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ABSTRACT. Given a multiplicative cohomology theory, h*, represented by a spectrum, F,
we define its associated geometric homology theory, hi®®, by means of bordism. Restricted
to CW pairs, we show how hi° is naturally equivalent to h., the homology theory asso-
ciated to E. This was done by M. Jakob in the paper [Jak00], and we give an exposition
following his approach. We also consider a naturally occurring cap product.






INTRODUCTION. In 1982, P. Baum and R. G. Douglas presented the paper K Homology
and Index Theory, [BD82], there introducing a geometric description of K-homology—the
spectrally defined homology theory associated to (complex) K-theory. Their version of
K-homology resembles K-theory as well as oriented bordism and is in some sense a fusion
of these. Given a space X, one considers the set of triples of the form (M, E, f), where M
is a closed Spin“-manifold, E is a complex vector bundle over M, and where f: M — X is
a continuous map. A suitable equivalence relation is defined on such triples, extending the
traditional bordism relation on singular manifolds (M, f). There is the obvious disjoint
union of triples. This operation passes on to the set of equivalence classes, which by that
becomes an abelian group.

This construction would turn out to be applicable to more than K-theory. In the triple
(M, E, ), the vector bundle E may be regarded as an element of K*(M). In his paper
A Bordism-Type Description of Homology, [Jak98], M. Jakob shows how the description
of Baum and Douglas generalizes to a great range of multiplicative cohomology theories.
Suppose given a multiplicative cohomology theory h* represented by a spectrum. For
a pair of spaces, (X, A), Jakob considers triples (M,z, f), for which M is a compact,
h-oriented manifold, z is an element of h*(M), and where f: (M,0M) — (X, A) is a
continuous map. Under a suitable equivalence relation, generalizing that of Baum and
Douglas, this becomes an abelian group as above. This evolves to geometric homology,
hi°, a homology theory defined on topological pairs. Restricted to CW pairs, h® is
naturally equivalent to the spectrally defined homology theory, h.. Jakob published a
second version, [Jak00], which is our approach to the subject.

TERMINOLOGY. Certain categories have been given names.

e Ab,
Graded abelian groups with graded group homomorphisms.

e Top
Topological spaces with continuous maps. Synonymous names for objects are space,
topological space.
e Top?
Pairs of topological spaces and subspaces with continuous maps of pairs. Synony-
mous names for objects are pair, topological pair, pair of spaces.

o CW
CW complexes with continuous maps. Synonymous names for objects are CW
space, CW complex.

o CW2
Pairs of CW complexes and subcomplexes with continuous maps of pairs. Syn-
onymous names for objects are CW pair, pair of CW spaces, pair of CW
complexes.



We write pt for the generic one-point space. Disjoint union of spaces X and Y is denoted
X UY. For a space X, we define X = X LIpt.

Homology and cohomology theories are always assumed to be additive. Moreover,
we do not include the axiom of dimension.

When we speak of a manifold M, we shall assume the following.

e M is real and smooth (C°-differentiable).

e M has a finite number of connected components, but we will allow the components’
dimensions to vary.

e M has a boundary OM (possibly empty), and we have 9M C M as a smooth
submanifold.

e M = @ is regarded to be a manifold of any dimension.

By submanifold we mean imbedded submanifold, i.e. the image of some smooth imbed-
ding. All imbeddings are assumed to be smooth. Being locally Euclidean, the connected
and path-connected components of a manifold coincide, and components will therefore
be used. By an n-manifold M, we mean a manifold whose components all have the
the same dimension n. We may then write M™. When necessary, single- and multi-
dimensional will be used to distinguish the two cases. Throughout, vector bundles
are assumed to be real. As with manifolds, we also allow a vector bundle to have varying
rank on its different components.
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1 PRELIMINARIES

Throughout this text, we shall let h* be a fixed, multiplicative cohomology theory on
CW? represented by an Q-spectrum, E. To E, there is the associated homology theory,
h.. We shall postpone the definitions of these terms to Chapter 3, and we use h, for now
without further discussion.

In this chapter, we give the notion of h-orientations on vector bundles and manifolds,
before defining the Gysin homomorphism in cohomology and demonstrating some of its
basic properties.

1.1 Defining orientations on vector bundles and manifolds

DEFINITION. n-dimensional Euclidean half-space is

H* = {(z1,...,2,) €R" |21 > 0} CR" O

As a submanifold, we identify R*~! = 9H" C H" and have the following imbedding
theorem:

THEOREM (IMBEDDING). Let M be a compact manifold. Then for some n, there is an
imbedding
(M,0M) — (H",R"™1). O

More frequently, we shall be using imbeddings M < R™ obtained by composing with the
standard inclusion H” — R™.

THEOREM (COLLARING). Let M be a manifold. Then there is an imbedding
f:0M x[0,1) = M
such that f(x,0) = x for every x € OM. O

Such an imbedding, as well as its image, is referred to as a collar on M. When identifying
diffeomorphic manifolds, we may assume f is an inclusion map, i.e. 9M x [0,1) C M as
an open neighborhood of OM.
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DEFINITION. Suppose M and N are manifolds. We write 7); and 7 for their respective
tangent bundles. Let f : M — N be an imbedding. Identifying 75 as a subbundle of
f*7n, we define the normal bundle of f to be the quotient bundle

I/fZ:f*’TN/TM. O

REMARK. This makes vy | M a smooth vector bundle. If M and N are of constant
codimension, then rank vy = dim N — dim M. The sequence

0=y = f'rv = vy —0

is exact. Moreover, manifolds being paracompact, the sequence splits. When N is a
Euclidean space, we thus get that Ty @ vy is trivial. O

The following theorem can be found in [Hir76].

1.3 THEOREM. Let M™ be a compact manifold. Then (M,0M) has the homotopy type
of a CW pair. O

Suppose given a continuous map of compact manifolds. Then a choice of CW represen-
tatives and homotopy equivalences defines a homotopy class of maps between the repre-
sentatives. Passing to the homotopy category of CW pairs, this becomes independent of
the choice of representatives and a functorial assignment. In homology and cohomology,
we may therefore treat compact manifolds as if they were CW pairs. This we shall use
freely. For the following, we refer to [Hus75].

DEFINITION. Suppose £ is a vector bundle with a metric, £ having total space E and
base space X. Then the associated disk and sphere bundle of £ are the fiber bundles
with respective total spaces

DE ={zcE||lz|| <1}, SE={zcE]||q| =1},

and base space X, denoted D¢ and S¢. The Thom space of £ is the pointed quotient
space
Th¢ = DE/SE. O

Most often, we shall use the same notation 7 for the projections of SE, DE and E onto
X.

Given two metrics on &, the fiber bundle equivalence D& = D’¢, on the total spaces
locally given by
[[v]]

ol

allows us to identify D& and D’€ in a canonical way. This identifies the associated sphere
bundles as well. We shall only consider vector bundles £ over manifolds and CW spaces.
These base spaces are paracompact and hence admit partitions of unity and thus metrics
on £. Also, we note that Th¢ is independent of this metric. The passing from vector
bundles to Thom spaces can be made covariantly functorial. Given a bundle map £ — n,
the Thom functor induces the pointed map Th& — Thrn. This we shall be using freely.

(z,v) — (z v), ven (z

~

)
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We note that for a vector bundle over a CW space, the associated Thom space is a CW
space as well.

DEFINITION. Let X be a compact manifold or a CW space and let { = E | X be a
vector bundle of rank n. Then a Thom class of £ is an element v € h™(Th¢) which on
each fiber of ¢ is pulled back to an h%(S°)-module generator

i*(u) € h"(DE,/SE,) = h™(D" /5"~ 1) = h™(S") = hO(3°).
Now, let £ = E | X be a vector bundle, not necessarily of constant rank on different

components. Let UE, | UX}y be the component decomposition of £, § = Ex | X,
ri = rank . Then an h-orientation of £ is a class u € h*(Th¢) such that

e 1y is non-zero only in dimensions 7,

e for each k, the restriction wuy € B (Thé&g) is a Thom class of &.

Such a class will also be referred to as a Thom class. If a Thom class exists, £ is said to
be h-orientable. ¢ is h-oriented when a choice of Thom class is made. Most often, we
will suppress the prefix & when speaking of orientations. O

REMARK. [Dye69] is our main reference for orientations of vector bundles and manifolds.
However, note how our definition of a Thom class differs from the one found there. We
do not require the restriction of a Thom class to correspond to 1 € h%(S%), but only to
some h°(S%)-module generator. This is essential to us as we shall be needing that —u is
a Thom class whenever u is. O

1.4 LEMMA. Let M be a compact manifold and let f; : M — RF: be two imbeddings of
M, i=1,2. Then there are integers a; yielding a bundle isomorphism vy, ©a; = vy, Dag.

PrOOF. For any imbedding f in Euclidean k-space, we have the canonical bundle iso-
morphism vy @7y = k: By definition, at each fiber, v is the linear quotient of Euclidean
(tangent) space and a tangent space of M. Thus—v; being the orthogonal complement
at each fiber—this isomorphism is evident. We get

vy, ® T = ky
ﬁl/fl@k‘ggufl@l/fz@TM%I/fz@k‘l. O

Having fixed a manifold M as base space, two vector bundles are called stably isomor-
phic when they become isomorphic by adding suitable trivial bundles. This defines an
equivalence relation on bundles over M. The lemma above shows that any two normal
bundles are stably isomorphic. Hence all normal bundles belong to the same equivalence
class. We call this class the stable normal bundle of M. We also have the notion of a
stable orientation class giving an orientation to the stable normal bundle:
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1.5 PROPOSITION.  Let M be a compact n-manifold and let u; € hk (Thvy) be an orien-
tation of the normal bundle vy of some imbedding f1. Then if vo is the normal bundle of
some other imbedding fo, u1 determines in a unique way an orientation us € h*2(Thvsy)

of va.

PROOF. The two imbeddings may be composed with standard imbeddings of Euclidean
spaces to give two new imbeddings, i; o fi and i o fo, into the same Rt When [ is
chosen sufficiently high, these imbeddings are isotopic, i.e. homotopic through imbeddings.
The new normal bundles, v] and v}, are thus isomorphic. Each standard imbedding of
Euclidean spaces yields the addition of a trivial bundle to the normal bundle:

2@ —ky), vh=vya® (I —ka).
Hence we get v @ (I — k1) Z vo ® (I — ko). Passing to Thom spaces, we get
Th(l/l D (l — kl)) ~ Th(l/2 D (l — kg))

Even more, this homeomorphism can be chosen so that it preserves disks, and as such
it is unique up to isotopy: cf. [Dye69] section D.1. Hence the induced isomorphism in
cohomology is uniquely determined.

When € | X and 5 | Y are vector bundles, so is (£ x 1) | (X x Y), and one has the
canonical homeomorphism Th(€ xn) & ThéATh . Letting Y = pt, n = 1 and identifying
E@1] X with (€ x1) ] (X x pt), the homeomorphism becomes Th(§ 1) ~ X Th&. We
get

PR (They) =2 BH (S % Thiy)
B(Th(iy @ (I - k1))
B (Th(vy @ (I - ky)))
~ pH(5F2 Th)

>~ p*2(Thuy),

IIZ

and thus we have defined an element uy € h*2 (Thvy) corresponding to u; via the given
isomorphisms. us is now seen to be an orientation of v, as the Thom map in the middle
is disk preserving and the suspension isomorphism commutes with induced maps. O

If M instead is multi-dimensional, the exact same argument applies by isomorphisms of
graded cohomology groups. Taking M to be an n-manifold as we have done, carrying out
the proof is more illustrative exposing the cohomology dimensions in question.

From the proposition above, we conclude that it makes sense speaking of an orientation
of the stable normal bundle of the compact manifold M: If u is an orientation of one
normal bundle, then to any other normal bundle, there is the corresponding orientation.
Hence we say that u is an orientation of the stable normal bundle if it is an orientation
of the normal bundle of some imbedding M < R*. On the stable normal bundle, we
identify corresponding orientations of normal bundles coming from different imbeddings.
This justifies the following definition.
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DEFINITION. An h-manifold is a pair (M, u), where M is a compact manifold and wu is
an orientation of its stable normal bundle. We write M for (M, u), and we say that M is
oriented by u. If M is an h-manifold oriented by u, we write M~ for the h-manifold M
oriented by —u. O

We now have a conflict regarding notation. However, with no risk of confusion, we shall
proceed speaking of a manifold of dimension n as an n-manifold.

We give a trivial but important example of an h-manifold: Every imbedding of the empty
set into Euclidean space yields the same normal bundle, namely the empty set. The Thom
space of this normal bundle reads @/@ = pt. It is vacuously verified that 0 € h*(pt) =0
is a Thom class of this empty bundle, &, and clearly there can be no other. Thus there is
precisely one orientation making & an h-manifold, and we will assume this structure on
& hereafter.

1.2 Induced orientations

If M is an h-manifold, it imposes a canonical orientation on its boundary, M, as well as
on any codimension zero submanifold B C M:

First, let M™ be an h-manifold. Choosing an imbedding f : (M,0M) — (H**+k Rrtk=1),
we get normal bundles vy | M and vy,,, | M, both of rank k. Composing f with
the inclusion H*** < R™** also yield normal bundles, naturally identified with vy and

Vflan- Thus the orientation of M determines a Thom class u € h* (MVr) orienting vy.
Restricting the total space of vy to M yields the bundle v¢|snr | OM. By the collaring
theorem, we can assume v¢|gy = Vflon + OM. Hence vy, — vy is a bundle inclusion
map:

Vflomw 2 V§

|

oM —— M

Passing to Thom spaces, we get the disk preserving map Thwvy,,, — Thvy. It induces
hW¥(Thvy) — h¥(Thwy),,,), evidently taking Thom classes to Thom classes. The image
of u in h¥(Th Vf|on) 18 thus an orientation of vy )gar, making OM an h-manifold. Again,
this does not depend on the choice of imbedding.

Now let B” C M™ be a submanifold. The imbeddings B™ «— M™ — R*** yield rank k
normal bundles, with v — vj; a bundle inclusion map:

VB > UM

||

B— M
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The fiber over x in vg is the fiber over = in vy, and hence a Thom class orienting v,
restricts to a Thom class orienting vp.

The two cases easily extend to the general setting: When M is a multi-dimensional
h-manifold, an orientation is imposed on its boundary—resp. on its codimension zero
submanifold—componentwise, in the obvious fashion.

DEFINITION. If i: M < M’ is a codimension zero imbedding of h-manifolds, a choice
of imbedding M’ — R* gives rise to a bundle inclusion map Vi(my < vume of normal
bundles. v;nr) also being a normal bundle of M via i, we say that the imbedding ¢ is
orientation preserving if the orientation of M agrees with the orientation v;(5s) inherits
from vyyr.

REMARK. We shall from this point always assume that imbeddings and submanifolds
of codimension zero h-manifolds preserve orientations. O

Now let (M1, u1) and (Ma, uz) be h-manifolds. We want to assign an orientation to their
disjoint union:

First we let M; and My have the common dimension n. We can assume f; : M; — Rtk
are disjoint imbeddings of M; and M, such that u; € h¥(Thvy,). We get the imbedding
fil for My U My < RYE Identifying veup, = vy, Uvy, | My U Ms, we have the
canonical isomorphisms

R*(Thug,up) = hE(Thyy, V Thrg,) = B*(Thuy,) @ h¥(Thuy,).
These give the element uy LU uy € h*(Th Vfuf,) corresponding to

(Ul,UQ) S Ek(Th Vfl) (&) Ek(Th sz).
The first isomorphism is the induced map of a disk preserving homeomorphism. The

second isomorphism is on each summand the induced map of the inclusion in the wedge
sum, again preserving disks. Hence u; Ll us is a Thom class.

If M; and Ms instead have dimensions n; and no, the isomorphisms
B (Thvgup,) = h*(Thy, V Thg,) = B (Thvg,) @ B (Thyy,)

again give the orientation w; U us of M; LI My. Now we extend componentwise when
M; and M, are general h-manifolds. Thus we have a canonical h-orientation u; Ll us on
M; U My, making (M; U Ms,u; Uug) an h-manifold.

REMARK. Let £ | X and 7 | Y be vector bundles and & ER 1 a bundle map. The fibers
over x € X, f(x) € Y, may be regarded as vector bundles &, | {z}, 0y 4 {f(2)}. € —=n
restricts to the linear map £, — 7y(,), which we consider to be a bundle map covering
{z} = {f(y)}. This setting makes the Thom functor more applicable. O
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When ¢ and 7 are oriented vector bundles over the same base space, there is a canonical
orientation on their sum & @ n:

Let ue € E*(Th ¢) and u, € E*(Th 1) be respective Thom classes for the vector bundles
¢l X and n ] X. £®n is the pullback bundle of ¢ x n via the diagonal map X — X x X.
Hence £ & n — & x 1 is a bundle map, inducing Th& & n — Th& A Thn on Thom spaces
when identifying Th & x n with Th& A Thr. We have the diagram

7*(Thé) @ h*(Thn) —>— h*(Th& A Thy) —— h*(Thé @)

J | |

h*(Th&,) @ h*(Thr,) —— h*(Thé, A Thn,) — h*(Th(E @ 1).) -

The left-hand square commutes by naturality of the reduced external product, while the
right-hand square is induced by a commutative square of Thom spaces. As the diagram
commutes, ug @ u, gives a Thom class in h*(Th& @ ), i.e. an orientation of £ & 7.

Even more, if £ and 7 are vector bundles over X such that ¢ and £ @ n are oriented, then
1 has a unique orientation such that the orientations of ¢ and n induce that of £ & n
(cf. [Dye69]).

1.6 LEMMA. Suppose f: X — Y is a map and £ | Y an h-vector bundle. Then the
pull-back bundle f*€ | X of € along f becomes an h-vector bundle in a canonical way.

Proor. We have the bundle map

frf&——>¢

»

X —Y

For each x € X, this restricts to a (linear) bundle map (f*¢), — &), as remarked
above. These give commutative squares of bundle maps. Applying the functors Th
and h* successively yield commutative diagrams of Thom spaces and their corresponding
cohomology groups

Th(f*¢). —— Thésm  h*(ThE) —— h*(Th f*¢)

L] |

Th f*¢ ——> The ,  h*(Thé&sm) — I*(Th(f*€).)

the vertical maps in the left-hand diagram being the inclusions. The isomorphism to the
right follows from the identification (f*E), = {z} x Ey(,) in the total space of f*¢. The
following diagram commutes by the naturality of the reduced external product.
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RO(8°%) @ h*(Thés(py) —— h*(Théj )

o

BO(S%) @ h* (Th(f*€),) —— h*(Th(f*¢).)

Let u € h* (Th &) be the Thom class of £&. Now the corresponding class in h* (Th f*¢) is
seen to be a Thom class of f*, since its restriction to any h*(Th(f*¢),) is an h°(S°)-
module generator by the last diagram. O

Now we let M be an h-manifold and & a smooth h-vector bundle over M. We show
how the total spaces of the disk and sphere bundles D¢ and S¢ become h-manifolds in a
natural way:

Let w: E — M be the (smooth) projection of £. First of all, there are smooth metrics on
&. This makes DE and SE (smooth) submanifolds of E. Again, this is independent of
the choice of metric, now up to canonical diffeomorphism. And since M is compact, so
are DE and SFE.

Since M is an h-manifold and 7y, @ vy is trivial for some imbedding M < R*. 7, has
a canonical orientation as an h-vector bundle. Thus & ® 73y | M gets an orientation,
and by the lemma above, so does 7*(£ @ 7a) 4 E. From the canonical isomorphism

~

T (€D Ty) = FE D Ty, we obtain a short exact sequence of vector bundles over E
(cf. [Lan02]),

0— 7" — 715 = 7 — 0.
We restrict the bundles in the sequence to DF, preserving exactness. The zero-section

M — DE in D¢ gives the injective bundle map 7y < 7pg, which again gives a splitting
™7m|pE — TpE of the new short exact sequence. This determines an isomorphism

TpE 7 (@ TM)|DE,

making DE an h-manifold.

SE sits inside the boundary of DF as a codimension zero submanifold, by that inheriting
an orientation.

We shall always assume this orientation on the associated disk bundle—resp. sphere
bundle—whenever we speak of a smooth h-vector bundle having an h-manifold as base
space.

1.3 The Gysin homomorphism

REMARK. Given a compact manifold M™, there is a bijective correspondence between
its orientations and its fundamental classes [M,dM] € h,(M,0M). When M is given an
orientation, we thus speak of the fundamental class of M. This readily generalizes to multi-
dimensional h-manifolds. When [M, 9M] is the fundamental class of M, —[M,0M] =
[M~,0M™] is the fundamental class of M ™. O
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For the remark and the next three results, we refer to [Swi75].

1.7 PROPOSITION.  Suppose M is an h-manifold and that [M,0M] € h.(M,0M) is its
fundamental class, with [OM] € h.(OM) the associated fundamental class of OM. Then

d[M, dM] = [aM],

where 0 is the boundary homomorphism in the long exact sequence associated to the pair

(M,0M). O

1.8 PROPOSITION.  Suppose C is a closed h-manifold and that M C C is a codimension
zero submanifold. We write [C] for the fundamental class of C, and [M,0M] for the
fundamental class of M corresponding to the orientation M inherits from C. Then we
have

where iy, jx, are the maps induced by the inclusions

(C,2) <5 (C,C — int M) <> (M, M). O

THEOREM (POINCARE DUALITY). Let M™ be an h-manifold and [M,0M)| € hy,(M,dM)
the fundamental class of M. Then the maps

D B (M) =5 hy_ (M, 0M),
Dag: WE(M,0M) =5 hy_ (M),

each given by x — x N [M,0M], are isomorphisms. O

Next, we define the Gysin homomorphism associated to a continuous map of oriented
manifolds. This map and maps similar to it go by various names and descriptions, e.g.
Umkehr maps and transfers. In [Dye69], there is a construction of an Umkehr map in
terms of a Thom collapsing map and Thom isomorphisms. For the Gysin map we are
about to define, we shall be deducing several properties. The Gysin map seems to share
these properties with the Umkehr map, and there is much speaking in favor of the two
maps being equal. According to Jakob, [Wiir71] proves that this is the case. We will not
rely on this fact, but bear it in mind for the following discussion: The construction of
the Umkehr map has the advantage of avoiding homology groups entirely, being a strict
composition of homomorphisms in cohomology. Our purpose of involving the Gysin map
in the first place is to be able to describe the dual homology theory h, associated to
h* in another way. The use of the Gysin map may therefore seem a bit odd; indeed,
by definition, it factors through homology groups of the homology theory we are trying
to describe. Using instead the Umkehr map would eliminate this oddity, which is the
approach of [Jak00]. Nevertheless, we shall stick to the Gysin map. This is partly because
it is cleaner, in some sense, and more comprehensible with respect to computations, and
partly to do things in a way different than that of [Jak00].
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DEFINITION. Let f: (M™,0M) — (N™,0N) be a continuous map of h-manifolds. Then
we define the map fi as the composition making the following diagram commute:

D[ul IDN]

B (M, OM) —2 (N, ON)

We call f, the Gysin homomorphism induced by f. U

More generally, let f : (M,0M) — (N,ON) be a continuous map between two multi-
dimensional h-manifolds. Of course, each component of M is mapped to a component of
N. Hence we extend the Gysin homomorphism componentwise to the map f: h*(M) —
h*(N) in the obvious manner: We write M = UM} and N = UN}, for the component
decompositions, with f = U f; such that f restricts to fi: My — Nji. With ay € h*(My),
we have fi(xg) € h"(Ny) for some r. Then with the corresponding © = Uz € h*(M),
we define

fl(l‘) = (|_| fk)!( U.’L’k) = I_Ifk,(:vk) € h*(N)

Immediate from this definition, we have that the Gysin construction is (covariantly)
functorial in the sense figi = (fg)1. We also note the homotopy invariance.

REMARK. When a square of groups and homomorphisms commutes up to sign, we shall
say that it commutes with sign s if multiplying some map in the square by the sign
s makes it commutative. In the following proposition, we determine the sign with which
the square commutes. This sign we shall be needing at a later point. O

1.10 PROPOSITION.  Let M™ and N™ be h-manifolds and f : (M™,0M) — (N™,0N)
a continuous map. We write Of : OM — ON for the restriction. The following diagram
commutes with sign (—1)"~™.

BE(M) —2 5 pr (o)

fl J(af)z

hk+n—nL(N) L hk—i—n—m (BN)
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PrOOF. There is the diagram

hm—k(Mv 6M) L hm—k—l(aM)

—n[M,oM] | = ~ |~ nan
R (M) —— 5 R (M)
fx fi (O (0f)«

thrnfm(N) ‘N N thrnfm(aN)

—N[N,oN] | = =~ | —N[9N]

Bt (N, ON) —2— hon_i_1(ON)

By the definition of the Gysin map, the left- and right-hand parts both commute, and
naturality of 0 gives o f, = (9f)« 0 0. We now consider the top square of the diagram.
We have [M,0M] = [OM] € hpy—1(0M). Then by XIII §7(d) of [Mas91], this square
commutes with sign (—1)*. Likewise, the bottom square commutes with sign (—1)*+n=™,
The four isomorphisms now imply that the middle square commutes with sign (—1)"~".

O

DEFINITION.  For pairs (X, A) and (X, B), we write (X; A, B) and refer to it as a triad.
A map of triads f: (X'; A", B') —» (X; A, B) isamap f: X' — X for which f(4’) C A
and f(B’) C B. A full triad is a triad for which X = AU B. A full triad is called
excisive with respect to h, if the inclusion (A, AN B) — (X, B) induces an isomorphism

hi(A, AN B) = h,(X, B). O

REMARK. Let M C C be a compact, codimension zero submanifold, where C is a
closed h-manifold. Then C' —int M C C is also a compact, codimension zero submanifold.
Moreover, 0(C —int M) = OM = M N (C — int M). O

The following lemma now follows from the more general case of full CW triads always
being excisive (cf. [Swi75]). Such an isomorphism will be referred to as excision.

1.11 LEMMA. Let M™ C C™ be a compact codimension zero submanifold of the closed
h-manifold C'. Then the map

hy (M, 0M) = h,(C,C — int M),

induced by the inclusion, is an isomorphism. O
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For a triad (X; A, B), the cap product
N: (X, A) @ h(X,AUB) — h.(X,B)
is defined whenever the full triad (X x BUA X X; X x B; A x X) is excisive. We note that
this is so for the respective cases A = &, B =g, as (X xB; X x B, @), (Ax X; 5, Ax X)
respectively yield isomorphisms
1: ho(X x B,@) = h(X x B,@), 0:h(2,0) = h (4 x X, A x X).

For all this and the next proposition, we refer to [Swi75].

1.12 PROPOSITION.  Suppose f: (X'; A, B") — (X; A, B) is a map of triads such that
(X XxBUAX X; X x B, Ax X) is excisive. Then for 2’ € h. (X', A’ UB’), the following
diagram commutes

WX AT h(X, A)

l—ﬁx' l—ﬂf*(x')
f

ho(X',B') — h,(X, B)

3

i.e. for any x € h*(X, A), we have the equality

L @) N a) =20 fula). 0
1.13 LEMMA.  For any pair (X, B) and elements x € h*(X), y € h(X), the inclusion
Jj: (X,2) — (X, B) gives
i.e. we have the following commutative diagram

h*(X)

—-Ny

ho(X) =2 ho(X,B) .
PROOF. As noted above, the previous proposition applies to the triads
(X; A, B = (X,2,9), (X;A B):=(X;2, B).

The identity map on X restricts to j: (X,2) — (X, B). This gives the commutative
diagram

W (X,2) «—— h*(X, )

l—ﬁy l—ﬁj*(y)

h’*(X7®) ]H* h*(X7B) ;

and the result follows. O
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1.14 LEMMA. Let M™ C C™ be a compact codimension zero submanifold of the closed
h-manifold C'. Then the following diagram commutes.

(O —— 25 pk (M) @ hR(C — int M)

2| Dy @ Do—int M

~ | Do hn_k(M,ﬁM)@hn_k(O—intM,aM)
=i+ 4l
o 1(C) . Bk (C, M)

PROOF. The maps induced by the inclusions I’, I, J’ and J give the composition maps

LT b (C) 25 h(C,C = it M) 25 1y (M, OM),

TN b (C) L5 h(C, M) L 1y (C — int M, OM).

Here, I, and J, are excisions. In terms of the fundamental class [C] of C, the fundamental
classes of M and C' — int M are by Proposition 1.8 given by

[M,0M] = I,"'I.[C],  [C —int M,0M]=J, ' J.[C].

We see that the inclusions I’ and J’ each factor through the pair (C,9M), and we define
new inclusions,

(¢, 2)

21X

(C,C — it M) &= (c,om) 5 (C, M) .

"i!, and I j. respectively factoring
through h, (M, M) and h,,(C —int M, C — int M), thus being zero.

The following diagram clearly commutes, the maps J.'i’

hn(M,0M) @ h,(C — int M,0M)

A
> L@ J

o

1" "
*

hn(C,0M) —— h,(C,C —int M) @ h,,(C, M)

The sum of the induced inclusions i, + j. is part of the Mayer-Vietoris sequence of the
full excisive triad (C; M,C — int M) (cf. [Swi75]). As M N (C —int M) = OM, this is an
isomorphism. By the triangle above, the composition
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I//GBJN

ha(C, M) ha(C,C — int M) @ hy, (C, M)

ll*’l ®J, !

ho (M, OM)@h, (C — int M, dM) =22 b, (O, 0M)

is therefore the identity map on h, (C,0M). We get

i' [M,0M] + j.[C — int M,0M| = &' I, ' I[C] + j..J.~*J.[C]
=i\ L7 /L[C) + ju 1. IL[C)
= (i, + )L e LYY @ JU)IL (0] = 1.]0).
From Proposition 1.12—resp. Lemma 1.13—we have the equalities (the first equality also
for j', j)
it (i*(x) N [M,0M]) = z N, [M,0M], xNLIC] = L(zn][C]).

We can now see that the two ways around the initial diagram are the same,

(% + 42)(Dar @ Do—ine a1) (i @ §7) ()
=i, (1" () N [M,0M]) + j.(j" (z) N [C — int M, 0M])
=x Ni,[M,0M]+ x N j.[C —int M, OM]
=z N1[C] = l.(zN[C]) = . Dc(x). O

1.15 COROLLARY. Let M™ C C™ be a compact codimension zero submanifold of the
closed h-manifold C. Then the following diagram commutes.

h*(C) ——— B (M)

> | Dy

IR

De Bn—i(M, OM)

o

k‘n_k(C) e hn_k(C,C — int M)

PROOF. Beginning with the commutative diagram of the previous lemma, we attach
the group hy,_(C,C — int M).
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WH(C) — 27 pE(M) @ hH(C — int M)

> | Dy @ Do—int M

~ | De Ty (M, M) @ 1 (C — int M, M)
X*i;f gl
=i+
k1 (C) L T (C, OM) b I (C, C — int M)

The map k.j. factors through h,_p(C — int M,C — int M) = 0, thus being zero. The
result follows. O

1.16 PROPOSITION. Let f : C — C’ be a map of closed h-manifolds and let M C C and
M' C C’ be compact, codimension zero submanifolds. If f restricts to f™ : (M,0M) —
(M',0M") on M and to fC~ M . (C —int M,0M) — (C' —int M',0M") on C —int M,
then the following diagram commutes.

PrOOF. The result follows from proving commutativity of the dashed square in the
following diagram.

h(C) r h(C)

IR
IR

D¢ Dev

!
!
!
!
N M C—int M N

f! 1
W(M) @ 1 (C —int M) " -=25  B*(M') @ h*(C’ — int M)
ZlDM @® Dc—int M lDM’ ® Dorine mv
ho(M,0M) @ ho(C — int M,OM)  hy(M’,0M') & h,(C" — int M', OM’)
\_/
FM @ pCint M

h.(C,OM) - h(C',OM")

IR
IR

By definition of the Gysin homomorphisms, the upper square and the lower middle square
commute. The squares on the left- and right-hand sides commute by Lemma 1.14, where
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the isomorphisms on the lower corners are addition of the maps induced by inclusions.
Finally, the square at the bottom commutes by inspection. The different isomorphisms
in the diagram now impose commutativity on the dashed square. O



2 GEOMETRIC HOMOLOGY

Given a pair of spaces, (X, A), we define the set hi“°(X, A)—geometric homology of
(X, A) associated to h*. We get the covariant functor hZ°°: Top? — Ab, by endowing
each h{®°(X, A) with an addition, before verifying that hi® satisfies the axioms of a
homology theory.

2.1 Triples and equivalence relations

NoOTATION. For an inclusion map i: X — Y, we often write

ylx =1i"(y) € K (X)
for the restriction of y to h*(X). O

REMARK. We shall be using the phrase straightening the angle for the procedure
described in [Con79] to give a smooth structure to certain topological manifolds. O

For the following definition, we stress that h-manifolds in general are required to be
compact.

DEFINITION.  For (X, A) € Top?, we define A(X, A) to be the set of all (M, z, f) such
that

e M is an h-manifold,

x € h*(M) is a cohomology element,

f:(M,0M) — (X, A) is a continuous map,

for each component M; C M, the inclusion pulls z back to a homogeneous element
xy =15 (z) € h*(My),

e for all components My, of M satisfying xj, # 0, the number dim M}, — dim xj, is the
same.

An element (M, z, f) € A(X,A) is called a triple in (X, A). When the pair (X, A) is
understood, we simply call it a triple.
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If (M, x, f) is a triple with x # 0, we define

dim(M, z, f) = dim M} — dim zy,

where M}, is any component of M where we have xj # 0. This we call the dimension

of the triple. We have to treat triples with x = 0 as a special case: Analogous to
the dimension of the empty set, we let a triple on the form (M,0, f) have any finite
dimension. O

REMARK. Concerning manifolds, we alert the reader that the notation M}, will be used
in two different ways. Sometimes M}, will denote some component of a manifold M, and
sometimes the subscript k& will be used to index a collection of (not necessarily connected)
manifolds. The latter is the case in the next definition. The analogous ambiguity applies
to cohomology elements denoted ;. However, this will in each case be made clear or will
follow from context. O

DEFINITION. Two triples (M7, 1, f1) and (Ma, zo, f2) in (X, A) are bordant if there
exists a triple (W, y, F') in (X, X) such that

o M; UM, C OW as a codimension zero submanifold,
L4 y‘Ml = z1 and y|M2 = T2,
o Fly, = f1 and Flar, = fo,

[ ] F((’?W— (Ml |_|M2)) Q A

This defines the relation bordism on A(X, A). We shall denote it by the symbol B. We
also refer to the triple (W,y, F) itself as a bordism, and in the case above, (W, y, F) is
said to give a bordism between (M, z1, f1) and (Ma, x2, f2). O

REMARK. In (X, A), we stress that a bordism (W, y, F') is an element of A(X, X), not
of A(X, A). Of course, if it were to lie in A(X, A), the fourth condition above would be
vacuous.

We have written M; UM, C OW, while we actually mean i(M; UM, ) C OW; the image of
some orientation preserving imbedding, i. Suppressing the imbedding from our notation
is a mild sin, which we will allow. We also stress that imbeddings and submanifolds of
codimension zero h-manifolds are assumed to preserve orientations.

To ease notation, we shall throughout identify triples (M,x, f) and (M’,z’, f’) when
there exists an orientation preserving diffeomorphism ¢: (M,0M) — (M',0M’) such
that ¢*(2') = = and f'¢ = f. Such triples are especially identified under the bordism
relation. O
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2.1 PROPOSITION.  The bordism relation, B, is an equivalence relation.

PROOF. We rely on the methods found in [Con79].

(REFLEXIVITY.) Two copies of (M, z, f) are bordant via (M x I,7*(x), ﬁr), as
MUM™C(Mx{0hH)u(M~™ x{1}H)UOM xI)=90(M x I).
Here, f;r: (M x I,0(M x I)) = (X, X) is the map obtained from
fro (M x I,OM x I) = (M,0M) L (X, A).

Also, M x I has been given a smooth structure by straightening the angle, and it is an
h-manifold in a canonical way.

SYMMETRY.) If (W,y,F) is a bordism between (Mj,x1, f1) and (Ma,xs, f2), then
Wy, F) is a bordism between (Ms, zo, f2) and (M7, z1, f1).

TRANSITIVITY.) Let (Wi2,y12, F12) and (Was, ya3, Fos) be consecutive bordisms of
My, z1, f1), (Ma,z2, f2) and (M3, x3, f3). We choose collars on Wio and Wy; and obtain
a smooth structure on

S~~~ —

W = Wia Up, Wos

by straightening the angle. By requiring that Wiy — W and W53 < W are orientation
preserving imbeddings, a unique orientation is imposed on W. Since 0W12 — int My and
OW55 — int My both imbed in OW, we have

M, U M5 C OW.

The maps Fi2 and Fs3 agree on My, and so they piece together to give the continuous
map F: W — X. Now, fo(0Ms) C A, and hence F(BW — (MU Mg)) C A.

To the full excisive triad (W; Wia, Wag), there is the associated Mayer-Vietoris sequence
(cf. [May99])

The homomorphism to the right maps the element (y12,y23) € h*(Wi2) @& h*(Was) to
Y12|n, — Y23|a, = T2 — 2 = 0. Exactness thus yields an element y € h*(W) such that
Ylwy, = Y12 and y|w,, = y23. This implies y|p, = 21 and y|p, = 3.

Hence (W, y, F') is a bordism between (M, 1, f1) and (M3, 23, f3). O

By taking h* to be singular cohomology with integral coefficients, an h-oriented vector
bundle of rank k is just an ordinary SO(k)-vector bundle. A single-dimensional A-manifold
M is thus a compact manifold which is oriented in the traditional sense. Let (X, A) be a
pair and f: (M,0M) — (X, A) a continuous map. As defined in [Con79], (M, f) is then
a singular manifold in (X, A). There is a natural way of regarding (M, f) as an element
of A(X,A), namely via the correspondence (M, f) — (M,1, f). We note how bordant
singular manifolds (in the sense of [Con79]) are taken to bordant triples. That is, our
notion of bordism may be seen as a generalization of the classical one.
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REMARK. From this point forward, our language will be less formal regarding vector
bundles. Specifically, we will most often use the projection or the total space and speak
of these as the vector bundle itself. O

We shall now define another relation on A(X, A). Let (M, z, f) be a triple in (X, A). If
m: E — M is a smooth h-vector bundle, then the restrictions 7: D(E & 1) — M and
m: S(E & 1) - M are smooth fiber bundles. Now let s: M — S(E @ 1) be a smooth
section. Then
(S(E@1),s1(x), fr)

is also a triple in (X, A). This is clear from the definition of the Gysin homomorphism:
The restriction s)(x)y of si(z) to any component S(E & 1), C S(F & 1) yields the same
difference dim S(E @ 1)y —dim $1(z)x, namely dim(M, z, f). (We inspect this more closely
in Proposition 2.2 below.) The following is therefore well-defined.

DEFINITION. Let (M,z, f) be a triple in (X, A) and n: E — M a smooth h-vector
bundle. We let s: M — S(E @ 1) be the section given by 2 — (0g,, 1g). Now

(S(E D 1),85((11‘),]“77)

is said to be a sphere triple of (M, z, f). If one triple is a sphere triple of the other,
they are S-related. This will be referred to as sphere bundle modification. O

As opposed to bordism, S is by no means an equivalence relation: There is no vector
bundle E such that S(E @ 1) = pt. Hence the triple (pt,0,¢) in (pt, @) is not S-related
to itself, and so the S-relation is not even reflexive.

NOTATION. We use the symbols ~p and ~g between triples which are respectively B-
and S-related. O

DEFINITION.  We let BS be the equivalence relation generated by B and S, i.e. the
smallest such containing both of them. To be precise, (M, z, f) and (M',z’, f') are BS-
related if and only if there for some n exist triples (M;, x;, f;), 1 < ¢ < n, such that

(vaaf) = (Mlvxlvfl)a
(Mi, i, fi) ~r; (Mig1,Tiy1, fir1),
(Mn;xnafn) = (M/,x/,f/),
each R; being either B or S. We then write (M, z, f) ~gs (M',2’, f’). By construction,

this is an equivalence relation, and we let [M, z, f] denote the class of triples BS-related
to (M, z, f). O

REMARK. As we will be using ~5, ~s and ~gg, we stress that B and BS are equivalence
relations, whereas S only is a symmetric relation. O

One might ask whether the relation BS is strictly larger than B, i.e. if there exist non-
bordant triples that are BS-related. In any case, an affirmative answer will be given at a
later point.
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2.2 Defining hi*°—geometric homology

DEFINITION. The dimension of [M,z, f] € A(X, A)/~gs is
dim[M, z, f] == dim(M, z, f). O

The dimension of the equivalence class of a triple is well-defined, as the following propo-
sition shows. For the proof, we note that functoriality of the Gysin construction implies
that the induced map s; of a section s is a monomorphism, as we have

1=1,=(ms) =ms: h*(M) 2 h*(S(E® 1)) =5 h*(M).

The statement that dim(M,z, f) is equal to dim(M’, z’, f') shall be interpreted as true
if either x or 7’ is zero.

2.2 PROPOSITION.  The dimension of a triple is a BS-invariant, i.e.

(M,z, f) ~gs (M’ 2", f') = dim(M, z, f) = dim(M’, 2, ).

PRrROOF. It suffices to show this when (M, z, f) ~g (M’,2’, f'), where R is either sphere
bundle modification or bordism. As commented above, we may assume z,z’ # 0:

o Let (M 2, ) = (S(E ®1),s(x), fr) be a sphere triple of (M, z, f). Denote by
M), a component of M where the restriction of z is non-zero, and let S(E @ 1)
be the corresponding component of S(E @ 1). We write ¢ for both inclusions. By
assumption, the restriction xy = i*(x) € h*(M}) of x is homogeneous, hence so is
spi(xg) € h*(S(E @ 1)). Not being concerned about the potential commutativity
of

*

Wt (M) ——— h*(My)

W (S(E®1)) —— h*(S(E @ 1)) ,

this diagram shows that s (x) and s(z); = i*si(x) are of the same dimension:
They are both non-zero, and by definition, s shifts the dimension of x component-
wise agreeing with s, on M.

Thus we get
dim(M', 2, f') =dim S(E @ 1)), — dim s(z)
=dim E|jwk — dim sk!(xk)
=dim E|y;, — (dimz + dim By, — dim M)
=dim M}, — dim x;,
=dim(M, z, f).
e Let (W,y, F) be a bordism between (M,z, f) and (M’,2’, f'). Pick components

M, € M and M, C M’ on which = and 2’ are non-zero. We write W, C W and
Wy € W for the components corresponding to My C 9(Wy) and My C 9(Wi),
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and we write yr € h*(Wy) and yi € h*(W}) for the restrictions of y € h*(W).
This gives
dim(M, z, f) =dim My, — dim x4,

=dim 9(W},) — dim yy,

=dim(W,y, F) —1

=dim (W) — dim y/

=dim M}, — dim z},

=dim(M', 2, f'). O

NOTATION. For any pair (X, A), we write
ef: (2,9) = (X, A)
for the empty-function. O

REMARK. Let i: S! < D? be the inclusion. Now 1 € H°(D?) restricts to 1 € HY(S!),
where H* is singular cohomology with integral coefficients. This makes (D?,1,1) a bor-
dism between (S',1,i) and (@,0,ef) in (D?,2). We have dim(S',1,i) = 1, while the
triple (&, 0, ef) is of any dimension. Our remark is that this does not conflict with the
previous definition or proposition: Since [S!,1,i] = [@,0, ef], we have that [S!,1,4] is of
any dimension, and especially of dimension dim[S!,1,4] = dim(S?!,1,4) = 1. O

In the following definition, the proper name for h?°° would be geometric h-homology.
However, the cohomology theory h* being implicit, the h is left out.

DEFINITION.  For each (X, A) € Top?, we define the sets
R (X, A) = {[M,x, f] € A(X,A)/~ps | d=dim[M, z, f]},

hoeo(X, A) =[] h(X, A).
deZ

The assignment (X, A) — h{*°(X, A) we denote by h{°° and refer to is as geometric
homology. O

For an element [M,z, f] € h9™(X, A), we will also write [M,x, f] € h{*°(X, A) for its
image via the natural inclusion hJ*°(X, A) — hi®°(X, A).

2.3 Group structure on h{“ (X, A)

In time, h{°° will become a full-fledged homology theory. The first step is to give
h97°(X, A) the structure of an abelian group by endowing it with an addition, reading

[M,z, f]+ [N,y,g9] = [MUN,zUy, f Ug].
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Here, x Uy € h*(M U N) is the element corresponding to (z,y) € h*(M) @ h*(N) via
the canonical isomorphism. M U N has been given an orientation from M and N as
described earlier. The symbol of disjoint union suggests a functorial nature, on maps
f: (M, 0M) — (X,A) and g: (N,0N) — (X, A) yielding fUg: (M UN,0(MUN)) —
(X UX,AU A). Nevertheless, to ease notation we shall instead use a slight deviation:
We compose the suggested map with the obvious projection (X U X, AU A) — (X, A).
Hence, disjoint union on maps shall mean

fUg: (MUN,0(MUN))— (X, A).
In order to show addition being well-defined, we first need some technical results:

2.3 LEMMA. Let (N,y,g) ~s (M,z, f) in (X, A). Then there are normal bundles vy
and vys and sphere triples

(S(vn ®1),sn(y), 97n5) ~s (N, Y, 9),

(S(V]\/I S 1)7 SM!(:E)7 fﬂ—M) ~S (M,LL', f)7

such that there is a bordism

(S(vn @& 1),sn1(y), g7n) ~8 (S(vm & 1), san1(2), frm)-

PrOOF. Let (N,y,g9) = (S(E ®1),s(z), fr) be a sphere triple of (M, z, f). We choose

an imbedding in: N < H*~! < H" and get another imbedding, i5;: M SN S He,
vy and vy, denoting the normal bundles of N, M < H”~!, the normal bundles of i 5 and
ip thus are vy @ 1 and vy @ 1. We take the disk bundles D(vy @ 1) and D(vy @ 1) to
be closed tubular neighborhoods in H™ and take the radius of D(vy; @ 1) small enough
to get the subset

We have the following diagram:

D(I/M @1) - D(I/N@l)

Ul i Ul
mhy Sy @ 1) S(vny ®1) Ty
Al o)
M«—" N

For t € I and = € S(vy @ 1), by tx we mean multiplication of x by ¢ in the fiber over
mp () in var @ 1. Hence we have tox € D(vpy @ 1) € D(vy @ 1). Also, 7y, (tx) = mar(x)
for all ¢t € I. Defining the map

H: Sy ®1) x I — M, (x,t)— nry(tz),
we get

H(z,0) = 'y (0x) = mhy (0x) = mpr (), H(w,1) = wriy(x) = mryi(z).
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H being a homotopy, we have
T~ i S(vm @ 1) = M.

Thus (S(vayr @ 1) x I,p*spni(z), fH) is a bordism giving

(S(var @ 1), sa01(x), froar) ~p (S(var ® 1), sary(x), frmiyi).
We now show there is another bordism,

(Svm @ 1), san (@), frmyi) ~p (S(vn @ 1), sn1(y), 97N ).
Define

K = D(I/N D ].) — (D(I/M D 1) — S(I/M D ].))

Since D(vps @ 1) C D(vy @ 1) — S(vy @ 1), we have
Swvyel)USvm®1)” COK.
Also, K — (S(vxy @ 1) U S(var © 1)) € D(von @ 1). So for the map frajy|x: K — X,
we have
[yl k(0K — S(vy @ 1) U S(vy @ 1))

Cfrmy(D(vony ®1)) U fry (D(vom @ 1))

Cfm(ON)U f(OM) C A.
We see that frnly|x restricts to gny = frmn on S(vny ®1) and to frmhyi on S(va & 1),

as required.

Finally, we show there is an element of h*(K) which restricts to sy (x) € h*(S(vy @ 1))
and to (sys),(z) = sni(y) € A*(S(vy & 1)): We define a map

S: (M xI,0(M x1I))— (K,0K)
given by (p,t) — t- sy (p) + (1 —¢) - (sys)(p) (addition and multiplication in vy @ 1).
Note that S restricts to sys on M x {0} and to sp;y on M x {1}. We have the diagram

W (M x I) —> h*(@(M x I)) ———— h*(M U M)

ls! J(as)! l(SNSUSAl)!

W (K) ——— h*(0K) ——— h*(S(vy @ 1) U S(var ® 1))

the unlabeled arrows being restriction maps induced by the inclusions. The right-hand
square commutes by Proposition 1.16. Since the left-hand square commutes up to sign on
each component of M (Proposition 1.10), so does the diagram. The inclusion i: M UM —
M x I induces the map i*: h*(M x I) — h*(M U M). The diagram

M x{0} UM x {1} —— M x {1} UM x {0}

N/

M x I



2.3. GROUP STRUCTURE ON h{“’(X, A) 27

commutes up to homotopy, and we thus get
imi* ={ulueh* (MUM)|ueh"(M)}.
From this we see there is an element ' € h*(M x I) such that

(sysUsa)i(i*(2") = (sns)i(x) Usan(x) = syi(y) U san ().
To ', there is an associated element ©”/ € h*(M x I) (by adjusting signs) such that the
restriction of Sy(z”) € h*(K) is sni(y) U san ().
This makes the triple (K, Si(2”), fr7y|k) a bordism, giving

(S(var © 1), san(@), frryi) ~5 (S(vny @ 1), sn1(y), 97w ).
Connecting the two bordisms, we finally have

(S(var @ 1), san1(x), frar) ~5(S(va © 1), san1(x), frmiyi)
NB(S(VN@l)sz!(y)ngrN)' [

2.4 PROPOSITION.  Let (M, z, f) ~ps (M',2', f"). Then there are normal bundles vas
and vy and bordant sphere triples

(S(var @ 1), 81(x), frr) ~p (S(var @ 1), s1(z"), f'7')
of (M,x, f) and (M',2', "), respectively.

PRrROOF. First, let (W,y, F) be a bordism for (M, x, f) ~g (M',2’, f'). For simplicity,
we assume W, M and M’ to be single-dimensional. This gives n := dim M = dim M’. By
the collaring theorem, there is an imbedding (W, W) — (HkTn+1 REF1) such that the
restriction of its normal bundle vy | W to OW is the normal bundle of the imbedding
OW < RF*™. Hence we have the bundle inclusion maps vy - — Vow — Vw:

Vpmupm— S Vow > V'w

L

MuM™ < oW ¢ w

Using instead the imbedding
(W aW) N ([Hk-i-n-i-l’ IR/H-TL) N ([ch-i-n-i-Q7 [Rk-&-n-‘rl)’

we get the bundle inclusion maps of normal bundles vy - @1 = vogw &1 — vy B 1.
Thus we have

<
3
e
=
C
=
X
S
|
e
=



28 CHAPTER 2. GEOMETRIC HOMOLOGY

We see that (S(vw @ 1), sw(y), Frr) is a bordism between (S(vas @ 1), spi(x), fm) and
(S(wap @ 1), sarn(a'), f'7), since

OS(vw 1) — (Swm @)U S(var @ 1))
= S(VBW ©® 1) — (S(VM D 1) U S(I/M/ D 1))
= SWow —(mumry © 1)

gives

Fr(0S(vw @ 1) — (S(vm @ 1) U S(var © 1)) = F(OW — (M UM')) C A.

So when (M, z, f) and (M’ 2, f') are bordant—with bordism (W,y, F')—there is an
imbedding of W in Euclidean half-space whose normal bundle vy @ 1 again gives rise
to a bordism between sphere triples of (M, x, f) and (M',2’, f’). For simplicity, we have
shown this when M and M’ are n-manifolds. The same argument applies componentwise
in the multi-dimensional case.

Now to the general setting of this proposition: Let (M, z, f) ~gs (M',2’, f'). There is
a finite sequence of triples between (M, x, f) and (M’ 2’, f'), each pair of consecutive
triples being bordant or sphere related. As bordant and sphere related triples both give
rise to bordant sphere triples (cf. Lemma 2.3), we imbed all the manifolds participating in
the sequence into the same Euclidean half-space to obtain a sequence of bordant sphere
triples from their normal bundles. The imbeddings must be done in the appropriate way:

For each pair of consecutive bordant triples, we imbed the manifold of a bordism triple as
described here. For a pair of consecutive sphere related triples, we imbed the manifold of
the sphere triple and imbed its base space as described in the proof of the previous lemma
(i.e. via the section). For each pair of consecutive triples in the chain, the imbedding of
its manifold must be disjoint from the other imbeddings. Except for M and M’, each
manifold participating in the chain is therefore imbedded twice. Now the sphere triples
associated to the normal bundles of these imbeddings are all bordant. O

REMARK. Note that the triple (&,0,ef) only has one sphere triple, namely (&, 0, ef)
itself. Thus any triple which is BS-related to (2,0, ef), has a sphere triple bordant to
(2,0,ef). O

2.5 LEMMA.  For triples (M, z, f), (M,y, f) in (X, A), we have
[MuM,zUy, fuf]=[Maz+y, [l

PRrOOF. Let (M,0M) < (HF=2 RF=3) s (HF—1 RF=2) < (H*,RF~!) be an imbedding
followed by the two standard inclusions. The normal bundle of ¢ we denote by v;, and by
vy the normal bundle of the composition of ¢ with the first inclusion. The normal bundle

of the total imbedding then becomes vj; & 1, and we have vy = v; @ 1.
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We define two sections,
s, M —=>vy®1:

In 1, we let s and s’ both be the zero-section, and in v; they are the respective sections

1
M —v; &1 =y, x»—)(O,i§).

s and s are disjoint imbeddings of M in (the total space of) vy 1, giving normal bundles
v;®1 and vy @1 by the construction of s and s’. Their disk bundles we take small enough
to be disjoint and to get

Dws®1), Dlvy @1) CD(wpr 1) — S(var @ 1).
Note that since the sections are

1
s, M—-vy®l®l, xH(O,i?O%

the projection D(vp; @ 1) — M restricts to D(vs @ 1) - M and D(vy @ 1) — M on the
respective subsets. We have the h-manifold
W= D(vy @ 1) — ((D(ys &1) = S ®1)) U (D(ve &1) — S(ve & 1))),
with
S(vpr ® 1)U (S(I/S e USvy ® 1))7 Cow

and
OW — (S(vm 1)U S(ws ® 1) US(vy ® 1)) C (var ® 1)|om-

There are sections
o: M= Sy @1), x+ (0g-1(5),1),
os: M = Svs®1), =+ (077;1(1;)’ 1),
1).

z)’

Oy M—)S(I/S/@l), I'H(Oﬂ—ll(
We write my: W — M for the restriction of w: vpy @1 — M to W. We are about to
show there is a bordism

(S(vm & 1),00(x +y), fr)
~p (S(ws @) US(sy ®1),05(x) Uos(y), frs U frs).
The bordism triple is (W, z, frw ), where z € h*(IW) an element which we now describe.
We define two maps,
S, 8" (M x I,o(M x 1)) — (W,0W),

where S is given by (z,t) — t-o(z) + (1 —t) - 0s(z), and S’ in the similar way, replacing
os with 0. The multiplication and addition are vector space operations taking place in
vy @ 1 in the fiber over x. We have

S(x,0) =0 -0(z)+1-0s(z) = 0s(x),

etc. Note that S avoids S(vy @1) and that S’ avoids S(vs@1). In the following diagrams,
we will write o,—resp. o—for the restriction of S to M x {0}—resp. to M x {1}—and
similarly for the restrictions of S’.
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In the following diagram, the vertical arrows are maps induced by inclusions, while the
remaining two unlabeled arrows to the left are induced by projections.

(M) ——— (M x ) — 50 ey

(09)1 + (25"),
R (O(M x I)) ———— h*(OW)

h*(M x {1}) —— h*(S(var & 1))

The diagram commutes up to sign by Proposition 1.10 and Proposition 1.16. The compo-
sition with the diagonal arrow from h*(M) is the actual oy, and hence there is an element
z € h*(W) which restricts to o1(z + y) in h*(S(var @ 1)).

In the following diagram, the unlabeled arrows are maps induced by inclusions. The
isomorphism to the lower right is excision, and the pentagon thus commutes by Corol-
lary 1.15. The map

9S: O(M x I) — OW — int S(vy & 1)

is the co-restriction of 9S. This exists since S avoids S(vy @ 1). The long exact sequence
of the pair (OW,0W — int S(vy @ 1)) gives the zero-map in the triangle. The diagram
commutes, and so the composition map on the top is zero.

oS)
WM x I)) —— 2 pe (oW —— (S @ 1))
ZlDa(sz) Z’lDaw =~ | Dsw,e1)
(99).
he(O(M x I)) ——————— hy( he(S(ve ©1),05(vy & 1))
XSAS) / \ )
he(OW —int S(vy ® 1)) - - °s h«(OW,0W — int S(vs @ 1))

Likewise, the map

W (O(M x 1)) 252 bW = h*(S(vs @ 1))

is zero. Together with Proposition 1.16, this makes the lower square in the following
diagram commutative.
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S+ S}
h* (M) ——— > h*(M x I) - h*(W)

ISN 95",
W (O(M x I)) (0%): + (05 W (W)

B (M x {0}) & h*(M x {0}) =3 "h*(S(vy & 1)) & h*(S(v & 1))

Again, it is really the composition from h*(M) which is the map og @ og. Above we
saw there was an element z € h*(W) coming from h*(M) restricting to o(z + y) €
h*(S(var ®1)). The commutativity of the lower square in the current diagram shows that
the same z € h*(WW) also restricts to

(051(2),051(y)) € W (S(vs © 1)) ® L (S(ve @ 1)),
and therefore to
Us!(x) U US/I(y) € h*(S(Vb S3) 1) U S(Vs/ D 1))

The bordism

(S(vm ®1),00(x +y), fr)
~B (S(Vs D 1) U S(Vs’ S 1);0'3!($> |_|0'S/!<y),fﬂ's U fﬂ-s’)

is now evident. O

2.6 PROPOSITION.  On hY™(X, A), the operation
[M,z, f]+ [N,y,g] = [MUN,z Uy, f Ug]
1s well-defined.

PrROOF. We have to check that

(M,,l'/,f/) ~BS (Mvmvf)a (vaylvg/) ~BS (vavg)v
yield
(M"UN' 20y, f'ug) ~ss (MUN,zUy, fUg).

This follows from the following three cases.

e Suppose we have
(M2, f') ~ (M2, f),  (N',y'.g") ~5 (N,y,9),
with respective bordisms (V,a, F) and (W, b, G).
Now (VUW,aUb, FUG) is a bordism giving
(M'"UN' "0y, f'ug)~s (MUN,zUy, fUg).
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e Suppose we have
(M/"I:I7 f’) NB (M7x7 f)’ (N,7y/7g/) NS (vaag)'
By Lemma 2.3, there are sphere triples
(S(VN’ S2) 1)7 S{(y/)a g/ﬂ—/) ~S (N/a y/v g/)v
(S(vn @ 1), 81(y), g7) ~s (N, 9y, 9),
and a bordism

(Svn ®1),5(y),g'7") ~5 (S(vn & 1), 51(y), gm).

Over M, there is the product vector bundle of rank zero, 0 | M. We make the
identification S(0 @ 1) = M U M and thus obtain the sphere triple

(MUM,zU0, frU fr) ~s (M, z, f).
The vector bundle 0 U vy | M U N then gives rise to the sphere triple

(MUMUSy®1),zU0Us1(y), frU frUgm)
NS(MUN7nyaf|—|g)'

By the identity bordism on (M UM, 20, frU fr) together with the bordism given
by the lemma, we have a bordism

(MUMUS(y @ 1),z00Us(y), frl frUg'n)
~p(MUMUS(ny @ 1), 200U s (y), frU frrUgn).

Reversing our steps, we now have the sphere triple

(MUMUS(y @ 1),z00Us(y), frU frUg'n)
~s (MUN zUy, fug).

By the bordism (M’ 2, ') ~g (M, z, f) and the identity bordism on (N’,/,¢’),
we have
(MUN',zUy', fug)
~g (M'UN" 2" Uy, fug).

In summary, we obtain
(MUN,zUy, fUg)
~s (MUMUS(yy @), 200U s1(y), frU frlUgn)
~g (MUMUS(vy @ 1),z00U s (y), frU frlg'n’)
~s (MUN' zUy, fug)
~g (M'UN' 2" Uy, ffug).

e Suppose we have sphere triples

(M/’x,7 f’) NS (M7 x? f)’ (N/7y/7g/) NS (N7 y’ g)'
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By Lemma 2.3, there are sphere triples
(S(vamr @ 1), s (2), f'm) ~s (M2, f1),
(S(VM @ 1), SM!($>7 fﬂ-) ~S (Maxa f))
resp.
(Swnr @ 1),sn1(y"), g'm) ~s (N9, d),
(S(vn ®1),sn1(y), gm) ~s (N, y,9),
and bordisms
(S(var @ 1), sapy(27), f'm) ~p (S(vm @ 1), sani(2), f),

resp.
(S(vn ®1),sn1(y), g'm) ~5 (S(vw @ 1), sm1(y), g7).

By the evident sections
sy Usyr: MUN"— S((vapr Uvn) @ 1),
syUsy: MUN — S((vm Uvy) @1),
we thus obtain
(M'"UN' 2"uy, f'ug)
~s (S((var Uunr) & 1), (s Usn (@’ Uy'), (f U g')m)
= (S(var &)U Sy ® 1), spry(2") Usnn(y), f/mUg'm)
~p (S(va © 1) US(wn & 1), san(x) Usni(y), frUgm)
= (S((var Uvw) ® 1), (smr Usy)i(zUy), (f Ug)m)
~s (MUN,zUy, fUg).

Alternating the apostrophe marks in the six past lines, yield

(M'UN,z' Uy, f'Ug)
~BS (MI_IN/,xuy',fI_Ig/)

as well. 0

Having established that [M,z, f] + [N,y,g] == [M U N,z Uy, f U g] is well-defined, we
proceed to show that this makes h9°’(X, A) an abelian group:

2.7 PROPOSITION.  h°°(X, A) is an abelian group under the operation +.

PROOF. First of all, it is clear that 4+ is commutative. Next, we note that [&, 0, ef] €
h9° (X, A) for any d. If we write p: M x {0} — M for the projection, we have the equality
(MU@,zU0,fUef) = (M x {0},p*(z), fp). This we naturally identify with the triple
(M, z, f), and we obtain

[M,z, f]+ [2,0,ef] = [ MU@,zU0, f Uef] = [M,z, f].

In other words, [&,0, ef] is a neutral element with respect to +.
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Now let [M,z, f] € h9°(X,A). The triple (M x I,7*(zUz),(fU f)r) in (X, X) is a
bordism between the triples (M UM~ zUz, fU f) and (&, 0, ef) in (X, A). With respect
to +, [M~,x, f] is thus an inverse element of [M, z, f], as we have

Mz, fl+ Mz, fl=[MUM ™ ,zUxz, fUf] = [2,0,ef]. O

2.8 COROLLARY. hi®°(X, A) is a graded, abelian group by formally extending + on each
R (X, A). ]

Being the neutral element, we write
0:=[9,0,ef]

for the zero-class in h{°°(X, A). Because of this, we shall speak of (&, 0, ef) as the null-
triple, and any triple bordant to it we will say is null-bordant. We emphasize that
this term only applies to bordism, i.e. a triple may represent the zero-class without being
null-bordant.

In fact, any triple (N,0,g) in (X, A) represents the zero-class: Let vy | N be a normal
bundle. We have S(vy 1) C 0D(vy ©1). Now,

OD(vy ®1)=Swn®1)UD(vn|on @ 1)
gives
gr(0D(n & 1) — Sl ©1)) € gr(Dlvnloy & 1)) = gON) € A,
Hence (D(vy ©1),0, gr) is a bordism between (S(vy @1),0, gr) and (2,0, ef). This gives
(N,0,9) ~s (S(vn ©1),0,g7) ~g (,0,ef),
ie. [N,0,9] =0.

The following example is a short digression. It gives the affirmative answer to a previously
formulated question.

EXAMPLE. Let H* be singular cohomology with integral coefficients. CP? is closed and
(H-)orientable. Choosing an orientation of CP? and a map g: CP? — X, we get the
triple (CP?,0,9) in (X,@). Since CP? is not the boundary of any compact manifold,
(CP?,0,g) is not null-bordant in (X, @). Hence (CP?%,0,g) and (9,0, ef) are BS-related,
but not B-related. This shows that the two equivalence relations B and BS in general are
different. O

Looking back to the proof of the proposition above, it is also natural to define

_[vavf] = [Mivxaf]'

Lemma 2.5 gives
[M,J?,f]‘i‘[M,—.’E,f] = [va_xmf] :Oa

yielding [M, —z, f] = —[M, z, f] as well.
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DEFINITION. A single-dimensional triple is a triple (M, z, f) such that M is single-
dimensional. O

REMARK. The difference in dimension of the manifold and the cohomology element of a
triple is by definition constant between components. So for any single-dimensional triple,
the cohomology class is homogeneous. U

2.9 LEMMA. Each element in h™°(X, A) is the class of a single-dimensional triple.

PROOF. Let [N,y,g] € hi(X,A). If y = 0, then [N,y,g] = 0 = [@,0,ef] and we are
done. So we may assume y # 0. We imbed N in some Euclidean n-space to obtain the
normal bundle v | N. Then S(v & 1) is an h-manifold of dimension n. By the standard
section s: N — S(v @ 1), we obtain [N,y,g] = [S(v & 1), s(y), g7]. O

This shows that any element in h{°°(X, A) can be written as a sum

[Mlvxlafl] +...+ [Mraxrvfr]

such that each M; is single-dimensional, the x; are homogeneous and no two [M;, x;, fi]
are of the same dimension.

REMARK. At this point, a natural question arises regarding triples. It seems possi-
ble that it would be sufficient to only consider the subset of A(X, A) containing single-
dimensional triples. Addition of two classes of triples could be defined in a similar way as
above, by first choosing representative triples with manifolds being of the same dimension.
Regretfully, this idea will not be pursued. O

2.4 The homology theory hi“

We now go on to show that we have the covariant functor h°: Top? — Ab,.

2.10 LEMMA. Ifp: (X, A) — (Y, B) is a map of pairs, then the induced map
prt hI(X, A) = h9°(Y, B),

given by [M, x, f] — [M,x,¢f], is a well-defined group homomorphism.

PrROOF. First we show that the assignment is well-defined: Let (M, z, f) and (M’, 2/, ')
be two triples representing the same class in h°°(X, A). As usual, we can assume that ei-
ther (M, z, f) and (M’, 2, f') are bordant or that (M’, ', f) is a sphere triple of (M, z, f):

o Let (M,x, f) ~p (M',2', f'). Then there exists a bordism (W, y, F') between them,
and clearly (W,y, pF) is a bordism between (M, x,¢f) and (M',z', o f).

o Let (M',2',f") = (S(E @& 1),s1(x), fr) be a sphere triple of (M,z,f). Then
(M, 2", of") = (S(E®1),s/(x),pfr) is a sphere triple of (M, z, pf).
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Hence (M, z,¢f) and (M, 2', o f') are BS-related whenever (M, z, f) and (M', 2/, ') are,
and so the assignment is well-defined.

Now
eu([Mz, f]+[M',2", f']) = pu[MUM',zUz’, fU f]
=[MuM zUx o(fUf)]
= [M,z, of] + [M', 2, of']
= @Mz, fl + o [M', 2", ']
shows that ¢, is a group homomorphism. O

The ¢, : (X, A) = h°(Y, B) extend linearly to become a graded (degree zero) group
homomorphism ¢, : h{*°(X, A) — h{“(Y,B). It is clear that we have (py). = @iV«
for composition maps and that 1, = 1. With the assignment ¢ — ., h{°° becomes a
covariant functor.

Before showing that h{°® is a homology theory, we recall the axioms. We exclude the
dimension axiom of Eilenberg and Steenrod, but include additivity.

First, let R: Top? — Top? be the restriction functor defined by

R(X,A) = (A, 2),
R(f: <X>A) — (YaB» = f|(A,IZ): (A,@) — (ng)'

DEFINITION. A homology theory is a covariant functor
k.: Top? — Ab,
together with a degree —1 natural transformation
0: ke > kioR
satisfying the following:

e HOMOTOPY INVARIANCE.
1~ pa: (X, A) = (Y, B) implies @1, = @2, ki(X, A) — k.(Y, B).

e LONG EXACT SEQUENCE.

For every pair (X, A), the inclusions (A4, &) < (X,2) < (X, A) induce a long exact
sequence
o i B Ox, i
2 En(A, D) 5 ke (X, D) 5 ke (X, A) = k1 (A, D) 25
e [EXCISION.

Let (X, A) be a pair of spaces and U C X a subspace such that U C int A. Then
the inclusion of pairs induces an isomorphism

it k(X —U,A—U) = k. (X, A).
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e ADDITIVITY.

For any collection of pairs (X4, Aq)a, the inclusions

(X Ad) |_|Xa,|_|A

give an isomorphism

[Tiaw: Tk (Xa Aa) = k(| ] Xan| |A4a)- O

REMARK. There is also the notion of homology theories on CW pairs, being functors
k.: CW? — Ab,

satisfying axioms similar to those above. We shall thus be referring to homology theories
on Top? and CW?2, respectively. O

We write z|gpr € h*(OM) for the restriction of « € h*(M). When f: (M,0M) — (X, A)
is a map, we take its restriction from M to M and its co-restriction from X to A to
obtain the map Jf: (OM, @) — (A, ). In the case of z = 0, dim is not defined, and
we shall then understand (—1)3™% |5,/ to be zero.

DEFINITION.  For each pair (X, A) € Top? and n € Z, the boundary homomorphism
in geometric homology is the map

0: hi°(X,A) = hI° (A, 2),
[M’ €, f] = [aM’ (_1)dimm‘r|3M’ 8f]7
where (M, z, f) is any single-dimensional triple representing the class [M, z, f]. O

2.11 PROPOSITION.  The boundary homomorphism is a well-defined homomorphism.

ProoF. First of all, Lemma 2.9 and its preceding remark ensures that every class can be
represented by a single-dimensional triple, and that the cohomology class of such a triple
always is homogeneous. Also, it is clear that we have (OM, (—1)4™%x|55,,0f) € A(A, @),
and n = dim M — dim x implies

dim OM — dim(—1)Y"™%z|gp; = (dim M — 1) — dimz = n — 1.

Hence we have
[OM, (—1)3™ =g 50, 0f] € W2 (A, @).

We must show that any two BS-related, single-dimensional triples remain BS-related
under the assignment (M, z, f) — (OM,(—1)¥™%z|s07,0f). The two following cases
show that this is true for single-dimensional triples which are bordant—resp. related by
sphere bundle modification. As soon as these two cases have been established, the proof
is completed by a short argument showing that the same is true for BS-related triples.

e Let (W,y,F) be a bordism between two single-dimensional triples (M, x, f) and
(M’ ', f"). We view M UM'™ as imbedded in 0W. We define

K = OW —int(M UM'™),
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which is seen to be an h-manifold with boundary 0K = dM U 9OM’'~. From
F: (W,0W) — (X, A), we obtain the map

Flg: (K,0K) — (A, A).

Further, it may very well be the case that we have dimz # dimz’, i.e. y non-
homogeneous. We denote the components of 9K by (0K); and the corresponding
components of OM and M’ by (OM); and (0M');. This gives

(OM); U (OM); C (9K):.
For each i, y|x € h*(K) restricts to the homogeneous element y|x, € h*(K;). We

may thus define
K; € h* ( |_| Kl> .

—

yle = (=)ol
This element restricts to
(—ntm el gy, € B ((OM);), (=)™ lomnig!|gppn, € h* ((OM);).

Since x and 2’ by assumption are homogeneous, we have dim x|y, = dim 2 and

dim 2’| (9pr1), = dim 2’ for all i. Hence (K, 37|;, F|k) gives the bordism

(aM, (_1)dimmx|8M78f) ~5 (aM’, (_1)dimm/l‘/|aM',8f/)-

Let (S(E @ 1), s1(x), fr) be a sphere triple of (M, z, f), E and M of dimensions n
and m. We want to show
(0S(E @ 1), (1)1 =@ s (2)|a5(mer), O(f7)) ~s (OM, (=)™ 2|g0r, Of ).
Restricting F || M—resp. s: M — S(E @& 1)—gives the vector bundle OF | OM—
resp. the section ds: OM — S(OF @ 1). Thus we have the sphere triple
(S(OE & 1), (9s) ((—1)™ % z|orr), (0f)7) ~s (OM, (=)™ %z|gar,Of).

It is clear that S(OE & 1) = 0S(FE @ 1) with (0f)r = 0(fw). By Proposition 1.10,
the diagram

x
M

hE(M) h*(OM)

S!l l(as)y

=SB @ 1)) — s p+n-m(IS(E @ 1))

commutes up to sign, specifically (9s)ii}, = (—1)" "™y s1.

k = dim x gives dim s)(x) = k +n — m, and so
(@) (=)™ %z|oar) = (9s)i((=1)*i},(2))
_ (_1)k+n—mi}«v8!(x)

= (1)@ (2)|ps(por)-
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Hence we have shown

(0S(E @ 1), (=1)"™ =@ g)(2)|55(5a1), O(fT))
= (S(OE @ 1), (9s)i((—=1)"™“x|anr), (Of))
~s (OM, (=)™ 50, OF).

Now let (M, z, f) ~ps (M',2’, f'), both triples single-dimensional. By Proposition 2.4,
we have the sequence

(M,z, f) ~s (S(E®1),81(x), fr) ~p (S(E" @ 1),8)(2"), f'7) ~s (M, 2, f),
where E and E’ are normal bundles. All of these triples are then single-dimensional. The
two cases we have just shown thus apply successively to the sequence. We obtain

(OM, (=1)"™*z[anr, Of)

s OS(E & 1), (~1)"™*@s(2)|ps(me1), O(f7))
~g (0S(E' @ 1), (—1)"™ =5l (2/)|ps(prar1), O(f'7'))
~s (OM (=1)™ 5 g0, D).

The assignment

[M,z, f] — [OM, (=1)M™ 2|90, O f]

is thus seen to be well-defined.

Finally, we show that 0 is a homomorphism: Given two triples representing two classes,
we may imbed their two manifolds in the same Euclidean n-space. The two normal
bundles are then both of dimension n. Associated sphere triples represent the two initial
classes, and both of their manifolds have dimension n. If in addition the two classes are
of equal dimension, then so are the homogeneous cohomology classes of the new triples.
As both + and 9 are independent of choices of representing triples, we may assume that
our triples have the mentioned properties. That is, M and M’ are n-manifolds, and thus
dim z = dim z':
o[M,z, f]+ [M',2", f'])
=M UMz, fuUf]
=[0(M U M), (=1)™ 2 (2 0 ") [ ariinany, O U f)]
=[OM L OM’, (1) "™ %]y L (1) ! |0, Of LIOS)
=[OM, (1) |50r, OF] + [OM, (= 1)I™ "2 | g, OF]
=0[M,x, f] +o[M',a', f']. O

REMARK. From now on, we will implicitly assume (M, z, f) to be single-dimensional
whenever a class [M, x, f] is arbitrarily chosen. O
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For a map ¢: (X, A) — (Y, B), we have
A ps[M, z, f]) =[OM, (=1)"™ “z|onr, (0 f)]
=[0M, (1) “z|gar, 0| A ]
:((IO|A)*8[M’$7 f]a
and so the following diagram commutes.

h9eo (X, A) —2— h9% (A, @)

‘P*l l(wu)*

hgeo (Y, B) —2— 9%, (B, )

Let n be fixed. We have defined 9 for each pair (X, A). Referring to the axioms of a
homology theory, 0 should properly have been denoted J(x _4). The collection of all these

boundary homomorphisms constitutes a transformation of functors k9> — hJ% o R.

These we will also denote by 0. As the diagram above commutes for each map ¢, d is a
natural transformation.

We are now ready to verify the four axioms which make h{°’: Top? — Ab, (together with
0) a homology theory.

2.12 PROPOSITION (HOMOTOPY INVARIANCE). Let
o= ¢1: (X, A) = (Y, B)
be homotopic maps. Then they induce the same map
Po. = P1.: KX, A) = hi*(Y, B)

in geometric homology.

PROOF. We show ¢, = ¢1,: hf(X, A) — (Y, B). Then the general result follows
by linearity.

Let H: (X x I,A x I) — (Y,B) be a homotopy between g and ;. Given a triple
(M,z, f) in (X, A), we get the triples (M, z,¢of) and (M, z,¢1f) in (Y, B). We show
how the homotopy gives rise to a bordism between them.

From the composition
Ho(fx1): (MxI,oMxI) 2% (x x1,Ax 1) 2 (v,B),

we obtain the map
F:(MxI,0(MxI))— (Y,Y).

Letting w: M x I — M denote the projection, we have the triple
(M x I,7*(x),F) € A(Y,Y).

For i = 0,1, we have

F(‘Tﬂ’) = H(f(z)vl) = Saif(z)v
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and we identify M with M x {i} to obtain F|y;xy = @if. Thus (M x I,7*(x),F) is a

bordism between (M, x, pof) and (M, z, @1 f), noting that
FOMxI)—MUM™)CFOMxI)=H(f(o0M)x1I)CB.

The result follows. O

We proceed to show that any pair of spaces gives rise to a long exact sequence in geometric
homology. First, we shall have three lemmas.

2.13 LEMMA. Let (M, z, f) be a triple in (X, A). If M' C M is a compact, codimension
zero submanifold such that
f(M —int M') C A,

then there is a bordism
(M, ) ~p (M, |0, flar)-

Proor. OM’' C M — int M’ makes (M’, x|y, flpmr) a triple in (X, A). We see that
(M x I,7*(x), fm) gives the bordism
(M’ z[nr, flar) ~p (M, f) -

We have M'UM~ C MUM~ C (M xI). m*(x) restricts to |y and z, and f restricts
to flar and f. Also, (M x I) = (OM x I)U (M U M™) gives

fr(OM xI) = (M'UM™)) C fr(0M xI) U fr(MUM™)— (M UM™))
= [(OM)U f(M ~ M) C A O

2.14 LEMMA. Let ¢, : hi® (X, A) — h2®°(Y, B) be an induced map. Then any element
of ker v, is the class of a triple (M,x, f) in (X, A) such that (M,z,pf) in (Y,B) is
null-bordant.

PROOF. Let [N,y,g] € ker .. Since (N,y,pg) ~ps (&,0,ef), the remark succeeding
Proposition 2.4 states there then is a sphere triple (S(E @ 1), s1(y), ¢gm) of (N,y, ¢g) in
(Y, B) which is null-bordant.

(vavf) = (S(E@ 1),Sg(y)7g7T) ~S (Nayvg)
yield [M, z, f] = [N, y, g]. O

2.15 LEMMA.  Any element in the kernel of 0: hi®°(X, A) — h9° (A, @) is the class of
a triple (M, x, f) in (X, A) such that (OM, (—1)4™ x50, Of) in (A, @) is null-bordant.
PrOOF. Let [N,y,g] € ker 0 C h¥°(X, A), i.e.

OIN,y. 9] = [ON, (=)™ ¥ylon, dg] = 0 € h%) (A, 2).
By the remark succeeding Proposition 2.4, there is a null-bordant sphere triple

(S(won @ 1), (Os)((=1)"™¥ylon), (Bg)m) ~s (ON, (~1)"™ylan, dg)
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in (A, @), with vpy | ON the normal bundle of an imbedding ON < R*. By the collaring
theorem, this can be taken to be the restriction of an imbedding (N,ON) — (H:T1 RF)
such that vx | N restricts to vgn | ON. Now we can identify S(vgn @ 1) and 0S(vy B 1),
and we have (0g)m = 9(gm). Also, ds: IN — S(von®1) can be taken to be the restriction
of s: N = S(vy @ 1). The sphere triple

(M,a:,f) = (S(VN &) 1),5!(y),g7r) ~s (N,y,g)
gives
(OM, (=1)* ™ z[ 907, 0f) = (0S(vy @ 1), (=1)"™ *Ws ()| o5(na@1), A(g7))
= (S(an @ 1), (9s)((=1) "™ ¥ylon), (9g)7),

where we have
(—D)Am =W (Y] aswyen = (@8)1(—1)M™¥ylan)

from Proposition 1.10. Hence (M, (—1)¥™*z|gps, 0f) is null-bordant. O

2.16 PROPOSITION (LONG EXACT SEQUENCE). For every pair (X, A), the inclusions

(A,2) <5 (X,2) 5 (X, A)

induce a long exact sequence

2 (AL @) B heeo (X, @) L heeo (X, A) D hIo (A, @) B L
PROOF. We start by showing that the sequence is a complex.

e j.i. factors through hi®°(A, A), which is seen to be zero:

Any triple (M, z, f) in (4, A) is null-bordant, with bordism (M x I, 7*(x), fm). This
is evident from fr(M x I — (M U@)) C fn(M x I) C A.

o Let [M,x, f] € ha®°(X, o). f(OM) C @ implies OM = &. Thus we have
(OM, (1) x|onr, (i f)) = (2,0, ¢f),
as the null-triple is the only triple with the empty set as manifold. And so
9j[M,z, f] = [OM, (—1)"™ %z |50, 0(5 )] = [@,0,ef] = 0 € hI° (A, @).

Hence 97, = 0.

o Let [M,x, f] € h9®°(X, A). Then
i 0[M, x, f] = [OM, (—=1)4™%x| 557, i(Df)] € 2% (X, @).

We view f as a map (M,0M) — (X, X) and get that (M, (—1)4m%z f) gives the
bordism (OM, (—1)4™%x|50r,i(0f)) ~5 (2,0, ef).

Hence ¢,0 = 0.
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We finish the proof by showing the three opposite inclusions, i.e. image containing kernel.

o Let [M,x, f] € keri, C hi®°(A, D), i.e.
i[M,z, f] = [M,z,if] =0 € h{°(X, 2).

By Lemma 2.14, we may assume that (M, x,if) is null-bordant. Let (W,y, F) €
A(X, X) be such a bordism. F(OW — M) C & gives OW = M. Hence

FOW)=F(M)=if(M) Ci(A) = A,
which gives us the map F': (W,0W) — (X, A). Furthermore,
dim W — dim(—1)%™%y = 1 4+ dim M — dimz = n + 1.
Evidently, we have
(W, (=1)%™ %y, F] € hi%y (X, A).
(OW, (~1) 9™y |y, OF) = (M, z, f) now gives
O, (~1)m 2y, F] = [0, (—1)29m 2|y, OF) = [M, z, f] € h2e2(A, ).

Hence im 0 D ker ..

o Let [M,x, f] € ker j,. C hi®°(X, @), i.e.
J«[M,z, f] = [M,z,jf] = 0 € hj*°(X, A).

By Lemma 2.14, we may assume that (M, z,jf) is null-bordant. Let (W,y, F) €
A(X, X) be such a bordism. Then we have the triple

(OW — M, ylow—n, Flow-m) € A(A, D) :

f: (M, 0M) — (X,2) yields OM = @. Since M — OW is a codimension zero
imbedding of closed manifolds, M is the union of components of 9W. The same is
then true for its compliment, making OW — M a closed manifold with the canonical
orientation from OW. (W, y, F') being a bordism, we have F(OW — M) C A. Hence
we have the map Flow_p: (OW — M, @) — (A, ). Also,

dim(OW — M) —dimylow -y = dim M — dimy|p = dim M — dimz = n.

This shows that (OW — M, ylow -, Flow—nr) is a triple in (A, @), as asserted. It
has dimension n, and so

[OW — M, ylow -, Flaw-m) € h¥°(A, @).

From (OW — M)UM = 0W C OW and with F agreeing with iF|gy —p on OW — M
and with f on M—it is clear that (W, y, F)) also gives a bordism

(aW— M7y‘3W—M7iF|6W—M) ~B (Ma'raf)

Now we have
ix[OW — M, ylow —m, Flow -m] = [M, z, f] € hi* (X, ).

Hence im i, 2O ker j,.
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o Let [M,x, f] € kerd C hi®°(X, A), i.e.
OIM, z, f] = [OM, (—=1)"™“x|oar, 0f] = 0 € K, (A, ).

By Lemma 2.15, we can assume that (M, (—1)4m%z|55,, df) is null-bordant, and
we let (W,y, F) € A(4, A) be a null-bordism. F(OW —IM) C & then gives B =
OM = OW. We take M and W~ to have collars OM x [0,1) and OW~ x (—1,0]
and glue M and W~ together along their common boundary, B. We obtain the
smooth, closed manifold

MU W™

(Cf. [Hir76].) Since M and W~ have orientations agreeing on B, they impose an
orientation on M U W~ by requiring the natural imbeddings to be orientation
preserving.

We identify B, M and W with their respective images in M Ug W~ via the natural
imbeddings. The union of the collars of M and W is the open neighborhood B x
(=1,1) of Bin MU W~. In M Ug W, we also have the open neighborhoods

MU (0W x (-1,0]) 2 M, WU (M x[0,1)) 2 W,
which cover M Up W, and their intersection reads
(MU (OW x (=1,0])) N (WU (M x [0,1))) = B x (—1,1).
This gives the Mayer-Vietoris sequence (cf. [May99])
o= KM U W) 2 R (M U (OW x (—1,0])) @ h™(W U (OM x [0,1)))
18
K (Bx(-1,1)) = ...,

where the maps are a(z) = (i*(2),5*(2)), B(x,y) = k*(z) — I*(y), with ¢, j, k, I
being the obvious inclusions. We have the diagram

(M U (OW x (—1,0])) ® h*(W U (DM x [0,1))) —— h"(B x (~1,1))

h™(M) & h™(W) (B x {0})

®)

with E defined like 8, and the isomorphisms being induced by inclusions. The
underlying diagram of inclusion maps commutes, hence so does this. We shall
identify B x {0} ~ B. (W,y, F) being a null-bordism for (9M, (—1)4™%x|55s, Of),
we have ylaw = ylom = z|ans, i-e.

~

Bz, y) = z|p —ylp =0.
The elements
a' € W (MU (W x (—1,0])), y € W (WU (OM % [0,1))),
corresponding to x € h*(M), y € h*(W), thus give
Bla',y") = 0.
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By exactness of the Mayer-Vietoris sequence and commutativity of the diagram
above, there is an element 2’ € h*(M Ug W) such that a(z’) = (2/,y’). Clearly,
the restriction of 2z’ to h* (M)®h* (W) factors via «, and so 2’ restricts to x € h*(M),
y € h*(W).

The maps f and F agree on B, and so they define a map

(f,F): ( MugW~,2) — (X, ).
This gives us [M Ug W, 2, (f, F)] € hi*°(X, @).
M C M Up W~ is a compact, codimension zero submanifold with

JLE)Y MU W™ —int M) =jF(W) = F(W) C A.
Since (M, z, f) = (M, 2’|, 5(f, F)|ar), Lemma 2.13 gives
G MU W™, 2" (f,F)l = [MUg W™, 2, j(f,F)] = [M,z, f] € h3*(X, A).

Hence im j, D ker 9.

We have shown exactness at h9¢°(A, @), h9¢°(X, @) and h9%°(X, A), and so we have the
long exact sequence of geometric homology groups. O

2.17 PROPOSITION (EXCISION). Let (X, A) be a pair of spaces and let U C X be a
subspace such that U C int A. Then the inclusion of pairs induces an isomorphism

o

in: hI(X — U, A—U) =5 h9e°(X, A).

PRrOOF. For a fixed n, we show that

iy: h9°(X — U, A —U) = h3*°(X, A)

is surjective and injective, respectively. We comment that each case immediately reduces
to a pure problem of bordism, and there is little parting this proof from the standard
proof of excision in classical bordism.

o Let [M,x, f] € h9°(X, A). We use the triple (M, z, f) in (X, A) to find a triple in
(X — U, A—U) which becomes bordant to (M, z, f) when included in (X, A).
U C int A gives disjoint, closed subsets f~(U) and f~!(X —int A) of M. There is
a smooth, real-valued function v: M — [0,1] and a ¢ € [0, 1] such that
supy(f (X —int A)) < t < infy(f~HT))

and making M = v~1([0,#]) € M a compact, topological submanifold of codimen-
sion zero. M can be given a smooth structure by straightening the angle (cf. Lemma

3.1. in [Con79]). This makes MCMa (smooth) submanifold (cf. [Buc]), and it
thus inherits a canonical orientation from M. We have

FFUX—intA)C M, fOMCX-U,  oMC~y ' ({t})uoM.

Thus .
FOM) C f(y ({th) U f(OM) C (it A) UA C 4,
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and so f(Z/W\) C X — U gives f(@]/w\) C A—U C A—U. From this, there is the map

flg: (M,0M) — (X — U, A-U),
which gives

[M, |5, flg] € hi(X — U, A U).

Since f~1(X —int A) C M C M and f(@]/w\) C A, we have f(M—int]/W\) C A So
by Lemma 2.13,
in[Mal g, flg) = M| g.if| gl = (M., f] € B (X, A).

Hence i, is an epimorphism.

Let [M,z, f] € keri,. By Lemma 2.14, we can assume that (M, z,if) in (X, A) is
null-bordant. Write (W, y, F) for such a null-bordism. We use (W,y, F') in (X, X)
to find a new triple in (X — U, A — U) which is bordant to (M, x, f). The new triple
is then seen to be null-bordant, completing the proof.

U C int A gives disjoint, closed subsets F~1(U) and F~'(X — int A) of W. By the
same argument as above, there is a compact, codimension zero submanifold W of
W such that

F Y (X —-intA)CW, WnF'Y0)=2.

This gives us the map F|g : (W,@W) — (X — U, X —U) and thus the triple
(Way|V/[}7F|ﬁ/) € A(X - U7X - U)

M N OW and f~Y(U) are disjoint, closed subsets of M. Again, there is a compact,
codimension zero submanifold M of M satisfying M NOW C M C M as well as

MnfY0) =o.
We have
MAF Y (X -A)=0WnF YX-A)=dWnF (X - A),
so M NoW C Z\Zg M implies MnN FY(X - A)=MnF~YX — A). The explicit
construction of M (cf. [Con79]) now ensures
OMNF Y X —A)=dMNF (X - A) =2,
and hence we have f((?]\fi) = F(@]\/J\) C A. This gives the map
flg: (M,0M) - (X — U, A-U).
Also, f(M—M) C A—U follows from MNF~1(X — A) = MNF~1(X — A) together

—

with M € M C f~Y(X — U). Hence the triples (M, x, f) and (M\,x|ﬁ,f|ﬁ) are
bordant in (X — U, A — U) by Lemma 2.13.

We have essentially replaced (M, z, f) with (Z/\l\,xba, flg) in (X —U,A—U), the
important difference being that the image of M is disjoint from U, not just from U.

Now we have the disjoint, closed subsets M U F~Y(X —int A) and F~Y(U) of W.
Once again, there is a compact, codimension zero submanifold W of W such that
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—

MUF~YX —int A)CW C W and W N F~}(U) = @. The latter gives
(W, 9l Flg) € AX ~ U, X - U).

This is a null-bordism for (M\, z| 5, fl5;)s seen as follows:

A point lying on the boundary of a manifold must necessarily also lie on the bound-
ary of any codimension zero submanifold which contains that point. So the inclu-
sions M CW and M C M C OW give

M C W NowW C aw.

wn F~Y{X - A) =W nF (X — A), together with the construction of W as an
inverse image of a real-valued function (cf. [Con79]), ensures

OWNF HX —A)=0WnF (X - A).
Hence F(@W—J/W\) C A gives F|V~V(8W— ]/\4\) C A. Moreover, F(W) CX—-U,and

so we have F|VT/(6W - ]\/47) CA-U. Also, (Flz)|g = flg and (vl = 2l
In summary, .

(M, z, f) ~g (M, |5, fl5) ~8 (2,0,ef).
Thus ker i, = 0, making ¢, a monomorphism. O

2.18 PROPOSITION (ADDITIVITY). Let (X4, Aa)a be a collection of pairs of spaces. The
inclusions iq: (Xa, Aa) = (UXa,UAL) give an isomorphism

[Tiow: JT 700 (Xar Aa) = hE%°(UX 0, UA,),

[e3%

([Ma,.’Ea, fa])a = [l—lMOﬁ ul‘a, uzafoz}

PrROOF. The assignment is described only for a sum of homogeneous elements in some
fixed degree, but is understood to be extended linearly. Any element of [, h9°°(X,, Aqa)
is on the form ([My, o, fo])a—with [My, 24, fo] non-zero only for finitely many a—and
we may therefore assume that the union UM, is finite and thus compact (each class
being zero may be represented by the null-triple). Since addition in h{“°(UX,,A)
is well-defined, the same is therefore true for the assignment above. This is clearly a
homomorphism. We define the inverse map:

Let [M, z, f] € h9*°(LUX,4,UA,). Since M is compact, it can be written as a finite union
of its components, M = UMy. We define (Xi, Ax) € (Xa,Aa)a by f(Mg) C Xj.
This gives the decomposition (M,z, f) = (UM, Uz, Ufy), where xp € h*(Mj) and
fe: (Mg, 0My) — (X, Ag) are the natural restrictions. Finiteness now gives

([Mkvgjka fk])k S Hh%eo(Xk7Ak).
k

Hence the assignment
(UM, Uz, Ufx] = ([Mk, Tk, fr])k

followed by the natural inclusion

HhZeO(ka Ak) — thy,eo(Xav Aa)
k @
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is readily seen to describe an inverse homomorphism to [], iq.- O

REMARK. A pair (K, L), with K compact and L C K closed, is referred to as a compact
pair. A homology theory k., on Top? is said to have compact support if it satisfies the
following: For every pair (X, A) and for each element 2z € k, (X, A), there is a compact
pair (K, L) C (X, A) such that z is in the image of k.(K, L) — k.(X, A).

Referring to [Spa66], this is equivalent to the following: Let {(K4, La)}a be the system
of compact pairs contained in (X, A), directed by inclusions. This gives the system
{k«(Ka, La)}a, directed by the maps induced by inclusions. Then

colim ky (Ko, L) = ko (X, A).
@

By construction, so to speak, we see that A’ has compact support: Suppose given a pair
(X, A) and an element [M,z, f] € h9°°(X, A). Let us write f as the composition map

o~

£ (M 0M) L (F(M), F(OM)) <5 (X, A).

M and OM being compact Hausdorft spaces, it is clear that (f(M), f(OM)) C (X, A) is
a compact pair. Now [M,z, f] is in the image of i,, as we have

~

[M,z, f] € BJ(f(M), f(OM)),
with i, [M, z, f] = [M, z, f] € hie°(X, A). O



3 NATURALLY EQUIVALENT HOMOLOGY THEORIES

From the cohomology theory h* on CW?, we have constructed the homology theory h9°° on
Top?. We explain how the spectrum representing h* gives rise to h,—the dual homology
theory that we already have encountered several times. In parts of this chapter, we restrict
hi¢ from Top? to being a homology theory on CW?2. We shall see that the two homology
theories h{°° and h, then coincide. That is, on CW pairs, the homology groups correspond
in a well-behaved way with respect to induced maps and boundary homomorphisms.

3.1 Spectra and (co)homology theories

DEFINITION. Let k., and k. be homology theories on CW? with boundary homomor-
phisms 0 and &’'. We say that
T: k. — k‘,’k

is a natural transformation of homology theories if T' is a natural transformation
such that the diagram

9(x,4)
kn(X,A) — ky_1(A, 2)

lTucA) Ta,2)
’

x4

k;z(Xa A) — k;—l(Avg)

commutes for each n and for every pair (X, A). O

When a natural transformation of homology theories is an equivalence, we say that the
two homology theories are equivalent.

3.1 THEOREM. Let k, and k' be homology theories on CW? and let
T: ke — k.,
be a natural transformation of homology theories. If
Tipto: ke (pt, @) = k. (pt, @)

s an isomorphism, then T is an equivalence. ]
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DEFINITION. A spectrum is a collection E = (FE,, 0, )nez of pointed CW complexes
E,, and basepoint preserving maps o, : XFE, = FEp, 1. O

In the next definition, we will use the following, where C' and ¥ are the reduced cone
and suspension functors, respectively: When (X, A) is a pointed CW pair, we have the
projections

p: XUCA— (XUCA)/X
qg: XUCA— (XUCA)/CA,

the latter being a homotopy equivalence. We make the two identifications ¥ A = (X U
CA)/X and X/A = (XUCA)/CA. Choosing a homotopy inverse ¢~! then gives the map

pg ' X/A — T A.

DEFINITION. Let E = (E,,0,), be a spectrum. Then for each n and for each CW pair
(X, A), we define the group

kn(X, A) = colim[S"", E,. A (X/A)],
where the colimit is taken over the direct system
(5™ L B, A (X/4)]
— [t Logt agrtr Mgt A oA (X74) S By A (X/4)].
For each r, there is a homomorphism
Or: [S" B, N (XJA)] — [S"T, Erp1 A (A)2)]
given by
(5™ L B, A (X/4)]
-1
= [ L BoA (X /A 2L B ASAL B SE A AL TS B A AL
Here we have identified X/A = X, /A, and A/@ = A,. The diagram

(8747, By A (X/A)] —— [T, By A (X/A)]

laT lawrl

[S"7, Eri1 A (A)@)] —— [S™FHL By A (A)2))]

commutes for each r. By the universal property of direct limits, the collection of J, then
induces a map, the boundary homomorphism

0t (X, A) = kn_1(A, ). O

This makes ky = (k). (together with the boundary homomorphisms) a homology theory
on the category of CW pairs (cf. [May99]). We refer to it as the homology theory
associated to E.
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When Y is a based space, 2Y denotes the space of loops in Y, i.e. the function space
of based maps 8! — Y given the compact-open topology. In the category of based
spaces, every map f: XX — Y has an adjoint map, adj(f): X — QY. When identifying
Y X =S A X, this map is given by adj(f)(z)(t) = f(t A x).

DEFINITION. An Q-spectrum is a spectrum (E,,, 0, ), such that for each n, the adjoint
map adj(o,): En, = QFE,1 is a homotopy equivalence. O

There is also k*, the cohomology theory associated to a spectrum, now on the category
of finite CW pairs. The construction is similar to the one above. When FE' is not only
a spectrum, but an Q-spectrum, k* extends to a homology theory on all CW pairs. By
a theorem due to E. H. Brown, every cohomology theory k* on CW pairs is represented
by an Q-spectrum. Such a spectrum is unique in the following sense: Two {2-spectra
representing k* give rise to naturally equivalent homology theories.

3.2 Identifying h7°° and h, on CW?

Throughout this section, we restrict h{°° to a homology theory on CW?2. We shall define
a natural transformation of homology theories

i hi% — h,
which will be an equivalence, i.e. an isomorphism on each CW pair.
For an h-manifold M, we write
Dyr: h*(M) =5 hy (M, 0M)
for the Poincaré duality isomorphism.
3.2 PROPOSITION.  The map
Yix,a) B(X,A) = ha (X A), Mz, f] = fuDu (@),

1s a well-defined homomorphism.

PROOF. We show the proposition for 1 (x a): h{*°(X, A) — hi(X, A). Then the general
result follows by linearity. We shall abbreviate 1 x ) to 1.

e Let (S(E®1),s1(z), fr) be a sphere triple of (M, x, f). In the diagram

Dsegr)

h(S(E®1l)) — h.(S(E®1),0S(E® 1))
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the appropriate sub-diagrams commute, and a short chase readily gives
(fm)«(Dsga1) (s1(2))) = (f7)«(s:(Dar(2))) = fo(Dat ().

o Let (M',2/, ') and (M, z, f) be bordant of dimension k, (W,y, F)) a bordism. We
can assume M’ and M are of dimension n, yielding z’ and x of dimension n — k.
The multi-dimensional case will follow by linear extension. We have the following
diagram:

R R(W) — R (OW) ————— R (M UM )
SY
K=k (OW — int(M' L M~ ))
E\LD]\/I/L_IM* @ Dyw _int(m/um—)

Dow hp(M'UM~,0(M'UM™))

SV
hi(OW —int(M' UM ™), 0(M' U M™))

Bt (W, 0W) -2 hy(OW) ——— hy(OW, d(M' L M ™))

1R

Dw

1R

0 (Flow)-
v F.

The upper left-hand square commutes up to sign, and the remaining two squares
and triangles commute. Especially, the upper right-hand square commutes by
Lemma 1.14. Further, the composition map

h(OW — int(M’ U M™), (M’ UM™)) — hy(X, A)

is zero. This is clear since F(OW — (M'UM™)) C A and F(O(M'UM™)) C A give
a factorization through hy(A, A) = 0. The vertical map on the right-hand side of
the diagram is therefore

Rk U M) 2 o oM, M u M o)) D g (x A,

The long exact sequence of the pair (W, 0W) gives the zero-map at the lower left.
Since 2’ Uz = y|prunm, we thus get (f' U f)eDapunr- (2’ Ux) =0.

The lower horizontal map being addition, the following diagram commutes by defi-
nition:

~

W =F (M) @ R (M) ————— =R (MY U M)
%lDM/ DD, - %lDM’uM*
hio (M, OM') @ hyg(M~—,0M~) ——> hy(M’ UM~ d(M’ U M™))

lfieaf* l(f U f)«

he(X, A) & hi (X, A)
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Since we have
Dy-(z)=znN[M~,0M~" | =znN—[M,0M] = —(xN[M,0M]) = —Dp(z),
the last diagram gives us

0= (f"Uf)uDrpunm- (2" W) = fiDuap(2") + fuDp—(x) = fiDar (') — fuDn ().

This shows that the assignment [M, z, f] — f.Das(x) is well-defined. The following makes
it a homomorphism:

Let [M,z, f] and [M’,2’, f'] be elements of h{*’(X, A). Now we have

O([M,z, fl+ M2, f1]) =p[M UM zuz’, fU f]
=(fUf)«Dpunmr (z U 2")
=fDy(x) + fiDpr (')
=y[M,z, fl +[M', 2, f']. [

The collection of 9(x, 4) will constitute the natural transformation of homology theories
1. To show v is an equivalence, we shall be needing a geometric variant of Poincaré
duality: For an hA-manifold N, there is the isomorphism

o

D%%: h*(N) — hi°°(N,0N)
given by the following theorem:

3.3 THEOREM (POINCARE DUALITY). Let N be an h-manifold of dimension n. Then
the maps

D3 WH(N) = b2 (N.ON), @ [Nz, 1]
A0 h3e  (N,ON) = hF(N), (M., f] = fi(x)

are well-defined isomorphisms, inverse to each other.

geo

ProOOF OUTLINE. The map D3/” is clearly well-defined, and it is a homomorphism by
Lemma 2.5. We only check that the map d%° is a well-defined homomorphism. It is then
trivially verified that the composition d%° D% is the identity on h¥(N). For a proof of
the reversed composition being the identity on h?“° (N, dN), cf. [Jak00].

m—k
e Let (S(E@1),s1(x), fr) be a sphere triple of (M, z, f) in (N,ON). rs=1: M - M
gives

(fm)(si(x)) = (frsh(z) = filz).

o Let (M’ 2/, f') and (M, x, f) be bordant, with bordism (W, y, F'). As usual, we can
assume M’ and M m-dimensional such that 2’ and z are of dimension k. We must
show

(@) = filz) =0.
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The argument is very similar to the corresponding part of the proof of Proposi-
tion 3.2, and we reuse the diagram found there with only a few modifications at the

bottom:
hk(W)%hk(aW) h’“(M’I_IM_)
Y
hE(OW — int(M' L M ™))
= | Dw = | Dow Po—i (MU M=, 0(M' L M™))
Y
B (OW —int(M'UM™),0(M' UM™))
= | iy + g
on k1 (W, OW) > B (OW) ———— hy o (OW, O(M" U M)
i 0 (Flow)-
B (W) —— hyi(N) hrn—i(N,ON)
~ | Dyt
hn—m+k(N>

This setting differs from the proof of Proposition 3.2 only in that the codomain
of F' now is the h-manifold N. The same argument applies here to the vertical
composition map (*) on the right: The homomorphism vanishes on the second
summand, as the map

hp—k (OW — int(M' UM ™), 0(M' UM™)) = hyp—r(N,ON)
factors through hy,—x(ON,ON) = 0. Thus (*) is the Gysin homomorphism
(f'U f): hE(M U M™) — RV HF(N).

Again the diagram commutes up to sign, and thus any composition map h* (W) —
h"=m+k(N) in the diagram is zero. By the bordism, we have 2’ LIz = y|yruas, and
SO

(ffufiE uz)=0.

Finally, the inverted Thom class orienting M~ gives rise to a change of sign in the
ordinary Poincaré duality map, yielding

0= (f'Ufh uz)=fi) - fl@)

The map
d%°: B9 (N,ON) — h®(N), [M,z, f] — fi(z),

is therefore well-defined.
(f'U i h¥ (MU M) — h"™TF(N)
gives (f' U fi(a’ Uz) = fl(2') + fi(x), and d%° is by that seen to be a homomorphism.
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Now [Jak00] shows that [M, z, f] = [N, fi(x),1] in the sense that the composition
DEedS%: h952 (N,ON) — h*(N) — h%°, (N,ON),
[M,l',f] — f'(x) = [Nu f!($)>1]7

is the identity map. O

REMARK. We shall write D¥; o=l instead of d%’ for the inverse of D%/°. O

3.4 THEOREM. The transformation
i hi% — hy,

given by
w(X,A)[va,f] = f*DJW(‘r)a

s a natural transformation of homology theories.

PROOF. Proposition 3.2 shows that ¢ is a well-defined transformation. Let
¢: (X, A) = (Y, B)

be a map. We need only check that the following two diagrams commute:

eo P eo eo 99°° eo
hi (X, A) —— (Y, B) hi (X, A) —— i (4)
lw(x,A) \Lw(y,s) lw(x,A) lll)(A,e)
hi(X, A) —2 hy,(Y, B) hio(X, A) —2— hy_1 (A)

The diagram to the left readily commutes by
w*(w[Maxaf]) = C)O*f*DM(x) = ’l,[}[M,iZ?,QOf} = 1/}((,0*[M,I,f])

In the diagram to the right, we have labeled the boundary homomorphisms 99¢° and &’
to reserve O for the boundary operation on manifolds. The two ways around the diagram
respectively give

Ix )Mz, f] =0 fDr(x) = (9f)0' D ()
and

V(a0 0 [M, x, f] = Y(a,2)[OM, (1) “z|gar, 0 f] = (Of )« Dona (—1) "™ “a|anr).

Equality follows from the diagram found in the proof of Proposition 1.10, assuming M
and x being of dimensions n and n — k:

W=k (M) ——— hn=k(9M)

lDAI \LDGJW

hio (M, OM) —2 5 hy_ 1 (OM)
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The diagram commutes with sign (—1)"~*, which gives

&' Dyr(x) = (=1)"™* Dons(x]oar) = Donr (1) ™ “2|onr). O

3.5 THEOREM. The natural transformation of homology theories
P: hi% — h,

s an equivalence.

PRrROOF. Let N be an h-manifold. Then ¥y sn) is composition of the two Poincaré
duality isomorphisms in the diagram

h*(N)
a PY(N,ON) B

This is clear, since [M,xz, f] € h{*°(N,0N) gives

dnvon Mz, f] = f.Da(x) = Dy fi(x) = DyD§° ' [M, z, f]
by the definition of f;. The special case (N,0N) = (pt, @) now yields the isomorphism

w(pt’g) : hzeo(pt, @) i hk(pt, @).
By Theorem 3.1, 1 is then an equivalence. O



4 THE GEOMETRIC CAP PRODUCT

Until now, we have let h* be a multiplicative cohomology theory on CW pairs. However,
we could just as well have let h* be a multiplicative cohomology theory on all pairs of
spaces whose restriction to CW pairs was represented by an Q-spectrum. This shall be
our setting in this chapter.

For either A or B empty, we shall see that the homology theory hZ°°: Top® — Ab, and
the cup product

U: h*(X,A) @ h*(X,B) = h*(X, AU B)

can be used to define the geometric cap product,
h*(X,A) ® h9°(X, AU B) — hi*°(X, B),

a pairing which very much resembles a cap product. We demonstrate some of its basic
properties. When restricted to CW pairs, this essentially is the spectrally defined cap
product.

4.1 Defining the geometric cap product

On the category of CW pairs, we have the natural equivalence of homology theories
i hi® — h,.

For each h-manifold N, 1 therefore defines an isomorphism

o~

DY h*(N,ON) =5 hI°°(N)

by imposing commutativity on the diagram

This, we also refer to as Poincaré duality. To display the dimension shifts in (co)homology,
we have in the diagram let N be of dimension n.
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We thus have two Poincaré duality isomorphisms involving geometric homology:

D% h*(N) = hI°°(N,ON),

DY°: h*(N,ON) =» hi®°(N).
Trying to imitate traditional Poincaré duality, we would like to have a product such
that D%° and D% both are given by multiplication with a fixed (fundamental) class of

hi°(N,ON). We will define the geometric cap product to obtain this. First we fix some
notation.

DEFINITION. Let M be an h-manifold. We shall write
M=M Uan M~

for the double of M, i.e. M LU M~ with the pairwise identification of boundary points
along OM and OM~. Collars on M and M~ give a smooth structure on M, and an
orientation is imposed by requiring orientation preserving imbeddings of M and M .

We identify M with its imbedded image onto the first copy of M in its double, and we write
I: M < M for the inclusion. There is also the natural projection 1: M — M. When
f: M — X is a map, we compose with the projection to obtain f: M LN VENS'S O

REMARK. The notation 1 for the projection map is chosen so that the identity map
f=1:M— Mgives f=1: M — M.

Note that when C' is a closed h-manifold and f: C' — X is a map, we have

C=CcucC-, f=fuf.
By construction, M is closed. This yields

M=M

UM
1> M is the identity on M. O

T —
We also note that the composition M — M

DEFINITION. When M is an h-manifold, we have the inclusions
I: (M,0M)— (M,M™), J: (M,2) — (M,M").
I being an excision map, we define the homomorphism
U: h*(M,0M) @ h*(M) — h*(M)
to be the composition

R* (M, 0M) @ B*(M) % h* (M, 0M) £ p* (31, M~) L5 v* (30). O

REMARK. One should be aware that the symbol U is not intended to represent a cup
product. The construction is an intermediate step to what will be the geometric cap
product defined below. The choice of notation U will then become clear. O
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4.1 PROPOSITION.  Let the maps
I: M — M, J: M — M,

respectively be the inclusion and the identity. I and J shall also represent the evident
inclusions of pairs whose induced maps are found in the diagram. The diagram commutes.

h*(M,0M) @ h*(M) _

h*(M,0M) «——— 1*(M, M~) —2— h*(M)

R
X
Q
g
|
D
=~
=
R
|
2.
=

ProoOF. By Proposition 1.8, we have
I.[M,0M)] = J,[M].

The commutativity of the two squares is therefore immediate from Proposition 1.12. The
triangle at the top commutes by the definition of U. O

The proposition gives an alternative description of U, namely as the composition

* * @] * DM L. v Dﬁ_l * (AT
W (M,0M) @ h*(M) = h*(M,0M) —= h,(M) = h (M) —— h*(M).
Depending on the circumstances, we shall be using either composition more convenient

in computations involving the map U.

REMARK. When C is a closed h-manifold, the following diagram commutes

h(C)® h*(C %h* YD R (CT)

\ /

when identifying h*(C) = h*(C) @ h*(C™). O
The next proposition is known as the projection formula. We shall only be needing its

corollary.

4.2 PROPOSITION.  Let f: (M,0M) — (N,0ON) be a continuous map, where M and N
are h-manifolds. For x € h*(N) and y € h*(M), we have

H(f (@) Uy) =2 U fi(y).
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PROOF. The properties of the cap and cup products give
Dn fi(f*(z) Uy) = fi Du(f*(x) Uy)
= fu(f"(2) N D (y))
=xN fuDm(y)
=20 Dy fi(y)
= Dn(z U fiy))- O

Replacing f by s, y by 1 and « by 7*(x), ms = 1 immediately gives the following.

4.3 COROLLARY. Let M be an h-manifold and let 7: S(E@® 1) — M be a the projection
of a sphere bundle. If s: M — S(E ® 1) is a section, then for x € h*(M), we have the
equality

si(x) =7 (z) U si(1). O

We shall soon see that the two products below coincide where they are both defined, i.e.
for A = @. We therefore do not use distinct notations and shall write z N [M, z, f] for
both products.

DEFINITION.  For (X, A) € Top?, we define the geometric cap products
A5 RE(X) © BEE(X, A) — 9%, (X, A),
2@ [M,x, f] — [M, f*(z) Uz, f]
and
N: BP(X, A) @ 90 (X, A) — h9% (X),
2@ [M,z, f] — [M, f*(2) Uz, f]. O

4.4 PROPOSITION.  The geometric cap products are well-defined.

PrOOF. We begin with the upper product.

e Let (S(E®1), s1(z), fr) be a sphere triple of (M, z, f) in (X, A). Also, let z € h*(X).
Now (S(E® 1), (fr)*(z)Usi(x), fr) is a sphere triple of (M, f*(z) Uz, f), since we
have

si(ff(x)VUz) =7"(f"(z) Uz) Usi(1)
=" f () Ur"(z)Usi(1)
= (fm)*(2) Usi(z).
e For z € h*(X), let (M',2',f") and (M,z,f) in (X,A) be bordant, (W,y,F) a

bordism. We see that (W, F*(z) Uy, F) is a bordism between (M’, f™*(z) Ua’, f’
and (M, f*(2) U, f).



4.1. DEFINING THE GEOMETRIC CAP PRODUCT 61

This shows that the assignment
(2, [M,z, f]) = [M, f*(2) U, f]
is well-defined on the cross product h*(X) x h9¢°(X, A). Here, it is seen to be biadditive,
yielding the homomorphism on the tensor product. We do the computations.
(z+2)N[M,z, f] =M, f*(z+2") Uz, f]

=M, ") Ve + () U, f]

=M, f*(z) U, I+ [M, (") Uz, f]

=zN[M,z, f]+ 2 N [M,x, f],

2N ([M,a, fl+ M2, f) = [MUM, (fuf)(z)U(@ua), fUf]
=[MUM, (f*(z)uz)U(f"(z)ua), fUf]
=zN[M,x, fl+z0[M 2, f].

Now to the second product,
N: (X, A) @ hi®(X, A) — hI% (X),
2@ [M,z, f]l = [M, f*(2) U, f].

o Let (S(E @ 1),s(x), fr) be a sphere triple of (M,z, f) in (X, A). Also, let z €
h*(X,A). We show that (S(E@1),(fn)*(z) U si(z), fr) is a sphere triple of
(M, f*(2) Uz, f).

First of all, we see that when F is an h-vector bundle over M, this makes E an
h-vector bundle over M. (Even though E is not compact and so not an h-manifold,
we still use the notation E for the double of E.) It is a vector bundle, as 9F C E
precisely is the fibers over 9M. Now E gets an orientation from E and E~, the
inclusions of fibers E < E, E~ < E, being bundle inclusion maps. Now we identify
S(E®1)=S(E®1). Letting 7 also denote the projection S(E & 1) — M, we have
frm=fr.

We let 5: M — S(E @ 1) denote the evident section coming from s: M — S(E®1).
We would like to show

S (f*(z) u x) = (fm)*(z) U si1(z).
This follows from commutativity of the following diagram, mapping the element

f*(2) ® x from the upper left-hand to the lower right-hand corner. We write S for
S(E @ 1) in the diagram.

Du I. Dyr

W (M, M) @ h*(M) —— h*(M,dM) — hy (M) ——> h, (M) ——— h*(M)

lﬂ* ® s l‘"*(—)US!(l) ls* l;* l;
D I. Dg!

h*(S,09) © h*(S) —2— h*(S,85) —25 h,(S) h.(S) h*(S)

We begin by checking that the left-hand square commutes,
() Usi(y) = 7" (z) U™ (y) Usi(l) = 7" (z Uy) Usi(1).
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For the next square, we have

Dg(n" () Us(1)) =

7T'>.< lf)mDSSl( )
=T
™

(

(z) N8 D (1)
“(z) N s« [M,0M]

= s.(s"m" () N [M, 0M])
= s.(zN[M,0M))

= s, Dy ().

Commutativity of the two rightmost squares is evident from 51 = I's: M — S and
the definition of 5.

*

e For z € hF(X, A), let (M',2',f') and (M,z,f) in (X, A) be bordant, and let
(W,y, F') be a bordism. We show there is a bordism between (M, f™*(z) U 2/, f')
and (M, f*(z) Uz, f) in (X, @).

We define
B :=0W —int(M'UM").

This makes W Ugp W~ an h-manifold by straightening the angle, with M’ UM =
O(W Ug W) (cf. [Dav]). We have the commutative diagram

h* (W, 0W) ——— h*(W U W=, W™) —L— h*(W Ug W™)

| | |

h* (M, M) ——— h*(M,M~) ———> h*(M) ,

where the horizontal maps to the left are inverse excision maps. (We have the
similar diagram for M’.) Writing p for the projection W Ug W~ — W, we see that
(WU W=, J*I* 1 (F*(2) Uy), Fp) is a bordism.

Thus the assignment is well-defined on the cross product. Showing biadditivity goes
as the similar computations above, since U is additive in each argument of the tensor
product. O

REMARK. For (M, z, f) a triple in (X, @), M is closed. For any z € h*(X), the two
previous remarks then give

(M, f*(z) Ua, fl = [MUM™,(f"(x) Uz) U0, f U f]
=M, f*(z) Uz, f]+[M~,0, f]
= [M, f*(z) U, f].

Thus the two geometric cap products coincide on h*(X) & h{*’(X). We may therefore
speak of the geometric cap product hereafter. O
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4.2 Poincaré duality

4.5 THEOREM. For any h-manifold N, each of the Poincaré duality isomorphisms
DI°: h*(N) = hI°°(N,ON),
DY h*(N,ON) =5 hI°°(N),

is by the geometric cap product given by

x+— xzN[N,1,1].

PROOF. The first map is trivially verified: For x € h*(N), we get
z—xzN[N,1,1] = [N,1"(z) U1,1] = [N,z, 1] = D¥°(z).
The second map is defined to be
ﬁ%ﬁo = d)[\/_lﬁ]\r.

Hence the result follows by showing that the diagram commutes.

h*(N,dN)

—m[N,l,l]l

We recall that ¢ is given by [M,y, g] — ¢9.Dpn(y). For any © € h*(N,0N) we thus get
d)N(ZE n [N, 1, ID = ’(/JN[N,.T u l,ﬂ

=LDx(@U1)
_ T*Dﬁ(pﬁ‘ll*f)jv(x ul))
= (11).Dn(x) = Dy (). -

4.3 Properties of the geometric cap product

With the geometric cap product established and having shown it solves the initial Poincaré
duality problem, we close this chapter by considering properties that a cap product should
have. First we give two lemmas.

4.6 LEMMA. Let M be an h-manifold, x € h*(M,0M) and y,z € h*(M). Then we have
(xUy)Uz=2U (yUz).
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PROOF. Associativity of the cup product immediately gives
(xUy)Uz= Dﬁfll*f)M((x Uy)Uz)
= Dy 'LDu(z U (y U 2))
=2z U (yUz). O

4.7 LEMMA.  The diagram commutes, giving the equality
e Uy=JT""z)uT (y).

B (M, 0M) ® h* (M) —25 b+ (31, M) @ h*(0T) 25 b= (W) @ h

-1 J* V.

W (M,0M) ——— h*(M,M~) ———— h* (M)

PrROOF. The right-hand square commutes by naturality of the cup product. The left-
hand square is the same as the left-hand square in the following diagram.

B (M, OM) @ h* (M) —25 he (31, M—) ® h*(0T) 255 b= (M, oM) @ h* (M)

R |

h*(M,0M) ——————— h*(M,M~) —————— h*(M, M)

~

1R

Also here, the right-hand square commutes by naturality of the cup product. Note that
the compositions at the top and at the bottom are the respective identity maps. The
left-hand square therefore commutes since the lower right-hand I* is an isomorphism. O

4.8 PROPOSITION.  For 1 € h*(X), [M,z, f] € hi®(X, A), we have
1N[M,z, f] =[M,z, f].

PROOF.
1N[M,z, f]=[M, f*(1) Uz, f]=[M,1Uz, f] = [M, =z, f]. O

4.9 PROPOSITION. Let p: (X,A) — (Y,B) be a map of pairs. For any [M,x, f] €
hi(X, A), the following diagram commutes

¢

h (X, A) «—— h*(Y, B)

l—ﬁ[Mvm,f] l—ﬁap*[M,m,f]

hI%°(X) —2s hIe(Y) .
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That is, for any y € h*(Y, B), we get the equality

x("(y) N [M, 2, f]) = y N pu[M, z, f].

PROOF. Since we have written ¢ for the map (X, @) — (Y, @) as well, we have pf = ¢f
and thus

P (9" (y) N [M, z, f]) = 0u[M, f**(y) U x, f]
W( ) (y)Ux,ﬁ]
=yn[M,z,¢f]
=y Np[M,z, f]. O

REMARK. For the other variant of the geometric cap product above, the analogous result
holds. The proof is essentially the same. O

4.10 PROPOSITION.  The diagram commutes.

hE(X) ® h9eo (X, A) ——s h?*° (X, A)

ProOF. For z € h¥(X), [M,z, f] € h9¢°(X, A), let j: OM — M denote the inclusion.
We get
0f)"i*(2) Uloam = j" 7 (2) U J" (2)
= (F(2) U)o,

and thus
i*(z) NO[M, x, f] = i*(2) N [OM, (—1)dimmx\aM,8f]
= [OM, (0f)"i* (2) U (=1) "™ x| gnr, Of]
= [OM, (=)™ (f*(2) Uz)|om, O]

f(
dim f* (z)[a 7( 1)d1mf (Z)+d1rrla:(f ( )U$)|5M7af]
(

We now consider the diagram in the next proposition. When commutative, it expresses
the equality
(zUy)Nnz=zN(yNx).

If we replace hi® by h, in the diagram, the cap products are defined when the triads
(X;AUB,C), (X;A,C) and (X; B,AUC) obey certain conditions. The diagram then
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commutes. We have already been making use of this equality several times, e.g. in con-
nection with Poincaré duality maps where we encounter the ordinary, non-geometric cap
product.

We have only been able to define the geometric cap product
h*(X,A) ® h.(X,AUB) — h.(X, B)

for either A or B empty. The diagram below is therefore not always meaningful, so in the
proposition we must restrict ourselves to spacial cases where the geometric cap product
is defined.

4.11 PROPOSITION. In the three respective cases
B=C=g, A=C=a, A=B=g,

the following diagram is commutative.

h*(X, A) ® h*(X, B) @ hi°(X, AUB U C) —255 h*(X, A) @ h?*°(X, AU C)

(X, AUB)® hi®(X,AUBUC) hi®(X,C)

PROOF. In each of the three cases, we choose an element

2@y ®[M,z, f] € h*(X, A) ® h*(X, B) ® h¥(X, AU BUC).

h* (X, A) ® h*(X) @ hi°(X, A) —55 h*(X, A) @ hI(X, A)

h* (X, A) @ hi®(X, A) hi%(X)

By Lemma 4.6, we have

(") Uf(y) Ua

U (fyua).
This gives

D

zﬂ(yﬂ[M,a:,f]):z [M,f*(y)Ux,f]

g E
&H

*

O

C

=

*

S

C

5 QH
S

(12U W) U,

*(zUy) Ux, f]
)N [M,z, f].

~

<
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h*(X) ® h*(X, B) ® hi%°(X, B) —5 h*(X) ® hi*°(X)

h*(X,B) ® h{°(X,B) — 5 hi®(X)

The two ways around the diagram respectively give

2N (yN[M,z, f))=20[M, f(y) Uz, f]
= [0, () u(f*(y) U ), ],

(zUy)N[M,z, f]=[M, f*(:Uy) Uz, f]
= [M,(f*(2) U f*(y)) Uz, fl.
Commutativity thus follows by demonstrating the equality
FRU( @ Ua)=1(zuy Uz
in h*(M).
We observe that the following diagram commutes, the upper and lower square each
commutative by naturality of the cup product and the middle square by Lemma 4.7.

h*(X) ® h*(X, B) —— h*(X, B)
e r

h* (M) @ h*(M,dM) ——> h*(M,0M)
TTer1 1t
h* (M) @ h* (M, M~) —— h*(M, M")

1" J" J*

w* (M) @ h* (M) ———— h* (M)

Hence we have
FRurr iy =117 (zUy).
This gives the asserted equality by
FAHU @ Ta) =T U (= (f y) ue)
= (U () uT (@)
= (zUy) UT ()
= J*I*fl(f*(zUy) Uz)
=f"(zUy) Uw,

where we have used Lemma 4.7 twice.

A=DB=o:
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h*(X) ® h*(X) ® hi°(X, C) 2% h*(X) @ h¥°(X, C)

h*(X) ® hi%°(X,C) ——— hi°(X,C)

The computation is straightforward,
2Ny N[M,z, f]) =20 [M, f*(y) Uz, f]
TR U y) Ve, f]
frzUy) U, f]
=(zUy)N[M,z, f]. O

The next theorem shows that the natural equivalence v is well-behaved with respect to
the geometric and the non-geometric cap products. We elaborate on this in the succeeding
remark.

4.12 THEOREM. The diagrams commute.

B (X) ® hi%°(X, A) — > hi®(X, A)

’Ell ® P(x,A) %lw(x,,q)

h*(X) @ ha(X, A) —— h (X, A)

R (X, A) ® hi®(X, A) —— hi®(X)

le ® P(x,A) :J/w(X,A)

h* (X, A) ® hy (X, A) —— h,(X)

PrOOF. We do the respective calculations,

Yix,a)(y N [M,z, f]) = PYx,a) M, f*(y) Uz, f]
= f.Du(f*(y) V)
= f((f*(y) Uz) N [M,0M])
= (" (y) 0 (z N [M,0M]))
=y N fu(z N [M,0M])
=yN fuDpn(z)
=y Nx,a)M,z, fl,
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Yix,a)(y N [M,z, f]) = Yx,a)[M, f*(y) Oz, f]
= f.Dy(f*(y) U )
= f.D3D57 "LDy(f*(y) U )
= (fD«((f*(y) V) N [M,0M])
= f(f*(y) N (z 0 [M,0M]))
=yN f.Du(2)
=y NYx,a)M, z, f]. 0

REMARK. For a pair of spaces (X, A), hi“°(X, A) may be regarded as a graded left
module over the ring h*(X), with the left multiplication from A*(X) being the geometric
cap product. This follows from the propositions 4.8 and 4.11. Restricting to CW pairs,
we also get the similar interpretation of h.(X, A) as a graded left h*(X)-module. The
upper diagram in the theorem above now makes

Yixoay: h(X, A) S ho(X, A)

a natural, graded h*(X)-module isomorphism for any CW pair (X, A). Hence one can
simply use the diagrams in the theorem to define the geometric cap product if confining
oneself to CW pairs. O
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