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INTRODUCTION

In this book we present some basic concepts and results from algebraic topology. We
do this in the frame of differential topology. One of the central tools of algebraic topology
are the homology groups. These are abelian groups associated to topological spaces which
measure certain aspects of the complexity of a space.

The idea of homology was introduced by Poincaré in 1895. The way Poincaré in-
troduced homology in this paper is the model for our approach. Since some basics of
differential topology were not far enough developed, certain difficulties with Poincaré’s
approach occurred and three years later lead him to a new way of looking at homol-
ogy which instead of differential topology uses objects from combinatorics, in particular
simplices. This approach was very successful and up to now most books on algebraic
topology follow it. The idea of the original concept came up then and there but more
on an advanced level (for another geometric approach to (co)homology see [B-R-S]). We
hope it is useful to present Poincaré’s original idea in an elementary textbook.

As in other papers dealing with homology along Poincaré’s original lines [Po] the cen-
tral object replacing the simplices in the common presentation are certain stratified spaces.
These are topological spaces which are decomposed as a disjoint union of smooth man-
ifolds, called strata. We will derive this decomposition from another structure. Namely
we use the language of differential spaces [Si] by distinguishing on a topological space
S a certain algebra of functions C, which will play the role of smooth functions if S is
a smooth manifold in the ordinary sense. The properties of this algebra will provide a
decomposition of S into smooth manifolds, the strata.

We call our objects stratifolds. It turns out that basic concepts from differential
topology like Sard’s theorem, partition of unity, transversality generalize to stratifolds
and this allows a definition of homology groups based on stratifolds. It is rather easy
and intuitive to derive the basic properties of homology groups in the world of stratifolds.
These properties allow computation of homology groups and straight forward construc-
tions of important homology classes like for example the fundamental class of a closed
smooth oriented manifold or more generally of a compact stratifold. We also define co-
homology groups but only for smooth manifolds. Again certain important cohomology
classes occur very naturally in this description, in particular the characteristic classes of
smooth vector bundles over smooth oriented manifolds. Another useful aspect of this
approach is that one of the most fundamental results, namely Poincaré duality, is almost
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a triviality.

From (co)homology groups one can derive important invariants like the Euler char-
acteristic and the signature. These invariants play a significant role in some of the most
spectacular results in differential topology. As a highlight we present Milnor’s exotic 7-
spheres (using a result of Thom which we do not prove in this book).

We mentioned above that Poincaré left his original approach and defined homology
in a combinatorial way. It is natural to ask whether the definition in this book based
on stratifolds is equivalent to the common combinatorial definition of singular homology.
Both constructions satisfy the basic axioms of a homology theory and this implies, that
for a large class of spaces, for example all spaces which are homotopy equivalent to a
CW -complex, both theories are equivalent. There is also an axiomatic characterization of
cohomology for smooth manifolds which implies that our cohomology groups are equiva-
lent to ordinary singular cohomology. All this is explained in §20. It was a surprise to the
author to find out that for more general spaces than those which are homotopy equiva-
lent to C'W-complexes, our homology theory is different from ordinary singular homology.
This difference occurs already for rather simple spaces like one-point compactifications of
smooth manifolds!

This indicates what the main themes of this book are. Readers should be familiar
with the basic notion of point set topology and of differential topology. We would like to
stress that one can start reading the book if one only knows the definition of a topological
space and some basic examples and methods for creating topological spaces, and concepts
like Hausdorff and compact spaces. From differential topology one only needs to know the
definition of smooth manifolds and some basic examples and concepts like regular values
and Sard’s theorem. The author has given introductory courses to algebraic topology
which start with the presentation of these prerequisites from point set and differential
topology and then proceed with chapter 1 of this book. Additional information like ori-
entation of manifolds or vector bundles or later on transversality was explained when it
was needed. Thus the book can serve as basis for a combined introduction to differential
and algebraic topology. It also allows a quick presentation of (co)homology in a course
about differential geometry.

I presented the material in this book in courses at Mainz and Heidelberg University.
I would like to thank the students and the assistants in these courses for their interest
and one or the other suggestion for improvements. Thanks to Anna Grinberg for not
only drawing the pictures but also for careful reading of earlier versions and for several
stimulating discussions. Also many thanks to Daniel Miillner and Martin Olbermann
for reading the final version and suggesting several improvements. I had several fruitful
discussions with Gerd Laures, Wilhelm Singhof, Stephan Stolz, and Peter Teichner about
the fundamental concepts. Theodor Brocker and Don Zagier have read a previous version
of the book and suggested numerous improvements. The book was carefully refereed and
I obtained from the referees valuable suggestions for improvements. I would like to thank
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these colleagues for their generous help. Finally I would like to thank Dorothea Heukaufer
and Ursula Jagtiani for the careful typing.
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CHAPTER 1

Smooth manifolds revisited

Prerequisites: We assume that the reader is familiar with some basic notation of point set topology and differentiable
manifolds. Actually rather little is needed for the beginning of this book. For example, it is sufficient to know ([J&], ch. 1
and 3) as background from point set topology. For the first chapters, all we need to know from differential topology is the
definition of smooth (= C°°) manifolds (without boundary) and smooth (= C°°) maps (see for example ([Hi] chapt. 1.1
and 1.4) or the corresponding chapters in [B-J] ). In later chapters, where more background is required, the reader can find

this in the cited literature.

1. A word about structures

Most definitions or concepts in modern mathematics are of the following type: A
mathematical object is a set together with additional information called structure. For
example a group is a set GG together with a map G x G — G, the multiplication, or a
topological space is a set X together with certain subsets, the open subsets. Often the
set is already equipped with a structure of one sort and one adds another structure, for
example a vector space is an abelian group together with the second structure given by
scalar multiplication, or a smooth manifold is a topological space together with a smooth
atlas. Given such a structure one defines certain classes of ”allowed” maps (often called
morphisms) which respect this structure in a certain sense, for example group homomor-
phisms or continuous maps. The real numbers R admit many different structures, they
are a group, a field, a vector space, a metric space, a topological space, a smooth manifold
.... The "allowed” maps from a set with a structure, which also the reals have, to R, are
of central importance.

In this section we will define a structure on a topological space by specifying certain
maps to the reals. This is done in such a way that the allowed maps are the maps
specifying the structure. In other words we give the allowed maps (morphisms) and this
way we define a structure. For example we will define a smooth manifold M by specifying
the C*°-maps to R. This stresses the central role of the allowed maps to R, which in
many areas of mathematics, in particular in analysis, play a central role.

2. Differential spaces

We introduce the language of differential spaces [Si], which are topological spaces to-
gether with a distinguished set of continuous functions fulfilling certain properties. To
formulate these properties the following notion is useful: If X is a topological space, we
denote the continuous functions from X to R by C°(X).
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Definition: A subset C C C°(X) is called an algebra if for f,g € C the sum f +g ,
the product fg and all constant functions are in C.

The concept of an algebra, a vector space which at the same time is a ring fulfilling
the obvious axioms, is more general, but here we only need algebras which are contained

in C°(X).

For example, C°(X) itself is an algebra. The set of the constant functions is also an
algebra. Or if U C R* is an open subset, we denote the set of function f : U — R,
where all partial derivatives of all orders exist, by C°°(U). This is an algebra in C°(U).
More generally, if M is a k-dimensional smooth manifold we consider C*°(M), the set of
smooth functions on M, which is an algebra in C°(M).

The property of a continuous function can be decided locally, i. e. a function
f X — R is continuous if and only if for all z € X there is an open neighbourhood U
and f|y is continuous. The following is an equivalent—more complicated looking— for-
mulation where we don’t need to know what it means for f|y to be continuous. A function
f X — R is continuous if and only if for each x € X there is an open neighbourhood U
and a continuous function g such that f|y = g|y. Since this formulation makes sense for
an arbitrary set of functions C, we define:

Definition: Let C be a set of functions f : X — R. We say that C is locally de-
tectable if a function f : X — R is contained in C if and only if for all x € X there is
an open neighbourhood U of x and g € C such that fly = glu.

For those familiar with the language of sheaves it is obvious that (X, C) is in this
language equivalent to a ringed space.

As mentioned above, the set of continuous functions C°(X) is locally detectable. Sim-
ilarly, if M is a smooth manifold, then C*°(M) is locally detectable.

We can now define differential spaces.

Definition: A differential space is a pair (X, C), where X is a topological space
and C C C°(X) is an algebra of continuous functions such that

(1) C is locally detectable,
(2) for all fi,...,fr € C and g : R¥ — R a smooth function, the function x

We have already discussed the use of the first condition above, and the second condi-
tion is obviously desirable in order to construct new elements of C by composition with
smooth maps.
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The considerations above show that if M is a k-dimensional smooth manifold, then
(M,C>*(M)) is a differential space. This is the fundamental class of examples which will
be the model for our generalization to stratifolds in the next chapter.

From a differential space (X, C), one can often construct new differential spaces. For
example, if Y C X is a subspace, we define C(Y') to contain those functions f:Y — R
such that for all x € Y, there is a g : X — R in C such that f|y = g|y for some open
neighbourhood V of z in Y. The reader should check that (Y, C(Y)) is a differential space.

There is another algebra associated to a subspace Y in X, namely the restriction of all
elements in C to Y. Later we will consider differential spaces with additional properties
which guarantee that C(Y') is equal to the restriction of elements in C to YV, if YV is a
closed subspace.

For the generalization to stratifolds it is useful to note that one can define smooth
manifolds in the language of differential spaces.

To prepare this, we need a way to compare differential spaces.

Definition: Let (X,C) and (X', C’) be differential spaces. A homeomorphism f :
X — X' is called isomorphism if for each g € C' and h € C, we have gf € C and
hf~teC.

The slogan is: Composition with f stays in C and with f~! stays in C’. Obviously the
identity map is an isomorphism from (X,C) to (X,C). If f: X — X" and f': X' — X"
are isomorphisms then f’f : X — X" is an isomorphism. If f is an isomorphism then !
is an isomorphism.

For example, if X and X’ are open subspaces of R¥ equipped with the algebras of
smooth functions, then an isomorphism f is the same as a diffeomorphism from X to
X', a bijective map such that the map and its inverse are smooth (= C°) maps. This
equivalence is due to the fact that a map g from an open subset U of R* to an open
subset V' of R™ is smooth if and only if all coordinate functions are smooth. (For a similar
discussion, see the end of this chapter.)

3. Smooth manifolds revisited

We recall that if (X, C) is a differential space and U an open subspace, the algebra
C(U) is defined as the continuous maps f : U — R such that for each x € U there is an
open neighbourhood V' C U of z and g € C such that g|y = f|,. We remind the reader
that (U, C(U)) is a differential space.

Definition: A k-dimensional smooth manifold is a differential space (M, C) where
M is a Hausdorff space with a countable basis of its topology, such that for each x € M
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there is an open neighbourhood U C M and an open subset V C R* and an isomorphism

p: (V,C=(V)) = (U,CU)).

The slogan is: A k-dimensional smooth manifold is a differential space which is locally
isomorphic to R¥.

To justify this definition of this well known mathematical object, we have to show
that it is equivalent to the definition based on a maximal smooth atlas. Starting from
the definition above, we consider all isomorphisms ¢ : (V,C*(V)) — (U, C(U)) from the
definition above and note that their coordinate changes p=1¢': (¢')"H (U NU") - V NV’
are smooth maps and so the maps ¢ : V — U give a maximal smooth atlas on M. In
turn if a smooth atlas ¢ : V' — U C M is given, then we define C as the continuous func-
tions f : M — R such that for all ¢ in the smooth atlas we have fp : V — Risin C>(V).

We want to introduce the important concept of germs of functions. Let C' be a set of
functions from X to R. We define an equivalence relation on C' by setting f equivalent to
g if and only if there is an open neighbourhood V' of x such that f|y, = g|y,. We call the
equivalence class represented by f the germ of f at x and denote the equivalence class
by [f]z. We denote the set of germs of functions at x by C,. This definition of germs
is different from the standard one which only considers equivalence classes of functions
defined on some open neighbourhood of x. For differential spaces these sets of equiva-
lence classes are the same, since if f : U — R is defined on some open neighbourhood
of z, then there is a ¢ € C such that on some smaller neighbourhood V' we have f|,, = g|yv.

To prepare the definition of stratifolds in the next chapter, we recall the definition of
the tangent space at a point x € M in terms of derivations. Let (X, C) be a differential
space. For a point x € X, we consider the germ C, of functions near z. If f € C and
g € C are representatives of germs near x, then the sum f + ¢g and the product f - g
represent well defined germs denoted [f], + [g]. € C. and [f]. - [¢9]. € C..

Definition: Let (X, C) be a differential space. A derivation at x € X is a map from
the germs C, of functions near x

a:C, —R
such that
a([fla + [9]2) = e([fz) + a(lglz),
a([f]e - l9le) = a([fl2) - 9(z) + f(2) - allg]s),
and

a([ds - [fla) = ¢~ a((f]e)
for all f,g € C and [c|, the germ of a constant function which maps ally € M to ¢ € R.
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If U C R* is an open set and v € R¥, the Leibniz rule says that for € U, the map

o, CF — R
[f]a — D f2(v)

is a derivation. Thus the derivative in the direction of v is a derivation which justifies the
name.

If @ and (3 are derivations, then o+ 3 mapping [f], to a([f].)+ 3([f]z) are derivations,
and if ¢ € R then ta mapping [f]. to ta([f].) is a derivation. Thus the derivations at
x € X form a vector space.

Definition: Let (X, C) be a differential space and x € X. The vector space of deriva-
tions at x is called the tangent space of X at x and denoted by T, X .

This notation is justified by the fact that if M is a k-dimensional smooth manifold,
which we interpret as a differential space (M, C*°(M)), then the definition above is one of
the equivalent definitions of the tangent space ([B-J], p. 14). In particular, dim T, X = k.

We have already defined isomorphisms between differential spaces. We also want to in-
troduce morphisms. If the differential spaces are smooth manifolds, then the morphisms
will be the smooth maps. To generalize the definition of smooth maps to differential
spaces, we reformulate the definition of smooth maps.

If M is an m-dimensional smooth manifold and U is an open subset of R* then a map
f: M — U is a smooth map if and only if all components f; : M — R are in C*°(M)
for 1 <1 < k. If we don’t want to use components we can equivalently formulate that
f is smooth if and only if for all p € C*°(U) we have pf € C°°(M). This is the logic
behind the following definition. Let (X, C) be a differential space and (X', C’) another
differential space. Then we define a morphism f from (X, C) to (X', C’) as a continuous
map f : X — X’ such that for all p € C’ we have pf € C. We denote the set of
morphisms by C(X, X’). The following properties are obvious from the definition:

(1) id: (X,C) — (X, C) is a morphism,

(2)if f: (X,C) — (X',C') and g : (X',C") — (X”,C”) are morphisms, then
gf : (X,C) — (X”,C”) is a morphism,

(3) all elements of C are morphisms from X to R,

(4) the isomorphisms (as defined above) are the morphisms f : (X,C) — (X', C')
such that there is a morphism g : (X', C') — (X,C) with ¢gf = idx and
Jg=1dx.

(5) Let f: (X,C) — (X', C’) be a morphism. Then we define for each z € X the
differential

df, - T, X — Tf(x)X'
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which maps the derivation o to o’ where o assigns to [g]n) € C, the value

a([gf]z)-



CHAPTER 2

Stratifolds

Prerequisites: The main new ingredient is Sard’s Theorem (see for example [B-J], chapt. 6 or [Hi], chapt. 3.1). It is

enough to know the statement of this important result.

1. Stratifolds

We will define a stratifold as a differential space with certain properties. The main
consequence of these properties is that there will be a natural decomposition of a differen-
tial space into subspaces (which in the end should be smooth manifolds). We begin with
the definition of this decomposition.

Let (S, C) be a differential space. We define the subspace S* := {x € S|dim T,.S = i}.

By construction S = GSi, 1. e. S is the disjoint union of the subsets S?. In chapter 1
we introduced the differential spaces (S?, C(S%)) given by the subspace S' together with
the induced algebra. Our first condition is that this differential space is a smooth manifold:

la) We require that (S%, C(S")) is a smooth manifold (as defined in chapter 1).

Once this condition is fulfilled we write C*(S*) instead of C(S?). This smooth struc-
ture on S' has the property that any smooth function can locally be extended to an
element of C. We want to strengthen this property by requiring that in a certain sense
such an extension is unique. To formulate this we note that for points € S?, we have two
sorts of germs of functions, namely C,, the germ of functions near x on S, and C*(S?),,
the germ of smooth functions near x on S?, and our second condition requires that these
germs are equal. More precisely, condition 1b is:

1b) Restriction defines for all x € S*, a bijection
C, — C=(8'),

Here the only new input is the injectivity, the surjectivity follows from the definition. As
a consequence, the tangent space of S at x is isomorphic to the tangent space of S* at .
In particular we conclude that

dim S* = i.
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Conditions la and 1b give the most important properties of a stratifold. In addition
we impose some other conditions which are common in similar contexts. To formulate
them we introduce the following notation.

We call S¢ the i-stratum of S. In other concepts of spaces which are decomposed
as smooth manifolds, the connected components of S* are called the strata but we pre-

fer to collect the i-dimensional strata into a single stratum. We call U;<,S" =: X" the
r — skeleton of S.

Definition: A k-dimensional stratifold is a differential space (S, C), where S is a locally
compact (meaning each point is contained in a compact neighbourhood) Hausdorff space
with countable basis, the skeleta > are closed subspaces. In addition we assume:

(1) the conditions 1a) and 1b) are fulfilled, i.e. restriction gives a smooth structure
on S* and for each x € S* restriction gives an isomorphism

i1 Cy = C®(SY),,

(2) dim T, S < k for allx € S, i. e. all tangent spaces have dimension < k,
(3) for each x € S and open neighbourhood U € S there is a function p € C such
that p(x) # 0 and suppp C U (such a function is called a bump function).

We recall that the support of a function f : X — R is supp f := {z| f(x) # 0}, the
closure of the points where f is non-trivial.

In our definition of a stratifold, the dimension k is always a finite number. One could
easily define infinite dimensional stratifolds where the only difference is that in condition
2., we would require that dimT,S is finite for all x € S. Infinite dimensional stratifolds
will play no role in this book.

Let me comment on these conditions. The most important condition is the first which
we have already explained above. In particular, we recall that the smooth structure on
S’ is determined by C which gives us a stratification of S, a decomposition into smooth
manifolds S’ of dimension i. The second condition says that the dimension of all non-
empty strata is less or equal to k. We don’t assume that S* # () which, at the first glance,
might look strange, but even in the definition of a k-dimensional manifold M, it is not
required that M ## (.

The third condition will be used later to show the existence of a partition of unity, an
important tool to construct elements of C. To do this, we will also use the topological
conditions that the space is locally compact, Hausdorff, and has a countable basis. The
other topological conditions on the skeleta and strata are common in similar contexts.
For example, they guarantee that the top stratum S* is open in S, a useful and natural
property. Here we note that the requirement that the skeleta are closed is equivalent to
the statement that for each j > i we require S NS/ = (). This topological condition
roughly says that if we “walk” in S° to a limit point outside S¢, then this point sits in S”



2. LOCAL RETRACTS 9

for r < 1. These conditions are common in similar contexts such as C'W-complexes.

We have chosen the letter ¥/ for the j-skeleton since %! is the singular set of S in
the sense that S —X*~! = S* is a smooth k-dimensional manifold. Thus if 3¥~! = (), then
S is a smooth manifold.

We call our objects stratifolds since, while on the one hand they are stratified spaces,
on the other hand — although stratifolds are much more general than smooth manifolds
— they are in a certain sense very close to smooth manifolds. As we will see, many of
the fundamental tools of differential topology are available for stratifolds. In this respect
smooth manifolds and stratifolds are not very different and deserve a similar name.

Remark: It’s a nice property of smooth manifolds that once an algebra in C°(M) for
a locally compact Hausdorff space M with countable basis is given, the question, whether
M is a smooth manifold is a local question. The same is true for stratifolds, since the
conditions 1 - 8 are again local.

2. Local retracts

To obtain a better feeling for the central condition 1, we give an alternative description.
If (S, C) is a stratifold and z € S?, we will construct an open neighborhood U, of z in S
and a morphism r, : U, — U, NS’ such that r,|y ~g: = idy,~gi. (Here we consider U, as
differential space with the induced structure on an open subset as described in chapter
1.) Such a map is called a retract from U, to V, := U, N S’. If one has a local retract
r:U, — U, NS =V, we can use it to extend a smooth map g : V, — R to a map on
U, by gr. Thus composition with r gives a map

c>(8", — C,

mapping [h] to [hr]|, where we represent h by a map whose domain is contained in V.
This gives an inverse of the isomorphism in condition 1 given by restriction.

To construct a retract we choose an open neighborhood W of # in S? such that W is the
domain of a chart ¢ : W — R’ (we want that im ¢ = R’ and we achieve this by starting
with an arbitrary chart, which contains one whose image is an open ball which we identify
with R? by an appropriate diffeomorphism). Now we consider the coordinate functions
@wj : W — R of ¢ and consider for each x € W the germ represented by ¢,. By condition
1 there is an open neighbourhood W; , of x in S and an extension ¢; , of g0j|Wj’x NS’ We
denote the intersection N;—; ,;W;, by W, and obtain a morphism ¢, : W, — R? such
that y — ($1.(y), ..., Piz(y)). For y € W, NS we have ¢, (y) = p(y). Next we define

r: W, — S
2= 1o (2).
For y € W, N S* we have r(y) = y. Finally we define U, := r~1(W, N S%) and
re =7y, Uy = U, NS =W, NS =V,
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is the desired retract.

We summarize these considerations.

PROPOSITION 2.1. (Local retracts) Let (S, C) be a stratifold. Then for x € S* there is
an open neighborhood U of x in' S and V of x in S* and a morphism

r:U—V

such that UNS* =V and r|y =id. Such a morphism is called a local retract near x.

If r: U — V is a local retract near x, then r induces an isomorphism

C>(S"), — C,,
[h] = [hr]
the inverse of i* : C, — C>(S"),.

The germ of local retracts near x is unique, i.e. if v’ : U — V' is another local retract
near x, then there is a U”" C U NU’ such that r|}; = 1'|};.

The last statement follows since ;7| v = ;1! ‘UJ’-’ for an appropriate open neighbour-
hood U7, and since ¢ is injective, we conclude for U” := NU} the statement.

Note, that one can use the local retracts to characterize elements of C, namely a
continuous function f: S — R is in C if and only if its restriction to all strata is smooth
and it commutes with appropriate local retracts. This implies that if f : S — R is a
nowhere zero morphism then 1/f is in C.

3. Examples

The first class of examples is given by the smooth k-dimensional manifolds. These
are the k-dimensional stratifolds with S = () for ¢ < k. It is clear that such a stratifold
gives a smooth manifold and in turn a k-dimensional manifold gives a stratifold. All con-
ditions are obvious (for the existence of a bump function see ([B-J], p. 66) or ([Hi], p. 41)).

Example 1: The most fundamental non-manifold example is the cone over a manifold.
We define the open cone over a topological space Y as Y x [0,1)/(Y x {0}) =: CY. (We

call it the open cone and give the notation C'Y to distinguish it from the (closed) cone
CY :=Y x[0,1]/(Y x {0}).) We call the point Y x {0}/y o} the top of the cone and
abbreviate this as pt.
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Let M be a k-dimensional compact smooth manifold. We consider the open cone over
M and define an algebra making it a stratifold. We define the algebra C C C°(C'M)

consisting of all functions in C°(C'M) which are constant on some open neighbourhood U
of the top of the cone and whose restriction to M x (0,1) is in C*°(M x (0,1)). We want

to show that (C’?\/[, C) is a (k + 1)-dimensional stratifold. It is clear from the definition
of C that C is a locally detectable algebra, and that condition 2. in the definition of
differential spaces is fulfilled.

So far we have seen that the open cone (CM, C) is a differential space. We now check
that the conditions of a stratifold are satisfied. Obviously, C'M is a Hausdorff space with

a countable basis and, since M is compact, C'M is locally compact. The other topological
properties of a stratifold are clear. We continue with the description of the stratification.
For x # pt, the top of the cone, since C, is the set of germs of smooth functions on

M x (0,1) near z, T,(CM) = T,(M x (0,1)) which implies that dim7,(CM) = k + 1.
For x = pt, the top of the cone, C, consists of simply the germs of constant functions.
Since 1 is the constant function mapping all points to 1, we see for each derivation a, we
have a(1-1) = a(1) -1+ 1 - «(1) implying a(1) = 0. But since a([c] - 1) = ¢ a(1), we
conclude that T (C'M) = 0 and dim T, (C'M) = 0. Thus we have two non-empty strata:
M x (0,1) and the top of the cone.

The conditions 1 and 2 are obviously fulfilled. It remains to show the existence of
bump functions. Near points x # pt the existence of a bump function follows from the

existence of a bump function in M x (0,1) which we extend by 0 to CM. Near pt we
first note that any open neighbourhood of pt contains an open neighbourhood of the
form M x [0,€)/(M x {0}) for an appropriate € > 0. Then we choose a smooth function
n:10,1) — [0, 00) which is 1 near 0 and 0 for ¢ > € (for the construction of such a function
see ([B-J], p. 65)). With the help of 7, we can now define the bump function

p(l,t]) = n(t)

which completes the proof that (C'M,C) is a (k + 1)-dimensional stratifold. It has two
non-empty strata: S¥** = M x (0,1) and S° = pt.

Example 2: Let M be a non-compact m-dimensional manifold. The one-point com-
pactification of M is the space M consisting of M and an additional point +. The
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topology is given by defining open sets as the open sets of M together with the com-
plements of compact subsets of M. The latter give the open neighbourhoods of +. The
one-point compactification is a compact Hausdorff space (and so it has a countable basis).
(For more information see e. g. [Sch].)

On M™, we define the algebra C as the continuous functions which are constant on
some open neighbourhood of + and smooth on M. Then (M, C) is an m-dimensional
stratifold. All conditions except 3. are obvious. For the existence of a bump function near
+ (near all other points use a bump function of M and extend it by 0 to +), let U be an
open neighbourhood of +. By definition of the topology, M —U =: A is a compact subset

of M. Then one constructs another compact subset B C M with A C B (how?), and,
starting from B instead of A, a third compact subset C C M with B C C. Then B and

M — C are disjoint closed subsets of M and there is a smooth function p : M — (0, c0)
such that p|p = 0 and p|M_5 = 1. We extend p to M+ by mapping + to 1 to obtain a

bump function on M near +.

Thus we have given the one point compactification of a smooth non-compact m-
dimensional manifold M the structure of a stratifold S = M™, with non-empty strata
S™ = M and S° = +.

Example 3: The most natural examples of manifolds with singularities occur in al-
gebraic geometry as algebraic varieties, i.e. zero sets of a family of polynomials. There
is a natural but not completely easy way to impose the structure of a stratifold on an
algebraic variety (this proceeds in two steps, namely, one first shows that a variety is a
Whitney stratified space and then one uses the retracts constructed for Whitney stratified
spaces to obtain the structure of a stratifold, where the algebra consists of those functions
commuting with appropriate representatives of the retracts). Here we only give a few
simple examples. Consider S := {(z,y) € R*|zy = 0}. We define C as the functions on S
which are smooth outside 0 and constant in some open neighbourhood of 0. It is easy to
show that (S, C) is a 1-dimensional stratifold with S! =S — (0,0) and S° = (0, 0).

xy=0

Example 4: In the same spirit we consider S := {(z,y, 2) € R3|z?+y* = 2%}. Again
we define C as the functions on S which are smooth outside 0 and constant in some open
neighbourhood of 0. This gives a 2-dimensional stratifold (S, C), where S? = S — (0,0)
and S° = (0,0).
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x2+y2-22=0

Example 5: Let (S,C) be a k-dimensional stratifold and U C S an open subset.
Then (U, C(U)) is a k-dimensional stratifold. We suggest that the reader verifies this to
become acquainted with stratifolds.

Example 6: Let (S,C) and (S, C’) be stratifolds of dimension k& and I. Then we
define a stratifold with underlying topological space S x S’. To do this we use the local re-
tracts (Proposition 2.1). We define C(SxS’) as those continuous functions f : SxS’ — R
which are smooth on all products S? x S/ and such that for each (z,y) € S* x (S')? there
are local retracts r, : U, — S'NU, and r, : U, — (S')? N U, and we require that
flu.xu, = f(ra x ry). In short, we define C(S x S') as those continuous maps which
commute with the product of appropriate local retracts onto S* and (S’)?. The detailed
argument that (S x S’, C(S x §’)) is a (k + [)-dimensional stratifold is a bit lengthy and
not relevant for further reading and for that reason we provide it in Appendix A. Both
projections are morphisms.

In particular, if (S’,C’) is a smooth m-dimensional manifold M, then we have the
product stratifold (S x M, C(S x M)).

Example 7: Combining example 6 with the method for constructing example 1, we
construct the open cone over a compact stratifold (S, C). The underlying space is again

CS. We consider the algebra C C C°(CS) consisting of all functions in C°(CS) which are
constant on some open neighbourhood U of the top of the cone pt and whose restriction
to S x (0,1) is in C(S x (0,1)). By arguments similar to those used, for example, on the

cone over a compact manifold, one shows that (C'S, C) is a (k + 1)-dimensional stratifold.

Example 8: If (S, C) and (S’,C’) are k-dimensional stratifolds, we define the topo-
logical sum whose underlying topological space is the disjoint union S + S’ (which is by
definition S x {0} US" x {1}) and whose algebra is given by those functions whose re-
striction to S is in C and to S’ is in C’. It is obvious that this is a k-dimensional stratifold.

Example 9: The following construction allows an inductive construction of strati-
folds. We will not use it in this book (so the reader can skip it), but it provides a rich
class of stratifolds. Let (S,C) be an n-dimensional stratifold and W a k-dimensional
smooth manifold together with a collar ¢ : OW x [0,¢) — W. We assume that k& > n.
Let f: OW — S be a morphism, which we call attaching map. We further assume that
the attaching map f is proper, which in our context is equivalent to requiring that the
preimages of compact sets are compact. Then we define a new space S’ by gluing W to
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S via f:
S :=WU;S.
On this space, we consider the algebra C’ consisting of those functions g : S’ — R whose

restriction to S is in C, whose restriction to W is smooth, and such that for some § < €
we have gc(z,t) = gf(x) for all z € OW and t < §. We leave it to the reader to check that
(S',C’) is a k-dimensional stratifold. If S consists of a single point, we obtain a stratifold
whose underlying space is W/, the space obtained by collapsing OW to a point. If W
is compact and we apply this construction, then the result agrees with the stratifold from

example 2 for W. Specializing further to W := M x [0, 1), where M is a closed manifold,
we obtain the stratifold from example 1, the open cone over M.

Applying this construction inductively to a finite sequence of i-dimensional smooth
manifolds W; with compact boundary equipped with collars and morphisms f; : OW; —
S=! where S ! is inductively constructed from (W, fo), ... , (W;i_1, fi_1), we obtain
a rich class of stratifolds. Most stratifolds occurring in "nature* are of this type. This
construction is very similar to the definition of C'W-complexes. There we inductively
attach cells (= closed balls), whereas here we attach arbitrary manifolds. Thus on the
one hand it is more general, but on the other hand more special, since we require that
the attaching maps are morphisms.

In this context it is sometimes useful to remember the data in this construction: the
collars and the attaching maps. More precisely we pass from the collars to equivalence
classes of collars called germs of collars, where two collars are equivalent if they agree
on some small neighbourhoos of the boundary. Stratifolds constructed inductively by at-
taching manifolds together with the data (germs of collars and attaching maps) are called
parametrized stratifolds or p-stratifolds.

From now on, we often omit the algebra C from the notation of a stratifold
and write S instead of (S,C) (unless we want to make the dependence on
C visible). This is in analogy to smooth manifolds where the single letter M is used
instead of adding the maximal atlas or, equivalently, the algebra of smooth functions to
the notation.

4. Properties of smooth maps

In analogy to maps from a smooth manifold to a smooth manifold, we call the mor-
phisms f from a stratifold S to a smooth manifold smooth maps.

We now prove some elementary properties of smooth maps.

PROPOSITION 2.2. Let S be a stratifold and f; - S — R be a family of smooth maps
such that supp f; is a locally finite family of subsets of S. Then Y f; is a smooth map.

Proof: The local finiteness implies that for each x € S, there is a neighbourhood U of
x such that supp f; " U = (0 for all but finitely many iy, ..., ix. Then it is clear that
Y filvo = filv+ ...+ fi|lu. Since f;, + ...+ fi, is smooth, we conclude from the fact that
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the algebra of smooth functions on S is locally detectable, that the map is smooth.
q.e.d.

We will now construct an important tool from differential topology, namely the exis-
tence of subordinated partitions of unity. This will make the role of the bump functions
clear.

Recall that a partition of unity is a family of functions p; : S — R such that their
supports form a locally finite covering of S and > p; = 1. It is called subordinated to
some covering of S, if for each i the support supp p; is contained in one of the covering sets.

PROPOSITION 2.3. Let S be a stratifold with an open covering. Then there is a sub-
ordinated partition of unity of smooth functions (called smooth partition of unity).

Proof: The argument is similar to that for smooth manifolds ([B-J], p. 66). We choose

a sequence of compact subspaces A; C S such that A; C A;;; and UA; = S. Such a
sequence exists since S is locally compact and has a countable basis ([Sch], p. 81). For

o

each z € A;y1 — A; we choose U from our covering such that € U and take a smooth
bump function p : S — Ry with supppl, C (Aia — A;_1) NU. Since A; 1 — A; is

compact, there is a finite number of points x, such that (p’ )~'(0,00) covers A; 11 — A;.
From Proposition 2.2 we know that s := >, p% is a smooth function and p, /s is the
desired subordinated partition of unity.

q.e.d.

As a consequence, we note that S is a paracompact space.

To demonstrate the use of this result, we give the following standard application.

PROPOSITION 2.4. Let A C S be a closed subset of a stratifold S, U an open neighbour-
hood of A and f : U — R a smooth function. Then there is a smooth function g : S — R
such that gla = f|a.

Proof: The subsets U and S — A form an open covering of S. Consider a subordinated
partition of unity p; : S — Rso. Then we define for z € U

g(x) =Y pila)f(w),
supp piCU

where for z ¢ U we define g(z) = 0.
q.e.d.

Another useful consequence is that if Y is a subspace of S then C(Y) is equal to the
restriction of elements of C to Y.
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PROPOSITION 2.5. Let Y be a closed subspace of S. Then C(Y') is equal to the re-
striction of elements of C to Y.

Proof: By definition f:Y — R is in C(Y) if and only if for each y € Y there is gy € C
and an open neighbourhood U, of X in S such that f|y,ny = g|v,ny. Since Y is closed,
the subsets U, for y € Y and S — Y form an open covering of S. Let p; : S — R be a
subordinated partition of unity of smooth functions. Then for each i there is an y(i) such
that supp p; C Uy or supp p; €S — Y. We consider the smooth function

F = Z PiGy(i)

Supp Pi CUy(z)

For z € Y we have

Fz)= ). pi(z)gy(i)(z):Zpi(z)f(z):f(z)-

Supp Pi CUy(z)

Here we have used that for z € Y if supp p; C Uy, then supp p; C S—Y and so p;(z) = 0
and that if p;(2) # 0, then g,¢)(2) = f(2).
q.e.d.

5. Consequences of Sard’s Theorem

One of the most useful fundamental results in differential topology is Sard’s Theorem
([B-J], p. 58, [Hi], p. 69) which implies that the regular values of a smooth map are
dense (Brown’s Theorem). As an immediate consequence of Sard’s theorem for manifolds,
we obtain a generalization of Brown’s Theorem to stratifolds.

We recall that if f: M — N is a smooth map between smooth manifolds, then x € N
is called a regular value of f if the differential df, is surjective for each y € f~*(z).

Definition: Let f : S — M be a smooth map from a stratifold to a smooth manifold. We
say that © € M is a regular value of f, if v is a reqular value of fl|s: for all .

Let f: M — N be a smooth map between smooth manifolds. The image of a point
y € M where the differential is not surjective is called a critical value. Sard’s theorem
says that the critical values have measure zero. This implies that its complement, the set
of regular values is dense (Brown’s theorem). Since a finite union of sets of measure zero
has measure zero, we deduce the following generalization of Brown’s Theorem:

PROPOSITION 2.6. Let g: S — M be a smooth map. The set of reqular values of g s
dense in M.

Regular values x of smooth maps f : M — N have the useful property that f~!(z),
the set of solutions, is a smooth manifold of dimension dim M — dim N. An analogous
result holds for a smooth map g : S — M, where S is a stratifold of dimension n and M
a smooth manifold without boundary of dimension m. Consider a regular value x € M.
By 2.5 we can define Cy-1(,) as the restriction of the smooth functions of S to f~!(z).
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PROPOSITION 2.7. Let S be a k-dimensional stratifold, M an m-dimensional smooth
manifold, g : S — M be a smooth map andx € M a regular value. Then (g~ (x), C(g~*(z)))
1s a k — m-dimensional stratifold.

Proof: We note that for each y € g~'(x) the differential dg, : T,S — T, M as defined
at the end of chapter 1 is surjective. This uses the property that 7,S = T,S" if y € S".
From this we conclude that dimT,¢~*(z) < dim7,S — m. On the other hand, 7,9 '(z)
contains the subspace T,((g]s:)"*(z)) and so the dimension must be equal:

dim T,¢~'(z) = dim T,,S — m.
Thus ¢! (x)"™™ = (g|g:) "' (x), the stratification is induced from the stratification of S.

The topological conditions of a stratifold are obvious. To show condition 1, we have
to prove that

C(g ' (x))y — C=(g~ (x)™™),
[f] = [f|g—1(x)i—m]

is an isomorphism. We give an inverse by applying Proposition 2.1 to choose a local
retract r : U — V of S near y. The morphism gr is a local extension of g|, and g|y is
another extension implying by condition 1, that there exists a neighbourhood U’ of y such
that gr|g: = glor. Thus r|g-1rer : g7 () NU" — g~ (z)"™ is a morphism. Now we
obtain an inverse of C(g~(z)), — C*(¢g~'(x)""™), by mapping [f] € C*(g~(x)"™) to
frlg=1@)nor]. We have to show that [f7],-1()ner] is in C(g~'(x))y, i.e. is the restriction of
an element of C,. But since g~ !(x)""™ is a smooth submanifold of S*, we can extend [f] to
a germ [f] € (S7), and so [fr] is in C, and [fr|971($)] = [fr|g-1@)nur]. Since r|g-1(m)ne is a
local retract, the map [f] — [f7]s~1(z)n0] is an inverse of C(g~'(xz)), — C=(g ' (z)"™™),.

This implies condition 1. The second condition is obvious and for condition 3 we note
that bump functions are given by restriction of appropriate bump functions on S.
q.e.d.

The next result will be very useful in the construction of homology. It answers the
following natural question. Let S be a connected k-dimensional stratifold and A and B
non-empty disjoint closed subsets of S.

S

N
<

The question is whether there is a (k — 1)-dimensional stratifold S’ with underlying
topological space S’ C S — (AU B). Then we say that S’ separates A and B in S.
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S

il
<=

The positive answer uses several of the results presented so far. We first note that
there is a smooth function p : S — R which maps A to 1 and B to —1. Namely, since S is
paracompact, it is normal ([Sch], p. 95) and thus there are disjoint open neighbourhoods
U of A and V of B. Defining f as 1 on U and —1 on V the existence of p follows from
Proposition 2.4.

Now we apply Proposition 2.6 to see that the regular values of p are dense. Thus we
can choose a regular value ¢ € (—1,1). Proposition 2.7 implies that p~!(¢) separates A
and B. Thus we have proved a separation result:

PROPOSITION 2.8. Let S be a k-dimensional connected stratifold and A and B disjoint
closed non-empty subsets of S.

Then there is a non-empty (k — 1)-dimensional stratifold S" with S"' C S — (AU B).
In other words, S’ separates A and B in S.



CHAPTER 3

Stratifolds with boundary: c-stratifolds

Stratifolds are generalizations of smooth manifolds without boundary, but we also
want to be able to define stratifolds with boundary. To motivate the idea of this def-
inition, we recall that a smooth manifold W with boundary has a collar, which is a
diffeomorphism ¢ : 9W x [0,¢) — V', where V' is an open neighbourhood of OW in W, and
clow = idgw. Collars are useful for many constructions such as gluing of manifolds. This
makes it plausible to add a collar to the definition of a manifold with boundary as addi-
tional structure. Actually it is enough to consider the germ of collars. We call a smooth
manifold together with a germ of collars a c-manifold. Our stratifolds with boundary will
be defined as stratifolds together with a germ of collars, and so we call them c-stratifolds.

Staying with smooth manifolds for a while, we observe that we can define manifolds
which are equipped with a collar as follows. We consider a topological space W together

with a closed subspace OW. We denote W —0W by VT/ and call it the interior. We assume

that W and 0W are smooth manifolds of dimension n and n — 1.

Definition: Let (W,0W) be a pair as above. A collar is a homeomorphism
c:U.—V,

where € > 0, U, := OW x [0,¢€), and V is an open neighbourhood of OW in W such that
clowxqoy 18 the identity map to OW and c|y_owxfoy) s @ diffeomorphism onto V — OW.

The condition requiring that c(U,) is open avoids the following situation:

c(OWx[0,€))

Namely, it guarantees that the image of ¢ is an “end” of W.

What is the relation to smooth manifolds equipped with a collar? If W is a smooth
manifold and c a collar, then we obviously obtain all the ingredients of the definition above
by considering W as a topological space. In turn, if (W, W, c) is given as in the definition

above, we can in an obvious way extend the smooth structure of W to a smooth manifold

19
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W with boundary. The smooth structure on W is characterized by requiring that c is not
only a homeomorphism but a diffeomorphism. The advantage of the definition above is
that it can be given using only the language of manifolds without boundary. Thus it can
be generalized to stratifolds.

Let (T,0T) be a pair of topological spaces. We denote T — 9T by T and call it the

interior. We assume that T and 0T are stratifolds of dimension n and n — 1 and that 0T
is a closed subspace.

Definition: Let (T,0T) be a pair as above. A collar is a homeomorphism
c:U.—V,

where € > 0, U, := 0T x [0,€), and V is an open neighbourhood of OT in T such that
clorx{oy s the identity map to OT and cly._(orxfoy) s an isomorphism of stratifolds onto
V —0T.

Perhaps this definition needs some explanation. By examples 5 and 6 in §1 the open
subset U, — (0T x {0}) can be considered as a stratifold. Similarly, V' — dT is an open
subset of T and thus, by example 5 in §2, it can be considered as a stratifold.

We are only interested in a germ of collars, an equivalence class of collars where two
collars ¢ : U, — V and ¢’ : U/, — V' are called equivalent if there is a § < min{e, €'}, such
that c|y; = ¢/|y;. As usual when we consider equivalence classes, we denote the germ
represented by a collar ¢ by [c].

Now we define:

Definition: An n-dimensional c-stratifold T (a collared stratifold) is a pair of topo-

logical spaces (T,dT), where ’i‘ = T — 0T s an n-dimensional stratifold and 0T is an
(n — 1)-dimensional stratifold, which is a closed subspace of T together with a germ of
collars [c]. We call OT the boundary of T.

A smooth map from T to a smooth manifold M is a continuous function f whose

restriction to T and to OT is smooth and commutes with an appropriate representative of
the germ of collars, i.e. there is an € > 0 such that fc(z,t) = f(z) for all z € OT and
t <e.

We often call T the underlying space of the c-stratifold.
As for manifolds we allow that 0T is empty. Then, of course, a c-stratifold is nothing

but a stratifold (without boundary or better with an empty boundary). Thus the strat-
ifolds are incorporated into the world of c-stratifolds as those c-stratifolds T with OT = ().
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The simplest examples of c-stratifolds are given by c-manifolds W. Here we define

T =W and 0T = OW and attach to T and OT the stratifold and collar structures given
by the smooth manifolds. Another important class of examples is given by the product
of a stratifold S with a c-manifold W. By this we mean the c-stratifold whose underlying

topological space is S x W, whose interior is S x W and the boundary is S x 0W, and
whose germ of collars is represented by idg X ¢, where [c] is the germ of collars of .
We abbreviate this c-stratifold by S x W. In particular, we obtain the half open cylinder
S x [0,1) or the cylinder S x [0,1]. A third simple class of c-stratifolds is obtained by
the product of a c-stratifold T with a smooth manifold M. The underlying topological

space of this stratifold is given by T x M with interior T x M and boundary 0T x M
and germ of collars [c x idy], where [c] is the germ of collars of T.

The next example is the (closed) cone C(S) over a stratifold S. The underlying topo-
logical space is the (closed) cone T := S x [0, 1] /sx 0} whose interior is S x [0, 1)/sx 0} and
whose boundary is S x 1. The collar is given by the map S x [0,1/2) — C(S) mapping
(x,t) to (z,1—1).

In contrast to manifolds with boundary, where the boundary can be recognized from
the underlying topological space, this is not the case with c-stratifolds. For example we
can consider a c-manifold W as a stratifold without boundary with algebra C given by
the functions which are smooth on the boundary and interior and commute with the re-
tract given by a representative of the germ of collars. Here the strata are the boundary
and the interior of W. On the other hand it is—as mentioned above—a c-stratifold with
boundary OW. In both cases the smooth functions agree.

The following construction of cutting along a codimension 1 stratifold will be useful
later on. Suppose in the situation of Proposition 2.7, where g : S — R is a smooth
map to the reals with regular value ¢, that there is an open neighbourhood U of g~!(t)
and an isomorphism from g='(¢) x (t — €,¢ + €) to U for some e > 0, whose restriction to
g~ (t) x {0} is the identity map to g~'(¢). Such an isomorphism is often called a bicollar.
Then we consider the spaces T, := ¢g7![t,00) and T_ := g~ '(—o00,t]. We define their

o

boundary as 9T := g~ !(t) and dT_ := g~ !(¢). Since T, and T_ are open subsets of S
they are stratifolds. The restriction of the isomorphism to g=!(t) x [t,t + €) is a collar of
T, and the restriction of the isomorphism to g=1(¢) x (t — €, t] is a collar of T_. Thus
we obtain two c-stratifolds T, and T_. We say that T, and T_ are obtained from S by
cutting along a codimension 1 stratifold, namely along g~*(¢).
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Now we construct the reverse process and introduce gluing of stratifolds along the
common boundary. Let T and T’ be c-stratifolds with same boundary, 0T = 0T".
By passing to the minimum of € and ¢ we can assume that the domains of the collars
are equal: ¢ : 0T x [0,¢) — V C T and ¢’ : 9T x [0,¢) — V C T'. Then we con-
sider the topological space T Usgr—g T’ obtained from the disjoint union of T and T
by identifying the boundary. We have a bicollar (in the world of topological spaces), a
homeomorphism ¢ : 0T x (—¢,e) — V UV’ by mapping (z,t) € 0T x (—¢, 0] to c(z, —t)
and (z,t) € IT x [0,¢€) to c/(x,1).

With respect to this underlying topological space, we define the algebra C(T Ust—s1/
T") to consist of those continuous maps f : TUsr—s1' T’ — R, such that the restrictions to

T and T' are in C and C’, respectively, and where the composition fy : 0T x (—¢,¢) — R
is in C(OT X (—e¢,¢€)). It is easy to see that C(T Ugr—or T’) is a locally detectable al-
gebra. Since condition (2) in the definition of differential spaces is obviously fulfilled,
we have a differential space. Clearly, T Ugr—s1 T’ is a locally compact Hausdorff space
with countable basis. The conditions 1. - 3. in the definition of a stratifold are local

conditions. Since they hold for T, T, and 0T X (—e¢,€) and ¢ is an isomorphism, they
hold for T Usr—gr T’. Thus (T Usr—s1 T', C(T Ugr—o1 T’)) is a stratifold.

One can generalize the context of the above construction by assuming only the exis-
tence of an isomorphism g: 0T — OT' rather than 0T = 0T’. Then we glue the spaces
via ¢ to obtain a space T U, T'. If we replace in the definition of the algebra the homeo-
morphism ¢ by ¢ : 9T X (—¢€,€) — V U V' mapping (z,t) € T X (—e¢, 0] to c(z, —t) and
(x,t) € OT x [0,€) to c'(g(z),t), then we obtain a locally detectable algebra C(T U, T").
The same arguments as above used for ¢ = id imply that (T U, T/, C(T U, T)) is a
stratifold. We summarize this as:

PROPOSITION 3.1. Let T and T’ be k-dimensional c-stratifolds and g : 0T — 0T be
an 1somorphism. Then

(TU, T,C(TU, T))

1s a k-dimensional stratifold.
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Of course, if g is an isomorphism between some components of the boundary of T and
some components of the boundary of T, we can glue as above via g to obtain a c-stratifold,
whose boundary is the union of the complements of these boundary components.

)

Finally we note that if f : T — R is a smooth function and s is a regular value of f\%

and f|sr, then f~!(s) is a c-stratifold with collar given by restriction.






CHAPTER 4

Z./2-homology

Prerequisites: We use the classification of 1-dimensional compact manifolds [Mi 2], Appendix.

1. Motivation of homology

We begin by motivating the concept of a homology theory. We will construct in this
book several homology theories which are all in the same spirit in the sense that they all
attempt to heuristically measure the complexity of a space by analyzing the holes in X.
The understanding of holes typically is: Let Y be a topological space and L a non-empty
subspace. Then we say that X := Y — L has the hole L. We call such a hole an extrinsic
hole since we need to know the bigger space Y to say that X has a hole. We also want to
say what it means that X has a hole without knowing Y. Such a hole we would call an
intrinsic hole. The idea is rather simple: We try to detect holes by fishing them with
a net. We throw (= map) the net into X and try to shrink the net to a point. If this is
not possible, we have “caught” a hole. For example, if we consider X = R"™ — 0, then we
would say that X is obtained from R" by introducing the hole 0. We can detect the hole
by mapping the “net” S" ! to X via the inclusion. Since we cannot shrink S"~! in X
continuously to a point, we have “fished” the hole without using that X sits in R"™.

This is a very flexible concept since we are free in choosing the shape of our net.
In this chapter our nets will be certain compact stratifolds. Later we will consider other
classes of stratifolds. Further flexibility will come from the fact that we can use stratifolds
of different dimensions for detecting “holes of these dimensions”. Finally, we are free in
making precise what we mean by shrinking a net to a point. Here we will use a very rough
criterion: We say that a net given by a map from a stratifold S to X can be “shrunk” to a
point if there is a compact c-stratifold T with OT = S and one can extend the map from S
to T, in other words, instead of shrinking the hole, we "fill” it with a compact stratifold T.

To explain this idea further, we start again from the situation where the space X is
obtained from a space Y by deleting a set L. Depending on the choice of L, this may be
a very strange space. Since we are more interested in nice spaces, let us assume that L

is the interior of a compact c-stratifold T C Y, i.e. L = T. Then we can consider the
inclusion of 0T into X =Y — L as our net. We say that this inclusion detects the hole

obtained by deleting T if we cannot extend the inclusion from 0T to X to a map from T
into X.

25
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We now weaken our knowledge of X by assuming that it is obtained from Y by deleting
the interior of some compact c-stratifold, but we do not know which one. We only know
the boundary S of the deleted c-stratifold. Then the only way to test if we have a hole with
boundary—the boundary of the deleted stratifold—is to consider all compact c-stratifolds
T having the same boundary S and to try to extend the inclusion of the boundary to a
continuous map from T to X. If this is impossible for all T, then we say that X has a hole.

We have found a formulation which makes sense for arbitrary spaces X. It has a
hole with the boundary shape of a compact stratifold S without boundary if there is an
embedding of S into X which cannot be extended to any compact c-stratifold with bound-
ary S. Furthermore, instead of fishing holes only by embeddings, we consider arbitrary
continuous maps from compact stratifolds S to X. We say that such a map fishes a hole
if we cannot extend it to a continuous map of any compact c-stratifold T with boundary
S. Finally, we collect all these continuous maps from all compact stratifolds S of a fixed
dimension m to X modulo those extending to a compact c-stratifold with boundary S

into a set, and find an obvious group structure on it to obtain our first homology group
denoted H,,,(X;7Z/2).

1S

The idea for introducing homology this way is essentially contained in Poincaré’s
original paper from 1895 [Po|. Instead of using the concept of stratifolds, he uses objects
called “variétés”. The definition of these objects is not very clear in this paper, which leads
to serious difficulties. As a consequence, he suggested another combinatorial approach
which turned out to be successful, and is the basis of the standard approach to homology.
The original idea of Poincaré was taken up by Thom [Th 1] around 1950 and later on
by Conner and Floyd [C-F] who introduced a homology theory in the spirit of Poincaré’s
original approach using smooth manifolds. The construction of this homology theory is
very easy but computations are much harder than for ordinary homology. In this book,
we use their ideas (with some technical modification) to realize Poincaré’s original idea
in a textbook.

2. 7Z/2-oriented stratifolds

We begin with the construction of our first homology theory by following the motiva-
tion above. The elements of our first homology groups for a topological space X will be
equivalence classes of certain pairs (S, g) of m-dimensional stratifolds S together with a
continuous map ¢ : S — X, with respect to an equivalence relation called a bordism.
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But before we define bordisms, we must introduce the concept of an isomorphism
between pairs (S, g), and (S, ¢').

Definition: Let X be a topological space and g : S — X and g’ : S — X be continuous
maps, where S and S’ are m-dimensional stratifolds. An isomorphism from (S, g) to
(S',4") is an isomorphism of stratifolds f : S — S’ such that

g9=4df
If such an isomorphism exists, we call (S, g) and (S, g") isomorphic.

For a space X, the collection of pairs (S, ¢g), where S is an m-dimensional stratifold
and g : S — X a continuous map, does not form a set. To see this, start with a fixed pair
(S, ¢g) and consider the pairs (S x {i}, g), where i is an arbitrary index. For example, we
could take 7 to be any set. Thus, there are at least as many pairs as sets and the class of
all sets is not a set. But the isomorphism classes form a set.

PROPOSITION 4.1. The isomorphism classes of pairs (S, g) form a set.

The proof of this Proposition does not help with the understanding of homology. Thus
we have postponed it to the end of Appendix A (as we have done with other proofs which
are more technical and whose understanding is not needed for reading the rest of the book).

We introduce the relation which leads to homology groups. Given two pairs (S, ¢1)
and (S, g2), we introduce the sum

(S1,91) + (S2,92) == (S1 + S2, 91 + 92),

where g1 +g¢2 : S1+Sy — X is the disjoint sum of the maps ¢g; and go. If T is a c-stratifold
and f: T — X a map, we abbreviate

a<T7 f) = (aTv f|3T)'

We will now characterize ”certain‘ stratifolds from which we would like to construct
our homology. There are two conditions we impose: Z/2-orientability and regularity.

Definition: We call an n-dimensional c-stratifold T with boundary S = 0T (we allow

the possibility that OT is empty) Z/2-oriented if (T)""' = 0, i. e. if the stratum of
codimension 1 1s empty.

o

We note that if (T)"! = @), then S"2 = (). The reason is that via ¢ we have an

embedding of U = S"72 x (0, ¢) into (ri’)”*1 and so U = () if (’i‘)"*1 =0. Butif U =0
then also S"2 = (). Thus the boundary of a Z/2-oriented stratifold is itself Z/2-oriented.

Remark: It is not clear at this moment what the notion Z/2-oriented has to do with
our intuitive imagination of orientation (knowing what is “left” and “right”). For a con-
nected closed smooth manifold, we know what “oriented” means [B-J|. If M is a closed
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manifold, this concept can be translated to a homological condition using integral homol-
ogy. It is equivalent to the existence of the so called fundamental class. Our definition
of Z/2-oriented stratifolds guarantees that a closed smooth manifold always has a 7./2-
fundamental class as we shall explain later.

3. Regular stratifolds

We distinguish another class of stratifolds by imposing a further local condition.

Definition: A stratifold S is called a regular stratifold if for each x € S* there is an
open neighborhood U of x in S, a stratifold F with F° a single point pt, an open subset V
of S¢, and an isomorphism

p:VXF—=U,

whose restriction to V x pt is the identity.

To obtain a feeling for this condition, we look at some examples. We note that a
smooth manifold is a regular stratifold. If S is a regular stratifold and M a smooth
manifold, then S x M is a regular stratifold. Namely for (z,y) € S x M, we consider an
isomorphism ¢ : V x F — U near x for S as above and then

exid: (VxF)xM—-UxM

is an isomorphism near (z,y). Thus S x M is a regular stratifold. A similar consideration
shows that the product S x S" of two regular stratifolds S and S’ is regular.

Another example of a regular stratifold is the open cone over a compact smooth man-

ifold M. More generally, if S is a regular stratifold, then the open cone C'S is a regular
stratifold. Namely, since the open subset S x (0, 1) is by the considerations above a regular
stratifold, it remains to check the condition for the 0-stratum, but this is clear (we can

take U = F = CS and V = pt).
It is obvious that the topological sum of two regular stratifolds is regular.

Thus the constructions of stratifolds using regular stratifolds from the examples in
chapter 2 lead to regular stratifolds.

It is also obvious that gluing of regular stratifolds as explained in Proposition 3.1 leads
to regular stratifolds. The reason is that points in the gluing look locally like points in

o o

either T, T or 0T X (—e,€). Since these stratifolds are regular and regularity is a local
condition, the statement follows.

Finally, if S is a regular stratifold and f : S — R is a smooth map with regular
value t, then f~1(t) is a regular stratifold. To see this, it is enough to consider the local
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situation near x in S* and use ¢ to consider the case, where the stratifold is V x F for some
i-dimensional manifold V' and FY is a point pt. Now we consider the maps (f |prt) D1,
where p; is the projection to V', and f and note that they agree on V' x pt, which is the
i-stratum of V' x F. By condition 1b.) of a stratifold there is some open neighbourhood
W of pt in F such that the maps agree on V- x W. Thus f|yww = (f|prt)pv where
p is the projection from V x W to V. Since t is a regular value of f‘VXpt’ we see that
ANV xw) = f|‘;lxpt(t) x W showing that the conditions of a regular stratifold are

fulfilled. Since we will apply this result in the next chapter, we summarize this as

PROPOSITION 4.2. Let S be a reqular stratifold, f : S — R a smooth function and t a
reqular value. Then f~1(t) is a regular stratifold.

The main reason for introducing regular stratifolds in our context is the following
result. A regular point of a smooth map is a point x in S such that the derivative at x is
Nnon-zero.

PROPOSITION 4.3. Let S be a reqular stratifold. Then the reqular points of a smooth
map f: S — R are an open subset of S. If in addition S is compact, the set of reqular
values is open.

Proof: To see the first statement consider a regular point € S*. Since S’ is a smooth
manifold and the regular points of a smooth map on a smooth map are open (use the
continuity of the determinant to see this), there is an open neighbourhood U of z in S’
consisting of regular points. Since S is regular, there is an open neighbourhood U, of
x in S isomorphic to V x F, where V' C U is an open neighbourhood of x in S, such
that f corresponds on V' x F to a map which commutes with the projection from V x F
to V (this uses the fact that a smooth map has locally a unique germ of extensions to
an open neighbourhood). But for a map which commutes with this projection a point
(x,y) € V x F is a regular point if and only if = is a regular point of f|y. Since V is
contained in U and U consists of regular points, U, consists of regular points only finishing
the proof of the first statement.

If the regular points are an open set then the singular points, which are the comple-
ment, are a closed set. If S is compact, the singular points are compact, and so the image
under f is closed implying that the regular values are open.

q.e.d.

A c-stratifold T is called regular if T and 0T are regular.

4. 7/2-homology

We call a c-stratifold T compact if the underlying space T is compact. Since OT is
a closed subset of T, the boundary of a compact regular stratifold is compact.

Definition: Two pairs (So, go) and (S1, 1), where S; are compact m-dimensional 7./2-
oriented reqular stratifolds and g; : S; — X are continuous maps, are called bordant if
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there is a compact m + 1-dimensional Z/2-oriented regular c-stratifold T, and a contin-
uous map g : T — X such that (0T, g) = (So,g90) + (S1,91). The pair (T,g) is called a
bordism between (S, go) and (S1,g1).

We will later see why we imposed the condition that the stratifolds are Z/2-oriented
and regular (the latter condition can be replaced by other conditions as long as Proposition
4.3 holds). If we would not require that the c-stratifolds are compact, we would obtain a
single bordism class, since otherwise we could use (S x [0, 00), gp) as a bordism between
(S, g) and the empty stratifold.

PROPOSITION 4.4. “Bordant” is an equivalence relation and the topological sum
(So:90) + (S1,91) == (So + S1, 90 + 91)

induces the structure of an abelian group on the set of equivalence classes. This group is
denoted by H,,(X;Z/2), the m-th singular homology group with Z/2-coefficients or
shortly 7Z/2-homology. As usual, we denote the equivalence class represented by (S, g)

by [S, g].

Proof: (S, g) is bordant to (S, g) via the bordism (S x [0,1], k), where h(z,t) = g(z).
We call this bordism the cylinder over (S, g). We observe that if S is Z/2-oriented and
regular, then S x [0, 1] is Z/2-oriented and regular. Thus the relation is reflexive.

The relation is obviously symmetric.

To show transitivity we consider a bordism (T, g) between (Sy, go) and (Si,g;) and
(T',¢') a bordism between (S1,¢1) and (Ssq, g2), where T, T” and all S; are regular Z/2-
oriented stratifolds. We glue T and T’ along S; as explained in Proposition 3.1. The
result is regular and Z/2-oriented. The boundary of T Ug, T’ is Sy + S. Since g and ¢’
agree on Sq, they induce a map gU ¢’ : T Us, T" — X, whose restriction to Sy is go and
to Sg is go. Thus (S, go) and (Sa, g2) are bordant, and the relation is transitive.

Next, we check that the equivalence classes form an abelian group with respect to the
topological sum. We first note that if (S1, g1) and (Ss, g2) are isomorphic, then they are
bordant. A bordism is given by gluing the cylinders (S; x [0, 1], h) and (Sy x [0, 1], h) via
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the isomorphism considered as a map from (S; x {1}) to (S2 x {0}) (as explained after
Proposition 3.1). Since the isomorphism classes of pairs (S, g) are a set and isomorphic
pairs are bordant, the bordism classes are a quotient set of the isomorphism classes, and
thus are a set.

All axioms of an abelian group on H,,(X;Z/2) for the composition given by the topo-
logical sum are rather obvious. The topological sum is associative and commutative. An
element (S, g) represents the zero element if an only if there is a bordism (T, h) with
J(T,h) = (S,g). The inverse of [S, g| is given by [S, ¢g] again, since [S, g] + [S, ¢] is the
boundary of (S x [0, 1], k), the cylinder over (S, g).

q.e.d.

Remark: By the last argument, each element [S,g| in H,,(X;Z/2) is 2-torsion, i.e.
2[S, 9] = 0. In other words, H,,(X;Z/2) is a vector space over the field Z/2.

Here we abbreviate the quotient group Z/27Z, which is a field, as Z/2. Later we will
define H,,(X;Q), which will be a Q-vector space. This indicates the role of Z/2 in the
notation of homology groups.

To obtain a feeling for homology groups, we compute Hy(pt; Z/2), the O-th homology
group of a point. A 0-dimensional stratifold is the same as a 0-dimensional manifold,
and a 1-dimensional c-stratifold that is Z/2-oriented, is the same as a 1-dimensional
manifold with a germ of collars since the codimension-1 stratum is empty and there is
only one possible non-empty stratum. We recall from ([Mi 2], Appendix) that a compact
1-dimensional manifold W with boundary has an even number of boundary points. Thus
the number of points modulo 2 of a closed 0-dimensional manifold is a bordism invariant.
On the other hand, an even number of points is the boundary of a disjoint union of
intervals. We conclude:

THEOREM 4.5. Ho(pt; Z/2) = Z/2, the isomorphism is given by the number of points
modulo 2. The non-trivial element is [pt, id].

There is a generalization of Theorem 4.5; one can determine Hy(X;Z/2) for an arbi-
trary space X. To develop this, we remind the reader of the following definition:

Definition: A topological space X is called path connected if any two points x and
y in X can be connected by a path, i.e. there is a continuous map « : [a,b] — X with
ala) =z and a(b) = y.

The relation that two points are equivalent if they can be joined by a path is an
equivalence relation. The equivalence classes are called the path components of X. A
path connected space is connected (why?) but the converse is in general not true (why?)
although it is, for example, true for manifolds (why?).
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The number of path components is an interesting invariant of a topological space.
It can be computed via homology. Recall that since all elements of H,,(X;7Z/2) are 2-
torsion, we consider H,,(X;7Z/2) as a Z/2-vector space.

THEOREM 4.6. The number of path components of a topological space X is equal to
dimz, Ho(X;Z/2). A basis of Ho(X,Z/2) (as Z/2 vector space) is given by the homology
classes [pt, g;|, where g; maps the point to an arbitrary point of the i-th path component

of X.

Proof: We recall that Z/2-oriented c-stratifolds of dimension < 1 are the same as mani-
folds with a germ of collars. Choose for each path component X; a point x; in X;. Then
we consider the bordism class «; := [pt, z;], where the latter means the 0-dimensional
manifold pt together with the map mapping this point to x;. We claim that the bordism
classes «; form a basis of Ho(X;Z/2). This follows from the definition of path components
and bordism classes once we know that for points x and y in X, we have [pt, z| = [pt, y]
if and only if there is a path joining x and y. Obviously if x and y can be joined by a
path, then [pt,z] = [pt,y]. Conversely, if there is a bordism between [pt,x] and [pt,y],
we consider the path components of this bordism that have a non-empty boundary. We
know that each path component is homeomorphic to [0, 1] ([Mi 2], Appendix). Since the
boundary consists of two points, there can be only one path component with non-empty
boundary. Then this bordism is a path joining z and y.

q.e.d.

As one can see from the proof, this result is more or less a tautology. Nevertheless, it
turns out that the interpretation of the number of path components as the dimension of
Hy(X;Z/2) is very useful. We will develop methods for the computation of Hy(X;Z/2)
which involve also higher homology groups Hy(X;Z/2) for k > 0 and apply them, for
example, to prove a sort of Jordan separation theorem in §6.

One of the main reasons for introducing singular homology groups is that one can
use them to distinguish spaces. To compare the singular homology of different spaces we
define induced maps.

Definition: For a continuous map f : X — Y, define f. : H,(X;Z/2) — H,,(Y;Z/2)
by f([S,4]) =[S, fgl.

By construction, this is a group homomorphism. The following property is an imme-
diate consequence of the definition.

PROPOSITION 4.7. Let f: X — Y and g:Y — Z be continuous maps. Then

(gf)* = Gufs
and
id, = 1d.
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One says that H,,(X;Z/2) together with the induced maps f, is a functor (which
means that the two properties of Proposition 4.7 are fulfilled). The functor properties
imply that if f : X — Y is a homeomorphism, then f, : H,,(X;Z/2) — H,,(Y;Z/2) is an
isomorphism. The reason is that (f~1), is an inverse since (f~1),f. = (f71f). = id, = id

and similarly f.(f™!), = id.

We earlier motivated the idea of homology by fishing a hole using a continuous map
g:S — X. It is plausible that a deformation of g detects the same hole. These deforma-
tions play an important role in homology. The precise definition of a deformation is the
notion of homotopy.

Definition: Two continuous maps [ and f' between topological spaces X and Y are
called homotopic if there is a continuous map h : X x I —Y such that h|x 0y = [ and
hlxxqy = f'. Such a map h is called a homotopy from f to f'.

One should think of a homotopy as a continuous family of maps h; : X — Y,
x +— h(z,t) joining f and f’. Homotopy is an equivalence relation between maps which
we often denote by ~. Namely, f ~ f with homotopy h(z,t) = f(z). If f ~ f’ via h this
implies ' ~ f via W/(z,t) := h(z,1 —1t). If f ~ f' via h and f' ~ f” via b/ then f ~ f”
via

h(z,2t) for 0 <t <1/2
" P I — =

Wi, 1) = { W(z,2t—1)for1/2<t<1

The reader should check that this map is continuous.

The set of all continuous maps between given topological spaces is huge and hard to
analyze. Often one is only interested in those properties of a map which are unchanged
under deformations. This is the reason for introducing the homotopy relation.

As suggested above, Z/2-homology cannot distinguish homotopic objects. This is
made precise in the next result which is one of the fundamental properties of homology
and is given the name homotopy axiom:

PROPOSITION 4.8. Let f and f' be homotopic maps from X toY. Then
fo= f HW(XGZ/2) — Ha(V3Z)2),

Proof: Let h: X x I — Y be a homotopy between maps f and f’ from X to Y. Consider
[S,g] € H,,(X). Then the cylinder (S x [0,1],h o (¢ x id)) is a bordism between (S, fg)
and (S, f'g), and thus f.[S,g] = f.[S, g].

q.e.d.

We mentioned above that homeomorphisms induce isomorphisms between H,, (X; Z/2)
and H,,(Y;Z/2). This can be generalized by introducing homotopy equivalences. We
say that a continuous map f : X — Y is a homotopy equivalence if there is a con-
tinuous map ¢ : Y — X such that gf and fg are homotopic to I'd on X and Y. Such a
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map ¢ is called a homotopy inverse of f. Roughly, a homotopy equivalence is a defor-
mation from one space to another. For example, the inclusion i : S™ — R™ — {0} is a
homotopy equivalence with homotopy inverse given by g : z +— z/||x||. We have gi = id
and h(z,t) = tx + (1 — t)H_fJH is a homotopy between ig and Id. As explained above, a

homotopy equivalence induces an isomorphism in singular bordism:

PROPOSITION 4.9. A homotopy equivalence f : X — Y induces isomorphisms f, :
H,(X;Z/2) — Hi(Y;Z/2) for all k.

The reason is that if g is a homotopy inverse of f then g, is an inverse of f,.

A space is called contractible if it is homotopy equivalent to a point. For exam-
ple, R™ is contractible. Thus for contractible spaces one has an isomorphism between
H,(X;Z/2) and H,,(pt;Z/2). This gives additional motivation to determine the higher
homology groups of a point. The answer is very simple:

THEOREM 4.10. For n > 0 we have
H,(pt;Z/2) = 0.

Proof: Since there is only the constant map to the space consisting of a single point we
can omit the maps in our bordism classes if the space X is a point. Thus we have to show
that each Z/2-oriented compact regular stratifold S of dimension > 0 is the boundary of
a Z/2-oriented compact regular c-stratifold T. There is an obvious candidate, the closed
cone CS defined in §2. This is obviously Z/2-oriented since S is Z/2-oriented and the
dimension of S is > 0. (If dim S = 0, then the 0-dimensional stratum, the top of the cone,
is not empty in a 1-dimensional stratifold, and so the cone is not Z/2-oriented!) We have
seen already that the cone is regular if S is regular.

q.e.d.

This is a good place to see the effect of restricting to Z/2-oriented stratifolds. If we
considered arbitrary stratifolds, then even in dimension 0 the homology group of a point
would be trivial. But if all homology groups of a point are zero, then— at least for nice
spaces—their homology groups would also be zero. This follows from the Mayer-Vietoris
sequence which we will introduce in the next chapter. Similarly, the homology groups
would be uninteresting if we would not require that the stratifolds are compact since, for
instance, the half open cylinder S x [0, 1) could be taken to show that [S] is zero in the
homology of a point.



CHAPTER 5

The Mayer-Vietoris sequence and homology groups of spheres

1. The Mayer-Vietoris sequence

While on the one hand the definition of H,,(X;Z/2) is elementary and intuitive, on
the other hand it is hard to imagine how one can compute these groups. We will prove in
this chapter a rather effective method which—in combination with the homotopy axiom
(4.8)—often will allow us to reduce the computation to H,,(pt;Z/2). We will discuss
interesting applications of these computations in the next chapter.

The method for reducing H, (X;Z/2) to H,,(pt;Z/2) is based on Propositions 4.7,
4.8 and 4.9, and the following long exact sequence. To formulate the method, we have
to introduce the notation of exact sequences. A sequence of homomorphisms between
abelian groups

fn—1

[
HAan nflﬁAn72_>---

is called exact if for each n, holds: ker f,_; =im f,.

For example,
0237 Z]2 — 0
is exact where the map Z — 7Z/2 is the reduction mod 2. The zeros on the left and right

side mean in combination with exactness that the map Z 2 Zis injective and Z — Z/2
is surjective, which is clearly the case. The exactness in the middle means that the kernel
of the reduction mod 2 is the image of the multiplication by 2, which is also clear.

To get a feeling for exact sequences, we observe that if we have an exact sequence
AL BL ol p,
then f is injective (following from the O-map on the left side) and surjective (following
from the O-map on the right side). Thus, in this situation, f is an isomorphism. Of course,

if there is only a 0 on the left, then f is only injective, and if there is only a 0 on the
right, then f is only surjective.

Another elementary but useful consequence of exactness concerns sequences of abelian
groups where each group is a finite dimensional vector space over a field K and the maps
are linear maps. If

0—-A,—A,_1--+— A — Ag—0

35
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is an exact sequence of finite dimensional K-vector spaces and linear maps, then:

> (=1)'dimA; =0,

1=0,...,n

the alternating sum of the dimensions is 0. The reader is recommended to prove this
elementary exercise in linear algebra.

To formulate the method, we consider the following situation. Let U and V be open
subsets of a space X. We want to relate the homology groups of U, V, UNV and UU V.
To do so, we need maps between the homology groups of these spaces. There are some
obvious maps induced by the different inclusions. In addition, we need a less obvious
map, the so-called boundary operator d : H,,(U U V;Z/2) — H,, 1(UNV;Z/2). We
begin with its description. Consider an element [S, g] € H,,(U U V;Z/2). We note that
A:=g Y X —V)and B := g (X — U) are disjoint closed subsets of S.

E=S

|«

o D

By arguments similar to the proof of Proposition 2.8, there is a separating stratifold
S’ € S — (AU B) of dimension m — 1 (the picture above explains the idea of the proof of
2.8, where S’ = p~!(¢) for a smooth function p : S — R with p(4) = 1 and p(B) = —
and ¢ a regular value) and we define

d([S, g]) =8, gls'].

We will show in Appendix B (the proof is purely technical and plays no essential role in
understanding homology) that this construction gives a well defined map

d:H,(UUV;:Z/2) — H,,_(UNV;Z/2).

If we apply this construction to a topological sum, it leads to the topological sum of
the corresponding pairs and so this map is a homomorphism.

PROPOSITION 5.1. The construction above assigning to (S, g) the pair (S', gls/) gives
a well defined homomorphism

d:H,(UUV;Z/2) - H,, 1(UNV;Z/2).
This map is called the boundary operator.

Now we can give the fundamental tool for relating homology groups of a space X to
those of a point:
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THEOREM 5.2. For open subsets U and V' of X the following sequence (Mayer-
Vietoris sequence) is eract:

.HL,(UNV;Z/2) - Hp(U; Z/2)dH, (V;Z/2) — Hp (UUV;Z/2) -4, H, 1(UnV;Z/2) > Hp_1(U;Z2/2)eH,—1(V;Z/2) —
It commutes with induced maps.

Here the map H,,(UNV;Z/2) — H,(U;Z/2)®H,,(V;Z/2) is a — ((iy)«(), (iv)«(a)),
the map Hy (U; 2/2) & Hy (V3 2/2) — Hy(U U V3 Z/2) is (o, B) = (ju)«(a) = (v)«(5).

We give some explanation. The maps iy and 7y are the inclusions from U NV to U
and V', the maps jy and jy are the inclusions from U and V to U U V. The sequence
extends arbitrarily far to the left and ends as

- — Ho(U;2/2) @ Ho(V;2/2) — Ho(UU V3 Z/2) — 0

on the right side. Finally, the last condition in the definition means that if we have a space
X' with open subspaces U’ and V' and a continuous map f : X — X' with f(U) C U’
and f(V) C V', then the diagram

.. — H,(UnNV;Z/2) — Hy(U;Z/2)®H,(V;Z/2) — Hy,(UUV;Z/2) — H,_1(UNV;Z/2) — ...
L (flunv)« L (o)« @ (flv)« L (flouv )« L (flunv)«

= H,(U'NV5Z/2) — Hy(U;Z/2) dH,(V';Z/2) — Hy,(U' UV';Z/2) — H,_1(UNV;Z/2) — ...

commutes. That is to say that the two compositions of maps going from the upper left
corner to the lower right corner in any rectangle agree.

The reader might wonder why we have taken the difference map (jy)«(a) — (jv)«(5)
instead of the sum (jy).() + (jv)«(8), which is equivalent in our situation since for all
homology classes o € H,,,(X;Z/2) we have & = —«. The reason is that a similar sequence
exists for other homology groups (the Mayer-Vietoris sequence is actually one of the basic
axioms for a homology theory as will be explained later) where the elements do not have
order 2, and thus one has to take the difference map to obtain an exact sequence. We
actually will give the proof in such a way that it will extend verbally to the other main
homology groups in this book, integral homology, so that we don’t have to repeat the
argument.

The idea of the proof of Theorem 5.2 is very intuitive but there are some technical
points which make it a bit lengthy. We give now a short proof explaining the fundamental
steps. The understanding of this short proof is very helpful for getting in general a feeling
for homology theories. In Appendix B we add the details which are unnecessary to study
for a first reading of the book.
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Short proof of Theorem 5.2: We will show the exactness of the Mayer-Vietoris se-
quence step by step. We first recall that a sequence

AL pLc
is exact if and only if gf = 0 (i.e. im f C ker g) and ker g C im f.

The first case is:

H,UnV;Z/2) - H,(U;2/2) ®H,(V;Z2/2) - H,(UUV;Z/2)

Obviously the composition of the two maps is zero. To show the other inclusion, we
consider [S, g] € H,(U;Z/2) and [S', ¢'| € H,,(V;Z/2) that map to zero in H,,(UUV; Z/2).
Let (T, h) be a zero bordism of [S, jyg] — [S, jv¢']. Then we separate T using Proposi-
tion 2.8 along a compact regular stratifold D with A(D) C U NV. We will show in the
detailed proof that we actually can choose T such that there is an open neighbourhood
U of D in T and an isomorphism of D X (—e¢, €) to U, which on D x {0} is the identity
map. In other words: there exists a bicollar (this is where we apply the property that
homology classes consist of regular stratifolds). Then—as explained in §4—we can cut
along D to obtain a bordism (T_, h|t_) between (S, g) and (D, h|p) as well as a bor-
dism (T, g|r,) between (D, h|p) and (S, ¢'). Thus D, h|p] € H,(U NV;Z/2) maps to
(18,9, S, 9') € H(U:2/2) & Ho(V3 2/2).

Ca O

le
s .“ .
Next we consider the exactness of

H,(UUV;Z/2) S H, ((UNV;Z/2) - H,_(U;Z/2) & H,_(V;Z/2).

The composition of the two maps is zero. For this we show in the detailed proof that
as above we can choose a representative for the homology class in U UV such that we
can cut along the separating manifold defining the boundary operator. The argument is
demonstrated in the following picture.

=D S &
= =

@

The other inclusion is again self-explanatory demonstrated by the same pictures read in
reverse order, where instead of cutting we glue.
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Finally, we prove exactness of
H,(U;Z/2) & H,(V;Z/2) — H(UUV;Z/2) % H,_(UNV;Z/2).

If [S, g] € H,(U;Z/2) we show d(ju)«[S, g] = 0. This is obvious by the construction of the
boundary operator since we can choose p and the regular value ¢ such that the separating
regular stratifold D is empty. By the same argument d(jy ). is the trivial map.

To show the other inclusion we consider [S,g] € H, (U U V;Z/2) with d([S, g]) = 0.
We will show in Appendix B that we can choose (S, g) in such a way that the regular
stratifold S is obtained from two regular c-stratifolds S, and S_ with same boundary D
by gluing them along D. Furthermore we have ¢(S,) C U and ¢g(S_) C V.

If d([S, g]) = 0, there is a compact regular c-stratifold Z with 0Z = D and an exten-
sionof gjptor:Z —UNV. We glue S; and S_ to Z to obtain S; Up Z and S_ Up Z,
and map the first to U via g|g, Ur and the second to V' via g|s_Ur. This gives an element
of H,(U;Z/2) @ H,,(V;Z/2).

D & &D
(>

le
-

We are finished if in U U V' the difference of these two bordism classes is equal to [S, g].
For this we take (S; UpZ) x[0,1] and (S_Up Z) x [1, 2] and paste it together along Z x 1.

We will show in Appendix A that this can be given the structure of a regular c-stratifold
with boundary Sy Up Z+S_Up Z + S, Up S_. Since S; Up S_ = S and our maps
extend to a map from this regular c-stratifold to U U V', we have a bordism between
S+ Up Z,g|s, Ur]+[S_Up Z,g|pm_Ur] and [S, g].

q. e. d

As an application we compute the homology groups of a topological sum. Let X and Y
be topological spaces and X + Y the topological sum (the disjoint union). Then X and Y
are open subspaces of X 4+Y and we denote them by U and V. Since the intersection UNV
is the empty set and the homology groups of the empty set are 0 (this is a place where it
is necessary to allow the empty set as k-dimensional stratifold whose corresponding class
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is of course 0) the Mayer-Vietoris sequence gives short exact sequences:
0—H(X;Z/2) ®H(Y;Z/2) - H (X +Y;Z/2) — 0,

where the zeroes on the left and right side correspond to H,,(0; Z/2) = 0 and H,, 1(0;Z/2) =
0, respectively. The map in the middle is (jx ). — (jy )«. As explained above, the exactness
implies that this map is an isomorphism:

(Jx)s = Uy ) - Ha(X52/2) @ Ho(Y;2/2) — Ho(X +Y;Z/2)

is an isomorphism. Of course, this also implies that the sum (jx). + (jy )« is an isomor-
phism.

2. Reduced homology groups and homology of spheres

For computations it is often easier to split the homology groups into the homology
groups of a point and the "rest“, which will be called reduced homology. Let p : X —
pt be the constant map to the space consisting of a single point. The n-th reduced
homology group is H,(X;Z/2) := ker (p, : H,(X;Z/2) — H,(pt;Z/2)). A continuous
map f: X — Y induces a homomorphism on the reduced homology groups H W(X5Z/2)
to H,,(Y;7Z/2) by restriction to the kernels and we denote it again by f, : H,(X;Z/2) —
H,(Y;Z/2). If X is non-empty, there is a simple relation between the homology and the
reduced homology: H,(X;7Z/2) is isomorphic to H,(X;Z/2) & H,(pt; Z/2), where the
isomorphism maps a homology class a € H,(X;Z/2) to (a — i.p«(a), p.a), where i is the
inclusion from pt to an arbitrary point in X:

H,(X;Z/2) = H,(X:Z/2) & H,(pt; Z/2),

which for n > 0 means that the reduced homology is the same as the unreduced homology;,
but for n = 0 it differs by a summand Z/2.

Since it is often useful to work with reduced homology, it would be nice to know
if there is also a Mayer-Vietoris sequence for reduced homology. This is the case. We
prepare the argument by developing a useful algebraic result. Consider a commutative
diagram (meaning that the composition of any two maps starting from the same group
and ending in the same group are equal) of abelian groups and homomorphisms

A DAy B, B
L Lho Lhs Lhy
B * B, % By % B
where the horizontal sequences are exact and the map h; is surjective. Then we consider

the sequence

ker hq f—> ker h, f—2> ker hs —> ker hy

where the maps f;| are fi|ker n,- The statement is that the sequence

ker hg EEIN ker h3 — ker hy
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is again exact. This is proved by a general method called diagram chasing, which
we introduce in proving this statement. We chase in the commutative diagram given
by A; and B; above. The first step is to show that im fs| C ker f3| or equivalently
(f3])(f2|]) = 0. This follows since f3fo = 0. To show that ker f3| C im f5], we start the
chasing by considering = € ker hy with f3(x) = 0. By exactness of the sequence given
by the A;, there is y € Ay with fo(y) = . Since hy(z) = 0 and hsfo(y) = g2h2(y),
we have goho(y) = 0 and thus by the exactness of the lower sequence and the surjectiv-
ity of hy, there is z € A; with g1h1(2) = ha(y). Since g1hi(2) = hafi(2), we conclude
ho(y — f1(2)) = 0 or y — f1(z) € ker hy. Since fofi(z) = 0, we are done since we have
found y — f1(2) € ker hy with fo(y — fi(2)) = fo(y) = .

With this algebraic information, we can compare the Mayer-Vietoris sequences for
X = U UV with that of the space pt given by U" :=pt =: V' :

—-H,(UNV;Z/2) — H,(U;Z/2)eH,(V;Z/2) — H,(X;Z/2) - H,.(UNV;Z/2) -
! ! ! !
—-H, U nNV3Z/2) — H,(U;Z/2)eH,(VZ/2) — H,(U' UV;Z/2) — H,,(UNV;Z/2)—

Since U' NV’ = U = V' = U UV’ = pt, all vertical maps are surjective if U NV is
non-empty (and thus U and V' as well), and therefore by the argument above, the reduced
Mayer-Vietoris sequence

= H,(UNV;2/2) - H,(U;2/2) @ H,(V;2/2) — Hp(X;2/2) — H, (UNV;Z/2) — -

is exact if U NV is non-empty.

Now we use the homotopy axiom (Proposition 4.8) and the reduced Mayer-Vietoris
sequence to express the homology of the sphere S™ := {x € R™™! |||z|| = 1} in terms of
the homology of a point. For this we decompose S™ into the complement of the north
pole N = (0,...,0,1) and the south pole S = (0, ...,0, —1), and define ST : S™ — {S} and
Sm .= S™ — {N}. The inclusion S™' — ST N S™ mapping y — (y,0) is a homotopy
equivalence with homotopy inverse r : (1, ..., Tms1) = (T1,- - Tm) /| @1, o)) (Why?).
Both S7* and S™ are homotopy equivalent to a point, or equivalently the identity map on
these spaces is homotopic to the constant map (why?). Since ST"'US™ is S™, the reduced
Mayer-Vietoris sequence gives an exact sequence

= H,(STNS™ Z/2) — H, (57 Z/2)oH,,(S™: Z,/2) — H,(S™ Z/2) —5 H,_1(STNS™ Z,/2) — ..
or if we use the isomorphisms induced by the homotopy equivalences above.
- H,(5S™ 1 72/2) — H,(pt; Z/)2)eH, (pt; Z/2) — H,(S™; Z/2) 4, H, (S™"17/2) — ...
Since Hy(pt; Z/2) = 0, we obtain an isomorphism
d:H,(S™Z/2) — H,_,(S"" ", Z/2)

and from this inductively:

H, (5™ 7Z/2) — H,_ (5% 7Z/2).
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SY consists of two points {+1} and {1} which are open subsets and by the formula
above for the homology of a topological sum we have H, (5% Z/2) = H,(pt;Z/2). We
summarize:

THEOREM 5.3. H, (S™ Z/2) = H,_,.(pt:Z/2) or H,(S"™Z/2) = H,(pt;:Z/2) ®
H, ,.(pt;Z/2). In particular, for m > 0 we have for k =0 or k =m

H,(S™: 7/2) = Z,/2

and
H,(S™Z/2) =0
otherwise.

It is natural to ask for an explicit representative of the non-trivial element in H,,,(S™; Z/2).
For this we introduce the fundamental class of a compact Z/2-oriented regular stratifold.
Let S be a n-dimensional Z/2-oriented compact regular stratifold. We define its fun-
damental class as [S|z» := [S,id] € H,(S,Z/2). As the name indicates this class is
important. We will see that it is always non-trivial. In particular, we obtain for each
compact smooth manifold the fundamental class [M]z/, = [M,id] where M is the strat-
ifold associated to M. In the case of the spheres the non-vanishing is clear since by the
inductive computation one sees that the non-trivial element of H,,(S™;Z/2) is given by
the fundamental class [S™]z/s.

As an immediate consequence of Theorem 5.3 the spheres S™ and S™ are not homo-
topy equivalent for m # n, for otherwise their homology groups would all be isomorphic.
In particular, for n # m the spheres are not homeomorphic. In the next chapter, we will
show for arbitrary manifolds that the dimension is a homeomorphism invariant.



CHAPTER 6

Brouwer’s fixed point theorem, separation and invariance of
dimension

Prerequisites: The only new ingredient used in this chapter is the definition of topological manifolds which can be

found either in the first pages of [B-J] or [Hi].

1. Brouwer’s fixed point theorem

Let D" := {x € R"| ||z|| < 1} be the unit ball and B" := {x € R"| ||z|| < 1} be the
open unit ball.

Theorem 7.1 : (Brouwer) A continuous map f : D" — D™ has a fized point, i.e.
there is a point x € D™ with f(z) = x.

Proof: The case n = 0 is clear and so we assume that n > 0. If there is a continuous
map f : D" — D" without fixed points, define g : D" — S™~! by mapping € D" to the
intersection of the ray from f(z) to  with S"~! (give a formula for this map and see that
it is continuous).

g(x)
Then g|gn-1 = idgn-1, the identity on S™~I.

Now consider id = id, = (go i), = g. 04, : H,_1(S"1:Z/2) == H,_(D™ Z/2) 2>
H, (S"%7Z/2), where i : S*™™! — D" is the inclusion. By Theorem 5.3 we have
H, (S"47Z/2)=7/2 forn > 1.

Thus the identity on H, _1(S"';Z/2) is non-trivial. On the other hand, since D" is
homotopy equivalent to a point, H, (D™ Z/2) = H,,_1(pt;Z/2) = {0} if n —1 > 0,
implying a contradiction for n > 1. For n = 1 we have Hy(S°,Z/2) = Z/2 & Z/2 and
Hy(D!',7Z/2) = 7Z/2 giving again a contradiction.

q.e.d.

43
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2. A separation theorem

As an application of the relation between the number of path components of a space
X and the dimension of Hy(X;Z/2), we prove a theorem which generalizes a special case
of the Jordan curve theorem. A topological manifold M is called closed if it is compact
and has no boundary.

THEOREM 6.1. Let M be a closed path connected topological manifold and f : M x
(—€,¢) — U C R™ be a homeomorphism on an open subset U of R". Then R™ — f(M)
has two path components.

In other words, a nicely embedded closed topological manifold M of dimension n—1 in
R™ separates R™ into two connected components. Here "nice” means that the embedding
can be extended to an embedding of M x (—¢,¢€). If M is a smooth submanifold, then it
is automatically nice [B-J].

Proof: Denote R" — f(M) by V. Since UUV = R" and H;(R";Z/2) = H;(pt; Z/2) = 0
(R™ is contractible), the Mayer-Vietoris sequence implies

0— Ho(UNV;Z/2) — Ho(U:; Z/2) ® Ho(V; Z/2) — Hy(R"; Z/2) — 0

Now, UNV is homeomorphic to M x (—¢, ) — M x {0} and thus has two path components
implying that Hy is 2-dimensional by Theorem 4.6, and U is homeomorphic to M X (—e, €)
which is path connected implying that the dimension is 1. Since the alternating sum of
the dimensions is 0 we conclude dimgz/, Ho(V;Z/2) = 2, which by Theorem 4.6 implies
the statement of Theorem 6.1.

q.e.d.

As earlier announced, this result, although equivalent to a statement about Hg(R"™ —
f(M);Z/2) uses higher homology groups, namely the vanishing of H;(R™;Z/2).

3. Invariance of dimension

Next we want to prove the invariance of the dimension of a topological manifold under
a homeomorphism. Here we only need a weak definition of an m-dimensional topological
manifold M, namely that M is locally homeomorphic to an open subset of R™. For this
we define the local homology of a space. To define the local homology of a topological
space X at a point x € X, we consider the space X Ux_, C(X — z), the union of X and
the cone over X — x, where CX = X x [0, 1]/xx0y and we identify X x {1} in CX with
X. Equivalently, we may define it as C'(X) — (x x (0,1)). We define the local homology
of X at x as Hy(X UC(X — x);Z/2). We will use the local homology of a topological
manifold to characterize its dimension. For this, we need the following consideration.

LEMMA 6.2. Let M be a non-empty m-dimensional topological manifold. Then for
each x € M we have

I:Ik(MUC(M_@?Z/Q) = { ZéQ keZ’;n
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Proof: Since M is non-empty, there is an x € M and so we choose a homeomorphism
@ from the open ball B™ to an open neighborhood of z. We apply the Mayer-Vietoris
sequence and decompose MUC(M —z) into U := C(M—z) and V := ¢(B™—{0})x (3, 1]U
{z}. The projection of V' to ¢(B™) is a homotopy equivalence and so V' is contractible.
Also U is contractible, since it is a cone. U NV is homotopy equivalent (again via the
projection) to ¢(B™ — {0}) and so U NV is homotopy equivalent to S™!. The reduced
Mayer-Vietoris sequence is

HL(U:Z/2) @ HL(V;Z/2) - H(M UC(M —2);Z/2) - H_(UNV;Z/2) — ...
Since Hy(U;Z/2) and Hy(V;Z/2) are zero, and Hy_(U N V;7Z/2) = H;_(S™ ', Z/2)
we have an isomorphism

H, (M UCM —2);Z/2) = H,_,(S™ 1, Z/2)

and the statement follows from 5.3.
q.e.d.

Now we are in the situation to characterize the dimension of a non-empty topological
manifold M in terms of homology. Namely by 6.2 we know that dim(M) = m if and only
it H,,(M UC(M — x);Z/2) # 0, where z is an arbitrary point in M. If f: M — N is
a homeomorphism, then f can be extended to a homeomorphism g : M UC(M — x) —
N UC(N — g(z)) and so the corresponding local homology groups are isomorphic. Thus

dim M = dim N.

We summarize

THEOREM 6.3. Let f : M — N be a homeomorphism between non-empty manifolds.
Then
dim M = dim N.

Remark: Let Y C X be a subspace, then one gives the reduced homology of X UC(Y')
often a name: it is called relative homology

H,(X,Y;Z/2) = H, (X UC(Y); Z/2).






CHAPTER 7

Z./2-homology of some important spaces and the Euler
characteristic

1. The fundamental class

It is very useful given a space X to have some explicit non-trivial homology classes.
The most important example is the fundamental class of a compact m-dimensional Z/2-
oriented regular stratifold S which we introduced as [S]z/, = [S,id] € H,,(S;Z/2). We
have shown that for a sphere the fundamental class is non-trivial. In the following result,
we generalize this.

PROPOSITION 7.1. Let S be a compact m-dimensional Z/2-oriented reqular stratifold
with 8™ # 0. Then the fundamental class [S]z/s € H,,(S;Z/2) is non-trivial.

Proof: The O-dimensional case is clear and so we assume that m > 0. We reduce the
statement to the spheres. For this we consider a smooth embedding ¢ : B™ — S™, where
B™ is the open unit ball, and we decompose S as )(B™) =: U and S — ¢(0) =: V. Then
UNV =4 (B™—0). We want to determine d([S]/2), where d is the boundary operator in
the Mayer-Vietoris sequence corresponding to the covering of S by U and V. We choose
a smooth function 7 : [0,1] — [0, 1], which is 0 near 0, 1 near 1 and 7(t) = t near 1/2,
and then define p : S — [0, 1] by mapping ¢ (z) to n(||x||) and S —im to 1. Then 1/2
is a regular value of p and by definition of the boundary operator we have

d([S]Z/Q) = [p_l(l/z)a 2]7

where i : p71(1/2) — U NV is the inclusion. Thus we are finished if [p~(1/2),4] # 0.
Since 9|1 gm-1 is a diffeomorphism from 25 ={z e R™| ||z|| = 1/2} to ¢(35™7) =
p~1(1/2), we have

o (1/2),1] = 0 [58™ Td] = . [557).

The inclusion p~!(1/2) — UNV is a homotopy equivalence and thus we are finished since
™) 0.
q.e.d.
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2. 7Z/2-homology of projective spaces

The most important geometric spaces are the classical Euclidean spaces R™ and C",
the home of affine geometry. It was an important breakthrough in the history of mathe-
matics when projective geometry was invented. The basic idea is to add certain points
at infinity to R™ and C". The effect of this change is not so easy to describe. One im-
portant difference is that projective spaces are compact. Another is that the intersection
of two hyperplanes (projective subspaces of codimension 1) is always non-empty. Many
interesting spaces, in particular the projective algebraic varieties, are contained in projec-
tive spaces so that they are the "home” of algebraic geometry. In topology they play an
important role for classifying line bundles and so are the heart of characteristic classes.

Many important questions can be formulated and solved using the homology (and
cohomology) of projective spaces. Before we compute the homology groups, we have to
define projective spaces. They are the set of all lines through 0 in R™*! or C"*!. The
lines which are not contained in R” x 0 or C" x 0 are in a 1 — 1 correspondence with R"
or C", where the bijection maps a point x in R” or C" to the line given by (z,1). Thus
R"™ resp. C™ are contained in RP" resp. CP". The lines which are contained in R™ x 0 or
C™ x 0 are called points at infinity. They are parametrized by RP" ! resp. CP""*. Thus
we obtain a decomposition of RP" as R* URP"! and CP" as C* U CP"!.

To see that the projective spaces are compact, we give a slightly different definition
by representing a line by a vector of norm 1.

We begin with the complex projective space CP™. This is defined as a quotient
space of S*™ T = {z = (z¢, ..., 7)) € C™| ||z|| = 1}, where || || is the norm on C™*!
by the equivalence relation ~ where x ~ y if and only if there is a complex number A such
that Az = 9. In other words two points in S?™*! are equivalent if they span the same line.
CP™ is a topological manifold of dimension 2m and one introduces in a natural way a
smooth structure [Hi], p. 14. Actually, here the coordinate changes are not only smooth
maps but holomorphic maps, and thus CP™ is what one calls a complex manifold, but we
don’t need this structure and consider it as a smooth manifold.

To compute its homology, we decompose it into open subspaces
U :={[z] € CP"| z,,, # 0}
and
V= {[z] € CP"| |x,n| < 1}.

The reader should check the following properties: U is homotopy equivalent to a point
(a homotopy between the identity on U and a constant map is given by h([z],t) :

[tzo, ..., t2m_1,2m]), and the inclusion from CP™ ! to V is a homotopy equivalence. A
homotopy between the identity on V and a map from V' to CP™ ! is given by h([z],t) :=
[Z0, .-, 1, tTy]). Furthermore the intersection U NV is homotopy equivalent to S?™~1.

The reason is that we actually have a homeomorphism from U to the open unit ball by
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mapping [(zo, . .. Zm)] to (To/Tm, - .. Tm—1/Tm) and under this homeomorphism U NV is
mapped to the complement of 0, which is homotopy equivalent to S?™~!,

Thus the homotopy axiom together with the Mayer-Vietoris sequence for Z/2-homology
gives an exact sequence:

— H (S 1, 2/2) — H(CP™ 1, Z/2) — H,(CP™; Z/2) — H;_, (5>, 2/2) —
Since H,. (52" 1;7Z/2) = 0 for r # 2m — 1, we conclude inductively:

THEOREM 7.2. Hy(CP™;Z/2) = Z/2 for k even and k < 2m, and is 0 otherwise. The
nontrivial homology class in Ha,(CP™;Z/2) forn < m is given by [CP",i|, where i is the
inclusion from CP" to CP™.

The last statement follows from Proposition 7.1.

To compute the homology of the real projective space RP" := S™/x ~ —x, which
is a closed smooth m-dimensional manifold ([Hi] p. 13), we use the same approach as
for the complex projective spaces. We decompose RP™ as U := {[z] € RP"| x,,11 # 0}
and V := {[z] € RP™| |z,,51] < 1}. A similar argument as above shows: U is homotopy
equivalent to a point, and the inclusion from RP™ ! to V is a homotopy equivalence.
Furthermore the intersection U NV is homotopy equivalent to S™ 1.

The decomposition RP™ = U UV gives an exact sequence:
H, (5" 7/2) — Hy(RP™ ', Z/2) & Hy(RP™; Z/2)
— H, 1 (S"4Z/2) — Hy 1 (RP™Z/2)
This implies that for k different from m or m — 1 the inclusion is an isomorphism
iy Hy(RP™ ' Z/2)—H,(RP™;Z/2) and that this map is injective for k = m, and
surjective for k = m — 1. Since by Proposition 7.1 H,,(RP™;Z/2) # 0, we conclude
inductively:

THEOREM 7.3. H,(RP™;Z/2) = Z/2 for k < m, and 0 otherwise. The nontrivial
element in Hy(RP™; Z/2) = 7,/2 for k < m is given by [RP*,i]z/5 where i is the inclusion
from RP* to RP™.

3. Betti numbers and the Euler characteristic

The Betti numbers are important invariants for topological spaces and for some topo-
logical spaces X one can use them to define the Euler characteristic.

Definition: Let X be a topological space. The k-th 7Z/2-Betti number is bp(X;7Z/2) :=
dimgz,, Hy(X;Z/2).

A topological space X is called Z/2-homologically finite, if for all but for finitely
many k, the homology groups Hy(X;Z/2) are zero, and finite dimensional in the remain-
ing cases.
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For a Z./2-homologically finite space X, we define the Euler characteristic ase(X) :=

> (—1)'0:(X52/2).

We will prove at the end of this chapter that all compact smooth manifolds are Z/2-
homologically finite. Thus their Euler characteristic can be defined.

The computations in the previous section imply:

i) Suppose m > 0. Then b, (S™;Z/2) =1 for k = 0 or k = m and 0 otherwise. Thus
e(S™) = 2 for m even and e(S™) = 0 for m odd.

ii) b (CP™;Z/2) = 1 for k even and 0 < k < 2m and b (CP™;Z/2) = 0 else. Thus
e(CP™) =m+ 1.

iii) bp(RP™;Z/2) = 1 for 0 < k < m and b(RP™;Z/2) = 0 otherwise. Thus
e(RP™) = 1 for m even and e(RP™) = 0 for m odd.

The relevance of the Euler characteristic cannot immediately be seen from its defi-
nition. To indicate its importance we list the following fundamental properties without
proof.

i) The Euler characteristic is an obstruction for the existence of nowhere vanishing
vector fields on a closed smooth manifold, i.e. if such a vector field exists, then the Euler
characteristic vanishes. We will show that S™ has a nowhere vanishing vector field if and
only if m is odd.

ii) The Euler characteristic has to be even if a closed smooth manifold is the boundary
of a compact smooth manifold. An example of a closed smooth manifold with odd Euler
characteristic is given by one of the examples above, the Euler characteristic of RP? is
1. Thus RP* is not the boundary of a compact smooth manifold.

iii) For a finite polyhedron, the Euler characteristic can be computed from its combi-
natorial data: it is the alternating sum of the number of k-dimensional faces.

The following property is very useful for computing the Euler characteristic without
knowing the homology.

THEOREM 7.4. Let U and V' be Z/2-homologically finite open subspaces of a topological
space X, and suppose also that U NV is Z/2-homologically finite. Then U UV is Z/2-
homologically finite and

e(UUV)=elU)+e(V)—e(UNV).

Proof: The result follows from the Mayer-Vietoris sequence. On the one hand, exactness

of the sequence implies that U U V' is Z/2-homologically finite. The formula is a conse-

quence of the fact we explained earlier: Let 0 — A, ELN 1 Iy Ay — 0 be an
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exact sequence of finite dimensional K-vector spaces, where K is some field. Then

> (~1)'dim 4; = 0.
=0
Applying this formula to the exact Mayer-Vietoris sequence, we obtain

e(UUV)=elU)+e(V)—e(UNV)

q.e.d.

We finish this chapter by proving the previously claimed result that compact manifolds
are Z/2-homologically finite.

THEOREM 7.5. A compact smooth c-manifold is 7./2-homologically finite.

Proof: It is enough to prove this for closed manifolds. The bounded case W can be
reduced to this case by considering the double W Usy W, which is a closed manifold.
Thus, W Usw W and OW have finitely generated homology groups, and we decompose
W Ugw W as U UV, when U is the union of one copy of W together with the bicollar
used to glue and V' is the union of the other copy of W together with the bicollar. U and
V' are both homotopy equivalent to W and U NV is homotopy equivalent to 0W and so
a similar argument as in the proof of Theorem 7.4 shows that if U UV and U NV are
homologically finite, then U and V' are homologically finite. The Mayer-Vietoris sequence
together with the collar neighbourhood theorem implies that W is as well.

To prove the theorem for a closed manifold M, we embed M into R for some N ([Hi]
thm 1.3.4) and consider a tubular neighbourhood U ([Hi] thm IV.5.2). Let r: U — M be
the retract corresponding to the projection of the normal bundle to M. Now we choose
for each point z € M an open cube in U containing . Since M is compact, we can cover
M by finitely many cubes C;j:

M cC uUC; C U.

The union of finitely many open cubes is Z/2-homologically finite. This follows in-
ductively. It is clear for a single cube. We suppose that the union of £k — 1 cubes is
Z/2-homologically finite. If we add another cube then the intersection of the new cube
with the union of the £ — 1 cubes is a union of at most k£ — 1 cubes since the intersection
of two cubes is again a cube or empty. Thus Theorem 7.4 implies that the union of k
cubes is Z/2-homologically finite.

Since 7|yg, is a retract, we conclude that the homology groups of UC; are mapped
surjectively onto the homology groups of M, which finishes the argument.
q.e.d.






CHAPTER 8

Integral homology and the mapping degree

Prerequisites: The only new ingredient used in this chapter is the definition of orientation of smooth manifolds, which

can be found in [B-J] or [Hi].

1. Integral homology groups

In this chapter, we will introduce integral homology. This is the most powerful tool
in topology, fundamental in studying all sorts of classification problems. The definition is
completely analogous to that of Z/2-homology, the only difference being that we require
the top-dimensional stratum to be oriented.

Definition: An oriented m-dimensional c-stratifold is an m-dimensional c-stratifold

om—1 om

T with T =0 and an orientation on T

An orientation on T induces an orientation of 0T which is fixed by requiring that
the collar of T preserves the product orientation on (9T)™ ! x (0,¢). If we change the

om

orientation of T , we call the corresponding oriented stratifold —T.

In complete analogy with the case of smooth manifolds, we define bordism groups of
compact oriented m-dimensional regular stratifolds denoted H,,(X):

H,,(X) := {(S, g)}/bord,

where S is an m-dimensional compact oriented regular stratifold and ¢ : S — X is a
continuous map. The relation “bord” means that two such pairs (S, g) and (S’,¢’) are
equivalent if there is a compact oriented regular c-stratifold T with boundary S + (—S')
and g + ¢’ extends to a map G : T — X. The role of the negative orientation on S’ is the
following. To show that the relation is transitive, we proceed as for Z/2-homology and
glue a bordism T between S and S’ and a bordism T’ between S’ and S” along S’. We
have to guarantee that the orientations on the top stratum of T and of T’ fit together to
give an orientation of the top stratum of T Ug T’. This is the case if the orientations on
S” induced from T and T’ are opposite.

With this clarification the proof that the relation is an equivalence relation is the same

as for Z/2-homology (Proposition 4.4). Tt is useful to note that —[S, f] = [-S, f], the
inverse of (S, f) is given by changing the orientation of S.

53
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Defining the induced map as for Z/2-homology by composition we obtain a functor.
This functor is again a homology theory which means that homotopic maps induce the
same map and that there is a Mayer-Vietoris sequence commuting with induced maps
(for the definition of a homology theory see also the next chapter). The construction of
the boundary operator in the Mayer-Vietoris sequence which we gave for Z/2-homology
extends once we convince ourselves that the constructions used there (like cutting and
gluing) transform Z-oriented regular stratifolds into Z-oriented regular stratifolds. But
these facts are obvious once we have fixed an orientation on the preimage of a regular
value s of a smooth map f : M — R on an oriented manifold M. We orient such a
preimage by requiring that the orientation of it together with a vector v in the normal
bundle to f~1(s) is an orientation of M, if the image of v under the differential of f is
positive.

THEOREM 8.1. The functor H,,(X) is a homology theory. This functor is called
integral homology.

To determine the integral homology groups of a point, we first note that for m > 0
the cone over an oriented regular stratifold S is an oriented regular stratifold with bound-
ary S. Thus for m > 0 we have H,,(pt) = 0. To determine Hg(pt), we remind the
reader that an orientation of a 0-dimensional manifold assigns to each point z a number
¢(x) € £1, and that the boundary of an oriented interval [a,b] has an induced orienta-
tion such that e(a) = —e(b) [B-J]. Thus, if a compact 0-dimensional manifold M is the
boundary of a compact oriented 1-dimensional manifold, then ) _, e(z) = 0. In turn,
if > e €(x) = 0, then we can group the points in M in pairs with opposite orientation
and take as zero bordism for these pairs an interval. Since oriented regular stratifolds of
dimension 0 and 1 are the same as oriented manifolds, we conclude:

THEOREM 8.2. The map

mapping [M] to Y .\, €(x) is an isomorphism. Furthermore for m # 0 we have
H,.(pt) =0

Since an oriented regular stratifold is automatically Z/2-oriented we have a forgetful
homomorphism

H, (X) — Hy (X3 Z/2)

We will discuss this homomorphism at the end of this chapter.

As for Z/2-homology, we say that a space X is homologically finite if for all but
finitely many k, the homology groups Hy (X)) are zero and the remaining homology groups
are finitely generated. The same argument as for Z/2-homology implies that compact
smooth manifolds are homologically finite. We define the Betti numbers b, (X) as
the rank of Hy(X). This is an important invariant of spaces. We recall from alge-
bra that the rank of an abelian group G is equal to the dimension of the Q-vector
space G ® Q (for some basic information about tensor products, see Appendix C). It
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is useful here to remind the reader of the fundamental theorem for finitely gen-
erated abelian groups G, which says that G is isomorphic to Z" @ tor(G), where
tor(G) = {g € G| ng = 0 for some natural number n # 0} is the torsion subgroup of G.
Since tor(G) ® Q = 0, the number r is equal to the rank of G. The torsion subgroup 7 is
itself isomorphic to a sum of finite cyclic groups: tor(G) = @®;Z/n;. If X is homologically
finite, then by (X) is zero for all but finitely many & and finite otherwise.

Using the Mayer-Vietoris sequence, one computes the integral homology of the sphere
S™ for m > 0 as for Z/2-homology. The result is:

H,(S™) = Z

for k=0 or k =m and
H.(S™) =0

for k different from 0 and m. A generator of H,,(S™) is given by the homology class
[S™,id]. Here we orient S™ as the boundary of D™ which we equip with the ori-
entation induced from the standard orientation of R™*!. (Note that this orientation is
characterized by the property that a basis of T,,5™ is oriented, if the juxtaposition of it
with an inward pointing normal vector is the orientation of R™*1.)

As a first important application of integral homology we define the degree of a map
from a compact oriented m-dimensional regular stratifold to a connected oriented smooth
manifold M. We start with the definition of the fundamental class.

Definition: Let S be a compact oriented m-dimensional reqular stratifold. The funda-
mental class of S is [S,id] € H,,(S). We abbreviate it as [S] := [S, id).

If we change the orientation of S passing to —S, then the fundamental class changes
orientation as well: [—S] = —[S]. Under the homomorphism H,,(S) — H,,(S;Z/2), the
fundamental class maps to the Z/2-fundamental class: [S] — [S]z/2. This implies that
the fundamental class is non-trivial. But one actually knows more:

THEOREM 8.3. Let S be a compact oriented m-dimensional reqular stratifold. Then
k[S] € H,,,(S) is non-trivial for all k € Z — {0} (we say that [S] has infinite order) and
[S] is primitive, i.e. not divisible by r > 1.

Proof: The proof is similar to the proof of Proposition 7.1. The case m = 0 is trivial. For
m > 0 we construct—as for Z/2-homology—with the help of the Mayer-Vietoris sequence
a homomorphism from H,,(S) = H,,(S) — H,,_1(S™ 1) mapping [S] to [S"!]. Here we
orient S™! as the boundary of D™ which we embed orientation preserving into the top
stratum of S. Then the statement follows by induction.

q.e.d.
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2. The degree

Now we define the degree and begin by defining it only for maps from compact ori-
ented m-dimensional regular stratifolds S to S™. We recall that we have H,,(S™) = Z
generated by [S™] for all m > 0.

Definition: Let S be a compact oriented m-dimensional regular stratifold, m > 0, and
f:S— 8™ be a continuous map. Then we define

deg f:=keZ
where [S, f] = k[S™].

In other words, f.([S]) = deg(f)[S™]. By construction, homotopic maps have the
same degree. For h : S™ — S™, we see that h, : H,,(S™) — H,,(S™) is multiplication
by deg h. As a consequence, we conclude that the degree of the composition of two maps
fyg:S™— S™is the product of the degrees:

deg(fg) = deg(f)deg(g).

One can actually generalize the definition of the degree to maps from S to a connected
oriented m-dimensional smooth manifold M: Namely one chooses an orientation preserv-
ing embedding of a disc D™ into M and considers the map p : M — S™ = D™/S™!

om

which is on D the identity and maps the rest to the point represented by S™!. Then
we define the degree of f: S — M as

deg (f) := deg pf

Since any two orientation preserving embeddings of D™ into M are isotopic [B-J], the
definition of the degree is independent on the choice of this embedding.

To get a feeling for the degree, we compute it for the map 2™ : S* — S, where
we consider S! as a subspace of C and map z to z™. The degree of 2™ is k, where

(S, 2m] = k- [S'] € Hy(SY). We will show that k = m. We have to construct a bordism
between [S1, 2] and m - [S']. The following picture explains how this can be done.

Here we remove |m| open balls from D? sitting concentrically equally distributed in
the disk. This is a bordism between S' and S'+ .-+ S'. To construct a map from
—_—
Im]
this bordism to S!, we map the curved lines joining the small circles with the large cir-
cle to the image of endpoint in the large circle under the map z™. We extend this to
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a map on the whole bordism by mapping the rest constantly to 1 € S'. If m is posi-
tive, this induces the identity map id : S — S! on each small circle. Thus we conclude

(ST, 2™ = m - [SY,id] = m - [S?]. If m is negative, the induced map on each circle is
27! =7Z = (21, —2). Thus we obtain that for m < 0 the degree of 2™ is —m - deg 2.
The degree of 27! is —1. To see this we prove that [S?,z] = —[S',27!]. A bordism

between these two objects is given by W := (S x [0,1/2]) U.-1 ((—=S?) x [1/2,1]) and
the map which is given by z U 271, The point here is that z=! reverses the orientation
(why?) and thus is an orientation preserving diffeomorphism between S* and (—S*) giv-

ing OW = S' + S', where both S'’s have the same orientation.

We summarize

PROPOSITION 8.4. The degree of z™ : St — St is m.

From this one can deduce the fundamental theorem of algebra.

THEOREM 8.5. Each complex polynomial f : C — C of positive degree has a zero.

Proof: We can assume that f(z) = ag + a1z + -+ ap_12" 1+ 2" If ap = 0 then 2 =0
is a zero and so we assume ag # 0. We assume that f has no zero and consider the
map S' — S 2z — f(2)/|f(2)]. This map is homotopic to ag/|ag| under the homotopy
f(tz)/|f(tz)|. On the other hand, it is also homotopic to 2" under the following homotopy.
For t # 0 we take f(t7'2)/|f(t7'2)|. Ast tends to 0, this map tends to z". We obtain a
contradiction since the degree of agy/|ap| is zero while the degree of 2™ is n by Proposition
8.4.

q.e.d.

Since 27! = Z = (21, —2»), we conclude that the degree of this reflection is —1. Us-
ing the inductive computation of H,,(S™), we conclude that the degree of the reflection
map S — S™ mapping (z1, 29, , Zmy1) — (21, —22, 23, , Zmy1) 18 also —1. Since
all reflection maps s; : S™ — S™ mapping (21, , Zms1) t0 (21, , Zic1, —Zi, Zit1, " "
, Zma1) are conjugate to sy, we conclude that for each i the degree of s; is —1. Since
—id = s1 0+ 0 8,11, we conclude

PROPOSITION 8.6. For m > 0 the degree of —id : S™ — S™ is (—1)™*1.

As a consequence, for m even the identity is not homotopic to —id. This conse-
quence answers an important question, namely which spheres admit a nowhere vanish-
ing continuous vector field. Recall that the tangent bundle of S™ is T'S™ = {(x,w) €
S™ x R™ 1w L z}. For those who are not familiar with tangent bundles, we suggest to
take the right side as a definition, but to convince themselves that for each x the vectors
w with w L x fit with our intuitive imagination of the tangent space of S™ at .

A continuous vector field on a smooth manifold M is a continuous map v : M — TM
such that pv = id, where p is the projection of the tangent bundle. In the case of the sphere
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a nowhere vanishing continuous vector field is the same as a map v : S™ — R™"'—{0} with
v(z) L 2 for all z € S™. Replacing v(x) by v()/|jv(), We can assume that v(x) € S™ for
all z € S™. But then H : S™ x I — S™ mapping (z,t) — (cos(m-t))x+ (sin(n-t))-v(zx) is
a homotopy between id and —id giving a contradiction, if m is even. Thus we have proved

THEOREM 8.7. There is no nowhere vanishing continuous vector field on S*.

For S? this result runs under the name of the hedgehog theorem and says that it
is impossible to comb the spines of a hedgehog continuously.

On S?**1 there is a nowhere vanishing vector field, for example
V(T1, T2, -+, Topy1, Topga) = (=T, 1, —Ta, T3, + , —Topt2, Tokr1)-
or in complex coordinates
(21, 2prn) o= (G210 L i2k0)-

Thus we have shown:
There exists a nowhere vanishing vector field on S™ if and only if m is odd.

Remark: This is a special case of a much more general theorem: There is a nowhere
vanishing vector field on a compact m-dimensional smooth manifold M if and only if
the Euler characteristic e(M) vanishes. Note that this is consistent with our previous
calculation that the Euler characteristic of S™ is 0, if m is odd, and 2, if m is even.

3. Integral homology groups of projective spaces

We want to compute the integral homology of our favorite spaces. We recall that for
m > 0 we have
Hy(S™) = Z

for kK = 0, m and zero otherwise.

The complex projective spaces are inductively treated as for Z/2-homology. Using
the decomposition of CP™ into U and V as in §7, we conclude from the Mayer-Vietoris
sequence:

THEOREM 8.8. Hy(CP™) = Z for k even and 0 < k < 2m and 0 otherwise. The
non-trivial homology class in Ha,(CP™) for n < m is given by [CP",i], where i is the
inclusion from CP" to CP™.

Finally we compute the integral homology of RP™.

THEOREM 8.9. Hy(RP™) = Z for k = 0 and k = m, if m is odd. Hp(RP™) = 7Z/2
for k odd and k < m. The other homology groups are zero. Generators of the non-trivial
homology groups for k odd are represented by [RIP’k, i|, where i is the inclusion.
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Proof: Again we use from §7 the decomposition of RP™ into U and V with U homotopy
equivalent to a point, V homotopy equivalent to RP™™!, and U NV homotopy equivalent
to S™~!. Then we conclude from the Mayer-Vietoris sequence by induction that for
k < m — 1 we have isomorphisms

iy : Hi(RP™ 1) 22 H (RP™).
To finish the induction we consider the exact Mayer-Vietoris sequence
0 — H,,(RP™) — H,,_1(S™ ) — H, (RP™ ') — H,,_; (RP™) — 0

If m is odd, we conclude by induction that H,,(RP™) = Z and from Theorem 8.3 that
[RP™] = [RP™,id] is a generator. Here we use the fact that RP™ is orientable and we
orient it in such a way that dp, : T,S™ — T,RP™ is orientation preserving. Since by
induction H,, ;(RP™ ') = 0, we have H,,_;(RP™) = 0.

If m is even, we first note that 2i,([RP™']) = 0. The reason is that the reflection

r([1, ooy X)) == [—21, X9, ...., Tp,] is an orientation reversing diffeomorphism of RP™ !,
Thus [RP™ '] = [-RP™ ! 7] = —r,([RP™']). Now consider the homotopy h([z],t) :=
[cos(mt)xy, T, ..., T, sin(mt)x1] between i and ir. Thus i, ([RP™']) = —i, ([RP™]).

Next we note that i, ([RP™']) # 0, since it represents a non-trivial element in Z/2-
homology by Theorem 7.3, i.e. it is not even the boundary of a non-oriented regular strat-
ifold with a map to RP™. Then the statement follows from the exact Mayer-Vietoris se-
quence above: The group H,,_;(RP™) is cyclic of order 2 generated by i, ([RP™!]). From
the non-triviality of H,, _;(RP™), we conclude that the map H,, (5™ ') — H,,_(RP™ 1)
is non-trivial. Since both groups are isomorphic to Z, this implies that H,,,(RP™) = 0.
q.e.d.

4. A comparison between integral and 7Z/2-homology

An oriented stratifold S is automatically Z/2-oriented. Thus we have a homomorphism
r:H,(X) — H,(X;Z/2)

for each topological space X and each n. One often calls it the reduction mod 2.
This homomorphism commutes with induced maps and the boundary operator, i. e. if
f: X — Y is a continuous map, then

far =rfo  Hy(X) — H,o (Y3 Z/2),
and if X = U UV, then
rd=dr:H,(UUV)— H,(UNV;Z/2),

where d is the boundary operator in the Mayer-Vietoris sequence. A map r (for each
space X and each n) fulfilling these two properties is called a natural transformation
from the functor integral homology to the functor Z/2-homology. Below and in the next
chapter, we will consider other natural transformations.
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If we want to use r to compare integral homology with Z/2-homology, we need in-
formation about the kernel and cokernel of . The answer is given in terms of an exact
sequence.

THEOREM 8.10. (Bockstein sequence:) There is a natural transformation
d:H,(X;7Z/2) — H,_1(X)

and, if X is a smooth manifold, or a finite CW -complex (as defined in the next chapter),
then the following sequence is exact:

CHL(X) -5 HL(X) 5 HA(XZ/2) -5 Hy 1 (X) —

Since we will not apply the Bockstein sequence in this book, we will not give a proof.
At the end of this book, we will explain the relation between our definition of homology
and the classical definition using singular chains. The groups are naturally isomorphic if
X is a smooth manifold or a finite CW-complex (we will define finite C'W-complexes in
the next chapter). We will prove this in §20. If one uses the classical approach, the proof
of the Bockstein sequence is simple and it actually is a special case of a more general re-
sult. Besides reflecting different geometric aspects, the two definitions of homology groups
both have specific strengths and weaknesses. For example, the description of the funda-
mental class of a closed smooth (oriented) manifold is simpler in our approach whereas
the Bockstein sequence is more complicated.

The Bockstein sequence gives an answer to a natural question. Let X be a topological
space such that all Betti numbers by (X) are finite and only finitely many are non-zero.
Then one can consider the alternating sum

Z(—l)kbk(X)-
k
The question is what is the relation between this expression and the Euler characteristic

e(x) = (=1)*0(X;Z/2).

k

THEOREM 8.11. Let X be a smooth manifold or a finite CW -complex. Then bp(X) is
finite and non-trivial only for finitely many k, and

e(X) = S (=1)h(X),

k

Proof: We decompose Hy(X;Z) = Z'® & Z/2a, & ...7Z/2asx) & T, where T consists
of odd torsion elements. Then the kernel of multiplication with 2 is (Z/2)**®) and the
cokernel is

(z/2)" @ (z/2)"™".
Thus we have a short exact sequence

0— (2/2)*® @ (2/2)"® - HL(X;Z/2) — (Z/2)**Y =0
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implying that dim Hy(X;7Z/2) = s(k) + s(k — 1) + r(k) and from this we conclude the
theorem by a cancellation argument.
q.e.d.






CHAPTER 9

A comparison theorem for homology theories and
CW-complexes

1. The axioms of a homology theory

We have constructed already two homology theories. We now give a general definition
of a homology theory.

Definition: A generalized homology theory assigns to each topological space X a
sequence of abelian groups h,(X) for n € Z, and to each continuous map f: X — Y a
homomorphism f, : h,(X) — h,(Y). One requires that the groups are trivial if X = 0,
orn <0 and X arbitrary, and that the following properties hold:

i) idy = 1d, (gf)« = g« f«, i.€. h is a functor,
ii) if f is homotopic to g, then f. = g., i.e. h is homotopy invariant,

iii) for open subsets U and V' of X there is a long exact sequence (Mayer-Vietoris
sequence)

o hp(UNV) = hp(U) @k (V) — hp(UUV) —2 by 1 (UAV) — hyp 1 (U) B hp_1 (V) — ...

commuting with induced maps (the Mayer-Vietoris sequence is natural). Here the map
haU N V) = ha(U) & ha(V) is @ = ((i0).(a), (iv).(a)), the map ha(U) & ha(V) —
ho(UUV) is (o, B) — (Ju)«(@) — (Jv)«(B) and the map d is a group homomorphism called
the boundary operator. Note that d is an essential part of the homology theory.

We required that h,(X) = 0 for n < 0. Such a theory is often called connective
homology theory. As before we say that h,, is a functor from the category of topological
spaces and continuous maps to the category of abelian groups and group homomorphisms.
As for singular homology, the map d is an essential datum of a homology theory. The
maps iy and ¢y are the inclusions from U NV to U and V, the maps jy and jy are the
inclusions from U and V' to U U V. The sequence extends arbitrarily far to the left and
ends as

on the right.

63
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2. Comparison of homology theories

We want to show that under appropriate conditions two homology theories are—in
a certain sense—equivalent. We begin with the definition of a natural transformation
between two homology theories A and B.

Definition: Let A and B be homology theories. A natural transformation 7 assigns
to each space X a homomorphism 7 : A(X) — B(X) such that for each f : X — Y the
diagram

AX) = B(X)
L s L fs

AY) 7 B(Y)

commutes.
We furthermore require that the diagram

A, (UUV) 5 B,(UUV)
ldA ldB
A, (UNV) = B, (UNV)

commutes.
A natural transformation is called a natural equivalence if for each X the homo-
morphism 7 : A(X) — B(X) is an isomorphism.

In the following chapters, we will sometimes consider two homology theories and a
natural transformation between them, and we may want to check whether this is a nat-
ural equivalence — at least for a suitable class of spaces X. It turns out that for the
spaces under consideration this can very easily be decided: one only has to check that
7 : A,(pt) — B,(pt) is an isomorphism for all n.

To characterize such a class of suitable spaces, we introduce the notion of homology
with compact support. A space is called weakly compact if each open covering has a finite
subcovering. If the space is Hausdorff, then this is equivalent to being compact.

Definition: A homology theory h is a homology with compact support if for each
homology class x € h,(X) there is a weakly compact subspace K C X and 8 € h,(K)
such that © = j,(0), where j : K — X is the inclusion, and if for each weakly compact
K C X and x € h,(K) mapping to 0 in h,(X), there is a weakly compact space K' with
K C K' C X such that i.(x) =0, where i : K — K' is the inclusion.
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For example, homology (integral or with Z/2-coefficients) is compactly supported since
the image of a compact space under a continuous map is weakly compact.

A first comparison result is the following:

PROPOSITION 9.1. Let h and b’ be compactly supported homology theories and T : h —
h' be a natural transformation such that T : h,(pt) — hl (pt) is an isomorphism for all k.
Then 7 is an isomorphism 7 : h,(U) — k! (U) for all open U C R*.

The proof is based on the 5-Lemma in homological algebra.

LEMMA 9.2. Consider a commutative diagram of abelian groups and homomorphisms

A — B — C — D — F

! = Lf = !
A — B — (¢ — D — F

where the horizontal lines are exact sequences, the maps from B and D are isomorphisms,
the map from A is surjective and the map from E is injective. Then the map f: C — C’
18 an isomorphism.

Proof: This is a simple diagram chasing argument. We demonstrate the principle by
showing that C' — C” is surjective and leave the injectivity as an exercise to the reader.
For ¢ € C’ consider the image d’ € D" and the pre-image d € D. Since F injects into £,
the element d maps to 0 in F, and thus there is ¢ € C' mapping to d. By construction
f(c) — ¢ maps to 0 in D’. Thus there is ¥ € B’ mapping to f(c) — ¢. We take the
pre-image b € B and replace ¢ by ¢ — g(b), where ¢ is the map from B to C. Then
fle=g(b)) = = flc) = fg(b) = = f(c) =g'(V') — ¢ = f(c) = f(¢c) + ¢ — ¢ = 0, where
¢’ is the map from B’ to C".

q.e.d.

With this lemma we can now prove the proposition.

Proof of Proposition 9.1: Let U; and U; be open subsets of a space X and suppose that
7 is an isomorphism for Uy, Uy and U; N U,. Then the Mayer-Vietoris sequence together
with the 5-Lemma imply that 7 is an isomorphism for U; U Us.

Now consider a finite union of s open cubes (a1, b;) x -+ X (ax, b)) C R¥. Since the
intersection of two open cubes is again an open cube or empty, the intersection of the s-th
cube Ug with Uy U ... U U,_; is a union of s — 1 open cubes. Since each cube is homotopy
equivalent to a point pt, we conclude inductively over s that 7 is an isomorphism for all
U C R* which are a finite union of s cubes.

Now consider an arbitrary U C R* and = € I/ (U). Since h/, has compact support,
there is a compact subspace K C U such that z = j,(5) with 5 € h/,(K). Cover K by a
finite union V' of open cubes such that K C V C U and denote the inclusion from K to V'
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by i. Then, by the consideration above, i.(/3) is in the image of 7 : h, (V) — k!, (V). Now
consider the inclusion from V' to U to conclude that z is in the image of 7 : h,,(U) — k! (U).
Thus 7 is surjective.

For injectivity, one argues similarly. Let z € h,(U) such that 7(z) = 0. Then we first
consider a compact subspace K in U such that z = j,(3). Then, since 7(3) = 0 in A/ (U),
there is a compact set K’ such that K € K’ C U and j.(8) maps to 0 in h, (K’). By
covering K’ by a finite number of cubes in U, we conclude that $ maps to 0 in this finite
number of cubes since 7 is injective for this space. Thus x = 0.

q.e.d.

Applying the Mayer-Vietoris sequence and the 5-Lemma again, one concludes that in
the situation of Proposition 9.1 one can replace U by a space which can be covered by a
finite union of open subsets which are homeomorphic to open subsets of R¥.

COROLLARY 9.3. Let h and h' be compactly supported homology theories and T : h — b’
be a natural transformation. Suppose that T : hy(pt) — R, (pt) is an isomorphism for all
n. Then for each topological manifold M (with or without boundary) admitting a finite
atlas T : h,(M) — hl (M) is an isomorphism for all n.

In particular, this corollary applies to all compact manifolds. One can easily generalize
this result by considering spaces X = R U; Y which are obtained by gluing a compact
c-manifold R (i.e. a manifold together with a germ class of collars) via a continuous
map f to space Y for which 7 is an isomorphism. For then we decompose R U; Y into
U := R — OR and the union V of Y with the collar of OR in R. Then U is a manifold
with finite atlas, U NV is homotopy equivalent to OR, a manifold with finite atlas and
V' is homotopy equivalent to Y. Thus the result above together with the Mayer-Vietoris
and the 5-Lemma argument implies that 7 is an isomorphism h,(RU;Y) — hl,(RU;Y).

Definition: We call a space X nice if it is either a topological manifold (with or with-
out boundary) with finite atlas or obtained by gluing a compact topological manifold with
boundary via a continuous map of the boundary to a nice space.

COROLLARY 9.4. Let h,h' and 7 be as above. Then for each nice space X the homo-
morphism 7 : hy,(X) — hl (X) is an isomorphism.

3. C'W-complexes

Motivated by the definition of nice spaces, we introduce now another class of objects
called (finite) C'W-complexes which lead to nice spaces. Of course, C'W-complexes are
not only useful for comparing homology theories but in many aspects of algebraic topology.

Definition: An m-dimensional finite C'W-complex is a topological space X together
with subspaces ) = X' ¢ XY Cc X' C --- C X™ = X. In addition we require that for
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0 < j < m, there are continuous maps f] = S~ — X', where D] = D7 = {z €
R7| ||z]| < 1} and homeomorphisms

s -
X = (+,1,D)) Uy X7

r=1""r

We call X°, X1, .... a CW-decomposition of the topological space and call the open
balls cells. We denote a CW -complex shortly by X.

Thus a finite m-dimensional CW-complex can be obtained from a finite set of points
with discrete topology by first attaching a finite number of 1-dimensional balls, followed
by a finite number of 2-dimensional balls, ..., and finally a finite number of m-dimensional
balls via a continuous map from the boundary of the balls to the already constructed space.

Examples:
1) X =85 X0=...= X" =pt, X =Dm™Upt.

2.) Let f7: S7=' — RP’! be the canonical projection. Then we have a homeomorphism
DI Uy RPFH — R

mapping & € D7 to [zy,---,25,,/1 — ¥z7] and [2] € RP/~! to [2,0]. Thus X7 := RP/
(0 < j <m) gives a CW-decomposition of RP™.

3.) Similarly, X7 := CPV/? gives a C'W-decomposition of CP".

Here is a first instance showing that it is useful to consider C'W-decompositions.

THEOREM 9.5. A finite CW -complex X is homologically and Z/2-homologically finite.
Denote the number of j-cells of a finite CW -complex X by ;. Then:

e(X) =Y (~1) -5
5=0
Proof: We prove the statement inductively over the cells. Suppose that Y is homolog-
ically finite and Z/2-homologically finite. Let f : S*~! — Y be a continuous map and

consider Z := D*U;Y. We decompose Z = UUV with U = DFandV = Z— {0}, where
0 € D*. The space U NV is homotopy equivalent to S¥~1, U is homotopy equivalent to
a point, and V' is homotopy equivalent to Y.

The Mayer-Vietoris sequence implies that Z is homologically and Z/2-homologically
finite, thus, and by Theorem 7.4
e(Z) = e(Y)+e(pt) —e(S")
e(Y)+1—(1+ (1))
= e(Y)+(-1F,

which implies the statement.
q.e.d.
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Remark: In this case as well as in many other instances, it is enough to require that X
s homotopy equivalent to a finite CW -complex.

Remark: One can generalize the definition to non-finite CW -complexes which are ob-

tained from an arbitrary discrete set by attaching an arbitrary number of 1-cells, 2-cells
and so on.



CHAPTER 10

Kunneth’s theorem

Prerequisites: In this chapter we assume that the reader is familiar with tensor products of modules. The basic

definitions and some results on tensor products relevant for our context are contained in Appendix C.

1. The x-product

We want to compute the homology of X x Y. To compare it with the homology of X
and Y, we construct the x-product H;(X) x H;(Y) — H;;(X x Y). If [S, g] € Hig(X)
and [S', ¢'] € H/(Y) we construct an element

[Svg] X [Slvgl] € Hk—l—l(X X Y)

and similar for Z/2-homology.

For this we take the cartesian product of S and S’ (considered as stratifold by example
6 in chapter 2) and the product of g and ¢'.

If S and S’ are regular and Z/2—oriented, then the product is regular and the (k +
[ — 1)—dimensional stratum +;j—.;_1(S" x (")) = S* x (/)71 4+ S¥~1 x (S)! is empty.
Thus [S x S', g x ¢'] is an element of Hy (X x Y;Z/2). If S and S’ are oriented then
the (k + [)-dimensional stratum is S* x (S’)! and so carries the product orientation. Thus
[S x S, g x ¢] is an element of Hy (X x Y). This is the construction of the x-products:

HZ(X) X HJ(Y) — Hi+j(X X Y)
and
which are defined as

[S,g] x [S',g:=[S xS, g9 x g

By construction the x-products are well defined and bilinear. They are also by con-
struction associative:

ProprosITION 10.1. The X-products are bilinear and associative.
Since the x-products are bilinear they induce maps from the tensor product
H,(X;Z/2) ®2/o H;(Y;Z/2) — Hij(X x Y;Z/2)
69
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and

(We denote the tensor product of abelian groups by ® and of F-vector spaces by ®p.)

We sum the left side over all i, 5 with ¢ + j = k to obtain homomorphisms
X 1 @i =k Hi(X) @ Hy(Y) — Hi(X x Y)

and

It would be nice if these maps were isomorphisms. For Z/2-homology, we will show
this under some assumptions on X, but for integral homology these assumptions are not
sufficient. The idea is to fix Y and to consider the functor

H) (X) = Hy(X xY)
where for f: X — X’ we define
for HY(X) — H(X')

by (f x Id).. This is obviously a homology theory: The Mayer-Vietoris sequence holds
since

(Ul XY)U(UQ XY): (U1UU2> XY,
(U1 XY)ﬂ(UQ xY):(UlﬂUg) xY.
Furthermore this is a homology theory with compact support.

For X a point the maps x above are isomorphisms. Thus we could try to prove that
they are always an isomorphism for nice spaces X by applying the comparison result

Corollary 9.4 if
X @ Hy (X) @ Hy(Y) =: b (X).
were also a homology theory and similarly if
X — @iy j (X5 Z/2) @70 Hy (Y Z/2) =: b)) (X Z/2)

were a homology theory. Here, for f : X — X', we define f. = ®jmi((fx ® Id) :
H;(X) ® H;(Y) — H;(X') @ H;(Y)).

The homotopy axiom is clear but the Mayer-Vietoris sequence is a problem. It would
follow if for an exact sequence of abelian groups
AL Bc
and abelian group D the sequence

Ao DY B D cwD



2. THE KUNNETH THEOREM 71

were exact. But this is in general not the case. For example consider
0-72-57
and D = Z/2 giving
0— 72/27 -2 7.)27
which is not exact since -2 : Z/2Z — Z/27 is 0. If instead of abelian groups we work with
vector spaces over a field F', the sequence

Aer D2 Bop D24 ¢ op D
is exact. It is enough to show this for short exact sequences 0 — A — B — C' — 0 by
passing to the image in C' and dividing out the kernel in A. Then there is a splitting
s:C — B with gs = Id and a splitting p : B — A with pf = Id. These splittings induce
splittings of

Aop D2 B D2 0 9w D

implying its exactness.

The sequence is also exact, if D is a torsion free finitely generated abelian group.
Namely then D = Z" for some r. It is enough to check exactness for r = 1, where it is
trivial since A ® Z = A. For larger r we use that AQ (D@ D)= (A®D)®d (A D).

Thus, if all homology groups of Y are finitely generated and torsion free, the functor
hY (X) is a generalized homology theory. And since Hy(X;Z/2) is a Z/2-vector space we
conclude that for a fixed space Y the functor hY (X;7Z/2) is a homology theory. To obtain
some partial information about the integral homology groups of a product of two spaces,
if Hy(Y) is not finitely generated and torsion free, we define rational homology groups.

Definition: H,,(X;Q) := H,,(X) ® Q. For f : X — Y we define f. : H,(X;Q) —
H,.(Y;Q) by f, @ Id: Hp(X) ©Q — H, (V) ® Q.

By the considerations above the rational homology groups are a homology theory
called rational homology. Since the rational homology groups are (Q-vector spaces
(scalar multiplication with A € Q is given by A(z ® u) := z ® Au), the functor

X — @i Hi(X;Q) @ Hy(Y; Q) =: y (X; Q).

is a homology theory. By construction it has compact support.

2. The Kunneth theorem

To apply Corollary 9.4 we have to check that the maps x : hY (X;Z/2) — HY (X;Z/2),
X :hY(X) — HY(X) and x : h) (X;Q) — HY (X;Q) commute with induced maps and
the boundary operator in the Mayer-Vietoris sequence, in other words are natural transfor-
mations. The proof is the same in all three cases and so we only give it for Z/2-homology:
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LEMMA 10.2. The map
x:hl(X;7/2) - HY (X;Z/)2).
s a natural transformation.

Proof: Everything is clear except the commutativity in the Mayer-Vietoris sequence.
Let Uy and U be open subsets of X and consider for i +j = k the element [S, f]|®[Z, g] €
H,(U; UU;) ® H;(Y). By our definition of the boundary operator in the Mayer-Vietoris
sequence of H;(X) we can decompose the stratifold S (after perhaps changing it by a
bordism) as S = S; U Sy with 0S; = 0Ss =: Q, where f(S;) C Uy and f(S,) C Us.
Then d([S,f]) = [Q f|Q] Thus d([Saf] ® [Zag]) = [Qa.ﬂQ] ® [ng] On the other
hand [S, f] x [Z,g] = [S X Z, f X ¢] and, since S x Z = (S; U Sy) x Z, we conclude:

d([SXZ,f xg])=[QxZ f\T % g|. Thus the diagram

X

HZ(Ul U UQ) & HJ(Y) — Hi+j((U1 U UQ) X Y)

ld ld
Hi—l(Ul N Ug) & H](Y) L Hi+j_1((U1 N Ug) X Y)

commutes.
q.e.d.

Now the Kiinneth Theorem is an immediate consequence of Corollary 9.4:

THEOREM 10.3. (Kiinneth Theorem) Let X be a nice space. Then for F = Q or
727
Xt @y Hy (X5 F) @p Hy (Y F) — Hy (X X Y5 F)
is an isomorphism. The same holds for integral homology if for all j the groups H;(Y)
are torsion free and finitely generated.

We note that the Kiinneth theorem holds for all spaces X which are finite CW-
complexes since all these spaces are nice. In a later chapter we will identify singular
homology of CW-complexes with the homology groups defined in a traditional way using
simplices. The world of simplices is more appropriate for dealing with the Kiinneth The-
orem and one obtains there a general result computing the integral homology groups of a
product of C'W-complexes.

As an application we prove that for nice spaces X the Euler characteristic of X x Y
is the product of the Euler characteristics of X and Y.

THEOREM 10.4. Let X and Y be 7Z/2 homologically finite and X a nice space. Then
e(X xY)=e(X)-eY).

Proof: By the previous theorem the proof follows from



2. THE KUNNETH THEOREM 73

LEMMA 10.5. Let A = (Ao, Ay,..., Ag) and B = (By, ..., B,) be sequences of finite-
dimensional 7/ 2-vector spaces. Then for C(A, B) with Cs = ®;4;—s A; ® B;, we have

e(C) =e(A) -e(B).
Here e(A4) := Y ,(—1)"dim A4;.
Proof: We prove it by induction over k. Let A’ be given by Ag, Ay,---, Ax_1. Then

e(A) + (=1)*dim Ay = e(A). Define C" as C(A', B). Then Cy = C! for s < k and
Citj = Chy; © (A @ By).

Thus,
e(C) = e(C") + (=1)kdim Ay e(B)
= e(4)-e(B)+ (—1)*dim A, e(B)
= e(A)-e(B).
q.e.d.

Another application is the computation of the homology of a product of two spheres
S™ x 8™ for n and m positive. Since the homology groups of S™ are torsion free, the
Kiinneth theorem implies Hy(S™ x S™) = @41 H;(S™) ® H;(S™).

7 k=0,n+m

Z k=n,if n#m
Hp(S" x S™) =< Z E=m,if n#m

Z®&7Z k=n=m

0 else

Here we use that A ® Z =2 A for each abelian group A. We actually obtain with the
x-product a basis for the homology groups: Let = be a point in S™ and y be a point in S™.
Then [(x,y), ] generates Hy(S™ x S™), [S™ X y, 1] generates H, (S™ x S™) and [z x S™, 1]
generates H,,(S™ x S™) for n # m, and these elements are a basis of H,(S" x S"), if
n = m, and finally the fundamental class [S™ x S™] generates H,,,(S™ x S™). Here i
always stands for the inclusion.

These examples are in agreement with our geometric intuition that the manifolds
giving the homology classes "fish” the corresponding holes.






CHAPTER 11

Some lens spaces and quarternionic generalizations

1. Lens spaces

In this chapter we will construct a class of manifolds that, on the one hand, gives
more fundamental examples to play with and, on the other hand, is the basis for some
very interesting aspects of modern differential topology. Some of these aspects will be
discussed in later chapters.

The manifolds under consideration have various geometric features. We will concen-
trate on one aspect: they are total spaces of smooth fibre bundles. A smooth fibre
bundle is a smooth map p : F — B between smooth manifolds such that for each x € B
there is an open neighbourhood U and a diffeomorphism ¢ : p~}(U) — U x F for some
smooth manifold F' with pl|,-1) = p1p. Such a ¢ is called a local trivialization. For a
point z € B we call E, := p~!(x) the fibre over .

We begin with some bundles over S? with fibre S'. Let k& be an integer. Decompose
S? as D? Ugr D? and define

Ly :=D*x S"Uy, D*x S!

where fi : St x St — S1x S!is the diffeomorphism mapping (21, 23) to (21, 2F2;). Here we
consider S' as a subgroup of C*. The map is a diffeomorphism since (21, z5) > (21, 21 *22)
is an inverse map. L is equipped with a smooth structure. It is called a lens space. Is
it orientable? This is easily seen without deeper consideration for the following reason.
Since S x S* = 9(D? x S') is connected, f is either orientation preserving or orientation
reversing (by continuity of the orientation and of df, the orientation behaviour cannot
jump). If it were orientation reversing, we are done by orienting both copies of D? x S! in
D? x S1U; D? x St equally. If it is orientation preserving, we are also done by orienting
the second copy of D? x S in D? x S* Uy D? x S* opposite to the first one, making f
artificially orientation reversing.

Of course, by computing d(f;), in our example we can decide if f; is orientation
preserving. For this consider S' x S! as a submanifold of C* x C* and extend f; to the
map given by the same expression on C* x C*. Then (dfy)., -, is given by the complex

Jacobi matrix
1 0

k—1 k
kzi "z 2

75
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To obtain the map on T(;, .,)(S*x.S") we have to restrict this map to zi" x 23 = T(s, »,) (S x
S1). We give a basis of T, .,)(S* x S') by (iz1,0) and (0,4z) and use this basis as our
standard orientation. We have to compare the orientation given by d(fi)(s ) (¢21,0)
and d(fi)(z1,2)(0,722) at the point fy(z1,22) = (21, 222) with that given by (iz1,0) and
(0,i2F22). But d(fi)(sy,20)(i21,0) = (121, kiz}z2) and d(fi)(z1,2)(0,722) = (0,22F22). The
base change matrix is
10
(7

and it has a positive determinant. Thus f; is orientation preserving and to orient L; we
have to consider it as D? x S* Uy, —D? x S'. From now on, we consider L as an oriented
3-manifold with this orientation.

As mentioned above, there are different natural descriptions of lens spaces. Although
we don’t need this, we give another description of Ly for £k > 0. For this we con-
sider the 3-sphere S® as subspace of C2. The group of k-th roots of unity in S! is
Gr = {z € S|zF = 1}. We consider the space S3/q, := S%/. , where v ~ w if and only
if there is 2 € G} such that zv = w. For example, S%/¢, is the projective space RP?. Tt
is not difficult to identify 53/ ¢, wWith L;. As a hint one should start with the case k =1
and identify S = 53/, with L;. Once this is achieved, one can use this information to
solve the case k > 1.

We consider the map p : Ly — S? = D? U —D? mapping (z1,22) € D?* x S to 2
and (21,27) € —D? x S' to z;. This is obviously well defined and by construction of
the smooth structures on L; and on D? U —D? = S? it is a smooth map. Actually, by
construction p : L — S? is a smooth fibre bundle.

We want to classify the manifolds L up to diffeomorphism. For this we first compute
the homology groups. We prepare this by some general considerations. As above, consider
two smooth c-manifolds W, and W5 and a diffeomorphism f : 0W; — 0W,. Then consider
the open covering of W; Uy Wy given by the union of W; and the collar of OW; in W,
denoted by U, and of Wy and the collar of OW; in Wy, denoted by V. Obviously, the
inclusions from Wj to U and from W5 to V' as well as from 0W; to U NV are homotopy
equivalences. With this information we consider the Mayer-Vietoris sequence and replace
the homology group of U, V and U NV by the isomorphic homology group of Wy, W,
and OW;:

- — H(OW)) — Hy(W1) @ Hy, (W) — Hy (W) Up Wa) -5 Hy_y (0W;) — - - -

where the map from Hy(W;) & Hy(Ws) to Hy(W; U W) is the difference of the maps
induced by inclusions. The map from Hy(0W;) to Hy(W;) is (j1)«, where j; is the inclu-
sion from OW; to Wy, and the map from Hy(0W;) to Hy(W2) is (j2)«f«, where js is the
inclusion from W, to Wh.

Applying this to Ly implies that H,(Ly) = 0 for r > 3 and we have an isomorphism
H;(Ly,) % H(S! x SY) 2 Z. Since the fundamental class [Ly] € Hj(Ly) is a primitive
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element, we conclude

Hj(Ly) = Z[Ly],
the free abelian group of rank 1 generated by the fundamental class[L;]. The computation
of Hy and H; is given by the exact sequence:

0— H2<Lk) — H1<S1 X Sl) — H1<Sl) D H1<Sl) — H1<Lk) — 0

in which the map from H;(S' x S') to the first component is (py)., where py is the
projection onto the second factor, and the map from H;(S* x S') to the second compo-
nent is (p2).«(fi)s. By the Kiinneth Theorem 10.3 we have seen that H;(S! x S!) =
Z[S', i) @ Z[S',is], where i1(z) = (2,1) and ix(z) = (1,2). If a is an element of
H,;(S' x S!), the coefficients of o with respect to the basis [S!,4;] and [S!,iy] are
(p1)«(a) € Hi(SY) = Z and (py).(a) € Hy(SY) = Z.

Thus
(fr)«[S%,01] = deg(pa frir)[S", ia] + deg(pa fyin)[S™, i)
and
(f)«[S", i) = deg(p1 fria)[S", ia] + deg(pa fiiz)[S", is]
From Proposition 8.4 we know the corresponding degrees and conclude that with
respect to the basis [S?, 1] and [S!, 5] of H;(S! x S') the map (fi)« is given by

(i7)

With this information the exact sequence above gives
0—-Hy(Ly) = ZdZ —ZDZ — Hy(Ly) — 0,
where the map Z @& Z — 7Z @® 7 is given by the matrix
(i)
k1

The kernel of this linear map is 0 and the cokernel Z/|k|Z. Thus we have shown that
Hy(Ly) =0 and H,(Ly) = Z/|k|Z generated by the inclusions of the fibres into Ly:

ProPOSITION 11.1. The homology of Ly is

0 r>3,r=2
H.(Ly) =< Z r=20,3
Z/\klZ r=1

where Hy(Ly) is generated by [S*, j] and j : S* — D? x St C L;, maps z to (0, 2).

As a consequence, |k| is an invariant of the homeomorphism type or even the homotopy
type of L. On the other hand, conjugation on the fibres S* induces a diffeomorphism
from L;, to L_;. Thus we conclude

PROPOSITION 11.2. Ly is diffeomorphic to L, if and only if |k| = |q].
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2. Milnor manifolds

Now, we generalize our construction by passing from the complex numbers to the
quaternions H. Recall that H is the skew field which as abelian group is R* with basis
1,4, j, k and multiplication defined by the relations i2 = j2 = k? = —1 and ij = —ji, ik =
—ki, jk = —kj and ij = k,jk = i,ki = 7. It is useful to consider H as C x C with
1 =(1,0),7 = (i,0),5 = (0,1) and k = (0,4). Then the multiplication is given by the
formula

(21, 22) - (Y1, 92) = (21y1 — Ya22, Y221 + 2201)

The unit vectors S® = {(z1, 20)|2121 + 2272 = 1} form a multiplicative subgroup. In
contrast to S* C C, this subgroup is not commutative. This is the reason why we have
more possibilities if we generalize our construction of L to quaternions.

Let k,l be integers. Then we define a diffeomorphism
fk,l : S3><53 — 53><53
(z,y) > (z,2%ya!)

and denote

My = D* x S Uy, , —D* x §°
Here, as in the case of lens spaces, one can show that f;; is orientation preserving, and
thus one has to take the opposite orientation on the second copy of D* x S? to orient
Mj.,; in a consistent way. As for lens spaces the projection onto D*U —D* gives a smooth
fibre bundle p : Mj; — S*. We call these manifolds Milnor manifolds, since they were

investigated by Milnor in his famous paper ” On manifolds homeomorphic to the 7-sphere”
[Mi 1].

We can compute H,. (M} ;) in the same way as H,.(Ly) once we know the induced map
(fra)e s Hy(S? x %) — Hy(5° x §°).
To compute this, consider two maps f, g : S* — S3. We compute the degree of
f-g : S — S3
z o+ f(x)-g(z)

LEMMA 11.3. For continuous maps f, g : S® — S3 the degree of f - g is

deg(f - g) =deg f +deg g

Proof: Consider the diagonal map A : §® — S% x S3 mapping + — (z,z). The
induced map in homology maps the fundamental class [S®] to [S?,4;] + [S®, i3], where
i1(q) = (¢, 1) and 4z(q) = (1,¢). The map S® x S? — S® mapping (q1,¢2) to f(q1) - 9(q2)
induces a map in homology mapping [S3,4;] to deg f - [S?] and [S3,is] to deg g - [S?]
(why?). Thus deg f-g = deg f + deg g.

q.e.d.
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With this information one concludes that, with respect to the basis [S3,i1] and [S3, i)
of H3(S? x $3), the induced map of fi; on H3(S® x S?) is given by the matrix

1 0
E+1 1

From this, as in the case of Ly, one can compute the homology of M, ; and obtains

PROPOSITION 11.4. H, (M) =0 forr>7,r=1,2,56;
Ho(My,) =
H7 (M) = 7Z - [My,]
Hy(M,) = Z/k+1)-Z
Z k+1=0
H, (M) = {

else

Thus |k + [] is an invariant of the homotopy type. In contrast to Lg, this is not
enough to distinguish the manifolds Mj;. In the next chapters we will develop various
techniques of general interest which all have some implications for the manifolds Mj .
Thus, these manifolds serve in a wonderful way as motivating examples for theories of
high importance.






CHAPTER 12

Singular cohomology and Poincaré duality

1. Singular cohomology groups

Prerequisites: We assume that the reader knows what a smooth vector bundle is [B-J], [Hi].

In this chapter we consider another bordism group of stratifolds which at the first
glance looks like singular homology. It is only defined for smooth manifolds (without
boundary). Similar groups were first introduced by Quillen [Q] and Dold [D]. They con-
sider bordism classes of smooth manifolds instead of stratifolds.

The main difference between the new groups and singular homology is that we consider
bordism classes of non-compact stratifolds. To obtain something non-trivial we require
that the map g : T — M is a proper map. We recall that a map between paracompact
spaces is proper if the preimage of each compact space is compact. A second difference
is that we only consider smooth maps. For simplicity we only define these bordism groups
for oriented manifolds. (FEach m-dimensional manifold is in a canonical way homotopy
equivalent to a m+ 1-dimensional oriented manifold, the total space of the so called orien-
tation line bundle, so that one can extend the definition to non-oriented manifolds using
this trick.)

Definition: Let M be an oriented smooth m-dimensional manifold without boundary.
Then we define the integral cohomology group H*(M) as the group of bordism classes
of proper smooth maps g : S — M, where S is an oriented reqular stratifold of dimension
m — k (of course we require also for bordisms that the maps are proper and smooth and
the stratifolds are oriented and regular).

Concerning the notation we have denoted cohomology groups by the letter H*(M)
and not H*(M), which seems to be more natural in analogy with the letter we used for
homology groups. The reason is that our cohomology groups agree with ordinary singular
cohomology groups of smooth manifolds (which are always denoted by H*(M)) whereas
our homology groups H(X) are in general different from the singular homology groups
Hi(X) (but equal for nice spaces like manifolds and C'W-complexes). For this compare
the discussion in §20.

The reader might wonder, why we required that M is oriented. The definition seems
to work without this condition. This will become clear when we define induced maps.

81
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Then we will better understand the relation between H*(M) and H*(—M), where we
change the orientation of M.

As for homology groups the sum is given by disjoint union and the inverse of [S, ¢] is
represented by (—S,g). The relation between the grade k of H*(M) and the dimension
m — k of representatives of the bordism classes looks strange but we will see that it is
natural for various reasons.

If M is a point then g : S — pt is proper if and only if S is compact. Thus

H*(pt) =H_(pt) = Z, if k =0, and 0 if k # 0.

To get a first feeling for cohomology classes, we consider the following situation. Let
p : E — N be a k-dimensional smooth oriented vector bundle over an n-dimensional
oriented smooth manifold. Then the total space F is a smooth (k + n)-dimensional
manifold. The O-section s : N — FE is a proper map since s(N) is a closed subspace.
Thus

[N, s] € H*(E)

is a cohomology class. This is the most important example we have in mind and will
play an essential role when we define characteristic classes. A special case is given by a
0-dimensional vector bundle where £ = N and p = Id. Thus we have for each smooth
oriented manifold N the class [N, Id] € H°(N), which we call 1 € H°(N). Later we will
define a multiplication on the cohomology groups and it will turn out that multiplication
with [N,id] is the identity, justifying the notation.

Is the class [N, s] non-trivial? We will see that it is often non-trivial but it is zero if £
admits a no-where vanishing section v : N — E. Namely then we obtain a zero bordism
by taking the smooth manifold N x [0,00) and the map G : N x [0,00) — E mapping
(x,t) — tv(x). The fact that v is no-where vanishing implies that G is a proper map.
Thus we have shown

PROPOSITION 12.1. Let p: E— N be a smooth oriented k-dimensional vector bundle

over a smooth oriented manifold N. If E has a no-where vanishing section v then [N, s] €
HY*(E) vanishes.

In particular, if [V, s] is non-trivial, then F does not admit a no-where vanishing sec-
tion.

In the following considerations and constructions it is helpful for the reader to look at
the cohomology class [N, s] € H*(E) and test the situation with this class.
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2. Poincaré duality

Cohomology groups are, as indicated for example in Proposition 12.1, a useful tool.
To apply this tool one has to find methods for their computation. We will do this in two
completely different ways. The fact that they are so different is very useful since one can
combine the information to obtain very surprising results like the vanishing of the Euler
characteristic of odd-dimensional compact smooth manifolds.

The first tool, the famous Poincaré duality isomorphism, only works for compact ori-
ented manifolds and relates their cohomology groups to the homology groups. Whereas
in the classical approach to (co)homology the duality theorem is difficult to prove it is
almost trivial in our context. The second tool is the Kronecker isomorphism which relates
the cohomology groups to the dual space of the homology groups. This will be explained
in a later chapter.

Let M be a compact oriented smooth m-dimensional manifold. (Here we recall that
if we use the term manifold, then it is automatically without boundary; manifolds with
boundary are in this book always c-manifolds. Thus a compact manifold is what in the
literature is often called a closed manifold, a compact manifold without boundary.) If
M is compact and f : S — M is a proper map, then S is actually compact. Thus we
obtain a homomorphism

P:H"M)— H,,_(M)
which assigns to [S, g] € H¥(M) the class [S, g] considered as element of H,,_(M). Here
we only "forget” that the map ¢ is smooth and consider it as continuous map.

THEOREM 12.2. (Poincaré duality): For a closed smooth oriented manifold M the
map
P:H"M)— H,,_(M)
s an isomorphism

Proof: For the proof we apply the following useful approximation result for continuous
maps from a stratifold to a smooth manifold. It is another nice application of partition
of unity.

PROPOSITION 12.3. Let f : S — N be a continuous map, which in an open neighbour-
hood of a closed subset A C S is smooth. Then there is a smooth map g : S — N which
on A agrees with f and which is homotopic to f rel. A.

Proof The proof is the same as for a map from a smooth manifold M to N in ([B-J]
Satz 14.8). More precisely there it is proved that if we embed N as closed subspace into
an Euclidean space R™ then we can find a smooth map ¢ arbitrary close to f. The proof
only uses for M smooth partition of unity. Finally arbitrary close maps are homotopic
by ([B-J] Satz 12.9).
q.e.d.

As a consequence we obtain a similar result for c-stratifolds.
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PROPOSITION 12.4. Let f : T — M be a continuous map from a smooth c-stratifold T
to a smooth manifold M, whose restriction to OT is a smooth map. Then f is homotopic
relative boundary to a smooth map.

The proof follows from 12.3 using as subset A an appropriate closed subset in the
collar of T.

We apply this result to finish our proof. If ¢ : S — M represents an element of
H,, (M) we can apply Proposition 12.3 to replace g by a homotopic smooth map ¢
and so [S,g] = P([S,¢’]). This gives surjectivity of P. Similarly we use the relative
version 12.4 to show injectivity. Namely if for [S;, ¢1] and [Sy, go] in H*(M) we have
P([S1,91]) = P([S2, g2]) there is a bordism (T, G) between these two pairs, where G is a
continuous map whose restriction to the boundary is smooth. We apply Proposition 12.4
to replace G by a smooth map G’ which on the boundary agrees with the restriction of
G. Thus [S1, ¢1] = [S2, g2] € H*(M) and P is injective.

q.e.d.

In analogy to integral cohomology groups by considering bordism classes of proper
maps on oriented regular stratifolds we can define Z/2-cohomology groups of arbitrary
(non-oriented) smooth manifolds. The only difference is that we replace oriented regular
stratifolds by Z/2-oriented regular stratifolds which means that S"~! = () and no condi-
tion on the orientability of the top stratum. The corresponding cohomology groups are
denoted:

H*(M:;7/2)
The proof of Poincaré duality works the same way for Z/2-(co)homology:

THEOREM 12.5. (Poincaré duality for Z/2-(co)homology): For a closed smooth
oriented manifold M the map

P:HYM;Z/2) — H,,_+(M;Z/2)
18 an isomorphism

As mentioned above, we want to provide other methods for computing the cohomology
groups. They are based on the same ideas as used for computing homology groups, namely
to show that the cohomology groups fulfil axioms similar to the axioms of homology
groups. One of the applications of these axioms will be an isomorphism between H*(M)®
Q and Hom(H (M), Q) and an isomorphism H*(M;7/2) = Hom(H(M;Z/2),7/2). The
occurrence of the dual spaces Hom(H (M), Q) and Hom(H(M;Z/2),7Z/2) indicates a
difference between the fundamental properties of homology and cohomology. The induced
maps occurring should reverse their directions. We will see that this is the case.
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3. The Mayer-Vietoris sequence

One of the most powerful tools for computing cohomology groups is, as for homology,
the Mayer-Vietoris sequence. To formulate it we have to define for an open subset U of a
smooth oriented manifold M the map induced by the inclusion 7 : U — M. We equip U
with the orientation induced from M. If g : S — M is a smooth proper map we consider
the open subset g~ }(U) C S and restrict g to this open subset. It is again a proper map
(why 7) and thus we define

18,9 =97 (U), glg 1]

This is obviously well defined and a homomorphism * : H*(M) — H*(U). This map
reverses the direction of the arrows, as was motivated above. If V' is an open subset of U
and j : V — U is the inclusion, then by construction

Ji = )"
The next ingredient for the formulation of the Mayer-Vietoris sequence is the boundary

operator. We consider open subsets U and V in a smooth oriented manifold M, denote
U UV by X and define the boundary operator

§:HYUNV) — H (U uUV)

as follows. We introduce the disjoint closed subsets A := X —V and B := X — U.
We choose a smooth map p : U UV — R mapping A to 1 and B to —1. Now we
consider [S, f] € H¥(U NV). Let s € (—=1,1) be a regular value of pf. The preimage
D := (pf)~'(s) is an oriented regular stratifold of dimension n — 1 sitting in S. We define
5([S, f]) := [D, f|p] € H*1(X). It is easy to check that f|p is proper.

(D
g

Similarly as in the definition of the boundary map for the Mayer-Vietoris sequence in
homology one shows that § is well defined and that one obtains an exact sequence. For
details we refer to Appendix B.

IR

At the first glance this definition of the boundary operator looks strange since f(D)
is contained in U N'V. But considered as class in the cohomology of U NV it is trivial. It
is even zero in H*™1(U) as well as in H**1(V). The reason is that in the construction of
d we can decompose S as S Up S_ with p(S;) > s and p(S_) < s (as for the boundary
operator in homology we can assume up to bordism that there is a bicollar along D).
Then (S_, f|s_) is a zero bordism of (D, f|p) in U (note that f|s is proper as map
into U and not into V). Similarly (Sy, f|s,) is a zero bordism of (D, f|p) in V. But in
H*L(U U V) it is in general non-trivial.
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We summarize:

THEOREM 12.6. (Mayer-Vietoris sequence for integral cohomology): The fol-
lowing sequence is exact and commutes with induced maps

S HWUUV) — HYU) @ H(V) —» H"UNV) - B U UV) — -

The map from H"(U UV) to H*(U) & H™(V) is given by o — (jj; (), ji(«)), the map
from H*(U) & H™(V') to H*(UNV) by («a, B) — if; () — i3(5)



CHAPTER 13

Induced maps and the cohomology axioms

Prerequisites: In this chapter we apply one of the most powerful tools from differential topology, namely transversality.

The necessary information can be found in [B-J], [Hi|.

1. Transversality for stratifolds

We recall the basic definitions and results concerning transversality of manifolds.
Let M, P and ) be smooth manifolds of dimensions m, p and ¢, and f : P — M
and g : Q — M be smooth maps. Then we say that f is transversal to ¢ if for all
x € Pand y € Q with f(x) = ¢g(y) = 2z we have df(T,P) + dg(T,Q) = T.M. If
g . Q — M is the inclusion of a point z in M then this condition means that z is
a regular value of f. It is useful to note that the transversality condition is equiva-
lent to the property that f x g : P x Q — M x M is transversal to the diagonal
A = {(z,2)} € M x M. Similar as for preimages of regular values one proves that
(P, f) M (Q,9) = {(x,y) € (P xQ)|f(x) = g(y)} is a smooth submanifold of P x @
dimension p + ¢ — m [B-J], [Hi].

If all three manifolds are oriented then there is a canonical orientation on (P, f) mM
(@, g). To define this we firstly consider the case, where g is an embedding. In this case
we consider the normal bundle of ¢(Q) and orient it in such a way that the juxtaposition
of the orientations of T'Q) and the normal bundle give the orientation of M. In turn if
an orientation of the normal bundle and of M is given we obtain an induced compatible
orientation of (). Now we note that in this case (P, f) h (Q, g) is a submanifold of P and
the normal bundle of (P, f) M (@, g) in P is the pull back of the normal bundle of @ in M
and we equip it with the induced orientation, i.e. the orientation such the isomorphism
between the fibres of the normal bundle induced by the differential of f is orientation
preserving. By the considerations above this orientation of the normal bundle induces an
orientation on (P, f) M (@, g). If g is not an embedding we choose an embedding of () into
R (equipped with the canonical orientation) for some integer N and thicken M and P
replacing them by M x RY and P x RY and replace f by f x id. The map given by g on
the first component and by the embedding to R™ on the second gives an embedding of ()
into M x RY and f x id is transversal to this embedding and the preimage is canonically
diffeomorphic to (P, f) M (Q,g). Thus the construction above gives an orientation on
(P, f) M (@, g). This orientation does not depend on the choice of N and the embedding
to RY, since any two such embeddings are isotopic if we make N large enough by sta-
bilization passing from RY to R¥*!. This definition of an induced orientation has the
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useful property that if f': P’ — P is another smooth map transversal to (P, f) M (Q, g),
then the induced orientations on (P’, f') i ((P', f) h (Q,g)) and (P, ff') M (Q, g) agree.

To shorten notation we often write f g instead of (P, f) M (@, g). If M, P and @
are oriented we mean this manifold with the induced orientation.

If we replace P by a smooth c-manifold with boundary and f is a smooth map transver-
sal to g as well as f|gp transversal to g, then (P, f) h (Q, g) := {(z,y) € (P x Q)| f(z) =
g(y)} is a smooth c-manifold of dimension p 4+ ¢ —m with boundary f|sp M g. We obtain
a similar statement if instead of admitting a boundary for P we replace ) by a c-manifold
with boundary and require that f is transversal to the smooth c-map g as well as f
transversal to ¢|ag-

The transversality theorem states that if f: P — M and g : ) — M are smooth
maps then f is homotopic to f’ such that f’is transversal to g [B-J], [Hi]. More generally,
if A C P is a closed subset and for some open neighbourhood U of A the maps f|y and
g are transversal, then f is homotopic rel. A (i.e. the homotopy maps (z,t) € A x T to
f(z)) to f" such that f’ is transversal to g.

The same argument implies the following statement:

THEOREM 13.1. Let f : P — M and ¢, : Q1 — M, ..., g, : Q. — M be smooth
maps such that for some closed subset A C P and open neighbourhood U of A the maps
flu and g; are transversal for i =1,...,r. Then f is rel. A homotopic to f' such that f’
is transversal to g; for all i.

We want to generalize this argument to maps f : P — M, where P is as before a
smooth manifold, and g : S — M is a morphism from a stratifold to M. We say that
f is transversal to g if and only if f is transversal to restrictions of g to all strata. If f
is transversal to g, then we obtain a stratifold denoted by g M f whose underlying space
is {(z,y) € S x P|f(z) = g(y)}. The algebra is given by C(g th f), the restriction of
the functions in S x P to this space. The argument for showing that this is a stratifold
is the same as for the special case of the preimage of a regular value (Proposition 2.5).
The strata of g M f are g|lgi M f. The dimension of g M f is dim P + dim S — dim M.
If S is a regular stratifold, then g M f is regular, the isomorphisms of appropriate local
neighborhoods of the strata with a product are given by restrictions of the corresponding
isomorphisms for S x P.

As a consequence of the transversality theorem for manifolds we see:

THEOREM 13.2. Let f : P — M be a smooth map from a smooth manifold P to M
and g : S — M be a morphism from a stratifold S to M. Let A be a closed subset of P
and U an open neighbourhood such that f|y is transversal to g. Then f is homotopic rel.
A to f' such that [’ is transversal to g.
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Proof: We simply apply Theorem 13.1 to replace f by f’ (homotopic to f rel. A)
such that f’ is transversal to all h
q.e.d.

Si-

2. The induced maps

We return to our construction of singular cohomology and define the induced maps.
Let f: N — M be a smooth map between oriented manifolds and [S, g] be an element of
H¥(M). Then we replace f by a homotopic map f’: N — M which is transversal to g and
consider f’ M g. This is a regular stratifold of dimension n+dimS—m =n+m—k—m =
n — k. The stratum of dimension n — k — 1 is empty. The projection to N gives a map
g g f'— N. This is a proper map (why?). The orientations of M, N and S induce an
orientation of f’ h g, as explained above. This is the place where we used the ori-
entation of the manifold M. Thus the pair (g M f’, ¢') represents an element of H*(N).

Using theorem 13.2 we see that the bordism class of (¢ M f’,¢’) is unchanged if we
choose another map f] homotopic to f and transversal to g. Namely then f’ and f{ are
homotopic. We can assume that this homotopy is a smooth map, and that there is an
€ > 0st. h(z,t) = f'(x) for t < e and h(z,t) = f]{(x) for t > 1 — € (such a homotopy
is often called a technical homotopy). By Theorem 13.2 we can further assume that this
homotopy h is transversal to g. Then (g  h,g’) is a bordism between (g h f’,¢') and

(g fi,9).

For later use (Proof of Proposition 13.5) we note that this argument implies that the
induced map is a homotopy invariant.

Next we show that if (Sy, g1) and (Sa, ¢g2) are bordant, then (g, th f’, g7) is bordant to
(g2 0 [, gb), where f’ is homotopic to f and transversal to g; and to go simultaneously
(by the argument above we are free in the choice of the map which is transversal to a
given bordism class). Let (T, G) be a bordism between (S, g1) and (Sa, g2). Then using
again the fact that we are free in the choice of f’ we assume that f’ is also transversal to
G. Then (G M f',G') is a bordism between (g; th f’, ¢4) and (g2  f', g5). Thus we obtain
a well defined induced map

f* o H5(M) — H5(N)

mapping
[S.gl =g [ ]

where f’ is transversal to g and ¢’ is the restriction of the projection onto N. This con-
struction respects disjoint unions and so we have defined the induced homomorphism
in cohomology for a smooth map f : N — M. As announced above this induced map
in cohomology reverses its direction. By construction this definition agrees for inclusions
with the previous definition used in the formulation of the Mayer-Vietoris sequence. Here
one has to be careful with the orientation and we suggest that the reader checks that the
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conventions lead to the same definition.

The following is a useful special case for induced maps. Let f : N — M be an orienta-
tion preserving diffeomorphism. Then by construction f*([S, g]) =[S, f~1g|. If f reverses
the orientation then f*([S, g]) = —[S, f~!g]. In particular if we consider as f the identity
map from M to —M equipped with opposite orientation, we see that f* = —id. (One
should in this context not write id for the identity map, whose name in the oriented world
should be reserved for the identity map from M to M, where both are equipped with the
same orientation.)

If M and N are not oriented the same construction gives us an induced map
f*:H*(M;Z/2) — H¥(N;Z/2)

mapping
S, 9] = lgt f.g]

A central case of an induced map is the situation considered in the previous chapter
of a smooth oriented vector bundle p : E — N over an oriented manifold. We introduced
the cohomology class [N, s] € H*(E). We want to look at s*([V, s]) € H*(N). To obtain
this class we have to approximate s by another map s’ which is transversal to s(N) C E
(one can actually find s which is again a section [B-J]). Then s'(N) th s(N) is a smooth
submanifold of s(N) = N of dimension n — k. Let i : s'(N) h s(N) — s(N) = N be the
inclusion then we obtain

s*([N, s]) = [s'(N) h s(N),i] € H*(N)
This class is called the Euler class of £ and is abbreviated as
e(E) :=s*([N,s]) = [s'(N) h s(N),1] € Hk(N)

In the next chapter we will investigate this class in detail. From Proposition 12.1 we
conclude:

PrROPOSITION 13.3. Letp : E — N be a smooth oriented k-dimensional vector bundle.
If E has a no-where vanishing section v then e(E) = 0.

3. The cohomology axioms

We will now formulate and prove properties of cohomology groups which are analogous
to the axioms of a homology theory. Besides the fact that induced maps change direction
the main difference is that we only defined cohomology groups of smooth manifolds and
induced maps of smooth maps.

If f: N— Mandh: P — N are smooth maps, such that f is transversal to
g : S — M, where S is a regular stratifold, and h is transversal to ¢’ : f M g — N, then
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fh: P — M is transversal to g : S — M and fh h g = h ¢ (with induced orientations
as explained at the beginning of this chapter). This implies the following:

PROPOSITION 13.4. Let fi : My — My and fy : My — M;s be smooth maps. Then
fifs = (fh)

Furthermore by definition:
id" = id
Here we stress again, that we reserved the name id for the identity map from M to
M, both equipped with the same orientation!

Up to change of direction these are the properties of a functor assigning to a smooth
manifold an abelian group and to a smooth map a homomorphism between these groups re-
versing its direction. To distinguish it from a functor we call it a contravariant functor.
To make notation more symmetric, a functor is often also called a covariant functor.

To compare the Mayer-Vietoris sequence of different spaces it is useful to know that in-
duced maps commute with the boundary operator. Since the construction of the boundary
operator for cohomology is completely analogous to that for homology the same argument
implies this statement.

The property of a contravariant functor (Proposition 13.4) is—in analogy to homology—
the first fundamental property of a cohomology theory. The other two are the homotopy
axiom and the Mayer-Vietoris sequence which he have already constructed. The homo-
topy axiom was also already shown when we proved that the induced map is well defined:

ProrosiTION 13.5. Let f : N — M and g : N — M be homotopic smooth maps.
Then
fr=g": H*(M) — H"(M)

A contravariant functor h*(M) assigning to each smooth manifold abelian groups and
to each smooth map an induced map such that the statements of Theorems 12.6, 13.4,
13.5 hold and where the boundary operator in the Mayer-Vietoris sequence commutes
with induced maps, is called a cohomology theory for smooth manifolds and smooth
maps. Thus singular cohomology is a cohomology theory.

As for homology one can use the cohomology axioms to compute the cohomology
groups for many spaces like for example the spheres and complex projective spaces. For
compact oriented manifolds without boundary one can use Poincaré duality and reduce
it to the computation of homology groups.






CHAPTER 14

Products in cohomology and the Kronecker isomorphism

1. The x-product and the Kiinneth theorem

So far the basic structure of cohomology is completely analogous to that of homology.
The essential difference so far is the change of the direction of the maps between coho-
mology groups. We will in this chapter introduce a new structure called the cup product.

It is derived from the x-product which is defined as the x-product in homology. Let
M and N be smooth oriented manifolds of dimension m and n respectively. If [Sy, g1] €

H*(M) and [Ss, go] € H"(N) we define
[S1, g1] X [Sa, g2] := (—1)"[S1 X Sz, g1 X go] € H*"(M x N).

The sign looks strange at the first glance but it is needed to give a comfortable expression
when interchanging the factors, as we will discuss in the next paragraph. As in homology
the x-product

x : H*(M) x H"(N) — H*"(M x N)
is a bilinear and associative map. In the same way one defines the x-product for Z/2-
cohomology (of course one can omit there the signs):

x : H*(M;7Z/2) x H"(N;Z/2) — H*"" (M x N;7/2)

As announced we study the behavior of the x-product under a change of the factors.
For this we consider the flip diffecomorphism 7 : N x M — M x N mapping (z,y) to
(y,x), where M and N are m-resp. n-dimensional oriented manifolds. Then 7 changes the
orientation by (—1)™". Thus by the interpretation of induced map for diffeomorphisms,

if [S, f] € H*(M) and [S’, f'] € H"(N), then

TS xS fx f) = (=)™ x ST < f)]
To compare this with [S" x S, f' x f] we consider the flip map 7" from S x S’ to S’ x S
and note that 77'(f x f') = (f' x f)7’. Since 7' changes the orientation by the factor
(—1)dimSdimS" — (_1)(m=k)n=") e conclude that
T*([SXS/, fxf/]) — (_1)mn<_1>(mfk)(n7r) [S/XS, (f/xf)] — (_1>mr+nk+kr[s/xs’ (f/xf)]

Now we combine these signs with the sign occurring in the definition of the x-product to
obtain:

T[S, f1xXIS", 1) = T (=)™ (S xS, fx 1)) = (=1 IS %S, (' )] = (~)F[S', f]x[8, f].

93
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Thus we have the equality
T[S, f] < 8", f]) = (=)™ (IS, f] x S, f1)

The x product is a very useful tool. For example—as for homology—the x-product
is used in a Kiinneth theorem for rational cohomology and for Z/2-cohomology. Here
we define the rational cohomology groups H*(M;Q) := H*(M) ® Q. By elementary
algebraic considerations similar to the arguments for rational homology groups one shows
that rational cohomology fulfils the axioms of a cohomology theory. The proof of the
Kiinneth Theorem would be the same as for homology if we had a comparison theorem
like Corollary 9.4. The proof of Corollary 9.4 used the fact that homology groups are
compactly supported. This is not the case for cohomology groups. But the inductive
proof of Corollary 9.4 based on the 5-Lemma goes through in cohomology if we can cover
M by finitely many open subsets U; such that we know that the natural transformation
is an isomorphism for all finite intersections of these subsets. This leads to the concept
of a good atlas of a smooth manifolds M. This is an atlas ¢; : U; — V; such that all
finite intersections of the U; are diffeomorphic to R™. But R™ is homotopy equivalent to a
point and, if we assume that for a point we have an isomorphism between the cohomology
theories, the induction argument for the proof of Corollary 9.4 works for cohomology, if
M has a finite good atlas:

PROPOSITION 14.1. Let M be a smooth oriented manifold admitting a finite good atlas.
Let h and h' be cohomology theories and T : h — h' be a natural transformation which for
a point is an isomorphism in all degrees. Then T : h*(M) — (W)*(M) is an isomorphism
for all k.

One can show that all smooth manifolds admit a good atlas (compare [B-T]). In
particular all compact manifolds admit a finite good atlas.

If we combine Proposition 14.1 with the argument for the Kiinneth isomorphism in
homology we obtain:

THEOREM 14.2. (Kiinneth Theorem for cohomology): Let M be a smooth
oriented manifold admitting a finite good atlas. Then for F equal to Z/2 or equal to Q
the x-product induces for each smooth oriented manifold N an isomorphism

X @iyl (M F) @p HI(N: F) — H¥(M x N: F)

If all cohomology groups of N are torsion free and finitely generated, then the same holds
for integral cohomology.

2. The cup-product

The following construction with the x-product is the main difference between homol-
ogy and cohomology, since it can only be carried out for cohomology. Let A : M — M x M
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be the diagonal map x +— (z,z). Then we define the cup product as follows
U: H¥(M) x H (M) — H*" (M)

([S1. 91, [S2, 92]) — A™([S1,91] % [S2, g2]).
The properties of the x-product imply that the cup product is bilinear and associative.

In addition it has the following property which one often calls graded commutative:

[S1, 1] U[S2, g2] = (—1)""[S2, 2] U [S1, g1].

This follows from the behavior of the x product under the flip map 7 shown above to-
gether with the fact that 7A = A.

There is also a neutral element, namely the cohomology class [M,1d] € H°(M). To
see this we consider [S, g] € H*(M). Then [M,1d] x [S, g] = [M x S,Id x g]. To determine
A*([M xS, 1dx g|) we note that Id x g is transversal to A and so A*([M xS, Idxg]) =[S, g],
i.e. [M,1d] is a neutral element. This property justifies our previous notation:

1:=[M,Id € H'(M)
and we have
LU[S,g] =[S, 4].
Similarly, one shows
[S,g]U1=1S,g].

Furthermore we note that

o ([S1, 1] U [S2, 92]) = f*([S1, 91]) U f7([S2, 92]),

i.e. the cup product commutes with induced maps.

For the computation of the U-product the following is a useful observation. Let M
be an oriented manifold and suppose that [Ny, g;] € H*(M) and [N, go] € H"(M) are
cohomology classes with N; smooth manifolds. Then we can obtain the cup product by
considering as before g := g1 X ¢go. But instead of making the diagonal transversal to g
and then taking the transversal intersection we can keep the diagonal A unchanged, ap-
proximate g instead by a map ¢’ transversal to A and take the transversal intersection. It
is easy to use the transversality theorem to prove the existence of a bordism between the
two cohomology classes obtained by making A transversal to g or by making g transversal
to A. Furthermore we can interpret the latter transversal intersection as the transversal
intersection of g; and g, i.e. we approximate g; by g} transversal to g and then we obtain:

Let [Ny, q1] € H*(M) and [Ny, go] € H"(M) be cohomology classes with N; smooth
manifolds such that g1 is transversal to go. Then

[N1, 1] U [N, g2] = [g1 g2, g1p1],
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where m = dim M .

A priory this identity is only clear up to sign and we have to show that the sign
is +. To do this it is enough to consider the case, where g; and g, are embeddings
and after identifying N; with their image under g; we assume that N; are submanifolds
of M. The orientation of Ny N Ny C N; (which with the inclusion to M represents
(g1 M g2, 1p1]) at & € Ny N Ny is given by requiring that T, Ny = T,,(N; N Ny) & v, (No, M)
(where v(Na, M) is the normal bundle of Ny in M) preserves the orientations induced
from the orientation of N; and M. On the other hand A*([N; x Na, g1 X go]) is repre-
sented by Ny N Ny together with the inclusion to M which we identify with A(M). The
orientation at x € N3 N Ny of Ny N Ny C M is given by requiring that the decomposition
T, (N1NNy)®vy (N1 X Noy Mx M) = T,A(M) = T, M preserves the orientation. We have to
determine the orientation of v, (N x Ny, M x M) in terms of the orientations of v, (Ny, M)
and v, (N2, M). Comparing the orientations of T, Ny & v, (N1, M) & T, Ny & v,(No, M) =
T,M ® T,M and T, N, ® T, Ny @ vy(N1, M) ® vy(Noy M) = Ty 2 (M x M) we see that
as oriented vector spaces v,(Ny X No, M x M) = (=1)m=nvn2y, ((Ny, M) @ v,(Nq, M).
Combining this with the identity T,,(N1 N Ny) @ vy (N1, M) D v, (Noy M) = T, M we obtain
(—=1)m=mIm2 (T (Ny N Ny) @ vp(Ny, M) @ vy(Ny, M) = T,M = T, N, @ v,(Ny, M). Com-
paring this with the orientation of Ny N Ny C N; we conclude that (—1)™="m2(T,(N; N
No) @ vy (N1, M) @B v,(Noy M) =T, (N1 N No) & vy (Noyy M) S v, (Ny, M) and so we conclude
that the orientations differ by (—1)m=m)nz(—1)(m=m)(m=—n2) — (_pymim=-n1) — (_1)mk
where kK = m — ny. This is the sign we introduced when defining the x-product and so
we have shown that the sign in the formula is correct.

For example we can use this to compute the cup product structure for the complex
projective spaces CP". Since this is a closed oriented smooth manifold we have the
tautology H?*(CP") = Ha,_o(CP") which by Theorem 8.8 is Z generated by [CP"* ],
where 7 is the inclusion [zg, ..., Zn_k] — [20, s Zn—k, 0...,0]. To compute the cup product
[CP"* i) U [CP™, j] we have to replace i by a map which is transversal to j. This can
easily be done by choosing an appropriate other embedding, namely '([zo, ..., 2,_&]) :=
[0,...,0, 20, ..., Zn_|. This is the same homology class since the inclusions are homotopic.
The map i is transversal to j and so the cup product is represented by [i'(CP" ) N
§(CP"™"), 5], where s is again the inclusion. The intersection is CP" " and the map is
up to a permutation the standard embedding. We conclude

[CP™* i) U [CP", 4] = [CP™*, 4]

As a consequence we look at x := [CP" ! i] € H?>(CP") and conclude:
x" = [CP"" i] € H*(CP"),

where 2" stands for the r-fold cup product. In particular z* = [CPY,4i], the canonical
generator of H*"(CP").
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It is useful to collect all cohomology groups into a direct sum and denote it by
H*(M) := @, H*(M)

The cup product induces a ring structure on this:

OO B) =D (D ausy),
i j k itj=k
where a; € H'(M) and 3; € HI(M). This way we consider H*(M) a ring called the
cohomology ring. The computation above for the complex projective spaces can be
reformulated as:
H*(CP") = Zla) /o™,

This ring is called a truncated polynomial ring.

We also introduce the Z/2-cohomology ring as
H*(M;7/)2) = &, H*(M;Z/2)

By a similar argument one shows:
H(RP2/2) = (2/2)[s] /=",
where © € H'(RP";Z/2) is the non-trivial element.

3. The Kronecker isomorphism

Now we can prove the announced relation between cohomology and homology groups.
Let M be an oriented smooth m-dimensional manifold. The first step is the construc-
tion of the so called Kronecker homomorphism from H*(M) to Hom (Hy(M),Z). The
map is induced by a bilinear map H*(M) x Hy(M) — 7Z, where M is an oriented
smooth manifold. To describe this let [S;,g1] € H*(M) be a cohomology class and
[S2, go] € Hi(M) be a homology class. Applying Proposition 12.4 we can approximate
g2 by a smooth map and so we assume from now on that g, is smooth. We consider
g=g1 X go: (—1)"S; x Sy — M x M. The sign changing the orientation of S; x S, is
compatible with the sign introduced in the definition of the x-product.

Let A: M — M x M be the diagonal map. We want to approximate A by a smooth
map A’ with is transversal to g; X ¢o in such a way that the transversal intersection
A" (g1 X g2) is compact. To achieve this we note that since g, is proper and S, is compact
the intersection im(g; X go) Nim(A) is compact. Namely, we define Cj := {z € S1| g1(z) €
im(gs)}, which is compact since Sy is compact and g; is proper. Thus g; X g2(Cp X Sg) is
compact. But im(g; x go) Nim(A) is a closed subset of (g; X g2)(Cy X Sq) and so is compact.
Since A is proper C; := A7 (im(g; x go)Nim(A)) is compact. We choose compact subsets

o o

Cy C C3 € M such that ¢, € Cy and Cy € C3. Then A := M — (4 is a closed subset
which is contained in the open subset U := M — C. Since im(g; x g2) N A(U) = 0,
the map A|y is transversal to g; X go. We approximate A by a transversal map A’
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which on A agrees with A. By construction A" th (g1 X g2) C Cy x Sy x Sy. The set
D :={x € Si| ¢1(x) € im(p A'(Cy))} is compact since p;(A’(Cy)) is compact and ¢ is
proper. But A’ M (g1 X go) C Cy x D X Sy is a closed subset of a compact space and
so compact. It is a zero-dimensional stratifold and oriented. We consider the sum of the
orientations of this stratifold, where we recall that we equipped S; x Sy with (—1)™* times
the product orientation. This way we attach to a cohomology class [S1, g1] € H¥(M) and
a homology class [Sa, go] € Hi(M) an integer denoted:

([S1,91],[S2,92)) € Z

A similar transversality argument as used for showing that f* is well defined implies that
this number is well defined, if we assume the same transversality condition for the bor-
disms.

The construction gives a bilinear map which we call the Kronecker pairing or Kro-
necker product:
()t HY (M) x Hy(M) — Z.

If M is a compact m-dimensional smooth manifold there is the following relation be-
tween the cup-product, Poincaré duality and the Kronecker pairing:

PROPOSITION 14.3. Let [S1,91] € H*¥(M) and [Sz,g2] € H™*(M) be cohomology
classes. Then

([S1, 1], P([S2, 92))) = ([S1, 91] U [Sa, g2, [M])

This useful identity follows from the definitions.

The Kronecker pairing gives a homomorphism H*(M) — Hom (Hy(M),Z) by map-
ping [S1, 1] € H*(M) to the homomorphism assigning to [Sa, go] € Hy(M) the Kronecker
pairing ([S1, g1], [S2, g2]). We call this the Kronecker homomorphism:

k1 H*(M) — Hom(H (M), Z)
The Kronecker homomorphism H*(M) to Hom (Hy(M),Z) commutes with induced
maps f: N — M:
(f(1S1,91]), [S2, 2]} = ([S1, 1], f+([S2, g2]))
for all [51,91] € Hk<M) and [82,92] € Hk(N)

The Kronecker homomorphism also commutes with the boundary operators in the
Mayer-Vietoris sequence. The argument is the following. Choose a separating function
p: UUV — R asin the definition of §. For [Sy, g;] € H*(UNV) and [Ss, go] € Hy_1(UUV)
we choose a common regular value s of pg; and pg,. This gives a decomposition of S; =
(S1)+ U (S1)- and Sy = (S2)+ U (Sy)_ as in the definition of ¢ in §10. Then 6([Sy, ¢1]) =
[0(S1)+, g1logsyy, ] and d([S2, g2]) = [0(S2)+, g2|a(s,),]- We consider the oriented regular
stratifold (S1)4 x (Sz2)+ with boundary (9(S1)+ X (S2)+)Ua(s, ), xa(sz) —((S1)+ x0((S2)+))-
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(The product of two bounded stratifolds has—as the product of two bounded smooth
manifolds—corners. There is a standard method for smoothing the corners which is
based on collars. Thus the same can be done for stratifolds. Smoothing of corners is
in a different context explained in appendix A.) Now we approximate the diagonal map
A: X — X x X by amap A’ which is transversal to g1 X g2 : (S1)4 X (S2)y — X x X
and the restriction of g; X go to 9((S1)+ X (Sg2)4) and to 9(S1)+ x 9(S3)y. We con-
sider the bounded stratifold (S; x Ss, g1 X g2) th (X, A’). This is a 1-dimensional strati-
fold with boundary (Si x Sz, g1 X g2)|a((s1)s x(82),) M (X, A’). Since A’ is transversal to
0(S1)4 x O(S2)+ the dimension of (O(S1)+ x 9(S2)+, g1las), X g2los,),) M (X, A") is —1
implying that the boundary of (S; xSz, g1 x g2) th (X, A") is (9(S1)+ x S2, g1]as,), X g2) M
(X, A") 4+ (=S1 x 9(S2)+, g1 X g2]a(s,),) M (X, A’) (the sign comes from the sign in the de-
composition of the boundary of (S;)+ % (S2)4). The number of oriented intersection points
of (0(S1)4 x 82, g1las,), X g2) th (X, A’) is the Kronecker pairing of 6([S1, g1]) and [S,, ga].
The number of oriented intersection points of (S; x 9(S2)4, g1 X g2]as,),) M (X, A') is
the Kronecker pairing of [Sy, g1] and d([Ss, g2]). Thus these two numbers agree.

These considerations imply that the Kronecker homomorphism gives a natural trans-
formation from

H*(M) — Hom(H(M),Z).

Unfortunately Hom(H(M),Z) is not a cohomology theory. The reason is that if
A — B — (C is an exact sequence then in general the induced sequence Hom(C,Z) —
Hom(B,Z) — Hom(A, Z) is not exact. But by a similar argument as for taking the tensor
product with Q the induced sequence Hom(C, Q) — Hom(B, Q) — Hom(A, Q) is exact.
Thus Hom(H(X), Q) is a cohomology theory.

We can in a similar way define the Kronecker pairing for the Z/2-(co)homology groups
of a (not necessarily orientable) manifold M. The only difference is that we have to
take the number of points mod 2 in the transversal intersection instead of the sum of
the orientations as before. From the Kronecker product we obtain as before a natural
transformation

H*(M;7/2) — Hom(H(M;7Z/2),7/2),

where now both sides are cohomology theories.

For M a point both these natural transformations are obviously an isomorphism. Thus
we obtain from Proposition 14.1:

THEOREM 14.4. The Kronecker homomorphism is for all smooth oriented manifolds
M admitting a finite good atlas an isomorphism:

k2 HY(M;Q) = Hom (H (M), Q)
and if M 1is not oriented:

ko H¥(M;Z/2) =2 Hom (Hy(M;Z/2), Z/2)
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In particular this theorem applies to all compact oriented manifolds. There is also a
version of the Kronecker Theorem for integral cohomology, but the Kronecker homomor-
phism is not an isomorphism any more. It is still surjective and the kernel is isomorphic
to the torsion subgroup of Hy_1(M). We will not give a proof of this result. One way
to prove it is to use the isomorphism between our (co)homology groups and the classical
groups defined using chain complexes. This will be explained in a later chapter. The
world of chain complexes is closely related to homological algebra and in this context the
integral Kronecker Theorem is rather easy to prove. One can also give a more direct prove
using linking numbers, but this would lead to far in our present context.

As announced before we want to combine for closed (oriented) manifolds Poincaré du-
ality with other ways to determine (co)homology groups, like for example the Kronecker
Theorem. Here are examples of such applications.

If we compose the Kronecker isomorphism with Poincaré duality we obtain the follow-
ing non-trivial consequence:

COROLLARY 14.5. Let M be a closed smooth oriented m-dimensional manifold. Then
the Kronecker pairing induces an isomorphism which we denote by (..., ...):

Stmilarly if M is not necessarily oriented:
(oo ey H, k(M;Z/2) = Hom (Hp(M;2Z/2),7,/2)

An important consequence of this result is that the Euler characteristic of an odd-
dimensional closed smooth manifold M vanishes. For, the Betti numbers b, (M;Z/2) are
equal to by, _(M;Z/2) and so (—1)*b,(M;Z/2) + (—=1)™ b, _(M;Z/2) = 0 implying:

COROLLARY 14.6. The Euler characteristic of a smooth closed odd-dimensional man-
ifold vanishes.

We earlier quoted a result from differential topology that there is a nowhere vanishing
vector field on a closed smooth manifold if and only if the Euler characteristic vanishes.
As a consequence of the corollary we conclude that each closed odd-dimensional smooth
manifold has a nowhere vanishing vector field.



CHAPTER 15

The signature

As an application of the cup product, we define the signature of a closed smooth
oriented 4k-dimensional manifold and prove an important property. We recall from linear
algebra the definition of the signature or index of a symmetric bilinear form over a finite
dimensional Q-vector space

b:VxV —Q.
The signature 7(b) is defined to be the number of positive eigenvalues minus the number
of negative eigenvalues of a matrix representation of b. Equivalently, one chooses a basis
er,- -, e of V such that b(e;, e;) = 0 for i # j and defines 7(b) as the number of e; with
b(e;, e;) > 0 minus the number of e; with b(e;, e;) < 0. This is independent of any choices
and a fundamental algebraic invariant. If we replace b by —b the signature changes its
sign:

7(=b) = —7(b)

Now we define the signature of a closed smooth oriented 4k-dimensional manifold
M. We know from §8 that the cohomology group H?*(M) = Hy,(M) is finitely gener-
ated. Recall that we abbreviated the fundamental class [M,id] € Hy (M) by [M]. The
intersection form of M is the bilinear form

S(M) : H*(M) x H*(M) — 7Z
mapping
(a, B) = (a U B, [M]),
the Kronecker pairing between U3 and the fundamental class. Since aUf = (—1)(%)2 puU

« the intersection form is symmetric. Thus we can consider after taking the tensor product
with Q the signature 7(S(M) ® Q) and define the signature of M as

(M) :=7(S(M) ® Q).

This is an important invariant of manifolds as we will see. If we replace M by —M then
we only replace [M] by —[M] and thus S changes its sign implying

T(—=M) = —1(M).

Since H*(S%*) = 0, it is zero on spheres. We have computed the cohomology ring of
CP* and know that H?*(CP?*) = Za* and that (2?*, [CP?*]) = 1. Thus we have:

7(CP*) = 1.
101
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The relevance of the signature is demonstrated by the fact that it is bordism invariant:

THEOREM 15.1. If a compact oriented smooth manifold M is the boundary of a com-
pact oriented smooth c-manifold, then its signature vanishes:

(M) =0

The main ingredient of the proof is the following:

LEMMA 15.2. Let W be a compact smooth oriented c-manifold of dimension 2k + 1.
Let j : OW — W be the map given by j(x) := p(x,€/2), where ¢ is the collar of W. Then

ker(j, : Hy(OW) — Hy(W)) = im(j* : H*(W) — H*@W) = Hy(OW)).
Proof: If [S,g] € Hy(OW) maps to 0 under j, there is a compact regular c-stratifold
T with OT = S and a map G : T — W extending j o g. Now we consider P :=

T Usrxe/2 0T X% (0, €/2] and extend G to a smooth proper map G : P — W in such a way
that for ¢ small enough (z,t) is mapped to ¢(g(z),t). For some fixed § > 0 we consider

js : OW — W by mapping = to ¢(x,d). For ¢ small enough (so that the intersection
of the image of T with the image of js is empty) we have by construction of [P, G] that
J3([P,G]) = £[S, g]. Since js is homotopic to j we have shown ker j, C im j*.

To show the other inclusion, we consider [P,h] € H¥(W). By Sard’s Theorem h
is transversal to @(OW,J) for some 6 > 0. We denote S = h M @(OW x §). Then
JX([P,h]) = [S, hls] and—since js is homotopic to j—we have j*([P,h]) = [S,h|s]. To

show that 7.([S, h|s]) = 0 we consider A=Y (W — (OW x (0,d)). We are finished if this
is a regular c-stratifold T with boundary S. Namely then (T, h|r) is a zero bordism of
(S, h|s). Now we assume that S has a bicollar in P (for this we have to replace P by
a bordant regular stratifold as explained in Appendix B (see Lemma B.1 in the detailed

o

proof of the Mayer-Vietoris sequence). Then it is clear that A='(W — (OW x (0,4)) is a
oriented regular c-stratifold T with boundary S finishing the argument.
q.e.d.

This Lemma is normally obtained from the generalization of Poincaré duality to com-
pact oriented manifolds with boundary, the Lefschetz duality Theorem. But one only
needs this partial elementary information for the proof of Theorem 15.1.

Combining this Lemma with the Kronecker isomorphism (which implies that after
passing to rational (co)homology we have: j* = (j,)*, where the last % denotes the dual
map) we conclude that for j, : Hy(OW) — Hi(W):

rank(ker j,) = rank(im((j.)")).
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From linear algebra we know that rank(im j,) = rank(im((j,)*)) and we obtain:
rank(ker j,) = rank(im j,)
and by the dimension formula:
rank(ker j,) = 1/2 rank Hy(0W)
Applying Lemma 15.2 again we finally note:
rank(im j*) = 1/2 rank H*(0W).

As a last preparation for the proof of Theorem 15.1 we need the following observation
from linear algebra. Let b: V x V — @Q be a symmetric non-degenerate bilinear form
on a finite dimensional Q-vector space. Suppose that there is a subspace U C V with
dim U = 1 dim V such that, for all z,y € U, we have b(z,y) = 0. Then 7(b) = 0. The

reason is the following. Let eq, ..., e, be a basis of U. Since the form is non-degenerate,
there are elements f1,..., f, in V such that b(f;, e;) = &;; and b(f;, f;) = 0. This implies
that ey, ..., e,, f1,..., fn are linear independent and thus form a basis of V. Now consider

e1+ fi,...,en+ fu,e1 — f1,...,e, — [ and note that, with respect to this basis, b has

the form
2

and thus

Proof of Theorem 12.6: We first note that for a € im j* and [ € im j* the intersection

form S(OW)(a, B) vanishes. For if, o = j*(@) and § = j*(8) then
S(OW)(a, ) = (§"(@) U j*(B), [oW]) = (a U B, j.([oW]) = 0
since j,([0W]) = 0 (note that W is a zero bordism).

Thus the intersection form vanishes on im j*. By Poincaré duality the intersection
form S(OW)®Q is non-degenerate. Since the rank of im j* is 1/2 rank H*(0W) the proof
is finished by the considerations above from linear algebra.

q.e.d.

The relevance of Theorem 15.1 becomes more visible if we define bordism groups of
compact oriented smooth manifolds. They were introduced by Thom [Th 1] who com-
puted them and provided with this the ground for very interesting applications (for exam-
ple the signature theorem, which in a special case we will discuss later). The group (2, is
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defined as the bordism classes of compact oriented smooth manifolds. More precisely the
elements in §2,, are represented by a compact smooth n-dimensional manifold M and two
such manifolds M and M’ are equivalent if there is a compact oriented manifold W with
boundary M + —M’. The sum is given by disjoint union, the inverse of a bordism class
M is —M. Thus the definition is analogous to the definition of H, (pt), the difference is
that we only consider manifolds instead of regular stratifolds.

Whereas it was simple to determine H,,(pt) it is very difficult to compute the groups
Q,. This difficulty is indicated by the following consequence of Theorem 15.1.

The signature of a disjoint union of manifolds is the sum of the signatures, and
7(—M) = —7(M). Thus we conclude from Theorem 15.1, that

7 Que(pt) = Z
is a homomorphism. This homomorphism 7 : Q4 (pt) — Z is a surjective map. The

reason is that 7(CP?*) = 1.

Thus we obtain:

COROLLARY 15.3. For each k > 0 the groups Qu(pt) are non-trivial.

It is natural to ask what the signature of a product of two manifolds is. It is the
product of the signatures of the two manifolds:

THEOREM 15.4. Let M and N be closed oriented smooth manifolds. Then
T(M x N) =7(M)T(N).

The proof is based on the Kiinneth theorem for rational cohomology and Poincaré
duality and we refer to Hirzebruch’s original proof [Hir|, p. 85.



CHAPTER 16

The Euler class

1. The Euler class

We recall the definition of the Euler class. Let p : E — M be a smooth oriented
k-dimensional vector bundle over a smooth oriented manifold M. Let s : M — E be the
zero section. Then e(E) := s*[M, s] € H*(M) is the Euler class of E. The Euler class is
called a characteristic class. We will define other characteristic classes like the Chern,
Pontrjagin and Stiefel-Whitney classes.

By construction the Euler classes of bundles p: £ — M and p’ : E' — M, which are
orientation preserving isomorphic, are equal. Thus the Euler class is an invariant of the
oriented isomorphism type of a smooth vector bundle. We also recall Proposition 13.3,
that if a smooth oriented bundle E has a nowhere vanishing section v then e(E) = 0. In
particular the Euler class of a positive dimensional trivial bundle is 0.

The following properties of the Euler class are a fundamental tool.

THEOREM 16.1. Let p: E — M be a smooth oriented vector bundle. Then, if —E is
E with opposite orientation :
e(—E) = —e(E)

If f: N — M is a smooth map, then the Euler class is natural:
e(f*E) = f*(e(E)).
If g : ' — M’ is another smooth oriented vector bundle then
e(E X F)=c¢e(E)x (F),
and if M = M,
e(F@F)=eE)Ue(F).

Here we recall that the Whitney sum F @ F := A*(E x F) is the pull back of £ x F
under the diagonal map. The fibre of E® F at x is £, ® F.

Proof: The first property follows from the definition of the Euler class. For the second
property we first consider the case where N C M is a submanifold of M and f is the
inclusion. In this case it is clear from the definition that e(f*FE) = f*e(F). Next we
assume that f is a diffeomorphism and note that the property follows again from the def-
inition. Combining these two cases we conclude that the statement holds for embeddings
f: N — M. A next obvious case is given by considering for an arbitrary manifold N the
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projection p : M x N — M and see that e(p*(E)) = p*(E). Now we consider the general
case of a smooth map f: N — M. Let g: N — M x N be the map x — (f(x),z). This
is an embedding and pg = f. Thus from the cases above we see:

e(f*(E)) = e((pg)"(E)) = e(g"(p*(E))) = g"(e(p”(E))) = " (p"(e(E))) = (pg)"e((E)) = f*(e(E))

The property e(Ex F') = e(E)x (F) follows again from the definition. Combining this with
the definition of the Whitney sum and the naturality we conclude e(E@ F) = e(E)Ue(F).
q.e.d.

The following is a useful observation.

COROLLARY 16.2. Let p : E — M be a smooth oriented vector bundle. If E is odd-
dimensional, then

2e(E) =0

Proof: If F is odd-dimensional —Id : E — FE is an orientation reversing bundle isomor-
phism and thus we conclude e(F) = —e(FE).
q.e.d.

Remark: The name Euler class was chosen since there is a close relation between the
Euler class of a closed oriented smooth manifold M and the Euler characteristic. Namely:

e(M) = (e(T'M), [M]),

the Euler characteristic is the Kronecker product between the Euler class of the tangent
bundle and the fundamental class of M. By definition of the Fuler class and the Kro-
necker product this means that if v : M — TM is a section, which is transversal to the
0-section, then the Fuler characteristic is the sum of the orientations of the intersection
of v with the 0-section. This identity is the Poincaré-Hopf Theorem.

In special cases one can compute (e(T'M), [M]) directly and verify the Poincaré-Hopf
Theorem. We have done this already for the spheres. For complex projective spaces one
has:

(e(TCP™), [CP™)) = m + 1

We leave this as an exercise to the reader. Combining it with Proposition 9.5 we conclude:
THEOREM 16.3. Each vector field on CP" has a zero.

2. Euler classes of some bundles

Now we compute the Euler class of some bundles. As a first example we consider the
tautological bundle

p: L=1{(z],v) € CP" x C""'|v € C-x} — CP".
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This is a complex vector bundle of complex dimension 1, whose fibre over [z] is the
vector space generated by z. By construction the restriction of the tautological bundle
over CP" to CP* for some k < n is the tautological bundle over CP*. This is the rea-
son which allows by abuse of notation to use the same name for bundles over different
spaces. A complex vector space V considered as a real vector space has a canonical

orientation. Namely choose a basis (vy,...,v,) and consider the basis of the real vector
space (v, iUy, Vg, 1V, . . ., Up, 10y, ). The orientation given by this basis is independent of the
choice of the basis (v1,...,v,) (why?). Using this orientation fibrewise we can consider

L as a 2-dimensional oriented real vector bundle. To compute the Euler class we first
consider the case p : L — CP! and consider the section given by

st [xo, 1] — ([xo, 21], o - T1, 21 - T1)

Then

s([zo,21]) =0 21 =0
To check whether the section is transversal and to compute €([1, 0]), we choose local coor-
dinates around this point: ¢ : {([z],v) € CP' x C?|v € Cz and zy # 0} — C x C mapping
([z],v) to (£, ), where v = p(1,£*). This map is an isomorphism. With respect to this
trivialization, we have pos([1, z1]) = paw([1, 21|, (Z1, 21 - 1)) = Z1. Thus s is transversal
and €([1,0]) = —1. We conclude:

PROPOSITION 16.4. {(e(L), [CP']) = —1.

We return to the tautological bundle p : L. — CP" over CP". The restriction of
p: L — CP"to CP'is p: L — CP'. Using the naturality of the Euler class the statement
above implies (e(L), [CP',4]) = —1. We recall that we defined x := [CP"',i] € H?(CP")
and showed that (z, [CP',i]) = 1. Thus Proposition 16.4 implies:

e(L) = —x.

As another example we consider the complex line bundle

E,:=D*xCU; —D*xC % D*u—-D* = §?,

where fi : S' x C — S x C maps (z,v) — (z,2" - v). This bundle is closely related to

the lens spaces. If we equip E) with the Riemannian metric induced from the standard
Euclidean metric on C = R?, the lens space Lj, is the sphere bundle SE). The bundle E,
can naturally be equipped with the structure of a smooth vector bundle by describing it
as:
CxCy, CxC

with

g CxC—C"xC

(z,y) — (1/z,2"y)

If we consider Ej, above as an oriented bundle over D? U; D? instead of over the diffeo-
morphic oriented manifold D? U —D?, we have to describe Ej, = D?* x C Up D?xC-25
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D?U; D? = S2, where fi(z,v) = (z,2" -v) = (1/z,2F - v).

This describes Ej as a smooth (even holomorphic) vector bundle over C Ui C = S2.

Now we first compute e(F;)([S?]) by choosing a transversal section. For ||x||x < 2 and
x € C, the first copy of C in C U1 C, we define the section as s(z) := (z,z) and for 2z

in the second copy we define s(z) := (2, p(]|z|])?), where p : [0,00) — (0, 00) is a smooth
function with p(s) = 1/s for s > 1/2. This smooth section has a single 0 at 0 in the first
summand and there it intersects transversally with local orientation —1.

We conclude:

(e(EL), [57)) = ~L.

From this we compute (e(E}y), [S?]) for all k by showing
(e(Er1), [S7]) = (e(Ex), [S7) + (e(F2), [S7))-

Namely consider D3 with two holes as in the following picture and denote this 3-dimensional
oriented manifold by M:

Decompose M along the two embedded S! x I's and denote the three resulting areas
My, My and M3. Now construct a bundle over M by gluing M; x C to M, x C via
fuxId: S'xCxI — S'xCx1Iand MyxCto MsxCvia fixId: S'xCxI — S'xCx1I
to obtain

EI:M1X(CUka[dMQXCUle[dM3XCLM1UM2UM3:M.

Orient M so that OM = S? + (—S7) + (—5%), where S? are the boundaries of the two
holes. Then the reader should convince himself that

Els» = Epy

since we can combine the two gluings by fr and f; along the two circles into one gluing
by fi o fx = fiir. By construction E|S§ = F) and E|S§ = F;. Next we note that

(e(E),[oM]) =0
since [OM] is zero in Hy(M) (M itself is a zero bordism of 0M). But
(e(B), [0M]) = (e(B), ([S?] + [=SF] + [=S3]))
= (e(Els2), [S%]) — (e(Els2), [S]) — (e(Els3), [S2])
= (e(Ex1), [S]) — (e(E). [S7]) — (e(En), [S°])
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Since (e(E), [0M]) = 0 we have shown:

LEMMA 16.5. The map Z — Z mapping k to {e(E}), [S?]) is a homomorphism.
Combining this with the fact (e(E}),[S?]) = —1, we conclude

PROPOSITION 16.6.
<6(Ek)a [SQD = —k
In particular: There is an orientation preserving bundle isomorphism between Ey and E,
if and only if k =r.
In complete analogy we study the bundle Ej,; over S* given as
D*xHuy,, —D*xH "> D*u-D* = 5*

where

k

fri(z,v) = (2,27 -v- zl)

and we use quarternionic multiplication (z € S3). As in the case of Ej, over S*, we show
that
(e(E10), [54]> =L

By the same argument as in the case of Ej, one shows
(e(Epsratv), [SY) = (e(BEry), [S]) + (e(Bw ), [S1)

or, in other words, that the map Z x Z — Z mapping (k, 1) to {e(FEy,),[S?]) is a homo-
morphism.

Next we consider the following isomorphism of H, considered as a real vector space:

(21, 22) = (21, —22) = (21, 22)
and note that, for z € S?, we have z = z~!. Further 7 -y = 4-Z. Now consider the bundle
isomorphism

By — E_
mapping (x,v) — (x,v). Since v — v is orientation reversing, this implies
By =—-FE_

and so

—(e(BEry), [S*]) = (e(B_i—1), [S7]).

This implies
(e(Bra), [S*]) = c(k +1)

for some constant c. Since (e(E1 ), [S?]) = —1, we conclude ¢ = —1 and thus
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PROPOSITION 16.7. {(e(E},), [SY]) = —k — L.



CHAPTER 17

The Chern classes

Now we define the Chern classes of a complex vector bundle p : E — M. We remind
the reader that a smooth k-dimensional complex vector bundle is a smooth map
p: E — M together with a C-vector space structure on the fibres which is locally isomor-
phic to U x C*, where the isomorphism means diffeomorphism and fibrewise C-linear. For
example we know that the tautological bundle p : L — CP" is a 1-dimensional complex
vector bundle. If F and I are complex vector bundles the Whitney sum E @ F is a
complex vector bundle. Given two complex vector bundles £ and F one can consider
their tensor product F ®¢ F' which is obtained by taking fibrewise the tensor product to
obtain a new complex vector bundle [Mi-St]. If £ and F' are smooth vector bundles then
FE ®¢ F is again smooth.

To prepare the definition of Chern classes we consider for a smooth manifold M
the homology of M x CPY, for some N. By the Kiinneth Theorem and the fact that
H*(CPY) = Z[e(L)]/eryv+1 (implying that the cohomology of CP" is free) we have for
kE < N if M admits a finite good atlas:

HYM x CPNY>2 H*(M)®Z - 10 H* 2(M)@Z-e(L)® H* Y (M)RZ - (e(L)Ue(L)) @ - -

Actually the same result is true for arbitrary manifolds M as one can show inductively
over N using the Mayer-Vietoris sequence. Now let p : E'— M be a smooth k-dimensional
complex vector bundle and consider piE ®&c p5L, a complex vector bundle over M x CPY
for some N > k. Since every complex vector bundle considered as a real bundle has a
canonical orientation, we can consider the Euler class e(piE ®c¢ piL) € H* (M x CPY).
Using the isomorphism above we define the Chern classes c;(E) € H*(M) by the

equation
k

e(PiE ®cpiL) =) a(E) x e(L)"
i=0
With other words the Chern classes are the coefficients of e(piFE ®c p5L) if we consider
the Euler class as a “polynomial” in e(L).

Since for the inclusion i : CPY — CPV ! we know that i*L is the tautological bundle
over CPV, if L was the tautological bundle over CPV !, this definition does not depend
on N so long as N is larger than k.

We prove some basic properties of the Chern classes. The naturality of the Euler class
implies that the Chern classes are natural, i.e. if f: N — M is a smooth map, then

cr(f7(E)) = [ (cr(E)).
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The Chern classes depend only on the isomorphism type of the bundle. Both implies that
the Chern classes of a trivial bundle are zero except ¢y = 1. Comparing with a point we
conclude that for arbitrary bundles £ we have

Co(E) =1.

By construction ¢;(E) = 0 for i > k, where k is the complex dimension of E. Next we

note that c,(E) = e(E). To see this, fix a point g € CP"Y and consider the inclusion
j: M — M xCPV
x +— (x,x0).

Then j*(piE ®c p5L) = 7*piE Qc j*p5L = j*piE = E, since pyj is the constant map and
so j*p5L is the product bundle M x C. On the other hand j* : H**(M x CPY) — H?*(M)
maps H*(M)®7Z-e(L)? = H* (M) identically to H**(M) and the other summands in the
decomposition to 0. Thus e(E) = e(j*(piEQcpsL)) = j*e(pi EQcpiL) = j*ci(E) xe(L)?,
and therefore

e(F) = cx(F).

This property together with the following product formula is basic for the Chern
classes. We would like to know ¢, (E @ F') for k and I-dimensional complex vector bundles
FE and F over M. For this we choose N > k + [ and note that

P(E®F)®cpsL = (P E @c p3L) @ (piF ®c p3L).
Then we conclude from
e((P1E ®c pyLl) © (pi F ®c p3L)) = e(piE @c py L) U e(pi F @c py L)

and the definition of the Chern classes:

k+l k l

Yo GE@F) x e(L)7 = (3 ¢i(B) x (L)) U (Y ei(F) x e(L)),

i=0 =0 s=0
that
G(E®F)= Y ¢(E)Uc(F)
J+s=i
A convenient way to write the product formula is to consider the Chern classes as elements
of the cohomology ring H*(M) = @, H*(M). We define the total Chern class as

o(E) =) cl(E) € H (M)
k
Then the product formula translates to:

(EDF)=c(E)Uc(F)

We summarize these properties as
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THEOREM 17.1. Let E be a k-dimensional smooth complex vector bundle over M.
The Chern classes are natural, i.e. if f : N — M 1is a smooth map, then

a(f7(E)) = [*(cr(E)).
The Chern classes depend only on the isomorphism type of the bundle.

Co(E) =1.
Fori > k:
¢G(E)=0
cr(E) =e(E)

If E and F are smooth complex vector bundles over M, then (Whitney formula):
c(E®F) =Y a(E)Uc(F),

i+j=r
or using the total Chern class:
c(E®F)=c(E)Jc(F)

One can show that these properties characterize the Chern classes uniquely [Mi-St].

At the end of this chapter we shortly introduce Stiefel-Whitney classes (although we
will not apply them in this book). The definition is completely analogous to the defini-
tion of the Euler class and the Chern classes. The main difference is that we will replace
oriented or even complex vector bundles by arbitrary vector bundles.

If E is a k-dimensional vector bundle (not oriented) we can make the same construc-
tion as for the Euler class with Z/2-cohomology instead of integral cohomology and define
wi(E) = s*[M, s] € H*(M;Z/2) the k-th Stiefel-Whitney class of E. This class fulfills
the analogous properties as were shown for the Euler class in Theorem 16.1. Perhaps a
better name for the k-th Stiefel-Whitney class would be to call it mod2 Euler class, since
it is the version of the Euler class for Z/2-cohomology.

Now we define the lower Stiefel-Whitney classes. This is done in complete analogy to
the Chern classes, where we replace the Euler class by the k-th Stiefel-Whitney class and
the tautological bundle over the complex projective space by the tautological bundle L

over RPY. This is a 1-dimensional real bundle. The Z /2-cohomology of M x RPY is:
HY(M xRPN;2/2) = H*(M;Z/2)  Z/2 - 16 H* Y (M;Z/2)  Z/2 - w1 (L) & H*2(M;Z/2) ® Z/2 - (w1 (L) Uwi (L)) & - - -

Then we define the Stiefel-Whitney classes of a real smooth vector bundle E of
dimension k over M denoted w;(E) € H'(M) by the equation

k
wi(piE ®r psL) = > wi(E) x wi(L)¥.
=0

With other words the Stiefel-Whitney classes are the coefficients of e(pjE ®@g p5L) if we
consider the Euler class as a “polynomial” in w;(L). By a similar argument as for Theorem
17.1 one proves:
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THEOREM 17.2. Let E be a k-dimensional smooth real vector bundle over M. Then
the analogous statement as in the previous theorem hold. In particular for i > k:

If E and F are smooth vector bundles over M, then (Whitney formula):
w(E®F) =Y w(E)Uw,(F).

i+j=r



CHAPTER 18

Pontrjagin classes and applications to bordism

1. Pontrjagin classes

To obtain an other invariant for k-dimensional real vector bundles £ we simply com-
plexify the bundle considering
FE g C.

This means that we replace the fibres of E, of E by the complex vector spaces E, @g C or
equivalently by E, ® E, with complex vector space structure given by i- (v, w) := (—w,v).
This is a complex vector bundle of complex dimension k£ and we define the Pontrjagin
classes

pr(E) i= (~1) c3y(E @ C) € H (M),

Here one might wonder why we have not taken ¢y, 1 (F ®gC) into account. The reason
is that these classes are 2-torsion, as we will discuss. Also the sign convention asks for an
explanation. One could leave out the sign without any problem. Probably the historical
reason for the sign convention is that for 2n-dimensional oriented bundles one can show:

pn(E) =e(E)Ue(E).

We prepare the argument that the classes ¢, 11 (F ®g C) are 2-torsion by some general
considerations. If V' is a complex k-dimensional vector space, we consider its conjugate
complex vector space V with new scalar multiplication A o v := X - v. Note that the
orientation of V, as a real vector space, is (—1)* times the orientation of V' (why?).
Taking the conjugate complex structure fibrewise we obtain for a complex bundle E the
conjugate bundle E. The change of orientation of vector spaces translates to complex
vector bundles giving for a k-dimensional complex vector bundle that as oriented bundles
E = (~1)*E. From this one concludes:

e(B) = (~1)ic,(B)
Now we note that since C is as a complex vector space isomorphic to its conjugate this
isomorphism induces an isomorphism:

FerC= FE®gC.
Thus cop41(F ®g C) = —c9p11(F ®g C) implying 2¢o,41(F ®g C) = 0.

115
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Since 2¢g,41(F ®g C) = 0, the product formula for the Chern classes gives the corre-
sponding product formula for the Pontrjagin classes:

pE®F)= > pi(E)Up;(F)+p,
i+j=r
where 23 = 0.

Again we introduce the total Pontrjagin class:

p(E) =) p(E) € H" (M)

and rewrite the product formula as:
p(E@® F) =p(E)Up(F)+ 0,
where 23 = 0.

For the computation of the Pontrjagin classes of a complex vector bundle the following
considerations are useful. Let V be a complex vector space. If we forget that V is a
complex vector space and complexify it to obtain V ®@g C, we see that V ®@g C is, as a
complex vector space, isomorphic to V @ V. Namely, V @ C is, as a real vector space,
equal to V @ V and - with respect to this decomposition - the multiplication by ¢ maps
(x,y) to (—y,x). With this we write down an isomorphism

VerC = VoV — VeV
(z,y) — (z+iyiz+y)

This extends to vector bundles. For a complex vector bundle E the fibrewise isomor-
phism above gives an isomorphism :

ErC2E®FE

Using the product formula for Chern classes one can express the Pontrjagin classes of a
complex vector bundle F in terms of the Chern classes of E. For example:

M(E) = ~e(E® E) = ~(e1(B) Ua(E) + ea(E) + o(E)) = E(E) — 264(E)

Now, we compute (p;(Eg;),[S*]), where p : Ej; — S* is the R*-bundle considered
above. As for the Euler class one shows that
(k, 1) — (p1(Exy), [S*])

is a homomorphism. Next we observe that p;(Ej;) does not depend on the orientation of
E}; and, since Ej; is isomorphic to E_; _, (reversing orientation), we conclude

(P1(Bra), [SY]) = (pr(E_11), [S]).
Linearity and this property imply that there is a constant a such that

(p1(Era), [ST) = alk —1).
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To determine a we compute (p1(Fp1),[S?]). Since, for a fixed element x € H, the map
y+— y -z is C-linear, Fy; is a complex vector bundle. Thus by the formula above:

p1(Eo1) = —2ca(Eoq1) = —2e(Eo,)
From (e(Ey,), [S*]) = —k — | we conclude

(p1(Eoq), [SY]) =2

and thus we have proved:

ProrosITION 18.1.
(p1(Er), [51) = —2(k —1).

2. Pontrjagin numbers

To demonstrate the use of characteristic classes we consider the following invariants
for closed smooth 4k-dimensional manifolds M. Let I := (iy,1s,...,1,) be a sequence of
natural numbers 0 < iy < --- < 4, such that ¢; +---+ 14, = k, i.e. [ is a partition of k.
Then we define the Pontrjagin number

pr(M) := (pi,(TM)U---Up;, (TM),[M]) € Z

To compute the Pontrjagin numbers in examples we consider the complex projective
spaces and look at their tangent bundle. To determine this bundle we consider the fol-
lowing line bundle over CP", the Hopf bundle. Its total space H is the quotient of
S?+l 5 C under the equivalence relation (z,z) ~ (Az, Az) for some A € S'. The projec-
tion p : H — CP" maps [(z, z)] to [z]. The fibre over [z] is equipped with the structure
of a 1-dimensional complex vector space by defining [(z, 2)] + [(x, 2)] := [(z, 2 + 2')]. A
local trivialization around [z] is given as follows: Let x; be non zero and define U; :=
{ly] € CP"|y; # 0}. Then a trivialization over U; is given by the map p~'(U;) — U; x C
mapping [(z, 2)] to ([z], z/z;).

PROPOSITION 18.2. There is an isomorphism of complex vector bundles
TC]P)n ) Cpn X C = @n—l—lH

Proof: We start with the description of CP" as C"*! — {0} /C* = C"*!/~ where x ~ \x
for all A € C*. Let m : C"** — {0} — CP" be the canonical projection. This is a
differentiable map. Moreover, if we use complex charts for C", it even is a complex dif-
ferentiable map. Using local coordinates, one checks that for each x € C"*' — {0} the
complex differential dr, : C"*! = T, (C"*' — {0}) — T},)CP" is surjective.

If for some A\ € C* we consider the map C**!' — C"*! given by multiplication with
A, its complex differential is for each tangent space C"*! again multiplication by A. Thus
the differential

dr : T(C"' — {0}) — TCP"
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induces a fibrewise surjective bundle map between two bundles over CP"
[dr] - (C"*t — {0}) x C"*/~ — TCP"
where (x,v) ~ (Az, \v). The bundle
(C**t —{0}) x C"*!/~ — CP"
given by projection onto the first factor is ,,,; H.

To finish the proof, we have to extend the bundle map [dr] to a bundle map
(c™tt —{0}) x C"*' /. — TCP" @ CP" x C
which is fibrewise an isomorphism. This map is given by

[z, v] — ([dr]([z, v]), ([2], v/ )21, T/ )j2i)))

where (v, x) is the hermitian scalar product Xv; - z;.

Since the kernel of [d7,] consists of all v which are multiples of z, the map is fibrewise
injective and thus fibrewise an isomorphism, since both vector spaces have the same di-
mensions.

q.e.d.

To compute the Pontrjagin classes of the complex projective spaces we have to deter-
mine the characteristic classes of H. Since H is a complex line bundle, its first Chern
class is equal to e(H) € H?*(CP"). Since H*(CP") is generated by e(L) we know that
e(H) =k -e(L) for some k. To determine k it is enough to consider p : H — CP' and to
compute (e(H),[CP']). For this consider the section [z] — [z, 0] which has just one zero
at [z] = [0, 1] where it is transversal. One checks that the local orientation at this point
is 1. We conclude:

(e(H),[CP]) =1
and thus

Now we use the relation between the Pontrjagin and Chern classes of a complex bundle
above and see that

p(H) = e (H)? = 263(H) = e(L)?,
since co(H) = 0. Thus
p(H) =1+ ¢(L)?
With the product formula for Pontrjagin classes and the fact that the cohomology of

CP" is torsion free and finitely generated, we conclude from TCP" @ CP" x C =, ; H
that p(TCP") = p(€D,, ., H) and using the product formula again:
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THEOREM 18.3. The total Pontrjagin class of the complex projective space CP" is:
p(TCP") =1+ py(TCP") + -+ + ppayag (TCP") = p(H)" = (1 + e(L)*)""
or

1
miree = (") e
We use this to compute the following Pontrjagin numbers. We recall that as a con-
sequence of Proposition 11.3 we saw that e(L) = —z and from §11 that (2", [CP"]) = 1.
Thus (e(L)?",[CP*"]) = 1 and we obtain:

p(1)<(CP2) = 37
p(1,1)(CP4) = 25,

pe)(CPY) = 10,
3. Applications of Pontrjagin numbers to bordism

One of the reasons why Pontrjagin numbers are interesting, is the fact that they
are bordism invariants for oriented manifolds. We first note that they are additive under
disjoint union and change sign if we pass from M to —M (note that the Pontrjagin classes
do not depend on the orientation of a bundle, but the fundamental class does). To see
that Pontrjagin numbers are bordism invariants, let W be a compact oriented (4k + 1)-
dimensional smooth manifold. Using our collar we identify an open neighbourhood of OW

in W with OW x [0,1). Then TI/({/|5WX(0,1) =TO0W x ((0,1) x R). Thus from the product
formula we conclude: j*(p;,(TW)U---Up; (TW)) = p;(TOW) U ---Up; (TOW), where
j is the inclusion from OW to W. From this we see by naturality:

pr(OW) = (pu(TOW)U---Up;, (TOW), [0W])
= P (TW)U---Up;, (TW), j.[OW]) =0,

the latter following since j7,[0W] =0 (W is a zero bordism!). We summarize:

THEOREM 18.4. The Pontrjagin numbers induce homomorphisms from the oriented
bordism group §2 to Z :
Pr Q4k — 7.

Since p,(TCP?") = (2":1) - e(L)?", the homomorphism p(,) : Q4, — Z is non-trivial
and we have another proof for the fact we have shown using the signature, namely that
Qui # 0 for all k£ > 0.

The existence of a homomorphism §2y, — Z for each partition I of k naturally raises the
question whether the corresponding elements in Hom ({4, Z) are all linearly independent.
This is in fact the case and can be proved with the methods known to the reader of this
book [Mi-St]. In low dimensions one can easily check this by hand. In dimension 4
there is nothing to show. In dimension 8 we consider CP? x CP?. The tangent bundle
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is TCP* x TCP? or m:TCP? @ 73 TCP?. Thus by the product formula for the Pontrjagin
classes p;(T(CP* x CP?)) = 7t3e(L)? + 733e(L)? and po(T(CP? x CP?)) = m#3e(L)? U
m53e(L)?* =9 - (mie(L)? Umse(L)?) or 9(e(L)? x e(L)?). By definition of the cross-product
(e(L)* x e(L)*, [CP* x CP?)) = (e(L)* [CP?]) - (e(L)*, [CP*]) = 1
and so
Py (CP? x CP?) =9
and, using p; (TCP?) = 3e(L)? we compute:
(p1(T(CP?xCP?)))? = (nt3e(L)*4+m33e(L)?)? = 9nte(L) +18(rre(L)*Urse(L)*)+9m5e(L)*
= 18(ne(L)* Umie(L)?) = 18(e(L)? x e(L)?).

We conclude
p(171)(C]P>2 X C]PQ) = 18.

With this information one checks that the matrix
pan(CPY  pa1y(CP? x CP?) ( o5 18 )

10 9
D(2) (C]P4) D) ((CPZ X CPZ)

is invertible and the two homomorphisms on )g are linearly independent. We summarize:

THEOREM 18.5. rank Q4 > 1 and rank Qg > 2.

For the first information we had already another argument using the signature (Corol-
lary 15.3).

4. Classification of some Milnor manifolds

For a final application of characteristic classes in this section, we return to the Milnor
manifolds Mj,;. For dimensional reasons, there is just one Pontrjagin class which might
be of some use, namely py(T'My,;) € H*(M;, ;7). Since this group is zero except for
k +1 =0 (Proposition 11.4), we only look at M}, _;. Since Hy (M _i) = Z, there is up to
sign a unique generator [V, g] € Hy(Mj, ). Thus we can obtain a numerical invariant by
evaluating py(T'My _x) on [V, ¢g] and taking its absolute value:

My — — [(p1 (T My, i), [V, g])|.

This is an invariant of the diffeomorphism type of M}, _.

To compute this number, recall that M} is the sphere bundle of Ej ;. Thus T'M},; ®
Mk,l xR = TD<Ek,l>|Mkl = TEk,l‘Mkyl (fOI‘ the first 1dent1ty use a collar of SEk,l = Mk,l
in DEy;). Let j : My; — Ej, be the inclusion. Then our invariant is

(P2 (T M), [V g | = |71 (T Eg, 1), [V, 9])]
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= |<p1<TEk,*k>7j* [V7 g]>‘

= [p1(*TEy 1), [SY)I.

The last equality comes from two facts, namely that the map j, : Hy(Mj _x) — Ha(Ey i)
is an isomorphism (this follows from a computation of the homology of Ej _j using the
Mayer-Vietoris sequence as for Mj, _; and comparing these exact sequences) and that
the inclusion i : S* — Ej _ given by the 0-section induces an isomorphism Hy(S*) —
H4<Ek7,k). To compute P1 (Z*TEk,,k) = pl(TEk,fk|S4)7 we note that TEk,l|S4 = TS4EBE]€7[.
The isomorphism is induced by the differential of ¢ from T'S* to T'E},; and by the dif-
ferential of the inclusion of a fibre (Ej;), to Ej; giving a homomorphism T'((Ey;),) =
Ey; — TEy,;. With the help of a local trivialization one checks that this bundle map
T5*® Ey; — TE}),|s+ is fibrewise an isomorphism and thus a bundle isomorphism.

Returning to the Milnor manifolds, since T'S* ® S* x R = TR5|gs = S§* x R®, we note
that:
[(p1 (7T By ), [S'))] = [(p1(Bi—x), [S')] = 4[k|.
Thus |k| is a diffecomorphism invariant of My _, showing an analogy to Ly, where also
|k| was a diffeomorphism invariant. But there is a big difference between the two cases
since for Ly we have detected |k| as the order of H;(Ly), whereas all M}, _;, have the same
homology and we have used a more subtle invariant to distinguish them.

Finally, we construct an (orientation reversing) diffeomorphism from Mj; to M_j
by mapping D* x S? to D* x S3 via (z,y) — (Z,y) and —D* x S% to —D* x S3 via
(x,y) — (Z,y). Thus we conclude:

THEOREM 18.6. Two Milnor manifolds My, _i, and M, _, are diffeomorphic if and only
if |k = Irl.






CHAPTER 19

Exotic 7-spheres

1. The signature theorem and exotic 7-spheres

At the end of the last section we classified those Milnor manifolds where Hy (M) = Z.
In this section we want to look at the other extremal case, namely where all homology
groups of Mj,; except in dimension 0 and 7 are trivial. By Proposition 11.4 this is equiv-
alent to k 4+ = £1. Then homologically M;, 1 looks like S7. We are going to prove
that it is actually homeomorphic to S7, a remarkable result by Milnor [Mi 1]:

THEOREM 19.1. (Milnor): The Milnor manifolds My, 41— are homeomorphic to S7.

Although the proof of this result is not related to the main theme of this book we will
give it at the end of this chapter for completeness.

This result raises the question whether all manifolds M}, 41 are diffeomorphic to S.
We will show that in general this is not the case. We prepare the argument by some
considerations concerning bordism groups and the signature.

In §18 we have introduced Pontrjagin numbers, which turned out to be bordism invari-
ants for oriented smooth manifolds. We used them to show that the rank of €4 is at least
one and of (g is at least two. Moreover, we stated that the Pontrjagin numbers can be
used to show that for all k the products of complex projective spaces CP*! x - .. x CP%r
for 41 + -+ + 4, = k are linear independent, implying rank 4 > 7(k), the number of
partitions of k. In his celebrated paper [Th 1] Thom has proved that dim €, @Q = 7 (k).

THEOREM 19.2. (Thom): The dimension of Qur ® Q is w(k) and the products
[CP?" x - .. x CP*"]
for iy + -1, =k form a basis of Qu ® Q.

The original proof of this result consists of three steps. The first is a translation of
bordism groups into homotopy groups of the so called Thom space of a certain bundle,
the universal bundle over the classifying space for oriented vector bundles. The main
ingredient for this so called Pontrjagin-Thom construction is transversality. The second
is a computation of the rational cohomology ring. Both steps are explained in the book
[Mi-St]. The final third step is a computation of the rational homotopy groups of this
Thom space. Details for this are not given in Milnor-Stasheff, where the reader is referred
to the original paper of Serre. An elementary proof based on [K-K] is sketched in [K-L],

123
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p. 14 ff.

Now we will apply Thom’s result to give a formula for the signature in low dimensions.
The key observation here is the bordism invariance of the signature (Theorem 11.6). We
recall that the signature induces a homomorphism

71y — 7

Combining this fact with Theorem 19.2 we conclude that the signature can be expressed as
a linear combination of Pontrjagin numbers. For example in dimension 4, where 2, @ Q =
Q, the formula can be obtained by comparing 1 = 7(CP?) with (p;(TCP?),[CP?]) = 3
and so, for all closed oriented smooth 4-manifolds, one has the formula:

(M) = 2 (pu(TM), [M])

In dimension 8 one knows that 7(M) = apq,1)(M) + bpe) (M) = a(pi(TM)?, [M]) +
b(po(T M), [M]). We have computed the Pontrjagin numbers of CP? x CP? and CP*. We
know already that 7(CP*) = 1 and one checks that also 7(CP? x CP?) = 1. Comparing the
values of the signature and the Pontrjagin numbers for these two manifolds one concludes:

THEOREM 19.3. (Hirzebruch): For a closed oriented smooth 8-dimensional manifold
M one has

(M) = 4—15(7<p2(TM), [M]) = {po(TM)?, [M]))

Proof: We only have to check the formula for CP* and for CP? x CP?. The values for
the Pontrjagin numbers were computed at the end of §18 and with this the reader can
verify the formula.

q.e.d.

The two formulas above are special cases of Hirzebruch’s famous signature theorem,
which gives a corresponding formula in all dimensions (see [Hir| or [Mi-St]).

One of the most spectacular applications of Theorem 19.3 was Milnor’s discovery of
exotic spheres. Milnor shows that in general Mj ;. is not diffeomorphic to S7. His
argument is the following: Suppose there is a diffeomorphism f : My, — S”. Since
M, 1 is the boundary of the disk bundle DEj ;_j, we can then form the closed smooth
manifold

N = DEk,lfk Uf D8

We extend the orientation of DEj ;4 to N (which can be done, since the disk has an

orientation reversing diffeomorphism) and compute its signature. The inclusion induces

an isomorphism j* : HY(N) & HYDEy, ;) = H*(S?) = Z. We will show that the
signature of NV is —1 by constructing a class with negative self intersection number. To

do this we consider the cohomology class j*([S*,v]) € H*(DEy ), where v is the zero
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section. We also consider v*(5*([S*,v])) € H*(S*). This is equal to the Euler class of
Ej).1_x. By definition the self intersection Sy([S*,v],[S*,v]) = (e(Ex1-k), [S?]). We have
computed this number in Proposition 16.7 and conclude:

Sn([S*,v],[S*v]) = =k — (1 —k) = —1

Thus:
T(N) = -1

Now we use the signature theorem to compute 7(N) in terms of (p;(T'N)? [N]) and
(p2(TN),[N]). Since v* : H*N) — H*(S?) is an isomorphism, we know p;(TN) =
(v*) Y (p1(T'N|gs)). But v*TN = TS* @ FEj;_ and so the Whitney formula implies
together with Proposition 18.1:

(0" (pu(TN)), [S"]) = (p1(Bra-r), [SY]) = —2(2k — 1)

Comparing this information with the Kronecker product (v*([S*,v]), [S*]) = —1 we con-
clude:
pi(TN) =2(2k — 1)[S*,v].
Using
Sy ([S*, 0], [S*v]) = —k — (1 —k) = —1
we have:

(Pi(TN), [N]) = —4(2k — 1)*

Now we feed this information into the signature Theorem 19.3:

1
—1=7(N) = = (T(po(TN), [N]) +4(2k - 1)°)
Since (ps(T'N), [N]) € Z, we obtain the congruence
45 +4(2k—1)>’=0 mod 7

if My 1_ is diffeomorphic to S7. Taking k = 2 we obtain a contradiction and so have
proved

THEOREM 19.4. (Milnor): M, _; is homeomorphic to S7 but not diffeomorphic.

This was the first example of a so called exotic smooth structure on a manifold, i.e. a
second smooth structure which is not diffeomorphic to the given one.

We give another application of the signature formula. Given a topological manifold M
of dimension 2k one can ask whether there is a complex structure on M, i.e. an atlas of
charts in C* whose coordinate changes are holomorphic functions. We suppose now that
M is closed and connected. A necessary condition is that M admits a non-trivial class in
Hy;(M). One can introduce the concept of orientation for topological manifolds and show
that a connected closed n-dimensional manifold is orientable if and only if a non-trivial
class in H, (M) exists. Thus the necessary condition above amounts to a topological
version of orientability. It £ = 1 it is a classical fact that all orientable surfaces admit a
complex structure. As another application of the signature formula we show
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THEOREM 19.5. S* admits no complex structure.

Proof: If S*is equipped with a complex structure, the tangent bundle is a complex vector
bundle. For a complex vector bundle £ we can compute the first Pontrjagin class using
the formula from §18:
p1(E) = —2¢(F)
Thus
p1(TSY) = —2¢y(TS*) = —2e(T'S?),
since ¢;(T'S*) = 0. Now we use the fact from the Remark after Corollary 12.2 that
(e(TM),[M]) = e(M) (following from the Poincaré-Hopf Theorem for vector fields) and
conclude:
(e(T8), [SY]) = e(8%) =2

Next we note that 7(S5%) = 0 and so we obtain a contradiction from the signature formula:

0=r7(5") = 1/3(p(T'5"),[S"]) = —4/3

q.e.d.

One actually can show that S?* has no complex structure for k # 1,3. It is a famous
open problem whether S% has a complex structure.

2. The Milnor spheres are homeomorphic to the 7-sphere

We finish this chapter with the proof of Theorem 19.1. It is based on an elementary
but fundamental argument in Morse theory.

LEMMA 19.6. Let W be a compact smooth manifold with OW = My + M. If there is
a smooth function
f:W —=10,1
without critical points and f(My) = 0 and f(My) = 1, then W is diffeomorphic to My x
[0, 1].

Proof: Choose a smooth Riemannian metric ¢ on TW (for example embed W
smoothly into a Euclidean space and restrict the Euclidean metric to each fibre of the
tangent bundle). Consider the so called normed gradient vector field of f which is
defined by mapping = € M to the vector s(z) € T, M such that

i) dfmb‘(l’) =1eR= Tf(x)R

ii) (s(x),v)g4(z) = 0 for all v with df,(v) = 0.

This is a well defined function since the dimension of ker df, is dim M —1 and df |ier 4
is an isomorphism (the orthogonal complement is taken with respect to g,). Since W, f
and g are smooth, this is a smooth vector field on W.

Now, we consider the ordinary differential equation for a given point x € W
p(t) = s(p(t)) and (0) =
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where ¢ is a smooth function (a path) from an interval to W and as usual we abbreviate
the differential of a path ¢ at the time ¢ by ¢(t).

The existence and uniqueness result for ordinary differential equations says that lo-
cally (using a chart to translate everything into R™) there is a unique solution called an
integral curve. Furthermore, the solution depends smoothly on z if we vary the initial
point x and on t.

Now, for each x € My we consider a maximal interval for which one has a solution ¢,
with initial value x. Then

df (62(t)) = df (s(ea(t))) = 1
Thus
fou(t) =t +c
for some ¢ € R. Since ¢,(0) = z, we conclude ¢ = 0 and so fp,(t) = t.

Since W is compact, the interval is maximal and since fy,(t) = ¢, the interval has to
be [0,1]. As ¢, depends smoothly on = and ¢ we obtain a smooth function

v Myx[0,1] — W
(x,t) — cpx(t)

This function is a diffeomorphism since we have an inverse. For this consider for
y € W the integral curve of the differential equation:

1iy(t) = —s(my(t)) and 1, (0) =y

(we use the negative gradient field to “travel” backwards). As above, we see that

fy(t) = f(y) —t
The integral curve 7, joins ¢, (t) with 2 and is the time inverse of the integral curve
@z. With this information, we can write down the inverse:

v y) = (y(f (W), F ()
q.e.d.
Proof of Theorem 19.1 after Milnor: For simplicity we only consider the case M}, ;_,

the other case follows similarly. With Lemma 19.6 we will give the proof by constructing
two disjoint embeddings D7 and D7 in My 1_; and constructing a smooth function

fiMyi,— (DL +DT)—[0,1]
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without critical points. Then by Lemma 19.6 there is a diffeomorphism

@52 [0,1] — My — (DL +D7)
with ¢(z,0) =z for all x € SS.

From this we construct a homeomorphism from M}, ;_j to ST = DZr U D7 as follows.
We map

xEDZrtoacEDZr c s,
o(z,t)to(1—1t/2) -z € D forx € S% andt € [0, 1]
re€D tox/2€ D’ cS".

The reader should check that this map is well defined, continuous and bijective. Thus it
is a homeomorphism.

Continuing in the proof, we note that
My, =H x S? Uy, —H x 5°
where fi; : H— {0} x S — —H — {0} x S® maps

(2,9) = (@/jafj2, Y /) gy 0050

We have used this description since it gives Mj; as a smooth manifold. Now we
consider the smooth functions

g: Hx S — R

Y1
(@9) =

and
h: —HxS? — R

(z,y)

(zy=

1+ [y =2

where ( ); denotes the first component.

If | =1 —k, the two functions are compatible with the gluing function fj ;- and thus
gUhiMk71_k—>R

i1s a smooth function.

What are the singular points of g and h? The function h has no singular points but g
has singular points (0,1) and (0, —1), where 1 = (1,0,0,0) € S®. Thus, 1 and —1 are the
only singular values of g U h.

Since +1/2 are regular values, we can decompose My 1_j, as (gUh) (o0, —3] U (g U
h)~'=%,4] and (g U h) 7[5, 00) = Dy UW U D_. We identify Dy with D7 as follows:

272
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Dy = (gUh) (=00, —3] = {(z,y) € H x SP|y; < —31/1+[[z|[?} using the fact that
y € S% and so y? + y2 + y5 + y3 = 1. From this we conclude that

Dy = {(z, (y2, y3, ya))| 4 (3 + 3 +yi) + ||=]]* < 3}
and thus D, is diffeomorphic to D7. Similarly one shows that D_ is diffeomorphic to D”.
Since g U h|y has no critical points, we are in the situation discussed above and the proof

is finished.
q.e.d.






CHAPTER 20

Relation to ordinary singular (co)homology

1. H;(X) is isomorphic to ordinary homology for CW-complexes

This chapter has a different character since we use several concepts and results which
are not covered in this book. In particular we assume familiarity with ordinary singular
homology and cohomology.

Eilenberg and Steenrod showed that if a functor fulfils their homology axioms, then
there is a unique natural isomorphism between this homology and ordinary singular ho-
mology Hy(X) for finite CTW-complexes X, which for a point is the identity [E-S]. Their
axioms are equivalent to our axioms, if in addition the homology groups of a point are
Z in degree 0 and 0 else. Thus for finite CW-complexes X there is a unique natural
isomorphism (which for a point is the identity)

Since Hy(X) is compactly supported one can extend o to a natural transformation
for arbitrary CTW-complexes. Namely, if X is a CTW-complex and [S, g is an element of
H,(X), the image of S under g is compact. Thus there is a finite subcomplex Y in X such
that g(S) C Y. Let i : Y — X be the inclusion, then we consider i.(c([S, g]) € Hy(X),
where we consider [S,g] as element of Hy(Y). It is easy to see that this gives a well
defined natural transformation

for arbitrary C'W-complexes X. We use the fact that if (T, h) is a bordism, then g(T) is
contained in some other finite subcomplex Z with Y C Z.

THEOREM 20.1. The natural transformation
o Hi(X) — Hi(X)

s an isomorphism for all CW -complexres X and all k.
This natural transformation commutes with the x-product.

More generally it is enough to require that X is homotopy equivalent to a C'W-
complex. All smooth manifolds are homotopy equivalent to CTW-complexes [Mi 3] and
so theorem 20.1 holds for all smooth manifolds.

131
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Proof: We know this already for finite C'W-complexes. The argument for arbitrary CW -
complexes uses the same idea as the construction of the generalization of o. Namely if X
is an arbitrary CW-complex and x € Hy(X) is a homology class then there exists a finite
subcomplex Y such that = € im(Hi(Y) — Hi(X)). From this we conclude using the
result for finite C'W-complexes that x is in the image of o : Hy(X) — Hy(X). Similarly
if x € Hg(X) maps to zero under o, we find a finite CW-complex Z C X such that
x € im(Hy(Z) — Hg(X)) since Hg(X) has compact support. Thus we can assume that
x € Hi(Z). Since Hy(X) has compact support there is a finite CW complex 7' C X such
that Z C T and o(z) maps to zero in Hi(T'). From the result for finite CTW-complexes
we conclude o(x) =0 in Hi(T') and so x = 0.

The argument that the natural transformation commutes with the x-product is based
on a description of ordinary singular homology using bordism of stratifolds with addi-
tional structure, a so called parametrization. This is defined in [K], where we construct
a natural isomorphism between homology based on parametrized stratifolds and ordinary
homology. This natural isomorphism preserves the x-product. The forgetful map (for-
getting the parametrization) gives another natural transformation from homology based
on parametrized stratifolds to Hy(X) which preserves the x-product. Since the natural
transformations commute for CW-complexes (by the fact that for a point they are the
identity) this shows that the natural transformation above commutes with the x-product.
q. e. d.

Remark: A similar argument gives a natural isomorphism
o Hy(X;Z/2) — Hy(X;Z/2).
for all CW -complexes X .

2. An example where H,(X) and Hy(X) are different

We denote the oriented surface of genus g by Fj,. For g = 1 we obtain the torus F; =T
and F} is the connected sum of g copies of the torus.

We consider the following subspace of R? given by an infinite connected sum of tori
as in the following picture, where the point on the right side is removed. We call this an
infinite sum of tori. This is a non-compact smooth submanifold of R?® denoted by FL.
The space on the picture is the one point compactification of F,,. This is a compact
subspace of R3.

As in example 2.) in §2 we make Ff a 2-dimensional stratifold denoted S by the
algebra C consisting of continuous functions which are constant near the additional point
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and smooth on F,. Obviously this stratifold is regular and oriented. Thus we can consider
the fundamental class
[S] =[S, id] € Hy(S)

This class has the following property. Let p, : S — F; be the projection onto F, (we
map all tori added to F, to obtain F, to a point). Then

(pg)«([S]) = [Fy]
(why 7). In particular (p,).([S]) is non-trivial for all g.

But there is no class « in Hy(S) such that pg, () is non-trivial for all g. The reason is
that for each topological space X and each class a in Ho(X) there is a map f : F — X,
where F' is a closed oriented surface, such that a = f,([F]). This follows from [C-F] using
the Atiyah-Hirzebruch spectral sequence. Now we suppose that we can find f : F — S
such that (p,)«(a) # 0 in Hy(F,) for all g. But this is impossible since the degree of
fpg is non-zero and there is no map F' — F, with degree non-zero if the genus of F
is smaller than g. The reason is that if the degree is non-trivial then the induced map
H,(F,) — Hy(F) is injective (as follows from the unimodularity of the intersection form).

We summarize these considerations:
THEOREM 20.2. The homology theories Hy(X) and Hy(X) are not equivalent.

Remark: For compact metric spaces (where the maps between these spaces are the ordi-
nary continuous maps) there are other homology theories which for finite CW -complexes
agree with ordinary homology, for example Steenrod homology. It is natural to ask if
H(X) on compact metric spaces agrees with Steenrod homology. The answer is no. We
will discuss this relation in [K].

In [K] we will introduce stratifolds with an additional structure, called a parametriza-
tion. We will use parametrized stratifolds to define homology groups as we did it here with
arbitrary stratifolds. It turns out that the resulting homology theory is ordinary homology
for all spaces X. This will be shown in [K].

3. H*(M) is isomorphic to ordinary singular cohomology

We also want to identify our cohomology groups H¥(M) constructed via stratifolds
with the singular cohomology groups H¥(M). To distinguish the notation we denote the
cohomology groups constructed via stratifolds by H¥(M).

So far we only have defined integral cohomology groups for oriented manifolds. We will
now use a trick to extend the definition to arbitrary manifolds. The idea is to associate
in a natural way to each non-oriented manifold an oriented manifold whose cohomology
will be defined as the cohomology of the original manifold.
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For this we consider for a smooth m-dimensional manifold M the determinant line
bundle A™T'M. This is the bundle whose fibre at x is A™T, M, the 1-dimensional space
of alternating m-forms on T,M. The total space of AT M has a canonical orienta-
tion. Namely if p : F — M is a smooth vector bundle, then p*FE, the tangent vec-
tors along the fibre, is a subbundle of TE, and the differential of p induces an isomor-
phism TE/,r — p*T'M. In the situation above we choose for x € A™TM vectors
V1, .o Uy € T(A™T'M) such that dp(v;) are a basis of Tp,)M and 0 # w € A™T,yM
and say that (vy,...,v,,w) are positively oriented if w(dp,(1v1),...,dpm(vm)) > 0. 1t is
easy to check that this determines an orientation of the total space of AT M.

After we have oriented A™T M, we can define H*(M) := H*(A™TM). If g: M' — M
is a smooth map, we define § : AT M’ — A™TM as sgp’, where p' : A" TM' — M’ is
the projection and s : M — A™T'M is the O-section. If : M” — M’ is a smooth map,
then gh = sgp'hp” = sghp" = (gAh). We further note that since sp’ is homotopic to
id : N™TM — A™T M, the maps id and id : A" TM — A™TM are homotopic.

Now for g : M" — M we define
g = (9)" : HY(M) — H' (M)
and the projections above imply that
1d" =d

(gh)" = h*g"
If U and V are given subsets of M, then p~(U) and p~!(V) are open subsets of A™T M
with p~H(U)Np~ (V) = p (U NV). Thus we obtain a Mayer-Vietoris sequence from the
Mayer-Vietoris sequence of oriented manifolds:

- HNUUV) - HNU)oHYNV) - HYUNV) - HYNUNV) — ...

By construction it is natural, i.e. commutes with induced maps.

Thus we have defined a cohomology theory for arbitrary smooth manifolds. It remains
to show that, if M is oriented, there is a canonical natural isomorphism between H"(M)
as defined previously and H¥(A™TM). Such an isomorphism is easily described, namely:

p* HY (M) — H¥(A™T M)

is an isomorphism since p is a homotopy equivalence. Actually an orientation of M gives
an orientation preserving isomorphism between A™TM and M x R. Using this, one sees
that p* is a natural isomorphism.

This finishes our definition of integral cohomology for non-oriented manifolds extend-
ing the previous definition if the manifold is oriented. Now we proceed with the compar-
ison with ordinary integral cohomology.

We use a characterization of singular cohomology on smooth manifolds from [K-S].
The main result from this paper says that we only have to check the following conditions
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for such a cohomology theory h for which the cohomology groups of a point are Z in
degree 0 and 0 else.
i) Let M; fori=1,2... be a sequence of smooth manifolds. Then

W) = [T eh (),

where the isomorphism from h*(M) to the direct product is given by the inclusions.
ii) The x-product gives an isomorphism

x @ h*(S*) @ h"(S™) =2 hF(SF x S™)

Since these conditions hold for our cohomology theory there is a unique natural iso-
morphism 6 from H*(M) to H*(M) commuting with the x products and inducing the
identity on H°(pt) [K-S]:

THEOREM 20.3. There is a unique natural isomorphism 6 from the cohomology groups
constructed in this book via stratifolds to ordinary singular cohomology, commuting with
the x products and inducing the identity on cohomology in degree 0.

Since the natural transformation 6 respects the cup product we obtain a geometric
interpretation of the intersection form on ordinary singular cohomology. Let M be a
closed smooth oriented manifold of dimension m. Since # respects the cup-products we
conclude:

COROLLARY 20.4. For a closed smooth oriented m-dimensional manifold M and co-
homology classes x € H*(M) and y € H™*(M) we have the identity:

(x Uy, [M]) =[Sy, 9.] M [Sy, 9],

where [Sy, g.) := 0(z) and [S,, g,] := 0(y) are cohomology classes in H*(M) and H™*(M)
corresponding to x and y via 6 and h means the transversal intersection.

Thus the traditional geometric interpretation of the intersection form for those co-
homology classes on a closed oriented smooth manifold, where the Poincaré duals are
represented by a map from a closed oriented smooth manifold to M, as transversal inter-
section makes sense for arbitrary cohomology classes.

The natural isomorphism between the (co)homology groups defined in this book and
ordinary singular cohomology allow - for C'W-complexes - to translate results from one of
the worlds to the other. Above we have made use of this by interpreting the intersection
form on singular cohomology geometrically. The geometric feature is one of the strengths
of our approach to (co)homology. There are other aspects of (co)homology which are
easier and more natural in ordinary singular (co)homology, in particular those which al-
low an application of homological algebra. This is demonstrated by the general Kiinneth
Theorem or by the various universal coefficient theorems. It is useful to have both inter-
pretations of (co)homology available so that one can choose in which world one wants to
work depending on the questions one is interested in.






APPENDIX A

Constructions of stratifolds

1. The product of two stratifolds

Now we show that (S x S, C(S x S')) as defined in chapter 2 is a stratifold. It is clear
that S x S’ is a locally compact Hausdorff space with countable basis. We have to show
that C(S x §') is an algebra. Let f and g be in C(S x S’) and z € S and y € (S)’.
Using local retracts one sees that f + ¢g and fg are in C(S x S’). Obviously the constant
maps are in C(S x S’). Since we characterize C(S x S’) by local conditions it is locally
detectable. Also condition 2.) of a differential space is obvious.

Next we show that restriction gives an isomorphism of germs near (z,y) € S* x (S')’ :
C(S x 8wy — C¥(8" % (8 ey

To see that this map is surjective, we consider f € C*(S? x (S’)?) and choose for z
a local retract r : U — V near x of S and for y a local retract v’ : U' — V' near y of S'.
Let p be a smooth function on S with support p C U which is constant 1 near x and p’
a corresponding smooth function on S’ with support p/ C U’ which is constant 1 near y.
Then p(2)p/ (2') f(r(2),7'(2")) (which we extend by 0 to the complement of U x U’) is in
C(S x §'). (To see this we only have to check for (z,2') € U x U’ that there are local
retracts ¢ near z and ¢’ near 2’ such that f(rq(t),7’q'(t')) = f(r(t),r’(t')). But since r is a
morphism, we can choose ¢ such that rq(t) = r(t) and similarly »'¢/(¢') = 7'(¢') implying
the statement.) Thus we have found a germ near (z,y) which maps to f under restriction.

To see that the map is injective, we note that if f € C(S x S’) maps to zero in
C>(S" x (8')’)(a,y) it vanishes in an open neighborhood of (z,y) in S* x (S’)? and since
there are retracts near x and y such that f commutes with them, it is zero in some open

neighborhood of (z,y) in S x (S').

After we have shown that C(S X ')z, — C®(S* X (S'))(ay) is an isomorphism,
we conclude that T(, (S x ') = T{,,)(S" x (8')7), and so the induced stratification on
S x S’ is given by +;4,;-1S" x (S")?. Now condition 1 also follows from the isomorphism of
germs, condition 2 is obvious and condition 3 follows form the product pp’ of appropriate
bump functions of S and S'.

Thus (S x S, C(S x §)) is (k + [)-dimensional stratifold.
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2. Gluing along part of the boundary

In the proof of the Mayer-Vietoris sequence we will also need gluing along part of
the boundary. If one glues naively then corners or cusps occur (see picture below). The
corners or cusps can in a natural way be removed or better smoothed. The central tool
for this smoothing is given by collars. The constructions will depend on the choice of a
collar, not just on the corresponding germ. But up to bordism, these choices are irrelevant.

Now we return to gluing along part of the boundary. Consider two c-stratifolds W,
and Wy and suppose that W, is obtained by gluing two c-stratifolds Z and Y; over the
common boundary 0Z = 9Y; = N (assuming that Z and Y] have collars ¢, and @y, ):
oW, = ZUxY:. Similarly, we assume that 0Wy = Z Uy Ys (using collars ¢z and ¢y, ) and
that W, and W5 have collars n; and 7,. Then we want to make W Uy Wy a c-stratifold

with boundary Y; Uy Ys. We define Wy Uy Wy as Wy Uz Wy — Y] Uy Ys. But this space is

equal to Wy —Y; U% Wy — Y5, gluing of two c-stratifolds along the full boundary Z, which

is a stratifold by the considerations above. If we add the boundary Y; Uy Y5 naively and
use the given collars, we obtain ”cusps” along N.

To smooth along N we first combine ¢, and ¢y, to an isomorphism ¢ : N x(—=1,1) —
OW; onto its image, where o1 (z,t) := @z(x,t) for t > 0 and ¢4 (x,t) := @y, (x, —t) for t <
0. ¥1|nx{o} is the identity map. Similarly, we combine ¢, and ¢y, to ¢ : N x (=1,1) —
OW, and note that ©a|nxjo,1) = ¢1|nx[0,1)- We denote by ay : N x(—1,1)x[0,1) — W the
map (z,s,t) — n1(¢1(x,s),t). We denote the image by U;. This map is an isomorphism
away from the boundary. Similarly, we define ap : N x (—=1,1) x [0,1) — Usz. The union
U, U U, := Uy is an open neighbourhood of N in Wy Uz W.

Now we pass in R? to polar coordinates (r,¢) and choose a smooth monotone map
p:Rsp — (0, 1], which is for r < % equal to % and for r > % equal to 1 (it is important to
fix this map for the future and use the same map to make the constructions unique). Then
consider the map (; from (—1,1) x [0,1) C {(r,p)|r > 0,0 < ¢ < 7} to R? mapping
(r,) to (r,p(r) - ¢) and similarly By mapping (r,¢) to (r,—p(r) - ¢). The images of
(—1,1) x [0,1) in cartesian coordinates look roughly as
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and

Identifying (3;(]0,1) x {0}) with £5([0,1) x {0}) gives a smooth c-manifold G looking
as

where the collar is indicated in the picture. We obtain a homeomorphism & : Uy —
N x G mapping oy (z, s,t) to (x, 51(s,t)) and as(z, s,t) to (z, B2(s,t)). @ is an isomorphism
of stratifolds outside N. By construction the collar induced from N x G via ® and the
collars of Wy along 0W; —imeyy, and of Wj along 0W; —imyy, fit together to give a collar
on W; Uz Wy finishing the proof of:

PROPOSITION A.1. Let (fori=1,2) W; be c-stratifolds such that OW; is obtained by
gluing two c-stratifolds Z and Y; over the common boundary 0Z = 0Y; = N:

oW, =ZUnY,
Choose representatives of the germs of collars for ' Y; and Z.

Then there is a c-stratifold Wy Uz Wy extending the stratifold structures on W; — (Z U
imy;). The boundary of W1 Uz Wy is Y1 Uy Ya.

It should be noted that the construction of the collar of W; Uz W5 depends on the
choice of representatives of the collars of W;, Y; and Z. For our application in the proof
of the Mayer-Vietoris sequence it is important to observe, that the collar was constructed
in such a way, that away from the neighbourhood of the union of the collars of N in Y;
and Z is the original collar of W; and W.
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3. Proof of Proposition 4.1

At the end of this chapter we prove that for a space X the isomorphism classes of pairs
(S, g), where S is an m-dimensional stratifold, and g : S — X is a continuous map, is a set.

Proof of Proposition 4.1: For this we first note that the diffeomorphism classes of
manifolds form a set. This follows since a manifold is diffeomorphic to one obtained by
taking a countable union of open subsets of R™ (the domains of a countable atlas) and
identifying them according to an appropriate equivalence relation. Since the countable
sum of copies of R™ is a set, the set of subsets of a set is a set, and the possible equivalence
relations on these sets form a set, the diffeomorphism classes of m-dimensional manifolds
are a subset of the set of all sets obtained from a countable disjoint union of subsets of
R™ by some equivalence relation.

Next we note that a stratifold is obtained from a disjoint union of manifolds, the
strata, by introducing a topology (a collection of certain subsets) and a certain algebra.
The possible topologies as well as the possible algebras are a set. Thus the isomorphism
classes of stratifolds are a set. Finally for a fixed stratifold S and space X the maps from
S to X are a set, and so we conclude that the isomorphism classes of pairs (S, g), where
S is an m-dimensional stratifold, and g : S — X is a continuous map, is a set.

q.e.d.



APPENDIX B

The detailed proof of the Mayer-Vietoris sequence

The following lemma is the main tool for completing the proof of the Mayer-Vietoris
sequence along the lines explained in §5. It is also useful in other contexts. Roughly it
says that up to bordism we can separate a regular stratifold S by an open cylinder over
some regular stratifold P. Such an embedding is called a bicollar, i.e. an isomorphism
g: P x (—¢€) — V, where V is an open subset of S. The most naive idea would be to
"replace” P by P x (—¢, €), so that as a set we change S into (S—P)U (P x (—¢,¢)). The
proof of the following lemma makes this rigorous.

LEMMA B.1. Let T be a regular c-stratifold. Let p: T — R be a continuous function

such that p|% is smooth. Let 0 be a regular value of p 2 and suppose that p~1(0) C T and

that there is an open neighbourhood of 0 in R consisting only of reqular values of p|%.

Then there exists a reqular c-stratifold T’ and a continuous map f : TN — T with
OT' = 0T, flor = id such that f commutes with appropriate representatives of the collars
of T and T. Furthermore there is an € > 0 such that p~*(0) x (—¢, €) is contained in T' as
open subset and a continuous map p' : T — R whose restriction to the interior is smooth
and whose restriction to p~(0) x (—¢, €) is the projection to (—e¢, €). The restriction of f to
p1(0) X (—¢,€) is the projection onto p~*(0). In addition (p')~'(—oo,—€) C p~'(—00,0)
and (p') (e, 00) C p~(0, 00).

If OT = () then (T, id) and (T', f) are bordant.
Proof: Choose § such that (—d,4) consists only of regular values of p.

Consider a monotone smooth map x : R — R which is the identity for |¢| > §/2 and
0 for |t| < d/4.
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Then n : T x R — R mapping (z,t) — p(z) — p(t) has 0 as regular value. Namely,
for those (z,t) mapping to 0 with [¢| < & we have |p(z)| < § and thus (z,t) is a regular
point of 7, and for those (x,t) mapping to 0 with [t| > §/2 we have pu(t) = t and again
(x,t) is a regular point. Thus T' := 171(0) is by Proposition 4.2 a regular c-stratifold
(the collar is discussed below) containing V := p~1(0) x (—§/4,4/4). Setting € = /4 we
have constructed the desired subset in T".

0
|
1
. T xIR
T / T
i

To relate TV to T, consider the map f : T/ — T given by the restriction of the projec-
tion onto T in T x R. This is an isomorphism outside p~1(0) x (=46/2,4/2). In particular
we can identify the boundaries via this isomorphism: T = 9T. Similarly we use this
isomorphism to induce a collar on T’ from a small collar of T and so the c-structure on
T makes TV a regular c-stratifold. Finally we define p/ by the projection onto R. The
desired properties are obvious and this finishes the proof of the first statement.

If 0T = 0, we want to construct a bordism between (T,id) and (T’, f). For this,
choose a smooth map ¢ : I — R which is 0 near 0 and 1 near 1. Then consider the
smooth map T X R x I — R mapping (z,t,s) — p(z) — ({(s)u(t) + (1 — {(s))t). This
map has again 0 as regular value and the preimage of 0 is the required bordism Q. By
construction and Proposition 4.2 Q is a regular c-stratifold. The projection from Q to T
is a map r : Q — T, whose restriction to T is the identity on T and whose restriction to
T’ is f. Thus (Q,r) is a bordism between (T, id) and (T', f).

q.e.d.

Now we apply this lemma to the proof of Proposition 5.1 and the detailed proof of
Theorem 5.2, the Mayer-Vietoris sequence.

Proofs of Proposition 5.1 and Theorem 5.2: We begin with the proof of Proposi-
tion 5.1. For [S,g] € H,,(X) we consider as before Proposition 5.1 the closed subsets
A:=¢g (X —V)and B := g7'(X — U). By partition of unity we construct a smooth
function p : S — R and choose a regular value s such that p~'(s) € S — (AU B) and
A C p~Y(s,00) and B C p~!(—o00,s). After composition with an appropriate translation
we can assume s = 0. Since S is compact, by Proposition 4.3 the regular values of p are
an open set in R.

Thus we can apply Lemma B.1 and we consider S, f and p/. Then (S, g) is bordant to
(S’,gf) (since (S, f) is bordant to (S,id)) and 0 is a regular value of p’. By construction
p1(0) X (—¢, €) is contained in S’ as open neighbourhood of P := (p/)~1(0) = p~1(0), with
other words we have a bicollar of P. Furthermore by construction gf is on P = p~1(0)
equal to g, in particular gf(P) is contained in U N V. In Proposition 5.1 we had defined
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d([S, g]) as [p~*(0), g|,~1(0)] and the considerations so far implied that this definition is the
same if we pass from (S, g) to the bordant pair (S’, gf) and define d([S', gf]) as [P, gf|p],
which situation has the advantage that P has a bicollar.

To show that d is well defined it is enough to show that if (S, gf) is the boundary of
(T, F), then [P, g|p| is zero in Hy_1(U N V). Here T is a c-stratifold with boundary S'.
In particular we can take as T the cylinder over S and see that d does not depend on the
choice of the separating function or the regular value. We choose a representative of the
germ of collars ¢ of T. Define Ay := F~'(A) and By := F~!(B) and construct a smooth
function n : T — R with the following properties:

1.) There is a g > 0 such that the restriction of n to P x (—u, u) is the projection to

(_Ma :u)’

2.) n(e(z,t)) = n(x),

3.) there is an § > 0 such that F(n=*(=4,0)) cUNV.

The construction of such a map 7 is easy by partition of unity since P has a bicollar in

S’

By Sard’s theorem there is a t with |t| < min{d, x} which is a regular value of 7. Since
the restriction of 1 to P x (—pu, ) is the projection to (—pu, ) we conclude that ¢ is also
a regular value of n|g/. By condition 2.) we guarantee that Q := n71(t) is a c-stratifold
with boundary P x {¢t}. By condition 3.) we know that F/(Q) C UNV and so we see that
[P x {t}, Flpxyy] is zero in Hy_1(UNV). On the other hand obviously [P x {t}, F|pyx ]
is bordant to [P, g|p|. This finishes the proof of Proposition 5.1.

Now we pass to the proof of Theorem 5.2. We first show that d commutes with induced
maps. The reason is the following. Let X’ be a space with decomposition X' = U UV’
and h : X — X’ a continuous map respecting the decomposition. Then if we consider
(S, hf) instead of (S, f) one can take the same separating function p in the definition of

d and so d'([S,hf]) = [p7'(s), hflp=1(9)] = hu([p7(5), flp=1(9)]) = h(d([S, f])).
Now we begin with the proof of the exactness by looking at
H,UnV;Z/2) - H,(U;2/2) ®H,(V;Z2/2) - H,(UUV;Z/2)

Since jyiy =1 : UNV — U UV, the inclusion map, and also jyiy, = 4, the differ-
ence of the composition of the two maps is zero. To show the other inclusion, consider
S, f] € H,(U;Z/2) and [S', /'] € H(V;Z/2) with (ju).(S, f]) = (jv)«([S', f']). Let
(T, g) be a bordism between [S, f] and [S, f'], where g : T — U U V. Similarly as in the
proof that d is well defined, we consider the closed disjoint subsets Ay :=SUg (X —V)
and By := S’ U g (X — U). By partition of unity we construct a smooth function
p: T — R with p(A) = —1 and p(B) = 1 and choose a regular value s such that

p~1(s) C T — (Ar U By). After composition with an appropriate translation we can as-
sume s = 0. Since T is compact, by Proposition 4.3 the regular values of p are an open set
in R. Applying Lemma B.1 we can assume after replacing T by T’ that p~'(s) has a bicol-
lar ¢. Then [p~1(s), g|,~1(5)] € Hy(UNV) and— as explained in §3—(p![s, 00), g|,1[5.00))



144 B. THE DETAILED PROOF OF THE MAYER-VIETORIS SEQUENCE

is a bordism between (S, f) and (p~'(s), g|,~1(5)) in U.

Similarly (p~'(—00, 5]), gl,-1(—0,s])) is @ bordism between (S', f) and (p~'(s), g|,-1(s)) in
V. Thus ((iv)«([p7(s), l-10)]); (iv)«([7' (), glom19)])) = (1S, f1 [S', f']).

Next we consider the exactness of
H,(UUV;Z/2) 5 H, o (UNV32/2) — H, (Ui Z/2) & H, (V3 Z/2).

By construction of the boundary operator the composition of the two maps is zero. Namely
(p'[s,00), flp=1[s,00)) is & zero-bordism of d([S, f]) in U and (p~'(—00, 5], f|,~1(—c0,s]) IS &
zero-bordism of d([S, f]) in V. Here we again apply Lemma B.1 and assume that p~!(s)
has a bicollar.

To show the other inclusion, start with [P,r] € H, (U N V;Z/2) and suppose
(iv)«([P,r]) = 0 and (iv).([P,7]) = 0. Let (Ty,¢1) be a zero bordism of (iy).([P,r])
and (T, g2) be a zero bordism of (iy).([P,r]). Then we consider T; Up Ty. Since
gilp = go|lp = r, we can - as in the proof of the transitivity of the bordism rela-
tion - extend r to Ty Up Ty using g; and go and denote this map by g; U go. Thus
[Ty Up To, 1 Uge] € H,(UUV;Z/2). By construction of the boundary operator we have
d([T1Up Ty, g1Ugs]) = [P, r]. Here one constructs using the bicollar a separating function
which near P is the projection from P x (—¢, €) to the second factor.

Finally, we prove exactness of
H,(U;Z/2) & H,(V;Z/2) — H,(UUV;Z/2) % H,_(UNV;Z/2).

The composition of the two maps is obviously zero. Now, consider [S, f] € H,(UUV;Z/2)
with d([S, f]) = 0. Consider p, s and P as in the definition of the boundary map d and
assume by Lemma B.1 that p~!(s) has a bicollar. We denote S, := p~![s,00) and
S_:=p!(—o00,s]. Then S=S, UpS_. Ifd([S, f]) = [P, flp] =0in H, 1(UNV;Z/2)
there is Z with 0Z = P and an extension of f|p to r : Z — U NV. We glue to obtain
S: Up Z and S_ Up Z. Since flp = r|p the maps f|s, and 7 give a continuous map
fir Sy Up Z — U and similarly we obtain f- : S_ Up Z — V. We are finished if
(Ju)«([S+ Up Z, f1]) — (Jv)«([S— Up Z, f_]) =[S, f]. For this we have to find a bordism
(T, g) such that 0T =S, UZ+S_UZ+ S (recall that —[P,r] = [P, r] for all elements
in H,(Y;7Z/2)) and g extends the given three maps on the pieces.

This bordism is given as T := ((Sy Up Z) x [0,1]) Uz ((S— Up Z) x [1,2]) with
OT = (S, Up Z) x {0} +(S_Up Z) x {2} +S; Up S_. Here we apply Lemma A.1
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to smooth the corners or cusps. This finishes the proof of Theorem 5.2.
q.e.d.

Finally we discuss the modification needed to prove the Mayer-Vietoris sequence in
cohomology. Everything works with appropriate obvious modifications as for homology
except where we argue that the regular values of the separating map p are an open set.
This used that the stratifold on which p is defined is compact, which is not the case for
regular stratifolds representing cohomology classes. We are free in the choice of the sep-
arating function and we show now that we can always find a separating function p and a
regular value, which is an inner point of the set of regular values.

Let g : S — M be a proper smooth map and C' and D be disjoint closed subsets of
M. We choose a smooth map p: M — R which on C is 1 and on D is —1. We select a
regular value s of pg. The set of singular points of pg is closed by Proposition 4.3, and
since a proper map on a locally compact space is closed ([Sch], p. 72), the image of the
singular points of pg under g is a closed subset F' of M.

Now we consider a bicollar ¢ : U — M — F of p7'(s), where U = {(z,t) €
p1(s) x R||t| < d(z) for some continuous map ¢ : p~i(s) — Rsy. We can choose ¢
in such a way, that pp(x,t) = t. Now we ”expand” this bicollar by choosing a diffeo-
morphism from U to p~!(s) x (—=1/2,1/2) mapping (x,t) to (z,n(z,t)), where n(z,..) is
a diffeomorphism for each x € p~!(s). Using this it is easy to find a new separating
function p/, such that p'¢(z,t) =t and p'~'(—1/2,1/2) = U. By construction the interval
(—1/2,1/2) consists only of regular values of p'f.

We apply this in the proof of the Mayer-Vietoris sequence for cohomology as follows.
Let U and V' be open subsets of M = U UV . We consider the closed subsets C' := M — U
and D := M — V. Then we construct p’ as above and note that p’'g is a separating func-
tion of A := ¢g7*(C) and B := g~ !(D), and s is a regular value which is an inner point
in the set of regular values. With this the definition of the boundary operator works as
explained in chapter 12.

Now we explain why the Mayer-Vietoris sequence is exact. We do this separately at
the three places and only explain the non-obvious steps. We explain the arguments with
pictures.



146 B. THE DETAILED PROOF OF THE MAYER-VIETORIS SEQUENCE

We begin with the exactness of

H(UNV)— HYUUV)— H*U) ® H*(V)

Let @« € H¥(U UV) (picture A) such that it maps to zero. That is there are strati-
folds with boundary and proper maps extending the map representing « after restrict-
ing to U and V respectively. We abbreviate these extension by [ and v and write
06 = jj(a) and 0y = jj;(a) (picture B). Now we restrict § and v to the intersection
U NV and glue them (respecting the orientation) along the common boundary to obtain
¢ = (—Y|lvnv) U Bluay € H* (U N V) (picture C). Using a separating function p we
determine the image of ( under the boundary operator: §(¢). Finally we have to show
that ¢(¢) is bordant to o. For this we consider 1 := f§|,~1(_oo U (—7[p 7[5, 00)), which
gives such a bordism (picture D).
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" aeHNUUV

¢=(—Munv)YBunv
e HF-1(UNnV)
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Now we consider the exactness of
H*YUUV) - H*U)® H*V) - HYUNV)

For this we consider « € H*(U) and 8 € H*¥(V) (picture A) such that («, 3) maps to zero
in H*(U N'V). This means there is v, a stratifold with boundary together with a proper
map to UNV, such that 0y = i}, (a) —i},(5) (picture B). Next we choose a separating func-
tion p as indicated in picture B. Using p we consider ¢ := o|p-1(—oo,s) U (—07) U Bo-1[s,00)
€ H*(U UV) (picture C). Finally we have to construct a bordism between j;;(¢) and
a resp.  ji(¢) and B. This is given by the equations j;¢ + 9(7),-1s,0c)) = @ and
316 = 0(Vg=1(~c0,5) = B (picture D).

P~

\. Oy = ifya — iy, 8

¢ := Qo1 (—oc0,s] Uv(_é’y) U ﬂ\g*l[s,oo)
€ Hr(UuUV)

=z 2 €= 0(Vp=1(—00,s])
=5

35C+ 00V = 1[5,00)) = @
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Finally we consider the exactness of
H*U)® HY(V) - HYUNV) - H (U U V)

Let a be in H*(U NV) (and p a separating function) such that da = 0 (picture A).
This means that there is a stratifold 8 with boundary ¢(«) and a proper map extending
the given map (picture B). From this we construct the classes (; := Qg1 (—00,s) U B €
H*(U) and ¢ = (—qp-1i5.00)) U (=Bv) € H*(V) (picture C). Finally we note that
it;(¢1) — iy (Ca) = a (picture D).

A

(_a|g_1[s,oo)) U (_ﬁ‘v)

i (C1) — 17, (G2) = o






APPENDIX C

The tensor product

We want to describe an important construction in linear algebra, the tensor product.
This assigns to two R-modules another R-module. The slogan is: Bilinearity is transferred
to linearity. More precisely, let R be a commutative ring with unit, for example Z or a
field. Consider a bilinear map f : V xW — P between R-modules. Then we will construct
another R-module denoted V @z W together with a canonical map V x W — V @z W
such that f induces a map from V®r W — P commuting with the canonical map and f.

Since we are particularly interested in the case of R = Z we note that a Z-module is
the same as an abelian group. If A is an abelian group we make it a Z-module by defining
(formn > 0) n-a:=a+ ...+ a, where the sum is taken over n summands, and for n < 0
we define n-a:= —(—n-a).

We begin with the definition of V @z W. This is an R-module generated by all pairs
(v,w) with v € V and w € W. One denotes the corresponding generators by v ® w and
calls them pure tensors. The fact that these will be the generators means that we will
get a surjective map

EB (v,w)-R—V g W
(v,w)eV W
mapping (v, w) to v ® w. In order to finish the definition of V @z W we only need to
define the kernel K of this map. We describe the generators of the kernel, these are :

(rv,w) — (v,rw) for all v,w € V,r € R and
(rv,w) — (v,w)r for all v,w e V,r € R and

(v, w) + (V,w) — (v+ v, w) respectively

(v,w) + (v,w'") = (v,w+ w') forall v,v",w,w €V

Let K be the submodule generated by these elements. Then we define the tensor prod-
uct

VorW = B ww-r /K

(v,w)eV xW

Remark: The following rules are translations of the relations and very useful for working
with tensor products:

r-vew)=r-v)euw=v® (r w)
1w+ Rw=(v+v)Q@w
1w+ vRuw =v® (w+w)

151



152 C. THE TENSOR PRODUCT

These rules imply that the following canonical map is well defined and bilinear:

VW — VW

(v,w) +— VRW

Let f:V x W — P be bilinear. Then f induces a linear map

f . V ®R W — P
v@w  — f(v,w)
This map is well defined since (rv) @ w —v® (rw) — f(rv,w)— f(v,rw) =7 f(v,w) —

rflv,w)=0andv@uw+v @w— (v+ ) Rw — f(v,w)+ f(v w) — flv+v,w) =0,
respectively v @ w+v @ w' — v ® (w+ w') — 0.

In turn, if we have a linear map from V ®z W to P, the composition of the canonical
map with this map is a bilinear map from V' x W to P. Thus as indicated above we have
seen the fundamental fact:

The linear maps from V Qg W to P correspond isomorphically to the bilinear
maps from V x W to P.

Example: Let V =W = R. Then the bilinear map
RxR — R
(zy) — -y

induces
R®r R — R
TRy = Ty

Obviously this map is surjective since 1 ® 1 — 1. It is also injective, since

RHR®RR
r—r®1

is the inverse map.

What is (V@& V') ®g W? The reader should convince himself that the following maps
are bilinear

VaoV)ixW — (VegW)o (V' g W)
((v,0"),w) — (V@ w, v ®w)
and
VXW— VoV )ergW and V' xW — VoV )W
(v, w) — (v,0) @ w (v, w) — (0,7") @ w

These maps induce homomorphisms



C. THE TENSOR PRODUCT 153

VeV)erW — VrW eV @zg W and
(v,0") @ w — (V@ w, v ®w)
VQrW eV @rW — (VaV )W
((v®w1),(v’®w2)) — <U70) ® wy + (0,’0’) ® wa
and these are inverse to each other. Thus we have shown:
PROPOSITION C.1. (V@ V') @r W — (V @r W) ® (V' @ W).
It follows:
R*®@rR™ = (R" '@R)®rR™ = R" ' @rR"©RORR™ = R" ' @r R" & (R®R[RG---®R]) = (R"'®@rR™)®R™.
Thus dim R" ®r R™ =n-m and
R"®@r R = R™™ = M(n,m)
€; Qej— €
where e; ; denotes the n x m-matrix whose coefficients are 0 except at the place (i, 7),
where it is 1.

Example:
R@rM = M
rRxT = X

If R = 7Z we note that a Z-module is the same as an abelian group. For abelian groups
A and B we write A ® B instead of A ®; B.

We want to determine Z/n ® Z/m. We prepare this by some general considerations.
Let f: A — B and g : C — D be homomorphisms of R-modules. They induce a
homomorphism

f®g A®RC — B®RD
aoc o fla)®g(o).
called the tensor product of f and g.

If we have an exact sequence of R-modules
o= Apyy — A — Ay —

and a fixed R-module P we can tensorize all A, with P and tensorize all maps in the
exact sequence with Id on P, and obtain a new sequence of maps

..—>Ak+1®RP—>Ak®RP—>Ak_1®RP—>...

called the induced sequence and ask if this is again exact. This is in general not the
case and this is one of the starting points of homological algebra which systematically
investigates the failure of exactness. Here we only study a very special case.

PRrRopPOSITION C.2. Let
0—-A—-B—-C—=0

be a short exact sequence of R-modules. Then the induced sequence
ARrP —-B®r P —-C®rP —0
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is again exact. In general the map A ®r P — B ®g P is not injective.

Proof: Denote the map from A — B by f and the map from B to C' by g. Obviously
(9 ® Id)(f ® Id) is zero. Thus g ® Id induces a homomorphism B ®p P/ (fe1d)(Azpp) —
C ®gr P. We have to show that this is an isomorphism. We give an inverse by defining
a bilinear map C' x P to B ®r P/(fard)asxp) Dy assigning to (c,p) an element [b ® p,
where g(b) = ¢. The exactness of the original sequence shows that this induces a well
defined homomorphism from C' ®r P to B ®r P/(fe1d)(an,p) and that it is an inverse of
B ®r P/(to1d)(Aszp) — C @r P.

The last statement follows from the next example.
q.e.d.

As an application we compute Z/n ® Z/m. For this consider the exact sequence
0—-Z—Z—Z/n—0

where the first map is multiplication by n, and tensorize it with Z/m to obtain an exact
sequence
ZRL/m —-ZRL/m — Z/n@ZL/m — 0
where the first map is multiplication by n. This translates by the isomorphism above to
Z/m —Z/m —Z/n®Z/m — 0

where again the first map is multiplication by n (if n and m are not coprime, the left map
is not injective finishing the proof of Proposition C.2). Thus Z/n® Z/m = Z/ ged(mn) and
we have shown:

COROLLARY C.3.
Z/n®Z/m = Z]ged(n,m)

If A is a finitely generated abelian group it is isomorphic to F' & T, where F' = ZF is
a free abelian group, and T is the torsion subgroup. The number k is called the rank of
A. A finitely generated torsion group is isomorphic to a finite sum of cyclic groups Z/n;
for some n; > 0. Thus Propositions C.1 and C.3 allow to compute the tensor products of
arbitrary finitely generated abelian groups.

Now we study the tensor product of an abelian group with the rationals Q. Let A be
an abelian group and K be a field. We first introduce the structure of a K-vector space
on A® K (where we consider K as abelian group to construct the tensor product) by:
a-(a®f)=a®a-fforain A and a and # in K. Decompose A = F @ T as above.
The tensor product T'® Q is zero, since a @ ¢ =n-a® q/n =0, if n-a = 0. The tensor
product F ® Q is isomorphic to Q. Thus A ® Q is - considered as Q-vector space - a
vector space of dimension rank A.

Finally we consider an exact sequence of abelian groups
o= Apyy — A — Ay —

and the tensor product with an abelian group P.
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ProrosiTiON C.4. Let
o= Apyr — A — Ay —

be an exact sequence of abelian groups and P either be Q or a finitely generated free abelian
group, then the induced sequence

w— A1 QP - AL QP — A 1 QP — ...

15 exact.

Proof: The case of a free finitely generated abelian group P can by Lemma C.1 be
reduced to the case P = Z, which is clear.

If P = Q we return to Lemma C.2 and note that we are finished if we can show the
injectivity of f ® Id : A® Q — B ® Q. Consider an element of A ® Q, a finite sum
> ai ® ¢;, and suppose Y . f(a;) ® ¢; = 0. Let m be the product of the denominators of
the ¢;’s and consider m(} . a; ® ¢;) = >, a; ® m - ¢;. The latter is an element of A ® Z
mapping to zero in B ® Q. Thus its image in B ® Z is a torsion element (the kernel of
B = B®Z — B®AQ is the torsion subgroup of B (why?)). Since f®Id : AQZ — BRZ
is injective, this implies that > . a; ® m - ¢; is a torsion element mapping to zero in A ® Q.
Since this is a Q-vector space m()_, a; ® ¢;) = 0 implies >, a; ® ¢; = 0.

q.e.d.
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