manifold is Einstein we know that dR(X) has to vanish. O

From the above proposition we see that on a locally symmetric space the Laplace
operator preserves the space of conformal Killing forms. In such a situation we have the
following

Corollary 4.4.7 Let (M, g) be a compact Riemannian manifold such that, the Laplace
operator preserves the space of conformal Killing forms, e.g. for locally symmetric spaces.
Then any conformal Killing form decomposes into a sum of eigenforms of the Laplace
operator, which are again conformal Killing forms.

Proof. On compact manifolds the space of conformal Killing forms can be equipped with
the induced L?-scalar product and the Laplace operator acts as a symmetric operator on
this finite dimensional space. Hence, it is completely diagonalizable, i.e. any conformal
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Killing form can be decomposed into a sum of eigenforms which, by definition, are again
conformal Killing forms. O

Finally we compute V x (A1) by substituting the expressions for d(Av), d*(Avy) and
T(Av)(X) into equation (4.4.6). This will then finish the proof of Proposition 4.4.1. Note
that we have some simplification in the case of Einstein manifolds (c.f. Corollary 7.1.1).

Vx(Aw) = L X dA%) — b X A d(AY) + T(A¥)(X)

7 X0 (S Ric(dy) + Bt 2q(R)dy + ZEORYY)
— i X A (G5 lsd — Ric(@w)] + 2L og(R)d'y — 2GRy )

+2q(VxR) & — SR(X)¢

= IX. (ﬁRic(dzb) + 2L og(R) o + 5Rw)

= (n_,lm [sd* — Ric(d*y)] + =21 2(R) d*y + 5371/,)

+2¢(VxR)y — dR(X)Y .

In the last part of this section we will describe an alternative way to compute A(dy)
and A(d*®). The idea is to write the Laplace operator as A = V*V +2¢(R) and then to
replace V*V using the first Weitzenbock formula (1.1.7). It remains to prove commuting
rules between 2¢(R) and d resp. d*, as well a formula for T*T(dy) resp. T*T(d*¢). In
the end we can compare the two equations for A(diy) resp. A(d*y) and thus obtain a
proof of Proposition 4.4.5. Moreover, we obtain further information on conformal Killing
forms which we can apply later. In particular we will see that several formulas become
much easier on Einstein manifolds. We start with a formula for the twistor operator
applied to di resp. d*v.

Lemma 4.4.8 Let ¢ be a conformal Killing p-form and X any vector field, then
T(dy)(X) = PERY(X)y + -BE X A 2q(R)w

p(n—p)
T(dY)(X) = —"EER(X)¢p — 25 X 4 29(R)Y

Proof. Using the formula for the twistor operator 7" on (p + 1)-forms we find

T(Ay) = V() + 35 > c@eanddy = Y @ [V (d) + ;L enddy]

= Z e ® [% RT(e;) + pg:ilp) e; N\ 2q(R)¢} .
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The corresponding formula for 7" on (p — 1)—forms yields
T(dy) = V() — 1Y e@euddy = e [vei(d*w) — Le;add*y

= Y ao[- SR (e)y - e %Ry ] . D

This Lemma gives a criterion to decide whether for a given conformal Killing form 1 the
forms diy or d*iy are again conformal Killing forms.

Corollary 4.4.9 Let (M, g) be a manifold with a conformal Killing p—form . Then di
is again a conformal Killing form if and only if

1
RE(X)% = = = X A 2q(R)w

for any vector field X. Similarly, d*i is again a conformal Killing form if and only if
for any vector field X

R (X)v = —;XJ 24(R) ¥ .

Next we have to compute T* of T'(dy) resp. T(d*y). The adjoint operator T™* is
described by the following

Lemma 4.4.10 Let ¢ € T(APYT*M) C T(T*M ® APT*M), then

T*(¢) = - Z Ve, (¢(ez)) + Z((veiei)—’ ® 1)¢ .

By combining the last two lemmas we obtain

Proposition 4.4.11 Let ¢ be a conformal Killing tensor, then

. B p+1 _1 1 . p+1
T°T(dy) = T ot —p) d(2q(R) ) pQQ(R) dy + pRIC (dp) + W SRy,
TTY) = =SS R ) — (R 'y

+ ni [sd* — Ric(d*)] — Lﬁ“mw.
p n—p
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Proof. Using the preceding lemmas we compute

T(dy) = T* <Pj} Y e @ [RY(e)y + nipe@- A 2q(RW])

= LS (VB () %) + 7y Veules A 20(R) ) )
+ et Z (R* (Veei) ¥ + 755 (Veei) A 261(3)1/))

= p+1 Z ej 67, 67,,6‘7' 111) - Rve 1€ir €5 ’(/) - Rei,veiej 11}]
I;;rlp) Z e N\ Vez 2q )77/})

—p(’if_lp) d(2q(R)¢) — p+1 Z ej N [(Ve;R)eje; ¥ + Reye;(Veb)]

A similar calculation gives the formula for T*T'(d*1)). Indeed we have

T(d*y) = T* <_” LN e @ [R (e + 1eZJQQ(R)¢]>
= S (Vo (R () w) + ;vei(eiﬁq(RW))
_ n%g;;l (R (Vee)y + 1 (Vezez)—‘QQ(R)w)

_ n-— p+1 Z e]_l €z 627€j¢) — Rvezei,ejw — REi,VeiCj ¢]
Z(np'; Z ei 1 Ve, (2¢(R)Y)

— noptt d*( (R)¢) + noptl €5 [(VeiR)eiyejw + Reiyej(VSi/l?/))] .

p(n—p) n—p

Finally we need the commutator rule for 2¢(R) with the operators d resp. d*, which
we state in the following proposition. The proof is completely elementary.

Proposition 4.4.12 Let (M, g) be a Riemannian manifold of scalar curvature s and let
¥ be a conformal Killing p-form, then

d(2g9(R)v) = Ep2q(R)dy + o7 Ric(dp) + Y ex A 2q(Ve,R)Y

A 2q(R)Y) = B 2q(R)d"Y + ;b [sd™ — Ric(d9)] = D er 1 2q(Ve, R) ¥ -
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Proof. We compute d(2¢(R)) using a local ortho-normal frame {e;}.

d(2q(R)¢$) = Y er A Ve.ej AeisRe o))

= Y er AVe(ej) AeiaReo;th + €5 A Ve (€i) s Rey oy ¥
—+ €;j N €; vek(REi,Ej ¢)]

= Z er N ej N el [(VEkR)ei,ej P+ Rei,ej(Vek w)]

= > et A2q(Ve, R)Y + > er Aej AeioRe e, (Ve ) .

Since 1 is a conformal Killing p-form we can further simplify the second sum. We obtain

Z er N ej N el Rei’ej(vekiﬂ)
= _ Z ej N\ e N e Rei’ej(vekw)
= Z ej N € [ek N Rez}@j(vekw)} - Z ej A Reiyej(v€i¢)

= Y ey Neisfer A Ree(siqerad — imgen A d)]
+ S Ric(dy) — 55 2q(R) dy
= ﬁ Z ej N e [ek N (Re; e;er) 1 dy + ex A e o (Rei,e]-dw)]
— T D€ Aeis [ex A (Recier) A A + e Aex A (Re, e d™y)]
+ s Ric(dy) — 5i52q¢(R)dy

= ﬁ Z e;j N € [_ Rei,ej(dw) + (p+1) Rei,ej(dw)]

+ S Ric(dy) — 72q(R)dy
= Eg29(R)dy + g Ric(dy) .
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At the end we still did the following calculation, using the symmetry of the Ricci tensor
and the 1. Bianchi identity:

Z e;j N € [6k A (Rei,ejek) A d*i/J]

= Z ej N (Reg e i) N d™ — ej Aer A g(Re e ek, €) A"
+ e; Neg A (Rei,ejek) A (ei_:d*w)

= —22 e;j A Ric(ej) Nd*p —ej ANeg Aep A [(Rey e €j)ad )]

= —Zek /\er ARek,er(d*w) = 0

The proof of the second statement, i.e. the formula for 2¢(R)(d*t), is quite similar.
Here we have

d*(2q(R)¥) = — > eraVelej AeisRe ;)

_ Z er 2 [Veu(€j) AN eiaRe e,V + €j A Ve (ei)a Reye; ¥
+ € N e Vek(Rei,ejw)]

= — Z e 1€ N ejJ [(vekR)ei,Ej P+ Rei,ej(vek Qb)]
= =) era2q(Ve,R)Y — > ep e AeiaRe, (Vo)) .
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Since v is a conformal Killing p-form we can further simplify the second sum. We obtain

— Z €k J €5 AN Rei,ej- (vekd})
= - Z €; 1 Rei,ej(vejw) - Z e; N e [ek—‘ R€i7€j(V6kw)]

= =Y ejAeialekaRe e, (Grrenadd — g er A d'Y)]
+ s 84 — Ric(d)] — =g 20(R) d*Y
= — o Y, e Aeia ek (Reyeier) 3 dp + epaeg o (Rey e;did)]
+ ﬁp—i—l Z ej N e [ek_n (Rei’e].ek) ANd Y + epaep A (Rei’ejd*¢)]
+ a0y [sd — Ric(d)] — = 2¢(R)d™)
= n%pﬂ Z €j A€ 3 | —Ree;(d) + (n—p+1)Re, ¢, (d"¢) ]

+ [sd*y — Ric(d9)] — =7 2a(R) d*Y

1
n—p+1

= P 2(R)dY + b [sd™ — Ric(d™y)] . O

Finally we can apply Propositions 4.4.11 and 4.4.12 to derive once again an expression
for A(dy) resp. A(dy). We will then compare the resulting equations with the corre-
sponding ones of Proposition 4.4.4 to obtain the proof of Proposition 4.4.5. Computing
A(dy) first we find:

A(dy) = 2q(R)dy + V'V (di)
= 29(R)dy + L5 dd*(dyp) + T*T(dp)

= 2q(R)dY + L AdY) - 5 d(2q(R) ) — 3 2q(R) dy
+ LRic(dy) + BE6RT

= CERP 20(R)dy — iy d2a(R) W) + iy Ric (dv)
(n=p)(p+1) 5sp+
+ SR
p(n—p—1)

—p)(p—1 1 —1
= LD o) dv — iy (B 2a(R)dw + 5y Ric (dv)

+ Z er N 2¢(Ve, R) @ZJ) + leC (dyp) + %MWWZ)

= P2q(R)dy + jRic(dd) — 5By D ew A 20(Ve, R) Y

p

(n—p)(p+1) sp+
+ Pn—p=1) ORT .
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The calculation for A(d*1) is of course almost the same. In this case we obtain

A(d™Y) = 2¢(R)d™y + V'V (d*)

= 24(R)d*y + Jd"d(d*y) + T*T(d"))

= qR)d'Y + LAY — 2L (2q(R) ) — 1L 2(R)d"Y

+ 2 [sd*y — Ric(d*y)] — EE6R™ 4

= P og(R)dY — GRS dF(20(R) ¥)

(»—1)(n—p) p—1)(n—p)
* . * n—p+1 -
+ Gmmp 4% — Ric(d9)] — EEGEEL SR ¢

= 2erloog(R) d*y

~ o (55 20(R) v + =y [sdy — Ric (')
=3 e 2(Ve R v)

* . * n—p+1 —
+ i 84— Ric(dy)] - FEGEEL SR ¢

= m2Log(R)d + ;5 [sd*y — Ric(d")]

n— 1 n—p+1 _
+ Gy 2 ek 2a(Ve, R) Y — BUSEELGR .

We see that for locally symmetric manifolds the new formulas for A(dvy) resp. A(d*y)
already coincide with the formulas from Proposition 4.4.4. Since this has to be true also
for an arbitrary Riemannian manifold we obtain an expression for dR¥1), which proves
Proposition 4.4.5. On Einstein manifolds we have (6R)(X) = 0 for any vector field X,
which implies 6 RT1) = 0. This leads to a nice simplification of all formulas involving these
terms, which we will discuss in the next section.

4.5 Forms in the middle dimension

In this part we return to the situation of conformal Killing n-forms on a 2n-dimensional
manifold. Let (M?" g) be a Riemannian manifold, then the n-form bundle splits cor-
responding to the eigenspaces of the Hodge star operator. If n = 2 mod 4 one has to
consider the complexifications of the form bundles. We introduce the notation A"T*M =
ATT*M @ A" T*M with the corresponding projections pry+ and an n—form ¢ is decom-
posed accordingly as ¥ = ¥4 + 9_. Recall from Corollary 1.1.5 that conformal Killing
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n-forms on a compact manifold M?" are characterized by the equation
_ 1
Ay = mH2g(R), (4.5.7)

which also holds on non-compact manifolds. Moreover, for a conformal Killing n-form
its components 4 are again conformal Killing n-forms. This follows immediately from
Corollary 1.1.2 or the fact that the Hodge star operator commutes with the Laplacian.
Assume that n =0 mod 4, then the projections are given by pr+(¢) = %(1& + %) and
we define di := prp+ od. Because of

xdd* = d'd=x and xd*d = dd'*
we derive for a form ¢ € At i.e. for a self-dual form, the equations
dyd*yp = %Azp and d_d* ) = % (dd* — d*dy) .

For a form in A"T*M we have to interchange + and — and if n # 0 mod 4 we need
additional coefficients +¢. Hence, in the case of forms in the middle dimension, we have
to consider the following modified Killing bundle

CKE(M) == A*T*M o A" ' T*M @ A"T*M .

Note that since A"~1T*M = A"*'T* M, the two bundles CK*(M) sum up to the Killing
bundle CK™(M) defined in the beginning of this section. For any conformal Killing n-
form ¢ = ¢4 + 1 we associate the sections Wy := (¢4, d*¢p+, d+ d*p1). The next
task is to introduce a connection on CK™(M) such that its parallel sections are in 1-
1 correspondence to conformal Killing n-forms. Equivalently, we have to show that,
starting with a conformal Killing form 1, the covariant derivative of the components
Yy, d*p+ and d+ (d*P+) can be expressed in these components and zero order terms
involving the curvature. For w4 resp. d*i+ we know this already from the definition
resp. Proposition 4.1.1, where we still have to replace the summand dd*y. by a linear
combination of 2¢(R)y and d+ (d*+). This is done using the formula (4.5.7). A little
bit more complicated is the third component. We note that because of d = + % d*x, the
covariant derivative of d+ (d*1+) has only 2 components. These are

d(dedy) = Fd(dedy) = FA(B2qR)¢) and  T(ded¥) .

Hence, it remains to compute T'(d+d*?), which can be achieved using the twistor Weitzen-
bock formula given in Corollaries 4.6.6 and 4.6.7. After a lengthy calculation the result is
again that the covariant derivative of T'(d+d*1)) only depends of 1+, d*¢)+ and zero order
curvature terms. Summarizing this discussion we see that the statement of Theorem 4.3.2
remains true also for forms in the middle dimension.
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4.6 Projections and embeddings

In this section we will consider the tensor product decomposition of V* ® APV* and of
A?V* @ APV*. We give explicit formulas for the projections onto the summands and
for the embeddings of these summands into the tensor product. This will explain the
constants appearing in the definition of the twistor operator and in the curvature condition.
Moreover, it provides new proofs for several formulas. All computations are done for
SO(n)-representations. But of course they immediately translate into the corresponding
statements on manifolds. We start with the decomposition of V* @ APV*. Here we have

V*@ APV* = APTLYV @ APTLYV @ APV (4.6.8)

In general, this is a decomposition into irreducible summands. We define projections
Tapt1 2 VIR APV — APELY* a9

Tt (X ®@Y) == X Ao and Tar-1 (X ®@Y) = =X 1.

Next, we define embeddings ip+1 : APP1V* — V*® APV* which are right inverses for the
projection maps, i.e mpp+1 0 ippr1 = id. The suitable definition is

i () == S Y i@ (eay)  and g () = g Y e @ (e A,

where {e;} is an ortho-normal basis of V. Finally we define the maps mpp+t1 := ippt1 ©
Tap+1, which turn out to be projections from V* ® APV* onto the summands APELV*
embedded into the tensor product. For the projection 7yp.1 onto the summand AP'V* C
V* ® APV* it then immediately follows that wpp1 = id — Tpp+1 — Tpp—1. The explicit
expression of this definition was already given in Chapter 1. The following formulas are
direct consequences of Lemma A.0.3.

ﬂ'Apil O'iAp;tl - idApil and (%Apil)Z - %Apil 5 (469)

i @O = S0P and i) = i [P (46.10)

All these definitions and formulas translate to Riemannian manifolds, where we use
the same notation. Let ¢ be any p-form, then V1) is a section of A'T*M @ APT*M
and we have of course mpp+1 (V) = d), map—1 (V) = d*p and wppa (V) = T.

In the rest of this section we will study the decomposition of A?V* ® APV*. This
involves six summands and thus the calculations become slightly more complicated. Nev-
ertheless, they remain completely elementary and are again based on Lemma A.0.3. It
is interesting to study this decomposition since R(-,) ) is a section of the vector bundle
associated to the representation A2V* ® APV*. Hence, we can reformulate the curvature
condition (4.2.1) (c.f. Corollary 4.2.4). We consider the the following decomposition:

A2V @ APV* =2 APV @ APTLLYV @ APTLLYV S @ APT2V* @ APT2V @ AP2V* L (4.6.11)
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The notation is the same as above, i.e. A™*V* is defined as the irreducible representation
which has as highest weight the sum of the highest weights of A"V* and A*V*. We will
now define projections and embeddings as we did for the above decomposition.

We start with the summand APV™*, there the natural projection is given by
pras : A2V* @ APV* — APV*  with prap (W ® ¢¥) = we).

Recall that e denotes the natural action of A2V* = s0(n) on the space of forms A*V* i.e.
for any vectors X, Y € V we have (XAY)ety:= (Y*AX 1 — X*AY 1) (c.f. Section A).
The embedding jar of APV* into the tensor product, which is right inverse to pry,, is
given as:

ar s APVE 5 NPVE@ APV with an(§) = = gy (6 Ae)) @ (6] Aej) et

A similar calculation as for the decomposition (4.6.8) shows that pry, := jar o pry, is a
projection map onto the summand APV* embedded into the tensor product. As above

we can translate all these definitions to Riemannian manifolds and if we consider R(-,-) )
as section of A2T*M ® APT*M we obtain the following

Lemma 4.6.1 Let (M™,g) be a Riemannian manifold and ¢ any p-form, then

pras (R V%) = 20(R)¢  and Bryp (RC)W)xy = — iy (X A Y) 0 29(R) 0

As the next summand in the decomposition (4.6.11) we consider APT11V*. Here the
natural projection is a Plicker differential, i.e. we define it as

prassis : A2VF @ APV* 5 APTLIY* c ALy @ APTIY*
we vy o mean (D (asw) @ (6 A v))
and obtain as right inverse the embedding jrp+11 of APTLIV* into the tensor product
which is defined by
Gapsra s APTLIY* g ALy @ APFL 0 A2V @ APV
A@Y = =1y (ef AN ® (1) .

Again, we get a projection map prpp+i,1 := jap+1.1 O Prap+1,1, this time onto the summand
APTLIY* embedded into the tensor product. Applied to the curvature section R(-,-)%
we find

Lemma 4.6.2 Let (M™,g) be a Riemannian manifold and v any p-form. Then for any
vector fields X,Y :

Prpp+1,1 (R(7 ) 77b)X = _R+<X)¢ - n%pX A QCI(R)¢ p

Brassi (R 0)xy = (555 (X A V)« 20(R)6 — [X 0 RE(Y) = Yo RF(X)] )
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The projection onto the summand AP~H1V* is similar. Here we define it as
pras—11: A2V* @ APV* — APV c ALy @ APV
WY = Tpp-1a (Z(ei_nw) ® (eiJ@ZJ)) .
The right inverse embedding jpp-1.1 of AP~L1V* into the tensor product is defined as

Gar—11 APV S ALV @ APTL 0 A2V @ APV
1
Ay = =N (e AN @ (] AY)
As above we get a projection map pryp-1,1 = jpap-1,1 O Prpp-1,1, i this case onto the
summand AP~L1V* embedded into the tensor product. Applied to the curvature section

R(-,-)v¢ we obtain

Lemma 4.6.3 Let (M™,g) be a Riemannian manifold and 1 any p-form. Then for any
vector fields X,Y :

prav-ia (R()W)x = —RO(X)w — LX 1 2q(R)w .

Brait (BC)¥)xy = k5 (HX A Y)x2q(R)% — [X ART(Y) = Y AR (X)] %),

For the next two summands of the decomposition (4.6.11) we only need to define the
projections. In fact it turns out that under these projections the curvature section R(-,-) )
is mapped to zero. As natural definitions for pry : A2V* @ APV* — APE2V* we take

pro(w ® ¢) = w A and pro(w ® ¢) = wat.
The following lemma is then a well-known reformulation of the first Bianchi identity
Lemma 4.6.4 Let b be any p-form, then
pry (R(-,)¢) = 0.
The last summand, AP2V* is already a subset of the tensor product A2V* ® APV*, i.e.
the projection pryp,2 is given as:
Prap2 = id — Pryp — Prpp+11 — Prpp-11 .

Using the explicit formulas of Lemmas 4.6.1, 4.6.2 and 4.6.3 we obtain an expression for
pPrar2 applied to the curvature section.
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Lemma 4.6.5 Let (M™,g) be a Riemannian manifold and 1 any p-form. Then for any
vector fields X,Y :

pravs (R()%) = RX, Y)W — ;b (X AY) % 20(R) ¥

+1(XORY(Y) - YLR' (X)) ¢ + ;5 (XAR(Y) - Y AR (X)) ¢,

Along the same lines we can give alternative proofs of several results of Chapter 4.
For this we have to define further projections, which applied to V?u yield compositions
of first order differential operators, e.g. T'dy or T'd*u. It is then easy to deduce relations
between the projections which translates into formulas for the corresponding differential
operators. As first projection we define

pri : T"M @ T*M @ APT*M — T*M @ APH'T*M  —  APTUIT* )
e1Re®Y = e® (62 A ¢) — PTpp+11 (61 ® (62 A Q/))) .

Let v be any p-form then V21 is a section of T*M ® T*M @ APT*M and it is easy to
show that pry (V2¢) = T(di). Next we need the map

pry @ T"M @ T*M @ A’T*M — T*M @ AP'T*M  —  APTLIT* )M

e1®e2®Y = e1 @prapi(ez ® ) — prypira(er A prypi(ez ®v¥)).

In this case there appears a new first order differential operator, which we denote by 61 .
We have

pri (V2¢) = 0%T(y).
The operator 61 is defined as pr o V, where pr is the projection T*M & APIT*M —
APTLIT* M defined above. Then we need a third projection which will produce the cur-
vature term. We define it as

™ T*MRT*M @ APT*M  —  A*T*M @ APT*M  —  APTHIT*M
e1®ey QY — (61 VAN 62) ®Y — Prap+it (Z €; (61 AN 62) & (61 VAN ’QZ})) .

By the first projection V23 is mapped to the curvature R(-,-)y and the second is, up to
a constant, the projection discussed above. Hence, we obtain

(V) = = JRT()Y — smy - A 20(R) Y

Having defined these three projections it is very easy to prove that they satisfy the following
linear relation
+ + _ ptl_+
(p+17x" + prf = E=pry .
To obtain a twistor Weitzenbock formula we only have to apply this relation to V21 and
substitute the formulas for the three different projections of V2. The result is
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Corollary 4.6.6 Let ¢ be any p-form then for any vector field X :

T($)X = EROYT)X + BRRYX)Y + 55X A 2u(R)Y

Vx (dp) = — X Adidp + BLoT(Ty)(X) + 2 RN (X))

+ S XA 29(R) Y

For a conformal Killing p-form 1) this yields exactly the first equation of Lemma 4.4.8.
To obtain the second equation, i.e. the formula for T'd*vy, we have again to define three
projections and to find a linear relation between them. In this case we have

prj : T"M @T*M @ A’T*M — T*M @ AP'T*M — AP BTV

e1®e®Y — e ®(e21vY) = prap-11(e1 ®(ea 1)) .
This is the projection with pry (V?)y = T(d*1). As second projection we define
pry : T"M @ T*M @ APT*M — T*M @ AP'T*M  —  AP~HT* M

e1®es®Y = e1@Prypa(e2 @) > prap-1.1 (€1 1 prypi(e2 @ Y))
This projection yields pry (V2)y) = 0~ T(3)), where the differential operator 6~ is defined

similar to 7. Finally, we again have a curvature part. In this case it is given as

7 T*M@T*M @ APT*M  —  AN*T*M @ APT*M  —  AP7UIT*M

e1®ea @Y — (e1 A ea) @1 — pPrap-1.1 (Z e;a(er N e)®(e1a9)) .

From these definitions it is then easy to conclude that the projections satisfy the following
linear relations
_ _ —p+l
(n—p+)7 + prp = ZEpr
Substituting the expressions obtained by applying the three projections to V21 we con-
clude

Corollary 4.6.7 Let ¥ be any p-form then for any vector field X

T(dY) X = "ERo-(TY)X + - B R (X) ¢ — 28X 12q(R) ¢

Vx (d'¢) = LXiddw + P (Ty) — “ P RT(X)y

— L X 1 2q(R)

Considering a conformal Killing form this proves the second equation of Lemma 4.4.8.
There are still three further projections to define, leading from T*M ® T*M & APT*M
to APT*M. The linear relation for these projections then proves the Weitzenbock for-
mula (1.1.7).
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Chapter 5

Holonomy decomposition

If the holonomy group of an oriented n—dimensional Riemannian manifold restricts to
some subgroup of SO(n) the bundle of forms splits into parallel sub-bundles, i.e. bundles
which are invariant under the Levi-Civita connection. These sub-bundles correspond to
the irreducible summands into which the form representations splits after restriction to the
holonomy group. It follows that on a manifold with restricted holonomy every differential
form has a decomposition as a sum of forms lying in different parallel sub-bundles of the
form bundle. In this chapter we will discuss the question whether the components of a
conformal Killing form, appearing in such a decomposition, are again conformal Killing
forms. Our results are mainly for Killing forms resp. *—Killing forms. In the first part we
will consider irreducible manifolds with restricted holonomy, while in the second part we
will study reducible manifolds with conformal Killing forms.

5.1 Irreducible manifolds with restricted holonomy

Let (M™, g) be an oriented Riemannian manifold with holonomy group G := Hol (M, g)
which is assumed to be a proper subgroup of SO(n). The bundle of p—form decomposes
into a sum of parallel sub-bundles:

A(T*M) = > V. (5.1.1)

We assume that the vector bundles V; correspond to the different isotypic components in
the decomposition of the representation AP restricted to G. As an immediate consequence
we have

Lemma 5.1.1 Let ¢ be a Killing p-form and let 1» = > 1); be the holonomy decomposi-
tion according to (5.1.1). Then

Ay = EL2g(R) ¢ .



Proof. Since the decomposition (5.1.1) is parallel, the Laplace operator A and the
curvature endomorphism 2¢(R) commute with the projections onto the summands V;, i.e.
if ¢; is a section of V; then the same is true for Aty resp. 2¢(R)i;. But we know
already Ay = Z%Qq(R)w for a Killing form . Hence, the proof of the lemma follows by
projecting this equation onto the different summands V;. O

Note that the analogous result is true for *—Killing p—forms, which, because of the
second Weitzenbock formula (1.1.8), satisfy the equation A1) = "n_if? 2q(R)Y .

On a compact manifold we can use Corollary 1.1.4 to conclude that a component ;
is again a Killing form if and only if it is coclosed. Unfortunately it is in general not clear
whether a coclosed form splits under the holonomy decomposition into a sum of coclosed
forms. Nevertheless, we have the following special case, which at the same time is more
general since it is a statement for conformal Killing forms.

Proposition 5.1.2 Let (M?™, g) be a compact Riemannian manifold with restricted
holonomy and let ¢ be any m—form with holonomy decomposition 1 = > ;. Then
¥ is a conformal Killing form if and only if the same is true for all components ;.

Proof. In the special case where the dimension of the manifold M is twice the degree of
the form 1, the integrability condition of Corollary 1.1.3 tells us that 1 is a conformal
Killing m—form if and only if 2¢(R)y = ;"5 Ay. Hence, we can argue as in the proof of
the lemma above. O

A similar statement is true for compact manifolds with holonomy G2 or Spin,. In
these cases we have

Proposition 5.1.3 Let (M, g) be a compact manifold with holonomy Go or Spin, and
let ¢ be any form with holonomy decomposition 1 = ;. Then v is a Killing form or
a *—Killing form if and only if the same is true for all components ;.

Proof. Since manifolds with holonomy G2 or Spin; are Ricci flat we do not have to
consider Killing 1-forms, which are automatically parallel. We start with the Go—case,
where it is enough to consider Killing forms of degree 2 and 3. The proof for *Killing
forms of degree 2 and 3 is then completely the same and by duality under the Hodge
star operator this covers all possible cases. We have the following decompositions of the
relevant form spaces:

A2 =A@ A2, and AP = Ao Ada Al

Here A’ denotes the irreducible summand of dimension 7 in the decomposition of the Go—
representation AP. In particular, A? is the 1-dimensional space spanned by the invariant
3—form w, which gives rise to a parallel form on M defining the holonomy reduction to
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Go. Let ¥ = 17 + 914 be the holonomy decomposition of a Killing 2-form . Then we
know already

Ay = §2q(R)¢r = SRic(yr) = 0.

Note that the action of the curvature endomorphism ¢(R) only depends of the represen-
tation defining the vector bundle on which it acts. Hence, 7 has to be parallel, which
implies that the holonomy is a proper subgroup of Gs. In any case, 114 = ¥ — 97 is
coclosed and we have proved the proposition for 2-forms. The case of 3-forms is similar
here we have ¥ = ¥y + 97 + 927 . As above we see immediately that v, and 17 have to
be parallel. Thus, 97 is coclosed, which completes the proof for 3—forms.

We now turn to the case of holonomy Spin;. The case of 4-forms already follows from
Proposition 5.1.2. It remains to consider 2- and 3-forms, where we have the decompositions

A2 = A2a@ A2 and AP = A3 @ A3

The representation Ag is isomorphic to the standard representation, defining the bundle of
1-forms, i.e. the curvature endomorphism 2¢(R) acts as the Ricci tensor and has to vanish.
As above we see that the A3—components of Killing forms have to be parallel. There is still
another argument to show that 2¢(R) acts trivially on Ag . Indeed, the spinor bundle of
a manifold with Spin;—holonomy splits into the sum of a trivial line bundle, corresponding
to the parallel spinor, and the sum of a bundle of rank 7 and a bundle of rank 8. These
two bundles are induced by the 8-dimensional standard representation and by A%. It is
well-known that 2¢(R) acts as j5id on the summands of the spinor bundle. But for
Spin,—manifolds the scalar curvature s is zero and we conclude that 2¢(R) acts trivially
on A% and A2. The rest of the argument is the same as in in the Gg—case. O

5.2 Conformal Killing forms on Riemannian products

The decomposition of a manifold as a Riemannian product is of course a special case
of a holonomy reduction. It is known for the isometry group of a Riemannian product
that it is the product of the isometry groups of the factors, i.e. any Killing 1-form on
such a product can be decomposed as a sum of 1-forms, which are Killing 1-forms on the
different factors. The following proposition gives the generalization of this property for
Killing forms of higher degree.

Proposition 5.2.1 Let (M, g) be a compact manifold, which is the Riemannian product
of (M, g1) and (Ma, g2). Then AP(T*M) = Y0 _ A"(T*M;) @ AP~"(T*Ms) and ¢ €
AP(T*M) decomposes as 1 = > .P_ov,. If ¢ is a Killing p-form, then the same is
true for all components 1, . Moreover, the components 1o resp. 1, projects to Killing
p—forms on (My, g1) resp. (Ma, g2).
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Proof. Let ¢» = > 4, be the decomposition, where 1, is a section of A"(T*M;) ®
AP=T(T*Ms). Since (M, g) is a Riemannian product of (M7, ¢g1) and (Ma, g2) we conclude
that for any vector field X also Vx (1) is a section of A"(T™*M;)®@ AP~™"(T*Ms;). We will
use the characterization of a Killing form as a form ¢ with X 4 Vx(¢) = 0. Assuming
that v is a Killing p—form we have

0= X,Vx(¥) =) X1Vx(e)

If X is defined by a vector field on M; or Ms then all summands on the right hand side
belong to different spaces and we conclude X 4 Vx(¢,) = 0. Since we can choose an
adapted local basis, such that the first vectors form a local basis of T'M; and the rest a
local basis of T'Ms, we also have d*i, = 0 for all r. Finally, we conclude as in the proof of
Lemma 5.1.1, that all components satisfy the equation A, = M2Q(R)¢r ,i.e. according

P
to Corollary 1.1.3 they are all Killing p—forms.

For the proof of the second statement we consider the component vy € A°(T*M;) ®
AP(T*My) and vector fields X, € I'(T'M,), a = 1,2. Since 1) is a Killing form it follows

X2 Vx, (Y0) = —X1Vx,(¥) = 0.

Locally we can write ¢y as fw, where w € AP(T*M;) and Vx,w = 0. This yields
X1(f) = 0 for any vector field X; € I'(T'M;), i.e. 1y projects onto a p—form on My,
which is again a Killing p—form. The proof for the component v, is completely analogous.
O

Up to now we only have considered Killing forms. We close this section by citing
an interesting result of S. Sato, which states that on a reducible manifold any conformal
Killing form of small degree is already a Killing form. More precisely we have

Theorem 5.2.2 (S. Sato, [S70]) Let (M",g) be a compact Riemannian manifold, which
is locally isometric to the product of two Riemannian manifolds. Let p < n/2 be the
dimension of one of the factors. Then any conformal Killing r form, with 3(r —1) < 2p
1s already o Killing form.
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Chapter 6

Non-existence results

We already mentioned in Chapter 1 that there are no conformal Killing forms on a com-
pact manifold on which the curvature endomorphism 2¢(R) has only negative eigenval-
ues, e.g. on manifolds with constant negative sectional curvature. Slightly more generally
we could say, that on a compact manifold the condition 2¢(R) < 0 implies that any
conformal Killing form has to be parallel. This was an immediate consequence of the
second Weitzenbock formula (c.f. Corollary 1.1.3). In this chapter we will show that such
non-existence phenomena occur on a much wider class of manifolds, e.g. on Kahler and
on Gos—manifolds.

6.1 Conformal Killing forms on Kahler manifolds

Results for Kahler manifolds have already been known for some time. It was first shown in
[Y75] that on a compact Kéahler manifold any Killing form has to be parallel. In fact, this is
very easy to see, so we include it here with a short proof. Some years later S. Yamaguchi
et al. showed in [JAY85] that with a few exceptions any conformal Killing form on a
compact Kéhler manifold has to be parallel. We will start with the case of Killing forms
and give afterwards the result for conformal Killing forms. At first we have the following
simple lemma which is true not only for Kéhler manifolds.

Lemma 6.1.1 Let (M, g) be a compact Riemannian manifold admitting a parallel form
w. Then contraction with w maps Killing forms to parallel forms, i.e. if ¢ is a Killing
form then for any vector field X :

Vx(way) = 0.
Proof. Let w be a parallel r—form and let ¥ be a Killing p—form, with p > r. We first

show that w . ¢ is again a Killing form. For this we use the characterization of Killing
forms as forms satisfying X 4 Vx (1) = 0 for any vector field X. In the present case we
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have
XJVX(WJ¢) = XJ((V)@U)J@D + WJVXw) = X_owiVxy = 0.

Since 1 is a Killing p—form we know that Ay = p';fl 2q(R)v. The contraction with a paral-
lel form commutes with the Laplace operator and with the curvature endomorphism 2¢(R).

Thus, we find A(w ) = pTTqu(R)(w 2 7). On the other hand we obtained that w 1

is a Killing (p — r)-form and hence satisfies the equation A(w 1) = %Qq(R)(w 2).
Comparing these two equations for A(w 1 1), shows that w ¢ has to be a harmonic
Killing form, which on a compact manifold implies that it has to be parallel.
In the case p = r we have that w1 = g(w,) is a function, i.e. 0= 2¢(R)(wav) =
P

oiT A(w 11). Hence, the function w 11 has to be constant, i.e. parallel. O

For compact Kéhler manifolds it is now only a small step to show that any Killing form
is parallel. It seems to be a reasonable conjecture that the same is true for any irreducible
compact Riemannian manifold admitting a non-trivial parallel form.

Proposition 6.1.2 Let (M?", g, J) be a compact Kihler manifold. Then any Killing
p-form and any *-Killing p-form on M, with 2 < p < 2n — 2, is parallel.

Proof. Let w be the Kéhler form, which is a parallel 2-form. We know already that for
a Killing p—form 1 the (p — 2)-form w v is parallel. Applying Corollary 4.1.3 for the
Killing form 1 we get pV%QY ¥ =Y 1 RT(X)v. Contracting this equation with w leads
to 0 =Y JwJ RY(X)wy, which has to be true for any vector field X and Y. Hence,

0 =wiRT(X)Y = RT(X)(way) + R(JX) = R(JX) .

Because of 2¢(R) = — e; A R (e;), this equation implies 2¢(R)y = 0. Since 1 is a
Killing form it also follows Ay = 0 = V*V1, which on a compact manifold is equivalent
to V¢ = 0. Finally, duality under the Hodge star operator implies the statement for
*—Killing forms. O

To get a similar statement for conformal Killing forms is much more difficult. The
proof only simplifies for Kahler—Einstein manifolds or for primitive forms, i.e. forms in
the kernel of the contraction with the Kahler form. The following result was proved in
[JAYS85]

Theorem 6.1.3 Let (M?", g, J) be a compact Kdhler manifold.
1. If 2n > 10 then any conformal Killing p—form (n > p > 4) is parallel.
2. If 2n > 6 and 2n # 10 then any conformal Killing 3-form is parallel.

3. Any primitive conformal Killing p—form is parallel (n > p > 3).
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Note that the theorem cannot hold for conformal Killing 1-forms. Indeed, on com-
pact Kahler manifolds conformal vector fields are automatically Killing vector fields and
there are of course compact Ké&hler manifolds with non-parallel Killing vector fields.
Not included in the statement of the theorem are conformal Killing 2-forms, conformal
Killing n-forms on 2n-dimensional Kéahler manifolds and conformal Killing 3-forms on
10-dimensional Kéhler manifolds. In fact [JAY85] contains wrong statements on primi-
tive conformal Killing 2-forms on 4-dimensional Kahler manifolds and on non-primitive
conformal Killing n-forms on 2n-dimensional Kéhler manifolds. As we will see it is not
possible to exclude these cases. Moreover, it possible to prove that the exceptional case
(2n,p) = (10,3) cannot occur.

Proposition 6.1.4 Let (M, g, J) be a 10-dimensional compact Kdhler manifold, then any
conformal Killing 3—form is parallel.

The following theorem clarifies the situation of conformal Killing n-forms on 2n-
dimensional Kéhler manifolds. More details of it and also an index-free proof of The-
orem 6.1.3 will appear in the forthcoming paper [MS01].

Theorem 6.1.5 Let (M?", g, J) be a compact Kihler manifold and let u be any n-form.
Then u is a conformal Killing n-form if and only if uw = L*(uo), where ug is the primitive
part of an invariant conformal Killing 2-form. Here, L denotes the wedging with the
Kahler form.

We will now give the proof of Proposition 6.1.4. Unfortunately it involves several
elementary but rather lengthy calculations. Nevertheless, it also indicates how the proof
in general case can be achieved. At first we have to recall several basic definitions and
facts.

On a complex manifold the differential splits as d = 0 4+ 0. Moreover, one has the
following real differential operator

d°=i(0—-0) => Je; A Ve, .

Its adjoint is denoted by 6¢. If w is the Kahler form then A denotes the contraction with
w and L the wedge product with w. The following commutator relations are essential for
all calculations of this section

d = —[d*,L] = —[d,J], ¢ = [d,A] = —[d", J],
d = [6,L] = [d° J], d* = —[d° A] = [ J].
Then, the following commutators vanish
0 = [d,L] = [d° L] = [d,A] = [0 A] = [A,JT] = [J, *].
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Moreover, the following anti-commutators vanish

0 = d"d° + d°d" = dd°+d°d = d*6¢ + 0°d" + dé¢ + o°d .
Combining these elementary identities we get
[A, dd"] = —0o°d", [A, d"d] = —d"6°, [A, dd°] = dd* — §°,
0 = [A,dé°] = [A,dd"],
[J,dd"] = dé° + d°d* [J, d*d] = d*d° + ¢d [J,dd°] = 0.

Having all these relations we can now consider the conformal Killing equation on Kéahler

manifolds. We start to compute §u for a conformal Killing p-form u. We obtain
§Cu = —ZJGiJveiU— ZJeZ p+1€szU—n11,+1€z/\dU)
* n—p+1 *
= =L Adu) + L J(d) = = 2P A(du) + (n—p)dJu
= — 2 dA(u) + 25 0u + g J(d)
2 +1 *
= — Iﬁ dA(U) + A(pfl)p(n77p+l) J(d U) .
From this we conclude
c _ c _ +1 * +1 C 7k
* £C _ c g%, 2(n—p+1) *
A similar calculation we can do for the operator d°. Here we obtain
d°u = —ZeiAVJeiu:—Zel (p_HJeZ_:du— p_HJe,/\du)
2 * 1 *
- p+1 J(du) + g L(d™w) = g J(du) + 52 p+1 d*(Lu) + p+1 d°u
_ n—p+1 *
We apply this to conclude
* n—p+1 *
Using the various commutator rules we obtain
JA(dd*u) = J(dd*Au — §°d*u)
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and similarly

JA(d*du)

J(d*d(Au) — d*6u)
= d'd(JAu) + d*d°(Au) + 0°d(Au) — Jd*0u

Next, we compute Ric(Ju) for a conformal Killing p-form w by using the curvature
identity. The result is the following Lemma which was also proved in [JAY85].

Lemma 6.1.6 Let (M",g,J) be a Kdihler manifold with a conformal Killing p-form wu.
Then
[p(n —p) — n]Ric(Ju) + 2¢(R) (Ju) = 0.

On the other side, we can contract the curvature identity with the Ké&hler form. This
yields for a conformal Killing form u the equation

(n —p)Ric (JAu) + 2q(R)(JAu) = 0.

Comparing this with the equation obtained by contracting the equation of Lemma 6.1.6
we arrive at (c.f. [JAYS85])

Corollary 6.1.7 Let (M",g,J) be a Kihler manifold. If u is a conformal Killing p-form
with p#n — 1, then
Ric(JAu) = 0 = 2q(R)(JAu) .

Let us introduce the following notation
r = JA(dd*u), y = JA(d"du), a = dd*(JAu),
b = d'd(JAu), a = 0°(Au), g = d*d°(Au) .

Summarizing all the equations obtained so far we have

(1) +1y+np+1x:0’
2(n—p+1
(2) z=a—la+p - 20y,
2(n—p+1
(3) y=b+ [a+8 + F500y,
— p+1 p+1
(4) = T e T DD D
_ n—p+1 _ n—p+1
(5) b= o> Y = G @
Using the last four equations we can express x and y in terms of a and b. We find
_ (p+1)(n—p) b r = p(n—p+1)
Y= pHD)n—p)-Gn-2p+0) pln—p+1)—(Bn—2p+1) ¢
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Substituting this back into the first equation and taking the scalar product with JAu we
eventually obtain

0 =

1% (p+1)((fjp1))£?3sz2p+4) | d(JAu) |2 + nﬁgil p(n—pﬁ({;—l()?jrnll2p+4) | d*(JAu) ’2 - (6.1.1)
With the exception of some cases (for small p and n) the coefficients in this equation
have the same sign. Hence, on a compact Kéhler manifolds one conclude V(JAu) = 0,
which then can be used to prove Theorem 6.1. One of these exceptions is the case of a
conformal Killing 3-form on a compact Kahler manifold of real dimension 10, i.e. n =10
and p = 3. Here the denominator in the formula for y vanishes. Nevertheless, we still
have the following equations

y = —gx, gr=a-la+p, —gz=0>0+[a+f],

1 1 7 1

Taking the scalar product with JAu, the definition of b immediately implies that d(JAu)
vanishes. But since Awu is in this special case a 1-form, we obtain also d(Au) = 0. Hence,
we have in addition « = 0 and it follows x = 0 and in the end a = 0, which is equivalent to
d*(Au) = 0. Altogether this means that Awu is a parallel 1-form, i.e. u is either primitive
and it follows from Theorem 6.1.3 that it is parallel or we have a non-trivial parallel 1-form
Au. The proof that under this assumption u has to be parallel is contained in [JAYS85].
But it is not difficult to give a direct proof. First of all we note, that §°d*u = 0 follows
from the equations for 6. Then, contracting the defining equation of a conformal Killing
form with w and using the assumption VAu = 0 leads to

_ 1 p—1 * 1 c p—1 *
O— mJ(AdU) — n_p+1dU— —mJ((Su) — n_p+1du.
Hence, we have Jéu = — npjp_il d*u . Next, we contract the equation for V% yu with the

Kahler form and obtain

0 = (n—p+ )Y AR (X)) + g(X,Y)Addw) — AX AY 5 dd*u)
—pA(Y A Vx(d*u))

= n—p+1) YR (JX)u — g(X,Y)0dv — JX Y sdd*u
+ X ANY L 6d'u — pJY 1 Vx(d*u)

= n—-p+1) YR (JX)u — JX Y sdd*v — pJY 1 Vx(d*u)
= m—p+1)(p—-1)R (JX)u + (p—1)JX sdd*u + pJ(Vx(d*u)) .
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For the last equality we wedged with Y = e; and summed over a local ortho-normal basis
{e;} . Doing the same with respect to X leads to

0 = (n—p+1)(p—1)2¢(R)u + p(p—1)dd*u + pd®J(d*u)

= (n—p+1)(p—1) (G d'du + —pdd'u) + pd°J(d"u) .

Finally, we can take the scalar product with w and apply the formula for d° J(d*u). Note
that J extends to a skew-symmetric map of A?T*M. This gives

* 21 *
0= (n-p+)(p-1)glldul® + n(p-1) | du|® + pElldul?

and, since all coefficients are positive, we can conclude as above and obtain that u has to
be parallel. This completes the proof of Proposition 6.1.6.

We will now consider conformal Killing n-forms on compact Kéhler manifolds of real
dimension 2n and prove eventually Theorem 6.1.5. In this case we know from Proposi-
tion 5.1.2 that any component of the holonomy decomposition is again a conformal Killing
form. In particular, we can assume that our conformal Killing form is a (p, ¢)-form. We
start with fixing some notation.

Let (M?", g, J) be a Kihler manifold, with Kihler form w defined by w(X,Y) =
g(JX,Y). We fix a local ortho-normal basis e; with Jeg;_1 = ea;. Then

fj = L(eaj_1 —ies;) € TH'M = (¥ i) e AVOM .
The dual (f;)* of f; with respect to the C-linear extended metric turns out to be % fl,ie.
(fi)" = 5(e¥™ " —ie’) = 5 f e A¥'M and  (f7)(fx) = 9 -
With these definitions it is clear that we have
fia t APIM — APTHI FIN APAN — APTLONT

Using the special basis {f;} resp. { f7} we can also give local expressions for the compo-
nents 0 and O of the differential d, as well as for their adjoint maps. We find

0 = > fIAVy, 5:ij/\vfj,
o = —Qij_lij, 5*2—22]2_|ij.

Next, we need an explicit formula for the Kahler form and the contraction with it. We
have

w:%ij/\fj, A= w, ZQiij_ij_l.
Recall, that the following identities hold on K&hler manifolds
[A,0] = —i0*, [A, 0] = i0*, [A, L] = (n—p—q)id apa .

Extending the third equation we obtain another useful relation.
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Lemma 6.1.8 Let (M?",g,J) be a Kéhler manifold and let o be a (p,q)-form on M,
then
(A, L*lao = k(n—p—q—k+1)LF la

Proof. We prove this formula by induction with respect to k. For & = 1 it is just the
well-known commutator relation cited above. Assume we know the formula for £ — 1, then

[A, LFla = (AoLF—LFoA)a = AoLF ' (La) — L¥" ' (LoA)a
= L' oA(La) + (k=1)(n—(p+1) = (¢g+1) = (k—1) +1) LF*(La)
“LoA(La) + (n—p—q) " la
= (k=1)(n-p-qg—k) + (n-p—q) L""a

= k(n—p—q—k+1)LF1a. O

Finally we still need the following elementary lemma.

Lemma 6.1.9 Let deg denote the degree of a form, then

YA NAfjs = (deg+iJ) = pidara ,

ij A fj_l = %(deg—iJ) = qid apaq .

After these preparations we can return to the case of conformal Killing forms. Let u be
a (p,q)-form which satisfies the equation for conformal Killing forms. It is of course no
problem to consider this equation also for complex forms. Comparing the types of the
different summands we obtain

Vyu = ﬁfj_nau—mf]/\ﬁ*
0 = ﬁfj_néu—mfj/\ﬁ*
iju = p+q+1f3_|8u—mf]/\6*
0 = ﬁfj_nﬁu—mf’/\a*
This leads to the following equations
Ou = = Gl A0 O = Gyl L")
du = - GBI L), 0w = G D) |
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Here we are interested in conformal Killing forms of degree n, i.e. we can specialize to the
case of a (p, q)-form with p 4+ ¢ = n. We only need the first two equations, which combine
to yield one further equation

O*u = —é (Ou) , ou = éL(é*u) = q%L(A(?u).

As already mentioned, we can conclude from Proposition 5.1.2 that for a form w in the
middle dimension all its components in the holonomy decomposition are again conformal
Killing forms. On Kéhler manifolds this means that we can restrict to the case where
uw = L*(ug) for some primitive (p —k,q— k)-form wug. Starting from our equation for du

and using Lemma 6.1.8 and 6.1.9 we obtain

Ou = GLAWOW = G5 LIA(L u) + 7 L(9")
= RLOLM(Aw) + fk(n—(p—k) (= k) —k+ ) LI ug + 4 0u

= (FrE+1) + §)ou.

This is the case if and only if k(k + 1) + ¢ = ¢*. If we set ¢ = k + ¢ we immediately see
that the only non-trivial solution is € = 1, i.e. ¢ = k + 1. Using the other two equations
we obtain the same condition for p. Hence, we proved

Lemma 6.1.10 Let (M?",g, J) be a Kdihler manifold and let u be a conformal Killing
(p, q)-form with p+q = n. Then p = q and it exists a primitive (1,1)-form ug with
u = LpiluO.

Next, we will investigate how the conformal Killing equation for u = LP~luq translates
into an equation for wug. Let u be a (real) conformal Killing (p,p)—form on a compact
Kahler manifold M of complex dimension n = 2p which satisfies the equations

Viu = n%rlf]qgu— mjfj/\(?*u.

Note that every (p,p)—form satisfying these equations has to be a conformal Killing
form. In terms of real operators, the above equations become

0 = (X —iJX)(d—id)u — (X —iJX) A (d* — i8%u ,
2(n+1)Vxyisxu = (X +iJX) 1 (d—id)u— (X +iJX) A (d* —i6)u .

The real and imaginary part of these equations are equivalent, so it suffices to consider
the real parts:

0 = Xodu — JX3d — X ANd'u + JX A 6, (6.1.2)

2(n+1)Vxu = Xodu+JX sdu—X N du—JX A 6u. (6.1.3)
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After contracting (6.1.2) with X and summing for X = e; over an orthonormal basis {e;}
we obtain
2Ad°u = (n+1)d*u + Jéu.

Applying the Kéhler identities, this equation becomes
2d°Au + 2d*u = (n+1)d"u + 0°Ju — d*u,

so d°Au = (p —1)d*u (as Ju = 0). We already know that u = LP~lug, where ug is a
primitive (1,1) form. Thus, the last equation reads

dA L7ty = (p—1)d* LP~ . (6.1.4)
Now, it is easy to check that (c.f. Lemma 6.1.8)
ALP g = p(p—1) LP 2y

and
d* P uy = LP 7 d ug — (p— 1)dCLp_2u0.

So (6.1.4) becomes
p(p— 1) d°LP2ug = (p—1) (LP" d*ug — (p — 1)d°LP2uy),
and finally, since LP~2 is injective,
(n—1)dup = Ld" up. (6.1.5)
Applying J to this equation gives
(n—1)dup = —Ld6uy. (6.1.6)

We now check that conversely (6.1.5) implies (6.1.2). Using again (intensively) the Kahler
commutator relations we obtain

Xodu—JX 2du— X ANd*u+ JX A6u
= IPNX sdug— JX Jdp) + (p—1)LP2(JX A dug + X A dup)
—LP7NX A d'ug — JX A Su) + (p—1)LP2JX A dug + X A dug)
= PN X sdug — JX 2d) + 2(p— 1)LP2(JX A dug + X A dug)
—LP7%(X A Ld*ug — JX A L&)

1
n—1

= PN X Lduyg — JX Jdup) — LP7HX A dfug — JX A up)

1
= 71Lp_1 (—XJ Léug — JX 2 Ld*ug — X AN d*ug+JX A 5CUO)
n —

1
= le(—X_l 5CUO - JX . d*uo) =0.
n_
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Here we again used 0°ug = Jd*ug. Next, we translate formula (6.1.3) in terms of ug. The
result is

Lemma 6.1.11 Let uy be a primitive (1,1)-form on a 4n—dimensional compact Kdhler
manifold M and define v := LP~ ug, with n = 2p. Then u is a conformal Killing form,
if and only if there exists a 1-form (B such that uy satisfies

Vyup = —%B(X)w +BAJX —JBAKX, (6.1.7)

for all vector fields X. In this case B equals Jd*ug.

2(2 1)

Proof. We first show that equation (6.1.7) is equivalent to equation (6.1.3). For u =
LP~1yy we compute as before

2(n+1)Vxu—(Xaodu + JX 2dv — X ANd'u — JX A 6u)
= 2(n+1)LP 'Wyug — LP1X Jdug — (p—1)JX A LP~2dug
—LP7NIX sdup + (p—1)X A LP72d g
— X AP Mg — (p—1)X A LP2d%
+JX A LP % 4+ (p—1)JX A LP2dug
= IP'2n+1)Vxuy — X adug — JX 3d + X A d*ug + JX A 5u)
= LP'2n+1)Vxuy + 2 (LX 2 6% + JX A 6%up)

— L (LIX sd'ug — X A d*ug) + X A d*ug + JX A §u)
= L7 (200 +1)Vxu0 + 20u0(X)w — Zp(8ug A JX — J6%uy A X))

In the last equality we used again the relation 6“ug = Jd*ug. As LP~! is injective, u
satisfies (6.1.3) if and only if wuy satisfies (6.1.7), with § = — d“up. On the other

hand, computing dugy from equation (6.1.7) we obtain

n2 1)

dug = —%Zei/\ﬁ(ei)ijZei/\ﬂ/\Jei
_ 2 — _ 2ntD)
= —2wAB-2wAB = -2 L(6)
= - ﬁ LJd"ug .
Since L is injective this shows that given equation (6.1.7) S has to be mjd*uo.

Moreover, we see that equation (6.1.7) implies equations (6.1.6) and (6.1.5).

Now, let u = LP~'uy be a conformal Killing form. From the calculations above we
know that this leads to equation (6.1.3) and thus to equation (6.1.7) satisfied by wqg.
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Conversely, if wug is a primitive (1,1)-form satisfying equation (6.1.7), then we have seen
that wg also satisfies equations (6.1.6) and (6.1.5). This is equivalent, as shown above,
to equation (6.1.2) for u := LP~!wg. Moreover, we know already that equation (6.1.7) is
equivalent to equation (6.1.3). Hence, the (p, p)-form u satisfies both the equations (6.1.2)
and (6.1.3) which implies that u is a conformal Killing form and finishes the proof of the
lemma. 0O

Finally, to prove the 1-1-relation between conformal Killing n-forms and invariant
conformal Killing 2-forms, we still need the following

Lemma 6.1.12 Let (M?", g, J, w) be a Kéhler manifold. Then an effective 2-form ug is
the primitive part of an invariant conformal Killing 2-form if and only if there exists a
1-form B with

Vxup = (BAJX* — JBAX") — 23(X)w . (6.1.8)

Proof. Let u be an invariant conformal Killing 2-form. The primitive part of u is given
as up = u — *tr(u)w, where tr(u) := g(u,w). Hence, using the characterization of
Lemma 6.1.15, we find

Vxuy = Vxu — %g(vxu,w)w
= BANJX" — JBANX") — B(X)w — %g(vxu, w)w
= BAJX* —JBAXY) — (1 +12-n)BX)w

= (BAJX = JBAXY) — 2B(X)w.

Conversely, let uy be a primitive 2-form satisfying equation (6.1.8). We have to find a
function f such that u := ug+ fw is a conformal Killing 2-form. First of all we will show
that there is some function f; with 0°uy = df;. Indeed, equation (6.1.8) implies (6.1.6),
ie. Léy = (n — 1)dug. It follows Ldéuy = 0 and, since L is injective, we conclude
that 0°ug is closed. Hence, d°ug = h + df; for some function f; and a harmonic 1-form
h. We still have to show that h vanishes. First, note that since the manifold is compact
h is closed and coclosed. Moreover, h is in the kernel of d¢ and §¢ since the manifold is
Kéhler. Computing we L?-norm we obtain

(h,h) = (h, h+dfi) = (h, 6°uo) = (d°h, up) = 0.

We have already seen in the proof of the preceding Lemma that S equals mécuo.
Hence, it follows 8 = dfs, where fy is the corresponding multiple of f;. We now claim
that ug — ”T_Q fow is a conformal Killing 2-form. Indeed,

Vx(ug+ ;%5 fow) = BAJX" — JBNX" — %B(X)w — ”Tﬂdfg(X)w
= BAJX* — IBAX" — (2 +2H)B(X)w
— BAJX* — JBAX — B(X)w.
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Hence, ug — "772 fow is a conformal Killing 2-form according to the characterization of
Lemma 6.1.15. 0O

In the remainder of this section we will consider the case of conformal Killing 2-forms
on Kihler manifolds. Let (M?", g, J) be an almost Hermitian manifold with Kihler form
w, ie. w(X,Y) := g(JX,Y). The space of 2-forms has the orthogonal decomposition:
A% = A" @ A9 into invariant resp. anti-invariant forms, i.e. w € A" if and only if
w(JX,JY) =u(X,Y) and u € A% if and only if u(JX,JY) = —u(X,Y). In addition
one has for 4-dimensional almost Hermitian manifolds: Aa_ =Rw®A™ and A2 = AJ™,
where Aém’ denotes the primitive invariant 2-forms, i.e. the orthogonal complement of
the Kihler form w, and A% are the self-dual resp. anti-self-dual 2-forms.

If w is a conformal Killing 2-form we can apply Proposition 1.1.8 to obtain the equation:

(Vxu)(Y, 2) + (Vyu)(X, 2) = 29(X,Y)0(Z) — g(Y, 2)0(X) — g(X, 2)0(Y) ,

_1

where 0 = — 5 d*u. Setting X := e¢;, Z := Je; and summing over an orthonormal basis

n—1
{e;} leads on a Ké&hler manifold to
2Y (g(u, w)) = (4—2n)0(JY) for we A™ (6.1.9)
2Y (g(u, w)) = (2+42n)0(JY) for wue A, (6.1.10)

Hence, we have the following proposition, which can also be found in [Se].

Proposition 6.1.13 Let (M?", g, J) be a Kdhler manifold. Then any anti-invariant con-
formal Killing 2-form is coclosed, and parallel if the manifold is compact. The same is
true for any invariant primitive conformal Killing 2-form, if n # 2. On a 4-dimensional
Kahler manifold any conformal Killing 2-form is of the form ug + cw for some constant
¢ and a primitive conformal Killing 2-form wug.

Proof. For the proof it suffices to remark that a 2-form is effective if and only if it
is orthogonal to the Kihler form. Moreover, the decomposition A? = A™ @ A s
orthogonal, i.e. g(u, w) =0 for any anti-invariant 2-form . O

We see that Proposition 6.1.13 still allows the possibility of non-primitive invariant
conformal Killing 2-forms, if n # 2, and of primitive invariant conformal Killing 2-forms
for n = 2. Moreover, there still could exist non-parallel conformal Killing 2-forms given as
the sum of an invariant and an anti-invariant 2-form. In the following we will concentrate
on the case of invariant conformal Killing 2-forms. It turns out that there is a close relation
to Hamiltonian 2-forms which were recently investigated in [ACGO1b]. In particular, there
is a complete local classification in dimension 4 and a partial classification together with
many examples in higher dimensions.

An invariant 2-form w can be written as u = ug+ % tr(u) w, where wug is the primitive
part of u and the trace is defined as the scalar product with the Kéhler form, i.e. tr(u) =
g(u,w). The next lemma gives first properties of such forms (c.f. [Se]).
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Lemma 6.1.14 Let (M?", g, J) be a Kihler manifold with n > 3 and let u be a non-
primitive invariant conformal Killing 2-form, then

dir(u) = — =2 Jd*u .
Moreover, grad(tr(u)) is a real holomorphic vector field and the 1-form d*u is dual to a
Killing vector field.

Proof. The equation for dtr(u) is of course an immediate consequence of equation (6.1.9).
A vector field ¢ is real holomorphic if and only if L¢J = 0. On Kéhler manifolds this is
equivalent to Vjx & = Vx J¢ for all vector fields X. We will show that d*u is dual to
a real holomorphic vector field which is then real holomorphic and divergence free, hence
it is a Killing vector field. Since the complex structure preserves real holomorphic vector
fields this also implies the statement for grad(tr(u)). From Proposition 4.1.2 we have
Vx (d*u) = 2= R~ (X)u — %X s d*du. If w is an invariant form then also V*Vu
and 2¢(R)u are invariant 2-forms. With the assumption n > 3 we are in the case where
it is possible to invert the two Weitzenbock formulas (1.1.7) and (1.1.7) (as in the proof of
Corollary 4.1.4), i.e. we can express d*du in terms of V*Vu and 2¢(R)u. Hence, d*du
is again an invariant 2-form and we conclude

Vix duY) = Vx Jd&'u(Y) = Vyxdu(Y)+Vxdu(JY)

2R (JX)u(Y) + R (X)u(JY))

- _gzié Z((Rei,JXu)(ez‘yY) + (Re, xu)(e;, JY))

— 2L N ((Ryeyuxu)(Jei, Y) + (Re, xu)(e;, JY)

2L N (< Reyxu) (e, JY) + (Rey xu)(ei, JY)

= 0. O

The link between conformal Killing 2—forms and Hamiltonian 2—forms is based on the fol-
lowing characterization of conformal Killing 2-forms on Kéhler manifolds (c.f. [ACGO01b)).

Lemma 6.1.15 Let (M?", g, J, w) be a Kdihler manifold. Then an invariant 2-form u
is a conformal Killing 2-form if and only if there exists a 1-form B with

Vyxu = (BAJX* — JBAXY) — B(X)w . (6.1.11)

In this case the 1-form B is given as 0 = 2n#_lJal*u. Moreover, 8 = — #dtr(u) if
n > 2.
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Proof. First of all we can rewrite equation (6.1.11) as Vxu=—-X , (f A w)+X* A JB.
Setting X = e; and summing over an ortho-normal frame {e;} we obtain

JB:—infld*u and B/\w:—%du.
Substituting this back into (6.1.11) yields the defining equation for a conformal Killing
2-form, i.e.:

Vxu = %X_ndu — in_lX* A d*u .

The second equation for [ immediately follows from equation (6.1.9). Conversely, let
first u be an anti-self-dual conformal Killing 2-form on a 4-dimensional almost Hermitian
manifold and define 3 := %Jd*u. Then

BANw = — *(6b_|w) = —%xJB = %*d*u = %d*u = —%du,
and we obtain that the 2-form u satisfies equation (6.1.11). Now, let u be an invariant
conformal Killing 2-form on a Kihler manifold M?" with n > 2, then we again define
B = %J d*u and rewrite the defining equation of a conformal Killing 2-form as

Vxu = $Xadu — 25 X*ANd'u = X du+ X AJB.

Hence, to obtain equation (6.1.11) we have to prove du = —3 3 A w, or equivalently

du = —53- Jd'u A w. (6.1.12)

Since M is a Kahler manifold we know that with w also Vx u is for any vector field X
an invariant 2-form, i.e. a form of complex type (1,1). Hence, (Vxu)(Z1,Z2) = 0 for
any Z1, 7y € TYOM and the definition of a conformal Killing 2-form immediately implies
du(X,Z1,2:) = 325X A d'u)(Z1,2:) = — ﬁud*mw) (X, Z1, Z5).
Since du is a real 3-form of complex type (2,1) + (1, 2), the latter equality holds for any

2,
vector fields X,Y, Z. This proves equation (6.1.12) and finishes the proof of the lemma.
O

As a first application of Lemma 6.1.11 we will describe how to construct conformal
Killing 2-forms on the complex projective space (c.f. [ACGO1b]). Let M = CP" be
equipped with the Fubini-Study metric and the corresponding Kahler form w. Then the
Riemannian curvature is given as

RxyZ = —(XAY + JXAJY)Z — 2w(X,Y)JZ

for any vector fields X, Y, Z. This implies for the Ricci curvature Ric = 2(n+1)id. Let K
be any Killing vector field on CP™. Then there exists a function f with Af =4(n+1)f
and K = Jgrad(f), i.e. f is an eigenfunction of the Laplace operator for the first non-zero
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eigenvalue. Now, consider the 2—form ¢ := dK* = dJdf = dd°(f). Since K is a Killing
vector field it follows:

Vx¢ = Vx(dK) = 2Vx(VK) = 2V% K = —2R(K, X)
= —2(df NJX* — Jdf AN X*) — 4df(X)w

It is clear that ¢ is an invariant 2-form and an eigenform of the Laplace operator for
the minimal eigenvalue 4(ﬁ + 1). A small modification of ¢ defines a conformal Killing
2-form. Indeed, defining ¢ := ¢ + 6fw one obtains

Vxo = —2(df A JX* — Jdf A X*) + 2df(X)w

Using Lemma 6.1.15 for 8 := —2df one concludes that (5 is a conformal Killing 2-form.
It is not difficult to show that indeed any invariant conformal Killing 2-form on CP" has
to be of this form. Summarizing the construction one has

Proposition 6.1.16 ([ACGO1b]) Let K = Jgrad(f) be any Killing vector field on the
complex projective space CP™ then

¢ = dd°(f) + 6fw = (dd°(f))o + 22 fu

defines an invariant, non-parallel conformal Killing 2-form. Moreover, in dimension 4,
¢ = (dd°(f))o is a primitive 2-form.

We will now describe the correspondence between Hamiltonian 2-forms and invariant
conformal Killing 2-forms. Hamiltonian 2-forms are defined as invariant 2-forms 4 which
for any vector field X satisfy the equation

Vxa = 3 (dtr(a) A JX* — Jdtr(a) A X¥).

With @ one associates two other 2-forms:

tr(a)
2

ui=1u + tr(i)w and U:=a — w.
Note that 2tr(a) = (n — 2)tr(@). Hence, on a 4-dimensional manifold @ = dp is a
primitive invariant 2-form, i.e. it is anti-self-dual. If n > 2 one has @ =4 + % w. The
relation between Hamiltonian 2-forms and invariant conformal Killing 2-forms is given by

the following

Proposition 6.1.17 Let (M?", g, J, w) be a Kdhler manifold with a Hamiltonian 2-form
w. Then the associated 2-form w is closed and U is a conformal Kzllmg 2-form. Con-
versely, if 4 is a conformal Killing 2-form and n > 2, then @ := 4 —
tonian 2-form.

w 1s a Hamil-
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Proof. Let 4 be a Hamiltonian 2-form. Then the definition implies

di = $ > ef A (dtr(i) A Jef — Jdtr(i) A ef) = —dtr(i) A w .
Hence, u:=14 + tr(d)w is a closed invariant 2-form. For @ :=a — tr(Za) w one obtains

Vxa = Vxu— 3dtr(a)(X)w
= L(dtu@)AJX* — Jdtr(a) AX*) — Sdtr(a)(X)w .

Thus, the invariant 2-form u satisfies the equation (6.1.11) of Lemma 6.1.15 with, 3 :=
+dtr(@), and it follows that @ is a conformal Killing 2-form. O

The situation is somewhat different in dimension 4. If @ is a Hamiltonian 2-form then
U =1u-— #w = 7 is an anti-self-dual conformal Killing 2-form. Conversely, if we start
with an anti-self-dual conformal Killing 2-form wuo and ask for which functions f the

invariant 2-form u := ug + fw is Hamiltonian 2-form we have

Lemma 6.1.18 Let (M*, g, J) be a Kdhler manifold with an anti-self-dual conformal
Killing 2-form wg. Then u:=ug + fw is Hamiltonian 2-form if and only if

d*ug = —3.Jdf. (6.1.13)

In particular, this is the case on simply connected manifolds where d*ug is dual to a
Killing vector field, e.g. on simply connected Finstein manifolds.

Proof. Since f = # we conclude from the definition that v is a Hamiltonian 2-form if
and only if Vxu =df A JX* — Jdf N X* for any vector field X. On the other hand ug is
assumed to be an invariant conformal Killing 2-form. Hence, we have from Lemma 6.1.15
the following equation Vx ug = =X 4 (B Aw) — JBA X*, where § = %Jd*uo. This implies
that v = ug + fw is a Hamiltonian 2-form if and only if

X S (BAW)—JBAX* = df AJX* — JAf AX* —df (X)w = —X o (df Aw) — Jdf A X*.

This is the case if and only if 8 = df , or equivalently if d*ug = —3Jdf. It remains to
show that equation (6.1.13) has a solution if d*ug is dual to a Killing vector field and the
manifold is simply connected. Let X be any Killing vector field on an arbitrary Kéahler
manifold, then

0 =Lxw=dX.,w+ Xidw =dJX",

i.e. the 1-form J X* is closed. Hence, since the manifold is simply connected, there
exists some function f with JX* = df and also X* = —Jdf. Finally, we know from
Proposition 7.2.4 that on Einstein manifolds, or more generally under the condition that
Ric o ug = ug o Ric holds, for any conformal Killing 2-form wug, the 2-form d*ug is dual
to a Killing vector field. O

85



The article [ACGOla] contains a complete local classification of K&hler surfaces with
Hamiltonian 2-forms and many compact examples. The examples include all the Hirze-
bruch surfaces. Moreover, in [ACGO1b] the same authors give a partial classification in
higher dimensions as well as further examples. It is interesting to note that the main
motivation in [ACGOla] and [ACGO1b] for the study of Hamiltonian 2-forms comes from
the fact that a Kahler surface is weakly self-dual, i.e. its anti-self-dual Weyl tensor is
harmonic, if and only if the trace free part of the Ricci form is a Hamiltonian 2-form.
Similarly, in higher dimension a Kéhler manifold is weakly Bocher flat, i.e. its Bochner
tensor is coclosed, if and only if the normalized Ricci form is a Hamiltonian 2-forms.

6.2 Conformal Killing forms on GGo—manifolds

In this section we will show that besides the Kéhler manifolds there is still another class
of manifolds, where the existence of conformal Killing forms is rather restricted. We
will show this for compact manifolds with holonomy G3. Due to results of D. Joyce
(c.f. [J96a], [J96b]) this is a rather rich class and, as recent developments in string theory
showed, also a class of manifolds of special interest in physics. As in the Kéhler case we
will first show that any Killing form or *—Killing form is parallel and then prove that any
conformal Killing p—form, with p # 3,4, is either closed or coclosed.

Let (M7, g) be a manifold with a topological Go-structure, i.e. there is a reduction of
the frame bundle of M to a Ga-principal bundle. Equivalently there is a differentiable two-
fold vector cross product P. The existence of a topological Gao—structure is also equivalent
to the existence of a spin structure on M (c.f. [FKMS97]). The manifold (M7, g) has
holonomy Go, and is called a Gs—manifold, if the Levi-Civita connection reduces to the
Go-principal bundle. Equivalently, the vector cross product P and the associated 3—form
w are parallel. It is easy to see that a manifold with holonomy G5 is Ricci-flat. Given
a compact manifold with holonomy contained in Go, it was shown in [J96a] that the
holonomy group is exactly G if and only if the manifold is simply connected. In this case
one can see that the space of parallel forms on M is spanned by {1, w, *w,*1} (c.f. [Br87]).
In particular, there are no parallel vector fields.

Theorem 6.2.1 Let (M7, g) be a compact manifold with holonomy Go. Then any Killing
form and any *—Killing form is parallel. Moreover, any conformal Killing p—form, with
p % 3,4, is parallel.

Proof. We will first show that any conformal Killing p—form, with p # 3,4, is either closed
or coclosed. Since any conformal vector field on a manifold with constant non-positive
scalar curvature has to be a Killing vector field (c.f. [Ob72]) we know the statement already
for p = 1 and for p = 6. For the cases p = 2 and p = 5 we use Proposition 7.2.4, which
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states that a conformal Killing 2-form is either coclosed or defines a non-trivial Killing
vector field £&. But a Ge-manifold is Ricci-flat so it follows A¢ = 0. Hence, since M is
compact, the vector field £ is parallel, which contradicts the assumption that the holonomy
is G'9. The statement for a conformal Killing 5-form follows after applying the Hodge star
operator.

The next step will be to show that any Killing p-form and any *—Killing p-form on a
compact manifold with holonomy G5 is parallel. It is of course sufficient to prove this for
p =2 and p = 3. In view of Proposition 5.1.3 we can assume that the form is a section of
one of the parallel sub-bundles of A?(T*M) resp. A?(T*M). Indeed, the components in
the G'o-decomposition of any Killing or -Killing form are again Killing or *-Killing forms.
Recall that we have the decompositions

A = A2 A2, and A =A@ Aa A3,

and, since 2¢(R) acts trivially on A‘rf and all the seven dimensional summands, we know
already that any conformal Killing form in A%, A3 or A? has to be parallel. Hence, we
only have to consider the case of Killing forms or *Killing forms in the summands A2,
or A3, .

We will use the norm characterization of Lemma 1.1.1 to prove that a Killing resp.
x-Killing form in one of these summands has to be parallel. For this we have to compute
the norm of the covariant derivative and to compare it with the norm of the differential
resp. codifferential. On an arbitrary Riemannian manifold the covariant derivative of
a p—form 1 splits into the embeddings of diy and d*i, and the twistor operator part
Tp. This corresponds to the splitting of the tensor product T*M @ AP(T*M) into three
components. In the case of restricted holonomy this decomposition becomes finer, leading
to a definition of new first order differential operator adding up to the covariant derivative.
We will call these operators twistor operators.

At first we consider the 2-form component A}, and define twistor operators corre-
sponding to the decomposition

At ® A, = Ao A © Vi (6.2.14)

Here Vg4 denotes the irreducible Go—representation of dimension 64. Let 7., a = 1,2,
denote the projections onto Al resp. A%T The precise definition of these projections
as well as their properties are given bellow. Next, we have the corresponding twistor
operators T,¢ = m,(V1), a = 1,2. It suffices to consider these two operators since for
a conformal Killing form 1) the projection of V) onto Vg4 C A% is obviously zero. It is
also clear from the definition that d*y = Tyv. Next, we will express dy in terms of the
twistor operators. Let («), denote the component of « in the corresponding irreducible
r—dimensional summand. Then for a 2-form :

dyp = (d)r + (dY)7 + (d)ar .
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We will now consider a conformal Killing 2-form ¢ in A2,. Tt follows (dy); = 0 since
the 1-dimensional summand does not appear in the decomposition (6.2.14) and it is again
clear from the definition that (di)e7 = Tht). For the A3—component we use Lemma 6.2.9
and obtain

(dp)r = D (e AVedd)s = —35 > pPleia Vo)) = 50°(d"¢) .

Since p? is injective on vectors, we conclude that diy = 0 implies d*1) = 0 and thus a
+-Killing form in A%, has to be parallel. If we assume ¢ to be a Killing form, then dq) =
Totp = (dip)2r and d*yp = Th¢p = 0. Computing the norm, according to Lemma 6.2.11, we
obtain

Vol = (@)l + (L) = 1T + 200 = Fldvf* > 5 dyf?
with equality only if di = 0, i.e. only if the Killing 2-form 1) is parallel.

The proof for a closed or coclosed conformal Killing form ¢ in A3- is very similar.
Here we have the decomposition

AN ®@A; = MaAl oAy e (Va o Vi)

where V.. is one of the two 77-dimensional irreducible Ga-representation. Corresponding
to the first three summands we define three twistor operators T,¢ = m,(V¥), a = 1,2,3
(again, the details are given bellow). As above, we have that for a conformal Killing form

the projections of the covariant derivative onto the last two summands vanish. Moreover,
d*1p = T11) + Toy) holds by definition and

dp = (d)1 + (d)r + (d)ar = (d)r + (d)ar = 5 p*(d*Y) + Ty .

If we assume d*¢ = 0, then 71 = 0 =T3¢ and dy = T531. In this case Lemma 6.2.12
yields
Vol = lis(Tsg)* = 3ldyf* > gldyf?

with equality only for dy = 0, which again implies that the Killing 3—form ¢ has to be
parallel. If we assume di) = 0 then Ty = (dip)ar = 0 and 0 = (dyp)7 = 5p*(d*Y) =
%pQ (T1%), i.e. also Tyep = 0, since p? is injective on the 7-dimensional summands. Using
Lemma 6.2.12 it then follows

Vol = @) = 1P > gldyf?
with equality only for d*¢ =0, i.e. if 1 is parallel. O

We note that it is possible to give a different proof for the fact that on a Ga—manifold
any Killing form has to be parallel. This is done by using a different set of naturally
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defined twistor operators together with special Weitzenbock formulas adapted to the Ga—
holonomy. Similar Weitzenbock formulas exist also in the case of Spin;—holonomy and
again one can show that any Killing form has to be parallel. With the additional conclusion
that any conformal Killing p—form, for p = 1,2,5 and 6, has to be parallel. The idea
of considering all possible Weitzenbock formulas adapted to a given holonomy was first
developed in [KSW99] in the case of holonomy Sp(n) - Sp(1), i.e. for quaternion Kéhler
manifolds. The general approach is contained in the forthcoming paper [SWO01].

At the end of this section we will give the details on Gs-representations which we
needed in the above proofs. The main reference is [FG82], from where we take several
definitions and formulas. Nevertheless, we also add a few new results which are helpful in
our investigation of Killing forms on Gs-manifolds. Moreover, they might be interesting
for other applications of the Ga-representation theory.

We consider a 7-dimensional Euclidean vector space (V) (-,-)) with a two-fold vector
cross product P:V®V — V, ie. P isa linear map which for any vectors X,Y satisfies
the equations:

(P(X,Y),X) =0 and |P(XAY)P? =|XAY|?.

Associated with P we have a 3-form w defined by w(X,Y,Z) = (P(X,Y),Z). A simple
explicit construction for P can be given via the Cayley numbers. It follows that there is
an ortho-normal basis {e;}, i =0,...,6, such that P(e;, e;11) = e;+3 with i € Z7. Such
a basis is called Cayley basis. With respect to a Cayley basis the associated 3-form w and
its Hodge dual #w take the form

w = eyNerNe3 + erNeaNes + eaxNes/Nes + ez Neqg/eg
+ egNegsNes + etrNesNeg + eg/NexNeg,
*w = —eg/NegsNesNeg + eg/Nes/NesNeg — eg/Ner NegNeg
+ egNertNea Nes + epNeaANegNeg — eg/NeaNeg /ey
— e1Neg/NegNes .
In the following we will fix a Cayley basis {e;} and this explicit representation of w.
Note that |w|? = |[*w|?> =7 and w A *w = Teg A ... Aeg = Tvol. The group Gy is defined
as the group of all orthogonal transformations under which the 3—form w is invariant. It
is a 14-dimensional subgroup of SO(7), which naturally acts on the space of forms. Our
next aim is to describe the decomposition of the Go-representation APV, for p = 2,3,

and to find explicit expressions for the projections onto the irreducible summands. As a
first step we , introduce a map p which turns out to be the adjoint of P. We define

p:V = AX(V) with  p(v) == —1 Z ei \ P(e;, v) .
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Equivalently, p can be defined as p(v) = v w. It is then not difficult to show, that
p is indeed the adjoint of P, i.e. we have (p(v),n) = (v, P(n)) for any vector v and any
2-vector 7. Using this notation we can write w and *w in a different way:

w = % Z ei N\ p(e;) and kW = —% Z plei) N ple;) . (6.2.15)

An interesting property of the two-fold vector cross product P is that it completely
determines the scalar product (-,-). This is expressed by the equation p(X) A p(Y) Aw =
—6(X,Y) vol. The next step is to extend p and P to maps p : A¥(V) — A**1(V) and
P: A*(V) = A*=1(V). They are defined as

Plog Ao Aog) = Y (D)™ P, v) Avi A AT A AT A A g
1<J
por Ao Awg) = D> (D)) A AT A LA

i
Again, it is easy to show that p is the adjoint of P. Other elementary properties are the
following

plaAB) = pla)AB + (=) a A p(B) (6.2.16)
PxANyANz) = PleAhy Nz+ PlyANz) Az + Pz ANz) ANy (62.17)
pla) = (D) % P xa (6.2.18)

where «, are any forms and z,y,z any vectors. This and the following useful lemma
can be found in [FG82].

Lemma 6.2.2 Let X, Y, Z be any vectors, then

(1) (P(XA\Y),P(XNZ)) = (XANY,XNZ),

(2) P(XAPXAY)) = —|XPY + (X, )X,

(3) PAXAYAZ) = PPIXAY)ANZ) + P(POYANZ)AX) + P(P(ZAX)AY)
= 3P(P(XAY)AZ) — 3(X,2)Y + 3(Y,Z) X ,

(4) Pop(X) =3X.

As an immediate consequence of the lemma we obtain
Corollary 6.2.3 Let X,Y be any vectors, then

(p(X),p(Y)) = 3(X,Y) and (X Nw, Y Nw) =4(X,Y) .
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Proof. Since P is the adjoint of p we have (p(X), p(Y)) =(Pp(X),Y)=3(X,Y).
For the second equation we compute

(X ANw, Y ANw) = (0, X,V)w-Y AXJw) = (X,Y)|w]? = (Yow Xiw)

= T(XY) — (p(X), p(Y)) = 4(X.Y). O

The maps p and P are by definition Go—invariant. If we decompose the spaces AP
into irreducible Go—summands, we know by the Lemma of Schur, that p and P are trivial
between non-isomorphic summands and a multiple of identity between isomorphic ones.
We will consider the decompositions:

A2 = A2 @ A2, and AP =A% @ A3 @ADL

Here the subscript denotes the dimension of the corresponding irreducible component,
which in low dimensions uniquely describes the representation. In particular, AY, p = 1,2
is isomorphic to the standard representation of Go C SO(7) and A2, is isomorphic to the
Lie algebra of Go equipped with the adjoint action. The 1-dimensional representation
A3 is spanned by the invariant form w. The following descriptions of the summands are
well-known:

A2 = {X.Lw|X eV} = im(p), A2, = {ala Axw=0} = ker(p) = ker(P),
A2 = {XJLxw|X eV} = im(p), Ay, = {al{,w)=0=a A w} .

Based on these characterizations of the irreducible summands of the form representations
we can derive explicit formulas for several maps between isomorphic summands. As a first
application we consider the powers of p. The article [FG82] contains explicit formulas for
p¥(e;), where e; is any vector from the Cayley basis and k is any number. This we can
reformulate as

Lemma 6.2.4 Let X be any vector, then
(1) PX) = p(Xow) = 3X 1 xw,
(2) PP(X) = 3p(XJ*xw) = 9X ANw,
3)  pHX) = 9Ip(X Aw) = 36X A *w .
Dualizing these equations we obtain formulas for P on the irreducible 7-dimensional
summands in the space of 3-forms resp. in the space of 4-forms.
Lemma 6.2.5 Let X be any vector, then

P(X.,xw) =4X Jw and PXNw) = 3X1xw.
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Proof. For the first equation we note, that the image of P is A% = im(p), i.e. there is
some vector £ with P (X 4 *w) = p(§). Taking the scalar product with p(Z), where Z
is any vector and applying Corollary 6.2.3 we obtain

(&), p(2)) = 3(¢ 2)
= (P(X1x*w),p(2) = (X1 *xw, p?(2)) = 3(X1 *w, Z1 *xw)
= 3(X Aw, ZANw) = 12(X, Z) .

Hence, since Z was an arbitrary vector, we conclude £ = 4 X, which proves the first
equation. The second equation follows from

P(XANw) = Pxx(XAw)) = —Px(X1*xw) = —xp(XJ *xw)
= —3%x(XAw) =3X1xw.

Note that %2 is the identity on 4-forms and P o % = % op on 3-forms. Moreover, it is
well-known that for a p-form « one has *(X_.a) = —(=1)P X A xa and *(X Aa) =
()P Xixa. O
Lemma 6.2.6 Let X be any vector and let n be any 2-form, then

(1)  PAX Am) = 3P(P(n) A X) — 3X 7,

2 PXAn) =-p(Xan) for  meAR,,

(3) PY X An) = —3X .7 for nenl .

Proof. If n € A2, then obviously P(n) = 0. Thus, equation (3) follows from equation (1).
On the other hand, we know that P maps X An into the image of p, i.e. there is some
vector & with P (X A n) = p(&). Hence, applying P to both sides and using equation (3)
yields =3 X .n = Pp(§) =3¢, i.e. £ =—X 1n, which proves the second equation. The
proof of the formula for P? is an application of Lemma 6.2.2. We first write

PAXAYANZ) = PAYANZAX) = 3P(P(YAZ)AX)
= 3((,X)Z - (Z,X)Y)
= 3P(PYANZ)ANX) —3X1(YANZ).

Writing the formula this way it becomes clear that we can substitute Y AZ by any 2-form
1, which then proves the first equation. O

We also want to remark that p(xw) =0 = P(w), which is clear since there is no trivial
summand in A% 2 A®. Tt is not difficult to determine p(w) and P(xw) as well. We find
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Lemma 6.2.7
plw) = —6 xw and Pxw) = —6w

Proof. We start with the proof for p(w). Using the realization of w and *w given in
(6.2.15) and applying equation (6.2.16) and Lemma 6.2.6 we obtain

pw) = 3 (ple:) Aples) — ei A pP(ei))
= —Q*W—ZGZ‘/\BZ‘J *w = —6%xw .

Since P o % is a Ga-equivariant map which preserves the space of 3-forms we conclude
P(xw) = cw for some constant c. Taking the scalar product with w gives

clw]? = (P(xw), w) = (xw, p(w)) = —6|*w|® = —6|w|*.
Hence, the constant c¢ is again —6 which finishes the proof of the lemma. O

In the proof of the preceding lemma we used already that P o x is a (Ga-equivariant
map which preserves the space of 3-forms. Similarly, % o P preserves the space of 4-
forms. Both maps have to be multiples of the identity on the irreducible summands. The
corresponding constants are given in

Lemma 6.2.8
Pox = —6id on A3 and xoP = —6id on A}
Pox = -—3id on A2 and xoP = —3id on A%
Pox = id on A3 and xoP = id on A3

Proof. The equations on A} resp. A$ are of course already contained in Lemma 6.2.7.
Moreover, the equations on A? resp. A% are direct consequences of Lemma 6.2.5. The
remaining equations can be checked by computing P o * on some special element of A§7.
O

Using the maps p and P we can now give explicit formulas for the projections onto the
7-dimensional summands. The projection m,s onto A3 is of course: mas(Q) = 2o, wyw
and the remaining projections are obtained by taking the difference with the identity. We
have

7TA$(05) = %poP(a) and 7TA§(B) = %pop(ﬁ) ,

where « is any 2-form and [ any 3-form. It is clear that the images of these two
maps are the corresponding 7-dimensional summands. To check whether these are indeed
projections, we still have to show (WA%)2 = mp2, which follows from Pop = 3idy, and
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(m A2 )2 = A2 which follows from P op = 12id y2. Indeed, any element of A? is given as
X Jw for some vector X and because of Lemma 6.2.4 and Lemma 6.2.5

P(p(XJw)) = 3P(XJ *w) = 12X,Jw.

The space of 4-forms A* is via the Hodge star operator isomorphic to A3. Hence, it has
the same decomposition and 7 AT ORTAS K Above we used the following

Lemma 6.2.9 Let o be a 2-form in A2, and B a 3—form in A§7, then for any vector
X

(X Aa) = — 55X sa) and (X A B) = —5p(X.B) .

Proof. The projection onto the 7-dimensional summand of A3 is defined as % pP. Hence,
applying Lemma 6.2.6 for n = o € A2, we obtain

WA:;(X/\Oé) = LpP(X ANa) = —%p2(XJa)

which proves the formula for A3

The formula for second projection needs a little more work. We first note, that the
4-forms {3 (e; Aw)} define an ortho-normal basis in A} according to Corollary 6.2.3.
Hence, we can write s (X A B) = 3> ci(e; Aw) for some constants ¢;, which are
determined by

ci = (ma(XAB), 5(einw)) = 3(XAB eiAw)) = 5(B, (X, e)w — e Ap(X))

= —3(B, e Ap(X)) .

For the last equation we used the fact that A3. is orthogonal to A?. On the other hand,
we know that for a 3-form f also *p(X 1 3) is a form in A‘%, i.e. there are constants d;
such that *p(X 4 3) =1 3" d; (e; Aw). In this case we find

di =  LOp(X0B), enw) = L(p(X 1 B), #ei A w))
= —3{(B, X ANPlejs xw)) = —2(B, X Aples))
=  2(Bp(X ANe) — p(X) Aei)
= —2 (B,p(X) Aei) .

Here we used P(8) = 0, since 8 € A3.. Moreover, we applied equation (6.2.16) and
Lemma 6.2.5. Comparing the coefficients ¢; and d; we obtain

(X A B) = Lap(XB).
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To prove the Lemma we still have to show —3 % p(X 4 3) = p?(X 4 8). For this let a be
any 3-form, then

(xp*(X 2 B), ) = (B, X A P*(xa)) = =3(B, X A P(a)) = =3(p(XJ0), a).

Indeed, Lemma 6.2.8 states Px = —3id on A% and obviously Px = 0 on the other
summands of A3. The last equation yields *p?(X 1 8) = —3p(X 1 3) and the formula for
Qv follows after applying the Hodge star operator. O

Since V = Al(V) is irreducible as Go-representation and since p is a Ga-equivariant
map, it is clear that p and p? are injective on V. More precisely we have

Lemma 6.2.10 The maps p and p* are injective on V and for any vector X in V :
[p(X)F = 3|X]? and [P*(X)]? = 36|X]*.

Proof. The formula for the norm of p(X) is already contained in Corollary 6.2.3. To
compute the norm of p?(X) we use in addition Lemma 6.2.4 and conclude

P2 = 9 Xoxw = 9[+x(X Aw]? = 91X Awl|? = 36|X%,
which also shows that p? is injective on V. O

In Section 4.6 we considered the decomposition of the tensor product V* @ AP(V*).
The definition of the corresponding projections and embeddings lead to the definition of
the twistor operator and clarified the constants in the norm estimate. This was in the
case of SO(n)-representations, we will now specialize to Ga—representations and define
projections and embeddings for the following tensor product decompositions:

A oA} = A @A @ Vg and MeA; = AaA, oAy (Vo V),

where Vg4 denotes the 64-dimensional irreducible Gy-representation and V.- is one of the
two 77-dimensional irreducible Go-representation. Note that A3, is isomorphic to A3..
Similar to Section 4.6 we define projections m : A' @ A7, — Al and m: A ® A2, — A3,
for a, 3 € A2, by

mX®a) = —Xsa and m (X ®8) = (X A B)ar,

where (-)27 denotes the projection TA3, - Next, we introduce embeddings j; : A' —
Al ®@ A2, and jo: A3, — Al ® A3, For X € A and 8 € A3, we define

(X)) == —; Z e; @ (e A X)a and j2(8) = 2 Z e; @ (€1 0)1a
where {e;} is the fixed Cayley basis and (-)14 = 72 .
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Lemma 6.2.11 The embeddings j, are right inverses for mw,, i.e. T4 0 j, = id, for
a =1,2. Moreover, if X is a vector in V and B is a 3—form in A3, then

X)) = X and 2B = $1817.

Proof. We start with proving 7 o j; =id. Let X be any vector, then

dmiof (X) = Zei—l(ei/\X)M
= ZeiJ[eZ/\X — pr(ez/\X)]

= 6X — %Zei_in(ei/\X).

The sum in the last equation defines a Ga-equivariant map on A'. Hence, by Schur’s
lemma, it has to be a scalar multiple of the identity. In Lemma 6.2.13 we compute this
constant to be 6, which then proves m o j; = id. The formula for the norm of ji(X)
immediately follows from

16[71(X)7 = D e A Xl = Y (e A X, (e A X))

= Z<X,€i_l(€z'/\X)l4>
= (X, 4moj(X)) = 4|X]*.

The proof of the formulas for js resp. mo similar. As we have seen, it suffices to prove
that jo is right inverse for my. Here we find for 8 € A3,

%Wgojg(ﬂ) = T3 (Zei/\[eiJﬁ — %pP(eZ-_nB)D

= 38 — 7TA3 (Zei/\pp(ei_:ﬁ)) .

Again, the sum in the last equation defines a Ga-equivariant map, this time on A3,
In Lemma 6.2.13 we prove that it is twice the identity, which then finishes the proof of
Ty 0 jo = id. O

Finally, we have to define embeddings and projections for the first three summands in
the decomposition of A ® A3.. The three projections m,, a = 1,2,3 are for any vector
X €V and any 8 € A3, defined as

mX®P) = —(XaB)r mXeB) = -—(XoBu mXL) = (XA B,

where (-)7 = mp2, ()i = my2, and ()27 = mps . Above we only used the last two
embeddings, i.e. the embeddings jo resp. jz of A%4 resp. A3., which we define as

gez (e A\ a)ar, —3§ e ® (e 17)2
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Lemma 6.2.12 The embeddings j, are right inverses for m, i.e. w0 j, = id, for
a = 2,3. Moreover, if a is a 2-form in A2, and if v is a 4-form in A%W then

j2(@)P = Zlaf’,  s(I? = 5
Proof. As above it suffices to prove that with our definition j, are right inverses for

7, for a = 2,3. Again, this leads to Go—equivariant maps of A%, resp. A3. which we
compute in Lemma 6.2.13. Starting with 73 0 jo and « € A?, we have

%7’[’2 ojo(a) = A2, (Z eia(e; N a)27)
= mp2, (Zei_n[ei/\a— (ei Na,w) % — %pP(ei/\a)D
1

= S5a — 15 eispP(e; Na).

It is easy to see that the sum is equal to 6, i.e. my30jo =id (c.f. Lemma 6.2.13). Next,
we have to do the calculation for w30 j3 and v € A‘217. This time we obtain

3mzoj3(y) = Tas (Z ei A (6i4’7)27>
= AL <Z ei Nlejay — (eiay,w)s — f—QpP(einy)D

= 47— 5 > e ApPleay).

In this case the sum turns out to be 12+, which finishes the proof of the lemma. 0O

Lemma 6.2.13 Let X be a vector, B € A3,, o € A}, and v € A},, then
Zei_in(ei/\X) = 6X, Zei_in(ei/\a) =6a,
Zei/\pP(ei_nﬁ) = 243, Zei/\pP(ei_ﬂy):H'y.

Proof. All the four sums considered in the lemma define Go—equivariant maps on irre-

ducible Ga-representations. Hence, by Schur’s Lemma, they have to be a multiple of the

identity. We start with the map on A! assuming it to be cid for some constant c¢ we
obtain

c|X? = > (eiapPlei A X),X) =Y (Pe; A X), Ple; A X))
= > la AX]P =6[X].
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Note that by the definition of a vector cross product P is an isometry on decomposable
2-vectors. Next, we consider the sum for o € A?,. Here we compute

claf = D (eiupP(e; Aa),a) = Y (Ple; Aa), Ple; A a))
= = (pleioa), Plei ha)) = =Y (eisa, PP(e; Aa))

= 32(62-_104, eisa) = 6|al?.

In this computation we used the formulas of Lemma 6.2.6. The easiest way to check the
last two equations is to compute them for one special form (§ € Ag7 resp. v € A%?- We
take B =eg Aep Aey —ea Aeg Aeg. To see whether 8 is indeed an element of A§7 we
only have to check (3, w) =0 = 8 Aw, which is easily done. As above we compute

c|B> = D |P(eisp)f
= |P(€1/\62)|2 + |P(€0/\€2)|2 + | P(eg ANep — 64/\66)|2
+ | P(ea Neg) |2 + | Plea Aey) |?

— 4=28P.

Again, we used that P is an isometry on decomposable 2-vectors and that P(ey A e; —
es N eg) = 0, which can be checked from the explicit formula for w. Finally, we do the
same for y:= %8 =e3NesANesANeg—egANep ANes Aes € A%7 and obtain

cly? = D IP(eiay)[* = |PlesAesAes)|® + |Pleog Aes Aes) |
+|P(64/\65/\66)—P(eo/\el/\€5)|2 + |P(€3/\65/\66)|2

+ |P(ezsNegsNeg) + PlegAep Aes)|? + | Ples AegAes)|? .

From the explicit formula for w we immediately conclude that P(es Aeg Aeg) =0 and
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P(eg Ner Aes) = 0. Moreover, we find

Ples NegNes) = P(e; Neg)ANes + PlesNes)ANep + PlesNer)Aes
= eoNes + eaNep — eg/Nes,

PlegNesNes) = PlegNes)Nes + PlesNes)Ney + Ples Aep) Aes
= —e1Nes + eaNey + eg4 Nes,

PlegNesNeg) = PlegsNes)Neg + Ples Neg) Neg + Pleg Aes) Aes
= ey/Neg + e Neqs — ez Nes,

PlegNeirNes) = PlegNer)Nes + Pler ANes) Ney + Ples Aeg) Aey
= e3/Nes + egNey + eqgNep,

P(esNes Neg) = PlesNes)Neg + Ples Neg) Nes + Pleg Nes) Aes
= ey/Neg + e Nes + eg Nes ,

PlesNegNes) = PlesNeg)Nes + PleaNes)Nes + Ples Nes) Aey
= eg/Nes + egNes — eaNey .

The first conclusion from this explicit calculation is P(es A es A eg) = —P(eg Aep A
e5). Hence, the norm of the corresponding summand is 12 and the norm of each of the
remaining 4 summands is 3. Since the norm of v is 2 we obtain ¢ = 12. O

For the sake of completeness we also give the formula for the embedding j; of A% into
the tensor product A' ® A3.. Let o € AZ then we define

jl(Oz) = _T78 Z ez’®(€i VAN Ck)27 .
As above we obtain

Lemma 6.2.14 The map j1 is a right inverse for the projection mw and if o is any
2-form in A2, then

: 2 2
i) [* = Klal®.
Proof. It is again sufficient to prove that m o j; =id A2 holds. Let o € A2, then
—%mojl(a) = FAg(Zei_J[ei/\Oz]w) .
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The sum defines an equivariant map, hence it equals ¢ « for some constant c¢. To determine
this constant we take the scalar product with a = p(&) and obtain

claf = Y (eisle Aalar, a)
- Z<ei ANa — (e ANawytw — EpPle; Aa), e Aa)
= 5laf = 3 0(&)ple))® — 15 Y | Plei A p(&)]?
= 5lal® = 2 (e — 3> [p(Pei A ©)
= Slal® = X [pOF - > lengl
= 5lal’ = £ [af’ = 2[p©) )
= 1(35-3+14)|af® = E|af*.

Here we used several times the equation |p(X)|? = 3|X|? and that po P = id y1. Finally,
we still use the following lemma which is not difficult to prove.

Lemma 6.2.15 Let X and Y be any vectors, then

PIXAp(Y) = 2((X AY)s 4w — X AY) = —2p(P(X A Y)) .
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Chapter 7

Further results

7.1 Conformal Killing forms on Einstein manifolds

In this section we consider conformal Killing forms on Einstein manifold. The starting
point is 6R* = 0, which is true on Einstein manifolds or more generally on manifolds with
parallel Ricci tensor. The following three corollaries are direct consequences of this fact
and Proposition 4.4.5 resp. Proposition 4.4.12.

Corollary 7.1.1 Let (M"™, g) be an FEinstein manifold with scalar curvature s and let v
be a conformal Killing p-form, then

Vx(Ag) = 1x, (5 d + 2L 2g(R) dw) - L XA (H &y + "1 2¢(R) d*w)

+2¢(Vx R)Y .

Corollary 7.1.2 Let (M", g) be an FEinstein manifold with scalar curvature s and let v
be a conformal Killing p-form, then

d2q(R)) = =dv + ELog(R)dy (7.1.1)

d'(2q(R)v) = 2d + 2L 2g(R)d*y . (7.1.2)

Corollary 7.1.3 Let (M, g) be an Einstein manifold of scalar curvature s and let 1 be a
conformal Killing form with Ay = M. Then

rap = (Bbs + o)) de  and A = (52 4 ==logR)) 'y

n(n—p)
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Proof. Because of Ay = A\ we have that At is again a conformal Killing form, i.e.
T(Av) = 0 and we can apply Proposition 4.4.6 to conclude 2¢(Vx R)1) = 0. Substituting
this into Corollary 7.1.1 implies

AVxy = 1X0 (2ay + Zh2eR)ay) — [LX A (Sdw + B2 g(R)dY )

Using the formulas di) = ) e; A Ve,9 and d* = — > e; 1 V9 we conclude

Adip = (%5 + 1%12(1(3)) dip  and  AdY = (;‘@”j;})s + me 2q(R)) d*y

which finishes the proof of the corollary. O

Recall from Corollary 4.4.7 that e.g. on locally symmetric spaces any conformal Killing
form can be decomposed into eigenforms of the Laplace operator which are again conformal
Killing forms.

7.2 Conformal Killing 2—forms

In this section we will first discuss the consequences of the curvature condition (4.2.1) for
conformal Killing 2—forms and in particular for Killing 2—forms. Moreover, we consider
the question whether for a conformal Killing 2-form 1) the vector field ¢ := (d*¢))” is a
Killing vector field. We will start with a property of Killing 2-forms, which directly follows
from the definition. Nevertheless, we will prove it using the curvature condition (4.2.4).
The statement is

Proposition 7.2.1 Let (M, g) be a Riemannian manifold with a Killing 2—form u, then
for any vector fields X,Y :

(R(X, Y)u)(A, B) + (R(A, B)u)(X,Y) = 0. (7.2.3)

In particular, a Killing 2-form w satisfies the equation Ric o4 = u o Ric, where u is the
skew-symmetric endomorphism associated with the 2-form wu.

Proof. We consider R(-,-)u as a section of A’T*M ® A?T*M. But then the equa-
tion (7.2.3) is equivalent to R(-,-)u € A?(A2T*M). On the other hand we have the
decomposition (4.2.3) of the tensor product. Written on the level of representations it is

A2v* ® A2V* o~ (A2v* ®A3,lv*) @ (Al,lv* @Aﬁlv* EBAOV* @A2,2v*) .

As a specialty of the case p = 2 it turns out, that the first bracket is isomorphic to
A2(A%V*), whereas the second bracket is isomorphic to Sym(A2V*). Since u is a Killing
form it follows from Corollary 4.2.3 that the projection of R(-,-)u onto the summands
A22TM* and AVITM* has to vanish, i.e. R(-,-)u € A2(A2T*M).
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To prove the second statement we first write equation (7.2.3) in the following form:
(R(X,Y)u,ANB) + (R(A,B)u,X NY) = 0. If we set A =Y = ¢; and sum over an
ortho-normal basis {e;} we immediately obtain: (u, Ric (X)AB—X ARic(B)) =0 which
then translates into Ric ot =@ oRic. O

After considering Killing 2—-forms we will now derive a more general formula for con-
formal Killing 2—forms. But we start with considering arbitrary 2—forms. Let u be
a 2-form, then we denote with 4 the associated skew-symmetric endomorphism, i.e.
g(0(X),Y) := u(X,Y) which can be extended to a skew-symmetric endomorphism of
A2T M. Denoting this extension again with @ we have

WX AY) = a(X)AY + X A a(Y).

In the next lemma we collect several curvature properties for arbitrary 2-forms, which will
then be used to reformulate the curvature condition for conformal Killing 2-forms given
in Proposition 4.4.6.

Lemma 7.2.2 Let (M"™,g) be a Riemannian manifold and w an arbitrary 2-form with
associated skew-symmetric endomorphism . Further let R denote the Riemannian cur-
vature operator and Ric the Ricci curvature extended to an endomorphism of A>T M, then

(1)  RX,Y)u=[toR](XAY),

(2) [YAXL — XAYL]2¢(R)u = —[Ricoa + @ oRic — 2R (u)](XAY),
3) [XJR"Y) - YJLR"(X)]Ju = —[@oR + Roa](XAY),

(4 [XAR(Y)-YAR (X)]Ju = [R(u) — @oRic](XAY),

(5) 2R (X)u + X.12¢(R)u = [Ricod — @ oRic]X .

Proof. Starting with the definition of the 2-form R(X,Y)u we will first show that for
any vector fields X,Y, A, B:

(R(X,Y)u)(A, B) = g(Rxy(a(A)) — a(RxyA), B),
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i.e. considered as an endomorphism we have R(X,Y)u= Rxyou — 1 oRxy. The proof
of this formula is straightforward

(R(X,Y)u)(A,B) = > (Rxy(e:) A eiau)(A,B)
= Y g(Rxy(ei), A) gla(e), B) — g(Rxy(e:), B)gi(ei), A)
= —g(u(RxyA), B) + g(Rxy(u(A)), B)
= —g(R(XAY), AN a(B)) — g(R(XAY), a(A)AB)
= —g(R(XAY), @(AAB))

= g([t o R(XANY), ANB) .

In addition this proves the first equation of the lemma. To prove the second equation we use
Lemma B.0.6 to replace 2¢(R)w with Ric(u) — 2R (u). Considering the 2-form Ric (u)
as a skew-symmetric endomorphism implies Ric (u)(X) = Ric (4 (X)) + @ (Ric (X)), thus

[YAXL — XAY2]2¢R)u = Y A (Ric(a(X)) + @(Ric(X)) — 2(Ru)(X))
(

and the second equation of the lemma follows if we consider the 2-form R (u) as an skew-
symmetric endomorphism and extend it to A2TM by R (u)(X AY) := (Ru)X AY +
X A (Ru)Y. To prove the third equation we first note

XJoR (Y)u = X1 eARyeu = —R(X,Y)u — > e;AX Ry qu.
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Hence, we have to compute the following expression

> (lei A X 1Ry, — € NY 1 Rx ]u) (A, B)
= Y (9(ei, A) (Ry,e,u) (X, B) — g(ei, B) (Ry,e,u) (X, A))

— > (glei, A) (Bx,eu) (Y, B) — gles, B) (Rx, ,u) (Y, A))
= (Byau)(X,B) — (Rypu) (X, A) — (Bxau) (Y, B) + (Rxpu) (Y, A)
= g(Rya(a (X)) — @(RyaX), B) — g(Ryp(a (X)) — @ (RypX), A)
—g(Rx,a(@(Y)) = @(Rx,aY), B) + g(Rx,p(0(Y)) — @ (Rx,BY), A)
= g(u(X), —RyaB + RypA) + g(u(Y), Rx.aB — Rx pA)
+9(a(A), —RypX + Rx,pY) + g(@(B), RyaX — Rx.aY)
= g(a(X), RaY) — g(a(Y), RapX) + g(i(A), RxyB)
—g(a(B), RxyA4,)
— _g(R(AAB),Y A a(X) — XA a(Y))
—g(R(XAY),BANu(A) — AN 4 (B))
= g(RAANB),0a(X ANY)) + g(R(XANY), a(A AN B))
= g([Rot — aoR])X AY), AAB).
Using this calculation and the first equation of the lemma we find
[XJRY(Y) = YLR"(X)]Ju = —2R(X,)Y)u — [Ro@ — o R](X AY)
= —[aoR + Roa)(X AY).

This finishes the proof of equation (3). To prove equation (4) we first apply the Bianchi
identity to obtain

> Rye(i(e) = =Y Rea@e)Y — O Rageye
= Q(RU,)Y + ZRKﬁ(ei)ei

= 2(R@)Y — > Rycile).

Hence,

3 Ryelile) = (Ru)Y .
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We will use this formula in the next calculation. Starting from the definition of R~ (Y )u
we find

R (Y)u = > eiaRyeu =Y Ryel(ile)) — @(Ric(Y))
= (Ru)Y — (4 oRic)Y .
Then, the proof of equation (4) immediately follows:
[XANR(Y)—-YAR (X)Ju = XA ((Ra)Y — (aoRic)Y)
—Y A ((R4)X — (4 oRic)X)
= [R(u) — aoRic](X ANY).
The proof of the last equation is already contained in the above calculations. Indeed,
2R (X)u + X12¢(R)u = 2(Ru)X — 2(a oRic)X + Ric(u)X — 2(Ru)X
= [Ricod — woRic]X .
This proves equation (5) and finishes the proof of the lemma. O
As a first application of the lemma we write equation (7.2.3) in a different form:
(R(X, Y)u)(A, B) + (R(A, B)u)(X,Y)
= g([aoRI(XANY),ANB) + g(lioR](AANB), X AY
= g([to R — Rou|(X NY), AN B).

Hence, equation (7.2.3) is equivalent to the statement that for a Killing 2-form w the
associated endomorphism 4 commutes with the curvature operator. The corresponding
result in the general case of conformal Killing 2-forms is given in

Proposition 7.2.3 Let (M", g) be a Riemannian manifold with a conformal Killing 2-
form w. If 4 denotes the skew-symmetric endomorphism corresponding to u and also
its extension to a skew-symmetric endomorphism of A*TM, then @ commutes with the
Weyl curvature W, considered a symmetric endomorphism of A*TM.

Proof. For the proof we have to express the summands appearing in the curvature con-
dition of Proposition 4.2.1 in the case p = 2. This is done using Lemma 7.2.2. We
obtain

[a o RI(X AY) = —yly[Ricod + @oRic — 2R(w)](X AY)
+llaoR + Roa](X AY)
~ L [R(u) — doRic](X AY).
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This simplifies to
Ricou 4+ @woRic — 2R (u) = (n—2)[Roau — o R] + 2[@ oRic — R (u)]

and then to
Ricou — woRic = (n—2)(Rod — woR). (7.2.4)

It follows from Lemma B.0.6 that the curvature operator R is given as R = cid +
ﬁRic + W, for some constant c. Substituting this into the above equation completes
the proof of the proposition. O

Another application of Lemma 7.2.2 answers the question under which circumstances
for a conformal Killing 2-form u the associated vector field ¢ := (d*u)* is Killing. One
condition for this is given in

Proposition 7.2.4 Let (M, g) be a Riemannian manifold and let u be a conformal
Killing 2-form with associated vector field & := (d*u)f. Then ¢ is a Killing vector field if
and only if Ric ou = GoRic. In particular, £ is a Killing vector field if (M, g) is an
Einstein manifold.

Proof. Let u be a conformal Killing 2-form and assume that w is not a Killing form.
Then Corollary 4.4.9 gives a sufficient and necessary condition for d*u to be a Killing 1-
form. We have that d*u is a (coclosed) conformal Killing 1-form if and only if 2R~ (X)) u+
X 1 2¢(R)u = 0. But due to the last equation of Lemma 7.2.2 this is equivalent to
Ricot =4doRic. O

There is one immediate corollary which we apply in the case of manifolds with holon-
omy G resp. Spin; and more generally for compact Ricci-flat manifolds. Indeed, these are
Einstein manifolds of vanishing scalar curvature and hence a special case of the following

Corollary 7.2.5 Let (M, g) be a compact Einstein manifold of scalar curvature s < 0.
Then any conformal Killing 2—form on M is either a Killing 2—form or it defines a non-
trivial parallel vector field.

Proof. Let u be a conformal Killing 2-form. Assume that « is not a Killing form, i.e. u
is not coclosed. Then Proposition 7.2.4 yields a non-trivial Killing vector field £. Killing
vector fields satisfy the equation A& = 2Ric (§). Since Ric < 0 and A is positive operator
it follows A& = 0, which on a compact manifold is equivalent to d§¢ = 0 = d*{. But
obviously any closed Killing form has to be parallel. O
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7.3 Conformal Killing forms on Sasakian manifolds

For the sake of completes we cite in this section what is known for Sasakian manifolds.
Again, it is mainly due to the work of S. Yamaguchi.

Theorem 7.3.1 ([Y72a]) Let (M, g) be a complete Sasakian manifold, then
1. any horizontal conformal Killing form of odd degree is Killing, and

2. any conformal Killing form of even degree has a unique decomposition into the sum
of a Killing form and a *x—Killing form.

7.4 Integrability of the Killing equation

There are several results stating that manifolds which have in some sense many conformal
Killing forms have to be conformally flat or have to be spaces of constant curvature. The
following result is due to T. Kashiwada.

Theorem 7.4.1 ([Ka68]) Let (M"™, g) be a Riemannian manifold such that for any point
x € M and any p—form vy € AP(TIM), with 2 < p < n — 2, there exists (locally) a
conformal Killing p—form 1 with ¥ (x) = 1y, then the manifold is conformally flat.

Under the assumption that there are many Killing forms one obtains an even stronger
restrictions for the underlying manifold. Here we cite the following theorem of S. Tachibana
and T. Kashiwada.

Theorem 7.4.2 ([KaTa69]) Let (M"™, g) be a Riemannian manifold such that for any

point x € M and any p—form o € AP(TxM), with 2 < p <n — 2, there exists (locally) a
Killing p—form + with ¥ (x) = 1y, then the manifold has constant curvature.
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Appendix A

Linear Algebra

In this section we collect several elementary formulas which we use repeatedly. Let
(V, (-,-)) be an n-dimensional Euclidean vector space and let L : V. — V be a linear
map. Then we can extend L as a derivation to a linear map of APV, where we usually
identify V' with its dual space V*. On decomposable p-vectors the extension, which we
again denote by L, is the given as

L(XiNn...ANXp) = LX)ANXoA...ANXp + 00+ XA AXp 1 AL(X) .

It is often useful to have a general formula for the extension of L in terms of an ortho-
normal basis {e;} of V. We have

L = ZL(GZ) N ejd .
It is obvious that the identity map on V extends to the map pid pry, i.e. we obtain

Lemma A.0.3 Let V, be an n—dimensional Euclidean vector space with an ortho-normal
basis {e;}, then for any p—form :

Zef/\eiJw:pw and ZeiJef/\w:(n—p)w.

One important example is the Riemannian curvature on p-forms. It is easy to see
that this is exactly the curvature endomorphism Ry y extended as a derivation to an
endomorphism of p-forms, i.e. for a p-form  and any vector fields X,Y we have:

RX, Y)Y = Y (Rxyei Aeia)i .

This corresponds to the standard representation of the Lie algebra so(n) on the space of
p-forms.
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Also useful is the extension of linear maps to maps on 2-forms. With any 2-form ¢
we can associate a skew-symmetric map 1, which is defined by ¥(X,Y) = (¢¥(X),Y).
Usually we will identify a 2-form with its associated skew-symmetric endomorphism and
use the same notation.

Lemma A.0.4 Let V be an n-dimensional Euclidean vector space with a skew-symmetric
map A and a symmetric map B. Then A resp. B extend to a skew-symmetric resp. a

symmetric map of A*°V. Moreover, for any 2-form v and for any vector X the extensions
of A resp. B satisfy

AP X = AW(X)) +¢(AX))  and  B()X = B((X)) - (B(X)) .

Proof. We give the proof for a symmetric endomorphism A. Of course it is a completely
elementary calculation. For any vectors X,Y we have

AW) (X,Y) = (A@W), X NY) = (AW)X,Y) = — (X, A[W)Y)
(P, AX AY)) = (h,AX) AY + X A AY))
= (Y(A(X)),Y) + ($(X), A®Y))
(V(A(X)) + A(¥(X)),Y)
A

= — (X, A((Y)) + ¢(A(Y)). O

We will use this lemma for the symmetric endomorphism A = Ric and the skew-symmetric
endomorphism B = Rxy.
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Appendix B

The curvature endomorphism

In Chapter 1 we defined the symmetric endomorphism 2¢(R) : AP(T*M) — AP(T*M),
which appears as the curvature term in the classical Weitzenbock formula for the Laplacian
on p-forms: A =d*d + dd* = V*V + 2¢(R). Recall that it was defined with respect to a
local ortho-normal basis {e;} as

2q(R) = Z e;k» A €1 Ree;.

The aim of this section is to describe the endomorphism 2¢(R) in more detail. We will
give several elementary properties and prove that it is indeed the curvature term in the
Weitzenbock formula for the Laplace operator on forms. At the end of this section we
present a more general definition of 2¢(R) as an endomorphism of an arbitrary bundle
associated to a representation of the holonomy group. In particular, we will show that it
depends only on the representation defining the bundle.

It is well-known that 2¢(R) acts as the Ricci tensor on 1-forms and as Ric — 2R
on 2-forms. Here Ric denotes the Ricci tensor extended as a derivation and R is the
Riemannian curvature operator, defined by g(R(X AY),ZAU) = —g(R(X,Y)Z,U).
Using the curvature operator it is possible to write the action of 2¢(R) in a slightly
different form, which also gives a simple proof for the special expressions of 2¢(R) on 1-
resp. 2-forms. We have

Lemma B.0.5 Let {w;} be any local ortho-normal basis of A*2(T*M). Then
2¢(R) = Ric — 2 R(wi) Awis .
In particular, 2q(R) acts as Ric on 1-forms and as Ric — 2R on 2-forms.

Proof. We rewrite the definition of the endomorphism 2¢(R) using the standard notation
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for the components of the curvature tensor.
2q(R) = Z ej NeRi; = Z ej N e (Rijer Nepa)
= ZRijkiejAekJ —ZRijklej/\el/\eiJekJ
= Ric +ZRijlkej/\el/\ei_:ek_n
= Ric —%ZRﬂikej/\el/\eiJekJ
= Ric — 2 Z R(ej Nep) A (e Nex)a .
j<li<k

Here we also applied the Bianchi identity and a renaming of indices. In the final sum we
can replace the 2-vectors e; A e; by any other ortho-normal basis {w;} of A’TM. O

The following Lemma contains a well-known expression for the Riemannian curvature
operator R . However, we give it in a slightly different form involving the Ricci curvature.

Lemma B.0.6 Let (M™, g) be a Riemannian manifold. Then the Riemannian curvature
operator R 1is given as

R = —Grmoyida + g Ric + W,

where s denotes the scalar curvature, W the Weyl curvature and Ric s the Ricci curvature
considered as symmetric endomorphisms of A>T*M .

Proof. Recall that the Kulkarni-Nomizu product hAk between two symmetric bilinear
forms h and k is the symmetric endomorphism of A2T'M defined by

(hAK)(X,Y, Z,U)
= WX, 2)k(Y,U) + WY, U)k(X,Z) — WX, U)K(Y,Z) — h(Y,Z)k(X,Y) .

If g is the Riemannian metric than it is easy to check that g/Ag = 2id. Using this notation
we have the well-known description of the curvature operator R of an n-dimensional
Riemannian manifold (M, g):

R:

2n(n—1) gAg + ﬁRiCOAg + W,

where s is the scalar curvature, W the Weyl curvature and Ricy denotes the trace-free
Ricci tensor, i.e. Ricg = Ric — 2id. Finally, we note that the symmetric map RicAg
is just the Ricci tensor extended to A2T'M as a derivation. Substituting this into the
equation for R finishes the proof of the lemma. O
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On spaces of constant curvature the endomorphism 2¢(R) is in its simplest form.
Indeed, let (M, g) be an n-dimensional space of constant curvature ¢, i.e. a Riemannian
manifold where R(X,Y)Z =c(g9(Y,Z)X — g(X, Z)Y) for any vector fields X,Y, Z. Then
the curvature operator satisfies R = cid 2. Moreover, one has Ric = c¢(n—1)g and thus
scalar curvature s = ¢n(n — 1). For the endomorphism 2¢(R) we find

Lemma B.0.7 Let (M™, g) be a space of constant curvature c, then for any p—form 1:

2q(R)y = cp(n—p)y .

Surprisingly it turns out that this property is in some sense characteristic for spaces of
constant curvature. Indeed, we have the following

Proposition B.0.8 A Riemannian manifold (M", g) has constant sectional curvature if
and only if there is a p, with 1 < p < n—1, such that q(R) acts as a scalar multiple of the
identity on T'(APT*M).

Proof. We will give only a sketch of the proof. First of all it is not difficult to derive
a formula for 2¢(R) starting from the decomposition of Lemma B.0.6 and in particular
using Lemma B.0.5. It follows for the action of 2¢(R) on p-forms

2q(R) = s 2 Bid e + P Rico + 2q(W) . (B.0.1)

Note that the summand with the trace-free Ricci tensor vanishes if p = n. Next, we can
easily prove that for a symmetric endomorphism A one has

2q(hAg) = (n—2p)h + tr(h)pida» ,

where h also denotes the extension of h to a map of AP. As special cases we obtain
2q(gAg) = 2p(n — p)id p» and the formula 2¢(Ric Ag) = (n — 2p) Ric + spid pr. Then
we have to consider the map

Curv(V) — End(APV™)
R +— ¢(R),

where Curv(V') denotes the space of algebraic curvature tensors of V. To prove the lemma
we have to determine the preimage of id p». But since two elements in the preimage dif-
fer by an element of the kernel of this map it suffices to show that the map is injective.
Obviously the map is SO(V)-equivariant and the kernel has to be an SO(V')-invariant
subspace of Curv(V'). Hence, it is enough to check the statement on the three irreducible
summands. We have already shown that the map is injective on the summands R and
Sym2(V*) corresponding to curvature operators of the form gAg resp. h/Ag for a sym-
metric and trace free endomorphism h. But it is also not difficult to show that the map
is injective on the third summand, the space of Weyl tensors. O
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The following two lemmas give further useful properties of the curvature endomorphism
q(R), which can easily be proved.

Lemma B.0.9 The endomorphism q(R) commutes with the Hodge star operator, with
contraction with parallel forms and with the Laplace operator.

Lemma B.0.10 Let X be any vector field, then

Vx (@R)Y) = a(VxR)Y + q(R)Vx ¢ .

In the remainder of this section we discuss the endomorphism 2¢(R) in a more general
context. Starting from the classical situation, where 2¢(R) is given as the curvature term
in the Weitzenbock formula of the Laplace operator on forms, we will show that there is
natural generalization to a curvature endomorphism acting on any bundle which is induced
by some representation of the holonomy group. These considerations were the starting
point of [SWO01] which eventually lead to vanishing results for Betti numbers on compact
quaternion Kéahler manifolds.

The basic example of a Clifford bundle is the bundle of exterior forms A*T™* M equipped
with the scalar product induced by the metric on M and Clifford multiplication with
tangent vectors

*x: TpM x A*T; M — AT M, (X, w) — X *xw

defined by X+w := X! Aw — X 4 w. The Levi-Civita—connection induces a connection V on
A*T*M and an associated second order elliptic differential operator V*V = —3%". Vgi’ei
where V?Xy = VxVy — Vy,y and the sum is over a local ortho-normal base {e;}. On
the other hand we have the exterior differential d and its formal adjoint d* as natural
first order differential operators on A*T*M linked to V*V by the classical Weitzenbock
formula

A = (d+d)? = V'V + %Z eix ejx Re, e (B.0.2)

ij

where Rxy is the curvature endomorphism of A*T7M. However, the connection on
A*T*M is induced by a connection on TM and consequently the curvature endomorphism
Rx y is just the curvature endomorphism of 7,,M in a different representation, namely
the representation

o: s5o(T,M) x A*T;M — A°T M, (X,w) — Xew

114



of the Lie algebra so(7),M) of SO(T,M) on the exterior algebra induced by its represen-
tation on T, M. The canonical identification of so(7,M) with the bi-vectors characterized
by

NT,M =5 so(T,M), ((XAY)eA B) := (XAY, A\AB)

reads (X AY)eA = (X, 4)Y — (Y, A) X and defines a unique bi-vector R(X AY') via:

1
(RIXANY)eZ,W) = (RxyZ W) R(X\Y) = 3 > eiARxye

Using this identification the representation of s0(7, M) on A*T;; M is given by (X A\Y)e =
Y*ANXJ — X*AY 4. In particular, the classical Weitzenbock formula becomes

1
A = V'V + 52(6;A6;A—eﬂe;w—e;‘mﬂ +eiaeji)R(eiNej)e

ij
1
= V*V + 5 Z(ez /\ej)oR(ei /\ej)o
]
here the inhomogeneous terms cancel because of the first Bianchi identity. Hence, the
curvature term depends linearly on the curvature tensor:

1
R = 1 Z (e; N ej) - R(e; A ej) € Sme(A2TpM) :
ij

It will be convenient to compose the identification A>T, M = so(T, M) with the quanti-
zation map ¢ : Sym2so(T,M) — Uso(T,M), X? — X?, into the universal enveloping
algebra of so(T),M) to get an element ¢(R) € U so(T, M) with:

A = V'V + 2¢(R) (B.0.3)

Writing the well known classical Weitzenbock formula (B.0.2) this way we can bring
the holonomy group of the underlying manifold into play. Recall that the holonomy
group Hol,M C O (T,M) is the closure of the group of all parallel transports along
piecewise smooth loops in p € M. We will assume throughout that M is connected so
that the holonomy groups in different points p and p are conjugated by parallel transport
T,M — T;M. Choosing a suitable representative Hol C O,R with n := dim M of
their common conjugacy class acting on the abstract vector space R™ we can define the
holonomy bundle of M:

Hol(M) = {f:R" — T,M| pe M and f isometry with f(Hol) = Hol,M } .

The holonomy bundle is a reduction of the orthonormal frame bundle O (M) to a principal
bundle with structure group Hol, which is stable under parallel transport. Consequently
the Levi-Civita connection is tangent to Hol (M) and descends to a connection on Hol (M).
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The associated fibre bundle Hol (M) xyo O ,R is canonically diffeomorphic to the
full orthonormal frame bundle O (M). This construction provides an explicit foliation
of O (M) into mutually equivalent principal sub-bundles stable under parallel transport.
Choosing a leaf different from the distinguished leaf Hol (M) amounts to choosing a dif-
ferent representative for the conjugacy class of Hol € O ,R. In particular, every principal
sub-bundle of O (M) stable under parallel transport is a union of leaves and is charac-
terized by a subgroup of O ,R containing a representative of the conjugacy class of the
holonomy group Hol.

With the Levi—Civita connection being tangent to the holonomy bundle Hol (M) its
curvature tensor I? takes values in the holonomy algebra hol,M at every point p € M,
so that R € Sym?2hol,M C Sym?A%T,M and q(R) € U hol,M. However by definition
every point f € Hol (M) identifies hol,M with hol making ¢(R) a U hol-valued function
on Hol (M):

q(R) € C°°(Hol (M), Uhol Y = T'(Hol (M) xgo U bhol)

For an arbitrary irreducible complex representation 7 of Hol the associated vector bundle
w(M) := Hol (M) xye m over M is equipped with the connection induced from the Levi—
Civita connection. Moreover, there is a canonical second order differential operator defined
on sections of m(M):

Ar = V'V + 2¢(R) (B.0.4)

It is evident from the Weitzenbock formula (B.0.2) written as in (B.0.3) that the diagram

(M) S (M)

A*T*M @5 C —2 3 A*T*M @p C

commutes for any F' € Hompy,) (7, A*C™) or equivalently for any globally parallel embed-
ding F': 7(M) — A*T*M ®g C. Hence the pointwise decomposition of A*T;M @k C
into irreducible complex representations of Hol ,M becomes a global decomposition of any
eigenspace of A, e.g. we have for its kernel:

H3p(M,C) = @HOII]HOI(TI', A*C™) ® Kern Ay

At this point we want to emphasize the important property of A, and 2¢(R), that
their action on a bundle m (M) depends only on the defining representation 7 and not of
the bundles having 7(M) as a parallel sub-bundle. In particular, to show that the forms in
a bundle (M) C A*T*M cannot contribute to the cohomology it would suffice to find any
bundle E which has w(M) as a parallel sub-bundle and where A is positive. This idea was
used in [SWO1] to prove the vanishing of odd Betti numbers on compact quaternion Kahler
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manifolds. In the present situation we have a more elementary application of this idea,
i.e. we use it to show that 2¢(R) acts trivially on every 7-dimensional parallel sub-bundle
of the form bundles on a Go-manifold.

Returning to the general situation we note that same kind of reasoning is possible for
the Dirac operator on spinors, assuming the manifold M to be spin and taking Hol , M
to be its spin holonomy group. Ignoring for the moment the Lichnerowicz result that
the curvature term reduces to multiplication by the scalar curvature and employing the
formula (X AY)e := 2(XxY* +(X,Y)) for the representation of s0(Z7,M) on the spinor
bundle S (M) we can proceed from (B.0.2) directly to:

D* = V*V + 4q(R). (B.0.5)

In particular, all eigenspaces of D? decompose globally according to the pointwise decom-
position of the spinor bundle under the spin holonomy group Hol ,M. From Lichnerowicz’s
result we already know that g(R) acts by scalar multiplication with {5 on S (M), where s
is the scalar curvature of (M, g). Hence, we can read equation (B.0.5) as

DY = A+ 2

T 8

where the restriction to 7 is a short hand notation for any globally parallel embedding
F: n7(M) — S (M) induced by some non-trivial F' € Homp (7, S ). Written in this
way formula (B.0.5) is seen to be a generalization of the Partharasathy formula for the
Dirac square D? on a symmetric space G//K of compact type. Indeed, in this case the
operators A, defined above on sections of 7(M) all become the Casimir of G.

Lemma B.0.11 Let M = G/K be a Riemannian symmetric space. Then the endomor-
phism 2q(R) coincides with the Casimir operator Ck of the group K.

Proof. We will show that on a Riemannian symmetric space G/K the operators A, :=
V*V + 2¢(R) acts as the Casimir operator Cg of the group G. It is then well-known
that V*V acts as the difference, Cg — Ck , of the two Casimir operators, which then
proves the lemma. We consider the Cartan decomposition g = €@ p of the Lie algebra
of G and an invariant regular symmetric bilinear form B on g, which agrees with minus
the Riemannian metric —(,) on p = g/¢. Such a choice can always be made, usually g
will be semi-simple and B will be taken to be the Killing form of g multiplied by —1 on
every simple non-compact factor. The isomorphisms *: g — g*and b : g* — g will
always be taken with respect to B. Hence, the definition of the Casimir operator of G
with respect to B is given as

Casg = Y euey + Y fafa
o «

where {e,} and {f.} are ortho-normal bases of p resp. €. The first summand on the right
hand side is evidently the Laplacian V*V for the Levi-Civita connection on G/K, because

117



B agrees with minus the Riemannian metric —(,) on p. The second summand is just the
Casimir Casg of K with respect to the restriction of B to &.

Since the isomorphisms with respect to the Riemannian metric (,) are simply the
restrictions — % |, : p — p* and : p* — p we arrive at the following formula for
the representation of ¢ in so (p) = A2p

1
£ — A?p, K — —3 ZeiA[K,eu]
I

because:

(-3 dnied) » X = 30 (Ble, XK o] = B(lK. ), X))
' = [K,X] = K*X

It is well known that for X,Y € p, the curvature Rx y of the symmetric space G/K
acts by —[X, Y ]x on every vector bundle associated to the principal K-bundle G via
a representation x of K. Combined with the definition of the curvature term g(R) this
classical result implies that

2¢q(R) = 72 e A€ Re, e,

= _72 2 lew, ey])(eZ/\e,b/)*Ka*

pro

= AR ) * fax = X ok fax
oy @

Hence, 2 ¢(R) coincides with Casg on every representation x of so (p). In particular, Casg
is the extension of 2 ¢(R) to arbitrary representations * of ¢ and the differential operator
A agrees with Casg on every vector bundle associated to the principal K—bundle G. O
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Appendix C

The commutator rule

Let (M, g) be a Riemannian manifold with holonomy group Hol, further let = be a Hol -
representation and 7(M) the associated vector bundle defined by m. The Levi-Civita
connection induces a connection V on (M) and we also have a natural second order
differential operator A; := V*V 4 2¢(R) acting on sections of m(M) (c.f. Section B).
The aim of this section is to prove a general commutator formula between V and A,
which we apply in the case where 7(M) is any parallel sub-bundle of the form bundle
and the operator A, coincides with the usual form Laplacian. As a corollary we obtain
the commutator rule of Proposition 4.4.6 between the twistor operator and the Laplace
operator. As a first step we have to compute the commutator of V*V and V. For this
we recall the definition the third iterated covariant derivative. It is given as

Viyz = VxVyVz — VxVy,z — VuyVz + Vve,vz = VyVvyxz + Vo, vz -

The following lemma provides two important equations for V2, which are known as Ricci
identities (c.f. [Be]).

Lemma C.0.12 Let (M, g) be a Riemannian manifold with Levi-Civita connection V
and let X,Y,Z be any vector fields. Then

(1) V?)’QY,Z - V%’,X,Z = RxyVz — Vey,z,
(2) V%(,Y,Z - v%(,Z,Y = (VxR)yz + RyzVx .
Proof. The proof is a simple computation starting form the definition of V3.
Viviz — Vyxz
= VxVyVz — VxVv,z — VuywVz + Vvy vz — VyVvyz + Vyyvyz
—VyVxVz + VyVvyiz + Vv, xVz — Vyg vz + VxVv,z — Vyyvyz
= RxyVz — Viey,z .
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And similarly
Vivz = Vizy
= VxVyVz — VxVy,z — VuywwVz + Vvg,vz — VyVyuyz + Vyyvyz
—VxVzVy + VxVy,y + VuyzVy — Vvg v + VzVoyy — Vy,ugy
= VxRyz — Rvyv,z — Ryyvyz

= (VxR)yz + RyzVx . O

The next step is to calculate V o V*V. If {e;} denotes a local ortho-normal basis we
obtain

VoV'V = — Z €i®v€i(v@jv6]‘ - VVejej)

_ . 3
= — E 61®V6i7€j’8j.

All the other terms in the third covariant derivative cancel each other because of the
relation > Vye; ®ej = — ) €; ® Vxe;. A slightly more complicated calculation shows

VVov = - % [vgjyejei@wei + 2V, e ®V,, Ve, + e,-®v2j,ejvei]
= - Z ei® [Vvejvejei + VVVEjejei - 2v€jvvejei + VEjV€jvei - Vvejej'vei:|

— . 3
= — E ez®v€j,6]‘,€i'

This yields for the commutator between V and V*V the following expression

[V, V'V = — Z ¢ ® {Vgi,ej,ej o vzj,ei,ej T vgj,ei,ej n V2j7€j7e7;:|
= — Z ez® |:R€1'76]'v6j - vReivejej + (VejR>6i,8j + Reiyej Vej}

= Z e VRjC (es) — 2 Z e X Rei,ej- vej - Z e; ® (ve]-R)ei,ej .

In particular, this shows that [V, V*V] is a differential operator of first order. The next
task is to compute the commutator between V and 2¢(R). Recall that the curvature
term 2¢(R) was defined as 2¢(R) = ) ex Ae; s Re, ¢, which in the special case of 1-forms
is just the Ricci endomorphism.

[V.20(R)] = 23 e;@Ve,a(R) — D 20(R)ei® Ve,
+ Z (ex Nejue)® Repe)Ve, — € ® 2q(R) Ve,
= 2 Z e ®q(Ve,R) — Z € ® VRic(e;) T 2 Z ek @ Reye; Ve, -
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Adding the two formulas for [V, V*V | resp. [V, 2¢(R)]| we eventually obtain

[V, V'V + 2q(R)] = 2> €;®q(Ve,R) + > €i®(Ve, R)e, e,

= Z € @ [2(J(Vei R) + (Ve R>€j’ei] ‘

Note that the second summand vanishes on Einstein manifolds. Indeed, using the notation
of Chapter 4.1 we have (dR)x = —) (V¢;R)e;, x and Lemma 4.4.3 shows that this
expression has to vanish on manifolds with parallel Ricci tensor. It still remains to derive
the commutator of V*V + 2¢(R) and a twistor operator. A twistor operator T is defined
as T := pro V, where pr denotes the projection onto a sum of irreducible summands in
A' ® 7. In our case pr := pryp: is the projection onto AP! C A' ® AP. Equivalently
(and on the level of bundles) we can say that pr : T"M @ n(M) — T*M @ n(M) is a
Hol —equivariant endomorphism, where Hol denotes the holonomy group of the manifold.
Let T be any twistor operator, then

[T, V*V + 2¢(R)] = [proV,V*V + 2¢(R)]
= pro[V, V'V + 2¢(R)] + [pr, V'V 4+ 2¢(R)] oV
= Z pr (ei ® [QQ(VQ R) + (vej R)Ej,ei]) .

Here we used that pr commutes with V*V and 2¢(R) because of the holonomy invari-
ance. Summarizing our calculations, we have proved the following

Theorem C.0.13 Let (M, g) be a Riemannian manifold with holonomy group Hol and
let w be a Hol —representation with associated vector bundle w(M), which is equipped with
the connection V induced from the Levi-Civita connection. Then

[V, V*V + 2q Z e ® 2q V R) (vej R)Ej,ei] :

Moreover, let T :=proV be a twistor operator defined by an Hol —equivariant endomor-
phism pr : T"M @ n(M) — T*M @ w(M) , then

[T, V'V +2¢(R)] = > pr(ei® [20(Ve, R) + (Ve; R)ejer]) -
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