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Abstract. In this Master’s thesis, we discuss the notion of enlargeability as obstruction to
the existence of positive scalar curvature metrics on Riemannian manifolds. We will follow the
approach of M. Gromov and H.B. Lawson, who used techniques from spin geometry to prove
this result in ’80. More specifically, they used a slightly modified version of the celebrated
Lichnerowicz formula and showed that it contradicts the Atyiah-Singer index theorem in the
presence of positive scalar curvature if the manifold at hand is enlargeable. We introduce some
of the necessary prerequisites to be able to properly discuss the subject, such as: Riemannian
Geometry, Spin Geometry, Characteristic classes and the Atiyah-Singer index theorem.

The last chapter is dedicated to the Positive Energy Theorem, a result that has its historical
roots in General Relativity. We will use the non-existence of positive scalar curvature metrics
on certain compact manifolds to discuss a proof of the Positive Energy Theorem that is due
to J. Lohkamp.
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Chapter 1

Introduction: Positive Scalar
Curvature and Topology

This Master’s thesis belongs to one of the numerous intersections of geometry and topology.
Namely, we explore a certain relation of curvature, a notion from Riemannian geometry, to
the topology of the space at hand. This is conceptually interesting in the following sense:
Curvature is a description of the shape of the given space around a point. By this, we mean
specifically that it is local in nature, i.e. it suffices to know what the space looks like in a
small neighbourhood around the given point to be able to compute curvature. Furthermore,
curvature is sensitive to small perturbations of the geometry of the space, provided these
perturbations affect the neighbourhood of the point at which one measures. Topology on the
other hand seems to be the opposite with respect to the two aforementioned properties in the
sense that it is concerned with the global structure of a space. Small neighbourhoods of the
given space carry no topological information, only the whole space does. Small perturbations
(that fulfill some natural conditions) do not change the topological data associated to the
space. These are the premises of topology, rather than deep mathematical insights.

Nonetheless, we will see that even seemingly weak conditions on curvature can have a dra-
matic effect on the global picture of the space.

Riemann surfaces. To illustrate what we mean, we will have a look at Riemann surfaces!.
First of all, these are two-dimensional objects and thus suit the (limited) human imagination.
Secondly they played a predominant historical role in the development of considerable parts
of geometry and topology as we understand these disciplines today. For these reasons they
provide adequate examples for the concepts we discuss here. Riemann surfaces are defined as
smooth two-dimensional surfaces with a particularly nice additional structure®. For orientable
surfaces, such a structure can always be chosen (although not unambiguously so) therefore

not to be confused with Riemannian manifolds.
2They can succinctly be defined as one-dimensional complex manifolds.



we won’t worry about this too much here.

By a celebrated result, namely the so-called Uniformization Theorem, Riemann surfaces can
be put into three different categories: elliptic, parabolic and hyperbolic. These correspond
to the three different curvature cases: positively curved (e.g. spheres), flat (e.g. the plane,
cylinders, tori), negatively curved (e.g. surfaces of genus > 1). When we restrict ourselves to
compact Riemann surfaces, the only remaining example for positive curvature is the 2-sphere.
This is in stark contrast to the hyperbolic case, where there are infinitely many examples.

Positive curvature in general. This scarcity of positively curved manifolds seems to persist
in higher dimensions, as it is actually an active field of research to find interesting examples
of positively curved spaces for the different curvature notions®. We will restrict our attention
to scalar curvature, which is somehow a weak notion of curvature since it only associates a
number to every point of the space, whereas other curvatures are -roughly speaking- arrays
of numbers. These concept are introduced and, to some extent, discussed in chapter 2.
Nevertheless positive scalar curvature is a restrictive condition on topology. It is one of the
goals of this master’s thesis to illustrate this.

Spin Geometry. It took mathematicians quite a long time to get some kind of grip on this
interaction of positive scalar curvature with topology. One reason for this is that virtually all
results of this type rely on one crucial tool that requires a proper understanding of various
mathematical disciplines: spin geometry. Chapter 4 provides some overview of this subject
with an emphasis on its differential geometric aspects. We completely omit the algebraic and
representation theoretic prerequisites for which we refer to chapter I of the standard reference
[LaMi].

Here we will briefly discuss the historic origins of spin geometry. The first mathematician
who has properly understood the so-called spinors seems to have been Elie Cartan around
the year 1910% in the context of representations of Lie groups. Similar ideas were put to
use in theoretical physics in the 1920’s in the wake of the emergence of quantum theory.
Around 1928 Paul Dirac first wrote down the relativistically consistent quantum equation of
motion which was subsequently named after him. In his efforts to achieve this, he invented
the so-called Dirac operator, which is of fundamental importance for our purposes. He had
the idea of trying to factorize a certain equation in which the Laplacian, a second order
differential operator, occurred. He thus needed to take the (a priori ill-defined) square root of
this Laplacian operator. Imposing that the resulting operator D be of first order, this means

3For dimension two most curvature notions coincide (up to constants) and thus there was no need to specify
for our discussion of Riemann surfaces
4In 1913, his paper [Ca] was published.



solving the following system equations for the coefficients ~4:

D = e b
=N oz, 72 Oy Tn oz
0? 0? 0?
Oxry  0x5 Oxz,
which yields the following relations:
Yeovityicw = 0 for k # j
Ve e = —1

This purely formal manipulation begs the question of what kind of mathematical object these
% actually are and how their product is defined. Dirac supposed them to be matrices equipped
with the corresponding product and identified matrices that fulfill these relations in the con-
text of space-time (i.e. in dimension four with different signs (—,+,+,+) in the definition
of the Laplacian). Abstractly, the above relations define a so-called Clifford algebra. These
objects were already considered in the 1870’s by their name-giving mathematician William
K. Clifford, building on the works of William R. Hamilton and Hermann Grassmann, but
apparently Dirac wasn’t aware of this. In conclusion, this somehow naive attempt of taking
the square root of a differential operator turned out to be something very profound: By doing
this, one is forced to leave the classical vector-based realm for its Clifford-algebraic extension.

How scalar curvature enters. As it turns out, the fact that Dirac’s trick works out is
specific to the context where the underlying space is flat in an appropriate sense. In general,
a curvature term will appear. This idea of relating curvature to second-order differential
operators is sometimes called Bochner’s method or Weitzenbock formulae. In the context of
the Dirac operator, the corresponding formula goes back to André Lichnerowicz® and was
proved in 1963. The curvature term in the so-called Lichnerowicz formula is one fourth of
scalar curvature:

1
D2:A+ZK

This formula is essential for our purposes. Its proof will be given in chapter 4 and its appli-
cations will be discussed in chapter 7. The Dirac operator can be linked to an interesting
topological invariant called the fl—genus by the Atiyah-Singer index theorem. In chapter 6,
we will merely discuss the latter result, a proof of which would be beyond the scope of this
thesis. In conclusion, the Lichnerowicz formula links scalar curvature to the Dirac operator,
the index theorem links the Dirac operator to the fl—genus and thus the fl—genus is related
to scalar curvature. More precisely, the existence of positive scalar curvature metrics for a

SInterestingly enough, already the physicist Erwin Schrodinger knew about this formula in the setting
of space-time. He derived and applied it in his 1932 paper [Scr]. Some people therefore call this formula
Schrodinger-Lichnerowicz formula.



certain manifold implies the vanishing of the corresponding A—genus, thus it can be seen as
an obstruction to the existence of positive scalar curvature metrics.

Enlargeability. Enlargeability is a topological property of manifolds which is strongly re-
lated to its fundamental group. It is one of the goals of this thesis (chapter 7) to show that
enlargeability is an obstruction to the existence of positive scalar curvature metrics on spin
manifolds. The idea is -roughly speaking- that the fundamental group of a positively curved
space should be small in an appropriate sense®. This is again reflected in our basic example
of Riemann surfaces: The 2-sphere is the only positively curved compact Riemann surface as
well as the only one with trivial fundamental group. Enlargeability reflects the fact that the
fundamental group of the space at hand is large by imposing that the space admits arbitrarily
large covering spaces. In '79 R. Schoen and S.T. Yau published two papers ([SY1/2]) around
this idea but in which they used minimal surface techniques and more specifically the regu-
larity of minimal surfaces, a method that works properly only in dimensions < 7. In '80 M.
Gromov and H.B. Lawson employed arguments from spin geometry to prove results along the
same lines (see [GrLal]). This is the approach we will adopt. One uses certain twisted spinor
bundles for which there is a modified Lichnerowicz formula in which an additional curvature
term appears (depending on the curvature of the vector bundle with which one twists). As it
turns out, enlargeability is a suitable condition to gain some control over this additional term
so that the Lichnerowicz argument can still be applied. Thus a modified A—genus vanishes
in the presence of positive scalar curvature. Computing the topological index and using the
Atiyah-Singer index theorem shows that this vanishing doesn’t occur.

The Positive Energy Theorem. Contrarily to other field theories, the formalism of Gen-
eral Relativity doesn’t allow for a sensible definition of (local) energy density; only for a
global numerical quantity (called total energy) which, in a sense, measures the asymptotic
gravitational behaviour of the system”. The notion of total energy for a system in General
Relativity was formalized by the physicists R. Arnowitt, S. Deser and C. Misner in their 61
paper [ADM]. It was conjectured that this total energy was positive for sufficiently reasonable
space-time geometries, since positivity of energy is physically associated to the stability of the
system. This is known as the Positive Mass conjecture. Again, this conjecture was proven in
’79 by Schoen and Yau in a series of papers [SY3/4/5] by the use of minimal surface techniques
which fail in dimensions > 7. In ’81 Witten presented another remarkable proof in [Wi] using
spin geometry which can be applied to spin manifolds in arbitrary dimensions. The alternate
proof for spin manifolds which we will present in chapter 8 goes back to J. Lohkamp [Lo]
and was published in ’97. Lohkamp’s idea can be roughly described as follows: After reduc-
ing the problem to a space-like hypersurface with positive scalar curvature (this was known
before Lohkamp’s paper) one can show that the assumption of negative energy leads to a
contradiction. More specifically, this assumption can be used to modify the given metric so

6See the introduction to the fundamental paper [GrLa] for details on this idea.
"See the introduction to [Wil.



that the hypersurface is Euclidean outside of a compact which has itself non-negative (and
somewhere strictly positive) scalar curvature. This contradicts the results from chapter 7 in
the sense that such a manifold could be glued into an otherwise flat compact manifold that
cannot carry positive scalar curvature metrics, such as the torus for example.



Chapter 2

Some Aspects of Riemannian
Geometry

In this first chapter we provide an introduction to the tools and concepts from Riemannian
Geometry that are important in the context of Spin Geometry. Amongst other things this
means that we work in the abstract setting of smooth vector bundles. The classical case can
be extracted from this setting by choosing the tangent bundle as vector bundle over the base
manifold. We do this on several occasions explicitly, since some results are specific to that
context (the Levi-Civita connection for example). At the end of the chapter we discuss the
various notions of curvature. Our approach is mainly based on [Jos], [Pet16] and the lecture
notes [Izm] and [Des]| (for the part on vector bundles).

2.1 Vector bundles

Let X be a smooth manifold.

Definition 2.1.1. Let E be a smooth manifold, and 7 : £ — X a smooth map. A triple
(E, X, m) is called a smooth vector bundle of rank n if the following hold:

1) 7~1({z}) is an n-dimensional real vector space;
2) For every x € X there is a neighbourhood U C X and a diffeomorphism:
o Y U) = U xR"
with the additional property that for every ' € U the restriction:
Pla-1(ey 7 ({2'}) = {2’} xR

is a vector space isomorphism. ({z'} x R™ is a vector space by dropping {z'})

10



E is called total space, B base space and 7 projection map. The vector spaces m—!({x}) are
called fibres and often denoted by E,. The pairs (U, ¢) are sometimes referred to as bundle
charts, their collection as bundle atlas. In a context where there is no ambiguity over which
base space the bundle is considered, the vector bundle is often just referred to as F.

Remark 2.1.2. There are different generalizations of the definition of a vector bundle. In
the category of topological rather than smooth manifolds, one can just replace smooth by
continuous in every occurrence to get the according definition. Furthermore, the model space
for the fibres needn’t be R", it can for example be complex.

Example 2.1.3. The tangent bundle T'X

The archetypal example for a smooth vector bundles is the tangent bundle (7'X, X, 7) associ-
ated to any smooth manifold X. By m, we denote the projection map of vectors to their base
points. It is easy to see that the defining properties of vector bundles are met: The fibres
are vector spaces and the bundle charts can be constructed from the manifold charts in the
obvious manner.

Definitions 2.1.4. A vector bundle morphism between (E, X, 7) and (E’, X' 7’) is
a pair of smooth maps F : E — E’, f: X — X' s.th. the the following hold:

1) The following diagram commutes:

2) For every z € X the map F|,; : E; — E}(x) is linear.

Vector bundle isomorphisms are defined correspondingly.

To describe the above commutative diagram, one says that F' covers f. Property 2) is referred
to as F' being linear in every fibre. Very often the concept of vector bundle morphism is
applied in the more restricted context where F and E’ are bundles over the same base space
and f = idx. The corresponding diagram takes the following form:

11



In the case where furthermore £’ = FE, these maps are called bundle endomorphisms and
their set is denoted by EndFE.

Definition 2.1.5. A vector bundle of rank n (E, X, ) is called trivial if it is isomorphic
to the bundle (X x R™, X, 1), where m; denotes the projection onto the first factor.

Because of this terminology, the condition 2.1.1.2) is called local triviality. One of the crucial
steps in properly understanding vector bundles is the clear distinction between local triviality
on the one hand and triviality of the bundle on the other. In fact, the triviality or non-
triviality of vector bundles over X is strongly related to the topology of X. Considerable parts
of algebraic topology take bundles over X as geometric input to gain topological information
about X. Examples of this idea are topological K-Theory (see for example the classic [At]
or [Ha09]) and Characteristic classes (see Chapter 5). Contractible spaces (i.e. topologically
trivial spaces), for example, can be shown to admit only trivial vector bundles. We illustrate
these ideas by the following (humble) example:

Example 2.1.6. T'S? is non-trivial

By 2.1.3, the tangent bundle T'S? is a vector bundle over the 2-sphere. T'S? is non-trivial.
Proof: Suppose TS? 22 S? x R2. This isomorphism can be used to construct a non-vanishing
vector field on S?. This can be done by transporting for example p — (p; (1,0)) € S? x R? over
to TS?. The resulting vector field has to be non-vanishing, since the map is an isomorphism.
This is a contradiction to the hairy ball theorem (see [C.1.5]).

g

Next, we will review some methods of constructing new bundles from known ones. The first
will be the so-called pull-back construction.

The needed data to carry out the pull-back construction is a rank-n bundle (E, X, 7), a
smooth manifold X’ and a smooth map f : X’ — X. The basic idea is to turn X’ into the
base space of a new vector bundle by defining the fibre over the point 2’ € X’ to be the fibre
of E over f(z). Define the following subset of X’ x E:

f'E = {(:U',e) ceX'xE|f(2)= 7T(€)}
and the map (which is just projection onto the first factor):
fir: f'E — X'
('e) — 2
Notice that by taking the projection on the second factor:
F:f'F — FE
(2'5e) — e

12



we get the following commutative diagram:

*E—L s E

[ ]

x5 x
which means that F' covers f and that we have thus a bundle morphism: (f*FE, X', f*r) —
(E, X, ) provided that we have indeed constructed a vector bundle. Furthermore the map F

can easily be seen to be a fibre-wise vector space isomorphism (but obviously not necessarily
a bundle isomorphism).

Claim: (f*E, X', f*m) is a smooth vector bundle of rank n.
Proof: X' x E is a smooth product manifold of which f*E is a submanifold by the implicit
function theorem, furthermore f*m is clearly a smooth map. The fibre f*FE,s is by construc-
tion equal to the fibre Ey(s and thus an n-dimensional vector space. The local triviality
requirement is met by defining the following bundle atlas: For all 2’ consider the chart (U, ¢)
around f(2’). We get a chart around z’ by taking the pair:

(FHU), @0 Flpr1(p-10y))
fer—1(f-1(U)) 1s a fibre-wise vector space isomorphism since both ¢ and F' are.

O

where @ o F

Definition 2.1.7. We call (f*E, X', f*7) the pull-back bundle of (F, X, 7) under f.

Properties 2.1.8. Basic properties of the pull-back

1) If f: X' — X is a diffeomorphism, then (f*F, X', f*r) and (E, X, ) are isomorphic as
vector bundles;

2) Given a sequence of smooth maps Z Sy i> X and a bundle E over X, we have the
following contravariance property:

(fog)'E=g"f"E

Another method of constructing new bundles is applying functors to an existing vector bundle.
Contrary to the pull-back construction this yields bundles over the same base space. Let Vect
denote the category of vector spaces, and T a functor of the type:

T : Vect x ... x Vect — Vect

T may be co- or contravariant.

13



Definition 2.1.9. T is called smooth functor if for all VW € Vect, the map (in the
covariant case):

T : Hom(V, W) — Hom(T'(V), T(W))
or (in the contravariant case):
T : Hom(V,W) — Hom(T' (W), T(V))

is smooth. In the case where T" takes multiple arguments from Vect, smoothness is defined
correspondingly.

Examples 2.1.10. Examples of smooth functors on vector spaces
1) @: (V,W)—V a&W the direct sum,
2) @ : (V,IW)—~V ®W the tensor product,
3) *: V= V* dualization,
)

4) A" :V — A"V i-th exterior product.

Proposition 2.1.11. If T is a smooth functor taking k arguments in Vect and
{(Ei, X, i) bieqa,... .y @ collection of smooth vector bundles, then (T'(Ex, ..., Ey), X, m) is
a smooth vector bundle as well (where the fibres are defined in the obvious manner:
T(E1,....Ep)e = T((E1)zy - (Fk)z))-

Applying the proposition to the examples from 2.1.10 yields a large set of examples of smooth
vector bundles:

Examples 2.1.12. Let E and F' be vector bundles over the base space X, then the following
are vector bundles over X as well:

1) E & F the direct sum of vector bundles,

2) E® F the tensor product of vector bundles,
3) E* the dual vector bundle,
4) A'E i-th exterior product of a vector bundle,
5) TTE=E® .. EQ E*®...® E* the tensor bundle of type (r, s), which is a combina-

r-times s-times
tion of examples 2) and 3).

14



By A'X = A'T* X respectively TT X = TI'TX we will denote the result of these constructions
applied to the cotangent bundle 7*X = (TX)*, respectively the tangent bundle T'X (see
2.1.3). Next, we discuss sections of vector bundles.

Definition 2.1.13. For a smooth vector bundle (E, X, 7) a smooth map o : X — E is
called smooth section of F if it is a right-inverse to , i.e. if the following holds:

Too =idy

The set of sections of E is denoted by I'(E).

The defining condition of sections is quite a natural requirement: If evaluated at some point
x of the base manifold, we want o to take its values in the fibre over the same base point, i.e.
we require 0|, € E,. I'(E) can easily be seen to be itself a real vector space. Many important
objects from differential geometry occur as sections of appropriate vector bundles:

Examples 2.1.14. Examples of sections
1) I'(T'X) = X(X) is the set of vector fields on X,
2) T(AX) = QX is the set of differential i-forms,
3) I'(T7X) =T, X is the set of (r, s)-tensor fields.

In the spirit of the proof of 2.1.6, one can show the following:

Proposition 2.1.15. A rank-n vector bundle is trivial if and only if it admits n sections
that are linearly independent in every fibre.

As an example, one can show that if the base manifold is a Lie group G, then the tangent
bundle is trivial, i.e.

TG=GxTiIG=Gxg

by choosing a basis {ey, ..., e, } of T1G and transporting it to every T,G by using group (left-)
multiplication by the element g, denoted by L,. This means that for all i € {1,...,n}, we
define the sections of T'G by:

O'i|g = dLg(l)ei

Since Ly : G — G is a diffeomorphism, every dL4(1) : T1G — T,G is a vector space isomor-
phism and the o; are thus linearly independent in every point.

15



2.2 Metrics and Connections

Let (E, X, ) be a smooth vector bundle over the n-dimensional base space X. To be able to
measure lengths and angles in the fibres of E, we introduce the following concept:

Definition 2.2.16. A section
(,) eT(E*® E")

is called (bundle) metric of F if it is symmetric and positive definite in every fibre.

By a partition of unity, one can show that every vector bundle can be equipped with a bundle
metric. For any point « € X this definition clearly yields an inner product on E,, denoted
by (-, )z {(Fz, (-,")z)}zex is thus a family of Euclidean vector spaces smoothly indezed by
the base manifold X. As such it is clear how lengths and angles can be measured. By non-
degeneracy, this inner-product yields a canonical isomorphism between E and its dual, which
is of fundamental importance in differential geometry:

B = EF
(.73,1)) — <U,->z

Remark 2.2.17. Induced metrics

A metric on the bundle F induces a natural metric on its dual E* in the following manner:
Consider sections that locally form a basis of every fibre {o1,...,0,}, these can be chosen
orthonormal with respect to the given bundle metric by applying the Gram-Schmidt process.
To this orthonormal frame, we associate its dual frame {si, ..., s, } (which are projections onto
the 0;). This dual frame is a local coordinate frame for E*. The metric structure on E* comes
from declaring this dual frame to be orthonormal, i.e. to define (-,-) g+, we put:

(8i585) B = 04

and require it to be linear. This construction is independent of the chosen basis. Another way
to see this is by using the isomorphism ¢ described above. For any two sections s,r € I'(E*),
we have:

-1 1 >

<85T>E* = <L OS,L_ or

The same idea yields an inner product on all tensor bundles derived from E. All of these are
usually again denoted by (-,-) to simplify notation.

Putting £ = T'X yields the most important special case of bundle metrics:

16



Definitions 2.2.18. A bundle metric (-,-) on T'X is called Riemannian metric on X
and is often denoted by g(-,-) = (-,-). The pair (X, g) is called Riemannian manifold.

Additionally to the fibre-wise measurements mentioned above, Riemannian metrics serve dif-
ferent basic purposes: They can be used to measure lengths of (piecewise) smooth curves
c¢: I — X by integrating the norm of the velocity vector:

length,(c) = /]c'||gdt
I

By taking the infimum over all paths linking two given points on the manifold, this length mea-
surement turns the manifold into a metric space (whose toplogy coincides with the manifold
topology). Riemannian metrics also locally induce a volume form whose volume measurement
is consistent with the Euclidean structure of the tangent spaces. This isn’t surprising since
the local construction of an orthonormal frame in the tangent bundle yields information on
the volume of parallelepipeds by requiring that the unit n-cube have volume 1.

Next, we turn the related idea of a connection on a smooth vector bundle. The purpose of
connections is to make sense of the directional derivative of sections. Given any vector bundle,
there is no intrinsic way of forming a derivative of its sections. The problem is the following

one: One would like to write down something of the form:
. Ot — 00

lim
t—0 t

where o is the value of the section in the point where we take the derivative and oy is the
value along some integral curve ¢ of the vector in whose direction we would like to take the
derivative. Alas, the difference quotient we wrote down doesn’t make sense in a canonical
manner, since oo and oy live in different fibres, namely E, ) and E.;). By prescribing a way
of forming such derivatives, one connects a given fibre to its neighbouring fibres. This idea
can be made rigorous by so-called parallel transport (which won’t be discussed here, see for
example [Jos| chapter 4).

Definition 2.2.19. A connection V on (E, X, 7) is an R-linear map:

V:I'(E) — T(T"X®E)
c — Vo
s.th. the following product rule holds for every function f € C°°(X) and every section
oel(E):
V(fo)=df ® o+ fVo

17



Some explanations are in order. Given a vector field V', one gets a map:
Vy :T'(F) —T(E)

by evaluating Vo in the T* X-argument as follows:
or— Vo(V)=Vyo

This is called the covariant derivative in direction V and explains why we have in-
deed constructed an analogue to the directional derivative. One can show that the quantity
Vvol, € E; depends only on the value V|, € T, X, i.e. it has pointwise dependence in the
vector component. The dependence on the section ¢ is local on the other hand, which means
that one needs the values of ¢ in a neighbourhood of = to compute Vyo|,. We get the simplest
example for such an object by considering tangent vectors of R”, i.e. the bundle (TR™, R", 7).
A natural connection is given for all Y € I'(TR") by component-wise differentiation:

Y —» VY =dY

which can easily be seen to meet all the requirements. Unfortunately, this example isn’t ad-
equate for a proper understanding of the full scope of the definition, since different fibres of
TR"™ are copies of R™ and can be canonically identified by Euclidean parallel transport, thus
the above mentioned problem of deriving vector fields doesn’t exist in the first place.

Once a connection V is fixed on F, it can be extended to other vector bundles constructed
from E. (For simplicity, these extensions will all be called V as well)

Proposition 2.2.20. Extension of V
1) There is a unique connection on the dual bundle:
V:I'(E") - T(I"X @ E")
s.th. the following rule holds for all o € I'(E),c* € ['(E*),V € I' (T X):

d(o*(0))V =Vyo* (o) + c*(Vyo)

2) Given a second bundle over the same base space equipped with a connection
(F, X, 7', V'), there is a unique connection V on the tensor product F ® F (see
2.1.10):

V:INE®QF) —>T(IT"X®EQF)

s.th. for all 0 € I'(E), p € I'(F), we have:

Viewp) =Voxp+oxVp
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The requirement in 1) makes sense, since 0*(0) € C*°(X). These formulae obviously all
represent the occurrence of some kind of product rule. By combining 1) and 2), the connection
can actually be extended to tensor fields of all types: Recall from 2.1.12 that all 77" are tensor
products of E and its dual, thus we get a unique connection V:

V:[(I'E) — I(T*X @ T'E)

By the same principle, i.e. by combining known derivations and requiring some product rule,
V can be extended to so-called vector-valued differential forms. Since this extension makes
use of the exterior derivative d (intrinsically) associated to X, it is denoted by dv. We will
use this construction to define curvature (see 2.3.25).

Definition 2.2.21. Extension of V to vector-valued forms
Define the map:
dV :T(E®AFX) — T(E®AMX)

by putting for all k-forms w € A¥X and sections o € I'(E):
dV(c@w)=VoAw+o®dw

and extending linearly.

The term Vo A w requires an explanation, since Vo € I'(E ® AFX ) isn’t a pure differential
form. To make sense of the wedge product we ignore the I'(E)-component of Vo, i.e. for an
elementary object of the tensor bundle 0 ® w € T'(E ® A*X), and a one-form n € T'(T*X) we
put:

NA(cRw)=0® (nAw)

and extend linearly to the whole of the tensor product bundle.

Up to this point, we have treated the concepts of metric and connection independently of each
other. We will now see that on the tangent bundle of a Riemannian manifold, the connection
is unique if we require some additional properties. Formally, this yields a canonical way to
turn a pair (X, g) into a triple (X, g, V) where V is a connection on T'X.

Definitions 2.2.22. A connection V on T'X is called torsion-free if the following holds
for all vector fields V and W:

VoW = V'V = [V, W]
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A connection V on any smooth vector bundle (E, X, ) equipped with a metric (-,-) is
called metric if the following holds for all V- € T'(T'M) and o,7 € I'(E):

V({o, 7)) = (Vvo,7) + (0, VyT)

Remark 2.2.23. As a consequence of 2.2.20 we have seen that a given connection can be
extended to all tensor types. Applying this to the metric tensor g € I'(T*X ® T* X)), one can
check that the covariant derivative Vg satisfies:

(Vo) (V,W,U) =U(g(V,W)) — g(VuV, W) — g(V,Vu W)

for all vector fields U, V, W. Comparing this to the defining property of the metric connection
yields that being metric is equivalent to:

Vg=0

In general, any tensor 7' s.th. VI' = 0 holds is called parallel.

Theorem 2.2.24. The Levi-Civita connection
Let (X, g) be a Riemannian manifold. There is a unique torsion-free metric connection
on the tangent bundle of X.

This connection is called Levi-Civita connection or sometimes Riemannian connection.
The proof of this theorem is computational and will not be given here (see for example [Jos]
4.3.). It relies on the fact that the following equality, called Koszul formula:

29(VUV7 W) = U(g(V, W))_W(Q(Uv V))+V(9(U7 W))_g(U7 [V7 W])+9(W7 [U7 W])+g(‘/a [VV, U])

can be shown to hold for any torsion free metric connection V. On the other hand, this
formula uniquely defines V, since the right-hand side is independent of the connection and g
is non-degenerate. Notice how the Koszul formula is specific to the context of F =T X, since
cyclic permutations can only by carried out if all of the arguments are of the same type (i.e.
vector fields).

2.3 Curvature

To introduce the concept of curvature, we will adopt a top-down approach, by starting with
an abstract definition and subsequently introducing the more concrete curvature quantities
(sectional, Ricci and scalar curvature). Obviously, we put special emphasis on the concept of
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scalar curvature.

Given a smooth vector bundle with a connection (E, X, 7, V), using 2.2.21, we can define
the following:

Definition 2.3.25. Define the curvature operator associated to V:
RY:T(E) — T(E®A*X)
o — RVo
by composition of the following maps:

av 1 av 2
r(E) Y T(EoAX) D D(E e A2X)

This operator has surprising properties. Contrarily, to d¥ (which is a derivation), RY can be
shown to be C*°(X)-linear, i.e. we have:

RY(fo) = fRYo
for all functions f and sections o. Thus it can be viewed as a section of the following bundle:
RY eT(E*® E® A’X) 2 T'(EndE ® A2X)

Furthermore, the following formula can be derived by using the definition of dV:

Proposition 2.3.26. For all V.W € I'(T'X) and ¢ € I'(E), we have:

(RYo)(V,W) = VyVwo — VwVyo — Viywo € T(E)

Here, the (V, W)-argument is interpreted as decomposable bivector V AW € A?T X, therefore
the formula makes sense.

Given a Riemannian manifold (X, g), we will now considerably reduce the level of abstraction
by considering these concepts on the tangent bundle to X equipped with the Levi-Civita
connection. Since this will leave no ambiguity concerning the choice of connection, we will
denote the curvature operator simply by R. Since now we have £ = T'X and by omitting
some of the symmetries, R can just be viewed as a (1, 3)-tensor:

ReT(EndTX @ A*X) CT(T*X @ TX @ T*X @ T*X) 2 T'(T3 X)
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By use of the isomorphism T X = T*X induced by the metric, we can associate to R a
(0,4)-tensor (again denoted by R):

R(V,W,U,Y) = g(RvwU,Y)

(Where we have adopted the classical notation Ry wU = (RU)(V,W).) The resulting element
from T'(TX) has considerable symmetry (part of which we already know about, but have
omitted to get to this point of view):

Proposition 2.3.27. Symmetries of R and Bianchi identities
For all vector fields V, W, U, Y, the following identities hold:

1) R(V,W,U,Y) = —R(W,V,U,Y) = —R(V,W,Y,U)

9) R(V,W,U,Y) = R(U,Y,V,W)

3) RvwU + RuyvW + RwyV =0 (1st Bianchi)
4) (VuR)(V,W)Y + (Vv R)(W,U)Y + (VwR)(U,V)Y =0 (2nd Bianchi)

By these symmetries, the (0, 4)-version of R can be viewed as a well-defined section:
R e T((A°TM)* @ (A*TM)*)

Next, we will turn to the curvature quantities derived from the curvature tensor, the first of
which is sectional curvature. Sectional curvature associates a number to every 2-plane in the
tangent space, in other words it is a function on the bundle of 2-Grassmannians of T'X.

Definition 2.3.28. The sectional curvature at z € X of the plane = C T, X spanned
by v,w € T, X is defined by:

sec, () = _RuAwvAw) _ 9(Ry ww, v)
x g(’[}/\’w,’l)/\’w) g(v,v)g(w,w) —g(v7w)

2

The inner product in the denominator of the first form of sec,(n) is induced by g on A2TX
(see the Remark 2.2.17). The sectional curvature is well-defined on the space of planes since
the space of bivectors associated to 7 is one-dimensional. To gain some intuition on this
concept, we highlight the following link to classical differential geometry of surfaces:
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Remark 2.3.29. Sectional curvature is Gauss curvature of certain 2-submanifolds of X in
the following sense: Let 7 be a plane in T, X. In a neighbourhood of x, the image of = under
the exponential map is a 2-submanifold of X:

Y (m) = exp,(m) NU
Gauss curvature of this submanifold in x equals the sectional curvature:
secy () = Ky, (n) (2)
In particular, if X is two-dimensional, then Gauss curvature equals sectional curvature.

Although sec is derived from R, the following holds true:

Theorem 2.3.30. The sectional curvature (for all points and with respect to all planes)
determines the curvature tensor R completely.

The next curvature quantity we will discuss is Ricci curvature.

Definition 2.3.31. Ricci curvature at x € X for the vectors v,w € T, X is defined as
follows:

Ricg (v, w) = Z R(ej,v,w,e;)
=1

(where {e1,...,e,} is an orthonormal basis of T, X)

This definition is independent of the chosen orthonormal basis. Furthermore, one can easily
show, by using the symmetries of R, that the Ricci tensor is a symmetric section:
Ric e (T*X @ T*X) = [(T9X)

Just as taking an appropriate trace of R € I'(T{X) yields Ric € I'(T9X), taking the trace
again will yield a (0, 0)-tensor, i.e. a function on the manifold. This function is called scalar
curvature:

Definition 2.3.32. Scalar curvature at z € X is defined as the following number:
n
k(x) = tr(Ric,) = Y _ Ricy (e, €))
j=1

(where {e1,...,e,} is an orthonormal basis of T, X)
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Scalar curvature in x € X can be interpreted as the average of all sectional curvatures of the
coordinate 2-planes of T, X:

k(z) = ZRicx(ej,ej)
j=1
= Z R(e;, ej,ej4,€;)

i,j=1

= Z secy (Ti5)

ij=1

= 2 Z secy (1)

1<j

where 7;; = span({e;, e;}) for some orthonormal basis {e, ..., e, } of T, X. In particular, scalar
curvature is twice Gauss curvature in the case where X is a 2-manifold.

Remark 2.3.33. (see [GHL] p.139) To gain some geometric insight on what scalar curvature
measures, we note that the scalar curvature at some point x € X is related to the volume
growth of balls centred around x compared to balls in flat space. Denote by BX(x) the ball
of radius r around z in the manifold X, then we have the following expansion:

vl (BX () | nle) oo

vol, (BE"(0)) 6(n + 2)
Where the balls in X are determined by the metric space-structure induced by the Riemannian
metric (see the remarks after 2.2.18). Notice how the minus in the second-order term makes
sense since for example the volume of balls on the sphere is smaller than in the Fuclidean
case, whereas hyperbolic balls have more volume that Euclidean ones.

Remark 2.3.34. Scalar curvature plays a prominent role in General Relativity. It appears
as the Lagrangian of the so-called Finstein-Hilbert action:

AEH(g)z/ kqgdvolg
X

from which the Einstein field equations can be derived using the principle of least action.
Note that General Relativity is not exactly cast in the framework of Riemannian Geometry,
since its associated bilinear form is Lorentzian, i.e. has signature (—, +, +,+) (or the opposite
depending on convention) instead of being positive definite. All involved definitions can easily
be adapted to this context.
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Chapter 3

Principal bundles

Smooth principal bundles are essentially locally trivial bundles where some Lie Group G
serves as model space for the fibres and that is equipped with a sufficiently nice G-action.
The archetypal example of such a bundle is the so-called frame bundle of a smooth manifold,
which consists of all bases of the tangent space at a given point (this works in any given
vector bundle). Tts structure group is the general linear group, since the latter operates
transitively on the bases of the vector space to which it is associated. Interestingly, a number
of additional geometric structures on smooth manifolds (orientation, Riemannian metrics,
complex structures, symplectic structures, etc.) can be viewed in a unified way as so-called
reductions of the structure group of the frame bundle. In later chapters, this idea will we
applied to the spin group in order to produce a bundle that has Spin,, as structure group.
Our treatment is mainly based on [KINI], with Appendix B of [Fri] serving as secondary
reference.

3.1 Principal bundles

Definition 3.1.1. Let P, X be smooth manifolds, GG a Lie group and 7w : P — X a smooth
map. The 4-tuplet (P, X, G, ) is called G-principal bundle if the following hold:

1) G acts freely on the right on P by a smooth group action:
PxG — G
(p,9) — pg=Rgp

2) The map 7 is surjective and for all p,q € P we have m(p) = 7(q) if and only if there
isa g € G s.th. g = pg,
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3) Every point € X has a neighbourhood U C X s.th. 77 1(U) is trivial in the
following sense: There is a pair of maps (@, ¢)

o HU) = UxG
o:1m Y U) — G
where ® is a diffeomorphism of the form & = 7 x ¢ and ¢ is G-equivariant, i.e.

v(pg) = ¢(p)g for all p € P and g € G.

For simplicity, we will denote principal bundles (P, X, G, ) often by their so-called total
space P. X is called the base space, m the projection map and G the structure group of the
principal bundle. The set P, = 7—!({z}) is called fibre over x and one can deduce from the
definition that 7=!({z}) is diffeomorphic to G. Furthermore, one can show that X = P/G
with projection map .

Example 3.1.2. The trivial bundle X x G
The bundle (X x G, X, G, ) equipped with the obvious right-action and the projection onto
the first factor is a G-principle bundle called the trivial G-principal bundle over X.

Example 3.1.3. The frame bundle FE
Given a smooth rank-n vector bundle (E, X, ), we can associate to it the so-called frame
bundle (FE, X,GL,, ) in the following way. We construct fibres over every point z € X:

FE, ={(v1,...,vn) € (Ex)" | v1,..., v, are linearly independent}
whose elements are called frames. The corresponding total space:

FE = U FE,
rxeX

with the obvious projection w. The free GL,-action is defined as follows:
FExGL, — FE
((x,vl,...,vn),G) — (CIZ,ZGHUZ',...,ZGWUZ‘)

This action is clearly transitive. To show that F'E is locally trivial, fix a point g € X and take
a bundle chart on some neighbourhood U C X of xg. This chart yields (by trivialization) a
canonical basis for F|y, which we will denote by the vector fields X1, ..., X,, € T'(E|y). Every
frame (v1,...,v,) over U, can be expressed in these vector fields as follows:

n
V; = E ’U?Xj
J=1
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for all i € {1,...,n}. We can now define ® by:

®:7 Y(U)=FEly — UxGL,

(2,01, .y 0n)  — (2, (V])5))

The matrix (vf )ij is non-degenerate, since it transforms one basis into another by defini-
tion. ® can easily be seen to be a diffeomorphism and ¢ can be defined in the obvious way.
Thus we have indeed constructed a G L,-principal bundle. We will see that this bundle is of
fundamental importance for our purposes and in differential geometry in general.

Remark 3.1.4. An alternative view of fibre bundles can be extracted from the definition as
follows. Choose an open covering of X = |JU,, s.th. the 771(U,) are trivial with trivializing
maps ¢, = ™ X p,. By the G-equivariance property, one can show that the following maps
are well-defined (where the product comes from the group structure of G):

Yap = Py UaNUs — G

These are called transition functions and they obviously have the following property on U, N
UgnN U,y

Pay = PaBPpy (*)
As it turns out, conversly, knowing X, G and the data (Ua, ¢ag)a,g is sufficient to construct

a principal bundle with transition functions ¢,g provided the data fulfills (&). See [KNI]
[.5.2. for details.

Definition 3.1.5. Let (P, X,G,n) and (P’, X', G', ) be two principal bundles. A mor-
phism of principal bundles is a pair of maps F : P’ — P smooth; f : G’ — G a group
morphism s.th. for all p € P/ and g € G’:

F(pg) = F(p)f(9)

i.e. the following diagram commutes:

P'x G — P

[ lF

PxG——P

Isomorphisms are defined correspondingly.

Since the respective structure groups act transitively on fibres, morphisms preserve fibres. In
particular, they descend to the base spaces. This can be expressed by the following diagram:
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pP—rsp

-l

X — X
For simplicity, we will denote all maps of this triple (F, F, f) by the same letter.

Next, we will discuss so-called reductions of the structure group, which are of crucial impor-
tance in spin geometry.

Definition 3.1.6. Given two fibre bundles over the same base space (P’, X,G’,7’) and
(P, X,G, ) and a Lie group morphism f : G’ — G, an f-reduction (of the structure
group) is a morphism of principal bundles (F, f) (i.e. the morphism on the structure
groups is the prescribed f) so that F' leaves the base space invariant: F = idx. This
corresponds to the following commutative diagram:

P! F P
N, A
X

In the classical case, this definition is used if F' is an embedding (in addition to the above
requirements), i.e. F: P/ — P an embedding and f : G’ — G a group monomorphism. In
the case where such a morphism exists, one says that the structure group G can be reduced to
G’'. This terminology is justified by the following result: (see [KNI] 1.5.3.)

There is a reduction of the structure group G to G’ < G (Lie subgroup) if and only if there
is a covering of X and transitions functions that have values in G’ (See 3.1.4).

We need the more general definition 3.1.6, since we want to discuss Spin-principal bundles
as reductions of SO-principal bundles. Semantically speaking, this is not a reduction of the
structure group (nor would it be according to the classical definition discussed above), since
Spin double-covers SO. It is nonetheless an occurrence of a structure group reduction as we

defined it.

Example 3.1.7. The orthonormal frame bundle Fp E
Let (F, X, ) be a smooth vector bundle of rank n equipped with a bundle metric g. Similarly
to 3.1.3, we define the fibres of FpE to be:

FoEy = {(v1,..,vn) € (Ex)" | gu(vi,v;) = dij}
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Which means that we require the frames to be orthonormal w.r.t. the Riemannian metric. In
the same way as for F'E, this can be checked to be an O,,-principal bundle. Let f : O, — GL,
denote the canonical inclusion. FpF is the f-reduction of FFE where we take as bundle
morphism the natural fibre-wise inclusion:

FoE < FE

Since every orthonormal frame is a frame. This map obviously descends to the identity on
the base space. This shows how the choice of a Riemannian metric leads to the reduction
of the structure group from GL, to O,. Conversely, one can show that every choice of an
f-reduction of F'E induces a Riemannian metric on X (see KNI 1.5.7.).

Example 3.1.8. The oriented frame bundle F{ F
Let (E, X, ) be an oriented vector bundle of rank n. Define the fibres of F\y E' to be:

FiE, ={(v1,...,un) € (Ex)" | v1,..., 0, is & basis with the preferred orientation}

This yields an GL;-principal bundle. For the canonical inclusion f : GL} < GL,, F\F is
an f-reduction of F'E. Again, the converse holds as well: (see [Fri] Appendix B.1.) Every
f-reduction of F'E induces an orientation on X.

Next, we discuss sections of principal bundles:

Definition 3.1.9. For a principal bundle (P, X, G, ) a smooth map o : X — P is called
smooth section of P if it is a right-inverse to 7, i.e. if the following holds:

Too =1idy

Similarly to 2.1.15, one can show the following criterion for trivial bundles:

Proposition 3.1.10. The bundle (P, X, G, 7) is trivial (i.e. isomorphic to X x G) if and
only if it admits a global section.

This might seem surprising at first, since triviality is a strong requirement. But consider the
following:

Example 3.1.11. The proposition infers that FE is trivial if and only if there is a global
frame. But in terms of the vector bundle E this means precisely that there are n sections
(of the rank n-vector bundle E) whose values are linearly independent in every fibre. Thus
the triviality of the frame bundle (as principal bundle) is equivalent to the triviality of E as
vector bundle (see 2.1.15).
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3.2 Associated bundles

The so-called associated bundle construction provides a way to associate vector bundles to
a given principal bundle. The data needed to carry out this construction is the initial fibre
bundle (P, X, G, 7) and a representation of G in the general linear group of some vector space
V', i.e. a homomorphism:

p:G— GL(V)
The resulting vector bundle will have copies of V' as fibres. This construction is not restricted

to vector spaces (see [KINI] 1.5.), but this special case is sufficient for our purposes.

Under the above assumptions, G has the following free action on the product P x V:
GxPxV — PxV
(g.p.0) = (pg~,p(g)v)

The quotient of this action will be denoted by P x, V' and can be checked to be a smooth
vector bundle. The projection map 7, is defined by the following diagram:

PxvV-2sp_T X

|

Px,V

where the vertical map is the canonical projection onto the quotient and m; is projection onto
the first factor.

Definition 3.2.12. We call the so-obtained (P x,V, X, 7,) the vector bundle associ-
ated to P via the representation p.

To illustrate this concept, consider the following examples:
Examples 3.2.13. tensor bundles as associated bundles

1) TX = FX x,,R™ The tangent bundle is associated to the frame bundle via the canonical
representation p, : GL, — GL(R");

2) T*X = FX x,= R" where p}(g) = pn(97")" denotes the dual representation;
3) T4 X = FX X1rp, T{R™ where Ty p, is induced by the previous representations.
For a detailed discussion of how to view all tensor bundles as derived objects from the frame

bundle, see [Pet98] Appendix B.4.
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3.3 Connections on principal bundles

Let (P, X, G, ) be a smooth principal bundle. As the total space is locally a product space by
definition, it is natural to ask whether the same holds for the tangent spaces. As it turns out,
there is no such canonical decomposition. A connection is the choice of one such splitting.
By G, we will denote the subspace of vectors tangent to the fibre over p, i.e.

toww}

Although the inclusion G C P,y depends on the chosen trivialization around p, the existence
of such a v can easily be checked to be independent of this choice. Furthermore, one can
show:

d
G, = {v € TpP‘ v :(—¢,6) = G C Prp) sth. v = 7

Gp=g ()

isomorphic, by associating to every vector in the Lie Algebra g its left invariant vector field in
the corresponding fibre. For every V' € g, denote the corresponding vector field on P by V*.

Definition 3.3.14. A connection on P is a smooth assignment p — @, of subspaces
Qp C TP for all p € P s.th. the following hold:

1) The tangent space of the total space splits: T), = G, & Qp,

2) The assignment behaves as follows under the action of G: Q) = (Ry)«Q, for all
g €G.

The subspaces Gy, are called vertical, since they correspond to the fibre-part of the tangent
space, whereas the manifold-components @, are called horizontal. A related concept that
contains the same information is the following one:

Definition 3.3.15. A connection one-form on P is an g-valued one-form w € I'(T*P®
g) s.th.

1) w(V*)=Vforall V eg,
2) (Ry)*w = ad(g!)w for all g € G.

These concepts are equivalent in the following sense: (see [KINI] I1.1.1.)
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Proposition 3.3.16. Connections on P and connection one-forms on P are in bijective
correspondence.

Given a connection on P, the corresponding form can be obtained by using the splitting
3.3.14.1) to get a projection T,P — G, that yields w by composing with the isomorphism
(). Conversely, given a connection one-form w, the distribution of tangent subspaces defined
by @, = kerw, is a connection. Note how this is geometrically consistent with viewing w as
the projection onto the vertical component of the tangent bundle of P.

We will discuss the connections of one bundle in particular, namely the bundle of oriented
orthonormal frames. For this, let (E, X, 7) be an oriented smooth vector bundle of rank n > 2
(see [LaMi] I1.§1. for the other cases) with bundle metric g. The first thing we notice is that
the structure group can be reduced from GL, to SO, by the presence of a metric and an
orientation. Since SO,, = O,,NGL;}, this can be achieved by consecutively applying Examples
3.1.7 and 3.1.8 to F'E. This yields the bundle of oriented orthonormal frames, which we
will denote by (FsoF, X, SO, ). The Lie algebra associated to SO,, is the algebra of skew-
symmetric n X n-matrices, denoted by so(n). The connection form is thus an so(n)-valued
one-form or, equivalently, a skew-symmetric matrix of one-forms.

Connections of Fgo F are strongly related to metric connections on (the vector bundle) E (see
2.2.19 and 2.2.22):

Proposition 3.3.17. Every connection 1-form w on FsoF defines a unique metric con-
nection on E and vice-versa. This correspondence is given by the following equation:

n

Vo; = Z(J*w)ji Koj (W)

=1

Where o1, ...,0,, € I'(E|y) a pointwise positively oriented orthonormal basis on a coordi-
nate neighbourhood U. Equivalently, o = (o1, ..., 04,) is a section of FsoFE|y.

The equation (#) makes sense: Recall that Vo; € I'(T*U ® E) and here w € I'(T*FsoE ®
so(n)), but o : U — FsoFE|y, thus (c*w)j; € I'(T*U). Moreover, one can show that this
determines V independently of the choice of the orthonormal frame ¢. For a thorough dis-
cussion of the frame-dependent vector bundle-based approach and its invariant counterpart
in fibre bundles, we refer to [Pet98] Appendix B.
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In the case of F = T'X, where we will denote the bundle of oriented orthonormal frames by
FsoX, 3.3.17 can be applied to the Levi-Civita connection (see 2.2.24) to yield:

Proposition 3.3.18. Levi-Civita connection on FgoX
There is a unique connection on Fgp X so that its associated connection on E (by 3.3.17)
is torsion-free.

Remark 3.3.19. Connections on principal bundles induce unique connections on their as-
sociated vector bundles. For a short discussion of a special case, see [LaMi] I1.§4.7. For a
general treatment, see [KNI] Chapter III.
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Chapter 4

Overview of Spin Geometry

Spin structures are certain reductions of the structure group of the frame bundle of a vector
bundle to the spin group. Based on representations of the spin group, one can associate
vector bundles to these principal Spin,-bundles, called spinor bundles. These turn out to
have an interesting Clifford-module structure which allows us to define a natural first-order
differential operator, namely the Dirac operator. This construction is essential in the context
of positive curvature geometry, since applying Bochner’s method to the Dirac operator yields
scalar curvature as difference between the square of the Dirac operator and the connection
Laplacian. At the end, we discuss twisted spinor bundles, which are needed in 7.3. [LaMi]
served as main source for this chapter, [Fri] as secondary reference.

4.1 Spin structures and spin manifolds

Let (FsoE, X, SO,,, ) be the bundle of orthonormal frames associated to an oriented vector
bundle E equipped with a bundle metric. Recall that Spin is the universal double-cover of
SO (see [LaMi] 1.§2.). Thus we have a Lie group morphism:

At Spin,, — SO,

Definition 4.1.1. The bundle (FspE, X, Spin,,, ') is called spin structure on E if it is
a A-reduction of (FsoFE, X, SO,, ) s.th. the associated bundle map

A FSpE — FsoF

is a double-covering map.

By Definitions 3.1.5 and 3.1.6, this construction can be summed up by the following com-
mutative diagram:
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FsoE

A spin structure doesn’t always exist. We mention the following topological constraint without
discussing its proof (see [LaMi] IL.§1. for details):

Theorem 4.1.2. Existence of spin structures on vector bundles
Let (E, X, ) be an oriented vector bundle with a bundle metric. There is a spin structure
on FE if and only if the second Stiefel-Whitney class vanishes: ws(E) = 0.

For a short discussion of Stiefel-Whitney classes, see 5.1.

As is often the case, one important special case of the above is F = T X:

Definition 4.1.3. Let X be an oriented Riemannian manifold. X is called spin manifold
if there is a spin structure on T'X.

Notice that this makes sense, since orientation and Riemannian structures for manifolds are
exactly defined as orientation on T'X and the existence of a bundle metric on T'X respectively.
Moreover, since by definition w(X) = w(TX), the application of 4.1.2 directly yields:

Proposition 4.1.4. Existence of spin structures on manifolds
The oriented Riemannian manifold X is spin if and only if its second Stiefel-Whitney class
vanishes: wy(X) = 0.

4.2 Clifford and Spinor bundles

Using the associated bundle construction (see 3.2), we will construct two bundles that are
fundamental ingredients of spin geometry. The first one is called Clifford bundle and occurs
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as associated to the frame bundle. The second one on the other hand is associated to spin
structures and its sections will be the so-called spinors. After their definition, we will discuss
how they are interrelated by a module structure.

Let (E, X, m,g) be an oriented smooth rank n vector bundle equipped with a metric. The
frame bundle can thus be reduced to FsoFE. Recall that every orthogonal transformation of
R™ induces a unique automorphism of C¢(R™) (see [LaMi] 1.§1.). This can be viewed as a

representation:
cl(prn) : SO, — Aut(CU(R™))

Definition 4.2.5. The Clifford bundle associated to (E, X, 7, g) is the vector bundle
(CUFE),X,n") defined as follows:

C'E(E) = FsoF Xcl(pn) CE(R”)

Contrarily to the spinor bundles, the only topological obstruction to this construction is
orientation. We get a bundle of algebras, i.e. every fibre of the obtained bundle is a Clifford
algebra:

CUE)y = CUEy, ||'])

For the construction of spinor bundles, one needs the following data: A vector bundle E as
before with additionally wa(E) = 0 s.th there is a spin structure Fgp,E and a Cl(R"™)-left
module denoted by M. This module structure induces a metric on M with respect to which
Clifford multiplication by vectors is orthogonal (see [LaMi] 1.85.)

Definitions 4.2.6. A real spinor bundle is associated to the spin structure Fs,E by
S(E) = FspE x, M

where p : Spin, — SO(M) is the representation canonically yielded by the module
structure of M, i.e. for every £ € Spin,, and m € M, define:

p(&)m =& -m
If Mc is a complex C¢(R™) ® C-module, define similarly complex spinor bundles:

S(c(E) = FSpE Xu M(C
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Another way to view p is as the composition of Spin,, < C¥, — End(M), where the second
comes from the module structure of M.

Example 4.2.7. As the most basic example, consider M = C¢(R™) for which u can obviously
just be chosen as Clifford left-multiplication denoted by ¢:

CESP(E) = FSpE Xy Cf(Rn)

Proposition 4.2.8. The module structure of S(E)
The real spinor bundle S(F) is a module over C¢(E) in the sense that ;1 descends to the
quotient:

FspE x CUE) x M —2— Fg,E x M

| J

CU(E) x S(B) —*—— S(E)

Proof: Tt suffices to prove that p is invariant under the operation of Spin,, on Fg, /' x M, i.e.
that the following diagram commutes for all { € Spin,,:

FspE x Cly x M —2— Fg,E x M

lg* Jg*

FspE x Cly x M —"— Fs,E x M

Where the operation by ¢ is denoted by (x. Recall that C¢,, is viewed here as C¥,, — End(M),
thus the C?,, factor is acted upon by conjugation. Compute:

(:u © C*) (pv g, m) - 'u(pg—1’ CfC_17 Cm) - (pC_17 (fm)
On the other hand:

((¢x) 0 ) (p. &;m) = (¢*)(p,€m) = (pC, (Em)

Thus the diagram commutes.

A similar result holds in the complex case. Since we now have a map between bundles:

j: CUE) x S(E) —s S(E)
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This yields a map between corresponding sections:
i D(CUE)) x T(S(E)) — I(S(E))

defined as:
ﬂ(077)|x = N(U|xu7":0)

For any two sections ¢ and 7 of the respective bundles, their product p(o,7) will be just
denoted by o - 7.

Next, we will briefly discuss connections on Clifford and spinor bundles. Let (E, X, ) be an
oriented vector bundle with a bundle metric and a spin structure A : Fs, F — FsoE with some
spinor bundle S(E) (the part on connections on Clifford bundles is obviously independent of
any spin structures). Furthermore, we fix a connection on the bundle FspoE. By 3.3.19, this
induces a connection on C¢(E), denoted simply by V. This V can be shown to be well-behaved
with respect to Clifford multiplication in the following sense:

Proposition 4.2.9. For any two 0,7 € I'(CY(E)), the following product rule holds:

V(ec-1)= (Vo) -7+0-(VT)

For the spinor bundle, we first lift the connection on FgoFE to the double-covering Fg, E via
the map A. Again by 3.3.19, this yields a connection on the associated spinor bundle S(E),
which is again just denoted by V. Since these two connections stem from the same connection
on FgoF, one can show that they are compatible with the module structure in the following
sense:

Proposition 4.2.10. For any two o € I'(CY(E)), 7 € T'(S(F)) the following product rule
holds:
Ve -17)= (Vo) -7+0-(VT)

Notice that the above formula contains two different connections, although this is suppressed
in the notation. The point in all of this is that there is one basic object, namely the connection
on the frame bundle FspoF, from which, once it is chosen, one canonically derives the connec-
tions on CY(E) and on any spinor bundle S(FE). In particular, if we set E = T'X, everything
is canonical, since the natural choice on the frame bundle is the Levi-Civita connection (see
3.3.18).
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4.3 The Dirac operator and its Bochner formula

Let X be a spin n-manifold with a given spin structure on its tangent bundle. By C¢(X) we
denote the Clifford bundle of TX. Furthermore, we take some spinor bundle S(X), stemming
from T'X as well. By the discussion in 4.2, we take the canonical connections (both denoted
by V) inherited from the Levi-Civita connection. Under these circumstances, we can define
the Dirac operator:

Definition 4.3.11. The Dirac Operator is defined as follows:
D:T(S(X)) — T(S(X))

n
o —> Zej-veja

=1
where e, ..., e, is an orthonormal basis of the tangent space.
The definition is independent of the chosen basis: Let €1, ..., €, be another orthonormal basis

of the given tangent space. We then have (using G € O(n)):
¢ =D Guer
k

for some G € O(n). Let D denote the Dirac Operator defined by this second basis. For all
o €I'(S(X)), we have:

Do = Zéj~ve~ja
J

- Z (Z ije’f) "V, 6j1e0
k

J
= Z ijGjlek . vele
j7k7l

= Zéklek Ve, 0
k,l
= Do

The Dirac operator is a differential operator of order one in the sense of 6.1.1. Furthermore,
one can compute the symbol of D and D? (see 6.1.2 for the definition of the symbol):
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Proposition 4.3.12. The symbols of D and D?

og(D) = -
oe(D?) = |ig|?

Thus the Dirac Operator and its square are elliptic (see 6.1.5).

Furthermore, the Dirac operator is formally self-adjoint. Given a bundle metric on I'(S(X)),
we can define an L?-inner product on I'(S(X)) (more specifically for compactly supported
sections of S(X)) by defining:

<01,02>L2:/ <01,02>dvol
X

Proposition 4.3.13. (see [LaMi| 11.§5.) The Dirac operator is self-adjoint with respect
to (-, )2, i.e. for all compactly supported sections o1, 09 € I'(S(X)) the following holds:

(Doy,09) 12 = (01, Doa) 2

The following is a direct consequence: (assuming finite-dimensionality, which is given by the
fact that D and D? are elliptic)

Proposition 4.3.14.
kerD = kerD?

Before discussing the Bochner identity, we need to define the connection Laplacian. Let
(E, X, m, V) be a smooth vector bundle with bundle metric and connection.

Definition 4.3.15. For any two vector fields V,W € I'(T'X), define the invariant sec-
ond derivative:

Viw :T(E) — I(E)
o —> v%/’WU:VVVWU—Vvva

Where we used the Levi-Civita connection on T'X.
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One can show that V2o is tensorial in both arguments, i.e. that V2o € I(T*X @ T*X ® E).
Furthermore, the invariant second derivative is related to the curvature operator of £ by:

Viw — Vivy = Rvw (4)

Definition 4.3.16. The connection Laplacian is defined as the negative trace of the
invariant second derivative:

V*V:I(E) — I(E)

n
2
g o Z Vej’eja
j=1

for a basis orthonormal basis eq, ..., e, of the tangent space.

The connection Laplacian has the same symbol as the square of the Dirac operator and is
thus elliptic. Furthermore it can be shown to be symmetric and formally self-adjoint. This
implies that V*V is positive in the following sense:

(V*Vo,0)2 = (Vo,Vo) 2 = Vo7, > 0

We return to the initial setting of a given spin n-manifold, over which we take some spinor
bundle S(X) endowed with its connection coming from the Levi-Civita connection on T'X.
This yields a corresponding connection Laplacian, which is linked to the square of the Dirac
operator by the following identity (which holds in a more general context, see [LaMi] 11.§8.2.):

Theorem 4.3.17. Bochner identity

D? =V*V + R

Where fR is defined in terms of the curvature operator of S(E) (denoted by R*) by:
— 1 - S
Ro = 5 Zez . 6j . Rei,ejo'
i.j

We have three operators of the same type:

D2, V*V, % :T(S(X)) — T(5(X))
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and thus the formula makes sense. Furthermore, one can easily check that R is linear as

opposed to the other two operators.
Proof: (Bochner identity)

Around a given point € X, choose a local orthonormal frame field Ey, ..., E, € TI'(TX|y)

s.th. VEj|; = 0 for all indices j. Then we can compute at x € X:

D’ = Y Ei-Vg ) E;j-Vgo
i J

= ZElEjVEZVEJO-

3

VE]"IZO )

7’7]

=  —) V3 +Y E;-E;- (V3 ~ V3

- E;,E7 (A E;,E;9 E;,E9
i 1<J

= V*Vo + Ro

g

The proof thus shows that 4.3.17 reflects the decomposition of D? into a trace component

V*V and an off-trace component ‘R.

In our specific case (see the setup in 7.2), the curvature term PR can be identified with
one fourth of scalar curvature (see 2.3.32). This remarkable fact is known as Lichnerowicz

formula.

Theorem 4.3.18. Lichnerowicz formula

1
» = VIVt ok

Proof:

We need some facts on the involved curvature operators. By R we denote the curvature
operator of the tangent bundle T'X and by R® the curvature operator of the spinor bundle

S(X). These are related by the following formula (see [LaMi] I1.§4.15.):

1
Rig/’WO' = 5 E <Rv,wei, €j> €; - ej -0
1<j
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where V,W € T, X and e, ...,e, € T, X an orthonormal basis, if we consider the equation in
the point z € X. Another crucial ingredient are the following two identities which are specific
to the context where the Levi-Civita connection is chosen on T'X (see 2.3.27.2) and 3)):

<RV,WU7 Y> - <RU,YV> W>
RywU + RyvW + RwyV

for all tangent vectors V, W,U,Y at all base points. Let x be a point on the base manifold
X and ey, ..., e, an orthonormal basis of T, X. Using 4.3.17, we only need to identify the
curvature term ‘R:

Ro = *E:ez ej - R, e;0

)
- 3 Z ez,ejekael c€j €k €l

,J,k l

This fourfold sum can be separated in terms where i, j, k are distinct:

1 1
g Z g Z <Re¢,ej6k’ + Rek,eiej + Rej,ekeia €l>€i "€jc€p | € -0
l

.7,k distinct

And in terms where at least two of the indices 1, j, k coincide. The first term vanishes, due to
the first Bianchi identity (see above or 2.3.27.3)). The latter term can be rewritten as:

z E E (Re, e €iser)ei-ej- e+ E (Re;e;€5,e1)ei-ej-ej | -e-o
7-]

?-]
= 72 Z el,ej€i7€l>6j *Z<Rei,€jejael>ei €0
12 i,J
since e; - €j - e; = e; and e; - e; - ej = —e;. Thus (recalling 2.3.31) we have:
1
Ro = Z Z<R€z‘,6]’€i7 61>€j c€ -0
/[:7j7l
1 .
= -1 ZRlc(ej, eej-e o
j?l

1

= ZK/O'
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Remark 4.3.19. The Lichnerowicz formula yields a lot of information about spin manifolds
with positive scalar curvature. More specifically, it implies that ker]) = {0} in the presence of
positive scalar curvature by a short computation and by positivity of the connection Laplacian.
Via the Atiyah-Singer index theorem, this yields the vanishing of the so-called A-genus. See
5.5 for the definition of the A—genus and 7.2 for a discussion on how it relates to positive
scalar curvature.

4.4 Twisted spinor bundles

For our purposes, a slight generalization of the Lichnerowicz formula is required. Let X be
a compact Riemannian spin manifold and S(X) one of its spinor bundles endowed with the
connection inherited from the Levi-Civita connection. Additionally, let E be a smooth vector
bundle over X, equipped with a bundle metric and a metric connection. We want to consider
the product bundle S(X) ® E, on which Clifford multiplication is defined as follows:

{-(o@Tm)=(-0)or

for all ¢ € CU(X), 0 € S(X) and 7 € E. Furthermore, we equip the product bundle with the
product metric and the product connection, i.e. for the given connections V° on S(X) and
VE on E, define:

Viewt)=(Vio)®T+0® (VFr)

The associated connection Laplacian will be denoted by V*V, the Dirac operator by Dg.
The appropriate modification for the Lichnerowicz formula is exactly what one might expect:
The general Bochner curvature term splits in two parts, the first corresponding to the spinor-
part of the bundle and thus turning out to be one fourth of scalar curvature, the other one
corresponding to the E-part in the product bundle and thus depending on the curvature of

E.

Theorem 4.4.20. Lichnerowicz formula for twisted spinor bundles

1
D%:V*VJFZH%E

Where the last summand is defined by:

n

1
RP(owT)= 5 Z(ei ej-0)® Rf;ejT
2%

for all 0 € S(X), 7 € E and extended linearly to all elements of the tensor product.
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Proof: One can show that the curvature operator of the product connection (simply denoted
by R) operates as follows on tensor products of simple type:

Rlo®7)=(R%)®71+0® (RET)
Again starting with the Bochner identity 4.3.17, we want to identify fA:

1 n
RoxT) = 5 Z i e Reje(0®T)

5,5=1
1 ¢ 1
S E
= izei'ej.Rei,er ®T+§Z(ei-6j-0')®Rei7ejT
=1 o

1
= 1/1(0@7’)4-9‘{15(0@7)

Where the last line uses the proof of the classical Lichnerowicz formula.
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Chapter 5

Characteristic classes, the Chern
character and the A-genus

Characteristic classes associate to a given vector bundle an element in the cohomology ring of
the base space of the vector bundle, i.e. for a generic characteristic class denoted by ¢ and a
(not necessarily smooth) vector bundle (E, B, ) we have ¢(F) € H*(B, R), where R is some
coefficient ring (in our case R € {Z9,Z}). All characteristic classes vanish on trivial bundles,
thus they can be viewed as a measure of non-triviality of vector bundles. Stiefel-Whitney
classes are important in our context since they occur as an obstruction to the existence of
spin structures (see 4.1.2); Chern and Pontryagin classes will be used in the later chapters.
We will use a purely axiomatic approach and omit the construction of the characteristic classes
as well as most proofs. Detailed accounts of the subject can be found in the classic [MiSt]
as well as [Ha09].

The Chern character is a priori a formal power series of the first Chern class of complex line
bundles (the so-called formal roots). It can be extended to general complex vector bundles
by use of the splitting principle. To discuss it properly, one needs furthermore some facts
about symmetric polynomials (see Appendix A). The main interest of the Chern character
is the fact that it yields an isomorphism from K-Theory tensored with Q to rational coho-
mology. Our treatment of this subject is based on [LaMi] III. §11. The A genus is of utmost
importance in the study of the topology of manifolds with positive scalar curvature. Via the
Atiyah-Singer index theorem it is the index of the Dirac operator and can be shown to be an
obstruction to the existence of scalar positive metrics on a given manifold. See chapter 7 for
details.

(As opposed to our treatment up until this point, this chapter is set in the continuous rather
than the smooth category.)
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5.1 Stiefel-Whitney classes

Stiefel-Whitney classes are defined for real not necessarily oriented vector bundles. The first
Stiefel-Whitney w; class actually measures orientability in the sense that wi(E) = 0 if and
only if F is orientable.

Theorem 5.1.1. Existence and uniqueness of Stiefel-Whitney classes.
Given a base space B, there is a unique map

w : {real vector bundles over B} — H*(B,Zs)
(E,B,7) — w(E)

which we will denote by w = 1 + wy + wa + ... with w; € H(B,Zs), s.th. the following
hold:

1) w(f*E) = frw(E);

)

2) w(E & F)=w(E)w(F);

3) wi(E)=0 Vi>rankF;
)

4) wy(y') (where we denote by 4! the canonical line bundle over RP!) is the generator
of H*(RP!,Z5)

The first property is called naturality and is shared by all characteristic classes, it immediately
implies that the classes are invariant under vector bundle isomorphisms and the fact that
w(F) = 1 if F is trivial. The formulation of the second property is shorthand notation for
the following:
(B F) = 3 wi(B)un(F)
k=i

where the product on the right-hand side is to be understood as the cup product of the
cohomology ring. Furthermore we have that w(E @ ¢) = w(E) for all trivial bundles e. This
property is called stability and is a direct consequence of 2). The fourth property serves as
normalization. Note also how the trivial prescription w = 1 (up to the rank of the vector
bundle) would qualify as Chern class if 4) was to be omitted. The canonical line bundle over
RP! has the following total space:

7! = {([0 : 1], 3o, 1) € RP! x R2| (o, 1) lies on the line spanned by (o, 1)}

with projection map:

1

71yt — RP!

([zo : z1lsy0, 1) V[0 @ 21]
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which is to say that the fibre over a given point p € RP* consists of 0 and all points in R?\ {0}
that project to p under the quotient map R?\ {0} — RP!.

5.2 Chern classes

Chern classes are only defined for complex vector bundles. Their coefficient ring is Z, which
is linked to the fact that C-vector bundles carry a canonical orientation on their underlying
real bundles. For a detailed discussion of orientation and its influence on the coefficient ring,
see [MiSt] §9.

Theorem 5.2.2. Existence and uniqueness of Chern classes.
Given a base space B, there is a unique map

¢ : {complex vector bundles over B} — H**(B,Z)
(E,B,m) +— c¢(E)

which we will denote by ¢ = 1+ ¢1 + c2 + ... with ¢; € H? (B, Z), s.th. the following hold:
o(f*E) = fre(B);
c(E@F)=c(E)(F)

1

w N

)
)
) ¢i(F) =0 V¥i>rankF;
)

4) c1(7¢) (where we denote by 74 the canonical line bundle over CP') is a generator

of H*(CP',7Z)

Where the canonical line bundle ’yé is defined analogously to 7 in 5.1.

Remark 5.2.3. Relation to the Euler class.
Denote by Er the 2n-dimensional real bundle associated to F, which is obtained by omitting

the complex structure. Er has a canonical orientation (see [MiSt] §14.) thus it has an Euler
class e(Er) € H**(B,Z) which is equal to the n-th Chern class:

cn(E) = e(ER)

It is possible to take this equality as starting point to define the Chern classes by top-down
recursion, an approach that is carried out in [MiSt] §14. The idea is roughly to consider a
new n — l-dimensional bundle over E \ {0} and to extract a suitable isomorphism from the
Gysin sequence to carry the information over to the cohomology of the original base space.
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A complex bundle of dimension n can be viewed as a real 2n-bundle together with an integrable
complex structure J : E — E, that is, a bundle endomorphism s.th. J? is fibrewise the negative
of the identity map. Complex multiplication in the fibres is determined by the equation

(a+ib)v = av + bJ(v)

By reversing the complex structure, one can construct the conjugate bundle associated to F,
denoted by E:

Definition 5.2.4. The conjugate bundle associated to E is the bundle E with the

same underlying real bundle Eg = (E)gr and the following complex multiplication

(a+ib)v = av — bJ (v)

The Chern classes of the conjugate bundle are determined by those of the original bundle:

Lemma 5.2.5. Chern classes of the conjugate bundle

cr(E) = (—1)*e(E)

5.3 Pontryagin classes

Pontryagin classes are defined for real vector bundles and are derived from Chern classes by
complexification. For a vector space V, its complexification is given by V ® C, which is a
complex vector space.

Definition 5.3.6. Let £ — B be a real n-dimensional vector bundle. Let the complex-
ification of E be the complex bundle F ® C — B with fibres (F ® C), = E, ® C.

For vector spaces, one has V ® C =V @4V, which is by the definition of the complexification
the pointwise picture for bundles. Thus we have:

(E®Cr=E®FE

Before turning to the Pontryagin classes themselves, we note the following isomorphisms of
vector bundles which will be of use later on:
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Proposition 5.3.7.

1. For a real vector bundle E we have:

EC=E®C

2. For a complex vector bundle E we have:

ERoC=Ea®FE

3. For an oriented real vector bundle E:
(ECr=E®FE
(n—1)

where the isomorphism preserves orientation when 5 is even and reverses it if
not.

The first isomorphism is simply given by:
E®C — EoC
(p,v+iw) — (p,v—iw)
For the remaining ones, we refer to [MiSt] §15. pp. 176-178.

In order to define the Pontryagin classes for a real vector bundle F, combine 5.2.5 and 5.3.7.1.
to see:

(E®C) = 14ca(E®C)+c(E®C)+..+c(E®C)
=¢(F®C) = 1-c(E®C)+c(E®C) + ...+ (=1)"c,(E ® C)

The odd Chern classes are thus uninteresting since they are all of order 2. This leads to the
following definition:

Definition 5.3.8. The Pontryagin classes
For a real n-dimensional bundle E, the i-th Pontryagin class is defined by:

pi(E) = (—1)'c2(E® C) € HY(B, Z)
The total Pontryagin class is defined correspondingly:

p(E) =1+ pi1(E) + ... + pm(E)
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where m is the largest integer m < 3.

Naturality and stability under addition of trivial bundles for Pontryagin classes is directly
inherited from Chern classes. The product rule is however replaced by the following:

p(E® F) = p(E)p(F)
modulo elements of order 2. Or equivalently:
2p(E & F) = 2p(E)p(F)

This is clearly due to the fact that in the definition of Pontryagin classes we ignored the Chern
classes of order 2. (see [MiSt] §15. p.175)

Next we will see that in the special case where the initial bundle £ is complex, the Pontryagin
classes are determined by the Chern classes.

Proposition 5.3.9. Let E be complex, then:
l—=pr+p— o+ (D)'pp=0-ci4+ca— .+ (=1)") 1+c1+ca+...+¢cn)
or coefficient-wise:

Pk = Cp — 2¢k-1Ck+1 + 2¢k—2Cki2 — - — (=1)" T 2¢1c05 -1 + (—1)*2¢q;

By ¢; we denote ¢;(E) and by p; we denote the corresponding Pontryagin class of the under-
lying real vector bundle: p;(Er). Notice how in the first formula all odd Chern classes on the
right-hand side cancel and the equality thus makes sense.

proof:
p(Er) = c(Br®C) "E* c(E®E)
c(E)c(E)

25 (1—61+CQ—...)(1+C1+CQ+...)

O

In order to showcase the usefulness of the tools that have been introduced, we give a proof of
the well-known fact that S* has no almost complex structure:
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Application 5.3.10. S* has no almost complex structure.
Proof: An almost complex structure on M is a complex structure on T'M. Suppose that S*
is almost complex, i.e. that TS* is a complex vector bundle. First:

o(TSY) = l4c+e
= 14 ¢(TSY
where we have used the fact that ¢; € H?(S*,Z) = {0} and 5.2.3. But the Euler number of

the sphere is 2, therefore:
c(TS?) =1+ 2a

where o € H*(S*,Z) is the generator preferred by the orientation. Since T'S* is complex, we
can use 5.3.9 to compute the Pontryagin class:

p(TSY = (1+2a)(1+2a)
= 144«

But since the normal bundle NS* of the 4-sphere S* C R as well as the direct sum NS*@TS*
are trivial, we have:
p(TSh) =1

5.4 The Chern character

Definition 5.4.11. Let ¢ be a complex line bundle over a manifold X. Using the Chern
class c1(¢) € H?(X,7Z) we define the Chern character to be:

_a _N~a®f s,
ch(f) = e =>" o €HT(X.Q)
k=0 '

For a sum of line bundles ¢; & ... & ¢, define correspondingly:

ch(ly & ... ) = ) 4 4 ea1l) ¢ H2*(X,Q)

In order to define the Chern character for arbitrary complex vector bundles, we will use the
following result:

Theorem 5.4.12. The Splitting Principle
For any n-dimensional complex vector bundle £ — X over a manifold, there is a space
FE and a map p: FE — X s.th.
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1) p*: H*(X,Z) — H*(FE,Z) is injective,
2) The pullback bundle splits as sum of line bundles:

p'E=0®..04L,

proof: Associate to F its corresponding projective bundle p : PE — X, given by pointwise
projectivization, i.e. where a given fibre F, is replaced by its projective space PE,. Now pull
E back to yield a bundle p*E — PE. This bundle contains a canonical line bundle given over
every point in PE (i.e. every line in F) by the same line. Call the obtained line bundle ¢;.
For any hermitian metric, we thus get a splitting

pE=10 &

This process can obviously by iterated until the remaining complement is itself a line bundle.
Injectivity of p* : H(X;Z) — H(PE;Z) is a consequence of the Leray-Hirsch theorem. See
[LaMi] Appendix C for details.

0

Thus we can extend the definition of the Chern character to all complex vector bundles:
p*ch(E) := ch(p*E)

Before further investigating the Chern character, we apply the splitting principle to the Chern
classes. By injectivity of the by p induced map on cohomology, we can look at p*c(F) instead
of ¢(E) without loosing information. Using the axiomatic properties of the Chern classes (see
5.2.2) we can write for any complex vector bundle E:

p'e(E) = c(p'E)
= c(li®.. 04
= () - eln)
= (1—|—c1(€1)) (T4 cen(ln))
= (1—|—:B1)-...-( + xp)

The x; = ¢1(¢;) are called Chern roots or formal roots of the vector bundle E. With the
splitting principle in mind, we write from now on ¢(E) = p*c(E), thus by writing out the
product in the last line:

c(B)=1+x1) .- (I4z,) = ZO’k L1y T
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Equivalently:
Ck(E) = ak(ml, ...,xn)

Where we use the elementary symmetric polynomials oy, (see A.0.2). The k-th Chern class
of F is thus the k-th symmetric polynomial evaluated in the Chern roots of E. Together with
the fundamental theorem on symmetric polynomials (see A.0.3), this yields the following:

Proposition 5.4.13. If p*E = {1 & ... ® £, then:

Any symmetric polynomial with coefficients in Q of the Chern roots x; = ¢1(¢;) depends
only on the Chern classes of E. Furthermore it is a polynomial expression of the latter
and thus an element in the ring H?*(X,Q).

We will now return to our original object of study, the Chern character, by showing that
5.4.13 applies:
ch(E) = ec1() 4 4 ecr(tn)
= e+ .. +e™

n 1 n

— n+Zwi+§Z:c?+...
=1 =1

-3 (e

k=0 =1

Using the polynomials gx(x1,...,2,) = 3., z¥, (see A.0.2), rewrite:

i Li>

Ch(E) -1'1, n)

1
k
Chk(E)

Since the ¢ are symmetric, the principle applies. In fact, one can give the explicit expression
of gx in terms of oy using polynomials s; (These formulae are called Newton’s identities, see
A.0.4). Therefore:

chy(E) = %sk(Ul(xl,...,xn),...,Jk(xl,...,xn))
= ska), o)
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Proposition 5.4.14. (see [LaMi] II1.§11.) The Chern character is additive and multi-
plicative, i.e. for two bundles E and E’ over X, we have:

ch(E® E') = ch(E)+ ch(E)

ch(E®@ E') = ch(E)ch(E)

Example 5.4.15. complex vector bundles on S?"

Let F be a complex vector bundle over an even-dimensional sphere. Computing the Chern
character of such a bundle turns out to be fairly easy. This is mainly due to the fact that
all H'(S*", Q) are trivial except for i € {0,2n}. Since ch, € H?*(S?>",Q) this directly implies
that only chy and ch,, are of interest. By the above:

Cho = dim(cE

For ch, we take a look at the Newton identities. Since all chy = (1/k!)sy = 0 if k €
{1,...,n — 1}, the recursion formula simplifies to: s, = (—1)*"'koy, therefore:

1
ch,(F) = — s,

n!

1
j(—l)nflnan
n!
(_1>n71
(n—1)! cn(F)
In conclusion:

(1)t

ch(F) = dim¢(F) + mcn

(E)

5.5 The fl-genus

Define the following power series:

2 1

_ _ 4
 sinh(z/2)  er/2 — /2 24

a(x) 27325.7)

+ ..

which has only terms of even order since z/2 as well as sinh(x/2) are odd functions. Given a
smooth oriented vector bundle (E, X, ) of rank 2n, by the use of its formal roots 1, ..., z,
(see below), we can formally define:

n

A(E) = ]:[1 a(zi) =] ex/zfm

=1
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Similarly, we denote by A(X ) the case where FE is the tangent bundle. Since a is even, A
is a polynomial in the squares x%,. .,22. Furthermore, it is easy to see that this polynomial
is symmetric. In the spirit of 5.4.13, it is thus a polynomial expression of O'k(JTl, ,:L’?L)
Analogously to the proof of the fact that the elementary symmetric polynomials in the z; are
equal to the corresponding Chern classes, we will now prove that the oy (2, ..., 72) correspond

to Pontryagin classes. This proves that A(E) c H*(X,Q).

Theorem 5.5.16. Modified Splitting Principle
For any 2n-dimensional oriented real vector bundle £ — X over a manifold, there is a
space F'E and a map p: FE — X s.th.

1) p*: H*(X,Z) — H*(FE,Z) is injective,
2) The pullback bundle splits as sum of line bundles:

PERC)=6L0..0lL oL,

By this modified splitting principle, we can compute using 5.2.5:
(E®C) = c(hol®...00LdL,)
= c(ly)e(ly) - ...-c(bn)e(ly)
= (I4+z)1—21) .- T+ zp)(1 —2p)
= (-2} .. -(1—22)
But by the definition of Pontryagin classes (5.3.8), this yields:
p(E)y= 04z ... - (1+22)
And thus we have the desired identity:
pi(E) = op(23, ..., 22)

For a full discussion of these matters using general multiplicative sequences, we refer to [LaMi]
I11.§11. The A-genus of an even dimensional oriented manifold X is defined as A (X) evaluated
on the fundamental class of X.

Definition 5.5.17. The fl—genus
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This genus turns out to be an integer for spin manifolds. This is explained by the Atiyah-
Singer index theorem, which identifies it with the index of the Dirac operator associated to
the given spin manifold. We will need a slightly more general notion, namely the twisted A-
genus which turns out to be the index of the twisted Dirac operator (see 4.4). The twisted
A—genus depends on the tangent bundle of a manifold X (with the same properties as before)
and some other vector bundle E over X and is defined as:

AX,E) = (chE : A(X)) [X]
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Chapter 6

The Atiyah-Singer index theorem

In this chapter, we briefly discuss the Atiyah-Singer index theorem. Proved in '63, this result
establishes a strong link between analysis and topology. More concretely, it relates the index
of differential operators of sections over some compact manifold to the topological index of the
same manifold. This is best understood in the setting of K-Theory in the sense of Appendix
B. The proof is omitted here, since it is quite involved and since we are mainly interested in
the application of the theorem to Dirac operators. Moreover we don’t discuss the functional
analytic aspects of differential operators. The lecture notes [Des] along with [LaMi] served
as main references. Further applications can be found in [HBJ].

Preliminary remark: All base spaces in this chapter are taken compact and without bound-
ary, however we want to refer to the K-Theory of not necessarily compact spaces (vector bun-
dles for instance). Let Y therefore be a locally compact space. In what follows, we will denote

by K(Y) the reduced K-Theory of the one-point compactification of Y, i.e. K(Y) = K(Y™T).

6.1 The analytic index for elliptic differential operators

Let E and F' be smooth complex vector bundles of dimensions p and ¢ respectively over a
given space X.

Definition 6.1.1. A linear map D : I'(E) — I'(F) is called differential operator (of
order m) if it can be written around every point z € X as

ol

laj<m

for A% p x g-matrices of smooth C-valued functions, which are not all zero in the highest-
order term, i.e. for |a] = m.
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Some explanations might be in order: We are allowed to write down partial derivatives since
this is a local condition: For a given z € X there is an open coordinate neighbourhood U >
i.e. we have trivializations E|y =2 U x CP and F|y = U x C? and the partial derivatives are to
be interpreted with respect to these. D is thus an operator that is locally given by a matrix
with polynomial entries in partial derivatives of order < m which is non-trivial in the top
degree.

To every differential operator we associate its symbol:
Consider the cotangent bundle:
7:T"X - X

Via m, the preexisting vector bundles can be pulled back to T* X to yield bundles n*F — T*X
and ™ F — T*X.

Definition 6.1.2. The symbol of a differential operator D is for all £ € T X a map:
o¢(D) :m*El¢ — 7 F|¢

that is locally given by:

oe(D) =" Z Aa(z)éa

|al=m

for € = Y &rdry. This means that we replace the partial derivatives 9/0xj in the local
expression by €.

Example 6.1.3. The Laplace operator A
Let E and F' be two trivial C-line bundles over X. The Laplace operator thus takes a C-valued
function on X into another one. It is defined by:

A:T(E)=CZ(X) — T'(F)=C&X)
82
f L1
;O
(This is a global definition by triviality of the bundles.)
For some § = ) {;dx; € T X the corresponding symbol is given by:

oe(A) =D _(i§)* = =& =~ gl

J

Which is to be understood as multiplication by the number —||¢||? and is thus an isomorphism
provided £ is non-zero. The Laplace operator is thus elliptic, by the definition given below.
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Example 6.1.4. The exterior derivative d

Let X be a smooth n-dimensional manifold, and 7*X = X its cotangent bundle. Define the
complexified differential forms Q4 (X) = I'(AY(T*X ® C)). The exterior derivative d is a map
increasing the degree of a given form by one:

d:T(E) = QLX) — I(F) = QF(X)

defined in local coordinates by:

d Zajdarj = Zzgzjd%/\daq

= =k j=1
"0
j=1 =

Where the last form is particularly useful to compute the symbol of d (recall that the symbol
is obtained by replacing 9/0xy, by i&):

oe(d)n =1iE A n

Definition 6.1.5. A differential operator D : I'(E) — I'(F) is elliptic if o¢(D) is an
isomorphism for all non-zero £ € T*X.

o(D)

For elliptic D, we can thus consider 7*F — 7* F’ which is an isomorphism when restricted to
T*X\ X i.e. forall £ # 0. Thus this map defines an element in £1(T*X, T*X \ X) = K(T*X)
(See Appendix B).

Theorem 6.1.6. Properties of elliptic operators
1. If D is elliptic, then kerD and cokerD are finite-dimensional;

2. The number dimkerD — dimcokerD only depends on the symbol (D).

By this theorem we can define for any elliptic differential operator D:

Definition 6.1.7. Let a-Ind(D) be the quantity dimkerD — dimcokerD € Z called the
analytic index of D. Since (D) € K(T*X), we have:

a-Ind: K(T*X) — Z
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6.2 The analytic index for elliptic complices

We recall the result £,, = £; =2 K (see Appendix B) and thus we can adapt the above
construction to sequences of vector bundles and differential operators.

Definition 6.2.8. Let Ey,..., F,, be smooth complex vector bundles over X and D; :
['(E;) — T'(Eit1) be differential operators of fixed degree p with D;;1 0 D; = 0. Then

Dm—l

0—T(Ey) 2% T(E) 2 .. 225 T(Ey) — 0

is called elliptic complex if the associated sequence pulled back to T*X

Do)

0 s 7y "2 o, Ty 7D

™FE — ... — '7'E,, =0

is exact on 7% X \ {0}.

Thus the differential forms and the exterior derivative (discussed in 6.1.4) form an elliptic
complex. Such an elliptic complex D thus defines an element o (D) € L, +1(T*X,T*X\{0}) =
K(T*X) (again, see Appendix B). One can prove that the associated cohomology groups
HI = kerD;/imD;_; are finite-dimensional. Similarly to the case of only two vector bundles,
we define the analytic index:

Definition 6.2.9.

a-ind : K(T*"X) — Z
o(D) + > (-1)/dimH’
j=1

6.3 The topological index of a smooth manifold

Before writing down the definition of the topological index, some preparations are necessary.
Let w : E — X be a complex vector bundle of dimension n. We want to associate to E an
exact sequence of vector bundles over X. We therefore consider Ej := 7*(A*E) C E x A*E
the exterior powers of F pulled back to X. We get a sequence

0O—+Fy—FF —FEy—..—F,—0
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by taking the wedge product with the base point in the fibres. More precisely, we can look at
the following pointwise operation:
{v} x AkE\v — {v} x Ak+1E|v

w = vAw

Since this sequence is exact on E \ {0}, it defines an element A\p € L,41(FE,E \ {0}) =

L,+1(B(FE),S(E)) = K(B(E),S(F)) = K(B(E)/S(E)) = K(ET) = K(F), where we used
the following notation:

S(E) = {veEl|l] =1}
B(E) = {veE[|p]| <1}

The space B(E)/S(F) is sometimes called Thom space and denoted by Th(FE).

Theorem 6.3.10. Thom isomorphism (see [At] 2.7.)
K(X) "5 K(B(E), S(E)) = K(E)

is an isomorphism.

Let f : X < RY be a proper embedding and N its normal bundle. The complexification
Ne=N®C=ZN® N is the normal bundle of f, : TX — TRY where the first N is viewed
as normal component to the manifold and the second one as normal to the respective tangent
space. The normal bundle of TX is diffeomorphic to a regular neighbourhood U of T'X in
TRY = RV (see [MiSt] 11.1 p.115), which yields in K-Theory

K(N¢) — K(U) — K(TRY)

Precomposing this map with the Thom isomorphism

K(TX) e K(N¢) — K(TRY)

we see that any proper embedding X < RY thus yields a covariant map on the level of the
corresponding K-Theories. Since K (TRY) = K(R*V) = K({pt.}) = Z also by the Thom
isomorphism, we finally get a map

t-ind : K(TX) — Z

6.4 The Atiyah-Singer index theorem
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Theorem 6.4.11. Atiyah-Singer index theorem
Let D be an elliptic complex with symbol o(D) € K(T*X). Then:

a-ind(o(D)) = t-ind(o (D))

See [LaMi] I11.§13. for details and a proof. In light of this theorem, we will write from now
on ind(D) = a-ind(o(D)) = t-ind(c(D)).

Example 6.4.12. The de Rham complex
Let X be a compact n-dimensional manifold. The exterior derivative d yields a complex, since
d?>=0

0- X)L otx) % . Lonx)—o

The corresponding symbol complex
0— QX)) — 7N X) — .. — 7TQ(X) =0

In the fibre over £, these maps are given by A (see 6.1.4), which makes the complex exact for
£ # 0. We are thus in the above defined situation of an elliptic complex. Since the cohomology
associated to this complex is de Rham cohomology, the Atiyah-Singer index theorem yields
for this case:

tind(o(d)) = Y (~1)/dimH},

= e(X)
where H é r denotes the j-th de Rham cohomology group, b; the corresponding Betti number

and e(-) the Euler characteristic.

Remark 6.4.13. The cohomological formula for the topological index (see [HBJ] 5.2.)
Given an elliptic complex over an n-dimensional X:

0—=>T(Fy) —T(F)— .. —T(E, —0

with symbol (D), one can express the index in purely cohomological terms via the Chern
character of the bundles E; and the formal roots z1, ..., z,, of the tangent bundle (see chapter
5 for both concepts):

ind(D) = (Z(—l)ich(Ei)> 11 <1 _xg—l‘j 1 —16%') A
j=1

=0
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Chapter 7

Enlargeability and Positive Scalar
Curvature

In this chapter we introduce the concept of enlargeability of manifolds and discuss its adverse
relation to positive scalar curvature. The prototypical example of an enlargeable manifold
is the torus. Thus, T™ can’t carry a metric of positive scalar curvature. Furthermore en-
largeability has some nice stability properties: It is stable under taking products between
enlargeable manifolds and it is stable under direct sum with arbitrary manifolds (see [LaMi]
IV. Theorem 5.3.). Thus we can expect enlargeability to be applicable to a wide range of
manifolds. The proof of the fact that enlargeability excludes the existence of positive scalar
curvature relies on the Atiyah-Singer index theorem and on spin geometry, namely it uses the
Dirac operator of twisted complex spinor bundles and its Bochner formula (4.4):

iy ZV*V+iIi+§RE
The difference to the usual Lichnerowicz formula is obviously the E-curvature term R”. As
it turns out, enlargeability is a sufficient condition to gain some control over this error term
and to be able to apply a Lichnerowicz-type argument to show the vanishing of the index
of IDp in the presence of positive scalar curvature. We will show that this contradicts the
Atyiah-Singer index theorem.

7.1 Enlargeability

Definition 7.1.1. Let ¢ > 0. A smooth map:

fi(X,9x) — (Y,gv)
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between Riemannian manifolds is called e-contracting if one of the following (equivalent)
statements hold:

[f+)vlly <ellvllx ¥(p,v) e TX
& lengthy (f(7)) < e-lengthy(y) Vv :[0;1] — X piecewise Cl-curve

< ||f(p)llxy <e Vpe X (where ||| x,y denotes the operator norm)

Note that the existence of e-contracting maps between two given manifolds contains no ge-
ometric information, since such maps always exist (constant maps are e-contracting for all
given € > 0). The notion is also not intrinsic to the manifold, i.e. depends on the Rieman-
nian metric: consider that in the compact case every given f can be made e-contracting for
every given € by suitably scaling the metric on X up or the metric on Y down. In order to
compare manifolds in size in a meaningful way, we will use the notion of degree of a map (see
Appendix C). Non-zero degree for a map f : X — Y means, roughly speaking, that X is
wrapped around Y by f at least once. Thus if there is an e-contracting map of non-zero degree
form X onto Y, we can say that Y s smaller than X by an order of at least €. Note that this
still depends on the chosen metric, by the same argument as above. Therefore let us define
the notion of enlargeability by comparing (coverings of) Riemannian manifolds to the round
n-sphere of unit radius. This will turn out to be a notion that is independent of the chosen
metric.

Definition 7.1.2. A compact n-dimensional Riemannian manifold (X, g) is enlargeable

if for all € > 0 there is an orientable covering (X, gc) of X and an e-contracting map

fe: (Xags) - (Sn7gst.)

which is constant outside of a compact set and has non-zero degree. If for each of the X,
we can choose finite coverings, (X, g) is called compactly enlargeable.

Remarks 7.1.3.

1. On the coverings, we chose the lifted Riemannian metrics: Let 7 : X — X be a covering.
Define the lifted metric g of g by:

§|p(U, w) = g|7r(p) (7T* (p)v, T (p)w)

2. The maps f- need to be constant outside of a compact set, since otherwise the notion
of degree would not be well-defined. See C.4.10 for details.
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3. The existence of degree one maps onto the sphere isn’t a constraint: For a given manifold
M, take a coordinate neighbourhood U and a ball B C U. The map M — M /(M\B) ~
S™ has degree one.

Example 7.1.4. the n-torus T"

The flat n-torus T™ = R™/Z" is enlargeable. Consider therefore the universal covering space
R™. Although the fact that R™ has e-contracting maps onto the unit sphere might be intu-
itively clear, one can write out the following argument:

Proof:
We consider here (S, gs;.) C (R™!, geyer.). Define the following map:

exp:R* — S" c R
X
I

T COS(HSCH)en+1+Sin(H$H)”7

(We view R™ — R"*! by 2 +— (z,0))

As the name suggests, this is nothing else than the exponential map ! for the unit sphere with
the north pole as base point: exp(-) = exp(en1,-) when we identify T, S™ with R". Thus,
exp maps the open ball of radius 7 diffeomorphically to S” \ {—en+1} and collapses 9B (0)
to the south pole —e, 1. This suggests to define the following map:

¢ R" — S"

by defining ® to be equal to exp on the open ball B;(0) and equal to the south pole every-
where else. By the fact mentioned above, this yields a continuous map.

We now replace ® by a smooth map ® and show that these maps both have degree one.
For this we want to apply the differential topological approach to the degree (see C.6.12) of
counting preimages of regular points. To define the smooth map ® we apply the Whitney
approximation theorem for manifolds? (see [BJ] Theorem 14.8). Choose as closed subset
A= Br/5(0) U(R"\ B2:(0)) CR", & is clearly smooth on A, since it is a diffeomorphism on
Br(0) and constant outside of Br(0). Applying the Whitney approximation theorem yields a

map ¢ that is homotopic relative A to ®. By the fact that the degree is a homotopy invariant,
we have:

deg ® = deg @

We thus only need to show that ® has degree one. By the fact that ® can be chosen arbitrarily
close to ®, we can choose a point p € ®(B,/2(0)) C S” that has one single point as preimage

!The exponential map is defined in most texts on Riemannian geometry. See for example [DCa] chapter 3
Example 2.11

“Whitney approximation theorem: Let f : X — Y be a continuous map between smooth manifolds
that is smooth on a closed A C X. Then there is a smooth f : X — Y s.th. f homotopic to f relative A and
arbitrarily close to f.
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(Recall that By /5(0) C A, and ® is a diffeomorphism on this set). Since dP=don A pisa
regular point. Up to reversal of orientation, we thus have:

deg®, = deg® = deg® = 1

Claim: ® is €o- contracting for some gy > 0.

Let n(p) := ||®«(p)||rn g» denote the value of the operator norm ¥p € S™. Since n = 0 outside
of Bar(0) (everything being collapsed to one point), we can define ¢ to be the maximum of
n on the compact set Bar(0).

For a given ¢ > 0 define ®.(x) = ® (¢/eg ) Vo € R™. By the fact that multiplication by a
constant ¢ has operator norm ¢ (note (c), = ¢ since it is linear) and that ||¥ o Z| < ||||||Z]|
for all operator norms, compute:

- €
[(®c)«][rnsn = [[ s 0 ((e/€0)-)#l|Rnsn < o =€
Thus . is an e-contracting map from R" onto the unit sphere.

Furthermore ®. is constant outside of Ba, /8(0) (the complement being collapsed to the
south pole).

0

The torus is even compactly enlargeable. For this, consider the tori R"/(kZ)" for k € N
as covering spaces, which yield k"-fold coverings and can be checked to admit themselves
e-contracting maps onto S™ if k is chosen large enough.

Proposition 7.1.5. Properties of enlargeability for compact manifolds

1) Let Y be enlargeable and f : X — Y of non-zero degree. Then X is enlargeable as
well.

2) Enlargeability is invariant under homotopy- equivalences. In particular: Enlarge-
ability is intrinsic to the manifold, i.e. doesn’t depend on the metrics.

Proofs:
1) Let g9 be an upper bound on the operator norm of f, (given by compactness), i.e.

| fe(@)lxy <eo VeeX

67



Given € > 0, by enlargeability of Y choose a covering space Y of Y and an ¢ /eo-contracting
h of non-zero degree onto the n-sphere and constant outside of a compact set. We obtain a
suitable covering space of X using a pullback construction: Define:

X ={(z,9) € X xY| f(z) =1y (§)}

along with the projection: 7y : X — X by wx(z,y) := z. One can check that 7y : X X
is a covering. Furthermore one gets the induced map on the bundles f : X — Y by setting
f(z,9) := y. This map is easily seen to be proper. By the defining condition of X, we get

myof=fomx

Thus we get a commuting diagram:

X1,y _h s
-k
x—1 .,y

By equipping the coverings with their respective lifted metrics, mx,my become local isometries.
In particular, their operator norms equal 1. Therefore, by commutativity, the following holds
locally:

fe=((rv)) o fuo (mx)e = Ifll x5 < I((y)) Hly gl fllxy I (mx)«ll 3 x = €0

Which means that f is also ep-contracting. Thus the composition ho f yields an g -€/gp = e-
contracting map from X onto the unit sphere. 3
Next, we prove deg(f) = deg(f) by counting preimages of the map f:

F ') = {#eX|f(@) = ~??0}‘
= {(z,90) € X xY|f(x) = 7y (o)}
= [ {nv(0)})

The orientation around 7y (o) corresponds to the orientation around g, thus f is also a
degree-one map.

1) O

2) Let X and Y be homotopy equivalent, i.e. there are two maps f: X - Y andg:Y — X
such that fog~id and go f ~id. Then, by functoriality and since deg(-) € Z:

Hy(f o g) = Hn(f) 0 Hu(g) = id = deg(f)deg(g) = 1 = deg(f) = deg(g) € {-1,1}

Thus homotopy equivalence provides non-zero degree maps in both directions and we can
apply 1)
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2) O

Theorem 7.1.6. Any compact manifold X that can carry a metric with non-positive
sectional curvature (sec < 0) is enlargeable.

Proof:

Let X be the universal covering of X. By Cartan- Hadamard (see for example [DCa] 7.3.),
exp, : 1z X — X is a global diffeomorphism and its inverse is distance decreasing or in other
words we obtain a 1-contracting map:

exp, ' 1 X — T, X = (R, geyer.)

By the fact that the exponential map is a diffeomorphism, it has degree?® +1. The composition
®. o exp, ! (see 7.1.4) is thus e-contracting, has non-zero degree and is constant outside of a
compact set.

g

7.2 The setup in spin geometry

Before turning to the relation between enlargeability and positive scalar curvature, we will
discuss the spin geometric setup needed in the proof of 7.3.7. In order to make our account
more readable, all aspects of this setting will be discussed here instead of the different (the-
matically more appropriate) earlier chapters.

Let (X, g) be an Riemannian spin manifold of dimension 4m = n whose tangent bundle will
serve as initial vector bundle on which all of the following constructions will be carried out.
Recall that, in order to associate a spinor bundle to some spin structure we choose on X,
we need a representation of the corresponding Clifford algebra. As it turns out, there is a
unique complex irreducible such representation in even dimensions (see [LaMi| 1.§5.). The
restriction of this representation to the group Spin,, C C¥4,, yields a (complex) representation
of the respective spin group:

Ac : Spin,, — GLc(M)

3Strictly speaking, Appendix C doesn’t treat the topological degree in the case where both manifolds under
consideration are non-compact. To remedy the problem, one can use one-point-compactification of X and R"
(since the exponential map is a diffeomorphism, the one-point-compactifications will be spheres) which will
yield a diffeomorphism between spheres. Alternatively, the local degree (see C.2) can be used to define a global
degree in the case of proper maps. This is carried out in [Do] VIII.4.
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For some complex CY(R™) ® C-module M. This can also be done in the real case, but the
complex case has the following additional property when n is even: The representation splits
into two different (in the sense that they are not equivalent by conjugation), irreducible
representations (This comes essentially from the Zs-grading of Clifford algebras):

Ac = At @ Ag

The crucial point in all of this is the following one: The so-obtained representations don’t
descend to SO, under the double-covering map A : Spin,, — SO,,. Recall from 3.2 that
tensor bundles come from representations of the general linear group (respectively SO, in
the oriented Riemannian case), therefore the fact that the spin representations don’t descend
means that we obtain new bundles by this construction, i.e. bundles that aren’t tensor bundles
(see also the discussion in [Pet98] Appendix C.2.). Denote these bundles as follows:

+
((C):FSPEXAS:)M

They will be equipped with the canonical connection stemming from the Levi-Civita connec-
tion. One can show that the splitting carries over to the vector bundles:

$@Z$<Jcr@$<5

The Dirac operator of the bundle $¢ will be denoted by Ip. Since by the definition of the Dirac
operator the corresponding spinor is Clifford-multiplied with a vector (i.e. the Zs-grading is
interchanged), the Dirac operator inverts the splitting. Therefore we can define restricted
operators:

PT:T($¢) — T(bc)
D :T($g) — T($¢)

The application of the Atiyah-Singer index theorem to this operator yields:

Proposition 7.2.7.
indp" = A(X)

See 5.5 for a discussion of the A-genus. For our purposes, we need the twisted version the
spinor bundle $¢ ® E (see 4.4), for which we have a corresponding restricted Dirac operator:

Dp:T(8E @ B) — (8¢ © B)

In this case, the index theorem yields the following:
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Proposition 7.2.8.

indp} = A(X,E) = (chE : A(X)) [X]

This formula can be proved by the use of the cohomological formula 6.4.13. For this we use
the fact that the formal roots of the bundles $(—£ and $¢ can be expressed using the formal
roots 1, ..., &, of the tangent bundle in the following manner (see [AS] section 3):

1
i(ixl +axo+ ...t axy,)

With an even number of minuses for $E and an odd number for . Using the definition of
the Chern character 5.4.11, we want to develop the expression:

Ch($z:r) _ Ch($(E) _ Z e%(:tcclzl:zgzl:...:tzn) _ Z e%(:t:clztzgzl:.l.:tccn)

#{minuses} even #{minuses} odd

In order to carry out computations, we interpret the signs as elements of Zy = {—1,+1}:

_ 1
ch($<—g) —ch($c) = Z 010y - ... - Ope2 (181022t onTn)
(01500n)E(Z2)™
x x 1
= (671 — 6_71> Z o9 ..t 0n65(02$2+“'+0”z”)

(0’2,...,0%»6(22)"71

x x T T 1
= (671 - 6771> (672 — e’%) E O3 .- Ope2 (0378t OnTn)
(‘737"'70’”«)6(22)"_2

n
z zi
= H (e? — 6_7)

i=1

Substituting this in 6.4.13 (Notice that I}, : T'($¢ @ E) — I'($c ® E) can be interpreted
as an elliptic complex of length 2.) and using the multiplicativity of the Chern character (see
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5.4.14) yields:

ind(py) = (ch($(—cF ® E) — ch($c ® E)>

J

n

xj 1
X
(l—ewﬂ'l—e’”]) [ }

1

- (chE A(X)) [X]

Where we have used that n is even in the last line in order to get the right sign. This proves
7.2.8 (and the untwisted case 7.2.7 by leaving out the vector bundle E).

The following isn’t needed per se in our applications, but since the ideas are very similar to
the techniques used in the proof of 7.3.7, we will briefly discuss them: The above applications
of the index theorem combined with the Lichnerowicz formula yield an interesting obstruction
to the existence of positive scalar curvature metrics on manifolds, namely:

Theorem 7.2.9. If the compact spin manifold X admits a metric of positive scalar
curvature, then A(X) =0

This theorem holds for arbitrary dimensions when one considers a more refined invariant,

~

denoted by A(-) (see [LaMi] I1.§8.12). We will prove it for dimensions divisible by 4.

Proof: By the Atiyah-Singer index theorem we have indp" = fl(X ). Thus it suffices to prove
that kerl,DJr — cokerlD+ = 0. Furthermore, since ) is self-adjoint, ker])” = coker]D+, we will
prove that:

ker[p” = {0}

in the case where k > 0 everywhere and x > 0 in at least one point. This is by 4.3.14
equivalent to the triviality of the kernel of ). Suppose ¢ € T'($¢) so that Dy = 0. The
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Lichnerowicz formula implies:
V*Vy + imﬁ =0
= (VY0 ) + (e, 9) =0
> (Vb [ Rl =0

1
= vauizu/fauwu%o
X

Since both terms must vanish, we have Vi = 0 and since this implies that ||7| is constant,
this constant must be zero by evaluation at a point where x > 0.

O

7.3 Positive scalar curvature

In this section we will discuss and prove the fact that enlargeability is an obstruction to the
existence of positive scalar curvature. This type of result was first proved by Schoen and Yau
for dimensions < 7 (see [ScYa] and [ScYa2]) in '79 by the use of techniques from minimal
surface theory. In 80 Gromov and Lawson proved the result for spin manifolds in arbitrary
dimensions using spin geometry (see [GrLa]). The second approach will be discussed here
and we closely follow the exposition of [LaMi] IV. §5.

Theorem 7.3.7. Compactly enlargeable spin manifolds manifolds cannot carry a metric
of positive scalar curvature.

Remarks 7.3.8.

1) Recall that this theorem is stated in the context of compact manifolds, since compactness
is contained in the definition of enlargeability.

2) The theorem holds for (not necessarily compactly) enlargeable manifolds, but its proof
requires more refined techniques (see [LaMi] IV. §6. p.316f for details).

7.3.7 combined with 7.3.8.2) and 7.1.6 yield the following result:

Theorem 7.3.9. Exclusion theorem
Compact manifolds which can carry a metric with non-positive sectional curvature don’t
admit positive scalar curvature metrics.
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Proof of 7.3.7: Step 0: Preparations

Let X be a compactly enlargeable manifold with X, the corresponding spin covering mani-
fold, which admits an e-contracting map f. of non-zero degree onto the sphere of the same
dimension. Suppose it carries a metric of positive scalar curvature, i.e.

k>0

everywhere. If X is odd-dimensional, replace it by X x S': it can be easily checked that all
relevant properties remain unchanged: enlargeability is stable under taking cartesian products
and the product metric on X x S! has positive scalar curvature. Thus we assume from here
on out that X is even-dimensional. By compactness of X we can choose kg s.th.

K> kKko>0
Step 1: Choose a suitable bundle over the sphere and pull it back to X.

Since ch : K(S?") — H*(S*";Z) is an isomorphism (see [AH]) and we have computed in

5.4.15:
h(B) = dime(B) + S e (B)
B (n—1)"

it is possible to choose a complex vector bundle Ey over S?” s.th. cn(Eo) # 0. Take a unitary
connection V0 on Ejy and denote by RF0 the corresponding curvature tensor. We can now
pull the bundle back along with its connection by defining:

(B,VE) = (2 Eo, f2V)
Step 2: Preparations to the Lichnerowicz argument

Consider the complex spinor bundle $¢ (see 7.2) endowed with its canonical connection Ve
(stemming from the Levi-Civita connection) over X.. We will work with the twisted spinor
bundle $§- ® E (see section 4.4) and its corresponding Dirac operator:

Dp:T(fc ® E) —T($c ® E)

for which the following modified Lichnerowicz formula holds (see 4.4.20):

1
De =V*V+ VLR (%)

where we denote by V the natural connection on the tensor product defined by the following
relation:

V(ie®v) = (V$Ca) ®v+0o® (V)
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and by RE:
R (o @v) = Z(ejeka) ® <R6Ej76kv>
i<k
Which means that R € I'(End($c ® E)) is a symmetric section of the bundle of endomor-
phisms of §¢ ® E. In order to be able to apply the classical Lichnerowicz-argument, we

have to gain some control over the curvature term SR¥. More precisely, we will show that the
following holds for a suitable choice of e:

1
%% < £#o ()

On I'(End($¢c ® E)) we take the operator norm with respect to the given norm on $¢ ® E.
To prove (x), we show the following inequalities:

(1) (2)
IRE] < Kl RE|| < e2kn| R

where k,, is a constant depending on dimension. Thus one can choose:

< 0
€
4k, max{ | RFo||}
which proves the inequality (). To show (1), compute (at a given point p € X,):

RE = max RE(c @0
222 max (|9 (o @0)])

_ . E
= max E ejero @ Re' o v

llo]l-lv]l=1 i<k
llexll=1
E

< max ZHUHHRej,ek”HUH

lloll-floll=1 |

i<k
E

== ZHRej,ekH

i<k
< T RE

and thus k, = (n(n—1))/2. We have used the following inequality ||R”| = (ZHRfj’ek\F)l/Q >
IRE Il

In order to prove (2) choose, at a given point p € X’e, an orthonormal basis {¢1,..., ¢y, } of
AQTan which diagonalizes the symmetric bilinear form:

(¥, wl) = ((fe) s (fa)*¢/>
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i.e. we have
((fe)«tjs (fe)sr) = Ajdjik

Where f, : AQTPXE — AQTf(p)SQ" is the induced map on bivectors. By the definition of
enlargeability, f. is an e-contraction on vectors and thus an £2-contraction on bivectors. We
therefore have the following:

Nj = ((fo)dss (Fo)wtbg) = [(fe)wbsll < 2las )l = €2
Define for all 1 < j < kj:

1
G = rjf*wj

which yields an orthonormal basis for A2Tf(p)82” the space of bivectors on S?" based at f(p).
We can now compute using the fact that (£, VF) is the pullback of (Ey, VF0) under f:

kn

IREI; = IR I
j=1
kn

E
= D IRE, I

j=1

kn
E
= > MIRZIP
j=1

el R0

IN

Which proves (2) and thus ().
Step 3: The Lichnerowicz argument
In order to show that index(IP5) = 0, it suffices to show:

ker(IDg) = ker(Py) = {0} € (¢ ® E)

To prove this, we need some preparations. Let p € X and £ € I'($c ® E) a twisted complex
spinor. We apply the Cauchy-Schwarz inequality and (*):

1
(R) (&) &) | < 185 (&) Il < 7o 16115 (1)
P p 4

Define the operator A € T'(End($c ® E)) by:

1
AZSRE—FZ}Q
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where the last term is multiplication by the number . Still looking at the pointwise picture,
we use (f):

(k(p) = ro) 1|1 (1)

»MH

(A (fp) gp <£RE fp fp> + ’f )<fpa5p>

We prove that A is a positive operator, i.e. that for the L2-inner product we have (A(¢); ) > 0.
Notice that contrary to (1) and (1), this is a global rather than a pointwise statement, since
it involves an integral over the manifold. Recall that x(p) — ko > 0 everywhere and combine
this with (I) to yield:

(A(&); &) = / »(&p); §p> dvolg,

> Jat
1
4
0

>

(A
1
- — ko) (&p; £p>p dvolg,

Y

(&€

Notice that the integral over X, makes sense since X is compactly enlargeable. Now rewrite

() as: ,
Dp(§) = V'VE+ A(E)

and take & € kerlﬁ; which implies:
<lD2E50; §0>

L2

=0=(V"V& + A(); o) 12 = (V&0; V&0) 12 + (A(60); €0) 12
>0 > (€0360) > 0

Therefore, we have V& = 0 and (£p;&o)r2 = 0 which implies that &y itself vanishes every-
where. The kernel of ]ﬁ% is thus trivial and the index of lDJEF vanishes as well.

Step 4: Contradiction to the index theorem
By use of the Atiyah-Singer index theorem (see 7.2.8) and the computation in 5.4.15 , we
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compute the index:

index(lDJEr) = A(X.,E)
= (B AX)) [X]

_ ((dimc(E) 4

= dimg(E)A(X.) +

_1\n—1 ~

= e B
_1\n—1 ~

— )R
_1\n—1

_ <(n1_> yrdea(fe)en (B[S

£ 0

Since by the choice of Ey, we have ¢, (Ep) # 0 and deg(f:) # 0 by enlargeability.
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Chapter 8

The Positive Energy Theorem

For the discussion of the Positive Energy Theorem, we will closely follow J. Lohkamp (see
[Lo]). The version of this theorem that occurs in General Relativity consists of a claim about
a space-time, i.e. a Lorentzian four-manifold. The problem can be reduced to questions about
space-like hypersurfaces of positive scalar curvature. The restriction of the Lorentzian metric
to a space-like hypersurface is positive definite, thus one can work in a purely Riemannian set-
ting. Considerations from physics show that one can further restrict the context to so-called
asymptotically flat manifolds with some additional asymptotic condition on scalar curvature.
This will thus be the context for this chapter. Lohkamp proved that for these specific man-
ifolds, the condition of negative energy can be interpreted purely geometrically: The metric
on the manifold can be modified so that it becomes Euclidean outside of a compact without
losing positive scalar curvature. If the manifold is spin, this leads to a contradiction by the
results we proved in chapter 7.

8.1 The setup

Let (X, g) be Riemannian manifold with positive scalar curvature.

Definition 8.1.1. A Riemannian n-manifold (X, g) for n > 2 is called asymptotically
flat if there is a compact K C X s.th. the following hold:

1) There is a diffeomorphism ¢ : X \ K — R*\ D" = {z € R"| ||z|| > 1}

2) With respect to the chart ¢, the metric g satisfies the following conditions for some
p > "T_Q: (1) The metric is Euclidean (denoted by gg) up to an asymptotically
vanishing contribution in the sense that:

g=go+h
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with hj;j(x) = O(]|z||7P) for all 7,j. The derivatives of the metric are controlled as

follows:
MW”]HW

8%gij —p
()| = Olel )

Furthermore, in order to be able to define the energy of this type of manifold, we need to
assume that its scalar curvature is controlled as follows:

rg(z) = O([|z[|™%) (%)

for some ¢ > n.

Definition 8.1.2. The total energy of an asymptotically flat manifold satisfying (&) is
defined by the expression:

0gi5  0gii
E(X,g)=0b, 1 E d - dvol
( g pggo /Sp < al'l 8:6]) Yy GUOts,

Where S, is the Euclidean sphere of radius p, dvolg, is the volume form induced on this
sphere by the inclusion S, C R", v is the outwards pointing unit normal vector of S, and
the constant b,, is defined as:

1

by =
4(n — 2)vol,_1Sn—1

Energy can be shown to be independent of which chart ¢ is chosen for the asymptotic flatness
structure. We will only show that the limit makes sense.

Proof: (Existence of the limit)
Under the asymptotic assumptions, one can show (by a direct computation) that scalar cur-
vature has the following form (see [Sch]):

- a2gij 8291'1' —2p—2
) = 3 (ot = ) o 0

i?j:

The left-hand side can be integrated by (&) and O(||z||~2P~2) can be integrated since p > 252,
thus the sum on the right-hand side is integrable as well. For any € > 0, we can choose pg
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large enough so that for every p1, pa satisfying po > p1 > pg we have:

agl] 0gii n—1 agl] 09ii n—1
(GSU, oy dvol / 02, ~ P vj dvolsp
J Sp1 1,7=1 J

9gij  0gi;
= div S dvol™
/B Z v (81‘1 81‘]) vo

2 \Bpy 1,7=1

/ ( 329z‘j (9292'2' ) n
= g — dvol
Bp,\By, ij=1 (%:Zaxj 8xj8xj

< €

Where we have used the divergence theorem, the asymptotic behaviour of scalar curvature
prescribed in (&), together with (#) and where B, denotes the Euclidean ball of radius r.
The the limit defining the energy exists.

g

8.2 The Positive Energy Theorem

We will mention some reductions that go back to R. Schoen and S.T. Yau without giving all
the details (they can be found in [Sch] section 4). More precisely, these reductions show that
it is sufficient to consider metrics that:

1) Have vanishing scalar curvature,
2) Are conformally flat near infinity,

And this, of course, without losing asymptotic flatness and with total energy arbitrarily close
to the total energy of the initial metric. This is essentially Proposition 4.1. from [Sch].

For this type of metric g, we will prove the positive energy theorem:

Theorem 8.2.3. Positive energy theorem

E(X,9) =20

Before turning to Lohkamp’s proof of the positive energy theorem, we will roughly describe
the above mentioned reductions. Let (X,g) be a Riemannian manifold as in the previous
section. First, the condition of scalar flatness can be deduced from the properties of the
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so-called conformal Laplacian, which is defined as the following modification of the usual
Laplace-Beltrami operator A:
L:C*¥X) — C*(X)
[ — —cAf+kg-f
Where ¢, is a dimensional constant ¢, = 42—:;. This operator has the advantage that it de-

scribes the transformation behaviour of scalar curvature under conformal changes of the met-
rics nicely. Recall the transformation behaviour of scalar curvature under conformal changes:

Proposition 8.2.4. Scalar curvature under conformal changes
Define g = A\g for a strictly positive function A. Then we have:

1 n— n—
K= ~ <Hg — cn)fTQA)\TZ)

4
By a direct computation, one can deduce that under the conformal change § = A\»=2g, scalar
curvature behaves as follows:

n+2

Kg = A n—2[\

One can show that the kernel of L contains a strictly positive function u that tends to 1 at
infinity (see [Ba] for this). Using this, define the conformally modified metric:
4
gl g un—Qg
which is obviously scalar flat since Lu = 0. For the conformal flatness at infinity, one defines
an appropriate cut-off function ¢ that is equal to one around the compact K (see 8.1.1) and
vanishes near infinity. Using this, one can define:

g2 =g+ (1 —¢)go

Where gp is the Euclidean metric given by the chart for X \ K (again, see 8.1.1). These two
modifications of the metric can be suitably combined to yield the desired metric denoted by 3.

We need one last remark before turning to the actual proof of the positive energy theorem.
Since (X, g) is asymptotically flat and conformally flat near infinity, the metric can be written
as:

_ 4

g = hn72 go
close to infinity such that h(z) tends to one as @ — oco. By the fact that k7 = 0 everywhere,
h is harmonic (again by the conformal behaviour of scalar curvature) and one can show that
it has the following expansion (see [Lo]):
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Proposition 8.2.5.

E(X,9)

M) =1 Dl

+O(Jlz]"7)

Thus, the total energy of the manifold can be seen as a coefficient in the expansion of the
metric close to infinity. This is the form of the energy that we will use from now on (in [Lo]
this is used as the definition of the total energy).

8.3 Proof of the Positive Energy Theorem

We will now discuss Lohkamp’s proof of the Positive Energy Theorem for the case where
(X, g) is a spin manifold. First, we will prove the (already above mentioned) fact that the

4
function h is harmonic. For this, apply 8.2.4 to our case, where g = hn=2 gg:

Kg = KT (Kgy + cnh_lAh)

But, by construction, we have k4, = xkg7 = 0, therefore h is harmonic. The proof of the Pos-
itive Energy Theorem is roughly divided into two steps: The first consists of showing that
under the assumption that energy is negative, one can choose another metric on X so that
the manifold is isometric to flat Euclidean space outside of a compact without destroying
positive scalar curvature inside of that compact set. The second step is showing that this is
contradictory to what we already know about the topology of manifolds with positive scalar
curvature.

Step 1:

Proposition 8.3.6. The geometry of (X, g) for negative energy
If E(M,g) <0, then there is another complete metric ¢’ on X so that:

1) kg > 0 everywhere and k, > 0 somewhere,
2) There is a compact set K C X and a radius R > 0 so that the following are isometric:
(X \ K,g') = (R"\ Bg, g0)

(Where B, denotes the Euclidean ball of radius r centred at the origin.)
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For the proof of this we will use the following somewhat technical proposition:

Proposition 8.3.7. For S = Bg \ By C (R", go) if the function v € C*°(S) is harmonic
and of the form u = Hx”% + f with f arbitrarily small |f| < 4, then there is a strictly
positive H € C*°(S) so that:

1) AH > 0 with strict inequality somewhere in the interior of S,
2) H = u in a neighbourhood of 0Bj,

3) H equal to some strictly positive constant in a neighbourhood of 9Bs.

The proof of this proposition is entirely constructive:

Proof of 8.3.7: The idea of proof is the following: First we will deal with the special case
where f = 0. This simplifies the situation considerably by noticing that u is then rotationally
symmetric, since W is. By the fact that rotationally symmetric functions F' € C*°(R"™ \

{0}) are in bijection to functions in one (positive) variable G € C*°(R>Y) via the relation
F(x) = G(||z]|). Thus, we will try to find some h; € C°°(R>?) whose associated rotationally
symmetric function will satisfy conditions 1)-3). Afterwards, we will generalize to the situation
where f is non-zero. First we will compute the Laplacian of F' in terms of G to gain some
insight on which conditions to impose on h;.

AF(2) = G"(|lal)) + "= ¢ () (4)

Recall that the Euclidean norm |-|| : R® — R has partlal derivatives:
|- i
(z)
Iz ]
Therefore:
— (G ol ll)
AF(z) = AG(||lzl]) = Z T( z)
=1 ?
- G/l )
25 E]

1

%
2

{G"(”ﬂ””)u r”G'(”m”’(H 1)
() + (el

|

1
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Define the function g € C*(R\ {0},R) by g(t) = 5. Notice that this is the one-variable
function corresponding to Hx”% under the above described bijection. We want to construct

another function hy € C*°(R>? R>?) which has the following properties (as mentioned above,
this will correspond to the H we want to construct in the rotationally symmetric picture):

i) hy = g on the interval ]0, 2],
ii) hy constant and strictly larger than 0 on [5, 00),
iit) AY(t) + 2LR)(t) > 0 on |2, 5[ and strictly positive on some interval in [3,4].

To achieve this, we define auxiliary functions fg, € C*(R,R=%) depending on parameters
d,s >0 as:
d
fas(t) = se 5%
for t strictly smaller than 5 and constantly vanishing elsewhere. It is easy to see that this

will indeed yield a smooth function for all choices of d and s. We claim that the parameters
d,s > 0 can be chosen so that:

)" fis+ (n—1)f;, >0 on the interval |1, 5],

i) fi,(4)>g"(4) = (2—n)(1 —n)4™",
f(/i,s(4) > g'(4) = (2 —n)4"" and
fa,s < 3gon]1,5[.

To prove this claim, compute:

f(li,s(t) = _8(5_t)26_5_t

" d? 2d L
d,s(t) = S ((5—t)4 - (5—t)3> €

For any real k, we have furthermore:

95— ) — k(5 — )2 ,
R e D

Therefore one can choose dy large enough (depending on k) so that fc’lis + kfé’s > 0 on |1,5]
for any s > 0,d > dp. The condition (i)’ thus is satisfied for £ > n — 1.

Next, choose some k large enough so that

g'4) _1-n
g T .
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For any d > dy(k), we may choose the scaling s > 0 so that
ds(4) =2¢"(4) =2(2—n)(1 —n)4™" (1)

Which immediately implies the first condition of (ii)’. The second condition can be verified
by computing using fj,(4) + kfj ,(4) > 0 and the above (I) and (II):

7 (4 " " /
fhaty > e = 2D 5 WO _ iy

The third condition can simply be fulfilled by taking d large enough (g is bounded below on
the interval |1, 5[), which is compatible with all previous choices. This proves the claim.

We call fy some function fg ¢ which fulfils (i)” and (ii)’. The next steps consists in recovering
from fy and g a function h; fulfilling (i)-(iii). For this, we will define yet another smooth
auxiliary function k; > 0 that interpolates between g” on [1, 3] and f{ on [4,00) in a suitable
sense, we mean by this that k1 meets the following conditions:

2) ki =g on [1,3],
b) ki = fg on [4,00),
c) k1 >g" on [3,4]

This is possible by property ii)’ of fo. We define h; to be the following integral (with integra-

tion constants = 0).
me = [ ([ mewie) + @] a0

One can easily see that hy = g on [1,3] and hy = fp on [4,00), thus i) and ii) are satisfied
(recall that fo = 0 on [5,00)). The condition iii) is obviously satisfied on [1, 3] since hy = g
on this interval and g is associated to an harmonic function. For the interval [4,00), this
property is true by i)’ combined with the fact that f/ < 0. On ]3,4[ we use the fact that
W = ki > ¢” which yields h} > ¢’ and combine it with ¢”(t) + “71¢'(t) = 0 to get the
corresponding inequality. This shows the Proposition for the special case where f = 0 as one
can easily check that taking H; to be the rotationally symmetric function associated to h;

yields a function satisfying 1)-3). We will now deduce the general case.

Choose ¢ € C*(R",[0,1]) to be cut-off function so that ¢» = 1 on the ball B34 and = 0
outside of the slightly larger Bsg. We are now in position to define the desired function:

H=h +yf

Properties 2) and 3) obviously remain true under this modification of h;. Thus we only
need to check that 1) holds, for which we need some control over A(¢f). Here we use the
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hypothesis |f| < §. Namely, since f is harmonic, its higher partial derivatives are bounded
by the supremum of f times a constant (depending on dimension, the order of the partial
derivatives as well as the radius of the ball which is considered)!. Therefore, we can compute:

AWHI < [PAFI+[fAY]+2[(Vf, V)|

0
sup (IFDIAY] + 2e(1,n,d) sup mm%%j%f
B3.6\Bs.4 B3.6\B3.4 ; i

Since we consider all of this on the annulus B3¢ \ Bs., the partial derivatives of 1 as well
as the constant c(|a|,n,d) are bounded. Thus for sufficiently small §, we have |[A(¢f)| < e
for all € < 0. Since h; was constructed so that AH; > ¢ > 0 on some annulus containing
Bsg \ Bs.4, condition 1) will hold for a small enough &.

IN

0

4
Proof of 8.53.6: Recall the setup from 8.2: M \ K is equipped with the metric § = h»—2 go,
where g is the Euclidean metric given by the chart coming from asymptotic flatness. Fur-
thermore, h is harmonic and has the following expansion:

E(X,9)

M) =1 o Dl

+f

For some f vanishing of order n — 1, i.e. sup(|f|||z||"~') = co < oo for some constant cyg. The

idea is to show, that f can be taken arbitrarily small |f| < ¢ in order to be able to apply
8.3.7. This can be done by the following rescaling argument. For some A > 0, define:

sy:R* — R"

T — Az

For which s3(go) = A?go. Consider the rescaled metric

4

1 *— n—2
gr = ﬁs/\g =h3 g0
where the corresponding h) can easily be seen to be given by:

hx(z) = sih(z) = h(Ax)

'See [GT] section 2.7.: If f is harmonic on some € which has a compact subset Q' C €, then higher
partial derivative of multi-index « is controlled by (where || denotes the length of the multi-index a and
d = dist(Q',09)):

|l
nlaf ) sup|f] = e(|al,n, d)sup|/|
) Q Q

(o3 < P b B
Supld” fl < (dist(Q’,é)Q
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By the expansion of h, we have:

E
ha(z) = 1+ H(n = a2z + f(\x)
E\
= 1
T i D T

Where we have thus determined the behaviour of the energy and f under rescalings: f\ =
fosy, Ex = M""E. Thus, using the asymptotic behaviour of f:

— fO2)]|[Az||"t
@l = LD
Co
An—l

Which implies, by the transformation behaviour of E, that the term f) vanishes faster than
the energy term, i.e. for A — oo we have that:

A(n —1)fx

—= =0

' Ey
and can thus be chosen arbitrarily small. By 8.3.7 applied to u(z) = W + 4(7;; L) f, we
can define a function: 5

h=14+-——H
RTE—y
and a metric: .
g= hmgo

which can be easily seen to be isometric to the Euclidean metric outside of K = B;. Further-
more, § has positive scalar curvature (and strictly somewhere) by application of 8.2.4 and
by AH > 0 (with strict inequality somewhere):

_n=-6 __
kg = —cyh * Ah
n—1Y\-n=—6 FE
—4 A1+ —+H
<n—2>h <+4<n—1> >
_n—6
_ < 2 )w AH

n—2
> 0

Under the assumption of negative energy, with strict inequality somewhere.
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Step 2:

Here, we need to assume that X is spin.

Recall that under the negative energy assumption we have constructed a non-negative scalar
curvature metric ¢’ on X that is Euclidean outside of some compact set K and has strictly
positive scalar curvature somewhere in K. Take now some large enough Euclidean square
that contains K and identify opposite edges in the same way as for a torus. The notion of
Euclidean square makes sense in X \ K due to the fact that X is Euclidean outside of K. This
yields a manifold homeomorphic to the connected sum of X (the one-point compactification
of X) and the n-torus T" equipped with a non-negative curvature metric (that is positive
somewhere). Since X is spin and enlargeability of the torus implies enlargeability of X #S"
(if one of the summands is enlargeable, the connected sum is enlargeable, see [LaMi] IV.
Theorem 5.3.), we have an enlargeable spin manifold with positive scalar curvature metrics.
This is a contradiction to 7.3.7.

g
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Appendix A

Symmetric polynomials

The purpose of this appendix is to discuss some facts about symmetric polynomials, in partic-
ular the corresponding fundamental theorem. These facts are used in Chapter 5 to construct
the Chern character. See [La] IV.6. for details on symmetric polynomials.

Let R be a commutative ring and R[z1,...,x,] the associated ring of polynomials in the n
variables z1, ..., x,. By S, we denote the symmetric group, i.e. the group of permutations on
n distinct elements. S, then operates in the following manner on R[z1, ..., z,]:

Sp X Rlx1,.cyxn] — Rlz1,...,24)
(m, P(w1, oy wn)) > (TP)(@1, ;%) = P(Tr(1)s s Tr(n))

Definition A.0.1. We call symmetric polynomials the elements of R[x1, ..., z,] which
are invariant under the above operation, i.e. which satisfy: 7P = P Vr € S,

Examples A.0.2. Examples for symmetric polynomials
1) Symmetric polynomials can be non-homogeneous, e.g. 21 + x2 + 1 is symmetric;

2) The elementary symmetric polynomials {ox(x1, ..., %) }k<n are symmetric. The poly-
nomial oy, in n variables is defined as the sum of all possible terms z;,...x;, , where all
i differ. For n = 3 one would get for example:

= 1

T+ x2 + T3

T1x2 + X123 + T2x3

= Z12223
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By the fundamental theorem of symmetric polynomials mentioned below, the elemen-
tary symmetric polynomials are in some sense the building blocks of all symmetric
polynomials;

3) The polynomials gy (21, ..., 2,) = ¥ + ... + 2¥ are symmetric.

Theorem A.0.3. Fundamental theorem of symmetric polynomials
Every symmetric polynomial P(z1,...,2,) can be uniquely written as a polynomial ex-
pression in the elementary symmetric polynomials, i.e. 3! Q(y1, ..., yn) € R[y1, ..., Yn]

P(x1,.yxn) = Q(o1(T1, ety Tn)y ooy On(T1, ovey Tp))

Example A.0.4. Newton’s identities for the g
As mentioned above, the ¢, are symmetric polynomials, thus by the theorem, they can be
expressed using the elementary symmetric polynomials: 3!sj s.th.

qk = Sk(01, ..., O%)

The corresponding polynomials can be computed recursively by formulae called Newton’s
identities:

k—1
Sp = (—1)k_1kak + Z(—l)k"'i_lsiak_i
=1

Which yields for the first few k:

S1 = 01
S9g = 0'181—20'220%—20'2
S3 = 0182—0281+303:U%—30102+303
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Appendix B

The Atiyah-Bott-Shapiro
construction

The goal of this appendix is to review an alternate approach to relative K-theory that was
developed by Atiyah, Bott and Shapiro in ’63 in [ABS] which will is used in the formulation of
the Atiyah-Singer index theorem. Elements of K (X, A) will essentially be seen as equivalence
classes of sequences of vector bundles over the subspace A. We will closely follow [ABS], but
the lecture notes [Des]| served as secondary reference.

B.1 Sequences of vector bundles

Definitions B.1.1. Basic definitions

1) A set of vector bundles {E,, ..., Ey} over a common base space X together with a
collection of homomorphisms «; : E; — E;_; for i € {1,...,n} belongs to the set
Cn(X,A) (for A C X) if the sequence:

%El\Aquuéo

Oé'rLIA

0— En‘A — En—l’A
is exact. Write in shorthand notation F = (E;, o) € Cp (X, A).

OénfllA
o

2) A morphism ¢ between two objects E = (E;, «;), F = (Fj, 3;) in this category is
given by a collection of bundle morphisms ¢; : E; — F; so that 8; 0 ¢; = w;—1 0
(Isomorphisms are defined correspondingly). Equivalently the following diagram
commutes:

Qi—1

Qg1 ;
E; Ei 1

2 =

e F; o Fi4
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3) E €Cy(X,A) is called elementary if it is of the form:
0—)0%...—)Ejﬁ>E]’,1—)...*}0—)0

4) Define E@® F = (E;, 04) ® (F}, Bi) = (E£; @ Fj, a; @ ;) the direct sum for C, (X, A).

5) E,F € Cp(X, A) are called equivalent (denote E ~ F) if they are isomorphic up
to addition of elementary objects, i.e.

E~FoSECQS..0Q XFOP,&...0P,

for P;,Q; € Cp(X, A) elementary.

The set of equivalence classes under the relation defined in 5) is denoted by £, (X, A). Since
one can check that the direct sum is well defined on the equivalence classes, £,, is equipped
with the structure of a semi-group. Furthermore, one has inclusions:

Cn<X, A) — Cn+1(X, A)

by adding a zero bundle at the end of the sequence. These descend to homomorphisms of the

quotients:
En(Xa A) — [fnJrl(Xv A)

Our goal will now be to show that the grading in this set of equivalence classes is irrelevant
and that they are isomorphic to the relative K-theory K (X, A), i.e. that we have:

L1(X,A) = L,(X,A) = K(X, A)

B.2 Relation to K-Theory

Lemma B.2.2.

Proof: Elementary objects in C1(X, @) are of the form 0 — @ q @ — 0, therefore £ ~ F
with: N ~
E=(0-E 5 E—0) and F=(0-F5F—0)

if and only if there are elementary ) and P s.th.

EeQ=FeP=>E0Q=Fi®ePand EydQ=F &P
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Define the map:
X1 : ﬁl(X, @) — K(X)
(El E} E0> — E(] —F
The map is well defined, since x; is a morphism and yields 0 when applied to elementary
objects, thus E ~ F = x1(E) = x1(F). Furthermore it is surjective, since elements of K-
Theory can always be represented as Fy — FEq. To show injectivity, assume yi(E) = 0 and

thus Ey & G = E; & G for some vector bundle G over X by definition of K (X). Therefore
Ei1dG— Ey®G=0—0in £1(X,9), which proves injectivity.

g

We generalize the map 1 used in the proof above:

Definition B.2.3. A transformation of functors x, : L£,(X,4) — K(X,A) is called
Euler characteristic for £, (X, A) if for A = @ the following holds:

n

Xn(En = .. = Bg) = > (-1)'E;
1=0

One can show that the above lemma holds without the restriction A = @ with any Euler
characteristic x; as isomorphism, i.e.

x1: Li(X,A) 5 K(X, A)

Lemma B.2.4. y; exists and is unique.

Proof: Uniqueness
Let x} be a second Euler characteristic for £;. Define:

ﬂ:xlloxflzK(X,A)—)K(X,A)

For A = @&, we have ¢ = id by the definition of the Euler characteristic. The general case can
be reduced to this by considering the following diagram:

K(X,A) = K(X/A) —— K(X/A)

P e

K(X,A) = K(X/A) —— K(X/A)

95



The canonical horizontal maps are injective and the right vertical map is the identity by what
preceded. Thus the left one is as well.

O

Proof: Existence

We will explicitly construct y; to show its existence. Given an element in £;(X, A) it can
be represented by FEj 2% Fy. A bundle over the new base space Y = XUy X1 (where X
and X; are disjoint copies of X) is given by a glueing construction: We think of the vector
bundles Ey and E; as £y — Xg and E; — X respectively. To view them as a bundle over
Y, identify them over A by the map «, i.e.

a]A:EllAiEO\A

This yields a vector bundle that we will denote by [E1, a, Ey] — Y.

Next, we will look at the situation in K-Theory. Since Xp/A ~ Y/Xj, the inclusion map
(Xo,A) — (Y, X1) induces an isomorphism K (Y, X;) — K(Xo, A). Furthermore, since there
are natural retractions m; : Y — X; whose induced maps split the short exact sequence of the
pair (Y, X;), K(Y) can be viewed as direct sum K(Y) = K(Y, X;) ® K(X;). Define x; now by
viewing By = Ey € L1(X, A) as [Fy, o, Eg] € K(Y) and by applying the following sequence
of maps:

One can show furthermore that for A = @ the image of this map equals £ — Ejy.

O

In a next step we will show that the maps £, — L1 discussed above are isomorphisms.
Before doing so, we need an auxiliary result on the extension of monomorphisms of vector

bundles:

Lemma B.2.5. Let E and F be vector bundles over X with Y € X and f|y : Ely —
F|y a monomorphism. If dimF > dimFE + dimX then f can be extended to a global
monomorphism and this extension is unique up to homotopy.

Proof: The proof relies on a general extension result for fibre bundles. Namely, we consider
the fibre bundle Mon(E, F') of monomorphisms over X. To be more precise:

Mon(E, F)|, = {E, - F,| i injective}

One can show that the fibres of this bundle are homeomorphic to GL(n)/GL(n — m) for
n = dimF and m = dimFE. This can be seen by identifying F, = R™ and E, = R™, then
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F, = imf @ imf+, where dim(imf) = m and thus dim(imf*) = n — m. A homeomorphism
can be defined:

Mon(E, F)|, — GL(n)/GL(n—m)
i = [(i(el)?“"i(em)7f17"'afnfm)]
where fi, ..., fn_m complete the image vectors to a basis. This map can easily be seen to
have a well-defined inverse, since GL(n — m) acts transitively on the set of bases for imf=.
The fibres are thus (n — m — 1)-connected! and can be extended uniquely up to homotopy if

dimX < mn —m — 1 by a general result on sections of fibre bundles (see [Hu] ch. 2 Theorem
7.1). A section of Mon(FE, F) is a global monomorphism between the two vector bundles.

O

Lemma B.2.6. N
L,(X,A) — L,y1(X, A)

This immediately implies the goal of this section: £;(X,A4) = L£,(X,A) = K(X,A) by
induction on n

Proof: (During the proof, the pair (X, A) remains fixed, thus we will drop it in the notation.)
In order to be able to use the above Lemma, we restrict our attention to the subset:

Q)
o1 ={E € Cpy1 | dimE, > dimE, 1 + dimX} C Cpiq

This can be done since every element in £, 1 can be represented by an element in C;, , ;, which
can be seen by adding an elementary object to E if the condition (f) isn’t met.

One can choose E € C;,; and extend ay,41 to a monomorphism on X «;j,_; by the above
lemma. We will try to rewrite E = E' @ P, for E of length n and P an elementary sequence.
A natural candidate for P is '

0= Epii -5 Epr — 0

Define E;, = cokera;, | = E,/ima;, . The rest of E’ is defined by the lower sequence of the
following diagram

O(/
+1 «
0—— Eppg —45 B, —2»

0— E),

!See [Hu] 7.5. combined with the fact that GL(n)/GL(n—m) = Vi (R™), where Vi (R™) is a Stiefel variety
(again, see [Hu] 7.1.)

97



Where p denotes the projection map to the quotient and p’ is defined by commutativity of
the diagram. Choosing a metric on F, induces a splitting of the exact sequence

ol
0= By ~5 E, 25 E, -0

Which proves
E2FoP

Let us show that this yields a well-defined map from the isomorphism classes in C},,; to
those in C,. If o/ 41 another extension of ;41 then we know by the previous lemma that
a1~ o homotopic. This implies E], = E;] by an isomorphism that makes the following
diagram commutative:

’
/ 4
B - B,

J{ o

E//
n
Hence E' = E".

Moreover, we will show that the class of E’ in £,, depends only on the class of F in £, 11 i.e.
that the map:

nt1 = Cn
E — F

descends to a map L,+1 — L£,. Adding an elementary sequence to any two terms other than
E,1 and E, is easily seen to have no effect on the map F — E’, i.e. we have:

(EeoP)=FEoP

for any such elementary sequence P. Assume now that P is added to the first two terms,
which means we have to consider:

an+1®idp

0—>FEpp1®P —  E,&6P—FE, 1—..—0

The first term of (E @ P)" will thus be (E @ P)], = coker(a,+1 ®idp) = (E, ® P)/im(ap4+1 @
idp) = Ey,/im ay,+1. This means that we have determined

(E@P) =F'

for this case.
Finally, we notice that this map is inverse to the map £, — £, 11 defined above.
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One can furthermore show the following:

Lemma B.2.7. There is a unique Euler characteristic x, on £, (X, A) s.th. the following
diagram commutes:

R

L1(X,A) Ly(X,A)

K(X,A)

Xn is in particular an isomorphism, since x is.
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Appendix C

The topological degree

The concept of the degree of a map is rather common in topology, since it has a formulation
in terms of algebraic topology as well as differential topology. The degree of amap f: X — Y
measures, roughly speaking, how often X is wrapped around Y by f. In differential topology
this idea is carried out by counting preimages of regular points with multiplicity, in algebraic
topology one looks at the map induced by f on the top (co-)homology groups.

Our exposition of the subject is tailored to the use of the degree in the definition of enlarge-
ability (see 7.1.2). In that context, one wants to make sense of the degree of maps of the
type:

f: X—>8"

Where X is not necessarily compact but f is constant outside of a compact set. To acheive
this, we use cohomology with compact support. We will also discuss how this approach re-
lates to differential forms and the differential topological approach. In order to illuminate the
matter unhindered by the technical complications of the more general cases, we discuss as an
introduction the case where the two manifolds are compact. [MiSt] Appendix A and [BoTu]
served as references for our exposition. Other sources from algebraic topology include [Ha01]
2.2, [Do] IV.§4/85 / VIIL.§4. A purely differential topological approach is carried out in [Mi]
4./5.

If not explicitely stated otherwise, (co-)homology classes are taken over Z.

C.1 Introduction: The compact case

Let X be a compact, connected topological n-manifold.

Definition C.1.1. X is called orientable if H,(X) = Z
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The choice of a generator p € H,(X) is called an orientation. We denote an oriented
manifold by (X, u).

See [Ha01] section 3.3. for geometric explanations on how this is related to the orientation
of vector spaces. In the context of differentiable manifolds, there are a number of different
approaches to orientation: A differentiable manifold is orientable if it can be equipped with
a differentiable structure whose transition maps have positive determinant. This approach is
discussed in most books on differential geometry (see e.g. [DCal p.18). One can check that
this is equivalent to the existence of a non-vanishing n-form on the manifold.

Let (X, u) and (Y, v) be two closed, connected, oriented n-manifolds. To a continuous map
f X — Y one can associate the degree as follows:

Definition C.1.2. The degree of f, denoted by degf, is an integer defined by the
following diagram:

where f, denotes the induced map on the top homology class. This makes sense, since
any morphism Z — Z is multiplication by an integer.

Properties C.1.3. Basic properties of the degree

1) Homotopy equivalences have degree 1 or —1;
2) The degree is multiplicative in the following sense: deg(f o g) = degfdegg;

3) The degree is a homotopy invariant: f ~ g = degf = degg. Interestingly, one can
show that the converse also holds in the context of maps X — S", where X any closed,
oriented n-manifold. In this context the degree is thus a complete homotopy invariant.
See [Hi] p.129 for details.

Proofs: Apply functoriality and homotopy invariance of H,,. O
Example C.1.4. Using complex multiplication from S! C C, define:
fr:St = 8§

PR
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Then fi has degree k. This can easily be seen using the differential topological approach of
counting preimages of regular points (see C.6). The same holds for the maps w ~ w* on S3
with multiplication induced by the inclusion S* C H.

Application C.1.5. The Hairy ball theorem

Every smooth vector field on S?" vanishes somewhere.

Proof: Suppose X € I'(T'S?*") is non-vanishing. For every point p of the sphere there is a
unique plane II, containing p, the vector X|, and the centre of the sphere. Define a homo-
topy H; by mapping p to p rotated by ¢m in the plane II, in the sense prescribed by X,,. Then
Hy = id and Hy = —id. Let’s show deg(id) = 1 and deg(—id) = —1, which finishes the proof
by homotopy invariance by deg.

The first statement is a direct consequence from functoriality of H,. For the second statement,
consider that —id is an orientation reversing homotopy equivalence (S?* c R?"*! and —id
reverses orientation in odd dimensions). For details on this, see [Do] section IV.4.

O

C.2 Orientation

Let X be a connected n-manifold. Since it is not necessarily compact, the treatment from 1.1
doesn’t apply. We will use relative homology to construct a localized version of orientation
and cohomology with compact support to define the degree. First notice that for all z € X

Hi(X, X \ ) 2 H;(R",R"\ 0)

Therefore the only non-zero homology group of (X, X \ z) is H,(X, X \ ) = Z. This allows
us to define:

Definition C.2.6. u, € H,(X, X \ z) is a local orientation at x if it is a generator of
Hy(X, X \z)=Z.

Before transferring this concept to the whole of the manifold, we need some remarks:
Let U be some neighbourhood of the point . The natural inclusion:

tp 2 (X, X\U) = (X, X\ x)

induces a map ¢y« on the n-th homology classes that will be of interest. For example, if U = B
a ball with respect to a coordinate chart containing x, then ¢, is an isomorphism. This means
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that choosing a local orientation u, induces an orientation for every other point in B. More
precisely, define 1, for y € B by:

ty = (Lyx © L;*I)Mz

We are now in a position to define orientation:

Definition C.2.7. The prescription p: X 3 p+— p, € H,,(M, M \ p), where p, is a local
orientation, is an orientation on M if for all p € M there is a compact neighbourhood
K and a class pug € Hp(M, M \ K) so that tp (k) = pp.

The pair (M, p) is called oriented manifold.

One can show that prescribing a local orientation at a point = prescribes a unique orienta-
tion in every compact neighbourhood of z, i.e. there is a unique pux € H,(M,M \ K) s.th.
Wi — pp under the map induced by inclusion. ux is sometimes called the fundamental class
of K.

Using this homological approach, one can define the local degree of maps between two
oriented manifolds (X, u) and (Y, v) in the following manner: Given a continuous f: X — Y
and a compact K C Y s.th. f~!(K) C X compact as well, define deg, f by the equation

felbg-1r)) = degg f - vie ()

This can be used to define the degree of f by putting degf = degy f for some compact K,
which can be shown to be independent of the choice of K and thus well-defined. See [Do]
VIII.4. for details. The crucial problem is that f needs to be proper for this approach to
make sense, since we need f~!(K) to be compact. This is generally not true in the context in
which we want to apply the concept of the degree (see for example 7.1.4). We will therefore
formulate similar ideas in terms of cohomology with compact support.

C.3 Cohomology with compact support

In this section, we briefly introduce cohomology with compact support and formulate the
corresponding Poincaré duality result. For details and proofs, see [MiSt] Appendix A. [BoTu]
§1 introduces the same concept on R” in terms of de Rham cohomology.

Definitions C.3.8.

1) A cochain ¢ € C*(X) is said to have compact support if there is a compact set
K C X s.th. c¢ vanishes outside on C;(X \ K) i.e. ¢ belongs to the submodule
CHX, X \ K),
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2) Denote by CL,(X) C C*(X) the submodule formed by cochains with compact sup-
port,

3) Denote by Hépt(X ) the cohomology groups associated to the chain complex
{Cept (X))}

One can show that:
H

cpt

(X) 2 lim (H(X, X \ K))

where the direct limit is taken over all compact K C X. Using this isomorphism, we can

construct a morphism

HTL

cpt(X) — 7

in the case of oriented (X, 1) by evaluation on the fundamental class:
a o [ux] = (o )

where o/ € H"(X, X \ K) represents « for some K by the above isomorphism. This is inde-
pendent of the choice of o

Using this evaluation morphism one can define a bilinear pairing, called cap product:

N:CYX) x Cp(X) — Chi(X)
(@,§) — ang

where a N ¢ is the unique element in C,,_;(X) so that the following holds:

(B;an§) = (Ba; )

The cap product can be used to construct a Poincaré duality isomorphism:

Theorem C.3.9. Poincaré duality in the compactly supported case

)
H cpt

(X) — Hp—i(X)
o — o/ﬂuK

(where o/ € H"(X, X \ K) represents «) is an isomorphism.
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C.4 The cohomological degree

Let X be a connected, oriented n-manifold and f a continuous map:
f:X—=8s"

that is constant outside of a compact subset K C X. One could replace S™ by some other
compact n-manifold, but taking the n-sphere is sufficient for our purposes. As a corollary to
C.3.9 and since X is connected, we can compute:

n
}J;pt

(X) = Hy(X) = Z

Definition C.4.10. The degree of f, denoted by degf is defined by the following
diagram:

arsy L g

cpt

(X)

(degf)-
7 —

IR
N IR

We need to show that f*: H"(S") — Hp,(X) is well-defined, i.e. that for all « € H"(S")
the element f*a has compact support:

Proof: Let £ € C,,(M \ K) be an element with support outside of K. We will show that
it is annihilated by f*a. First define the canonical inclusion maps i : M \ K <— M and
j : {*¥} — S™ where * denotes the point in S” to which M \ K is mapped by f. In other
words, the following diagram commutes:

We can now compute:

([fasin) = (" f8)
(f*5*as)
j*a:=0 0
Thus we have f*a € Hj,(M).
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C.5 The degree in the smooth setting using differential forms

For an account of cohomology with compact support purely in the language of de Rham the-
ory and the definition of the degree in that context, see [Pet98] Appendix A.5/A.6.

For the rest of Appendix C, we will assume X to be a connected, oriented smooth n-manifold
and f: X — S" to be a smooth map. Using the following de Rham isomorphisms (here we
take coefficients in R):

Hi(S™R) = Hip(s")
Hzpt(X;R) = H&R,cpt(X)

we can reformulate the definition of the topological degree in terms of differential forms. Any
given w € Q"(S™) defines an element in H},(S"), since forms of the top degree are closed. The
corresponding pull-back under f is closed (for the same reason) and has compact support,
since: f|yr\rc is constant and thus f*w[yn x = 0. Therefore we have [f*w] € Hjp ., (X). This
point of view yields the following computational formula:

Proposition C.5.11. For w € Q"(S") s.th. [, w # 0, the following holds:

Jx frw
Jonw

degf =

Proof: Using the above de Rham isomorphisms, consider the following commutative diagram:

Hp(S") —= HY(S",R) —— HL,(X,R) ¢—=— Hlp,(X)

b b
(degf)- Ix
e

R R

Therefore [y f*w = degf - [o, w

C.6 The differential topological degree

In this section, we will reformulate our definition of the degree in terms of notions from differ-
ential topology. In this setting, the degree is essentially viewed as a count of preimages of a
regular value weighted by whether orientation is preserved or reversed around the pair formed
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by the regular value and the preimage under consideration. This point of view is useful for
computations.

Let p € S" be a regular value and f~1({p}) C X the set of its preimages. For any z € f~1({p}),
by the inverse function theorem, we can choose neighbourhoods U C S™ of p and V, C X of
x s.th. V, is mapped diffeomorphically onto U by f|y,.

The local degree ¢, around the pair (p,x) is defined by the following diagram:

1, (U) L m2, ()

cpt cpt

-, b

g & g

Where ¢, = £1 depending on whether the orientation around these points is preserved or
reversed. Note how this is dual to ().

Proposition C.6.12. For f: X — S” a smooth map between smooth manifolds and p a
regular value of f, we have:
degf = Z g

z€f~1({p})
independently of the choice of p.
Proof: Consider the following diagram:
7 (degf)- 7
H (S ) Hcpt(X)
N @64 zef~1({p})

n fr n(f— - = n ~

H™(U,U\{p}) —— H"(fH(U), f{(U\{p})) — H™(Vy, Vo \ ) =
zef~1({r}H zef~1({r})
d

107



References

[ABS] M. F. Atiyah, R. Bott, A. Shapiro, Clifford Modules (Topology, 3 (Suppl. 1)
pp.3-35, 1964)

[ADM] R. Arnowitt, S. Deser, C. Misner, Coordinate Invariance and Energy Expres-
sions in General Relativity (Physical Review, 122 (3) pp.997-1006, 1961)

[AH] M. F. Atiyah, F. Hirzebruch Analytic cycles on complex manifolds (Topology, 1
p.25-45, 1962)

[AS] M. F. Atiyah, I. Singer, The index of Elliptic Operators: III (The Annals of
Mathematics, 87 pp.546-604, 1968)

[At] M. F. Atiyah, K-Theory (Advanced Books Classics, 1994)

[Ba] R. Bartnik, The mass of an asymptotically flat manifold (Communications on
Pure and Applied Mathematics, 39 pp.661-693, 1986)

[BJ] T. Brocker, K. Janich, Introduction to Differential Topology (Cambridge University
Press, 1982)

[BoTu] R. Bott, T.W. Tu, Differential Forms in Algebraic Topology (Springer Graduate
Texts in Mathematics, 1st edition, 1982)

[Ca] E. Cartan, Les groupes projectifs qui ne laissent invariante aucune multiplicité
plane (Bulletin de la S.M.F., 41 pp.53-96, 1913)

[DCa] M. P. Do Carmo, Riemannian Geometry (Birkh&user, 2nd edition, 1988)

[Des| A. Dessai Vector bundles and K-Theory (unpublished lecture notes, lecture given
in autumn 2015 at University of Fribourg)

[Do] A. Dold, Lectures on Algebraic Topology (Springer, 1980)

[Fri] T. Friedrich, Dirac Operators in Riemannian Geometry (Graduate Studies in
Mathematics, 2000)

108



[GHL] S. Gallot, D. Hulin, J. Lafontaine, Riemannian Geometry (Springer Universi-
text, 3rd edition, 2012)

[GrLa] M. Gromov, H.B. Lawson, Spin and scalar curvature in the presence of a fun-
damental group I (Annals of Mathematics, 111 pp.209-230, 1980)

[GT] D. Gilbarg, N.S. Trudinger, Elliptic Partial Differential Equations of second order
(Springer Classics in Mathematics, 1983)

[HaO1] A. Hatcher, Algebraic Topology (2001)
[Ha09] A. Hatcher, Vector Bundles and K-Theory (2009)

[HBJ] F. Hirzebruch, T. Berger, R. Jung, Manifolds and Modular Forms (Vieweg, 2nd
edition, 1994)

[Hi] M. W. Hirsch, Differential Topology (Springer Graduate Texts in Mathematics,
1976)

[Hu] D. Husemoller, Fibre Bundles (Springer Graduate Texts in Mathematics, 3rd
edition, 1994)

[Izm] I. Izmestiev, Riemannian Geometry I/II (unpublished lecture notes, lecture given
in automn 2016 and spring 2017 at University of Fribourg)

[Jos] J. Jost, Riemannian Geometry and Geometric Analysis (Springer Universitext,
6th edition, 2011)

[KNI] S. Kobayashi, K. Nomizu, Foundations of Differential Geometry Vol. I (Wiley
Classics, 1996)

[LaMi] H.B. Lawson, M.-L. Michelsohn, Spin Geometry (Princeton Mathematical Se-
ries, 1990)

[La] S. Lang, Algebra (Springer Graduate Texts in Mathematics, 2002)

[Lo] J. Lohkamp, Scalar curvature and hammocks (Mathematische Annalen, 313 pp.385-
407, 1999)

[Mi] J. Milnor Topology from the Differentiable Viewpoint (Princeton University Press,
1997)

[MiSt] J. Milnor , J.D. Stasheff, Characteristic Classes (Princeton University Press,
1974)

[Pet98]/[Pet16] P. Petersen, Riemannian Geometry (Springer Graduate Texts in Math-
ematics, 1st edition, 1998 /third edition, 2016)

109



[Sch] R. Schoen, Variational Theory for the Total Scalar Curvature Functional for
Riemannian Metrics and Related Topics (Springer Lecture Notes in Math., 1365 pp.120-
154, 1989)

[Scr] E. Schrodinger, Das Diracsche Elektron im Schwerefeld (Sitzungsberichte der
preussischen Akademie der Wissenschaften, 11 pp.105-128, 1932)

[SY] R. Schoen, S.T. Yau, Ezistence of incompressible minimal surfaces and the topol-
ogy of three dimensional manifolds with non-negative scalar curvature (Annals of Math-
ematics, 110 pp. 127-142, 1979)

[SY2] R. Schoen, S.T. Yau, The structure of manifolds with positive scalar curvature
(Manuscripta Mathematica, 28 pp.159-184, 1979)

[SY3] R. Schoen, S.T. Yau, On the proof of the positive mass conjecture in General
Relativity (Comm. Math. Phys., 65 pp.45-76, 1979)

[SY4] R. Schoen, S.T. Yau, Proof of the positive action conjecture in quantum relativity
(Physical Review Letters, 42 pp.547-548, 1979)

[SY5] R. Schoen, S.T. Yau, Positivity of the total mass of general space-time (Physical
Review Letters, 43 pp.1457-1459, 1979)

[Wi] E. Witten, A New Proof of the Positive Energy Theorem (Comm. Math. Phys.,
80 pp.381-402, 1981)

110



