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Preface

To paraphrase a comment in the introduction to a classic point—set topology
text, this book might have been titled “What every young topologist should
know.” It grew from lecture notes we wrote while teaching algebraic topol-
ogy at Indiana University during the 1994-1995 and 1996-1997 academic
years.

The amount of algebraic topology a student of topology must learn can
be intimidating. Moreover, by their second year of graduate studies students
must make the transition from understanding simple proofs line-by-line to
understanding the overall structure of proofs of difficult theorems.

To help our students make this transition, the material in these notes
is presented in an increasingly sophisticated manner. Moreover, we found
success with the approach of having the students meet an extra session per
week during which they took turns presenting proofs of substantial theorems
and wrote lecture notes to accompany their explanations. The responsibility
of preparing and giving these lectures forced them to grapple with “the big
picture,” and also gave them the opportunity to learn how to give mathe-
matical lectures, preparing for their participation in research seminars. We
have collated a number of topics for the students to explore in these ses-
sions; they are listed as projects in the table of contents and are enumerated
below.

Our perspective in writing this book was to provide the topology grad-
uate students at Indiana University (who tend to write theses in geometric
topology) with the tools of algebraic topology they will need in their work,
to give them a sufficient background to be able to interact with and appre-
ciate the work of their homotopy theory cousins, and also to make sure that
they are exposed to the critical advances in mathematics which came about
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% Preface

with the development of topology in the years 1950-1980. The topics dis-
cussed in varying detail include homological algebra, differential topology,
algebraic K-theory, and homotopy theory. Familiarity with these topics is
important not just for a topology student, but any student of pure mathe-
matics, including the student moving towards research in geometry, algebra,
or analysis.

The prerequisites for a course based on this book include a working
knowledge of basic point—set topology, the definition of CW-complexes, fun-
damental group/covering space theory, and the construction of singular ho-
mology including the Eilenberg-Steenrod axioms. In Chapter 8, familiarity
with the basic results of differential topology is helpful. In addition, a com-
mand of basic algebra is required. The student should be familiar with the
notions of R-modules for a commutative ring R (in particular the defini-
tion of tensor products of two R-modules) as well as the structure theorem
for modules over a principal ideal domain. Furthermore, in studying non-
simply connected spaces it is necessary to work with tensor products over
(in general non-commutative) group rings, so the student should know the
definition of a right or left module over such a ring, and their tensor prod-
ucts. Basic terminology from category theory is used (sometimes casually),
such as category, functor, and natural transformation. For example, if a
theorem asserts that some map is natural the student should express this
statement in the categorical language.

In a standard first—year course in topology students might also learn
some basic homological algebra including the universal coefficient theorem,
the cellular chain complex of a CW-complex, and perhaps the ring structure
on cohomology. We have included some of this material in Chapters 1, 2,
and 3 to make the book more self-contained and because we will often have
to refer to the results. Depending on the pace of a first—year course, a course
based on this book could start with the material of Chapter 2 (Homological
Algebra), Chapter 3 (Products), or Chapter 4 (Fiber Bundles).

Chapter 6 (Fibrations, Cofibrations and Homotopy Groups) and Chap-
ter 9 (Spectral Sequences) form the core of the material; any second-year
course should cover this material. Geometric topologists must understand
how to work with non simply—connected spaces, and so Chapter 5 (Homol-
ogy with Local Coefficients) is fundamental in this regard. The material
in Chapters 7 (Obstruction Theory and Eilenberg-MacLane Spaces) and 8
(Bordism, Spectra, and Generalized Homology) introduce the student to
the modern perspective in algebraic topology. In Chapter 10 (Further Ap-
plications of Spectral Sequences) many of the fruits of the hard labor that
precede this chapter are harvested. Chapter 11 (simple-homotopy theory)
introduces the ideas which lead to the subject of Algebraic K-theory and
to the s-cobordism theorem. This material has taken a prominent role in
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research in topology, and although we only cover a few of the topics in this
area (K, the Whitehead group, and Reidemeister torsion), it serves as a
good preparation for more advanced courses.

These notes are meant to be used in the classroom, freeing the student
from copying everything from the chalkboard and hopefully leaving more
time to think about the material. There are a number of exercises in the
text; these are usually routine and are meant to be worked out when the
student studies. In many cases, the exercises fill in a detail of a proof or
provide a useful generalization of some result. It goes without saying that
this subject, like any subject in mathematics, cannot be learned without
thinking through some exercises. Working out these exercises as the course
progresses is one way to keep up with the material. The student should keep
in mind that, perhaps in contrast to some areas in mathematics, topology
is an example—driven subject, and so working through examples is the best
way to appreciate the value of a theorem.

We will omit giving a diagram of the “independence” of various chapters,
or suggestions on which topics could be skipped, on the grounds that any
teacher of topology will have their own opinion based on their experience and
the interests of the students. (In any case, every topic covered in this book is
related in some way on every other topic.) We have attempted (and possibly
even succeeded) to organize the material in such a way as to avoid the use of
technical facts from one chapter to another, and hence to minimize the need
to shuffle pages back and forth when reading the book; this is to maximize
its usefulness as a textbook, as well as to ensure that the student with a
command of the concepts presented can learn new material smoothly and the
teacher can present the material in a less technical manner. Moreover, we
have not taken the view of trying to present the most elementary approach
to any topic but rather we feel that the student is best served by learning
the high-tech approach, since this ultimately is faster and more useful in
research. For example, we do not shrink from using spectral sequences to
prove basic theorems in algebraic topology.

Some standard references on the material covered in this course include
the books [8], [13], [43], [36], [31], [7], and [16]. A large part the material
in these notes were distilled from these books. Moreover, one can find some
of the material covered in much greater generality and detail in these tomes.
Our intention is not to try replace these wonderful books, but rather to offer
a textbook to accompany a course in which this material is taught.
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We recommend that students look at the article “Fifty years of Homo-
topy Theory” by G. Whitehead [44] for an introduction to algebraic topol-
ogy, and look back over this article every few weeks to see how much of
it they are learning. The books a student should read after finishing this
course (or in conjunction with this course) are Milnor and Stasheff Char-
acteristic Classes [30] (every mathematician should read this book) and
Adams Algebraic Topology: A student’s guide [1].

The authors would like to thank Eva-Marie Elliot and Mary Jane Wilcox
for typing early versions of the manuscript. Special thanks are due to our
colleagues Ayelet Lindenstrauss and Allan Edmonds for their careful proof-
reading of our manuscripts; all remaining mistakes and typographical errors
are entirely the authors’s fault. The second author would like to thank
John Klein for teaching him algebraic topology while they were in graduate
school. Special thanks to Marcia and Beth.
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Projects

The following is a list of topics to be covered in the “extra” meetings and
lectured on by the students. They do not always match the material of the
corresponding chapter but are usually either related to the chapter material
or preliminary to the next chapter. Sometimes they form interesting sub-
jects which could reasonably be skipped. Some projects are quite involved
(e.g. “state and prove the Hurewicz theorem”) and the students and instruc-
tor should confer to decide how deeply to cover each topic. In some cases
(e.g. the Hopf degree theorem, the Hurewicz theorem, and the Freudenthal
suspension theorem) proofs are given in later chapters using more advanced
methods.

e Chapter 1.
1. The cellular approximation theorem.

e Chapter 2.
1. The acyclic models theorem and the Eilenberg-Zilber map.

e Chapter 3.
1. Algebraic limits and the Poincaré duality theorem.
2. Exercises on intersection forms.

e Chapter 4.
1. Fiber bundles over paracompact bases are fibrations.
2. Classifying spaces.

e Chapter 5.
1. The Hopf degree theorem.
2. Colimits and limits.

e Chapter 6.
1. The Hurewicz theorem.
2. The Freudenthal suspension theorem.

e Chapter 7.
1. Postnikov systems.

e Chapter 8.
1. Basic notions from differential topology.
2. Definition of K-theory.
3. Spanier-Whitehead duality.

e Chapter 9.
1. Construction of the Leray-Serre- Atiyah-Hirzebruch spectral se-
quence.

e Chapter 10.
1. Unstable homotopy theory.
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e Chapter 11.
1. Handlebody theory and torsion for manifolds.



Chapter 1

Chain Complexes,
Homology, and
Cohomology

1.1. Chain complexes associated to a space

Here are 3 examples of chain complexes associated to a space:

1. The singular chain complex (S,(X), ) of a topological space X.
2. The cellular chain complex (Cy(X), ) of a CW-complex X.
3. The simplicial chain complex (A, (K),0) of a simplicial complex K.

Their constructions are as follows.
1.1.1. Construction of the singular chain complex. The (geometric)
g-simplex A? is defined by
A= {(to,t1,...,tq) ERISt; =1, ¢, >0 foralli}.

The face maps are the functions

£ AT A1
defined by
(to,tl,... ,tqfl) — (to,... stm—1, 0.,tm,... ,tqfl)

1 m'Pcoordinate

A singular g-simplex in a space X is a continuous map o : A — X.

1
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13
€2
1 o5
o———————©
€0 €1 €0 €1
3 <

Let R be a commutative ring with unit. Denote by S,(X;R) the free
R-module with basis the singular g-simplices {o : A? — X} and define the
differential 0 : Sy(X; R) — Sq—1(X; R) to be the R-linear map defined on a
singular simplex o by

q

d(o) = Z(—l)ma o fd.

m=0

Thus, on a chain Zle r;o;, 0 has the formula

¢ L q
0 (Z Til%‘) = Zri (Z (=1)™0oio f%) -
i=1 i=1 m=0

One calculates that 9% = 0.

Recall that S, (—; R) is a covariant functor, that is, a continuous map f :
X — Y induces a homomorphism of free modules f, : S, (X; R) — S«(Y; R).
One defines f, by

fulo)=foo

on a singular simplex o, and extends by linearity.

Definition 1.1. The complex (S, (X; R), 9) is the singular (simplicial) chain
complex of X with coefficients in R. Its homology

ker 0 : Sq(X; R) — Sy—1(X; R)

Im 0 : Sy+1(X; R) — Sy(X; R)
is denoted by H,(X; R) and is called the singular homology of X with co-
efficients in R. When R = Z, we omit the reference to R. Homology is a
covariant functor from the category of spaces to the category of R-modules.

We next recall the definition of the relative singular chain complex of a
pair of spaces (X, A).
If AC X, define
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Thus Sy(X, A; R) is a free R-module; a basis element is represented by a
singular g-simplex in X whose image is not contained in A. One obtains a
commutative diagram with exact rows

0 Sq(A;R) —— Sy(X5R) —— Sy(X, A} R) 0
d d g
0 Sqfl(A;R) - qfl(X;R) e qfl(X7A§ R) 0

Exercise 1. Show that 0 : Sy (X, A;R) — S4-1(X, A; R) is well-defined
and 9% = 0.

The complex (Sq(X, A; R),0) is called the singular chain complex for
the pair (X, A) with coefficients in R.

Its homology is defined by
ker0: Sg(X,A) — S;—1(X, A)
Im 9 : Sy11(X,A) — Sg(X, A)

H,(X,A;R) =

1.1.2. Definition of a CW-complex. CW-complexes form a nice collec-
tion of topological spaces which include most spaces of interest in geometric
and algebraic topology.

Definition 1.2. Let X be a topological space and let A C X be a closed
subspace. We say X is obtained from A by adjoining n-cells {e]' }icr if:
1. For each index i € I, e}’ is a subset of X, called an n-cell.
2. Letting Oe’ denote the intersection of e]' with A, we require e} — del!
to be disjoint from e — de’t for ¢ # j.
3. A subset B C X is closed if and only if its intersection with A and
with each e is closed.
4. X =AU, el
5. For each i € I there exists a continuous surjective map
b; - (D", 8"7Y) — (e, Del),
called a characteristic map for the cell e}, so that the restriction of
¢; to the interior int(D™) is a homeomorphism onto e}’ — Je.

6. A subset B C e is closed if and only if ¢;1(B) is closed in D™ and
B noe} is closed in de}'.

The characteristic maps themselves are not part of the definition; only
their existence is. The restriction of the characteristic map to S”~! is called
the attaching map for the n-cell. Notice that adjoining O-cells to a space is
the same as taking a disjoint union with a discrete set.
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Definition 1.3. A relative CW-complex (X, A) is a topological space X, a
closed subspace A, and a sequence of closed subspaces X,,,n = —1,0,1,2,---
called the relative n-skeleton so that

1. X 1 = A, X is obtained form A by adjoining 0-cells, and X, is
obtained from X,,_; by adjoining (n — 1)-cells.
2. X =UX_ X,.

3. A subset B C X is closed in X if and only if BU X, is closed in X,
for each n.

The largest n so that X = X, if it exists, is called the dimension of
(X, A). If such an n does not exist, we say (X, A) is infinite-dimensional. If
A is itself a CW-complex we call (X, A) a CW-pair.

If Ais empty X is called an (absolute) CW-complex and X, is called the
(absolute) n-skeleton.

1.1.3. Definition of the cellular chain complex of a CW-complex.
If X is a CW-complex and X,, C X is the the n-skeleton of X, denote by
Cy(X; R) the relative homology group

Cq(XS R) = Hq(Xquq—l?R)-

If (X,A) is a CW-pair, then you have seen an argument (using excision
for singular homology) which shows that H,(X, A; R) = Hy(X/A, A/A; R).
Applying this to (X4, Xq—1), it follows that Cy(X; R) is the free R-module
on the g-cells of X.

Exercise 2. What is the excision argument? How can one use characteristic
maps ¢ : D7 — X1 for cells to give basis elements?

The differential 0 : Cy(X; R) — Cyq—1(X; R) can be defined in two ways.
The first is purely algebraic, the second is geometric and involves the notion
of the degree of a map f : S™ — S™. If you don’t know what the degree
of such a map is, look it up. If you know the definition of degree, then

look up the differential-topological definition of degree for a smooth map
f:8"— 8™

First definition of 0.
Take 0 to be the composite
P ,
Hq(anxq—l;R) - q—l(Xq—léR) = q—l(Xq—qu—%R)

where § is the connecting homomorphism in the long exact sequence in
singular homology for the pair (X, X,—1) and ¢ is induced by the inclusion

(Xq—l, QZ)) = (Xq—17 Xq—?)-
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Second definition of 9. The quotient X,_;/X 2 is homeomorphic to a
one-point union of (¢ — 1)-spheres, one for each (¢ — 1)-cell of X, since the
boundary of each (¢ — 1)-cell has been collapsed to a point, and a (g — 1)-cell
with its boundary collapsed to a point is a (¢ — 1)-sphere. For each g-cell e?
consider the the attaching map S9! — X4—1. The composite of this map
with the quotient map to X,_1/X,_2 defines a map from a (¢ — 1)-sphere
to a one-point union of (¢ — 1)-spheres. Taking the degree of this map in
the factor corresponding to a (¢ — 1)-cell egfl gives an integer denoted by
e ed7M.

Now define the differential 0 : Cy(X; R) — Cyq—1(X; R) on a g-cell e? by

Ae?) = [et el el
(the sum is over all (¢ — 1)—cells eg_l), and extend to all chains by linearity.
Exercise 3. Prove that the two definitions of the differential
0:Cy(X;R) — Cy—1(X; R)

are the same. (Hint: H, (D", S"1) LR H,_1(S™1) is an isomorphism.) Use
the first definition to show that 9% = 0.

The cellular homology groups are the homology groups of the complex
(Ci(X3 R), 0):

ker 0 : Cy(X) — Cy—1(X)
H,(X,R) = . - .
o X R) = 0: Cyr1(X) — Cy(X)
Definition 1.4. A cellular map f : X — Y is a continuous function between
CW-complexes so that f(X,) C Y, for all g.

A cellular map induces a chain map f, : C(X; R) — C(Y; R), since f
restricts to a map of pairs f : (X4, Xg—1) — (Yy, Yg—1). Thus for every ¢,
cellular homology is a functor

{CW-complexes, cellular maps} — {abelian groups, homomorphisms}

The proof of the following theorem can be found in any standard first-year
algebraic topology textbook.

Theorem 1.5. The cellular and singular homology of a CW-complex are
naturally isomorphic. O

So for example, the circle S' has a cell structure with one O-cell and
one 1-cell. The boundary map is trivial, so H;(S') = Z. A generator
[S1] € H1(S') is specified by taking the 1-cell which parameterizes the circle
in a counterclockwise fashion. We can use this to define the Hurewicz map

p:m(X,z9) — Hi(X;Z)
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by
p(a) = a.([S")).
Here m1 (X, xg) denotes the fundamental group of X based at g € X

_ (Homotopy classes of maps
™ (X, o) = { (S1,1) — (X, z0) }

Recall that the fundamental group of a space is a non-abelian group in
general. Hurewicz theorem for the fundamental group is the following.

Theorem 1.6. Suppose that X is path—connected. Then the Hurewicz map
p:m(X,z0) — H1(X;Z) is a surjection with kernel the commutator sub-
group of m1(X,xg). Hence H1(X;Z) is isomorphic to the abelianization of
st (X, LUQ) . O

1.1.4. Construction of the simplicial chain complex of a simplicial
complex.

Definition 1.7. An (abstract) simplicial complex K is a pair (V,S) where
V is a set and S is a collection of non-empty finite subsets of V satisfying:

1. If v € V then {v} € S.
2. If 1 C o € S and 7 is non-empty, then 7 € S.

Elements of V' are called vertices. Elements of S are called simplices. A
g-simplex is an element of S with ¢ 4+ 1 vertices. If o € S is a ¢g-simplex we
say dim (o) = q.

Put a (total) ordering on the vertices V.

Define the simplicial g-chains A,(K; R) to be the free R-module with
basis the g-simplices of K. Denote a g-simplex by (o) = (v, v1,...,vq)
where the vertices are listed in increasing order. Define the differential
0:A¢(K;R) — Ay—1(K; R) on a g-simplex by

q

O((vo,v1,. -, vg)) = Y (=1)™ (00, V1, -, Dy - -+, V),

m=0

where v, means omit the m-th vertex, and then extend by R-linearity, i.e.

£ L q
d (Z ri<0¢)> =>m (Z(—nma(@-») .
i=1 i=1 m=0

The homology of this chain complex is denoted H,(K; R). Notice that these
definitions are purely combinatorial; the notions of topological space and
continuity are not used. The connection with topology is given by the next
definition.
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Definition 1.8. The geometric realization of a simplicial complex K is the
quotient space

11, Adim (o)
K| = ==

In other words, we take a geometric g—simplex for each abstract g—simplex
of K, and glue them together. The identifications are given as follows: if
o= (vg,v1,...,0q) € S and if 7 = (vo,v1,...,0m,...,0q) is a face of o,
then identify the geometric simplex AY™ (7) corresponding to 7 with a face
of the geometric simplex A4™ (9) corresponding to o using the m-th face
map fr,. In other words, the equivalence relation is generated by = ~ fi,(x)
for z € (vo,v1,...,0m,...,vq). (Look at [26] for a deeper perspective on
this construction.)

If one chooses another ordering of the vertices, then one can, with some
fuss about orientation, define a canonical isomorphism between the simpli-
cial chain complex (or geometric realization) defined using one ordering to
the simplicial chain complex (or geometric realization) defined using the
other ordering.

A triangulation of a topological space X is a homeomorphism from the
geometric realization of a simplicial complex to X.

Exercise 4. Find a triangulation of RP? and compute its simplicial ho-
mology.

The homology H,.(K; R) of an abstract simplicial complex K is isomor-
phic to H,(|K|; R), the singular homology of its geometric realization. This
can be seen by noting that | K| is naturally a CW-complex, the g-skeleton is
the union of a simplices of dimension < g, the g-cells (which are always open
by definition, remember?) are the interiors of the g-simplices. The cellular
chain complex of |K| is isomorphic to the simplicial chain complex of K.

Another construction of homology uses the cubical singular complex
(this is the point of view taken in Massey’s book [23]). This gives yet
another chain complex associated to a topological space. It is not hard,
using the acyclic models theorem, to show that the simplicial and cubical
singular homology functors are naturally isomorphic.

1.2. Tensor products, adjoint functors, and Hom

1.2.1. Tensor products. Let A and B be modules over a commutative
ring R.
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Definition 1.9. The tensor product of A and B is the R-module A ®g B
defined as the quotient

F(A x B)
R(Ax B)
where F'(A x B) is the free R-module with basis A x B and R(A x B) the
submodule generated by
1. (a1 + a2,b) — (a1,b) — (az,b)
2. (a,b1 +b2) — (a,b1) — (a,b1)
3. r(a,b) — (ra,b)
4. r(a,b) — (a,rb).

One denotes the image of a basis element (a,b) in A®r B by a®b. Note
that one has the relations

1. (a1 +a2) ®@b=a1 @b+ ay®b,

2. a®(b1—|—b2) :a®b1—|—a®b2,

3. (ra®b) =r(a®b) = (a®rb).

Informally, A ®r B is the largest R-module generated by the set of
symbols {a ® b}4e Apep satisfying the above “product type relations”. Any

element of A ® B can be expressed as a finite sum ) ;" | a; ® b;, but it may
not be possible to take n = 1, nor is the representation as a sum unique.

Recall that a function ¢ : A x B — M is R-bilinear if M is an R-module
and

L. d)(al + ag, b) = ¢(a17 b) + ¢(a27 b)

2. ¢(a,br +b2) = P(a,b1) + ¢(a, bs)

3. ¢(ra,b) =ro(a,b) = ¢(a,rb).

For example, the map 7: Ax B — A®pg B, (a,b) — a®b is R-bilinear.

The universal property of the tensor product is that this map is initial in
the category of bilinear maps with domain A x B.

Proposition 1.10. Given a R-bilinear map ¢ : Ax B — M, there is unique
R-module map ¢ : AQr B — M so that ¢ o = ¢.
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Proof. If ¢ exists, then ¢(> a; @ b;) = Y d(a; @b;) =Y. pon(a; ®b;) =
S ¢(aq, b;). Thus uniqueness is clear. For existence, define ¢ : F(A x B) —
M on basis elements by (a,b) — ¢(a,b) and extend by R-linearity. The
bilinearity of ¢ implies ¢(R(A x B)) = 0, so ¢ induces ¢ : A®r B — M by
the universal property of quotients. O

Proposition 1.10 is useful for defining maps out of tensor products, and
the following exercise indicates that this is the defining property of tensor
products.

Exercise 5. Suppose p: A x B — T'is an R-bilinear map so that for any
R-bilinear map 1 : Ax B — M, there is a unique R-module map ¢ : T — M
so that pop=1. Then T =2 A®pr B.

Ax B Y. M
R
fﬁ
T
For the rest of this section, we will omit the subscript R from the tensor

product. The basic properties of the tensor product are given by the next
theorem.

Theorem 1.11.

1. A B2XB®A

2. ReB=DEB

3. (A®B)®C~A® (B®C)
4. (BaAy) ® B2 ®,(Ay ® B)
)

. Given R-module maps f : A — C and g : B — D, there is an R-
module map fRg: A® B — C®D so thata®b— f(a)® g(b).

6. The functor — ® M is right exact. That is, given an R-module M,
and an exact sequence

Al BLco,
the sequence

feld g®Id
Te B

A M B® M CoM—0

18 exact.

Proof.
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1. Thereisamap A® B — B® A with a ® b — b ® a. More formally,
the map A x B — B® A, (a,b) — a ® b is bilinear, for example, one
sees (a1 +a1,b) — b® (a1 + a2) = b® a; + b ® ay. By the universal
property there is a map A® B — B® A with Y a; ®b; — > b; ® a;.
The inverse map is clear.

2. Define R B— Bbyr®@b—rband B—- R® Bbyb— 1.
3. (a®b)®@c—a® (b®c).
4. (Bag) @b @ (aq @Db).
5. Ax B—C®D, (a,b) — f(a) ® g(b) is R-bilinear.
6. We explicitly define an isomorphism
— B M
g®Id:(f®Id)(A®M)—>C®M

Since (g ®@1d) o (f ®1d) = (go f) ® Id = 0, the map g ® Id descends
to the map g ® Id by the universal property of quotients. The inverse
map is given by defining an R-bilinear map C' x M — % by
(¢, m) — [¢®@m] where g(¢) = c. Note that the map is independent of
the choice of lift ¢, indeed if ¢ is another lift, then ¢—¢’ € ker g = Im f,

so [c®@m] —[¢ ®@m] =0.

O

Example 1.12. Let M be an abelian group. Applying properties 5 and 2
of Theorem 1.11 we see that if we tensor the short exact sequence

0-2Z5%Z—Z/n—0

by M we obtain the exact sequence
M X% M — Z/n®g M — 0.

Notice that Z/n ®z M = M/nM and that the sequence is not short exact
if M has torsion whose order is not relatively prime to n. Thus — ® M is
not left exact.

Example 1.13. If V and W are vector spaces over R with bases {e;} and
{f;} respectively, then V ®@gr W has basis {e; ® f;}, thus dim(V ®@r W) =
(dimV') (dim ).

Exercise 6. Compute A ®z B for any finitely generated groups A and B.

1.2.2. Adjoint functors. Note that a R-bilinear map 8: Ax B — C'is
the same as an element of Homp (A, Hompg(B,C)). The universal property
of the tensor product can be rephrased as follows.
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Proposition 1.14 (Adjoint Property of Tensor Products). There is an iso-
morphism of R-modules

Homp(A ®r B,C) 2 Hompg(A,Hompg(B, C)),
natural in A, B, C' given by ¢ < (a+— (b+— ¢(a®D))). O

This is more elegant than the universal property for three reasons: It is
a statement in terms of the category of R-modules, it gives a reason for the
duality between tensor product and Hom, and it leads us to the notion of
adjoint functor.

Definition 1.15. (Covariant) functors F': C — D and G : D — C form an
adjoint pair if there is a 1-1 correspondence Morp(F'¢,d) «— Mor¢(c, Gd),
for all ¢ € Ob C and d € Ob D, natural in ¢ and d. The functor F' is said to
be the left adjoint of G and G is the right adjoint of F.

The adjoint property says that for any R-module B, the functors
— ®g B : R-MOD — R-MOD

and

Hompg(B,—) : R-MOD — R-MOD
form an adjoint pair. Here R-MOD is the category whose objects are R-
modules and whose morphisms are R-maps.

It turns out that right exactness of — ® g B and the left exactness of
Homp(B, —) is a formal consequence of being an adjoint pair, but we won’t
pursue this. A random functor may not have a left (or right) adjoint, but if
it does, the adjoint is unique up to natural isomorphism.

Exercise 7. Let SETS be the category whose objects are sets and whose
morphisms are functions. The forgetful functor R-MOD — SETS takes a
module to its underlying set. Find an adjoint for the forgetful functor. Find
another adjoint pair of your own. “Adjoints are everywhere.”

1.2.3. Hom.

Exercise 8. For any finitely generated abelian groups A and B, compute
Homg(A, B), the group of all homomorphisms from A to B.

For an R-module A, define A* = Homp(A, R). The module A* is often
called the dual of A. For a R-module map f : A — B, the dual map
f*: B* — A* is defined by f*(¢) = ¢ o f. Hence taking duals defines a
contravariant functor from the category of R-modules to itself.

More generally, for R-modules A and M, Homp(A, M) is the R-module

of homomorphisms from A to M. It is contravariant in its first variable
and covariant in its second variable. For an R-map f : A — B, we have
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Homp(f, M) : Homg(B, M) — Hompg(A, M), defined by ¢ — ¢o f. Usually
we write f* for Hompg(f, M). The following computational facts may help
with Exercise 8.

1. Homp(R, M) = M.
2. Homp(®q Ao, M) =[], Hompg(Aq, M).
3. Homg(A,[[, M) =[], Homg (A4, M,).

The distinction between direct sum and direct product in the category
of modules only is relevant when the indexing set is infinite.

1.3. Tensor and Hom functors on chain
complexes

We will turn our attention now to the algebraic study of (abstract) chain
complexes (Cy, d) of R-modules. We do not assume that the chain groups
are free R-modules, although they are for the three geometric examples of
Section 1.1.

The starting observation is that the singular (or cellular) homology func-
tor is a composite of two functors, the singular complex functor

Sy @ { spaces, cts. maps } — { chain complexes, chain maps }
and the homology functor

H, :{chain complexes, chain maps}—{graded R-modules, homomorphisms}.

The strategy is to place interesting algebraic constructions between S,
and H,; i.e. to use functors

{Chain Complexes} — {Chain Complexes}

to construct new homology invariants of spaces. The two families of functors
we use are the following.

1. Forming the tensor product of a chain complex and an R-
module M.
This is the functor

(C,,0) — (C.® M, d®1d)

(0®1d) (Z G ® ml> = Z(@cl-) Q m;.

Since (0 ®1d)? = 0, (Cyx ® M, d ®1d) is a chain complex. You should
show that this is a covariant functor , i.e. write down the formula for the
map Cy, @ M — C], ® M induced by a chain map Cy, — C% and check that
it is a chain map.

with
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Definition 1.16. Taking the homology of C, ® M yields the homology of
C with coefficients in M:

ker0:Co, @M - C, @M
H*(C*’M)_Imaz(}’*@MeC*@M'

Applying this to the singular complex of a space leads to the following
definition.

Definition 1.17. The homology of S.(X;R) ® M is called the singular
homology of X with coefficients in the R-module M and is denoted by
H.(X;M).

In the same way one can define H,(X, A; M), the relative singular ho-
mology with coefficients in M. A similar construction applies to the cellular
complex to give the cellular homology with coefficients.

2. Taking the R-linear maps from C, to an R-module M.
This is the functor

(Cy,0) — (Homp(Cy, M), 0)
where the differential ¢ is the dual to 0; i.e. 6 = Hompg(9, M) (sometimes
denoted by 0*). Explicitly § : Hompg(Cy, M) — Hompg(Cy, M) is defined by
(0f)(c) = f(9c).
Then 62 = 0 since (62f)(c) = (6f)(0c) = f(0%c) = 0. There are two
important facts to notice about this chain complex:

1. The differential § of this complex has degree +1, and not —1 as in
the three examples we encountered before. What this means is that

0 : Homp(Cy, M) — Homp(Cyi1, M).

2. The functor is contravariant, in contrast to the tensor product functor
we considered above. The point here is that for any R—module M
the functor Hom(—, M) is a contravariant functor.

A useful terminology is to call a chain complex with degree +1 differen-
tial a cochain complexz.
This leads us to the definition of the cohomology of a chain complex
with coefficients in M:
Definition 1.18.
H(Co: M) = ker § : Hom(Cy, M) — Hom(C\, M)
Im 6 : Hom(Cy, M) — Hom(C\, M)
is the cohomology of (Cy,d) with coefficients in M.
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1.4. Singular cohomology

Applying the construction of the previous section to a space X one obtains

the singular cochain complex of X with coefficients in the R-module M
(Homp(Sq¢(X; R),M),0).

This cochain complex is denoted by S*(X;M). (Note that we can take
M = R.) Similar constructions apply to the cellular chain complex and the
simplicial chain complex.

Exercise 9. For a useful way to think about singular cochains, show that
SUX; R) =Homgz(S,(X;Z),R)
and also show that
S9(X; R) =functions({singular simplexes}, R).

Definition 1.19. The singular cohomology of X with coefficients in the R-
module M is

kerd : Homp(Sy(X, R), M) — Homp(Sq+1(X, R), M)

Im ¢ : Hompg(S;—1(X, R), M) — Homp(Se(X,R), M)’

HY(X; M) =

Similarly one defines the cellular cohomology of a CW-complex and the
simplicial cohomology of a simplicial complex.

Exercise 10. What is H°(X;Z)? Show that Hy(Q;Z) % H°(Q; Z), where
we consider the rational numbers Q as subspace of the real numbers R.

The primary motivation for introducing cohomology comes from the fact
that H*(X; R) admits a ring structure, while homology does not. This will
be discussed in Chapter 3.

Recall that for a chain complex (Cy, 9), a cycle is an element of ker 0 and
a boundary is an element of Im d. The terminology for cochain complexes
is obtained by using the “co” prefix:

Definition 1.20. A cocycle is an element in the kernel of § and a coboundary
is an element in the image of 4.

Exercise 11. Show that a cocycle applied to a boundary is zero and a
coboundary applied to a cycle is zero. Deduce that there is a bilinear pairing
(the Kronecker pairing)
H"(Cy;R) x Hy(Cy; R) — R
given by the formula
([l [a]) = o(a).

Deduce by taking adjoints that the Kronecker pairing defines a map
H"(Cy; R) — Hompg(H,(C4; R), R).
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The Kronecker pairing on the homology and cohomology of a space
should be thought of as an analogue (in fact it is a generalization) of inte-
grating a differential n-form along an n-dimensional submanifold. (See the
paragraph on the DeRham complex on page 16.)

We will study the Kronecker pairing in detail for R a P.I.D. in Section
2.6. It is important to note that cohomology is not the dual of homology in
general. The map H"(Cy; R) — Hompg(H,(Cy; R), R) need not be injective
nor surjective. The following example illustrates this. A precise relationship
between the dual of homology and cohomology is provided by the universal
coefficient theorem (Theorem 2.29) when R is a P.I.D..

The cellular chain complex of RP? is

e Oy = Oy = Oy = Cp " 0
0 Z—> 17— 1Z 0
SO
Ho(RP%Z) = Z,
Hl(RP2; Z) = Z/27
Hy(RP?*Z) = 0.
The corresponding cochain complex is
é 03 § 02 6 Cl 0 CO 0
-++«—— Hom(C3,Z) < Hom(C3,Z) <= Hom(C1,Z) <= Hom(Cy,Z) 0
- 0~ Hom(Z,Z) ~ Hom(Z,Z) < Hom(Z,Z) 0
~ 0 -~ Z o5 Z—7; Z ~ 0
Thus

H°(RP*Z) =17
HYRP%Z)=0
H*(RP*Z)=17/2.
In particular H2(RP?;Z) # Homgz(Hs(RP? Z),Z). Hence the Kronecker

pairing is singular.

Exercise 12. We will show that if R is a field then homology and cohomol-
ogy are dual. Verify this for RP? and R = Z/2.
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Recall that if f : X — Y is continuous, then f, : Sy(X) — Sy(Y)
is defined via fi(Xr;0;) = ¥r;f o 0;. Since fi is a chain map its dual
f*:89Y) — S9X) is a (co)chain map. Hence the singular cochain functor
is contravariant. This implies the following theorem.

Theorem 1.21. Singular cohomology is a contravariant functor
{ spaces, continuous maps } — {graded R-modules, homomorphisms }.

O

Remark for those readers who know about differential forms.
Suppose X is a smooth manifold. Let 29(X) be the vector space of differ-
ential g-forms on a manifold. Let d : Q4(X) — Q" (X) be the exterior
derivative. Then (2*(X),d) is an R-cochain complex, whose cohomology
is denoted by H{g(Q2*(X),d) and is called the DeRham cohomology of X.
This gives geometric analogues: g-form and g-cochain, d and §, closed form
and cocycle, exact form and coboundary.

DeRham’s theorem states that the DeRham cohomology of a manifold
X is isomorphic to the singular cohomology H*(X;R). More precisely, let
S;mOOth(X ; R) be the free R-module generated by smooth singular simplices
o : A? — X. There is the chain map

SimOOth (}(7 R) — S* (X’ R)
given by inclusion and the cochain map
Q* (X) N SimOOth(X; R)*

given by integrating a ¢-form along a g-chain. DeRham’s theorem follows
from the fact that both maps are chain homotopy equivalences, i.e. they
have inverses up to chain homotopy.

1.4.1. Relative cohomology. Recall that the relative singular chain com-
plex of a pair (X, A) is defined by taking the chain groups S,(X,A) =
Sq¢(X)/S4(A). Similarly, let M be an R-module and define the relative sin-
gular cochain complex by
S9(X, A; M) = Hompg(S,(X, A; R), M)
d = Homp (0, M), 6(¢) = ¢ o 0.
Theorem 1.22. The diagram
0 — SYYX,A;M) —  SUX;M) — S1YA M) — 0
1o Lo 1o
0 — SHYX A M) — STHYX:M) — SYA; M) — 0

commutes and the horizontal rows are exact.
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The proof will depend on a few exercises.
Exercise 13. The diagram commutes.

Exercise 14. Given any short exact sequence of R-modules

0—A—B—C—0

show that

0 — Hom(C, M) — Hom(B, M) — Hom(A, M)
and

0 — Hom(M, A) — Hom(M, B) — Hom(M, C)
are exact.

We recall what it means for homomorphisms to split.

Definition 1.23.

1. Aninjection 0 — A - B is said to split if there isamap d : B — A
so that § oo = Id4. The map 9 is called a splitting.

2. A surjection B A, C — 0 splits if there is a map v : C' — A so that
povy=Idc.

A surjection B — C — 0 splits if C' is free (prove this basic fact). In gen-
eral, for an injection 0 — A %5 B the dual Hompg (B, M) — Hompg (A, M)
need not be a surjection (find an example!) but if « is split by d, then the
dual map is a split surjection with splitting map Hompg(d, M).

Lemma 1.24. Given a short exact sequence of R-modules
B

0—A-%B-5C—0,

show that o splits if and only if 3 splits. (If either of these possibilities occur,
we say the short exact sequence splits.) Show that in this case B~ A® C.

Exercise 15. Prove this lemma.

Corollary 1.25. If0 — A -*> B A, C — 0 s a short exact sequence
of R-modules which splits, then

0 — Hom(C, M) — Hom(B, M) — Hom(A, M) — 0
1 exact and splits.
Exercise 16. S,(X, A; R) is a free R-module with basis
{0 : A7 - X|o(AY) ¢ A}.

Theorem 1.22 now follows from Corollary 1.25 and Exercise 16. O



18 1. Chain Complexes, Homology, and Cohomology

Applying the zig-zag lemma (a short exact sequence of (co)-chain com-
plexes gives a long exact sequence in (co)-homology) immediately implies
the following corollary.

Corollary 1.26. To a pair (X, A) of spaces there corresponds a long exact
sequence in singular cohomology

0 — HO(X, A; M) — HO(X; M) — H(A; M) 2 HY(X, A; M) —
= BN A M) S H(X, A M) — HI(XG M) — -

Note that the connecting homomorphism ¢ has degree +1, in contrast to
the homology connecting homomorphism 0 in homology which has degree
—1.

Exercise 17. Prove the zig-zag lemma, which says that a short exact se-
quence of (co)chain complexes yields a long exact sequence in (co)homology,
to remind yourself how to carry out diagram chase arguments.

Exercise 18. Using the facts that S, (X; R) and S.(X, A; R) are free chain
complexes with bases consisting of singular simplices (see Exercise 16), show
that

1. Sy(X; M) = 5,(X;R) ®g M can be expressed as the set of all sums
{Zle m; @ o;lm; € M, 0; a g-simplex } with d(m® o) = m® (o).
What is the corresponding statement for S, (X, A; M)?

2. S9(X; M) = Homp(S,(X; R),M) is in 1-1 correspondence with the

set of functions from the set of singular g-simplices to M. Under this
identification, given a cochain

a : {Singular ¢g-simplices} — M,
its differential do : {Singular (¢ + 1)-simplices} — M corresponds to
the map
Sa(o) = B(=1)'afo o 1)

and S9(X,A; M) C S9X; M) corresponds to those functions which
vanish on the g-simplices entirely contained in A.

Exercise 19. Define and identify the cellular cochain complex in two dif-
ferent ways, as the dual of the cellular chain complex and in terms of relative
cohomology of the skeleta. (This will be easier after you have learned the
universal coefficient theorem.)
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1.5. The Eilenberg-Steenrod axioms

An important conceptual advance took place in algebraic topology when
Eilenberg and Steenrod “axiomatized” homology and cohomology.

Definition 1.27. An (ordinary) homology theory is a covariant functor
H, : { (space, subspace) pairs, continuous maps of pairs } —
{ graded R-modules, homomorphisms },

in other words a collection of covariant functors H, for each non-negative
integer ¢ which assign an R-module H,(X, A) to a pair (X, A) of topological
spaces and a homomorphism f, : Hy(X, A) — H,(Y, B) to every continuous
function of pairs f : (X, A) — (Y, B). These are required to satisfy the
following axioms:

1. There exist natural connecting homomorphisms
01 Hy(X, A) — Hy 1(A)
for each pair (X, A) and each integer ¢ so that the sequence
= Hy(A) = Hy(X) = Hy(X, A) % Hya(4) = -
- Hy(X, A) 2 Hy(A) — Hy(X) — Hy(X, A) — 0

is exact.
(Long ezact sequence of a pair)

2. If f,g: (X, A) — (Y, B) are homotopic maps, then the induced maps
on homology are equal, g, = fi : Hy(X, A) — Hy(Y, B).
(Homotopy invariance)

3. U c X, U C IntA, then Hy(X —U,A—U) — Hy(X,A) is an
isomorphism for all q.
(Ezxcision)

4. If “pt” denotes the one-point space, then H,(pt) = 0 when ¢ # 0.

(Dimension Aziom)

Theorem 1.28 (Existence). For any R-module M, there is a homology the-
ory with Hy(pt) = M. O

Similar comments apply to cohomology.

Definition 1.29. An (ordinary) cohomology theory is a contravariant func-
tor

H* : { (space, subspace) pairs, continuous maps of pairs } —

{ graded R-modules, homomorphisms }.



20 1. Chain Complexes, Homology, and Cohomology

In other words a collection of contravariant functors HY, one for each non-
negative integer ¢, which assign an R-module HY(X, A) to a pair (X, A)
of topological spaces and a homomorphism f* : H1(Y,B) — H%(X, A) to
every continuous function of pairs f : (X, A) — (Y, B). These are required
to satisfy the following axioms:

1. There exist natural connecting homomorphisms
§: HY(A) — HIT (X, A)

for each pair (X, A) so that the sequence of Corollary 1.26 is exact.
(Long ezact sequence of a pair)
2. If f,g : (X,A) — (Y,B) are homotopic maps, then g* = f* :
HYY,B) — HY(X,A).
(Homotopy invariance)
3.IfU c X, U C IntA, then HY(X,A) — HIY(X — U,A—U) is an
isomorphism.
(Excision)
4. If pt is a point, HY(pt) = 0 when ¢ # 0.
(Dimension Axiom)

Theorem 1.30 (Existence). For any R-module M, there is a cohomology
theory with HO(pt) = M. O

There are many different approaches to constructing homology and co-
homology theories; the choice of method is often dictated by the kind of
problem one is attacking. For example, singular homology and cohomology
is defined for all spaces. Its abstract definition simplifies the proofs of many
theorems, but it is too large to be effective for computations. DeRham co-
homology is defined for smooth manifolds and has many nice properties,
including direct relationships to solutions of differential equations on mani-
folds. There exist some extensions of DeRham theory to more general spaces;
these tend to be technical. Cellular homology is often the most useful for
computing, but of course applies only to CW-complexes.

Cech cohomology theory is another theory that satisfies the axioms (at
least for the subcategory of pairs of compact spaces), but the Cech co-
homology of the topologist’s sine curve is not isomorphic to the singular
cohomology. Thus the axioms do not determine the cohomology of space.
However they do for finite CW-complexes. An informal way of saying this
is that the proof that cellular cohomology equals singular cohomology uses
only the axioms. A more precise version is the following theorem whose
proof we omit. We state it for cohomology but the dual result holds for
homology also.
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Theorem 1.31 (Uniqueness). Let H* and H* be contravariant functors
from the category {pairs of finite CW-complexes, cellular maps} to {graded
R-modules, homomorphisms} satisfying the Filenberg-Steenrod Axioms. Let
pt be a point.

1. If HO(pt) = HO(pt), then there is a natural isomorphism of functors
2. Any natural transformation H* — H* mducing an isomorphism for
a point, is an isomorphism for all CW-complexes.

In fact the excision axiom can be replaced by the weaker axiom that for
all finite CW-pairs H*(X/A, A/A) — H*(X,A) is an isomorphism. This
shows that cellular cohomology and singular cohomology coincide for finite
CW-complexes.

In light of this theorem, one can do all computations of cohomology
groups of finite CW-complexes using the axioms, without resorting to the
definition of the singular or cellular cochain complex. This is not always
the best way to proceed, but usually in doing cohomology computations one
makes repeated use of the axioms and a few basic computations.

There are also many functors from spaces to R-modules for which the
dimension axiom of Eilenberg and Steenrod does not hold. These are called
generalized (co)homology theories. They will be introduced in Chapter 8.

1.6. Projects for Chapter 1

1.6.1. Cellular approximation theorem. Recall that a cellular map f :
X — Y is a map between CW-complexes which satisfies f(X") C Y for
all n. The cellular approximation theorem says that any map between CW-
complexes is homotopic to a cellular map. Prove the cellular approximation
theorem and its relative version. This is stated as Theorem 6.47. Give
applications to homotopy groups. A good reference is [12].






Chapter 2

Homological Algebra

2.1. Axioms for Tor and Ext; projective
resolutions

Definition 2.1. An exact functor R-MOD — R-MOD is a functor which
takes short exact sequences to short exact sequences.

More generally, a covariant functor F' : R-MOD — R-MOD is called
right exact (rvesp. left exact) if F(A) — F(B) — F(C) — 0 is exact (resp.
0 — F(A) — F(B) — F(C) is exact) whenever 0 - A — B —- C — 0
is a short exact sequence. Similarly a contravariant functor is called right
exact (resp. left exact) if F(C) — F(B) — F(A) — 0 is exact (resp.
0 — F(C) — F(B) — F(A) is exact) whenever 0 - A - B — C — 0is a
short exact sequence.

We have already seen that the functors — ® g M, Hompg(M, —), and
Hompg(—, M) are not exact in general. For example taking R =Z, M =Z/2,
and the short exact sequence

02372 —-7/2—0,

we obtain
Z®Z)2 ZRZL)2 —— Z)20Z/2 0
z/2 — 2 72— 7/ 0,
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0 Hom(Z/2,Z) —— Hom(Z/2,Z) —— Hom(Z/2,7Z)
0 -0 ~ 0 - 7/2,
and
0 Hom(Z/2,Z/2) —— Hom(Z,Z/2) —— Hom(Z,Z/2)
0 7/2 Z/2 2 Z/2.

However, we have seen in Theorem 1.11 that — @p M is right exact and
in Exercise 14 that Hompg(M, —) and Homp(—, M) are left exact.

Exercise 20. If F' is a free module, show that —®pr F' and Homp(F, —) are
exact functors. Show by example that Hompg(—, F') need not be exact.

The idea of homological algebra is to find natural functors which measure
the failure of a functor to preserve short exact sequences. (A first stab at
this for —®gr M might be to take the kernel of AQ M — B® M as the value
of this functor. Unfortunately, this does not behave nicely with respect to
morphisms.) To construct these functors the only things we will use are the
left /right exactness properties, the above exercise and the observation that
for any module M there is a surjective map from a free module to M.

Theorem 2.2 (Existence).
1. There exist functors
Torft : R-MOD x R-MOD — R-MOD  for all n=0,1,2,...

(M, My) +— TorZ(My, My) covariant in My and My satisfying the
following axioms:
T1) Torf(My, My) = My ®g Mo.
T2) If 0 = A — B — C — 0 is any short exact sequence of R-
modules, and M is any R-module, then there is a natural long
exact sequence

- — Tor®(A, M) — Tor(B, M) — Tor(C, M) — Tor® (A, M) — -
- — Torf(C,M) = A®r M - B@r M — C @r M — 0.

T3) TorZ(F, M) =0 if F is a free module and n > 0.
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The functor Tor®(—, M) is called the n'" derived functor of the
functor —®@p M.

2. There exist functors
Ext : R-MOD x R-MOD — R-MOD  for all n=0,1,2,...

(M, M) — Ext’h(My, Ma) contravariant in My and covariant in Mo
satisfying the following axioms:
E1) Ext% (M, My) = Hompg(M;, My).
E2) If0 = A — B — C — 0 is any short exact sequence of R-
modules, and M is any R-module, then there is a natural long
exact sequence

0 — Homp(C, M) — Hompg(B, M) — Hompg(A, M) — Exth(C,M) — ---
- — Ext%(B, M) — Ext%(A, M) — ExtL™ (C, M) — - --

E3) Extk(F,M) =0 if F is a free module and n > 0.
The functor Ext?(—, M) is called the n'" derived functor of the
functor Homp(—, M).

Before we embark on the proof of this theorem, we prove that these
axioms characterize the functors Tor and Ext.

Theorem 2.3 (Uniqueness). Any two functors satisfying T1), T2), and
T8) are naturally isomorphic. Any two functors satisfying E1), E2), and
E3) are naturally isomorphic.

Proof. We will show that values of TorZ(Mj, My) are determined by the
axioms by induction on n. This is true for n = 0 by T1). Next note that

for any module M, there is a surjection F' 2, M; — 0 where F' is a free
module. For example, let S C M; be a set which generates M; as an R-
module (e.g. S = M), and let F' = F(S) the free module with basis S.
There is an obvious surjection ¢. Let K = ker ¢. Apply T2) to the short
exact sequence

0—-K—F— M —0.
Then by T2) and T3), one has
Torlt (M, My) = ker(K @p My — F @p My)

and
TOI"E(Ml,Mﬂ = TornR_l(K, Ms) for n>1.

The values of Tor® | are known by induction. The proof for Ext is similar.
O
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The technique of the above proof is called dimension shifting, and it can
be useful for computations. For example, if F' is a free module and

0—-K-—F —M-—0
is a short exact sequence with F’ free, then
Torl (M, F) 2 ker(K @ F — F' @ F)
but this is zero by Exercise 20. Thus Torl(—, F) is identically zero. But
Tor®(M, F) = Tor®? | (K, F) for n > 1, so inductively we see Tor®(—, F)
is zero for n > 0. To compute Ext}(Z/2,Z), we apply E2) to the exact

sequence 0 — Z 27 7 /2 — 0, to get the exact sequence

(x2)” 1 1
Hom(Z,Z) —— Hom(Z,Z) — Ext (Z/2,Z) — Ext'(Z,Z)

IR
IR
1R
R

v/ 2 .7 - Ext!(Z/2,2)

o

so Exty(Z/2,Z) = 7Z/2.
The following proposition gives some simple but useful computations.

This result should be memorized. (The subscript or superscript R is often
omitted when the the choice of the ring R is clear from context.)

Proposition 2.4. Let R be a commutative ring and a € R a non-zero-
divisor (i.e. ab = 0 implies b = 0). Let M be an R-module. Let M/a =
M/aM and ;M = {m € M|am = 0}. Then

1. Rla®@ M = M/a,
2. Tory(R/a, M) = M,
3. Hom(R/a, M) = ,M,
4. ExtY(R/a, M) = M/a.
Proof. Since a is not a divisor of zero, there is a short exact sequence
0—R>Z%R— R/A— 0.

Apply the functors —®@M and Hom(—, M) to the above short exact sequence.
By the axioms we have exact sequences

0 — Tori(R/a,M) > R®M - R®M — R/a® M — 0
and
0 — Hom(R/a, M) — Hom(R, M) — Hom(R, M) — Ext'(R/a, M) — 0.
The middle maps in the exact sequence above can be identified with

M =% M,
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which has kernel ,M and cokernel M /a. O

In particular if n is a non-zero integer and R = Z, the four functors
Tory, ®, Hom, and Ext! applied to the pair (Z/n,Z/n) are all isomorphic
to Z/n. If m and n are relatively prime integers, then applied to the pair
(Z/m,Z/n) they are all zero.

Proposition 2.5.

1. If R is a field, then Tor®(—, —) and Ext'y(—, —) are zero for n > 0.
2. If Ris a P.I.D., then TorZ(—, —) and Exts(—, —) are zero forn > 1.

Proof. 1. All modules over a field are free so this follows from axioms T3)
and E3).

2. A submodule of a free module over a P.I.D. is free, so for any module M
there is a short exact sequence

O—>F1—>F0—>M—>0

with F} and Fy free. Then by T2), T3), E2), and E3), for n > 1, Tor?(M, —)
and Extf*(M, —) sit in long exact sequences flanked by zero, and hence must
vanish. ]

The functors Torlz and Extlz are typically abbreviated Tor and Ext.

Exercise 21. Using the axioms, compute Tor(A, B) and Ext(A, B) for all
finitely generated abelian groups.

A couple of natural questions must have occurred to you. What is the
behavior of these functors with respect to exact sequences in the second
variable? Is Tory,(A, B) = Tor,(B, A)? This seems likely since A ® B =
B® A. (Since Hom(A, B) 2 Hom(B, A) the corresponding question for Ext
could not have possibly occurred to you!) Your questions are answered by
the following theorem.

Theorem 2.6 (Existence’).
1. The functors
Tor’t : R-MOD x R-MOD — R-MOD  for all n=0,1,2,...
satisfy the following axioms.
T1') Torf (M, M) = My @ Ms.
T2) If 0 = A — B — C — 0 is any short exact sequence of R-

modules, and M is any R-module, then there is a natural long
exact sequence

- — Tor®(M, A) — Tor®(M, B) — Torl}(M,C) — Tor® | (M, A) — ---
.- — Torf(M,C) = M ®p A — M ®r B — M @ C — 0.
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T3') Torl(M, F) =0 if F is a free module and n > 0.
2. The functors

Ext? : R-MOD x R-MOD — R-MOD  for all n=0,1,2,...

satisfy the following axioms:

E1) Ext% (M, M) = Homp (M, My).

E2) If0 - A — B — C — 0 is any short exact sequence of R-
modules, and M is any R-module, then there is a natural long
ezxact sequence

0 — Homp(M, A) — Homp(M, B) — Hompg(M, C) — Extp(M, A) — ---
- — Ext%L(M, B) — Ext%(M,C) — ExtL (M, A) — - --

E3") Ext}(M,I) = 0if I is an injective module (see Definition 2.12)
and n > 0.

We postpone the proof of Theorem 2.6 until the next section.

Corollary 2.7. The functors Tor®(A, B) and Tor®(B, A) are naturally iso-
morphic.

Proof. By Theorem 2.6, the functor (A, B) +— TorZ(B, A) satisfies the
axioms T1), T2), and T3) and thus by the uniqueness theorem, Theorem
2.3, it must be naturally isomorphic to (A, B) — TorZ(A, B). 0

Tor and Ext are higher derived versions of ® g and Hom, so they have
analogous properties. For example we offer without proof:

1. Torf(®aAq, B) & @4 Torl(A,, B),
2. Ext}(®ada, B) =[], Exth(Aq, B), and
3. Exth(A,T1, Ba) 2 [1, Exth(A, By).

The proofs of Theorems 2.2 and 2.6 are carried out using projective mod-
ules and projective resolutions. The functors Ext; can also be defined using
injective resolutions. We will carry out the details in the projective case
over the next few sections, and sketch the approach to Ext using injective
resolutions.

Much of what we say can be done in the more general setting of abelian
categories, these are categories where the concept of exact sequence makes
sense (for example the category of sheaves or the category of representa-
tions of a Lie algebra) provided there are “enough projectives” or “enough
injectives” in the category.
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2.2. Projective and injective modules

Recall, if F'is a free module over R, A, B are R-modules, and

F
{ﬁ
A——B——0

is a diagram with « onto, then there exists a v : F' — A so that

"
A— B — 0

(67

commutes. We say
F
“the problem 7 - { Jé; has a solution”
5
A—F—B —0

Remark. In general, whenever a commutative diagram is given with one
dotted arrow, we will consider it as a problem whose solution is a map which
can be substituted for the dashed arrow to give a commutative diagram.
This makes sense in any category; we will use it mostly in the categories
R-MOD and the category of topological spaces.

We make the following definition which encapsulates the basic property
of free modules.

Definition 2.8. An R-module P is called projective if for any A, B,«, [
with a onto, the problem

has a solution 7.

Lemma 2.9. An R-module P is projective if and only if there exists an
R-module @ so that P ® Q s a free R-module.

Proof. If P is projective, choose F' free and F' — P an epimorphism. Let
Q = ker(F — P), so
0-Q—-F—-P—0
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is exact. Since P is projective, the sequence splits, as one sees by considering
the problem

P
' Id

F—P——0

so F=P&®Q.
Conversely, if there exists an R-module @) so that P & @ is free, extend
P Pa@
lﬁ to lﬁ@o
A— B —0 A— B — 0.

Since P ® Q is free, there exists a solution f: P® Q — A to
PoQ
£

»

A— B —0.

lﬂ@o

_ But then let f=foiwherei: P — P@®Q is given by p — (p,0). Then
f solves the problem

O

Thus projective modules generalize free modules by isolating one of the
main properties of free modules. Furthermore the definition of a projective
module is purely in terms of arrows in R-MOD, and hence is more elegant
than the definition of a free module. On the other hand they are less familiar.

Exercise 22. Let P be a projective module.

1. Any short exact sequence 0 — A — B — P — 0 is split.
2. If P is finitely generated there is a finitely generated @ so that P& Q
is free.

Proposition 2.10.

1. Any module over a field is projective.

2. Any projective module over a P.1.D. is free.
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Proof. All modules over a field are free, hence projective. A projective
module P is a submodule of the free module P & @), and for P.I.D.’s sub-
modules of free modules are free. O

There are many examples of non-free projective modules over rings R.
Note that R must be complicated, i.e. not a field nor a P.I.D. For example,
if R =7/6, then P = Z/2 is a projective module. (To see this, use the
Chinese remainder theorem Z/6 = Z/2 x Z/3).

Here is a more interesting example, related to K-theory. Let R be the
ring of continuous functions on the circle, R = C%(S*,R). Let E — S! be
the twisted real line bundle over S* (so E = open Mobius band) Then as
vector bundles £ % S! x R, but E @ E = S' x R2. So, if M = C°(E)
(continuous sections of E), M is not free (why?), but M &M = C°(S',R) @
CY%S',R) = R@® R. Thus M is projective.

Exercise 23. Show that the following are examples of projectives which
are not free.

1. Let R be the ring of 2-by-2 matrices with real entries. Let P = R?
where the action of R on P is by multiplying a matrix by a vector.
(Hint: Think of P as 2-by-2 matrices with the second column all
zeroes.)

2. Let R = R x R (addition and multiplication are component-wise)
and P =R x {0}.

One of the quantities measured by the functor Ky of algebraic K -theoryis
the difference between projective and free modules over a ring. See Chapter
11 for another aspect of algebraic K-theory, namely the geometric meaning
of the functor Kj.

As far as Tor and Ext are concerned, observe that
Tor(A @ B, M) = Torf (A, M) @ Tor®(B, M).
This is because A @& B fits into the split exact sequence
0—-A—-A®&B—B—0,

functoriality, and Axiom T2) put Tor,]f(A @ B, M) in a corresponding split
exact sequence. Applying this to P @ @ = free, (and applying a similar
argument to Ext) one obtains the following result.

Corollary 2.11. For a projective module P, for n > 0, and for any module
M, both Tor®(P, M) and Ext’s(P, M) vanish. O

Thus for purposes of computing Tor and Ext (e.g. dimension shifting),
projective modules work just as well as free modules.
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In the categorical framework which we find ourselves, something inter-
esting usually happens if one reverses all arrows. Reversing the arrows in the
definition of projective modules leads to the definition of injective modules.

Definition 2.12. An R-module M is called injective if
M

A~g=B~—0
has a solution for all A, B, «, 5 (with [ injective).

We will define Ext using projective modules instead of injective mod-
ules, so we omit most details about injective modules. See Rotman [33] or
MacLane [22] for more. We list here a few results.

Theorem 2.13. An abelian group A is injective if and only if is divisible,
(i.e. the equation nxz = a has a solution x € A for eachn € Z, a € A.) O

Thus some examples of injective abelian groups are Q and Q/Z. (Note
that a quotient of a divisible group is divisible, hence injective.)

Theorem 2.14.

1. Given any R-module M, there exists a projective R-module P and an
epimorphism P — M — 0.

2. Given any R-module M, there exists an injective R-module I and a
monomorphism 0 — M — 1.

Proof. We have already proved 1, by taking P to be a free module on a set
of generators of M. The proof of 2 is more involved. One proves it first for
an abelian group. Here is one way. Express M = (®©Z)/K. This injects to
D = (#Q)/K which is divisible and hence injective.

Now suppose M is a R-module. Then, considered as an abelian group,
there is a injection ¢ : M — D where D is divisible. One can show the map
M — Homgz(R, D), m — (r — ¢(rm)) is an injective R-module map, and
that Homg (R, D) is an injective R-module when D is divisible. O

2.3. Resolutions

We begin with the definition of projective and injective resolutions of an
R-module.

Definition 2.15.
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1. A projective resolution of an R-module M is a sequence (possibly
infinitely long)

=P, —>P,1—--—F—->M-—0

where
(a) the sequence is exact, and
(b) each P; is a projective R-module.

2. An injective resolution of M is a sequence
O—-M—-Iy—-1L —-I—--—1I,— -

where
(a) the sequence is exact, and
(b) each I, is an injective R-module.

Definition 2.16. Given a projective resolution, define the deleted resolu-
tion to be

-—P,—>P,_1—--—F—0
We will use the notation P, or Py;. Note that H,(Pys) is zero for ¢ # 0
and is isomorphic to M for ¢ = 0.

Theorem 2.17. Every R-module M has (many) projective and injective
resolutions.

Proof. Choose a surjection Py — M with Py projective. Assume by induc-
tion that you have an exact sequence

Pni 1 — o+ — Py — M — 0.

Let K,, = kerd,. Using the previous theorem, choose a projective module
P,,+1 which surjects to K,. Then splice

Py — K,—0 to O—-K,—P,—--—PFP—-M

to get
Poy1—P,— - — FPy— M.
The proof for injective resolutions is obtained by re-writing the proof for
projective resolutions but turning the arrows around.
To see that projective resolutions are not unique, notice that if

—»Pn%Pnflﬂ---HPO—»M—)O

is a projective resolution, and () is projective, then
dn®Id
- n+1_>Pn@Q i PL1®Q—P,o— - --—P—>M

is also a projective resolution. O
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If at any stage in the above construction the kernel K, is projective,
then one may stop there since

-—-0—->0—-K,—-FP,_1—>--—>FP—>M-—0
is a projective resolution. We omit typing the 0’s.
We also record the following lemma which we used in constructing res-
olutions.
Lemma 2.18 (Splicing lemma). If the sequences A — B = C — 0 and
0—>C£>D—>Eareexact,thenAHB&DHEisexact. O

Exercise 24. Prove the splicing lemma.
Theorem 2.19.
1. If R is a field, and M is any R-module, then
0-Mm—o
is a projective resolution. In other words, every module over a field
has a length 0 projective resolution. (It stops at Py.)
2. Every module over a P.I.D. has a length 1 projective resolution
0—-P—-FP—M-—0.
3. Every abelian group (R = Z) has a length 1 injective resolution
0—-M—1Iy— 1, —0.

Proof. 1. is clear.

2. Every submodule of a free module over a P.I.D. is free. Thus if P is
a free module surjecting to M, and P is its kernel,

0—-P—-FP—-M—0
is a projective (in fact free) resolution of M.

3. If 0 = M — Dy is an injection with Dg divisible, then Dy/M is
divisible, since the quotient of any divisible group is divisible. Thus 0 —
M — Dy — Dy/M — 0 is an injective resolution. O

Comment about Commutative Algebra. A Dedekind Domain is a com-
mutative domain (no zero divisors) in which every module has a projective
resolution of length 1. Equivalently submodules of projective modules are
projective. A P.I.D. is a Dedekind domain. From the point of view of cat-
egory theory, they are perhaps more natural than P.I.D.’s. If ¢, = 2™/ is
a primitive n-th root of unity, then Z[(,] is a Dedekind domain. Projective
modules (in fact ideals) which are not free first arise at n = 23. Non-free
ideals are what makes Fermat’s Last Theorem so hard to prove.
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A commutative Noetherian ring R has height equal to n (ht(R) = n) if
the longest chain of non-trivial prime ideals in R has length n:

OchC---CP,CR.

The homological dimension of R, hdim(R), is the least upper bound on
the length of projective resolutions for all finitely generated modules over
R. The homological dimension of a field is 0 and a Dedekind domain is 1.
If a ring has homological dimension n, then any module M has a projective
resolution with P, = 0 for £ > n. The numbers ht(R) and hdim(R) are
related. For a large class of rings (regular rings) they are equal.

2.4. Definition of Tor and Ext - existence

In this section we will complete the proof of Theorem 2.2.

Let M, N be R-modules. Let -~-—>Pn—>--~%>P1 ﬂ>P0i>M—>0be
a projective resolution of M. Applying — ®gr N to a deleted resolution Py,
one obtains the sequence Py @ g NV

Pyu@rN={ —PaN-. .. 2 pgny 2 peonN_ 0
Note that Py ® N is a chain complex (since (d,—; ® Id) o (d,, ® Id) =
dp—1 0dy, ®1Id = 0), and by right exactness of — ® N, the 0-th homology
is M ® N. However, since — ® N need not be an exact functor in general,
P ® N might not be exact.

Similarly, by applying the functor Homp(—, N) to a deleted projective
resolution Pj; one obtains the cochain complex

Hom(P 7, N)={0—Hompg(Py, N) 2 Homp (P, N) 22 Homp(Py, N)—--- }.
Exercise 25. Show that Homp(Ps, N) forms a cochain complex.

We will eventually define Tor?(M, N) as H,(Py ®r N) and we will
define Ext (M, N) as H"(Hom(P s, N)). (We could have also defined Tor
and Ext as H,(M @ Py) and H*(Hom(M,Iy)).) For now we record some
obvious facts. What is not obvious is that this will lead to well-defined
functors, i.e. independent of the choice of resolutions.

Theorem 2.20. Let M and N be R-modules and let Pp; be a deleted pro-
jective resolution of M.

1. Forn = 0,1,2,... the assignment (M,N) — H,(Py @r N) is a
covariant functor in N and satisfies Azioms T1'), T2 ), and T3') of
Theorem 2.6. Furthermore, if M is free (or just projective), one can
choose the resolution so that axiom T3) of Theorem 2.2 is satisfied.
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2. Forn =0,1,2,... the assignment (M,N) — H"(Hompg(Pu,N)) is
a covariant functor in N and satisfies Azioms E1'), E2 ), and ES') of
Theorem 2.6. Furthermore, if M s free (or just projective), one can
choose the resolution so that axiom E3) of Theorem 2.2 is satisfied.

Exercise 26. Prove this theorem.

Exercise 27. An R-module F is called flat if — ® g F is exact. A free
module is flat and clearly a summand of a flat module is flat, so projectives
are flat. There are modules which are flat, but not projective; show that Q
is a flat but not projective Z-module. In fact over a P.I.D. a module is flat
if and only if it is torsion free.

Tor can be computed using a flat resolution rather than a projective one.
Assume this and compute Tor(Q/Z, A) = H1(Pq/z ® A) for any abelian
group A.

2.5. The fundamental lemma of homological
algebra

Taking inventory, we still need to show that our candidates for Tor and
Ext are well-defined, functorial in the first variable, and that short exact
sequences in the first variable give long exact sequences in Tor and Ext. The
well-definition and functoriality will follow from the fundamental lemma of
homological algebra; the long exact sequences will follow from the horseshoe
lemma.

Definition 2.21. A projective chain complex
P.={— P — P — P}

is a chain complex where all the modules P; are projective. An acyclic chain
complex

Ci={+—0Cy— C;— Co}

is a chain complex where H;(Cy) = 0 for all ¢ > 0. (i.e. C, is an exact
sequence.)

Theorem 2.22 (Fundamental lemma of homological algebra.). Let Py be a
projective chain complex and C be an acyclic chain complex over a ring R.
Then given a homomorphism ¢ : Hy(Px) — Ho(Cy), there is a chain map
f« 1 P — Cy inducing ¢ on Hy. Furthermore, any two such chain maps are
chain homotopic.

We derive a few corollaries before turning to the proof.

Corollary 2.23. Any two deleted projective resolutions of M are chain ho-
motopy equivalent.
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Proof. Let Py and P’); be deleted projective resolutions of M. They are
both projective and acyclic and they have Hy = M. The existence part of the
fundamental lemma gives chain maps f, : Py — P, and g, : P}, — Py
inducing the identity on Hy. The uniqueness part of the fundamental lemma
given a chain homotopy equivalence between g, o f, and Id since they are
both chain maps Pj; — Pjs inducing the identity map on Hy. Likewise
f+ 0 g, is chain homotopy to Id. O

Corollary 2.24. The assignments (M, N) — H,(Py®gN) and (M, N)
H, (Hompg (P, N)) do not depend on the choice of projective resolution and
are functorial in M.

Proof. Corollary 2.23 gives chain homotopy equivalences Py, — P/, and
hence a chain homotopy equivalence Py @ g N — P}, ® g N and similarly
for Hom. This gives the independence of the resolution. Given a map
M — M’, the fundamental lemma gives a map Pj; — P, unique up to
chain homotopy. This gives functoriality. O

Corollary 2.25. The assignments (M, N) — H,(Py®grN) and (M, N)
H"(Hompg (P, N)) are functorial in both variables and satisfy the ' azioms
of Theorem 2.6. O

Proof of the fundamental lemma, Theorem 2.22. Let M = Hy(P,)
and M’ = Hy(Cy). Then since Ho(Py) = Py/Im (P, — Pp), there is a
surjection Py — M and likewise a surjection Cy — M’. So we wish to solve
the following problem (i.e. fill in the dotted arrows so that the diagram
commutes).

Ont1 o o
fat1 o ifa o ‘h  fo ¢
A\l A\ v A\ A\
> Chp1 —~Cp > Chg — - —C ——Co —> M —0
dn+1 dn d1 ¢

Here the P; are projective, € is onto and the bottom sequence is exact.
We construct f; by induction.

Step 0. The map fy exists since Py is projective:

Cy ,—M’ 0
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Step n. Suppose we have constructed fy, f1,--, fn_1. The problem
P,

fn,'.‘ fn—loan
.
Co ——= kerdn—i —— 0

makes sense since d,_1 0 f_1 00, = fn_200,_1 00, = 0. Furthermore
kerd,_1 = Im d,, since C\ is acyclic, so the bottom map is onto. Then f,
exists since P, is projective.

This completes the existence part of the fundamental lemma; we switch
now to uniqueness up to chain homotopy. Suppose f., g« are two choices of
chain maps which induce ¢ on Hy.

o1

Pn Pn—l co Pl PO ‘ M
Sn—1 so -
E ' @
fn=gn| - frn—1—gn—1 fimgr] .7 fo—go
» »
Cn d Cn—l to Cl 4 CO ; MI
mn 1 €

Here we want to define maps s, : P, — C,11, but contrary to our usual
convention, we don’t want the diagram to commute, but instead we want s
to be a chain homotopy, i.e. fo—go = d10sp and f,—gn = dp+105n,+Sp—100,
for n > 0.

We will construct a chain homotopy by induction on n.

Step 0. Since € o (fo —go) = (p — @) oe=0: Py — Co, Im(fo — go) C
kere¢' : Cog — M' =Im d; : C1 — Cy.

Then sq exists since Py is projective

Py
80.". fo—go

»

Ch " kere — 0

Step n. Suppose we have defined

sq: Py —Cgqy1 for ¢g=0,---,n—-1
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satisfying f; — gq = dg+15¢ + Sq—104 for each ¢ = 0,--- ,n—1 (s_; = 0).
Then the problem

P,
Sn
fn—9n
R
¢y — kerd, —— 0
dn+1

makes sense, since

dn(fn — gn — Sn—lan) = (fn—l - gn—l)an — dpsp—10n
= (dnsn—l + Sn—Qan—l)an - dnsn—lan
= 8p20,-10, = 0.
Therefore Im (f,, — g — $p—10n) C kerd, = Im (dy41 : Cpy1 — Cp). Thus
dnt18n = fn — gn — Sn—10y, proving the induction step.

This finishes the proof of the fundamental lemma. O

To show that our functors satisfy the remaining long exact sequence
axioms we need the following lemma.

Lemma 2.26 (Horseshoe lemma). Let0 — A — B — C — 0 be a short ex-
act sequence of R-modules. Let P 4 and P¢ be deleted projective resolutions
of A and C. Then there exists a deleted projective resolution P of B, fitting
into a short exact sequence of chain complexes0 — Py, — P — Po — 0
which induces the original sequence on Hy.

Proof. We are given the following “horseshoe” diagram

0

P %P %P A0
B

Ry % - R %R -0 —0
0

where the horizontal rows are projective resolutions. We want to add a
middle row of projective modules to obtain a commutative diagram with
exact rows and short exact columns. Since @), is projective, the columns
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will split, and so @, = P, ® R, must go in the n-th slot in the middle.
Furthermore we may assume that the maps P, — @, and @, — R, are the
inclusion and projection maps, but the horizontal maps are yet unclear.

Step 0. The problem

has a solution ® since Ry is projective. Let v : Qo — B be y(p,r) =
ie(p) — ®(r) where (p,7) € Qo = Py @ Ry and i : A — B. A diagram chase
shows v is onto. Thus we have the commutative diagram

0 0
Y

Step n+1. Suppose inductively we have constructed the following commu-
tative diagram with exact rows and columns.
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0 0 0 0

—wp, 2 P % p g -0
Qn Q1 Qo —— B 0
R, —¢ Ry —~ Ry "~ C 0
0 0 0 0

Let K,, = ker(P, — P,_1), L, = ker(Q,, — Qn—1) and M,, = ker(R,, —
R, —1). We then have the diagram

0
7] 7] l
— I'n42 —> Pt K, 0
l
Ln,
d d l

By Step 0 we can fill in the next column and horizontal arrow. We then
splice this diagram with the previous one to obtain the inductive step. O

It is important to notice that the short exact sequence 0 - P4 — P —
Pc — 0is not (necessarily) a split short exact sequence of chain complexes,
even though each chain module is projective. (What might a projective
object in the category of chain complexes be?)

Corollary 2.27. Let 0 - A — B — C — 0 be a short exact sequence of
R-modules and let 0 — Py — Pg — Pc — 0 be a short exact sequence of
deleted projective resolutions provided by the horseshoe lemma. Let N be an
R-module. Then there are long exact sequences:
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- = Hyp1(Pc®pN) — Hp(PA®RN) — Hy(Pp®pN) — Hy(Pc®rN) — -+

and
- — H"(Homp(Pc,N)) — H"(Homgr(Pp,N)) — H"(Homg(P 4, N))
— H""(Homp(P¢c, N)) — H" " (Homg(Pg,N)) — - -

Proof. Since we have a short exact sequence of deleted projective resolu-
tions, in degree n, the short exact sequence

0— (Pa)n — (Pp)n — (Pc)n — 0
is split, hence
0= (Pa®rN)p — (Pp®r N)p — (Pc®r N)p — 0
is split and hence exact. Thus
0—-Pas®r N —>Pp®r N —Pc®rN —0

is a short exact sequence of chain complexes; the zig-zag lemma gives the
long exact sequence in homology above. We leave the cohomology proof as
an exercise. O

We can finally safely make the following definition.

Definition 2.28.
1. Tor®(M,N) = H,(Py ®r N).
2. Exth(M, N) = H"(Hompg(P s, N)).

With these definitions, the existence theorem, Theorem 2.2 and the
primed version, Theorem 2.6 follow from Corollaries 2.25 and 2.27.

We have not proven that Ext% (M, N) = H"(Homp(M,Iy)). This fol-
lows by using injective versions of the fundamental lemma and the horseshoe
lemma to show that the axioms are also satisfied here. For these facts, see
any book on homological algebra, or, better, prove it yourself. Once we
have defined tensor products and Hom for chain complexes, one can show
Tor(M,N) = H,(Py ®r Pn) and Ext% (M, N) = Hompg(P s, Iy)); this
is an intermediate way between resolving on the left and the right.

Earlier in this chapter you were asked in an exercise to compute Tor(A, B)
and Ext(A, B) for finitely generated abelian groups. Lest you learn all the
theory without any examples, we give a way of stating the result. Let
torsion(A) denote the subgroup of A consisting of elements of finite order.
Then

Tor(A, B) = torsion(A) ®z torsion(B)
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and
Ext(A, B) = torsion(A) ®z B.

Exercise 28. For any commutative ring R show that
Ext%(A @ B, M) = Ext%(A, M) ® Ext%(B, M)

and
Tor(A @ B, M) = Tor®(A, M) & Tor®(B, M).

Finally we quote from the famous exercise from Lang’s Algebra, Chapter
IV ([21]):

“Take any book on homological algebra, and prove all the theorems with-
out looking at the proofs given in that book.

Homological algebra was invented by Filenberg-MacLane. General cate-
gory theory (i.e. the theory of arrow-theoretic results) is generally known as
abstract nonsense (the terminology is due to Steenrod).”

2.6. Universal coefficient theorems

Let (C4, ) be a chain complex over a ring R. Then there is an evaluation
map

Hompg(Cyq, M) x Cy — M
(f:2) = f(2).

You have already come across this pairing in Exercise 11 and have shown
that this pairing passes to the Kronecker pairing

() HY(Cu; M) x Hy(Cy) — M

of cohomology with homology. This pairing is bilinear, and its adjoint is a
homomorphism
HY(Cy, M) — Hom(H,(Cy); M).

The example following Exercise 11 shows that this adjoint need not be an
isomorphism. To understand the kernel and cokernel of this map is a sub-
tle question. Universal coefficient theorems among other things provide a
measure of how this adjoint fails to be an isomorphism in terms of the de-
rived functors Ext? and Tor,. The answer can be quite difficult for general
commutative rings and arbitrary chain complexes.

We will answer the question completely when R is a P.I.D. and C, is a
free chain complex. In this case H4(C,, M) — Hom(H,(Cy); M) is surjective
with kernel Ext(H,—1(Cy), M). This will cover the topological situation in
the most important cases of coefficients in the integers or in a field, since
the singular and cellular complexes of a space are free.
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Theorem 2.29 (universal coefficient theorem for cohomology). Let R be a
principal ideal domain. Suppose that M is a module over R, and (Cy,0) is
a free chain complex over R (i.e. each Cy is a free R-module).

Then the sequence
0 — Extr(Hy—1(Cy), M) — HY(Cy; M) — Hom(H,(Cy), M) — 0

is exact, and natural with respect to chain maps of free chain complexes.
Moreover, the sequence splits, but not naturally.

We will give a proof of this based on the concept of an exact triangle.

Definition 2.30. An exact triangle of R-modulesis a diagram of R-modules

A—>—— B
N
C

satisfying ker(3) = Im («), ker(y) = Im (f3), and ker(a) = Im (7).

Similarly one defines an exact triangle of graded R-modules A, B, C\
(see Definition 3.1). In this case we require the homomorphisms «, 3, and 7y
each to have a degree; so for example if a has degree 2 then a(A,) C Agqo.

The basic example of an exact triangle of graded R-modules is the long
exact sequence in homology

H.(4) X)

\/

H,(X, A)

For this exact triangle i, and j, have degree 0, and 0 has degree —1.

Exercise 29. Suppose that
0——E 2+ 4 o Bt F 0

N

C

is a diagram with the top row exact and the triangle exact. Prove that there
is a short exact sequence

ok—1 i—1lo
0 AN 0.

State and prove the graded version of this exercise.

Proof of Theorem 2.29. There is a short exact sequence of graded, free
R-modules

(2.1) 0—2 50, 2B, -0
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where Z, denotes the g-cycles and B, denotes the g-boundaries. The homo-
morphism 7 has degree 0 and 0 has degree —1. This sequence is in fact a
short exact sequence of chain complexes where Z, and B, are given the zero
differential.

Since the sequence (2.1) is an exact sequence of free chain complexes,
applying the functor Hom(—, M) gives another short exact sequence of chain
complexes

0 — Hom(B,, M) L Hom(C,, M) = Hom(Z,, M) — 0

Applying the zig-zag lemma we obtain a long exact sequence (i.e. ex-
act triangle) in homology, which, since the differentials for the complexes
Hom(B,, M) and Hom(Z,, M) are zero, reduces to the exact triangle

Hom(Z,, M) d Hom(B,, M)
(2.2) T T
H*(Cy; M)

There is also short exact sequence of graded R-modules
(2.3) 0—B, L2 —H —0
coming from the definition of homology, that is
Z, =kerd: Cy, — Ci,
B,=Imo0:C, — C,
and
H,=H.(C\) = Z./B..

Notice that in the sequence (2.3), B, and Z, are free, since R is a P.I.D.
and these are submodules of the free module C,. Thus using the second
axiom E2) of Theorem 2.2 and using the fact that Ext(Z.,M) = 0 we
obtain an exact sequence

(2.4)
0 — Hom(H,, M) — Hom(Z., M) 2> Hom(B,, M) — Ext(H,, M) — 0.
Exercise 30. Complete the proof of the universal coefficient theorem as

follows.

1. Show, taking special care with the grading, that the homomorphism
d of the exact triangle (2.2) coincides with the homomorphism j* of
(2.4). Thus there is a commutative diagram
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0 — Hom(H,, M) — Hom(Z,, M) 2= Hom(B,, M) — Ext(H,, M) — 0
i\ L
H*(C,, M)

obtained by putting together (2.2) and (2.4).

2. Apply Exercise 29 to obtain a short exact sequence of graded R-
modules

0 — Ext(H., M) — H*(Cy; M) — Hom(H,, M) — 0.
Verify that the map H*(Cy; M) — Hom(H,, M) is induced by evalu-
ating a cochain on a cycle.

3. By taking the grading into account, finish the proof of Theorem 2.29.
O

Corollary 2.31. If R is a field, M s a vector space over R, and C, is a
chain complex over R, then

HY(C\; M) = Hom(H,(C.), M).

Moreover the Kronecker pairing is non-degenerate. O

Applying the universal coefficient theorem to the singular or cellular
complexes of a space or a pair of spaces one obtains the following.

Corollary 2.32. If (X, A) is a pair of spaces A C X, R a P.1.D., M a
module over R, then for each q the sequence

0—Extr(Hq-1(X,A;R),M) — HI(X,A; M) — Hom(H,(X, A; R),M)—0

is short exact, natural, and splits (though the splitting is not natural). O

Exercise 31. Let f : RP? — S? be the map pinching the 1-skeleton to a
point. Compute the induced map on Z and Z/2 cohomology to show the
splitting is not natural.

The most important special case of the universal coefficient theorem for
cohomology is its use in the computation of H9(X) (cohomology with in-
teger coefficients). For an abelian group A, we have denoted the torsion
subgroup (i.e. the subgroup of finite order elements) by torsion(A). Let
free(A) = A/torsion(A). Then for space X whose homology is finitely gener-
ated in every dimension (e.g. a finite CW-complex), the universal coefficient
theorem shows that

HY(X) = free(H, (X)) @ torsion(H,—1(X)).
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Another formulation is is to define the dual of an abelian group A by
A* = Hom(A,Z) and the torsion dual A~ = Hom(A, Q/Z), then the uni-
versal coefficient theorem says that
HY(X) = Hy(X)" & (torsion(H,—1(X)))".
The right hand side is then a contravariant functor in X but the isomorphism
is still not natural.

There are other universal coefficient theorems, for more complicated
rings, and other algebraic situations. Knowing these can speed up compu-
tations. A useful example is the following theorem. (See [36, pg. 246] for a
proof.)

Theorem 2.33. If R is a P.I.D., M is a finitely generated R-module, and
Cy is a free chain complex over R then there is a split short exact sequence
0 — HY(C,) ® M — HY(Cy; M) — Tor(HI(C,), M) — 0.

O

Notice the extra hypothesis that M be finitely generated in this state-
ment.

There are also universal coefficient theorems for homology, and we turn
to these now. The following universal coefficient theorem measures the dif-
ference between first tensoring a complex with a module M and then passing
to homology versus first passing to homology and then tensoring with M.

Theorem 2.34 (universal coefficient theorem for homology). Suppose that
R is a P.ID., C, a free chain complex over R, and M a module over R.
Then there is a natural short exact sequence.

0 — Hy(Cy) ® M — Hy(Cy @ M) — Torf(H,_1(Cy), M) — 0
which splits, but not naturally.
Sketch of Proof. The proof is similar to the proof given above of Theorem
2.29. As before, there is a short exact sequence of chain complexes
0—-Z2,—Cy— B, —0

which remains exact when tensoring with M, since B, is free.

Applying the zig-zag lemma to the tensored sequence one obtains the
exact triangle

B, M - 7, QM

(2.5) ~__ /

H,.(Cy; M)
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The short exact sequence of graded R-modules
0— By, — Z, — H,(Cy) — 0
gives, using axiom T2) of Theorem 2.2, an exact sequence

(2.6) 0— Tor(H.(Cyx),M) - B, @M — Z, @ M — H,(Cy,) ® M — 0.

Assembling the triangle (2.5) and the sequence (2.6) as in Exercise 29
one obtains the short exact sequence

Taking the grading into account finishes the proof. O

Corollary 2.35. If (X, A) is a pair of spaces A C X, R a P.I.D., M a
module over R, then for each q the sequence

0— Hy(X,A;R)® M — Hy(X,A; M) — Torf(H,—1(X, A; R), M) — 0

s short exact, natural, and splits, but not naturally. O

There is another universal coefficient theorem for homology (see [36, pg.
248] for the proof). It addresses the question of how a different version of
the Kronecker pairing fails to pass to a perfect pairing on (co)homology.

In this case, the pairing

Homp(Cy,R) x (C, @ M) — M

is defined by
(f,2@m) = f(2)-m.

This pairing passes to a pairing on homology

HYCy;R) x Hy(Cy ® M) — M.
Taking the adjoint yields the homomorphism

a: Hy(Cy,® M) — Homp(HY(C\), M).

The following theorem computes the kernel of this homomorphism if R
is a P.I.D. and C has finitely generated homology.

Theorem 2.36. Let R be a P.I.D., C, a free chain complexr over R such
that Hy(Cy) is finitely generated for each q, and let M be an R-module.
Then the sequence

0 — Extip(HT™(C,), M) — Hy(Cy; M) % Hom(H(C,), M) — 0

s short exact, natural, and splits. O
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As an application of the universal coefficient theorems we can identify
the different versions of the Betti numbers of a space. Recall that the g-th
Betti number ,(X) of a space X is the rank of Hy(X;Z). Since Q and R
are flat abelian groups (see Exercise 27) Tor(—, Q), Tor(—,R), Ext(—, Q),
and Ext(—,R) all vanish. This implies the following.

Corollary 2.37. The following numbers are all equal: The Betti number
By(X), dimqHy(X;Q), dimrHy(X;R), dimgHY(X;Q), and dimp H1(X; R).
O

In particular if X is a compact smooth manifold, by the above corollary
and DeRham cohomology we see the ¢-th Betti number is the dimension of
the real vector space of closed g-forms modulo exact g-forms.

Example. Since H,(RP*Z) = Z,Z/2,0,... for ¢ = 0,1,2,..., by the
universal coefficient theorem H,(RP?*Z/2) =7/2,7Z/2,7/2,0,... for ¢ =
0,1,2,3,... and HY(RP?Z) = Z,0,Z/2,0,... for ¢ = 0,1,2,3,... What
is the geometric meaning of the torsion? Let a be a cycle representing the
generator of H1(RP?;Z), e.g. « is a “half-equator”. Then 2o = 3. The
generators of Hi(RP?;Z/2) and Ho(RP?;Z/2) are represented by a ® 1
and 3 ® 1 respectively. A representative of the generator of H?(RP?;Z) is
represented by a cocycle w where w(3) = 1.

2.7. Projects for Chapter 2

2.7.1. The acyclic models theorem and the Eilenberg-Zilber map.
First state the acyclic models theorem very carefully.

Theorem 2.38 (acyclic models theorem). Suppose that (A, M) is a cate-
gory with models. Let C the category of augmented chain complexes over R.
Let F,F' : A — C be functors so that F is free and F' acyclic. Then there
exists a natural transformation ® : ' — F' unique up to chain homotopy.

In particular, if both F and F' are free and acyclic, then F and F' are
chain equivalent and any natural transformation between them is a chain
equivalence. O

In this theorem A is a category, for example the category TOP of spaces
or the category TOP? consisting of pairs (X,Y) where X and Y are spaces
(but Y need not be a subspace of X), and M is a fixed collection of objects
of A. The functor F' : A — C is called acyclic if F(M) is an acyclic chain
complex for each model M € M; it is called free if for every X € A, the chain
groups Fy(X) are free with basis contained in the set {F,(u)F,(M)|M €
M, u € Hom(M, X)}.
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Then describe the functors
(X,Y)— S(X xY)
and
(X,Y) = S (X) @ S.(Y)
and show that they are both free and acyclic. Conclude the Eilenberg—Zilber
theorem, Theorem 3.4. Prove the acyclic models theorem.

If time is left, prove the homotopy axiom for homology and cohomol-
ogy: homotopic maps give chain homotopic maps on the singular chains.
References include [13, pg. 265-270]. Also see [36].
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Products

The theory of products in the homology and cohomology of a space comes
about by combining two basic constructions. The first is purely algebraic;
one forms the tensor product of chain complexes and their dual cochain com-
plexes and studies their relationships. The second construction is topological
and applies to the singular complex of a space. It is a natural chain homo-
topy equivalence between the singular chain complex S,(X X Y) and the
tensor product of S, X and S.Y. This result is called the Eilenberg-Zilber
theorem and it is a consequence of the acyclic models theorem.

3.1. Tensor products of chain complexes and the
algebraic Kiinneth theorem

We begin with a discussion about tensor products and Hom of graded R-
modules.

Definition 3.1.

1. A graded R-module A, can be thought of either a collection of R-
modules {Ay}rez, or as a module A = @, Ay with a direct sum
decomposition.

2. A homomorphism of graded R-modules is a element of [ [, Hom(Ay, By,).
3. The tensor product of graded R-modules A, and B, is the graded
R-module

(Ax ® Bi)p = @ (Ap®Bq)~

p+gq=n
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4. Define Hom(A., B,) to be the graded R-module, with

Hom(A., B.)y = | [ Hom(Ag, Biin).
k

The functors — ® B, and Hom(B,, —) are adjoint functors from the
category of graded R-modules to itself.

5. A graded ring is a graded abelian group R, together with a (degree
zero) map

which is associative in the sense that (ab)c = a(bc) where we write ab
for the image of a ® b. Alternatively, a graded ring can be thought of
as a ring R with a direct sum decomposition R = € Ry, satisfying
Ry - R; C Rk+l-

6. A graded ring is commutative if
ab = (—1)l4Plpq,
where a € Rj, and b € Ry

7. A graded module M, over a graded ring R, is a module over R satis-
fying Ry - M; C Mi4.

We apply these constructions to chain complexes. Let (Cy, d) and (CZ, 9..)
be two chain complexes. We allow C; and C, to be nonzero for any q € Z.

Definition 3.2. The tensor product chain complez, (Cy @ C.,d) is defined
by taking the tensor product of the underlying graded modules, so

(C.eCh= & G&C,

and giving it the differential
dz@w) =0z@w+ (—1)Pz® dw, if z € C).

(The differential d is sort of a “graded derivative;” it satisfies the product
rule by definition.)

One computes:
Pzeow) = dozew+ (—1)Pz dw)
z@w+ (—1)P 1oz dw
H(=1)POz @ dw+ (-1)?P2 2 0w
= 0.
Thus (Cy ® C.,d) is indeed a chain complex.

One geometric motivation for this construction is the following. If X and
Y are CW-complexes with cells {e;} and {f;} respectively, then X x Y is a
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CW-complex with cells {e; x f;}. The cellular chain complex C,(X xY’) can
be identified with (i.e. is isomorphic to) the tensor product Cy(X)® Ci(Y).

The question we wish to understand is: To what extent and how does the
homology of C, and C!, determine the homology of C\, ® C.? A connection
between the two is provided by the algebraic homology cross product.

Exercise 32. If C,, D, are chain complexes, there is a natural map
Xalg 1 HyCy @ HyDy — Hpiq(C @ D).
called the algebraic homology cross product defined by
[2] @ [w] = [z @ w].
Write [2] X [w] (or just [2] x [w]) for [z ® w].

The following theorem measures the extent to which this map is an
isomorphism, at least if the ground ring R is a P.I.D..

Theorem 3.3 (Kiinneth exact sequence). Suppose Cy, D, are chain com-
plexes over a P.1.D. R, and suppose Cy is a free R-module for each q. Then

there is a natural exact sequence
0 — @ Hy(C.)® Hy(D,)—"% H,(C@ D.)—® Torf(H,(C.), Hy—1(D.))—0
ptg=n ptg=n

which splits (non-naturally).

Proof. The proof is similar to the proof of the universal coefficient theorem
(Theorem 2.29), and so we only sketch the argument, leaving details, notably
issues about the grading, to the reader.

Setting Z; = ker0 : Cy — Cy—1 and By =Im 0 : Cy41 — C, we obtain
the short exact sequence

(3.1) 0—=2, —C. 2B, -0

which we view as a short exact sequence of free chain complexes by giving
Z, and B, the zero differential (the modules Z, and B, are free since they
are submodules of the free module C; and R is a P.I.D.).

Since By is free, tensoring the short exact sequence (3.1) with D, yields
a new short exact sequence of chain complexes.

(3.2) 0—-2Z,@D,—C,®D, — B, ®D, — 0.

Since the differential in the chain complex Z, is zero, the differential
0:72.% D, — Z,® D, reduces to
z@d— (-1)*z ad
and so passing to homology one gets
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Similarly

Thus, the long exact sequence in homology obtained by applying the
zig-zag lemma to the complex (3.2) reduces to the exact triangle

B, ® H.(D.) Z, @ Ho(Dy)

(3.3) \ /

H,.(C\ ® Dy)

On the other hand, applying Theorem 2.2 to the tensor product of the
short exact sequence

0 — By — Z. — H.(C\) — 0,
with H,(D,) yields an exact sequence

(3.4)
0—Tor(H,(C,),H.(D,))—By®@H,(D,)—Z, @ H,(Dy)—H.(C,)® H,(Dy)—0.

Combining (3.3) and (3.4), applying Exercise 29, taking care with the
grading, and chasing down the definitions of the maps induced finishes the
proof. O

3.2. The Eilenberg-Zilber maps

Recall the statement of the Eilenberg-Zilber theorem. Until further notice,
homology and cohomology with coefficients in a ring R is understood, and
we omit writing “; R 7.

Theorem 3.4 (Eilenberg-Zilber theorem). Let TOP? be the category whose
objects are pairs of spaces (X,Y) (we do not assume Y C X), and mor-
phisms are pairs (f : X' — X,g:Y' —Y) of continuous maps. Then the
two functors

F:(X,)Y)— S,(X xY)
and
F' o (X,Y) = Su(X) @ S.(Y)
from TOP? to the category of chain complexes are naturally equivalent, i.e.

there exist natural transformations A: F — F' and B : F' — F so that for
any pair (X,Y) the composites

SA(X XY) D S(X)® S (V) D S,(X xY)
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and

S (X)® S (V) 2 Su(X x V) D 8,(X) ® S, (Y)
are chain homotopic to the identity. Moreover, any two choices of A (resp.
B) are naturally chain homotopic.

In particular, there exist natural isomorphisms
H, (X xXY) — Hp(S«(X) ®S«(Y))

for each n. O

The proof of this theorem is an easy application of the acyclic mod-
els theorem. See the project on the acyclic models theorem at the end of
Chapter 2.

The natural transformations A and B determine chain homotopy equiv-
alences
A:S (X XY)— 5,(X)®8.(Y)
and
B:S,(X)®S8,(Y) = Si(X xY)
for any pair of spaces X and Y. We will call these maps the Eilenberg-Zilber
maps.

The confusing, abstract, but important point is that A and B are not
canonical, but only natural. That is, they are obtained by the method of
acyclic models, and so constructed step by step by making certain arbitrary
choices. However, these choices are made consistently for all spaces.

In what follows, we will show how a choice of A and B determines
natural additional structure, namely products, on the singular complex and
homology of a space. But you should keep in mind that all the constructions
depend at core on the non-canonical choice of the transformations A and B.

An alternative approach to this material is to just give specific formulas
for A and B. It is easy to imagine a chain map B : S,(X) ® S«(Y) —
S«(X x Y). Given singular simplices 0 : A, — X and 7 : A; — Y, there
is the product map o x 7: A, x A; — X x Y. Unfortunately the product
of simplices is not a simplex, but it can be chopped up into a union of
p+ g-simplices (consider a square chopped into triangles or a prism chopped
into tetrahedra.) Then one could choose B(c ® T) to be a sum of singular
p + g-simplices — the “shuffle product”.

It is harder to imagine a candidate for the reverse map A : S,(X X
Y) — S.(X) ® S«(Y), but one can do this explicitly using projections to
X and Y — the “Alexander-Whitney diagonal approximation”. However,
even if one constructs the maps A and B explicitly, they will only be chain
homotopy equivalences, not isomorphisms; S, (X x Y') is simply bigger than
S (X) @ S, (Y).
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In any case, invoking a technical formula can obscure the point of a con-
struction (just look at any page of a differential geometry book for evidence
of this principle). Thus for what follows, fix a natural transformations A
and B whose existence is asserted in Theorem 3.4. Each product on chain
complexes constructed below depends on the choice of A or B, but this
dependence disappears when passing to homology and cohomology.

3.3. Cross and cup products

3.3.1. The homology cross product and the Kiinneth formula. Ex-
ercise 32 implies that the natural map

Xag : HpX @ H)Y — Hpiq(S:X ®5,Y)

given on the chain level by [a] ® [b] — [a ® ] is well-defined. Denote by B,
the isomorphism induced by the Eilenberg-Zilber map on homology, so

Byt Ho(S.(X) ® S4(Y)) = Ho(S:(X xY)) = H (X x Y).

Composing X,, with By, we obtain
X Hy X ® HYY — Hpq(X xY).
Definition 3.5. If o € H, X, 8 € H;Y, the image of o ® 3 under this map
is called the homology cross product of o and 3, and is denoted by a x .

The Eilenberg-Zilber theorem has the following important consequence.

Theorem 3.6 (Kiinneth formula). If R is a P.I.D., there exists a split ex-
act sequence

—1
0— & HyX ® HypY — Ho(X xY) = & Tor(HyX, Ho_1_,Y) — 0.
p=0 p=0

The first map is given by cross products.

Proof. This follows easily by combining the the Kiinneth exact sequence
(Theorem 3.3) to the free chain complexes S, X and S,Y with the Eilenberg-
Zilber theorem. O

Corollary 3.7. If R is a field, then
H.(X xY)=H.(X)® H.Y).

Exercise 33. Compute H,(RP? x RP?), both with Z and Z/2-coefficients.
Give a geometric interpretation of the class coming from the Tor term in
the Kiinneth formula.

The Kiinneth formula implies that if Ris a PID., ax 8 #0if a #0
and 3 # 0.
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3.3.2. The cohomology cross product. Let C, and D, be chain com-
plexes over a ring R and let C* and D* be the dual chain complexes
Homp(Cy, R) and Hompg(D,, R) respectively.

Exercise 34. If C,, D, are chain complexes, there is a natural map
xe . qPC* @ HID* — HPT((C, ® D,)*)

defined by [a] ® [B] — [>] 2 @ w; — > a(z;) - B(w;)]. In this formula if «
and z; are of different degrees, then «a(z;) is zero, and likewise for [(w;).
The notation a(z;) - f(w;) refers to multiplication in the ring R.

This map is called the algebraic cohomology cross product.

Applying this product to the singular complexes we see that for any
spaces X and Y we have a map

& HPX @ HYY — HPY((S,X @ 5,Y)%)

Using the Eilenberg-Zilber theorem we can further map to HPT4(X x Y).
Explicitly, the dual of the Eilenberg-Zilber map A : S,(X xY) — S, X®5,Y
is a chain homotopy equivalence A* : (S, X ® S,Y)* — S*(X x Y). Passing
to cohomology one obtains an isomorphism

A* L HY((S,X ® S.Y)) — H*(X x Y).

This map is independent of the choice of Eilenberg-Zilber map A since any
two are naturally chain homotopic. (We will be somewhat casual with no-
tation and denote by A* the dual of A as well as the induced map on co-
homology. This should not cause any confusion and will keep the notation
under control.)

Definition 3.8. If a € HPX, b € H?Y, the image of a ® b under the
composite
al *
HPX @ HTY 25 HPH9((S,X @ S,Y)*) 25 H*(X x Y)
map is called the cohomology cross product of a and b, and is denoted by

a X b.

3.3.3. The cup product. Combining the the diagonal map A : X —
X x X, x — (z,x) with the cross product leads to the important cup
product:

Definition 3.9. If If a € HPX, b € H?X, then the cup product of a and b
is defined by a Ub = A*(a x b) € HPTIX.

To review, the cup product gives a homomorphism

HPX @ HIX — HPTX, a®br— aUb.
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It is defined as the composite

HPX @ HIX 25 grva((5,X © 5,X)") A% Brra(x x X) 2L grrax
where the first map is given by x® the second by the dual of the Eilenberg-
Zilber map A and the third by the diagonal map.

It is usually more intuitive to think of the cup product as a bilinear
pairing
U: HPX x H1X — HPTIX,
by precomposing with the canonical map HPX x H1X — HPX ® H1X.

The next lemma shows the cross product determines the cup product
and conversely the cup product determine the cross product. Both are
functorial.

Lemma 3.10. Let f : X' — X and g : Y' — Y be continuous maps. Let
a,be H*X and c € H*Y .

1. aUb= A% x b)

2. a X ¢ = pxaUpyjc, where px and py are the projections in X x Y.

3. f*(aUb) = f*a U f*b.

4. (f x g)*(a xc) = f*a x g*c
Proof. We prove these in reverse order. 4.) follows from the naturality of
the Eilenberg-Zilber map and the algebraic cohomology cross product with
respect to pairs of maps (f: X' — X,g: Y —Y).

3.) follows since

ffaU f*b = A*(f*a x f*b)

= A™(fx f)"(axD)

((f>< f)oA)(axb)

= (Ao f)*(axb)
= [H(A%(ax b))
= f*(aub).
2.) follows since
pxaUpyc = Ay.y(pxax pyc)

= Ay ((px xpy)*(a xc))
((px x py) o Axxy)*(a x c)
= Idy,y(a xc).

1.) is the definition of cup product. O
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At this point it is convenient to introduce the concept of a diagonal
approximation.

Definition 3.11. A diagonal approximation 7 is a chain map
T: 59X — 5. X ® 85, X
for every space X, so that

1. 7(0) = 0 ® o for every O-simplex o.

2. 7 is natural with respect to continuous maps of a spaces.

Now the functor S, X is free on the models {A"} and S, X ® S.X is
acyclic on these models, so the acyclic models theorem says that there exists
a diagonal approximation and any two such are natural chain homotopic.
If A is an Eilenberg-Zilber map and A : X — X x X is the diagonal map,
then 7 = A o A, is a diagonal approximation. Thus we can rephrase the
definition of the cup product

aUb=71"(a x*8b).

Lemma 3.12. A choice of Eilenberg-Zilber map A : Sy,(X XY) — S, (X)®
S«(Y) determines a diagonal approximation 7 : SuX — S, X ® S, X by the
formula

T=A0A,.

Conversely, a diagonal approximation T determines an Filenberg-Zilber
map A by the formula A = (px ® py) o T, that is, as the composite

S.(X XY) —T v 85X x V)@ S, (X x V) 2R 5 (X)) @ 5.(Y).

Proof. Given an Eilenberg-Zilber map A, clearly A o A, is a diagonal ap-
proximation.

Conversely, the map (py ® py ) o 7 is a natural transformation from the
functor F': (X,Y) — S, (X xY) to the functor F' : (X,Y) — S (X)@S.(Y).
By the uniqueness part of the Eilenberg-Zilber theorem, this must be an
Eilenberg-Zilber map. |

In light of Lemma 3.12, we see that the cup product and the cohomology
cross product could just as well have been defined starting with a diagonal
approximation. We will use 7 or A depending on which one leads to simpler
notation, using the formulas of Lemma 3.12 to pass between the two.

The following theorem says that H*X is a graded commutative ring with
unit. (Remember, coefficients in a commutative ring R are understood.)
Part 3.) of Lemma 3.10 shows that a map of spaces f : X — Y induces a
map f*: H'Y — H*X of graded rings.



60 3. Products

Theorem 3.13.
1. Let 1 € H%(X) be represented by the cocycle which takes every singu-
lar O-simplex to 1 € R. Then lUa=a=aU1l.
2. (aUb)Uc=aU (bUc).
3. aUb= (-1)9PlbUa. Here |a| represents the degree of A, i.e. a €
Hllx.

Proof. All three parts involve the uniqueness part of the method of acyclic
models.

1. Represent 1 € H°X by the cochain 1 € S°X. The algebraic co-
homology cross product is represented on the chain level by the canonical
identification

x?8 . C* @ D* — (C. @ Dy)*.
Consider the natural transformation of functors
C:5X —-S*X
defined by
C(a) = 7(1 x™8 q).
This induces the identity map on H?; if ¢ is a singular 0-simplex, then
Cla)(o) = 75(1 x™&a)(0)
= (1 x™a)(r(0))
= (1x"™a)(c®0)
= 1(o)-a(o) = a(o).
Since S*X is free and acyclic on the models {AP}, the map C' must be

naturally chain equivalent to the identity by the acyclic models theorem.
Passing to cohomology gives 1.

2. The compositions of Eilenberg-Zilber maps
S X®SY®S.Z—-S(XXY)®5.Z— S(XxY x2)
S X®SY®S.Z—-S.X8(YXxZ)—S.(XxY x2)

are natural transformations of functors on TOP?3 (triples of spaces), which
are free and acyclic on the models {AP; A% A"}, They induce the same map
on Hy so must be naturally chain homotopic. Associativity follows.
3. The key observation here is that for chain complexes C, and D,, the
interchange map
T:C.,®D, — D, ®C,

z@we— (1)l @ 2
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gives an isomorphism of chain complexes. Let S : X XY — Y x X be the
geometric switch map S(z,y) = (y,x). Thus the Eilenberg-Zilber maps

ToA:S(XxY)—S58Y®S5.X

Ao S, : Si(X xY)— S5Y®S5.X
are naturally chain homotopic by the uniqueness part of the acyclic models
theorem. The result follows.

More explicitly, if .S is the switch map on X x X, note that
SoA=A:X—>XxX.
Thus

aUb = A%(axb)
= A*S*(a x b)
= A*S*A*(a x™2b)
= A*(AoS)"(ax™8b)
= A*(T o A)*(a x™&b)
= (=1)llPIA 4% (b x?8 @)
= (=D)llltlpyaq.

O

Exercise 35. Give another proof of the graded commutativity of the cup
product as follows. Let T': S, X ®5,X — S, X®S5,X be the algebraic switch
map, = @y — (—1)*¥ly @ z. Show that if 7 is a diagonal approximation,
so is T'o 7. Use this to show that H* X is graded commutative.

Sometimes one wishes to use products on homology and cohomology
with coefficients in various R-modules. The following exercise shows how to
accomplish this. The basic idea is that multiplication in the ring R was used
in the in the definition of cup products (in fact in the definition of x*#),
and so when passing to more general modules an auxiliary multiplication is
needed.

Exercise 36. If M, N, P are R modules, and M x N — P a bilinear map,
show how to construct a cross product

x : HP(X; M) x HY(Y;N) — HPTI(X x Y; P)
and a cup product

U: HP(X; M) x HY(X; N) — HPTI(X; P).
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3.3.4. The cap product. Recall that the Kronecker pairing is a natural
bilinear evaluation map (sometimes called “integration” by analogy with the
deRham map)

(,): "X xS,X—R
defined for a € 59X,z € 5, X by
o
(a2 = {a(z) ifp=1q

0 otherwise.

This pairing can be extended to a “partial evaluation” or “partial inte-
gration” map

E:S"X®S5.X®85.X — S.X

by “evaluating the first factor on the last factor”, i.e.

Ela®z@w)=a(w) ® z.
We will define the cap product on the chain level first.

Definition 3.14. The cap product
SUX) X Spyq(X) = 5g(X)

is defined for a € S9(X), z € Sp44(X) by
aNz=FEla®AoAz)).

The definition can be given in terms of a diagonal approximation 7
instead of the Eilenberg-Zilber map A:

anNz=FEla®T(z)).
Lemma 3.15. For a € S9X, z € Sp4X,

danz)=(—)Péanz+aniz.

Proof. Suppose 7(z) = > z; ® y; so that |z;| + |y;| = p+ ¢. Then since «
only evaluates non-trivially on chains in degree ¢, we have

danz) = OE(a®7(2))

=0 Z a(yi) - o

lyil=q

= Z a(yi) - O

lyil=q
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and
danz = E(0a®T1(z))
= Z dor(yi) - i
= Z a(0y;) - ;.
lyil=q+1
Moreover,
andz = Ela®T(02))
= FEla®0r(z))

= BE(@® () omey+ Y (-)"lz e oy))

= Zayi-ﬁxi—i— Z — 71a(ayi)-$i

lvil=q lyil=q+1
= danz)+ (-1)P"(a)N 2.

O
Lemma 3.15 immediately implies:
Corollary 3.16. The cap product descends to a well defined product
N:HIX x Hyp X — H,X
(lod, [2]) = [N 2]
after passing to (co)homology. O

Exercise 37. Let a,b € H*X and z € H,X. Show that

1. {(a,bNz) = (aUb,z).

2.an(bnNz)=(aUb) Nz
Thus the cap product makes the homology H,(X) a module over the ring
H*(X).

3.3.5. The slant product. We next introduce the slant product which
bears the same relation to the cross product as the cap product does to the
cup product (this could be on an SAT test). Again we give the definition
on the chain level first.

Definition 3.17. The slant product
V' SUY) X Spig(X % ¥) = S,(X)
is defined for a € S7Y, and z € Sp44(X x Y) by
a\z =E(a® A(z)) € S, X
Where A : S,(X xY) — S.(X) ® S«(Y) is the Eilenberg-Zilber map.
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Similar arguments to those given for the other products given above
show that
(a,b\z) = (a x b, 2)
for all @ € S7Y and that passing to (co)homology one obtains a well-defined
bilinear map
\:HY x Hpp (X xY) — H,X.

If M,N,P are R modules and M x N — P a bilinear map, one can
define cap products

N: HY(X; M) x Hpy (X5 N) — Hy(X; P)
and slant products
\:HYY; M) x Hy1 (X xY;N) — H,(X;P).
(See Exercise 36.)

There are even more products (the book by Dold [8] is a good reference).
For example, there is another slant product

/ HPYY(X xY) x H)Y — HPX.

Often one distinguishes between internal products which are defined in terms
of one space X (such as the cup and cap products) and external products
which involve the product of two spaces X x Y. Of course, one can go back
and forth between the two by thinking of X x Y as a single space and using
the two projections px and py and the diagonal map A : X — X x X.

3.4. The Alexander-Whitney diagonal
approximation

When considered on the chain level, the various products we have defined
above do depend on the choice of Eilenberg-Zilber map A : S,(X xY) —
S«(X) ® S«(Y). Only by passing to (co)homology does the choice of A
disappear. It is nevertheless often useful to work on the chain level, since
there is subtle homotopy-theoretic information contained in the singular
complex which leads to extra structure such as such as Steenrod operations
and Massey products.

We will give an explicit formula due to Alexander and Whitney for a
specific choice of A. This enables one to write down formulas for the products
on the chain level, and in particular gives the singular cochain complex of a
space an explicit natural associative ring structure.

Definition 3.18. Given a singular n-simplex ¢ : A™ — X, and integers
0 < p,g < n, define the front p-face of o to be the singular p-simplex
po AP — X

po(to,... ,tp) =0o(to,... ,tp,0,...,0)
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and the back g-face of o to be the singular g-simplex o4 : A? — X
Uq(to,... ,tq) =0(0,...,0,t,... ,tq).
Let px : X XY — X and py : X XY — Y denote the two projections.

Definition 3.19. The Alexander- Whitney map
A:S (X XY)— 5.(X)®8.(Y)

is the natural transformation given by the formula

Al0)= > plpxo0)® (py 00)q
pg=n
Thus
A:Sp(X xY) = (S X@5Y),= @& S Xo5Y.
ptq=n
The Alexander-Whitney map A is a natural chain map since it is given

by a specific formula involving geometric simplices which is independent of
the choice of X and Y.

Exercise 38. Show directly that A induces an isomorphism on Hj.

From the uniqueness part of the Eilenberg-Zilber theorem, it follows that
A is a chain homotopy equivalence, and can be used to define cross products
and cup products. (This illustrates the power of the acyclic models theorem;
the naturality of the Alexander-Whitney map and the map on Hj suffice to
conclude that A is a chain homotopy equivalence.)

To an Eilenberg-Zilber map A one can associate the corresponding di-
agonal approximation 7 = A o A,. Taking A to be the Alexander-Whitney
map one gets the following.

Definition 3.20. The Alezander-Whitney diagonal approximation is the
map
7(0) = Z p0 @ 0y.
pt+g=n

This allows one to define a specific product structure on $*X: for a
cochain a € SPX and 3 € S9X, define o U 3 € SPT4X by

(U B)(o) = alpo) - Blog).

Exercise 39. By tracing through this definition of the cup product, show
that [a] U [8] = [ U 3]

Exercise 40. Using the Alexander-Whitney diagonal approximation,

1. prove that S*(X; R) is an associative ring with unit 1 represented by
the cochain ¢ € S%(X; R) = Hom(Sp(X); R) which takes the value 1

on every singular 0-simplex in X.
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2. Compute cap products: show that if o € S9X and o is a singular
(p + q)-simplex, then

ano = a(og) - po.

3. Show that («UB)Nz=an (8N z), and so the cap product makes
S« (X) into a S*(X) module.

We have already seen that cohomology is an associative and graded
commutative ring with unit in Theorem 3.13. However, the methods used
there cannot be used to show that S*(X) is an associative ring; in fact it is
not for a random choice of Eilenberg-Zilber map A.

The Alexander-Whitney map is a particularly nice choice of Eilenberg-
Zilber map because it does give an associative ring structure on S*(X).
This ring structure, alas, is not (graded) commutative (Steenrod squares
give obstructions to its being commutative), while the ring structure on
H*X is commutative by Theorem 3.13.

Notice that the deRham cochain complex of differential forms on a
smooth manifold is graded commutative, since differential forms satisfy
aANb= 1bAa. It is possible to give a natural construction of a commuta-
tive chain complex over the rationals which gives the rational homology of
a space; this was done using rational differential forms on a simplicial com-
plex by Sullivan. This fact is exploited in the subject of rational homotopy
theory [14]. On the other hand it is impossible to construct a functor from
spaces to commutative, associative chain complexes over Z which gives the
integral homology of a space.

Exercise 41. Give an example of two singular 1-cochains a; and as such
that aq Uag # —a U g using the Alexander-Whitney diagonal approxima-
tion to define the cup product.

See Vick’s book [41] for a nice example of computing the cohomology
ring of the torus directly using the Alexander-Whitney diagonal approxima-
tion.

If X is a CW-complex then the diagonal A : X — X x X is not cellular
(consider X = [0, 1]). However the cellular approximation theorem says that
A is homotopic to a cellular map A’. If Al(2) = > z; ® y;, then the cup
product on cellular cohomology can be defined by (aUB)(2) = > a(x;)-B(y;)-
The geometric root of the Alexander-Whitney diagonal approximation is
finding a simplicial map (i.e. takes simplices to simplices and is affine on
the simplices) homotopic to the diagonal map A™ — A™ x A",

Let € : SoX — R be the augmentation map €(>  rio;) = >, r;. This
passes to homology €, : HgpX — R and is an isomorphism if X is path
connected.
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The cup product of an g-dimensional cocycle with a g-dimensional co-
cycle generalizes the Kronecker pairing in the following sense.

Proposition 3.21. For a € H?X and z € H, X,
(o, 2) = ex(aNz2).
Proof. We show that for any cochain oo € S9X and for any chain z € S, X,
using the Alexander-Whitney definition,
a(z) =e(lanz).
By linearity it suffices to check this for z = o.
elano) =e(a(ay) - 90)) = afo).

O

Notice that the argument shows that the equation (a,z) = e.(a N z)
holds even on the chain level. Since €, is a canonical isomorphism for a
path—connected space we will usually just write

(o, 2) =anz.

Can you prove Proposition 3.21 for an arbitrary choice of diagonal ap-
proximation using the acyclic models theorem?

3.5. Relative cup and cap products

The constructions of cup and cap products carry over without any difficulty
to the singular chains and singular (co)homology of a pair (X, A). Naturality
then implies that there is a cup product

(3.5) H*(X,A) x H(X,B) — H* (X, AN B).

However, it turns out that applying a construction that comes about in
proving the excision theorem via acyclic models, one can obtain a very useful
form of cup and cap products, for example there is a well-defined natural
cup product

(3.6) H*(X,A) x H*(X, B) — H*(X,AUB),
provided A and B are open. (Explain to yourself why (3.6) is better than
(3.5).)

That the pairing (3.6) exists is not so surprising if you think in terms of
the Alexander-Whitney definition of cup product. Recall

(@Ub)o = a(y0) - b(oy).
If the image of o is contained in either A or B, then the sum will be zero,
since a is zero on simplices in A and b is zero on simplices in B. However, if
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A and B are open, then one can subdivide o so that each piece is contained
in A or B. The existence of this cup product follows since subdivision
disappears when passing to cohomology. We now give a formal argument.

We begin with some algebraic observations. Suppose (X, A) and (Y, B)
are two pairs of spaces. Then
S X _SY S, X®S8.Y
SAYSB SX98.B+85A405Y

This is a natural isomorphism, induced by the surjection
S X ® S.Y
S,A ~ S.B’

Exercise 42. Prove that (3.7) is a natural isomorphism.

(3.7)

Now assume X =Y, i.e. let A and B be subsets of X. The diagonal
approximation 7 satisfies 7(S,A) C S.A ® Sy A and 7(S.B) C S.B ® S.B.
Thus 7 induces a map

_SX S X ® S.X
" S, A+ S.B S, X®S,A+S8.B®S.X’

The composite

S*X S*X T*oxa‘lg S*X
HOHl (&—A,R> ®HOH’I<S*B,R> > HOHl (m,R)

induces a cup product

S, X
P q , [JPta * .
(3.8) HP(X,A)x HY(X,B) - H (Hom (S* S, ,R))

Definition 3.22. If A, B are subspaces of a topological space X, we say
{A, B} is an ezcisive pair if the inclusion map

S«(A) + S«(B) C S«(AUB)
is a chain homotopy equivalence.

Since a chain map between free chain complexes inducing an isomor-
phism on homology is a chain homotopy equivalence, this is equivalent to
requiring that the inclusion map induces an isomorphism on homology.

If {A, B} is an excisive pair, the induced map on cochain complexes
S*(AU B) — Hom(S.(A) + S«(B), R)

is also a chain homotopy equivalence and hence induces an isomorphism on
cohomology.

The excision theorem implies that if

A UB = Int AuBA U Int AuBB
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then {A, B} is an excisive pair. Standard arguments show that if A, B are
subcomplexes of a CW-complex X, then {A, B} is excisive (replace A, B by
homotopy equivalent neighborhoods).

Exercise 43. Let A be a point on a circle in X = R? and let B be the
complement of A in this circle. Show that {A, B} is not an excisive pair.

Suppose {A, B} is an excisive pair. Then consider the two short exact
sequences of chain complexes
S« X

0 SyA+ S S, S A1 S.B 0

S X

O"S*(AUB) — 5. X — m —_—

The zig-zag lemma gives a ladder of long exact sequences on cohomology
where two-thirds of the vertical arrows are isomorphisms. The five lemma
shows that the rest are isomorphisms, in particular, we conclude that if
{A, B} is an excisive pair, the natural map

is an isomorphism for all n. Combining this fact with the cup product of
Equation (3.8) gives a proof of the following theorem.

Theorem 3.23. If {A, B} is an excisive pair, there is a well-defined cup
product
U: HP(X,A) x HY(X,B) — HPT(X, AU B).

Here is a particularly interesting application of Theorem 3.23.

Exercise 44. Show that if X is covered by open, contractible sets U;, i =
1,---,n then

aiU---Ua, =0
for any collection of a; € H%(X) with ¢; > 0.

As an example, the torus cannot be covered by two charts, since the cup
product of the two 1-dimensional generators of cohomology is non-trivial
(by Exercise 48).

Notice that the pair {A, A} is always excisive. Thus H*(X, A) is a ring.
Also, {A, ¢} is always excisive. This implies the following.
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Corollary 3.24. There is a well-defined natural cup product
U: HP(X,A) x H1X — HPTI(X, A).

Similar arguments apply to cap products. The final result is:

Theorem 3.25. If {A, B} is an excisive pair, then there is a well-defined
cap product

N: HY(X,A) x Hy o(X,AUB) — Hy(X,B).

Proof. (Special case when A = (), using the Alexander-Whitney map.)

If A=0,let a € S9X be a cocycle, and let ¢ € S, 44X so that its image
in Spy4(X,B) is a cycle, i.e. 0c € Sp1q—1B. Then anNec € S;X. Since
d(anc) =daNc+(—1)%anNdc, and da = 0, it follows that d(aNc) = aNde.

Because dc € S.B, anNdc € S,B also. Indeed, if dc = > 104, 0y :
APta—1 B, andc= ZTia(qu) “ iy g but Tip_y AP~ - Be S,.B.
Thus d(aNc) € SyB, i.e. aNcis a cycle in S, (X, B).

It is easy to check that replacing a by a + dx, and ¢ by ¢+ 9y, y €
Sp+q+1(X, B) does not change a N ¢ in H,(X, B). 0

Exercise 45. Prove Theorem 3.25 when B = () and A # 0.

3.6. Projects for Chapter 3

3.6.1. Algebraic limits and the Poincaré duality theorem. Define
both direct and inverse limits of modules over a directed system. Define
a n-dimensional manifold. Define the local orientation and the fundamen-
tal class of a manifold. Define the compactly supported cohomology of a
manifold, then state and prove the Poincaré duality theorem. State the
Poincaré-Lefschetz duality for a manifold with boundary. If time permits
state the Alexander duality theorem. A good reference is Milnor and Stash-
eff’s “characteristic classes”, [30, pg. 276]. Also see [13, pg. 217]. For the
definition of limits see [33].

Let M be a connected manifold of dimension n.

1. If M is non-compact, then H,M = 0. (Just prove the orientable case
if the non-orientable case seems too involved).

2. If M is compact, then H, (M;Z) is Z or 0. It is Z if and only if M is
orientable.

From these facts you can define the Poincaré duality maps. The following
theorem forms the cornerstone of the subject of geometric topology.
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Theorem 3.26.

1. (Poincaré duality) Let M be an oriented n-dimensional compact man-
ifold without boundary. Then the orientation determines a preferred
generator [M] € Hp,(M;Z) =2 Z. Taking cap products with this gen-
erator induces isomorphisms

N[M]: HP(M;Z) — H,_,(M;Z).

2. (Poincaré-Lefschetz duality) Let M be a compact oriented n-manifold
with non-empty boundary OM. Then the orientation determines a
preferred generator [M,0M| € H,(M,0M;Z). The manifold with-
out boundary OM is orientable. Let [OM] = O([M,0M]) where O :
H,(M,0M) — H,_1(0M). Then the diagram

. — HP"YM) — HP~Y(OM) — HP(M,0M) — HP(M)—---
N[M,0M) N[oM] N[M,0M] N[M,0M]
= Hy oy (MOM) ~ Hyp(OM) ——— Hyyp(M) — Hyp(M,OM)—---

commutes up to sign, where the horizontal rows are the long exact se-
quences in cohomology and homology for the pairs, and every vertical
map s an isomorphism.

3. (Alexander duality) Let M be a compact closed orientable n-manifold,
and let A C M be a finite subcomplex. Then HP(A) is isomorphic to
Hy_p(M,M — A).

O

3.6.2. Exercises on intersection forms. Let M be a compact, closed,
oriented n-dimensional manifold. For each p, define a bilinear form

HP(M;Z) x H" P(M;Z) — Z
by a-b= (aUb,[M]).
Exercise 46. a-b= (—1)?Pp.q.

Given a finitely generated abelian group A, let T'= T(A) C A denote
the torsion subgroup. Thus A/T is a free abelian group.

Exercise 47. Show that the pairing (a,b) — a - b passes to a well-defined
pairing

(3.9) HP(M;Z)/T x H" P(M;Z)]T — Z.
Show that this pairing is perfect, i.e. the adjoint
HP(M;Z)/T — Hom(H" P(M;Z)/T,Z)
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is an isomorphism of free abelian groups. (Hint: use the universal coefficient
theorem and Poincaré duality.)

The pairing (3.9) is called the intersection pairing on M. In Section
10.7 we will see that the pairing can be described by the intersection of
submanifolds of M.

Exercise 48. Compute the cohomology rings H*(RP™;Z/2), H*(CP™; Z),
and H*(T";Z) using Poincaré duality and induction on n. (The first two
are truncated polynomial rings; the last one is an exterior algebra.)

If dim M = 2k, then
H*(M:Z)/T x H*(M:;Z))T — Z
called the intersection form of M. It is well-defined and unimodular over Z,

i.e. has determinant equal to +1.

Let V = H¥(M,Z)/T. So (V, ) is an inner product space over Z. This
inner product space can have two kinds of symmetry.
Case 1. kis odd. Thusdim M =4¢+2. Thenv-w = —w-v forv,w € V,
so (V,-) is a skew-symmetric and unimodular inner product space over Z.

Exercise 49. Prove that there exists a basis vi,wy,vo, wa, -+ , Uy, W, SO
that v; - v; = 0 for all 7,7, w; - w; = 0 for all 4,7, and v; - w; = J;;. So
(V,-) has matrix

(all other entries zero) in this basis. Such a basis is called a “symplectic
basis”. The closed surface of genus r is an example; describe a symplectic
basis geometrically.

Hence unimodular skew-symmetric pairings over Z are classified by their
rank. In other words, the integer intersection form of a 4k — 2-dimensional
manifold M contains no more information than the dimension of H***+1(M).

Case 2. k is even. Thus dim M =4¢. Thenv-w=w-v,s0 (V,-) is a
symmetric and unimodular inner product space over Z

There are 3 invariants of such unimodular symmetric forms:

1. The rank of (V,-) is the rank of V as a free abelian group.

2. The signature of (V,-) is the difference of the number of positive
eigenvalues and the number of negative eigenvalues in any matrix
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representation of (V,-). (The eigenvalues of a symmetric real matrix
are all real.)

Notice that in any basis {v;} for V, the form - defines a matrix @ with
Qij = v;-vj. Since @ is symmetric, There exists a basis over the real numbers
so that in this basis @ is diagonal (with real eigenvalues).

Exercise 50. Show that although the eigenvalues of () are not well defined,
their signs are well-defined, so that the signature is well-defined. (This is
often called Sylvester’s Theorem of Inertia).

3. The type (odd or even) of (V) is defined to be even if and only if
v - v is even for all v € V. Otherwise the type is said to be odd.

The form (V,-) is called definite if the absolute value of its signature
equals its rank; i.e. the eigenvalues of () are either all positive or all negative.

The main result about unimodular integral forms is the following. For
a proof see e.g. [29].

Theorem 3.27. If (V,-),(W,-) are two unimodular, symmetric, indefinite
forms over Z, then V. and W are isometric (i.e. there exists an isomorphism
V' — W preserving the inner product) if and only if they have the same rank,

stgnature, and type.
In fact, any odd indefinite form is equivalent to &(1)B(—1), and any
V4 m
even indefinite form is equivalent to

0 1
?[1 o]%m
where
o 1 -
1 21
1 21
1 21
E8 = 1 2101
1 210
01 20
L 1 0 0 2
(all other entries zero). O

Exercise 51. Prove ES is unimodular and has signature equal to 8.

The classification of definite forms is not known. It is known that:

1. for each rank, there are finitely many isomorphism types.
2. If (V,-) is definite and even, then sign(V,-) =0 Mod 8.
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3. There are

1 even, positive definite rank 8 forms.

2 ? rank 16 ?
24 ? rank 24 ?
7101 ? rank 40 ”

Definition 3.28. The signature, sign M, of a compact, oriented 4k-manifold
without boundary M is the signature of its intersection form

H?*(M;Z)/T x H*(M;Z)/T — Z

The following sequence of exercises introduce the important technique
of bordism in geometric topology. The topic will be revisited from the per-
spective of algebraic topology in Chapter 8.

Exercise 52.

1. Let M be a closed, odd—dimensional manifold. Show that the Euler
characteristic x(M) = 0. Prove it for non-orientable manifolds, too.

2. Let M be a closed, orientable manifold of dimension 4k + 2. Show
that x (M) is even.

3. Let M be a closed, oriented manifold of dimension 4k. Show that the
signature sign M is congruent to x (M) mod 2.

4. Let M be the boundary of a compact manifold W. Show (M) is
even.

5. Let M be the boundary of an compact, oriented manifold W and
suppose the dimension of M is 4k. Show sign M = 0.

6. Give examples of manifolds which are and are not boundaries.

We have seen that even—dimensional manifolds admit intersection forms
on the free part of their middle dimensional cohomology. For odd-dimensional
manifolds one can construct the linking form on the torsion part of the
“middle dimensional” cohomology as well. The construction is a bit more
involved. We will outline one approach. Underlying this construction is the
following exercise.

Exercise 53. If M is a compact, closed, oriented manifold of dimension n,
show that the torsion subgroups of HP(M) and H" P*!(M) are isomorphic.
(Note: you will use the fact that H,.(M) is finitely generated if M is a
compact manifold.)

Consider the short exact sequence of abelian groups

0-Z—-Q—Q/Z—0.
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For any space X, one can dualize this sequence with the (integer) singular
complex to obtain a short exact sequence of cochain complexes

0 — Homgz(S«(X),Z) — Homgz(S.(X), Q) — Homz(S«(X),Q/Z) — 0.

The zig-zag lemma gives a long exact sequence in cohomology
S HYX;Q/Z) S HYXZ) L HIX;Q) — -

Exercise 54. Prove that the map ¢ : H9"Y(X;Q/Z) — HY(X;Z) maps
onto the torsion subgroup 1" of H1(X;Z).

(The map ¢ is a Bockstein homomorphism; see Section 10.4)
The bilinear map
Q/Z x Z — Q/Z, (a.b)— ab

is non-degenerate, in fact induces an isomorphism Q/Z ® Z — Q/Z. This
bilinear map can be used to define a cup product

(3.10) H7™YX;Q/Z) x H (X;Z) — H*Y(X;Q/Z)
as in Exercise 36.

Now suppose that M is a closed manifold of dimension 2k — 1. Let
T C H*(M;Z) denote the torsion subgroup.

Exercise 55. Prove that the linking pairing of M
TxT— Q/Z
defined by
(a,b) = (67" (a) Ub, [M])

is well-defined. Here 6~'(a) means any element z in H*~'(M;Q/Z) with
i(2) = a.

Show that this pairing is skew symmetric if dim(M) = 4k + 1 and sym-
metric if dim(M) = 4k — 1.

It is a little bit harder to show that this pairing is non-singular (the proof
uses Exercise 53 in the same way that the corresponding fact for the free part
of cohomology is used to show that the intersection pairing is non-singular.)






Chapter /

Fiber Bundles

Fiber bundles form a nice class of maps in topology, and many naturally
occurring maps are fiber bundles. A theorem of Hurewicz says that fiber
bundles are fibrations, and fibrations are a natural class of maps to study in
algebraic topology, as we will soon see. There are several alternate notions of
fiber bundles and their relationships with one another is somewhat technical.
The standard reference is Steenrod’s book [37].

A fiber bundle is also called a Hurewicz fiber bundle or a locally trivial
fiber bundle. The word “fiber” is often spelled “fibre,” even by people who
live in English speaking countries in the Western hemisphere.

4.1. Group actions

Let G be a topological group. This means that G is a topological space and
also a group so that the multiplication map p : G x G — G, u(g,h) = gh
and the inversion map ¢ : G — G, (g) = g~ ! are continuous.

Definition 4.1. A topological group G acts on a space X if there is a group
homomorphism G — Homeo(X) such that the “adjoint”

GxX—X (g,2) — g(x)

is continuous. We will usually write g - = instead of g(x).
The orbit of a point = € X is the set Gx = {g - z|g € G}.

The orbit space or quotient space X/G is the quotient space X/~, with
the equivalence relation x~g - x.

The fized setis X¢ = {x € X|g-x =z for all g € G}.
An action is called free if g(x) # x for all x € X and for all g # e.
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An action is called effective if the homomorphism G — Homeo(X) is
injective.

A variant of this definition requires the homomorphism G — Homeo(X)
to be continuous with respect to the compact-open topology on Homeo(X),
or some other topology, depending on what X is (for example, one could
take the C'™ topology on Diff(X) if X is a smooth manifold). Also note that
we have defined a left action of G on X. There is a corresponding notion of
right G-action (z,g) — x - g. For example, one usually takes 7; X to act on
the right by covering transformations on the universal cover of X.

4.2. Fiber bundles

We can now give a definition of fiber bundles.

Definition 4.2. Let G be a topological group acting effectively on a space
F. A fiber bundle E over B with fiber F' and structure group G is a map
p : E — B together with a collection of homeomorphisms {¢ : U x F —
p~1(U)} for open sets U in B (i is called a chart over U) such that:

1. The diagram

UxF p (U)
A

commutes for each chart ¢ over U.
2. Each point of B has a neighborhood over which there is a chart.

3. If ¢ is a chart over U and V' C U is open, then the restriction of ¢ to
V is a chart over V.

4. For any charts ¢, ¢ over U, there is a continuous map 0, : U — G
so that
' (u, f) = p(u, 0ppr (u) - f)
for all w € U and all f € F. The map 0, is called the transition
function for ¢, ¢'.

5. The collection of charts is maximal among collections satisfying the
previous conditions.

The standard terminology is to to call B the base, F' is called the
fiber, and F is called the total space. For shorthand one often abbreviates
(p7E7B7F) by E'

This definition of fiber bundle is slick and some discussion about the
various requirements helps to understand the concept.
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A map p: E — B is called a locally trivial bundle if the first 3 require-
ments of Definition 4.2 are met. There is no need to assume that any group
G is acting since this does not enter into the first three axioms. Local triv-
iality is the important distinction between a fiber bundle and an arbitrary
map.

The fourth condition invokes the structure group GG. To understand the
difference between a locally trivial bundle and a fiber bundle, notice that in
a locally trivial bundle, if

UxF —— p (1)
p}\ ’/p
U
and
UxF —"— p (1)

N

are two local trivializations, then commutativity of the diagram

’ -1
UxF 2 p(U) P~ UxF
k‘lp%
U

implies that there is a map v, : U x F© — F so that the composite
o toy :UxF — U x F has the formula

(u, f) = (u, Yy (u, f)).
For each u € U the map ), ./ (u, —) : F' — F' is a homeomorphism.

In a fiber bundle, the map v, must have a very special form, namely

1. The homeomorphism v, »(u,—) : F — F is not arbitrary, but is
given by the action of an element of G, i.e. 1, o (u, f) = g- f for
some g € G independent of f. The element g is denoted by 6., . (u).

2. The topology of G is integrated into the structure by requiring that
0, : U — G be continuous.

The requirement that G act effectively on F’ implies that the functions
O, : U — G are unique. Although we have included the requirement that
G acts effectively of F' in the definition of a fiber bundle, there are certain
circumstances when we will want to relax this condition, particularly when
studying liftings of the structure group, for example, when studying local
coefficients.
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It is not hard to see that a locally trivial bundle is the same thing as a
fiber bundle with structure group Homeo(F'). One subtlety about the topol-
ogy is that the requirement that G be a topological group acting effectively
on F' says only that the homomorphism G — Homeo(F') is injective, but the
inclusion G — Homeo(F) need not be an embedding, nor even continuous.

Exercise 56. Show that the transition functions determine the bundle.
That is, suppose that spaces B and F' are given, and an action of a topo-
logical group G on F' is specified.

Suppose also that a collection of pairs 7 = {(U,,04)} with each U, an
open subset of B and 6, : U, — G a continuous map is given satisfying:

1. The U, cover B.

2. If (Ua,0a) € T and W C U, then the restriction (W, 0,) is in the
collection 7.

3. If (U,0:1) and (U, 02) are in 7, then (U, 0; - 02) is in 7, where 6; - 02
means the pointwise multiplication of functions to G.

4. the collection 7 is maximal with respect to the first three conditions.

Then there exists a fiber bundle p : E — B with structure group G, fiber
F', and transition functions 6.

The third condition in Exercise 56 is a hidden form of the famous “co-
cycle condition”. Briefly what this means is the following. In an alternative
definition of a fiber bundle one starts with a fixed open cover {U;} and a
single function ¢; : U; x F — p~Y(U;) of each open set U; of the cover.
Then to each pair of open sets U;, U; in the cover one requires there exists
a function 6; ; : U; N U; — G so that (on U; N Uj)

o7t o gs(u, f) = (u,0;5(u) - f).

A G-valued Cech 1-cochain for the cover {U;} is just a collection of maps
t;;: U; NU; — G and so a fiber bundle with structure group GG determines
a Cech 1-cochain.

From this point of view the third condition of the exercise translates
into the requirement that for each triple U;,U; and Uy the restrictions of
the various 6 satisfy

91'7]' . Hj,k = ei,k :U; N Uj NnU, — G.
In the Cech complex this condition is just the requirement that the Cech
1-cochain defined by the 6; ; is in fact a cocycle.

This is a useful method of understanding bundles since it relates them
to (Cech) cohomology. Cohomologous cochains define isomorphic bundles,
and so equivalence classes of bundles over B with structure group G can be
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identified with H'(B; G) (this is one starting point for the theory of charac-
teristic classes; we will take a different point of view in a later chapter). One
must be extremely cautious when working this out carefully. For example,
G need not be abelian (and so what does H'(B; G) mean?) Also, one must
consider continuous cocycles since the ¢; ; should be continuous functions.
We will not pursue this line of exposition any further in this book.

We will frequently use the notation F — FE 2, Bor
F——F
P

B
to indicate a fiber bundle p : E — B with fiber F.

4.3. Examples of fiber bundles

The following are some examples of locally trivial bundles. We will revisit
these and many more examples in greater detail in Section 6.14.

1. The trivial bundle is the projection pg : B x F' — B.

2. If F has the discrete topology, any locally trivial bundle over B with
fiber F'is a covering space; conversely if p : ¥ — B is a covering space
with B connected, then p is a locally trivial bundle with discrete fiber.

3. The Mobius strip mapping onto its core circle is a locally trivial bun-
dle with fiber [0, 1].

4. The tangent bundle of a smooth manifold is a locally trivial bundle.

Exercise 57. Show that a fiber bundle with with trivial structure group is
(isomorphic to) a trivial bundle.

4.3.1. Vector bundles.

Exercise 58. Let F' = R", and let G = GL,R C Homeo(R"). A fiber
bundle over B with fiber R™ and structure group GL,(R) is a vector bundle
of dimension n over B. Explicitly, show that each fiber p~!{b} can be given
a well-defined vector space structure.

(Similarly, one can take FF = C", G = GL,(C) to get complex vector
bundles.)

In particular, if M is a differentiable n-manifold, and T'M is the set of
all tangent vectors to M then p: TM — M is a vector bundle of dimension
n.
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4.3.2. Bundles over S2. For every integer n > 0, we can construct an S!
bundle over S? with structure group SO(2); n is called the Euler number
of the bundle. For n = 0, we have the product bundle p : §? x S' — S§2,
For n > 1, define a 3-dimensional lens space L3 = S3/Z,,, where the action
is given by letting the generator of Z, on act on S C C? by (21, 22) —
(Cuz1, Cnz2) (here ¢, = exp?™/™ is a primitive n-th root of unity). For n = 2,
the lens space is just real projective space RP3. Define the S'-bundle with
Euler number n > 1 by p: L3 — S%? = CU oo by [21, 20] — 21/22.

When n = 1 we obtain the famous Hopf bundle S' — $3 — S2. For
n > 1 the Hopf map S® — S? factors through the quotient map S% — L3,
and the fibers of the bundle with Euler number n are S'/Z,, which is again
homeomorphic to S'.

Exercise 59. Let S(T'S?) be the sphere bundle of the tangent bundle of
the 2-sphere, i.e. the tangent vectors of unit length, specifically

S(TS% = {(P,v) e R®* x R*}|P,v € S? and P -v = 0}.

Let SO(3) be the 3-by-3 orthogonal matrices of determinant one (the group
of orientation preserving rigid motions of R? preserving the origin). This is
a topological group. Show that the spaces S(7'S?), SO(3), and RP? are all

homeomorphic.
(Hint.

1. Given two perpendicular vectors in R?, a third one can be obtained
by the cross product.

2. On one hand, every element of SO(3) is rotation about an axis, on
the other hand RP? is D3/~ where you identify antipodal points on
the boundary sphere.)

This gives three incarnations of the S'-bundle over S? with Euler number
equal to 2:

1. p:S(TS? — S% (P,v)— P
1
2. p:SO3) — 5%, A— A- |0
0

3. p: RP? — S2, the lens space bundle above.

4.3.3. Clutching. Suppose a topological group G acts on a space F'. Let
X be a space and let XX be the unreduced suspension of X,

X x 1

X = (z,0) ~ (/,0), (z,1) ~ (2, 1)
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Then given a map §#: X — G, define
(X x[0,1/2] x F) II (X x[1/2,1] x F)

~

E =

where the equivalence relation is given by identifying (z,0, f) ~ (2/,0, f),
(x,1,f) ~ (2,1, f),and (2,1/2, ) ~ (x,1/2, B(x) f), where the last relation
glues the summands of the disjoint union. This bundle is called the bundle
over XX with clutching function 3 : X — G CAut(F).

Exercise 60. Show that projection onto the first two coordinates gives a
fiber bundle p : £ — XX with fiber F' and structure group G. Give some
examples with X = SY and X = S'. In particular, show that the S'-bundle
over §2 = ¥S! with Euler number equal to n is obtained by clutching using
a degree n map S — S,

Clutching provides a good way to describe fiber bundles over spheres.
For X a CW-complex, all bundles over ¥X arise by this clutching construc-
tion. This follows from the fact that any fiber bundle over a contractible
CW-complex is trivial (this can be proven using obstruction theory). Since
$X is the union of two contractible spaces, X x [0, 2]/ ~ and X x [, 1]/ ~,
any bundle over XX is obtained by clutching two trivial bundles over X.

4.3.4. Local coefficients and other structures. An important type of
fiber bundle is the following. Let A be a group and G a subgroup of the
automorphism group Aut(A). Then any fiber bundle E over B with fiber
A and structure group G has the property that each fiber p~'{b} has a
group structure. This group is isomorphic to A, but the isomorphism is not
canonical in general.

We have already run across an important case of this, namely vector
bundles, where A = R" and G = GL,(R).

In particular, if A is a abelian group with the discrete topology, then
p: E — B is a covering space and is called a system of local coefficients on
B. The terminology will be explained later.

Exercise 61. Define local coefficient systems for R-modules, R a commu-
tative ring, generalizing the case of Z-modules above.

The basic principle at play here is if the structure group preserves a
certain structure on F, then every fiber p~1{b} has this structure. For ex-
ample, a local coefficient system corresponds to the case when the structure
group is a subgroup of the group of automorphisms of the fiber, a discrete
abelian group. A vector bundle corresponds to the case when the structure
group corresponds to the group of linear transformations of a vector space.
Other examples of fibers with a structure that one could consider include
the following.
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1. F is a real vector space with an inner product, G = O(F,{ , )) C
GL(F) consists of those linear isomorphisms which preserve the inner
product. The resulting fiber bundle is called a vector bundle with an
orthogonal structure.

2. Similarly one can define a complex vector bundle with hermitian struc-
ture by taking F' to be a complex vector space with a hermitian inner
product.

3. Taking this further, let F’ be a riemannian manifold and suppose that
G acts isometrically on F. Then each fiber in a fiber bundle with
structure group G and fiber F' will be (non-canonically) isometric to
F.

4. Take F' to be a smooth manifold and G a subgroup of the diffeomor-
phism group of F' (with the C*° strong topology, say). Then each
fiber in a fiber bundle with structure group G will be diffeomorphic
to F.

Exercise 62. Invent your own examples of fibers with structure and the
corresponding fiber bundles.

4.4. Principal bundles and associated bundles

Principal bundles are special cases of fiber bundles, but nevertheless can be
used to construct any fiber bundle. Conversely any fiber bundle determines
a principal bundle. A principal bundle is technically simpler, since the fiber
is just F' = G with a canonical action.

Let G be a topological group. It acts on itself by left translation.
G — Homeo(G), g+ (z+— gx).

Definition 4.3. A principal G-bundle over B is a fiber bundle p: P — B
with fiber F' = G and structure group G acting by left translations.

Proposition 4.4. If p: P — B is a principal G-bundle, then G acts freely
on P on the right with orbit space B.

Proof. Notice first that G acts on the local trivializations on the right:
(UxG)xG—-UxG
(u,9) -9 = (u,99).
This commutes with the action of G on itself by left translation (i.e. (¢"g)g’ =

g"(gg")), so one gets a well-defined right action of G on E using the identi-
fication provided by a chart

UxG25p YU).
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More explicitly, define ¢(u, g) - ¢’ = o(u, gg'). If ¢’ is another chart over U,
then

o(u, 9) = ¢'(u, 0y (u)g),
and @(u, g9') = ¢'(u, 0, (v)(99')) = ¢'(u, (05, (u)g)g’), so the action in
independent of the choice of chart. The action is free, since the local action

(UxG)xG — U x G is free, and since U x G/G = U it follows that
E/G = B. O

As a familiar example, any regular covering space p : £ — B is a princi-
pal G-bundle with G = m B/p,m E. Here G is given the discrete topology.
In particular, the universal covering B — Bofa space is a principal 7 B-
bundle. A non-regular covering space is not a principal G-bundle.

Exercise 63. Any free (right) action of a finite group G on a (Hausdorff)
space E gives a regular cover and hence a principal G-bundle £ — E/G.

The converse to Proposition 4.4 holds in some important cases. We
state the following fundamental theorem without proof, referring you to [5,
Theorem I1.5.8].

Theorem 4.5. Suppose that X is a compact Hausdorff space, and G is a
compact Lie group acting freely on X. Then the orbit map

X - X/G

s a principal G-bundle. O

4.4.1. Construction of fiber bundles from principal bundles. Exer-
cise 56 shows that the transition functions 6, : U, — G and the action of G
on F' determine a fiber bundle over B with fiber F' and structure group G.

As an application note that if a topological group G acts on spaces F
and F’, and if p: E — B is a fiber bundle with fiber F' and structure group
G, then one can use the transition functions from p to define a fiber bundle
p : E' — B with fiber F’ and structure group G with ezxactly the same
transition functions.

This is called changing the fiber from F to F’. This can be useful because
the topology of E and E’ may change. For example, take G = GL2(R),
F=R? F'=R? - {0} and the tangent bundle of the 2-sphere.

R? — T§?

p

S2
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After changing the fiber from R? to R? — {0} we obtain

R? — {0} — TS% — 2(5?)
lp
S2
where z : §2 — T'S? denotes the zero section.

With the second incarnation of the bundle the twisting becomes revealed
in the homotopy type, because the total space of the first bundle has the
homotopy type of S?, while the total space of the second has the homotopy
type of the sphere bundle S(7'S?) and hence of RP? according to Exercise
59.

A fundamental case of changing fibers occurs when one lets the fiber F’
be the group G itself, with the left translation action. Then the transition
functions for the fiber bundle

F—F

e

B

determine, via the construction of Exercise 56, a principal G-bundle

G — P(E)

v

We call this principal G-bundle the principal G-bundle underlying the fiber
bundle p : E — B with structure group G.

Conversely, to a principal G-bundle and an action of G on a space F
one can associate a fiber bundle, again using Exercise 56. An alternative
construction is given in the following definition.

Definition 4.6. Let p : P — B be a principal G-bundle. Suppose G acts
on the left on a space F', i.e. an action G x F' — F' is given. Define the
Borel construction

P Xa F
to be the quotient space P x F/ ~ where

(z, ) ~ (zg,97"f).

(We are continuing to assume that G acts on F' on the left and by Proposition
4.4 it acts freely on the principal bundle P on the right).
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Let [z, f] € P x¢ F denote the equivalence classes of (z, f). Define a
map
q:PxgF — B

by the formula [z, f] — p(x).

The following important exercise shows that the two ways of going from
a principal G-bundle to a fiber bundle with fiber F' and structure group G
are the same.

Exercise 64. If p: P — B is a principal G-bundle and G acts on F', then
F— P Xa F

d
B

where ¢[z, f] = p(x), is a fiber bundle over B with fiber F' and structure
group G which has the same transition functions as p: P — B.

We say q : F xg F' — B is the fiber bundle associated to the principal
bundle p : E — B via the action of G on F.

Thus principal bundles are more basic that fiber bundles, in the sense
that the fiber and its G-action are explicit, namely G acting on itself by left
translation. Moreover, any fiber bundle with structure group G is associated
to a principal G-bundle by specifying an action of G on a space F. Many
properties of bundles become more visible when stated in the context of
principal bundles.

The following exercise gives a different method of constructing the prin-
cipal bundle underlying a vector bundle, without using transition functions.

Exercise 65. Let p: F — B be a vector bundle with fiber R™ and structure
group GL(n,R). Define a space F(E) to be the space of frames in E, so
that a point in F(E) is a pair (b,f) where b € B and f = (f1,---, fn) is a
basis for the vector space p~—!(b). There is an obvious map ¢ : F(E) — B.

Prove that ¢ : F(E) — B is a principal GL(n,R)-bundle, and that
E=F(E) Xgrmr) R"
where GL(n,R) acts on R™ in the usual way.
For example, given a representation of GL(n,R), that is, a homomor-
phism p : GL(n,R) — GL(k,R), one can form a new vector bundle
F(E) x,RF
over B.

An important set of examples comes from this construction by starting
with the tangent bundle of a smooth manifold M. The principal bundle
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F(TM) is called the frame bundle of M. Any representation of GL(n,R)
on a vector space V gives a vector bundle with fiber isomorphic to V. Im-
portant representations include the alternating representations GL(n,R) —
AP (Hom(R™ R)) from which one obtains the vector bundles of differential
p-forms over M.

We next give one application of the Borel construction. Recall that a
local coefficient system is a fiber bundle over B with fiber A and structure
group G where A is a (discrete) abelian group and G acts via a homomor-
phism G — Aut(A).

Lemma 4.7. Every local coefficient system over a path-connected (and semi-
locally simply connected) space B is of the form

A—’BXWIBA

Ja

B

i.e., s associated to the principal m B-bundle given by the universal cover
B of B where the action is given by a homomorphism m B — Aut(A).

In other words the group G C Aut(A) can be replaced by the discrete
group w1 B. Notice that in general one cannot assume that the homomor-
phism m B — Aut(A) is injective, and so this is a point where we would
wish to relax the requirement that the structure group acts effectively on the
fiber. Alternatively, one can take the structure group to be 71 (B)/ker(¢)
where ¢ : m1(B) —Aut(A) is the corresponding representation.

Sketch of proof. It is easy to check that ¢ : B XmB A — B is a local
coefficient system, i.e. a fiber bundle with fiber on abelian group A and
structure group mapping to Aut(A).

Suppose that p : £ — B is any local coefficient system. Any loop
v : ([,0I) — (B,*) has a unique lift to F starting at a given point in
p~L(*), since A is discrete so that £ — B is a covering space. Fix an
identification of p~! () with A, given by a chart. Then the various lifts of v
starting at points of A define, by taking the end point, a function A — A.

The fact that p : E — B has structure group Aut(A) easily implies
that this function is an automorphism. Since E is a covering space of B,
the function only depends on the homotopy class, and so we get a map
m1(B,*) — Aut(A). This is clearly a homomorphism since if 71, v, are lifts
starting at a, b, then v, ++> (addition in A) is the lift of 732 (multiplication
in 71) and starts at a +b. A standard covering space argument implies that
E = B XmB A. O
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4.5. Reducing the structure group

In some circumstances, given a subgroup H of G and a fiber bundle p : F —
B with structure group G, one can view the bundle as a fiber bundle with
structure group H. When this is possible, we say the structure group can be
reduced to H.

Proposition 4.8. Let H be a topological subgroup of the topological group
G. Let H act on G by left translation. Let q : Q — B be a principal
H-bundle. Then

G—»QXHG
d
B

s a principal G-bundle. O

The proof is easy; one approach is to consider the transition functions
0 : U — H as functions to G using the inclusion H C G. To satisfy
maximality of the charts it may be necessary to add extra charts whose
transition functions into G map outside of H.

Exercise 66. Prove Proposition 4.8.

Definition 4.9. Given a principal G-bundle p : £ — B we say the structure
group G can be reduced to H for some subgroup H C G if there exists a
principal H-bundle Q — B and a commutative diagram

QxuyG r E

N

B

so that the map r is G-equivariant. For a fiber bundle, we say the struc-
ture group reduces if the structure group of the underlying principal bundle
reduces.

If we are willing to relax the requirement that the structure group acts
effectively, then we can just assume that we are given a homomorphism
H — G rather than an inclusion of a subgroup. Proposition 4.8 holds
without change. In this more general context, for example, Lemma 4.7
states that any fiber bundle over B with discrete fiber can have its structure
group reduced to m B.

Exercise 67. Show that every real vector bundle (i.e. fiber bundle with
structure group GL(n,R) acting on R" in the usual way) over a paracom-
pact base can have its structure group reduced to the orthogonal group
O(n). (Hint: use a partition of unity.)
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Another subtle point is that there may be several “inequivalent” reduc-
tions. An example concerns orientability and orientation of vector bundles.

Definition 4.10. A real vector bundle is called orientable if its structure
group can be reduced to the subgroup GL (n,R) of matrices with positive
determinant.

For example, a smooth manifold is orientable if and only if its tangent
bundle is orientable. A more detailed discussion of orientability for manifolds
and vector bundles can be found in Section 10.7.

For the following exercise it may help to read the definition of a map
between fiber bundles in the next section.

Exercise 68. Prove that an orientable vector bundle can be oriented in
two incompatible ways, that is, the structure group can be reduced from
GL(n,R) to GLy(n,R) (or, using Exercise 67, from O(n) to SO(n)) in two
ways so that the identity map Id: F — F is a not a map of fiber bundles
with structure group GL(n,R) (or SO(n)).

4.6. Maps of bundles and pullbacks

The concept of morphisms of fiber bundles is subtle, especially when there
are different fibers and structure groups. Rather than to try to work in
the greatest generality, we will just define one of many possible notions of
morphism.

Definition 4.11. A morphism of fiber bundles with structure group G and
fiber F' from E — B to E' — B’ is a pair of continuous maps f : £ — E’
and f: B — B’ so that the diagram

E4f>E/

|

/
B‘*}c B

commutes and so that for each chart ¢ : U x F — p~}(U) with b € U and
chart ¢/ : U’ x F — p~}(U’) and each b € U with f(b) € U’ the composite

1 (0) @) () L (fo)y x P

is a homeomorphism given by the action of an element 14 4 (b) € G. More-
over, b — 1) 4 (b) should define a continuous map from U N f~1(U’) to
G.

{b} x F

As you can see, this is a technical definition. Notice that the fibers
are mapped homeomorphically by a map of fiber bundles of this type. In
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particular, an isomorphism of fiber bundles is a map of fiber bundles ( f )
which admits a map (g, ¢g) in the reverse direction so that both composites
are the identity.

One important type of fiber bundle map is a gauge transformation. This
is a bundle map from a bundle to itself which covers the identity map of the
base, i.e. the following diagram commutes.

E

p\B/p

By definition g restricts to an isomorphism given by the action of an element
of the structure group on each fiber. The set of all gauge transformations
forms a group.

One way in which morphisms of fiber bundles arise is from a pullback
construction.

Definition 4.12. Suppose that a fiber bundle p : E — B with fiber F' and
structure group G is given, and that f : B’ — B is some continuous function.
Define the pullback of p: E — B by f to be the space

fr(E)={(t,e) € B'x E | p(e) = f(V)}.

Let ¢ : f*(E) — B be the restriction of the projection E x B — B to f*(E).
Notice that there is a commutative diagram

f(E) — E

q P
!/

B 7 B

Theorem 4.13. The map q : f*(E) — B’ is a fiber bundle with fiber F' and
structure group G. The map f*(E) — E is a map of fiber bundles.

Proof. This is not hard. The important observation is that if ¢ is a chart
over U C B, then f~!(U) is open in B’ and ¢ induces a homeomorphism
fYU)x F — f*(E)|p-1@w)- We leave the details as an exercise. O

The following exercise shows that any map of fiber bundles is given by
a pullback.
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Exercise 69. Let

B " B

be a map of bundles with fiber F' in the sense of Definition 4.11. Show that
there is a factorization

E/ ...... > f*E—>E

so that f* o3 = f, with (8,1d) a map of bundles over B’.

We have given a rather narrow and rigid definition of fiber bundle mor-
phisms. More general definitions can be given depending on the structure
group, fiber, etc..

Exercise 70. Define a morphism between two fiber bundles with structure
group G but with different fibers by requiring the map on fibers to be equi-
variant. Use this to define a morphism of vector bundles.

4.7. Projects for Chapter 4

4.7.1. Fiber bundles over paracompact bases are fibrations. State
and prove the theorem of Hurewicz (Theorem 6.8) which says that a map
f:+ E — B with B paracompact is a fibration (see Definition 6.7) provided
that B has an open cover {U;} so that f : f~1(U;) — U; is a fibration for
each ¢. In particular, any locally trivial bundle over a paracompact space is
a fibration.

A reference for the proof is [10, Chapter XX,§3-4] or [36].

4.7.2. Classifying spaces. For any topological group G there is a space
BG and a principal G-bundle FG — BG so that given any paracom-
pact space B, the pullback construction induces a bijection between the
set [B, BG| of homotopy classes of maps from B to BG and isomorphism
classes of principal G-bundles over B. Explain the construction of the bundle
EG — BG and prove this theorem. Show that the assignment G +— BG is
functorial with respect to continuous homomorphisms of topological groups.
Show that a principal G-bundle P is of the form @ x g G (as in Proposition
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4.8) if and only if the classifying map f : B — BG lifts to BH
BH

R4

B —— BG
Show that given any action of G on F, any fiber bundle £ — B with
structure group G and fiber F is isomorphic to the pullback

fH(EG xg F)
where f : B — BG classifies the principal G-bundle underlying £ — B.
Use this theorem to define characteristic classes for principal bundles.
See Theorem 8.22 and Corollary 6.50 for more on this important topic.

A reference for this material is [17]. We will use these basic facts about
classifying spaces throughout this book, notably when we study bordism.






Chapter 5

Homology with Local
Coefficients

When studying the homotopy theory of non-simply connected spaces, one
is often led to consider an action of the fundamental group on some abelian
group. Local coefficient systems are a tool to organize this information. The
theory becomes more complicated by the fact that one must consider non-
commutative rings. It is possible to learn a good deal of homotopy theory by
restricting only to simply connected spaces, but fundamental group issues
are ubiquitous in geometric topology.

There are two approaches to constructing the complexes giving the ho-
mology and cohomology of a space with local coefficients. The first is more
algebraic, and takes the point of view that the fundamental chain complex
associated to a space X is the singular (or cellular) complex of the univer-
sal cover X, viewed as a chain complex over the group ring Z[m X]. From
this point of view local coefficients are nothing more than modules over the
group ring Z[m X]|.

The second approach is more topological; one takes a local coefficient
system over X (i.e. afiber bundle over X whose fibers are abelian groups and
whose transition functions take values in the automorphisms of the group)
and define a chain complex by taking the chains to be formal sums of singular
simplices (or cells) such that the coefficient of a simplex is an element in the
fiber over that simplex (hence the terminology local coefficients). Each of
these two points of view has its strengths; Lemma 4.7 is the basic result
which identifies the two.
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In this chapter we will work with Z-modules, (i.e. abelian groups) and
modules over integral group rings Zx. Everything generalizes appropriately
for R-modules and Rm-modules for any commutative ring R.

5.1. Definition of homology with twisted
coefficients

We begin with the definition of a group ring.

Definition 5.1. The group ring Zr is a ring associated to a group w. Ad-
ditively it is the free abelian group on m, i.e., elements are (finite) linear
combinations of the group elements

migr+--+mpgy  mi €74, g €m.
Multiplication is given by the distributive law and multiplication in 7:
O omig)Q_nihy) = (miny)(gihy).
i J i,

In working with group rings the group = is always written multiplica-
tively, and if e is the identity of the group, e is written as 1, since this
element forms the unit in the ring Z7. To avoid confusing notation we will
sometimes write Z[r] instead of Zm.

Two examples of group rings (with their standard notation) are
ZZ)=Zt,t ) ={a_jt 7+ day+ - +apt’ | a, €Z}
(this ring is called the ring of Laurent polynomials) and

Z[Z/2) = Z[t])(t* —1) = {a+ bt | a,b € Z}.

We will work with modules over Zzw. If 7 is a non-abelian group, the
ring Zm is not commutative, and so one must distinguish between left and
right modules.

Let A be an abelian group and
p:m— Autz(A)

be a homomorphism. (The standard terminology is to call either p or A a
representation of m.) The representation p endows A with the structure of
a left Zm-module by taking the action

O mgg)-a =Y my p(g)(a).

Conversely if A is a left module over a group ring Zm, there is homomorphism

p:m — Autz(A)
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given by (g — (a +— ga)) where ga is multiplying a € A by g € Zw. Thus
a representation of a group w™ on an abelian group is the same thing as a
Zr-module.

Exercise 71. Let A be a finitely generated (left) module over Z[Z/2] so
that, as an abelian group, A is finitely generated and torsion free. Show
that A is a direct sum of modules of the form Zy, Z_, and Z[Z/2]. Here
Z. is the trivial Z[Z/2]-module corresponding to the trivial homomorphism
p:Z/2 — Aut(Z) and Z_ corresponds to the non-trivial homomorphism.

We briefly outline the definition of the tensor product in the non-—
commutative case.

Definition 5.2. If R is a ring (possibly non-commutative), M is a right
R-module, and N is a left R-module (sometimes one writes Mg and gN),
then the tensor product M ®pr N is an abelian group satisfying the adjoint
property
Homgz (M ®r N, A) 2 Homp(M,Homz(N, A))

for any abelian group A. The corresponding universal property is that there
is a Z-bilinear map ¢ : M x N — M ®g N, so that ¢(mr,n) = ¢(m,rn),
and this map is initial in the category of Z-bilinear maps ¢ : M x N — A,
satisfying ¢(mr,n) = ¢(m,rn).

The tensor product is constructed by taking the free abelian group on
M x N and modding out by the expected relations. Elements of M @z N

are denoted by
Z m; @ n;.

The relation mr ® n = m ® rn holds. (This is why we take a right module
tensored with a left module.)

Exercise 72. Compute the abelian group Z ®zz /2 Z- (see Exercise 71).

The starting point in the algebraic construction of homology with local
coefficients is the observation that the singular chain complex of the universal
cover of a space is a right Zm-module.

To proceed, fix a path connected and locally path-connected space X
with a base point which admits a universal cover. For notational ease set
7 =mX. Let X — X be the universal cover of X, with its usual right m X-
action obtained by identifying 7 with the group of covering transformations.
Then the singular complex S*()A(; ) of the universal cover (with integer co-
efficients) is a right Zm-module; the action of g € 7 on a singular simplex
o Ak — X is the singular simplex o - g defined as the composite of ¢ and
the covering transformation g : X — X. This is extended from 7 to Zm by
linearity.
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We can now give the algebraic definition of homology with local coeffi-
cients.

Definition 5.3. Given a Zm-module A, form the tensor product

S.(X;A) = S,(X)®z, A.
This is a chain complex whose homology is called the homology of X with
local coefficients in A and is denoted by H.(X; A).

Notice that since the ring Zr is non-commutative (except if 7 is abelian),
the tensored chain complex only has the structure of a chain complex over
Z, not Zm. Thus the homology group H,(X; A) is only a Z-module.

If the Zm-module is specified by a representation p : m X —Aut(A) for
some abelian group A, and we wish to emphasize the representation, we will
sometimes embellish A with the subscript p and write H,(X;A,) for the
homology with coefficients in A. It is also common to call H.(X;A,) the
homology of X twisted by p : m X —Aut(A).

Before we look at examples, we will give the corresponding definition
of cohomology. A new wrinkle which appears is that since the functor
Homg,(—, —) is defined on the category of pairs of right R-modules or of

pairs of left R-modules, we need to either change S.(X) to a left Zr-module
or consider coefficients in right Zm-modules. We opt for the former.
Thus transform S,(X) into a left Zm-module by the (standard) proce-
dure:
. [ — . -1
97579
Definition 5.4. Given a left Zm-module A form the cochain complex
S*(X; A) = Homg, (S, (X), A).

(This means the set of group homomorphisms f : S*()N( ) — A which satisfy
f(rz) =rf(z) for all r € Zm and z € S.(X).)
The cohomology of this complex is called the cohomology of X with local
coefficients in A, and is denoted by
H*(X;A).

If the module A is defined by a representation p : m X —Aut(A) for an
abelian group A, the cohomology with local coefficients may be denoted by
H*(X;A,) and is often called the cohomology of X twisted by p.

5.2. Examples and basic properties

The (ordinary) homology and cohomology groups are just special cases of the
homology and cohomology with local coefficients corresponding to twisting
by the trivial representations p as we now show.
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If p: m X — Aut(A) is is the trivial homomorphism, then the definition
of tensor product gives a chain map

S (X)®zzA4, — S, X@zA

which we will see is an isomorphism. (In the chain complex on the left
A is considered only as an abelian group.) This follows since both S, (X)
and S,(X) are chain complexes of free modules so it is easy to compute
tensor products. The complex S, ()Z' ) is a free Zm-chain complex since 7
acts freely on X , and hence on the set of all singular simplices in X. We
obtain a Zm basis by choosing a representative simplex for each orbit. Better
yet, for each singular simplex o : A" — X, choose a single lift & : A™ —
X. Then the set {5} gives a basis for S,(X) over Zz and it follows that
S*()N( )®zrA, — S:X®zA is an isomorphism of graded abelian groups;
from this description it is not hard to check that this isomorphism is a chain
map, and so Hy(X;A,) = Hy(X;A), the usual homology with coefficients
in (the underlying Z-module) A.
Similarly,
Homgz, (5, X, A) = Homgz(S,X,A)
so H¥(X;A,) = H*(X;A), the usual cohomology with coefficients in A.

Exercise 73. Show that the natural map
Homg(S. X, A) — Homgz.(5,X,A)

is a chain isomorphism.

At the other extreme we consider what happens if A is a (finitely gener-
ated) free Zm-module. Since the tensor product and Hom functors respect
direct sums, it suffices to consider the case when A = Z.

Then,

S X@z:Zm = S.X,
and therefore
Hy(X;Zm) = Hy(X;2),
the (untwisted) integral homology of the universal cover.

In other words, the homology with local coefficients given by the tauto-
logical representation p : m — Aut(Zm)

p(g) = (O muh =Y mugh)

equals the homology of X with (untwisted) Z coefficients.

Exercise 74. Let M be an abelian group with the trivial left = action. Let
A = Zm ®z M; notice that A has a left Zw-module structure defined by
g-(x®m) = (gxr) ® M. Show that the homology H.(X;A) is just the
(ordinary) homology of X with coefficients in M.
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Exercise 75. (Shapiro’s Lemma) Show that if H C 7 is a subgroup and
A = Z[r/H] viewed as a left m-module, then the corresponding homology is
isomorphic to the homology of the H-cover of X. Generalize this as in the
previous exercise to include other coefficients. (Hint: try the case when H
is normal first.)

These examples and the two exercises show that the (untwisted) homol-
ogy of any cover of X with any coefficients can be obtained as a special case
of the homology of X with appropriate local coefficients.

One might ask whether the same facts hold for cohomology. They
do not without some modification. If A = Zx, then the cochain com-
plex Homgz.(S,X,A) is not in general isomorphic to Homgz(S,X,Z) and
so H¥(X;Zr) is not equal to H*(X;Z). It turns out that if X is compact
HM(X;Zrm) = Hf()?, Z), the compactly supported cohomology of X.

5.2.1. Cellular methods. If X is a (connected) CW-complex then homol-
ogy and cohomology with local coeflicients can be defined using the cellular
chain complex; this is much better for computations. If p : X — X is the
universal cover, then X inherits a CW-structure from X — the cells of X
are the path components of the inverse images of cells of X. The action of
m=mX on X gives C, (X ) the structure of a Zm-chain complex. For each
cell e of X, choose a cell € above X; this gives a Zn-basis for C, (X).

For example, let X = RP™ with n > 1. Then X =egUej U---Ue,.
Then X = S™ and the corresponding cell decomposition is

S"=efUey Uef Uey U---Uel Ue;,
with e being the (open) upper and lower hemlspheres of the i-sphere. A

basis for the free (rank 1) Zz-module C;(X) is e;. With this choice of basis
the Zm-chain complex C,(X) is isomorphic to

2(2/2) — - L z[z/2) e zZ(z/2) =F 7]Z/2] — 0.

Writing down this complex is the main step in the standard computation
of C.(RP™) as in [41]: first use the homology of S™ and induction on n
to compute C,(X) as a Z[Z/2]-chain complex, then compute C,(RP") =
Co(X) @zx Z.

The following exercises are important in gaining insight into what infor-
mation homology with local coefficients captures.

Exercise 76. Compute the cellular chain complex C*(:S’T) as a Z[t, t71-
module. Compute Hy(S'; A,) and H*(S; A,) for any abelian group A and
any homomorphism p : 715! = Z — Aut(A).
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Exercise 77. Let p : m (RP") = Z/2 = Aut(Z). Compute H,(RP™;Z,)
and H*(RP™; Z,) and compare to the untwisted homology and cohomology.

Exercise 78. Let p and ¢ be a relatively prime pair of integers and denote
by L(p,q) the 3-dimensional Lens space L(p,q) = S%/(Z/p), where Z/p = (t)

acts on S3 C C? via

HZ,W) = ((Z,C'W)
(¢ = e™/P). Let p: Z/p — Aut(Z/n) = Z/(n — 1) for n prime. Compute
Hy,(L(p,q); (Z/n),) and H*(L(p.q); (Z/n),).
Exercise 79. Let K be the Klein bottle. Compute H,(K;Z,) for all twist-
ings p of Z (ie. all p: mK — Z/2 = Aut(Z)).

5.2.2. The orientation double cover and Poincaré duality. An im-
portant application of local coefficients is its use in studying the algebraic
topology of non-orientable manifolds.

Theorem 5.5. Any n-dimensional manifold M has a double cover
p:Mo—- M

where Mo is an oriented manifold. Moreover, for any point x € M, if
p~Ha} = {x1, 22}, then the orientations p,, € H,(Mo, Mo — {z1}) and
Uay € Hy(Mo, Mo — {x2}) map (by the induced homomorphism p,) to the
two generators of Hy (M, M — {x}).

Proof. Asaset Mp ={a € H,(M,M—{x}) | a is a generator and = € M}.
As for the topology, let V be a open set in X and z € Z,,(M, M —V) arelative
cycle. Then let

V,={Im [z] € H,(M,M —{z}) | z € Vand Z-Im [z] = H,(M,M —{z})}.
Then {V,} is a basis for the topology on Mp. For more details see [23]. O

For example, consider RP" for n even. The orientation double cover is
S™; the deck transformation reverses orientation. For RP™ for n odd, the
orientation double cover is a disjoint union of two copies of RP", oriented
with the opposite orientations.

If M is a connected manifold, define the orientation character or the
first Stiefel-Whitney class

w:mM — {£1}

by w[y] = 1 if v lifts to a loop in the orientation double cover and w[y] = —1
if 7 lifts to a path which is not a loop. Intuitively, w[y] = —1 if going around
the loop  reverses the orientation. M is orientable if and only if w is trivial.
Clearly w is a homomorphism.
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Corollary 5.6. Any manifold with H'(M;Z/2) = 0 is orientable.

Proof. This is because
HY(M;Z/2) = Hom(H,M;Z/2) = Hom(m M; Z/2),

where the first isomorphism follows from the universal coefficient theorem
and the second from the Hurewicz theorem

HlM = 7T1M/[7T1M,7T1M].

O

Notice that Aut(Z) = {£1} and so the orientation character defines
a representation w : mX — Aut(Z). The corresponding homology and
cohomology Hy(X;Z,), H*(X;Z,) is called the homology and cohomology
of X twisted by the orientation character w, or with local coefficients in the
orientation sheaf.

The Poincaré duality theorem (Theorem 3.26) has an extension to the
non-orientable situation.

Theorem 5.7 (Poincaré duality theorem). If X is an n-dimensional man-
ifold, connected, compact and without boundary, then
Hn(X§ Zw) =7

and if [X] denotes a generator, then

NX] : HY(X; Zw) — Hyo (X3 Z)
and

NIX]: HY (X5 Z) — Hoo k(X3 Zu)
are isomorphisms. (This statement of Poincaré duality applies to non-
orientable manifolds as well as orientable manifolds.) O

The Poincaré—Lefschetz duality theorem also holds in this more general
context.

The cap products in Theorem 5.7 are induced by the bilinear maps on
coefficients Z x Z,, — 2, and Z,, X Z,, — Z as in Exercise 36.

Exercise 80. Check that this works for RP", n even.

More generally, for a manifold X, and any right Zm-module A given
by a representation p : m — Aut A, let A, be the module given by the
representation

puw T — Aut (A), g w(g)p(g™").
Then a stronger form of Poincaré duality says

N[X]: H*(X; A) — H, (X5 Ay)
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is an isomorphism.

5.3. Definition of homology with a local
coefficient system

The previous (algebraic) definition of homology and cohomology with local
coefficients may appear to depend on base points, via the representation

p:m(X, %) — Aut(A).

and the identification of 7 X with the covering translations of X. In fact, it
does not. We now give an alternative definition, which takes as input only
the local coefficient system itself, i.e. the fiber bundle with discrete abelian
group fibers. This definition is more elegant in that it does not depend on
the arbitrary choice of a base point, but it is harder to compute with.

Let p : E — X be a system of local coefficients with fiber a discrete
abelian group A and structure group G C Aut(A). Denote the fibers p~!(z)
by E; for each x this is an abelian group non-canonically isomorphic to A.

We construct a chain complex as follows. Let Si(X; E) denote the set

of formal sums
m
E a;0;
i=1

where:
1. 0; : A¥ — X is a singular k-simplex, and

2. a; is an element of the group E,, () where ¢ € AF is the base point

i(eo)
(1,0,0,---,0) of AF. More precisely, o;(eg) € X and we require
a; € Eoi(eo) = p_l((fi((fo)).

The obvious way to add elements of Si(X; E) makes sense and is well-
defined. Thus Si(X; E) is an abelian group. This is somewhat confusing
since the coefficients lie in different groups depending on the singular sim-
plex. One way to lessen the confusion is to view Si(X; E) as a subgroup of
the direct sum over every point = € X of Si(X; E,).

Think of S.(X;FE) as a graded abelian group. We next describe the
differential. The formula would be the usual one were it not for the fact
that given any k-simplex, one of its faces does not contain the base point.
We will use the local coefficient system to identify fibers over different points
of the simplex to resolve this problem.

Recall there are face maps fX : AF=1 — AF defined by
f'yljl(t(%tla v tie1) = (toy o stme1, 0ty oo tp_1).
Note that f* (eg) = eg if m > 0 but
f5(eo) = f5(1,0,--+,0) = (0,1,0,-+-,0).
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This will make the formulas for the differential a little bit more complicated
than usual, since this one face map does not preserve base points.

Given a singular simplex o : A¥ — X let v, : [0,1] — X be the path
o(t,1 —1¢,0,0,---,0). Then because p : E — X is a covering space (the fiber
is discrete), the path v, defines a isomorphism of groups v, : Ey(o,1,... 0) —
Es(1,00,. 0) via path lifting.

Thus, define the differential 0 : Si(X; E) — Sk—1(X; E) by the formula

k
ac — vg(a)(oo f¥) + Z a (oo fk).
m=1

Theorem 5.8. This is a differential, i.e. 8> = 0. Moreover the homology
Hy(S«(X; E),0) equals Hy(X;Ap), where p : mX — Aut(A) is the homo-
morphism determined by the local coefficient system p : E — X as in Lemma

4.7, O

Exercise 81. Prove Theorem 5.8.

The homology of the chain complex (Si(X; E), 0) is called the homology
with local coefficients in E. Theorem 5.8 says that this is isomorphic to
the homology with coefficients twisted by p. Notice that the definition of
homology with local coefficients does not involve a choice of base point for X.
It follows from Theorem 5.8 that the homology twisted by a representation
p also does not depend on the choice of base point.

Similar constructions apply to cohomology, as we now indicate. Let
Sk(X: E) be the set of all functions, ¢, which assign to a singular simplex
o : A¥ — X an element c(o) € Ey(eo)- Then S¥(X; E) is an abelian group,
and has coboundary operator § : S¥(X; E) — S**1(X; E) defined by

k+1
(d¢) (o) = (-1)* (7;1(6 (B00)) + Y (~1)' ¢ (@0))

i=1
Then 6% = 0 and,

Theorem 5.9. The cohomology of the chain complex (S*(X; E),d) equals
the cohomology H*(X; Ap), where p : m X — Aut(A) is the homomorphism
determined by the local coefficient system p: E — X. O

For the proof see [43].

Here is the example involving orientability of manifolds, presented in
terms of local coefficients instead of the orientation representation. Let M
be an n-dimensional manifold. Define a local coefficient system E — M, by
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setting
E= | Ho(M,M —{z}).
reM
A basis for the topology of E is given by

VZ:{Im [2] eHn(M7M_{x}) | :IZEV}

where V' is open in X and z € Z,(M,M — V) is a relative cycle. Then
E — X is alocal coefficient system with fibers H,, (M, M —{z}) = Z, called
the orientation sheaf of M. (Note the orientation double cover My is the
subset of E corresponding to the subset +1 € Z) Then H.(M; E) can be
identified with H.(M;Z,).

5.4. Functoriality

The functorial properties of homology and cohomology with local coefficients
depend on more than just the spaces involved, they also depend on the
coefficient systems.

Definition 5.10. A morphism (E — X) — (E' — X) of local coefficients
over X is a commutative diagram

\X/

so that for each point # € X, the restriction of f : E — E’ to the fibers
fiE, Bz — E! is a group homomorphism.

E E'

Notice that we do not require the maps on fibers to be isomorphisms,
and so this is more general than the concept of bundle map we introduced
in Section 4.6.

It follows immediately from the definition of pullbacks that a commuta-
tive diagram

E4f>E/

p\ \pl
!
X " X

with f inducing homomorphisms on fibers induces a morphism of local co-
efficients (F — X) — (f*(E') — X) over X.

Theorem 5.11. Homology with local coefficients is a covariant functor from
a category L of pairs of spaces (X, A) with the following extra structure.
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1. The objects of L are pairs (X, A) (allowing A empty) with a system
of local coefficients p: E — X.

2. The morphisms of L are the continuous maps f : (X, A) — (X', A"
together with a morphism of local coefficients

f(E")

NS

X
where f*(E') denotes the pullback of E' via f.

E

Sketch of proof. The basic idea comes from looking at the definition of the
chain complex. Given a formal sum ), a;0; with a; € Eo,(ey), the simplices
o; push forward to simplices f o o in X’. Thus one needs a way to assign
to a; an element b in E}(oi (e0))" This is exactly what the morphism of local
coefficients does. O

Cohomology with local coefficients is a functor on a slightly different
category, owing to the variance of cohomology with respect to coefficients.

Theorem 5.12. Cohomology with local coefficients is a contravariant func-
tor on the category L*, where:

1. The objects L* are the same as the object of L, i.e. pairs (X, A) with
a local coefficient system p: E — X.

2. A morphism in L* from (p: E — X) to (p/ : ' — X') is a con-
tinuous map f: (X, A) — (X', A") together with a morphism of local
coefficients

[ o) p—

NS

X

E

In other words, f induces a group homomorphism from E}(z) to F;
forallx € X.

Sketch of proof. This is similar to the previous argument. A cochain ¢ in
Sk(X': E') is a function that assigns to each singular simplex o : A*¥ — X'

an element (o) in E;(eo).

We need to construct f*(c) € S¥(X; E). Given a simplex 7 : A¥ — X
compose with f to get for : AF — X’. Next apply ¢ to get an element
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c(fot(eg)) € E}(T(EO)). Finally apply f to get

O

Exercise 82. Give an alternative description of these two functoriality prop-
erties in terms of representations using the algebraic definition of homology
and cohomology with local coefficients. More precisely, if p : m X — Aut(A)
is a representation defining the homology of X with coefficients in A,, and
similarly p' : m; X’ — Aut(A’) defines the homology of X’ with coefficients
in A;,, construct a commutative diagram which must exist for the homology
of X with coefficient in p to map to the homology of X’ with coefficients in
A'p,. Do the same for cohomology.

A straightforward checking that all the usual constructions continue to
hold with local coefficients proves the following theorem.

Theorem 5.13. Homology with local coefficients forms a homology theory
on L. More precisely, for any object in L there exists a connecting homo-
morphism and a natural long exact sequence. The excision and homotopy
axioms hold.

Similarly cohomology with local coefficients forms a cohomology theory
on the category L*. O

In particular, there is a Mayer-Vietoris sequence for homology with local
coefficients which gives a method for computing. Some care must be taken
in using this theorem because local coefficients do not always extend. For
example, Given a homomorphism p : 7 (X —U) — Aut(A) and an inclusion
of pairs (X — U, B —U) — (X, B) excision holds (i.e. the inclusion of pairs
induces isomorphisms in homology with local coefficients) only if p extends
over 71(X). In particular the morphism of local coefficients must (exist and)
be isomorphisms on fibers.

We end this section with a useful proposition which explicitly describes
the 0th homology and cohomology with local coefficients.

Proposition 5.14. Let B be a path connected CW-complez, m = w1(B) and
V a Zw-module. then

1. Let V; denote the quotient of V by the subgroup generated by the
elements {v —~vy-v |v eV, yemB } (the group V; is called the
group of coinvariants). Then

Hy(B;V) = V.
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2. Let V™ denote the subgroup of V' consisting of elements fixed by m,
ie. Vi ={v eV |vy-v=uvforall~y € n} (the group V™ is called
the group of invariants). Then

HB;V)=VT.

Proof. Since B is path connected, up to homotopy we may as well assume
that the 0-skeleton of B consists of a single vertex, and so the 0-cells of
the universal cover B are all of the form 7 - where 7 is a fixed 0-cell and
v € m B. Thus, any 1-cell ¢ in B has boundary

o) =71 -m(0) =7 -72(0)
for some v;(0) € m B.
Let .
®:V — Hy(B;V) = Hy(Cu(B Rz, V))
be defined by
O (v) = [T @]
The 0-cycles are generated by (7-v) ®@v for vy € m B and v € V. Given
an 1-cell o in B,
do®v) = Io)xwv
= (7-mlo) =7-7(0))®v
= 7® (o) —72(0)) v

and so
(5.1) 0=2(1(0) v) = (12(0) - v).

There exists a collection of 1-cells ¢;,7 € A for B with o)) =1-& — T
for a set of generators {¢;} of m1 B (just lift each 1-cell of B to a 1-cell of B
starting at 7).

Using Equation (5.1) and writing an arbitrary element of 7 B as a word
in the oy, it follows easily that ® is onto with kernel generated by {v — - -
v]iveV, yemB }.

The proof of the second assertion is similar, and is left as an exercise. O

Exercise 83. Prove the second assertion in Proposition 5.14.

5.5. Projects for Chapter 5

5.5.1. The Hopf degree theorem. This theorem states that the degree
of a map f : S™ — S™ determines its homotopy class. See Theorems 6.67
and 8.5. Prove the theorem using the simplicial approximation theorem.
One place to find a proof is [43] on pages 13-17.



5.5. Projects for Chapter 5 109

5.5.2. Colimits and Limits. The categorical point of view involves defin-
ing an object in terms of its properties and showing that the properties
uniquely define the object up to isomorphism. Colimits and limits are im-
portant categorical constructions in algebra and topology. Special cases
include the notions of a cartesian product, a disjoint union, a pullback, a
pushout, a quotient space X /A, and the topology of a CW-complex. Define a
product and coproduct of two objects in a category, and show that cartesian
product and disjoint union give the product and coproduct in the category
of topological spaces. Define the colimit of a sequence of topological spaces

X x, M ox, ox o

)

show that it is unique up to homeomorphism, and show existence by taking

colim X; = L

n—00 (i ~ fi(:))
If all the X; are subsets of a set A and if all the f;’s are inclusions of subspaces
show that the colimit can be taken to X = UX;. The topology is given by
saying U C X is open if and only if U N X; is open for all . Thus such a
colimit can be thought of as some sort of generalization of a union. Define
the limit of a sequence of topological spaces

G NELRS L SRELN oY

and show existence by taking
lim X; = {($1) € HXZ : fl(ﬂfl) =T;—1 for all i > 0}

Interpret the limit as a generalized form of intersection.

Now let Z be a category and let 7 be the category of topological spaces.
Let X : Z — 7, i+— X; be a functor, so you are given a topological space
for every object ¢, and the morphisms of Z give oodles of maps between the
X, satisfying the same composition laws as the morphisms in Z do. Define

colim X; and lim X;.
T T

Consider the categories {- — - — - — « — -} {++ «— « — - — .}
{—--—hH{<—=}H{ -}, and discuss how colimits and limits over
these categories give the above colimit, the above limit, the pullback, the
pushout, the cartesian product and the disjoint union.

A definition of a CW-complex can be given in terms of colimits. A
CW-complex is a space X together with a increasing sequence of subspaces
X% c X' c X2 C --- so that if X! is the empty set, then each X is the
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pushout of

Ilfﬂ_l‘_gg’:[lly

Xifl XZ
and X = colim;_, X;. This definition incorporates all the properties of
the topology of a CW-complex that you use in practice. Show that this
definition is equivalent to your favorite definition of CW-complex.
Finally suppose that Y is a CW-complex and Yy C Y1 C Yo C Y3 C ---
is an increasing union of subcomplexes whose union is Y. Show that

H,Y = colim H,(Y").
71— 00

Define Milnor’s lim! (see [25] or [42]) and show that there is an exact
sequence
0 — lim'H""1(V;) — H"Y — lim H"(Y;) — 0.

We are using the more modern notation of colimit. Other authors using
the terms direct limit or inductive limit, and restrict the categories they
consider. Other authors use the words inverse limit or projective limit,
while we just use the term limit.

For an old-fashioned approach to limits in the special case of a directed
system see [33] and for the more modern approach see [42].



Chapter 6

Fibrations,
Cofibrations and
Homotopy Groups

The material in this chapter forms the topological foundation for algebraic
topology.

6.1. Compactly generated spaces

Givenamap f : X xY — Z, we would like to topologize the set of continuous
functions C(Y, Z) in such way that f is continuous if and only if the adjoint

f:X—-CW2), f@))=[f(zy)
is continuous. Here are three examples:

1. We would like an action of a topological group G X Z — Z to corre-
spond to a continuous function G — Homeo(Z), where Homeo(Z7) is
given the subspace topology inherited from C(Z, 7).

2. We would like a homotopy f : I x Y — Z to correspond to a path
f:1— C(Y,Z) of functions.

3. The evaluation map
CY,2)xY =2, (f,y) = fy)
should be continuous. (Is the evaluation map an adjoint?)

Unfortunately, such a topology on C(Y, Z) is not possible, even for Haus-
dorff topological spaces, unless you bend your point of view. Although many

111
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of the constructions we will give are set-theoretically simple, the issue of how
to appropriately topologize these sets can become a nuisance. The category
of compactly generated spaces is a framework which permits one to make
such constructions without worrying about these technical issues. The ref-
erence for the material in this section is Steenrod’s paper “A convenient
category of topological spaces” [38].

Definition 6.1. A topological space X is said to be compactly generated if
X is Hausdorff and if a subset A C X is closed if and only if ANC' is closed
for every compact C' C X.

Examples of compactly generated spaces include:

1. locally compact Hausdorff spaces (e.g. manifolds),

2. metric spaces, and

3. CW-complexes with finitely many cells in each dimension.

We will use the notation I for the category of compactly generated
spaces. (This is taken as a full subcategory of the category of all topological

spaces, i.e. every continuous function between compactly generated spaces
is a morphism in £.)

Any Hausdorff space can be turned into a compactly generated space by
the following trick.

Definition 6.2. If X is Hausdorff, let k(X) be the set X with the new
topology defined by declaring a subset A C X to be closed in k(X)) if and
only if AN C is closed in X for all C' C X compact.

Exercise 84. Show that k(X) is compactly generated.

Thus k(X) is the underlying set of X topologized with more (closed and
hence more) open sets than X. This construction defines a functor

k:7T, —- K
from the category 7> of Hausdorff spaces to the category K of compactly

generated spaces.

Exercise 85. Show that k is a right adjoint for the inclusion functor ¢ :
K — 75. You will end up having to verify several of the facts below.

6.1.1. Basic facts about compactly generated spaces.

1. If X € K, then k(X) = X.

2. If f: X — Y is a function, then k(f) : k(X) — k(Y) is continuous if
and only if f|¢: C — Y is continuous for each compact C' C X.

3. Let C(X,Y) denote the set of continuous functions from X to Y.
Then k. : C(X,k(Y)) — C(X,Y) is a bijection if X is in K.
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4. The singular chain complexes of a Hausdorff space Y and the space
E(Y') are the same.

5. The homotopy groups (see Definition 6.43) of Y and k(Y') are the
same.

6. Suppose that Xo C X1 C --- C X, C -+ is an expanding sequence of
compactly generated spaces so that X, is closed in X,, 1. Topologize
the union X = U,X,, by defining a subset C' C X to be closed if
C N X, is closed for each n. Then if X is Hausdorff, it is compactly
generated. In this case every compact subset of X is contained in
some X,,.

6.1.2. Products in K. Unfortunately, the product of compactly generated
spaces need not be compactly generated. However, this causes little concern,
as we now see.

Definition 6.3. Let X,Y be compactly generated spaces. The categorical
product of X and Y is the space k(X x Y).

The following useful facts hold about the categorical product.

1. k(X xY) is in fact a product in the category K.

2. If X is locally compact and Y is compactly generated, then X xY =
k(X xY). In particular, I x Y = k(I x Y). Thus the notion of
homotopy is unchanged.

From now on, if X and Y are compactly generated, we will denote
E(X xY)by X xY.

6.1.3. Function spaces. The standard way to topologize the set of func-
tions C(X,Y) is to use the compact-open topology.

Definition 6.4. If X and Y are compactly generated spaces, let C(X,Y)
denote the set of continuous functions from X to Y, topologized with the
compact-open topology. This topology has as a subbasis sets of the form

UK, W) ={f € C(X,Y)[f(K) c W}

where K is a compact set in X and W an open set in Y.

If Y is a metric space, this is the notion, familiar from complex analysis,
of uniform convergence on compact sets. Unfortunately, even for compactly
generated spaces X and Y, C(X,Y’) need not be compactly generated. We
know how to handle this problem: define

Map(X,Y) = k(C(X,Y)).

As a set, Map(X,Y') is the set of continuous maps from X to Y, but its
topology is slightly different from the compact open topology.
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Theorem 6.5 (adjoint theorem). For X, Y, and Z compactly generated,
f(z,y) — f(x)(y) gives a homeomorphism

Map((X x Y), Z) — Map(X, Map(Y, Z))
Thus — x'Y and Map(Y, —) are adjoint functors from K to K. 0

The following useful properties of Map(X,Y’) hold.

1. Let e : Map(X,Y) x X — Y be the evaluation e(f,z) = f(z). Then
if X,Y € K, e is continuous.

2. If X)Y, Z € I, then:
(a) Map(X,Y x Z) is homeomorphic to Map(X,Y’) x Map(X, Z),
(b) Composition defines a continuous map

Map(X,Y) x Map(Y, Z) — Map(X, Z).

We will also use the notation Map(X, 4;Y, B) to denote the subspace of
Map(X,Y) consisting of those functions f : X — Y which satisfy f(A) C B.
A variant of this notation is Map(X,zo;Y,y0) denoting the subspace of
basepoint preserving functions.

6.1.4. Quotient maps. We discuss yet another convenient property of
compactly generated spaces. For topological spaces, one can give an example
of quotient maps p: W — Y andq: X — Zsothatpxqg: WxX =Y xZ
is not a quotient map. However, one can show the following.

Theorem 6.6.

L Ifp: W =Y and q: X — Z are quotient maps, and X and Z are
locally compact Hausdorff, then p X q is a quotient map.

2. If p: W — Y and q : X — Z are quotient maps and all space are
compactly generated, then p X q is a quotient map, provided we use
the categorical product. O

From now on, we assume all spaces are compactly generated. If we ever
meet a space which is not compactly generated, we immediately apply k.
Thus, for example, if X and Y are Hausdorff spaces, then by our conven-
tion X x Y really means k(k(X) x k(Y)). By this convention, we lose no
information concerning homology and homotopy, but we gain the adjoint
theorem.

6.2. Fibrations

There are two kinds of maps of fundamental importance in algebraic topol-
ogy; fibrations and cofibrations. Geometrically, fibrations are more com-
plicated than cofibrations. However, your garden variety fibration tends to
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be a fiber bundle, and fiber bundles over paracompact spaces are always
fibrations, so that we have seen many examples so far.

Definition 6.7. A continuous map p : E — B is a fibration if it has the
homotopy lifting property (HLP); i.e. the problem

Yx{0} 2+ g
<
¢

Y x1I T’ B
has a solution for every space Y.

In other words, given the continuous maps p, G, g, and the inclusion
Y x {0} — Y x I, the problem is to find a continuous map G making the
diagram commute.

Remark. Recall that whenever a commutative diagram is given with one
dotted arrow, we consider it as a problem whose solution is a map which
can be substituted for the dashed arrow to give a commutative diagram.

A covering map is a fibration. In studying covering space theory this

fact is called the covering homotopy theorem. For covering maps the lifting
is unique, but this is not true for an arbitrary fibration.

Exercise 86. Show that the projection to the first factor p: B x F' — B is
a fibration. Show by example that the liftings need not be unique.

The following theorem of Hurewicz says that if a map is locally a fibra-
tion, then it is so globally.

Theorem 6.8. Let p : E — B be a continuous map. Suppose that B is
paracompact and suppose that there exists an open cover {Uy} of B so that
p:p Y(U,) — U, is a fibration for each Ul,.

Then p: E — B is a fibration. O

Proving this theorem is one of the projects for Chapter 4. The corollary
of most consequence for us is the following.

Corollary 6.9. Ifp: E — B is a fiber bundle over a paracompact space B,
then p is a fibration.

Proof. Exercise 86 says that the projection U x F' — U is a fibration. Since
fiber bundles have this local product structure, Theorem 6.8 implies that a
fiber bundle is a fibration. O
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Exercise 87. Give an example of a fibration which is not a fiber bundle.

Maps between fibrations are analogous to (and simpler than) maps of
fiber bundles.

Definition 6.10. If p: F — B and p' : E' — B’ are fibrations, then a map
of fibrations is a pair of maps f: B — B’, f : E — E’ so that the diagram

E4f>E/

|

/
B‘*)c B

commutes.

Pullbacks make sense and exist in the world of fibrations.

Definition 6.11. If p: E — B is a fibration, and f : X — B a continuous
map, define the pullback of p: E — B by f to be the map f*(F) — X where

fHE) ={(xe) e X X E|f(x) =ple)} CX X E
and the map f*(F) — B is the restriction of the projection X x £ — X.

The following exercise is a direct consequence of the universal property
of pullbacks.

Exercise 88. Show that f*(E) — X is a fibration.

The following notation will be in effect for the rest of the book. If
H:Y x I — B is a homotopy, then H; : Y — B is the homotopy at time ¢,
i.e.

6.3. The fiber of a fibration

A fibration need not be a fiber bundle. Indeed, the definition of a fibration is
less rigid than that of a fiber bundle and it is not hard to alter a fiber bundle
slightly to get a fibration which is not locally trivial. Nevertheless, a fibration
has a well defined fiber up to homotopy. The following theorem asserts this,
and also states that a fibration has a substitute for the structure group
of a fiber bundle, namely the group of homotopy classes of self-homotopy
equivalences of the fiber.

It is perhaps at first surprising that the homotopy lifting property in
itself is sufficient to endow a map with the structure of a “fiber bundle up
to homotopy”. But as we will see, the notion of a fibration is central in
studying spaces up to homotopy.
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Theorem 6.12. Letp: E — B be a fibration. Assume B is path connected.

Then all fibers Ey, = p~(b) are homotopy equivalent. Moreover every
path « : I — B defines a homotopy class a, of homotopy equivalences
Eq0) = Ea1) which depends only on the homotopy class of a rel endpoints,
in such a way that multiplication of paths corresponds to composition of
homotopy equivalences.

In particular, there exists a well-defined group homomorphism
[a] = (a™h).
m1 (B, bg) — Homotopy classes of self-homotopy equivalences of Ey,.

Remark. The reason why we use o +— (oz_l)* instead of & — v is because
by convention, multiplication of paths in B is defined so that a8 means first
follow «a, then (. This implies that (af8). = B« o ax, and so we use the
inverse to turn this anti-homomorphism into a homomorphism.

Proof. Let by, b; € B and let « be a path in B from by to b1. The inclusion
Ey, — E completes to a diagram

Ebo X {O} — kK

EbOXIT»B

where H(e,t) = a(t). Since E — B is a fibration, H lifts to E, i.e. there
exists a map H such that

Ebo X {O} — F

H

commutes.

Notice that the homotopy at time ¢ = 0, ﬁo : By, — E is just the
inclusion of the fiber Ebo in E. Furthermore, po Ht is the constant map at
a(t), so the homotopy H at time t = 1 is a map H; : Ey, — Ep,. We will let
oy = [Hl] denote the homotopy class of this map. Since H is not unique,
we need to show that another choice of lift gives a homotopic map. We will
in fact show something more general. Suppose o/ : I — B is another path
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homotopic to « rel end points. Then as before, we obtain a solution H' to
the problem

Ebo X{O} — F

o’
(where H' = o o proj;) and hence a map H) : Ey, — Ej, .

Claim. H, is homotopic to Hj.

Proof of Claim. Since « is homotopic rel end points to o, there exists a
map A : Ey, x I x I — B such that

A(e,st) = F(s,t)

where F'(s,t) is a homotopy rel end points of o to o’. (So Fy = « and
Fy = d'.) The solutions H and H' constructed above give a diagram

(Ey x I) x {0,1} U (B, x {0}) x I —2+ E

(Epy x I) x I B

where

I(e,s,0) = H(e,s)

['(e,s,1) = H'(e,s), and,
['(e,0,t) = e.

Let U =1 x{0,1} U{0} x I C I xI There exists a homeomorphism
@ : I? — I? taking U to I x {0} as indicated in the following picture.
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Thus the diagram

By x I x {0} <2 By xU —L |
p
Epy x I x I «~—— By, x I? n B

has the left two horizontal maps homeomorphisms. Since the homotopy
lifting property applies to the outside square, there exists a lift A : Ej  x I 25
FE so that

By, xU L+ g

A

x> — B

Ey, X

commutes.

But then A is a homotopy from H : Ey, x I — E to H' : Ey, x 1 — E.
Restricting to Ejp, x {1} we obtain a homotopy from H; to fI{ Thus the
homotopy class a, = [f{f 1] depends only on the homotopy class of a rel end
points, establishing the claim.

Clearly ().« = B« o ay if 3(0) = a(1). In particular, if 3 = a~! then
(const), = B o, where const denotes the constant path at by. But clearly

(const), = [ldg, ]

Thus B, is a homotopy inverse of a.

This shows that «, is a homotopy equivalence, and since B is path
connected, all fibers are homotopy equivalent.

Applying this construction to « € m1(B,by) we see that o, defines a ho-
motopy equivalence of Ej,, and products of loops correspond to composites
of homotopy equivalences. The following exercise completes the proof. DO

Exercise 89. Show that the set of homotopy classes of homotopy equiva-
lences of a space X forms a group under composition. That is, show that
multiplication and taking inverses is well defined.

Theorem 6.12 asserts that the fibers p~1(b) = E, for b € B are homotopy
equivalent. Thus we will abuse terminology slightly and refer to any space
in the homotopy equivalence class of the space Ej for any b € B as the fiber
of the fibration p : £ — B.
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Since homotopy equivalences induce isomorphisms in homology or coho-
mology, a fibration with fiber F' gives rise to local coefficients systems whose
fiber is the homology or cohomology of F', as the next corollary asserts.

Corollary 6.13. Let p : E — B be a fibration and let F = p~(by).
Then p gives rise to local coefficient systems over B with fiber H,(F; M) or
H™(F; M) for any n and any coefficient group M. These local coefficients
are obtained from the representations via the composite homomorphism

Homotopy classes of self-homotopy

m1(B.bo) — { equivalences F' — F

}—>Aut(A)
where A = Hy,(F; M) or A= H"(F; M).

Proof. The maps f. : Hy,(F;M) — H,(F;M) and f* : H"(F;M) —
H™(F; M) induced by a homotopy equivalence f : F' — F' are isomorphisms
which depend only on the homotopy class of f. Thus there is a function
from the group of homotopy classes of homotopy equivalences of F' to the
group of automorphisms of A. This is easily seen to be a homomorphism.
The corollary follows. O

We see that a fibration gives rise to many local coefficient systems, by
taking homology or cohomology of the fiber. More generally one obtains a
local coefficient system given any homotopy functor from spaces to abelian
groups (or R-modules), such as the generalized homology theories which we
introduce in Chapter 8.

With some extra hypotheses one can also apply this to homotopy func-
tors on the category of based spaces. For example, we will see below that if
F' is simply connected, or more generally “simple,” then taking homotopy
groups 7, " also gives rise to a local coefficient system. For now however,
observe that the homotopy equivalences constructed by Theorem 6.12 need
not preserve base points.

6.4. Path space fibrations

An important family of fibrations are the path space fibrations. They will
be useful in replacing arbitrary maps by fibrations and then in extending a
fibration to a “fiber sequence”.

Definition 6.14. Let (Y, o) be a based space. The path space P,Y is the
space of paths in Y starting at yo, i.e.

Py, Y = Map(1,0;Y ,y0) C Map(I,Y),
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topologized as in the previous subsection, i.e. as a compactly generated
space. The loop space €)Y is the space of all loops in Y based at yo, i.e.

QyY = Map(Z,{0,1};Y {yo}).

Often the subscript yo is omitted in the above notation. Let Y/ =
Map(I,Y). This is called the free path space. Let p : Y — Y be the
evaluation at the end point of a path: p(a) = «(1).

By our conventions on topologies, p : Y/ — Y is continuous. The
restriction of p to P, Y is also continuous.

Exercise 90. Let yg,y1 be two points in a path-connected space Y. Prove
that Q,,Y and €2, Y are homotopy equivalent.

Theorem 6.15.

1. The map p : Y — Y, where p(a) = a(1), is a fibration. Its fiber
over Yo s the space of paths which end at yy, a space homeomorphic
to PyY.

2. The map p : Py Y — Y is a fibration. Its fiber over yg is the loop
space 1y Y .

3. The free path space Y is homotopy equivalent to Y. The projection
p: YT =Y is a homotopy equivalence.

4. The space of paths in Y starting at yo, P,,Y , is contractible.
Proof. 1. Let A be a space, and suppose a homotopy lifting problem
g
Ax {0} —— y!
R4

Axf

7Y

is given. We write g(a) instead of g(a,0). For each a € A, g(a) is a path
in Y which ends at p(g(a)) = H(a,0). This point is the start of the path
H(a,—).
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We will define H(a, s)(t) to be a path running along the path g(a) and
then part way along H(a,—), ending at H(a,s).

Define

H(a,s)(t) = g9(a)((1 + s)t) f0<t<1/(1+s),
’ - H(a’((1+5)t_1) ifl/(l{—s)gtgl‘

Then H (a, s)(t) is continuous as a function of (a, s, t), so H(a,s) € Y! and by
our choice of topologies H : A x I — Y is continuous. Also H(a,0) = g(a)
and p(H(a,s)) = H(a,s)(1) = H(a,s). Thus the lifting problem is solved
and so p : P,,Y — Y is a fibration. The fiber p~!(yo) consists of all paths
ending at yo and the path space P, Y consists of all paths starting at yo. A

homeomorphism is given by
a(t) —a(t) = a(l —t).

This proves 1.

2. has the same proof; the fact that g(a) starts at yo means that H(a, s)
also starts at yp.

3. Let i : Y — Y be the map taking y to the constant path at y. Then
poi=1Idy. Let F: Y! x I — Y be given by

F(a,s)(t) = a(s +t — st).

Then F(a,0) = o and F(«,1) is the constant path at «(1) which in turn
equals i o p(a). Thus F' shows that the identity is homotopic to i o p. Hence
p and ¢ are homotopy inverses.

4. has the same proof as 3. O
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6.5. Fiber homotopy

Recall a map of fibrations (p: E — B) to (p' : E/ — B’) is a commutative
diagram

E—f>E/

p‘ Jp/
!/
B —5 B
Definition 6.16. A fiber homotopy between two morphisms (f;, fi) i = 0,1
of fibrations is a commutative diagram

H
ExI —— F
pxId p’

BXIT’B/

with Hyg = fo, H1 = f1, Hy = fo, and H1 = f1.

Given two fibrations over B, p: E — B and p’ : E' — B, we say they
have the same fiber homotopy type if there exists a map f from E to E'
covering the identity map of B, and a map ¢ from E’ to E covering the
identity map of B, such that the composites

E go‘f E E/ ﬁ, E/
N N/
B B

are each fiber homotopic to the identity via a homotopy which is the identity
on B (i.e. there exists H : Ex I — E such that p(H (e,t)) = p(e), Hy = jo f,
and f]l = Idg. Similarly for fog). One says that f and g are fiber homotopy
equivalences.

Notice that a fiber homotopy equivalence f : E — E' induces a homo-
topy equivalence Ejp, — Ej on fibers.

6.6. Replacing a map by a fibration

Let f : X — Y be a continuous map. We will replace X by a homotopy
equivalent space Py and obtain a map Py — Y which is a fibration. In short,
every map is equivalent to a fibration. If f is a fibration to begin with, then
the construction gives a fiber homotopy equivalent fibration. We assume
that Y is path-connected and X is non-empty.

Let ¢ : Y! — Y be the path space fibration, with ¢(a) = a(0); evaluation
at the starting point.
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Definition 6.17. The pullback Py = f*(Y'1) of the path space fibration
along f is called the mapping path space.

(6.1) ‘ ‘
X

An element of Py is a pair (x,a) where o is a path in Y and z is a point in
X which maps via f to the starting point of «.

The mapping path fibration
p:Pr—Y
is obtaining by evaluating at the end point
p(z,a) = a(1).
Theorem 6.18. Suppose that f : X — Y is a continuous map.

1. There exists a homotopy equivalence h : X — Py so that the diagram

X h Py

N

Y

commutes.
2. The map p: Py — Y is a fibration.
3. If f: X =Y is a fibration, then h is a fiber homotopy equivalence.

Proof. 1. Let h : X — Py be the map
h(z) = (x, constf(x))

where const () means the constant path at f(x). Then f = poh, so the
triangle commutes. The homotopy inverse of h is p; : Py — X, projection
on the X-component. Then p;oh = Idx. The homotopy from hop; to Idp,
is given by

F((z,a),s) = (z, as),
where « is the path s — «a(st) (We have embedded X in Py via h, and have

given a deformation retract of Py to X by contracting a path to its starting
point.)
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2. Let the homotopy lifting problem

Ax {0} L~ Py
i

AXIT’Y

be given. For a € A, we write g(a) instead of g(a,0). Furthermore g(a) has
an X-component and a Y/-component and we write

g9(a) = (g1(a), g2(a)) € P C X x Y.

Note that since g(a) is in the pullback, g1(a) maps via f to the starting
point of the path g2(a) and the square above commutes, so the endpoint of
the path go(a) is the starting point of the path H(a,—). Here is a picture
of g(a) and H(a,—).

g1(a)

The lift H will have two components. The X-component will be constant
in s,

ﬁl(a’ 8) = gl(a)

The Y/-component of the lift will be a path running along the path go(a)
and then part way along H(a,—), ending at H(a, s).

Here is a picture of H(a,s).

g1(a)
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A formula is given by
H(a,s) = (g1(a), Hy(a,s)(=)) € Pp € X x Y,
where

g2(a)((1 + s)t) if0<t<1/(1+s),

Hy(a,s)(t) = {H(a’ (Q+s)t—1) if1/(1+s)<t<1.

We leave it to the reader to check H is continuous and that it is a lift of H
extending the map g. Thus we have shown the mapping path fibration is a
fibration.

3. Finally suppose that f : X — Y is itself a fibration. In the proof of
1. we showed that
h:X — Py, h(z) = (z,const ¢())

and
pr:Pr— X pi(z,a) =z

are homotopy inverses. Note h is a map of fibrations (covering the identity),
but p; is not, since f o pi(x,a) is the starting point of « and p(x, «) is the
endpoint of a.

Let v : Py x I — Y be the map y(z,a,t) = a(t). Since f is a fibration,
the homotopy lifting problem

Prx {0} 2 x
<

yo

f

has a solution. Define g : Py — X by g(z,a) = J(x,a,1). Then the
diagrams

x —" P X

NS NS

Y

Py

comimute.

Thus h and g are maps of fibrations, and in fact homotopy inverses since
g is homotopic to p;. But this is not enough.

To finish the proof, we need to show that g o h is homotopic to Idx by
a vertical homotopy (i.e. a homotopy over the identity Idy : ¥ — Y') and
h o g is homotopic to Idp, by a vertical homotopy.
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Let F': X x I — X be the map
F(z,t) = J(z,const p(5),t).
Then
L. F(x,0) = 5(z,const ¢(;,0) = p1(w,consts,) = =, and
2. F(z,1) = J(w,const f(y),1) = g o h(x).
Hence F is a homotopy from Idx to g o h. Moreover,
F(F (b)) = f(y(@,constp),t)) = 7(z,consty(q),t) = f(z)

so F'is a vertical homotopy.

Here is a picture of ¥

The vertical homotopy from Idp, to ho g is given by contracting along
paths to their endpoints. Explicitly H : Pr X I — Py is

H(z,a,s) = (F(z,q, ), (t — a(s +t — st))).

Given a map f : X — Y, it is common to be sloppy and say “F is the
fiber of f”, or “F — X — Y is a fibration” to mean that after replacing
X by the homotopy equivalent space Py and the map f by the fibration
P; — 'Y, the fiber is a space of the homotopy type of F.

6.7. Cofibrations

Definition 6.19. A map i : A — X is called a cofibration, or satisfies the
homotopy extension property (HEP), if the following diagram has a solution
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for any space Y.

A x {0} AxIT
i Y ixId
X x {0} X %1

Cofibration is a “dual” notion to fibration, using the adjointness of the
functors — x I and —!, and reversing the arrows. To see this, note that since
amap A x I — B is the same as a map A — B!, the diagram defining a
fibration f: X — Y can be written

eval. at 0

X el
R4

f

z Yl

The diagram defining a cofibration f : Y — X can be written as

XL’XXI

fxI

»

Z —Y x1I.

For “reasonable” spaces, any cofibration ¢ : A — X can be shown to
be an embedding whose image is closed in X. We will only deal with cofi-
brations given by a pair (X, A) with A a closed subspace. In that case one
usually says that A <— X is a cofibration if the problem

XX{O}UAXIMY

Xxf

as a solution for all spaces Y, maps f : X — Y and homotopies h : A x [toY
extending f|4. Hence the name homotopy extension property.

Definition 6.20. Let X be compactly generated, A C X a subspace. Then
(X,A) is called an NDR-pair (NDR stands for “neighborhood deformation
retract”) if there exist continuous maps v : X — I and h : X x I — X so
that:
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1. A=u"%0),

2. h(—,0) = Idy,

3. h(a,t) =aforallt e, a € A, and

4. h(z,1) € A for all x € X such that u(z) < 1.

In particular the neighborhood U = {z € X|u(x) < 1} of A deformation
retracts to A.

Definition 6.21. A pair (X,A) is called a a DR-pair (DR stands for “de-
formation retract”) if 1,2,3 hold, but also

4" h(z,1) e A forallz e X.

(This is slightly stronger than the usual definition of deformation retracts,
because of the requirement that there exists a function w : X — I such that

u=1(0) = A)

Theorem 6.22 (Steenrod). Equivalent are:
1. (X,A) is an NDR pair.
2. (X xI,Xx0UAXI) is a DR pair.
3. X XOUA X I is a retract of X x I.
4. i: A— X is a cofibration.

For a complete proof see Steenrod’s paper [38].
Proof of some implications.
(4=3) LetY =X x0UA xI. Then the solution of

Xx{0} UAxT 1+ Xx{0} UAxI

v

XxI
is a retraction of X x I to X x OU A x I.
(3=4) The problem

Xx{O}UAxI—f»Y

X x I
has a solution for, where r: X x I — X x {0} U A x I is the retraction.

(1 = 3) (This implication says that NDR pairs satisfy the homotopy
extension property. This is the most important property of NDR pairs.)
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The map R: X x I — X x {0} U A x I given by

(x,t) ifreAort=0,
R(z,t) = ¢ (h(z,1),t —u(x)) ift>wu(x)andt >0, and
(h(z, ﬁ),O) if u(z) >t and u(z) >0

is a well-defined and continuous retraction.
O

The next result should remind you of the result that fiber bundles over
paracompact spaces are fibrations.

Theorem 6.23. If X is a CW-complex, and A C X a subcomplex, then
(X,A) is a NDR pair.

Sketch of proof. The complex X is obtained from A by adding cells. Use
a collar S"~! x [0,1] C D™ given by (7,t) — (1 — £)¥ to define u and h
cell-by-cell. O

Exercise 91. If (X, A) and (Y, B) are cofibrations, so is their product
(X,A) x(V,B)=(X xY, X x BUAXY).
We next establish that a pushout of a cofibration is a cofibration; this

is dual to the fact that pullback of a fibration is a fibration. The word dual
here is used in the sense of reversing arrows.

Definition 6.24. A pushout of maps f : A - B andg: A — C is a
commutative diagram

which is initial among all such commutative diagrams, i.e. any problem of
the form

has a unique solution.
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Pushouts are unique up to homeomorphism; this is proved using an
“initial object” argument. Sometimes we just say D is the pushout, and
sometimes we write D = f,C, the pushout of g along f.

Pushouts always exist. They are constructed as follows.

When A is empty the pushout is the disjoint union B1I C. A concrete
realization is given by choosing base points by € B and ¢y € C and setting

BIIC = {(b,cp,0) e BxCxI|be B} U {(by,c,1) e BxCxI|ceC}.

In general, a concrete realization for the pushout of f : A — B and
g:A—Cis
BIIC
fla) ~ g(a)’
Note that this is a quotient of a sum, just like the pushout in the category
of abelian groups.

Theorem 6.25. Ifg: A — C is a cofibration and

41 .5

|

C — fiC

g

is a pushout diagram then B — f,.C is a cofibration. O

The proof is obtained by reversing the arrows in the dual argument for
fibrations. We leave it as an exercise.

Exercise 92. Prove Theorem 6.25.

6.8. Replacing a map by a cofibration

Let f : A — X be a continuous map. We will replace X by a homotopy
equivalent space My and obtain a map A — M/ which is a cofibration. In
short, every map is equivalent to a cofibration. If f is a cofibration to begin
with, then the construction gives a homotopy equivalent cofibration relative
to A.

Definition 6.26. The mapping cylinder of a map f: A — X is the space

 (AxDIX
M=~
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Jorts

My

The mapping coneof f: A — X is

My
VTR
AxI
Ax{0}
Cy

Note that the mapping cylinder My can also be defined as the pushout
of

Ax {1} —— X x {1}

Ax]T

This shows the analogue with the mapping path fibration Py more clearly.
Sometimes Py is called the mapping cocylinder by those susceptible to cat-
egorical terminology.
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The “dual” result to Theorem 6.18 is the following.

Theorem 6.27. Let f: A — X be a map. Leti: A — My be the inclusion
i(a) = [a,0].

1. There exists a homotopy equivalence h : My — X so that the diagram

A .
N

X h

My
commutes.

2. The inclusion i : A — My is a cofibration.

3. If f : A — X is a cofibration, then h is a homotopy equivalence
rel A, in particular h induces a homotopy equivalence of the cofibers

Cy— X/f(A).
Proof. 1. Let h: My — X be the map
ha,s) = f(a),  hla] = .

Then f = hoi so the diagram commutes. The homotopy inverse of & is the
inclusion j : X — My. In fact, hoj = Idx, and the homotopy from Idxs,
to j o h squashes the mapping cylinder onto X and is given by

F([a,s],t) = |a,s +t — st]
F([z], 1) = [«].

2. By the implication (3 = 4) from Steenrod’s theorem (Theorem 6.22),
we need to construct a retraction

R:MyxI—Mx0UAXI

v

e

1
I/ V
0
My x 1T My x {0} UAXT

Let
r:Ix]—Ix0U0x]T
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be a retraction so that r(1 x I) = {(1,0)}. (First retract the square onto
3 sides and then contract a side to a point.) Define R(]a,s],t) = [a,7(s,1)]
and R([z],t) = ([«],0). Thus i : A — M is a cofibration.

3. If f: A — X is a cofibration, by Steenrod’s theorem there is a
retraction

r: X xI—>Xx1Uf(A)xI
and an obvious homeomorphism
q: X x1U[f(A) xI— My.
Define g : X — My by g(x) = q(r(x,0)). We will show that g and h are
homotopy inverses rel A (recall hla, s] = f(a) and h[z] = x).
Define the homotopy
H: XxI—-=X
as H=hor. Then H(z,0) = hog(z), H(z,1) =z, and H(f(a),t) = f(a).
Define the homotopy
F: Mf x I — Mf
by (e}, t) = q(r(x,1) and F(a,s],t) = g(r(f(a),st)). Then F(z,0) =
goh(x), H(—,1) = Idp,, and F(i(a),t) = i(a). The reader is encouraged
to verify these formulae, or to draw the motivating pictures. O

6.9. Sets of homotopy classes of maps

We introduce the following notation. If X, Y are spaces, then [X,Y] denotes
the set of homotopy classes of maps from X to Y, i.e.

[X,Y] =Map(X,Y)/ ~
where f ~ g if f is homotopic to g.

Notice that if Y is path-connected, then the set [X,Y] contains a distin-
guished class of maps, namely the unique class containing all the constant
maps. We will use this as a base point for [X,Y] if one is needed.

If X has a base point z(, and Y has a base point yg, let [X,Y]o denote
the based homotopy classes of based maps, where a based map is a map
f i (X,z9) — (Y,y0). Then [X,Y]o has a distinguished class, namely the
class of the constant map at yp. (In the based context, it is not necessary to
assume Y is path-connected to have this distinguished class.) Given a map
f X — Y let [f] denote its homotopy class in [X,Y] or [X,Y]o. Notice
that if X and Y are based spaces there is a forgetful map [X,Y]p — [X,Y].
This map need not be injective or surjective.

The notion of an exact sequence of sets is a useful generalization of the
corresponding concept for groups.
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Definition 6.28. A sequence of functions
Al psc
of sets (not spaces or groups) with base points is called exact at B if

f(A) =g ()

where ¢ is the base point of C.

All that was necessary here was that C' be based. Notice that if A, B,C
are groups, with basepoints the identity element, and f, ¢ homomorphisms,
then A — B — (' is exact as a sequence of sets if and only if it is exact as
a sequence of groups.

The following two theorems form the cornerstone of constructions of
exact sequences in algebraic topology.

Theorem 6.29 (basic property of fibrations). Let p : E — B be a fibra-
tion, with fiber F = p~Y(by) and B path-connected. Let Y be any space.
Then the sequence of sets

IV, F] 5 [v,E] 25 [v,B]
18 exact.

Proof. Clearly p.(i«[g]) = 0.

Suppose f : Y — FE so that p.[f] = [const], i.e. pof :Y — B is
null homotopic. Let G : Y x I — B be a null homotopy, and then let
H :Y x I — E be a solution to the lifting problem

Y><{0}—f>E

L p

YXI?B

Since p o H(y,1) = G(y,1) = by, H(y,1) € F = p~Y(bg). Thus f is
homotopic into the fiber, so [f] = i[H(—,1)]. O

Theorem 6.30 (basic property of cofibrations). Let i : A — X be a cofi-
bration, with cofiber X/A. Let q : X — X/A denote the quotient map. Let
Y be any path-connected space. Then the sequence of sets

x/4,Y] 5 (x,Y] S [AY)

18 exact.
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Proof. Clearly i*(¢*([g])) = [g © q o i] = [const].

Suppose f: X — Y is a map and suppose that f|, : A — Y is nullho-
motopic. Let h : A x I — Y be a null homotopy. The solution F' to the
problem

XX{O}UAXI&Y

X x 1

defines a map f’ = F(—,1) homotopic to f whose restriction to A is constant,
i.e. f'(A) = yo. Therefore the diagram

XLY

<
q S
l ° ' g

X/A

can be completed, by the definition of quotient topology. Thus [f] = [f'] =
qa*[g]- O

6.10. Adjoint of loops and suspension; smash
products

Definition 6.31. Define K, to be the category of compactly generated
spaces with a non-degenerate base point, i.e. (X,xo) is an object of K,
if the inclusion {z¢} C X is a cofibration. The morphisms in K, are the
base point preserving continuous maps.

Exercise 93. Prove the base-point versions of the previous two theorems:

1. If F — E — B is a base point preserving fibration, then for any
Y e K
[Y,F]O — [Y,E]O — [Y,B]o
is exact.

2. If A— X — X/A is a base point preserving cofibration, then for any
Y e K,
[X/AaY]O - [XaY]O - [AaY]o

is exact.

Most exact sequences in algebraic topology can be derived from Theo-
rems 6.29, 6.30, and Exercise 93. We will soon use this exercise to establish
exact sequences of homotopy groups. To do so, we need to be careful about
base points and adjoints. Recall that if (X, z¢) and (Y, yo) are based spaces,
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then Map(X,Y)o is the set of maps of pairs (X,z9) — (Y,yo) with the
compactly generated topology.

Definition 6.32. The smash product of based spaces is

X xY XxY

XAY = = :
XVY X x{y}U{zo}UY

Note that the smash product X AY is a based space. Contrary to popular
belief, the smash product is not the product in the category /., although
the wedge product

XVY = (X x {go) U({zo} xY) C X x Y

is the sum in K. The smash product is the adjoint of the based mapping
space. The following theorem follows from the unbased version of the adjoint
theorem (Theorem 6.5), upon restricting to based maps.

Theorem 6.33 (adjoint theorem). There is a (natural) homeomorphism

Map(X A Y, Z)o 2 Map(X, Map(Y, Z)o)o

Definition 6.34. The (reduced) suspension of a based space (X, zg) is SX =
SY A X. The (reduced) cone is CX = I A X. Here the circle is based by
1 € S' C C and the interval by 0 € I.

Using the usual identification I/{0,1} = S! via t +— €2™  one sees

X x 1

X —
S X x{0,1} U{zo} x I

In other words, if ¥X is the unreduced suspension and cone(X) is the unre-
duced cone (= ¥X/X x {0}), then there are quotient maps

X — SX cone(X) — CX

given by identifying {z¢} x I shaded in the following figure.
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{wo} x I xo} x I
= /

X cone(X)

Notice that taking reduced suspensions and reduced cones is functo-
rial. Reduced suspensions and cones are more useful than the unreduced
variety since they have canonical base points and satisfy adjoint proper-
ties. Nonetheless, it is reassuring to connect them with the more familiar
unreduced versions.

Exercise 94. If X € K, (i.e. the inclusion {zp} — X is a cofibration),
then the quotient maps XX — SX and cone(X) — CX are homotopy
equivalences.

Proposition 6.35. The reduced suspension SS™ is homeomorphic to S"H!

and the reduced cone CS™ is homeomorphic to D"*1. O

Exercise 95. Prove Proposition 6.35. This shows in a special case that the
smash product is associative. Prove associativity of the smash product in
general.

Corollary 6.36. S' A S7 is homeomorphic to S'T7. O

We defined loop spaces by §2,, X = Map(Z,{0,1}; X, {zo}), but by using
the identification of the circle as a quotient space of the interval, one sees

Q0 X = Map(St, X)
Then a special case of Theorem 6.33 shows the following.
Theorem 6.37 (loops and suspension are adjoints). The spaces
Map(SX,Y)o

and
Map(X,QY)o

are naturally homeomorphic. O
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6.11. Fibration and cofibration sequences

We will see eventually that the homotopy type of a fiber of a fibration mea-
sures how far the fibration is from being a homotopy equivalence. (For
example, if the fiber is contractible then the fibration is a homotopy equiv-
alence.) More generally given a map f : X — Y, one can turn it into a
fibration Py — Y as above; the fiber of this fibration measures how far f is
from a homotopy equivalence.

After turning f : X — Y into a fibration Py — Y one then has an
inclusion of the fiber F' C Pr. Why not turn this into a fibration and see
what happens? Now take the fiber of the resulting fibration and continue
the process ...

Similar comments apply to cofibrations. Theorem 6.39 below identifies
the resulting iterated fibers and cofibers. We first introduce some terminol-

ogy.
Definition 6.38. If f : X — Y is a map, the homotopy fiber of f is the
fiber of the fibration obtained by turning f into a fibrations. The homotopy

fiber is a space, well-defined up to homotopy equivalence. Usually one is
lazy and just calls this the fiber of f.

Similarly, the homotopy cofiber of f : X — Y is the mapping cone C¥,
the cofiber of X — M.

Theorem 6.39.

1. Let F — E — B be a fibration. Let Z be the homotopy fiber of
F — E, soZ — F — FE is a fibration (up to homotopy). Then Z is
homotopy equivalent to the loop space 2B.

2. Let A — X — X/A be a cofibration sequence. Let W be the homotopy
cofiber of X — X/A, so that X — X/A — W s a cofibration (up
to homotopy). Then W is homotopy equivalent to the (unreduced)
suspension L A.

Proof. 1. Let f : E — B be a fibration with fiber F = f~1(by). Choose
a base point ey € F'. In Section 6.6 we constructed a fibration p : Py — B
with

P = {(e,a) € E x B'|f(e) = a(0)}
and p(e,&) = (1), and such that the map h : E — Py given by h(e) =

(e, consty()) is a fiber homotopy equivalence.
Let (Pf)o = p~1(by), so (Pr)o — P 2, B is a fibration equivalent to
f
F—F = B.
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Define 7 : (Pf)o — E by m(e,a) = e. Notice that

(Pr)o = {(e;)|f(e) = a(0), a(1) = bo}.

f(e)

Claim. 7:(Pf)g — FE is a fibration with fiber Q B.
Proof of claim. Clearly 7 !(eg) = {(eo,@)|a(0) = (1) = by} is homeo-

morphic to the loop space, so we just need to show 7 is a fibration. Given
the problem

Ax {0} —~ (Py)o

|

AxT E
the picture is
H(a,—) gi(a)
\_/‘(\0
/ bo
g92(a)(—)

Hence we can set H(a,s) = (H(a,s), Ha(a,s)) where Hy(a,s))(—) has
the picture
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f(H(a,s))

and is defined by
Fla(a, ))(t) {f(H(y, (A +s)t+s) f0<t<s/(s+1),

g2(a)((s + 1)t — s if s/(s+1)<t<1.

The map F' — (Py)o is a homotopy equivalence, since E' — Py is a fiber
homotopy equivalence. Thus the diagram

F

:\E
i

(Pf)o

shows that the fibration 7 : (Py)o — E is obtained by turning ' — FE into
a fibration, and the homotopy fiber is (2, B.

2. The map X — X/A is equivalent to X — C; = X U cone(A) where
i: A — X. The following picture makes clear that C;/X = X A. The fact
that X — Cj; is a cofibration is left as an exercise.

1
— -
X C; = XU cone(A) ~ X/A YA=0Ci/X

O

Exercise 96. Show that X — C; = X U cone(A) is a cofibration.

We have introduced the notion of the loop space 2X of a based space
X as the space of paths in X which start and end at the base point. The
loop space is itself a based space with base point the constant loop at the
base point of X. Let Q"X denote the n-fold loop space of X. Similarly the
reduced suspension SX of X is a based space. Let S"X denote the n-fold
suspension of X.
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The previous theorem can be restated in the following convenient form.

Theorem 6.40.

1. Let A — X be a cofibration. Then any two consecutive maps in the
sequence

A-X—->X/A-¥A-3¥X -  -3¥"A-3"X - ¥"(X/A) — -

have the homotopy type of a cofibration followed by projection onto
the cofiber.

1". Let A — X be a base point preserving cofibration. Then any two
consecutive maps in the sequence

A—-X—-X/A—-SA—-S5SX - - S"A—-5"X - S"(X/A) — -

have the homotopy type of a cofibration followed by projection onto
the cofiber.

2. Let E — B be a fibration with fiber F. Then any two consecutive
maps in the sequence

= P SQ"E—-Q"B— - - QF - QF - QB —-F —-FE — B

have the homotopy type of a fibration preceded by the inclusion of its
fiber.

To prove 1’., one must use reduced mapping cylinders and reduced cones.

6.12. Puppe sequences

Lemma 6.41. Let X and Y be spaces in K.
1. [X,QY]o = [SX,Y]o is a group.
2. [X, Q)] = [SX, QY] = [S?X, Y] is an abelian group.
Sketch of proof. The equalities follow from Theorem 6.37, the adjointness

of loops and suspension. The multiplication can be looked at in two ways:
first on [SX, Y]y as coming from the map

v:SX —-85XVvSX

given by collapsing out the “equator” X x 1/2. Then define

fg = v(fVyg)
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v f
\
g
SX SXVSX Y

The second interpretation of multiplication is on [X,QY]y and comes from
composition of loops
*x: QY x QY — QY

with (fg)z = £(z) * g(x).
The proof of 2 is obtained by meditating on the following sequence of
pictures.

O

Exercise 97. Convince yourself that the two definitions of multiplication
on [X QY] = [SX,Y]o are the same and that 71 (Y, o) = [SS°, Y]o.

The last lemma sits in a more general context. A loop space is a example
of an H-group and a suspension is an example of a co-H-group. See [36] or
[43] for precise definitions, but here is the basic idea. An H-group Z is a
based space with a “multiplication” map p: Z X Z — Z and an “inversion”
map ¢ : X — X which satisfy the axioms of a group up to homotopy (e.g.
is associative up to homotopy). For a topological group G and any space
X, Map(X,G) is a group, similarly for an H-group Z, [X, Z]y is a group.
To define a co-H-group, one reverses all the arrows in the definition of H-
group, so there is a co-multiplication v : W — W V W and a co-inversion



144 6. Fibrations, Cofibrations and Homotopy Groups

Y : W — W. Then [W,X]p is a group. Finally, there is a formal, but
occasionally very useful result. If W is a co-H-group and Z is an H-group,
then the two multiplications on [W, Z]y agree and are abelian. Nifty, huh?
One consequence of this is that 71 (X, zg) of an H-group (e.g. a topological
group) is abelian.

Combining Lemma 6.41 with Theorem 6.40 and Exercise 93 yields the
proof of the following fundamental theorem.

Theorem 6.42 (Puppe sequences). Let Y € K,.

1. If F — E — B is a fibration, the following sequence is a long exact
sequence of sets (i > 0), groups (i > 1), and abelian groups (i > 2).

= [YQF)y — [V QE]p — [V,Q' By —
T [Y7QB]0 - [Y7F]0 - [YvE]O - [YaB]O
where Q7 denotes the iterated loop space
Q- (QZ) ).

2. If (X,A) is an cofibration, the following sequence is a long ezact se-
quence of sets (i > 0), groups (i > 1), and abelian groups (i > 2).

c = [SUX/A), Yo — [STX, Y] — [S'A, Y]y —
c = [SAY]o — [X/A, Yo — [X,Y]o — [A,Y]o

O

This theorem is used as the basic tool for constructing exact sequences
in algebraic topology.

6.13. Homotopy groups

We now define the homotopy groups of a based space.

Definition 6.43. Suppose that X is a space with base point xg. Then the
nt" homotopy group of X based at xo is the group (set if n = 0, abelian
group if n > 2)

7Tn(X, .’L‘o) = [Sn, X]O.

(We will usually only consider X € K,.)
Notice that
(6.2)  mu(X,x0) = [S™, X]o =[S AS™TF, X]o = m_r(QF(X)).

In particular,
X =1 (Q"1X).



6.13. Homotopy groups 145

There are other ways of looking at homotopy groups which are useful.
For example, to get a hold of the group structure for writing down a proof,
use (X, o) = [(I™,0I"), (X, z0)]. For the proof of the exact sequence of
a pair (coming later) use 7, (X, x9) = [(D", 8" 1), (X, x0)]. For finding a
geometric interpretation of the boundary map in the homotopy long exact
sequence of a fibration given below, use

Tn(X,20) = [(S"1 x I,(S™ 1 x OI) U (x x I)), (X, 20)].

A useful observation is that the set mo(X,x) is in bijective correspon-
dence with the path components of X. A based map f: S° = {1} — X
corresponds to the path component of f(—1). In general 7 is just a based
set, unless X is an H-space, e.g. a loop space or a topological group.

Also useful is the fact that [X,Y]o = mo(Map(X,Y)o), the set of path
components of the function space Map(X,Y)p. In particular, Equation (6.2)

shows that 7, (X, xg) is the set of path components of the n-fold loop space
of X.

Homotopy groups are the most fundamental invariant of algebraic topol-
ogy. For example, we will see below that a CW-complex is contractible if
and only if all its homotopy groups vanish. More generally we will see that
amap f: X — Y is a homotopy equivalence if and only if it induces an
isomorphism on all homotopy groups. Finally, the homotopy type of a CW-
complex X is determined by the homotopy groups of X together with a
cohomological recipe (the k-invariants) for assembling these groups. (The
homotopy groups by themselves do not usually determine the homotopy
type of a space.)

Exercise 98. Show that 7,(X xY) = 7,(X) & 7, (Y).

As an application of the Puppe sequences (Theorem 6.42) we imme-
diately get the extremely useful long exact sequence of homotopy groups
associated to any fibration.

Corollary 6.44 (long exact sequence of a fibration). Let FF — E — B be
a fibration. Then the sequence
=, B — B — 1 F— B — -
—mF —-mFE —mB — mgF — mFE — mB

18 exact. O

In Corollary 6.44, one must be careful with exactness at the right end
of this sequence since w1 F', m F, and 71 B are non-abelian groups and mgF/,
w9k, and my B are merely sets.

Taking F' discrete in Corollary 6.44 and using the fact that covering
spaces are fibrations one concludes the following important theorem.
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Theorem 6.45. Let X — X be a connected covering space of a connected
space X. Then the induced map

Tn(X) — T (X)

is injective if n = 1, and an isomorphism if n > 1. O
Exercise 99. Give a covering space proof of Theorem 6.45.

6.14. Examples of fibrations

Many examples of fibrations and fiber bundles arise naturally in mathemat-
ics. Getting a feel for this material requires getting one’s hands dirty. For
that reason many facts are left as exercises. We will use the following theo-
rem from equivariant topology to conclude that certain maps are fibrations.
This is a special case of Theorem 4.5.

Theorem 6.46 (Gleason). Let G be a compact Lie group acting freely on
a compact manifold X. Then

X - X/G
is a principal fiber bundle with fiber G.

6.14.1. Hopf fibrations. The first class of examples we give are the fa-
mous Hopf fibrations. These were invented by Hopf to prove that there are
non—nullhomotopic maps S™ — S™ when n > m.

There are four Hopf fibrations (these are fiber bundles):
SY— st — st
Stes 83 — G2
53 ST 54
and
ST s G5, 68,
These are constructed by looking at the various division algebras over R.

Let K =R,C,H, or O (the real numbers, complex numbers, quater-
nions, and octonions). Each of these has a norm N : K — R4 so that

N(zy) = N(z)N(y)
and N(z) > 0 for z # 0.
More precisely,
1. If K = R, then N(z) = |z| = V2T where 7 = z,
2. If K = C, then N(z) = /2T where a + ib = a — ib,
3. If K = H, then N (z) = VT, where a + ib + jc + kd = a—ib—jc—kd,
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4. The octonions are defined to be O = H @ H. The conjugation is
defined by the rule: if p = (a,b), then p = (@, —b). Multiplication is
given by the rule

(a,b)(c,d) = (ac — db,bc + da)
and the norm is defined by

N(p) = /pp.
Let Ex = {(z,y) € K ® K|N(z)?> + N(y)?> = 1}. Let Gx = {z €
K|N(x)=1}.

Exercise 100. Gk is a compact Lie group homeomorphic to S” for r =
0,1,3. For K = O, Gk is homeomorphic to S7, but it is not a group;
associativity fails.

Let Gk act on Ex by g - (x,y) = (gz,9y) (Note N(gx)? + N(gy)? =
N(x)?2+ N(y)? if N(g) =1.)

This action is free. This is easy to show for K = R, C, or H, since
K is associative, hence if g(z,y) = (z,y), one of z or y is non-zero (since
N(x) and N(y) are not both zero) and so if x # 0, gz = x implies that
1 = 227! = (go)z~! = g(xz~!) = g. This argument does not work for
K = O since Gk is not a group; in this case one defines an equivalence
relation on Fx by (x,y) ~ (g, gy) for g € Gi. The resulting quotient map
Ex — E}/ ~ is a fiber bundle.

It is also easy to see that Ex consists of the unit vectors in the corre-
sponding R” and so Fx = S?"*! for r = 0,1,3,7. Moreover Gx = S” and
so the fiber bundle G — Ex — Ex /G can be rewritten

ST s 527"—‘,—1 Y = 52T+1/Sr

Exercise 101. Prove that Y is homeomorphic to the (r+1)-sphere S"*! in
the 4 cases. In fact, prove that the quotient map S?"*! — Y can be written
in the form f: S?"+! — S+ where

f(z1,22) = (QElzg,N(z1)2 - N(zg)2).

Using these fibrations and the long exact sequence of a fibration (Corol-
lary 6.44) one obtains exact sequences

oSt - 1,8 - 8% - St —
co S = ST - St — w180 —
- — 7rnS7 — 1,8 = 7,88 — 7Tn_157 — e

Since 7, 5! = 0 for n > 1 (the universal cover of S* is contractible and
so this follows from Theorem 6.45), it follows from the first sequence that
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182 = 1,582 for n > 2. The Hopf degree Theorem (Corollary 6.67 and a
project for Chapter 3) implies that 7, 5™ = Z. In particular,

7T3$2 =7
This is our second non-trivial calculation of 7, S™ (the first being 7,,S™ = Z).

The quickest way to to obtain information from the other sequences is to
use the cellular approximation theorem. This is an analogue of the simplicial
approximation theorem. Its proof is one of the projects for Chapter 1.

Theorem 6.47 (cellular approximation theorem). Let (X, A) and (Y, B) be
relative CW-complezes, and let f : (X, A) — (Y,B) be a continuous map.
Then f is homotopic rel A to a cellular map. O

Applying this theorem with (X, A) = (5", z¢) and (Y, B) = (5™, yo) one

concludes that
9" =01if n<m.

Returning to the other exact sequences, it follows from the cellular ap-
proximation theorem that 7,S% = 7, 193 for n < 6 (since 7,(S7) = 0 for
n < 6), and that 7,58 = 7,157 for n < 14. We will eventually be able to
say more.

6.14.2. Projective spaces. The Hopf fibrations can be generalized by
taking G acting on K™ for n > 2 at least for K = R, C, and H.

For K = R, Gx = Z/2 acts on S™ with quotient real projective space
RP"™. The quotient map S™ — RP" is a covering space, and in particular
a fibration.

Let S act on
Sl — f(z),...,2,) €C" | B|z)* =1}
by
t(z1, s 2n) = (tz1,- -+ ,tzp)
ifteSl={2€C||z| =1}

Exercise 102. Prove that S' acts freely.

The orbit space is denoted by CP"~! and called complex projective space.
The projection S?"~! — CP""! is a fibration with fiber S'. (Can you
prove directly that this is a fiber bundle?) In fact, if one uses the map
p: S~ - CP" ! to adjoin a 2n-cell, one obtains CP™. Thus complex
projective space is a CW-complex.

Notice that CP" is a subcomplex of CP™*! and in fact CP"*! is ob-

tained from CP" by adding a single 2n+ 2-cell. One defines infinite complex
projective space CP*° to be the union of the CP", with the CW-topology.
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Exercise 103. Using the long exact sequence for a fibration, show that
CP is an Eilenberg-MacLane space of type K(Z,2), i.e. a CW-complex
with 7o the only non-zero homotopy group and m = Z.

Similarly, there is a fibration

SS s S4n71 N HPnfl
using quaternions in the previous construction. The space HP™ ! is called
quaternionic projective space.

Exercise 104.

1. Calculate the cellular chain complexes for CP* and HP*.

2. Compute the ring structure of H*(CP*;Z) and H*(HP*;Z) using
Poincaré duality.

3. Examine whether OP* can be defined this way, for k& > 1.
4. Show these reduce to Hopf fibrations for £ = 1.

6.14.3. More general homogeneous spaces and fibrations.
Definition 6.48.
1. The Stiefel manifold Vi,(R") is the space of orthonormal k-frames in
R™
Vi(R") = {(v1,v9, ... ,0) € (RM* | v; - v; = 6;}
given the topology as a subspace of (R")¥ = R"*,

2. The Grassmann manifold or grassmannian G(R"™) is the space of k-
dimensional subspaces (a.k.a. k-planes) in R™. It is given the quotient
topology using the surjection Vi (R") — G(R") taking a k-frame to
the k-plane it spans.

Let G be a compact Lie group. Let H C G be a closed subgroup (and
hence a Lie group itself). The quotient G/H is called a homogeneous space.
The (group) quotient map G — G/H is a principal H-bundle since H acts
freely on G by right translation. If H has a closed subgroup K, then H acts
on the homogeneous space H/K. Changing the fiber of the above bundle
results in a fiber bundle G/K — G/H with fiber H/K.

For example, if G = O(n) and H = O(k) x O(n — k) with H — G via

s (3 h).

let K C O(n) be O(n — k), with

I 0
A|—><O A>'
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Exercise 105. Identify G/H with the grassmannian and G/K with the
Stiefel manifold. Conclude that the map taking a frame to the plane it
spans defines a principal O(k) bundle Vi (R") — Gi(R").

Let

M (R"™) ={(p,V) € R" x Gx(R") | p is a point in the k-plane V'}.
There is a natural map v (R"™) — Gx(R"™) given by projection on the second
coordinate. The fiber bundle so defined is a vector bundle with fiber R¥ (a
k-plane bundle)

RY — 7,(R") — GR(R™).

It is called the canonical (or tautological) vector bundle over the grassman-

nian.

Exercise 106. Identify the canonical bundle with the bundle obtained from
the principal O(k) bundle V(R™) — G1(R™) by changing the fiber to RF.
Exercise 107. Show there are fibrations
O(n—k)— O(n) — Vx(R")

O(n—1)— O(n) — 8" !
taking a matrix to its last k columns. Deduce that
(6.3) m(O(n—1)) 27 (0O(n)) for i<n-—2,
and

mi(Vk(R")) =0 for i<n—Fk—1.

The isomorphism of Equation (6.3) is an example of “stability” in alge-
braic topology. In this case it leads to the following construction. Consider
the infinite orthogonal group

O = lim O(n) = OL_le(n),

n—oo

where O(n) C O(n + 1) is given by the continuous monomorphism

A0
A— (0 1) .

Topologize O as the expanding union of the O(n). Then any compact

subset of O is contained in O(n) for some n, hence 7,0 = lim m;(O(n)) =
n—oo

m:(O(n)) for any n > i+ 2.

A famous theorem of Bott says:
Theorem 6.49 (Bott periodicity).

0 2 180 for k€ Z..

Moreover the homotopy groups of O are computed to be
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k(mod8) | 0 | 1 |2[3|4|5|6|7
O || Z/2|Z/2|0|Z|0]0]0]|Z

O

An element of 710 is given by an element of 75 (O(n)), for some n, which
by clutching (see Section 4.3.3) corresponds to a bundle over S*+! with
structure group O(n). (Alternatively, one may use that 7;11(BO(n)) =
7(O(n)) using the long exact sequence of homotopy groups of the fibration
O(n) — EO(n) — BO(n)). The generators of the first eight homotopy
groups of O are given by Hopf bundles.

Similarly one can consider stable Stiefel manifolds and stable grassma-
nians. Let Vi (R*) = 11_}11{;10 Vi(R") and Gi(R*®) = nan;O Gr(R"™). Then
T(Vi(R®) = lim m(Vi(R™) and 7(Gx(R™)) = Tim m(Gr(R™). In
particular m(Vk?Rgg)) =0. o

A project for Chapter 4 was to show that for every topological group G,
there is a principal G-bundle EG — BG where EG is contractible.

This bundle classifies principal G-bundles in the sense that given a prin-
cipal G-bundle p : G — E — B over a CW-complex B (or more generally a
paracompact space), there is a map of principal G-bundles

E—+Eq

p

and that the homotopy class [f] € [B, BG] is uniquely determined. It follows
that the (weak) homotopy type of BG is uniquely determined.

Corollary 6.50. The infinite grassmannian Gi(R*) is a model for BO(k).
The principal O(k) bundle
O(k) = Ve(R*) — Gr(R*)
is universal and classifies principal O(k)-bundles. The canonical bundle
R" — 7, (R™®) — G(R™)

classifies RF-vector bundles with structure group O(k) (i.e. R¥-vector bun-
dles equipped with metric on each fiber which varies continuously from fiber
to fiber). 0

The fact that the grassmannian classifies orthogonal vector bundles
makes sense from a geometric point of view. If M C R" is a k-dimensional
smooth submanifold, then for any point p € M, the tangent space T, M
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defines a k-plane in R", and hence a point in G(R"™). Likewise a tangent
vector determines a point in the canonical bundle v;(R™). Thus there is a
bundle map

i n
TM — v(R")

M ——= Gi(R")

Moreover, Gi(R>) is also a model for BGL;(R) and hence is a clas-
sifying space for k-plane bundles over CW-complexes. This follows either
by redoing the above discussion, replacing k-frames by sets of k-linearly
independent vectors, or by using the fact that O(k) — GLg(R) is a ho-
motopy equivalence, with the homotopy inverse map being given by the
Gram-Schmidt process.

Similar statements apply in the complex setting to unitary groups U(n).
Let

Gr(C") = complex k-planes in C"
Gr(C")=U(n)/(U(k) x U(n —k)), the complex grassmanian

Vi(C") =U(n)/U(n — k), the unitary Stiefel manifold.

There are principal fiber bundles
Un—k)—U(n)— Vp(C")
and
U(k) = Vi(C") — Gx(C").
Moreover, V4 (C") 22 §2"~1 therefore
m(Un)) Zmp(U(n —1)) if k<2n—2
and so letting

U = lim U(n),

n—oo
we conclude that

k
U = m(U(n)) forn>1+ 5

Bott periodicity holds for the unitary group; the precise statement is the
following.
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Theorem 6.51 (Bott periodicity).
U =2 moU for k€ Zy.

Moreover,

Z if k is odd, and
U =
0 ifk is even.

Exercise 108. Prove that mU = Z and mU = 0.

Taking determinants give fibrations SO(n) — O(n) det, {1} and

SU(n) — U(n) 4, S, Tn particular, SO(n) is the identity path-component
of O(n), so m,(SO(n)) = 7 (O(n)) for k > 1. Similarly, since 7(S') = 0

for k > 1, 71 (SU(n)) = 0 and 7 SU(n) = 7 (U(n)) for k > 1.

Exercise 109. Prove that SO(2) = U(1) = S', SO(3) = RP?, SU(2) =
S3, and that the map p : S x 3 — SO(4) given by (a,b) — (v — avb)
where a,b € S C H and v € H = R* is a 2-fold covering map.

Exercise 110. Using Exercise 109 and the facts:
. mpS™ = Z (Hopf degree Theorem).

. mS™ =0 for k < n (Hurewicz theorem).

1
2
3. mpS™ & 18" for k < 2n — 1 (Freudenthal suspension theorem).
4. There is a covering Z — R — S!.

)

. ™St = Z/2 for n > 3 (this theorem is due to V. Rohlin and G.
Whitehead; see Corollary 9.27).

Compute as many homotopy groups of S™’s; O(n), Grassmann manifolds,
Stiefel manifolds, etc. as you can.

6.15. Relative homotopy groups

Let (X, A) be a pair, with base point g € A C X. Let p = (1,0,---,0) €
Sl c pn.
Definition 6.52. The relative homotopy group (set if n = 1) of the pair
(X,A)is

7Tn(X, Aa ‘TO) = [‘Dn) Snilvp; X7 Au SL'Q],
the set of based homotopy classes of base point preserving maps from the

pair (D", S™"1) to (X, A). This is a functor from pairs of spaces to sets
(n =1), groups (n = 2), and abelian groups (n > 2).

Thus, representatives for 7, (X, A, z¢) are maps f : D™ — X such that
f(S" Y)Y C A, f(p) = 20 and f is equivalent to g if there exists a homotopy
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F : D" x I — X so that for each t € I, F'(—,t) is base point preserving and
takes S"!into A, and F(—,0) = f, F(—,1) = g.

(Technical note: associativity is easier to see if instead one takes
(X, A, z0) = [D", 8" 1, P; X, A, x)
where P is one-half of a great circle, running from p to —p, e.g.
P = {(cosf,sin6,0,---,0) | 6 € [0,7]}.

This corresponds to the previous definition since the reduced cone on the
sphere is the disk.)

Theorem 6.53 (long exact sequence in homotopy of a pair). The homotopy
set mp (X, A) is a group for n > 2, and is abelian for n > 3. Moreover, there
is a long exact sequence

o A = X - (X, A) s 1A — - = m (XL A) = meA — mX.

Proof. The proof that m,(X,A) is a group is a standard exercise, with
multiplication based on the idea of the following picture.

v f
g

D D™ v D" X

Exercise 111. Concoct an argument from this picture and use it to figure
out why 71(X, A) is not a group. Also use it to prove that the long exact
sequence is exact.

O

Lemma 6.54. Let f : E — B be a fibration with fiber F'. Let A C B be a

subspace, and let G = f~Y(A), so that F — G L Aisa fibration. Then
f induces isomorphims fi : 7p(E,G) — m(B, A) for all k. In particular,
taking A = {bo} one obtains the commuting ladder

T F - T B (B, F) — mp_1(F) —— -~

N

i F B m(B) — mp_1(F) —— -+~
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with all vertical maps isomorphisms, taking the long exact sequence of the
pair (E, F) to the long exact sequence in homotopy for the fibration F —
EF— B.

Proof. This is a straightforward application of the homotopy lifting prop-
erty. Suppose that hg : (D¥,S¥~1) — (B, A) is a map. Viewed as a
map D*¥ — B it is nullhomotopic, i.e. homotopic to the constant map
Chy = 1 : DF — B. Let H be a homotopy, and let hi : D¥ — G C E be
the constant map at the base point of G. Since f o hy = hy = H(—, 1), the
homotopy lifting property implies that there is a lift H : D* x I — E with
f o H(—,0) = hg. This proves that f, : m,(E,G) — (B, A) is surjective.
A similar argument shows that f, : mp(E, G) — m,(B, A) is injective.

The only square in the diagram for which commutativity is not obvious
is

(B, F) — mp_1(F)

(6.4) f*l Idl
mp(B) — mp—1(F)

We leave this as an exercise. O

Exercise 112. Prove that the diagram (6.4) commutes. You will find the
constructions in the proof of Theorem 6.39 useful. Notice that the com-
mutativity of this diagram and the fact that f,. is an isomorphism gives an
alternative definition of the connecting homomorphism 7 (B) — m_1(F)
in the long exact sequence of the fibration F' — E — B.

An alternative and useful perspective on Theorem 6.53 is obtained by
replacing a pair by a fibration as follows.

Turn A — X into a fibration, with A’ replacing A and L(X, A) the fiber.
Using the construction of Section 6.6 we see that
L(X,A) ={(a,a) |a: I — X, a(0)=a€ A, a(l) =z}
= Map((ja 0, 1)7 (Xa A, l‘o))

This shows that if QX — PX 5 X denotes the path space fibration,
then L(X,A) = PX|a = e !(A). Thus Lemma 6.54 shows that e induces
an isomorphism e, : mx(PX, L(X,A)) — mi(X,A) for all k. Since PX
is contractible, using the long exact sequence for the pair (PX,L(X, A))
gives an isomorphism 0 : 7 (PX, L(X, A)) = me—1(L(X, A)). Therefore
the composite

o1 (L(X, A)) =22 1 (X, A)
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is an isomorphism which makes the diagram

- 1 X — mp(L(X, A)) T A e X
Idl l Idl Idl
s T X — (X, A) A X

commute, where the top sequence is the long exact sequence for the fibration
L(X,A) — A — X and the bottom sequence is the long exact sequence of
the pair (X, A).

Homotopy groups are harder to compute and deal with than homology
groups, essentially because excision fails for relative homotopy groups. In
Chapter 8 we will discuss stable homotopy and generalized homology the-
ories, in which (properly interpreted) excision does hold. Stabilization is a
procedure which looks at a space X only in terms of what homotopy infor-
mation remains in S™X as n gets large. The fiber L(X, A) and cofiber X/A
are stably homotopy equivalent.

6.16. The action of the fundamental group on
homotopy sets

The question which arises naturally when studying based spaces is what is
the difference between the based homotopy classes [X, Y]y and the unbased
classes [X,Y]? Worrying about base points can be a nuisance. It turns out
that for simply connected spaces one need not worry; the based and unbased
homotopy sets are the same. In general, the fundamental group acts on the
based set as we will now explain.

Let X be in K, that is, it is a based space with a non-degenerate base
point xg. Suppose Y is a based space.

Definition 6.55. Let fy, fi: X — Y. Let u : I — Y be a path and suppose
there is a homotopy F : X x I — Y from fy to f1 so that F(xg,t) = u(t).
Then we say fy is freely homotopic to fi1 along u, and write

Jo= f1.

Notice that if fo, f1 : (X,20) — (Y,90), then u is a loop. Thus a free
homotopy of based maps gives rise to an element of 71 (Y, y).

Lemma 6.56.
1. (Existence) Given a map fo: X — Y and a path u in' Y starting at
fo(zo), then fo = fi for some fi.
2. (Uniqueness) Suppose fo ~ f1, fo = fa and u ~ v (rel OI). Then
N1 .2y Jeo
3. (Multiplicativity) fo = f1, f1 = fo = fo = fo
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Proof. 1. There exists a free homotopy F' : X x I — Y with F(zg,t) =
u(t), F(—,0) = fo, since (X, xp) is a cofibration:

X x {0} U {xo) x I 2%

L4

Xxf

2. Since (I,0I), (X, zo) are cofibrations, so is their product (X x I, X x
OI Uxg x I) (See Exercise 91) and so the following problem has a solution

X xIx{0UX x{0,1} x TU{zo} x I x I ——Y.

X x1I x'f
In this diagram,
1. X x I x {0} — Y is the map (z,s,0) — fo(z).
2. X x {0} x I — Y is the homotopy of fy to fi along w.

3. X x {1} x I — Y is the homotopy of fy to f2 along v.
4. {zo} x I x I — Y is the path homotopy of u to v.

The situation is represented in the following picture of a cube X x I x I.

therefore f1 ~ fo

f2

fo%fl

fo’ifl

A @

L—— fooprx

Then H(—,—,1) is a homotopy of fi to fo along a constant path.
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3. This is clear. O

In light of Lemma 6.56, we can define an action of m1(Y,yo) on [X,Y]o
by the following recipe.

For [u] € m1(Y,yo) and [f] € [X,Y]o, define [u][f] to be [fi], where fi is
any map so that f =~ fi.

Theorem 6.57. This defines an action of m1(Y,yo) on the based set [ X,Y]o,
and [ X, Y] is the quotient set of [ X, Yo by this action if Y is path connected.

Proof. We need to verify that this action is well-defined. It is independent
of the choice of representative of [u] by Lemma 6.56, part 2. Suppose now
[fl =[g9] € [X,Y]o and g ~ g1. Then

fl u;l f coﬁst g % gl

so that fi and g; are based homotopic by Lemma 6.56, parts 2 and 3.
This is an action of the group m1(Y,yo) on the set [X,Y]y by Lemma
6.56, part 3. Let
d:[X,Y]p— [X,Y]
be the forgetful functor. Clearly ®([u][f]) = [f] and if ®[fy] = ®[f1], then
there is a u so that [u][fo] = [f1]. Finally ® is onto by Lemma 6.56, part 3
and the fact that Y is path-connected. O

Corollary 6.58. A based map of path connected spaces is null-homotopic
if and only if it is based null-homotopic.

Proof. If ¢ denotes the constant map, then clearly ¢ ~ ¢ for any u € mY.
Thus mY fixes the class in [X, Y]y containing the constant map. O

Corollary 6.59. Let X,Y € K.. IfY is a path connected and simply-
connected space then the forgetful functor [X,Y]o — [X,Y] is bijective. O

6.16.1. Alternative description in terms of covering spaces. Sup-
pose Y is path connected, and X is simply connected. Then covering space
theory says that any map f : (X,z0) — (Y,y0) lifts to a unique map
f: (X, z0) — (}7,@0), where Y denotes the universal cover of Y. Moreover
based homotopic maps lift to based homotopic maps. Thus the function

P [X,Y]o — [X, Y]
induced by the cover p : (Y,50) — (Y, yo) is a bijection. On the other hand,

since Y is path connected and simply connected, Corollary 6.59 shows that
the function [X, Y]y — [X,Y] induced by the inclusion is a bijection.
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Now 71(Y,yo) can be identified with group of covering transformations
of Y. Thus, m1(Y,yo) acts on [X, Y] by post composition i.e. o :Y — Y
actson f: X — Y by ao f. (Note: one must be careful with left and right
actions: by convention 71 (Y, o) acts on Y on the right, so oo f means the
function z — f(x) - a.)

A standard exercise in covering space theory shows that if o € m1 (Y, yo)
the diagram

[X,Y]o —— [X,V]o — [X,V]

(=23

(X, Y]o ~— [X,V]o —— [X,Y]

commutes, where the action on the left is via an a-homotopy, and the action
on the right is the action induced by the covering translation corresponding
to a, and the two left horizontal bijections are induced by the covering
projection. Thus the two notions of action agree.

Since m,Y = [S™, Y]y, we have the following corollary.

Corollary 6.60. For any spaceY, m1 (Y, yo) acts on (Y, y0) for all n with
quotient [S™, Y], the set of free homotopy classes. O

One could restrict to simply connected spaces Y and never worry about
the distinction between based and unbased homotopy classes of maps into Y.
This is not practical in general, and so instead one can make a dimension-
by-dimension definition.

Definition 6.61. We say Y is n-simple if m1Y acts trivially on m,Y. We
say Y is simple if Y is n-simple for all n.

Thus, simply connected spaces are simple.

Proposition 6.62. If I is n-simple, then the fibration F — E — B defines
a local coefficient system over B with fiber m,F.

(A good example to think about is the Klein bottle mapping onto the
circle.)

Proof. Theorem 6.12 shows that given any fibration, ' — FE — B, there
is a well-defined homomorphism

B — { Homotopy classes of self-homotopy }

equivalences F' — F
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A homotopy equivalence induces a bijection

[S", F| — [S", F].

But, since we are assuming that F' is n-simple, this is the same as an auto-
morphism
T — m, F

Thus, we obtain a homomorphism
p:mB — Aut(m,(F)),

i.e. a local coefficient system over B. O

Exercise 113. Prove that the action of 71 (Y, yo) on itself is just given by
conjugation, so that Y is 1-simple if and only if mY is abelian.

Exercise 114. Show that a topological group is simple. (In fact H-spaces
are simple.)

Theorem 6.63. The group m A acts on (X, A), 7, X, and m, A for all n.
Moreover, the long exact sequence of the pair

= A = T X = (X, A) - 1A — -
is m A-equivariant.
Proof. Let h : (I,0,1) — (A, xzg,z0) represent u € w1 (A, xp). Let f :

(D", 8" 1 p) — (X, A, x0). Then since (S"!,p) is an NDR-pair, the prob-
lem

1 f\S”_IUh
ST x {0} U{p} x I — A

Sl T
has a solution h. Since (D", S""1) is a cofibration, the problem
h
D" x {0yusS™ 1t x T f—u: X
D" x T

has a solution F. By construction, F(z,0) = f(z), and also F(—,1) takes
the triple (D", S""! p) to (X, A,z0). Taking u - [f] = [F(—,1)] defines
the action of m1(A,z¢) on m,(X, A;x0). It follows immediately from the
definitions that the maps in the long exact sequence are my A-equivariant.
O
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Definition 6.64. A pair (X, A) is n-simple if m1 A acts trivially on 7, (X, A)
for all n.

6.17. The Hurewicz and Whitehead Theorems

Perhaps the most important result of homotopy theory is the Hurewicz
Theorem. We will state the general relative version of the Hurewicz theorem
and its consequence, the Whitehead theorem, in this section.

Recall that D™ is oriented as a submanifold of R”, i.e., the chart D" —
R” determines the local orientation at any z € D" via the excision iso-
morphism H, (D", D" —{z}) = H,(R",R"™ — {z}). This determines the
fundamental class [D", S"~1] € H, (D", S"1). The sphere S"~! is oriented
as the boundary of D", i.e. the fundamental class [S""1] € H,,_1(S"7!) is
defined by [S"1] = §([D", S"~1])) where § : Hn(D", 8" 1) = H,_1(S""1)
is the connecting homomorphism in the long exact sequence for the pair
(D", S" 1.

Definition 6.65. The Hurewicz map p : 1y X — H, X is defined by
p([f]) = f«(1S™));

where f : S™ — X represents an element of m, X, [S"] € H,S™ = Z is the
generator (given by the natural orientation of S™) and f, : H,S™ — H, X
the induced map.

There is also a relative Hurewicz map p : mp(X, A) — Hyp (X, A) defined
by

p([f]) = £([D", 8"71).

Here [D",S"" 1 € H,(D",S" 1) = Z is the generator given by the natu-
ral orientation, and f. : H,(D", S" ') — H, (X, A) is the homomorphism
induced by f: (D", S" 1 %) — (X, A, 20) € m(X, A; 10).

Since the connecting homomorphism H,, (D", S"~1) 3, H,_1(S™ 1) takes
[D™, 8"1] to [S™~!], the map of exact sequences
Tn(A) —— mp(X) —— (X, A) — m—1(A4)
(PR T S

H'fl(A) - Hn(X) — Hn(X,A) — n—l(A) - . ...

commutes.

Let (X, A) be the quotient of ,(X, A) by the normal subgroup gen-

erated by
{z(a(z)) |z € ma(X, A), o € mA}.
(Thus 7,7 (X, A) = (X, A) if ;A= {1}, or if (X, A) is n-simple.)
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Clearly p factors through m;F (X, A), since f.([D", S"]) depends only on
the free homotopy class of f. The following theorem is the subject of one of
the projects for this chapter. It says that for simply connected spaces, the
first non-vanishing homotopy and homology groups coincide. The Hurewicz
theorem is the most important result in algebraic topology. We will give a
proof the Hurewicz theorem for simply connected spaces in Chapter 10.

Theorem 6.66 (Hurewicz theorem).

1. Let n > 0. Suppose that X is path-connected. If mp(X,xo) = 0 for all
k <n, then Hp(X) =0 for all 0 < k < n, and the Hurewicz map

p:mpX — H X
is an isomorphism if n > 1, and a surjection with kernel the commu-
tator subgroup of m X if n = 1.
2. Letn > 1. Suppose X and A are path-connected. If mi(X,A) =0 for
all k < n then Hp(X,A) =0 for all k < n, and
p:mr (X, A) = Hy(X, A)
is an isomorphism. In particular p : (X, A) — H,(X,A) is an
epimorphism.

O

Corollary 6.67 (Hopf degree theorem). The Hurewicz map p : m,S" —
H,S5™ is an isomorphism. Hence a degree zero map f : S™ — S™ is null-
homotopic. O

Although we have stated this as a corollary of the Hurewicz theorem,
it can be proven directly using only the (easy) simplicial approximation
theorem. (The Hopf degree theorem was covered as a project in Chapter 5.)

Definition 6.68.

1. A space X is called n-connected if m; X = 0 for k < n. (Thus “simply
connected” is synonymous with 1-connected).
2. A pair (X, A) is called n-connected if m(X, A) =0 for k < n.

3. Amap f : X — Y is called n-connected if the pair (My, X) is n-
connected, where M; = mapping cylinder of f.

Using the long exact sequence for (My, X') and the homotopy equivalence
My ~Y we see that f is n-connected if and only if
fo i mp X — mpY

is an isomorphism for £ < n and an epimorphism for £ = n. Replacing the
map f : X — Y by a fibration and using the long exact sequence for the
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homotopy groups of a fibration shows that f is n-connected if and only if
the homotopy fiber of f is (n — 1)-connected.

Corollary 6.69 (Whitehead theorem).
1. If f : X — Y is n-connected, then f, : Ho X — H,Y is an isomor-

phism for all ¢ < n and an epimorphism for ¢ = n.
2. If X,Y are 1-connected, and f: X — Y is a map such that
fo 1 Hy X — H)Y

is an isomorphism for all ¢ < n and an epimorphism for g =n. Then
f is n-connected.

3. If X, Y are 1-connected spaces, f : X — Y a map inducing an isomor-

phism on Z-homology, then f induces isomorphisms f, : mp X =, Y
for all k.

Exercise 115. Prove Corollary 6.69.

A map f: X — Y inducing an isomorphism of m3; X — mY for all k
is called a weak homotopy equivalence. Thus a map inducing a homology
isomorphism between simply connected spaces is a weak homotopy equiva-
lence. Conversely a weak homotopy equivalence between two spaces gives a
homology isomorphism.

We will see later (Theorem 7.34) that if X,Y are CW-complexes, then
f: X — Y is a weak homotopy equivalence if and only if f is a homotopy
equivalence. As a consequence,

Corollary 6.70. A continuous map f : X — Y between simply connected
CW-complexes inducing an isomorphism on all Z-homology groups is a ho-
motopy equivalence. O

This corollary does not imply that if X,Y are two simply connected
spaces with the same homology, then they are homotopy equivalent; one
needs a map inducing the homology equivalence.

For example, X = S*V (5% x §2) and Y = CP? v CP? are simply con-
nected spaces with the same homology. They are not homotopy equivalent
because their cohomology rings are different. In particular, there does not
exist a continuous map from X to Y inducing isomorphisms on homology.

The Whitehead theorem for non-simply connected spaces involves ho-
mology with local coefficients: If f : X — Y is a map, let f : X — Y
be the corresponding lift to universal covers. Recall from Shapiro’s lemma
(Exercise 75) that

Hy(X:;Z) = Hy(X,Z[m X]) forall k
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and 3
T X Z2m X fork>1

(and similarly for Y).
We obtain (with 7 = mX 2 mY):
Theorem 6.71. If f : X — Y induces an isomorphism f, : mX — mY,
then f is n-connected if and only if it induces isomorphisms
Hy(X; Z[r]) — Hy(Y; Z[r])

for k < mn and an epimorphism

Hn(X;Z[n]) — Hn(Y; Zr))
In particular, f is a weak homotopy equivalence (homotopy equivalence if
X,Y are CW-complexes) if only if f. : Hy(X;Ap) — Hp(Y;Ap) is an iso-
morphism for all local coefficient systems p : m — Aut(A). O

Thus, in the presence of a map f : X — Y, homotopy equivalences can
be detected by homology.

6.18. Projects for Chapter 6

6.18.1. The Hurewicz theorem. The statement is given in Theorem
6.66. A reference is §IV.4-IV.7 in [43]. Another possibility is to give a
spectral sequence proof. Chapter 10 contains a spectral sequence proof the
Hurewicz theorem.

6.18.2. The Freudenthal suspension theorem. The statement is given
in Theorem 8.7. A good reference for the proof is §VII.6-VIL.7 in [43]. You
can find a spectral sequence proof in Section 10.3.



Chapter 7

Obstruction Theory
and
Eilenberg-MacLane
Spaces

7.1. Basic problems of obstruction theory

Obstruction theory addresses the following types of problems. Let (X, A)
be a CW-pair, Y an arbitrary space, and p : £ — B a fibration.

1. Extension problem. Suppose f: A — Y is a continuous map. When does
f extend to all of X7 The problem is stated in the following diagram.

>< .

(Given the two solid arrows can one find a dotted arrow so that the diagram
commutes?)

2. Homotopy problem.

165
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Xx{O,l}UAxI—f>Y

X x1
In words, given two maps fy, f1 : X — Y and a homotopy of the restrictions
Joju : A—Y to f, : A=Y, can one find a homotopy from fy to f17?

If A is empty this is just the question of whether two maps fy and f; are
homotopic. This problem is different from the homotopy extension problem
(which is always solvable in our context) since in this case fi is specified.

Notice that the the homotopy problem is a special case of the extension
problem.

3. Lifting problem.
E

XT’B

If f: X — B is given, can we find a lift of f to E7 This is a special case
of the relative lifting problem
A E

X—>B

—_—

4. Cross section problem. This is just a special case of the relative lifting
problem in the case when X = B and f : X — B is the identity map.

The cross section and relative lifting problems are equivalent since the
relative lifting problem reduces to finding a cross section of the pullback
bundle f*F — X.

Fibrations and cofibrations are easier to work with than arbitrary maps
since they have fibers and cofibers. Although we have required that (X, A)
be a CW-pair and p : E — B be a fibration, the methods of Chapter 6 show
how to work in complete generality. Suppose that X and A are arbitrary
CW-complexes and g : A — X is an arbitrary continuous map. The cellular
approximation theorem (Theorem 6.47) implies that ¢ is homotopic to a
cellular map; call it A : A — X. The mapping cylinder M}, is then a CW-
complex containing A as a subspace and (M, A) is a CW-pair. Similarly if
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p: E — B is not a fibration, replace £ by the mapping path space P, of p
to obtain a fibration P, — B.

Then the following exercise is an easy consequence of the homotopy lift-
ing property, the homotopy extension property, and the method of turning
maps into fibrations or cofibrations.

Exercise 116. Each of the four problems stated above is solvable for arbi-
trary continuous maps g : A — X and p: E — B between CW-complexes if
and only if it is solvable for the CW-pair (M}, A) and the fibration P, — E.

To solve the following exercise, work cell-by-cell one dimension at a time.
Obstruction theory is a formalization of this geometric argument.

Exercise 117. (Motivating exercise of obstruction theory) Any map f :
X — Y from an n-dimensional CW-complex to an n-connected space is
null-homotopic.

It turns out that if Y is only assumed to be (n — 1)-connected there is a
single obstruction §(f) € H™"(X;m,Y) which vanishes if and only if the map
f is null-homotopic.

The strategy of obstruction theory is to solve the four problems cell-
by-cell, and skeleton-by-skeleton. Thus, if the problem is solved over the
n-skeleton X,, of X, and ™! is an (n + 1)-cell on X, some map is defined
on Je™! and so the problem is to extend it over e®*!. The obstruction
to extending this map is that it be nullhomotopic, or, more formally, that
the element of 7,Y represented by the composite S* — 9"t — X, —» Y
equals zero.

In this way we obtain a cellular cochain which assigns to e"*! € X the
element in 7,Y. If this cochain is the zero cochain, then the map can be
extended over the (n + 1)-skeleton of X. It turns out this cochain is in fact
a cocycle and so represents a cohomology class in H"™(X;7,Y).

The remarkable result is that if this cocycle represents the zero cohomol-
ogy class, then by redefining the map on the n-skeleton one can then extend
it over the (n + 1)-skeleton of X (if you take one step backwards, then you
will be able to take two steps forward).

We will deal with the extension and homotopy problems first. The ho-
motopy problem can be viewed as a relative form of the extension problem;
just take

(X' A= (X xI,X xTUAXxI).
Hence the problem of finding a homotopy between f : X — Y and g :

X — Y is obstructed by classes in H""(X x I, X x {0,1};m,Y), which is
isomorphic to H"(X;m,Y).
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We end this introduction to obstruction theory with some comments to
indicate how the results of obstruction theory lead to a major conceptual
shift in perspective on what homology is.

Let A be an abelian group and K (A, n) be a space such that
A ifk=n,

0 otherwise.

(K (A,n)) = {

Such a space is called an FEilenberg-MacLane space of type (A,n). Then the
solution to the homotopy problem for maps into Y = K(A,n) shows that
there is a single obstruction § € H"(X; 7, (K(A,n))) to homotoping a map
f:X — K(A,n) to another map g : X — K (A, n). With a little more work
one shows that this sets up an isomorphism

(X, K(A,n)] = H"(X; A).

This suggests one could define H"(X; A) to be [ X, K (A, n)]. This obser-
vation forms the basic link between the homological algebra approach to co-
homology and homotopy theory. From this perspective the Puppe sequence
(Theorem 6.42) immediately gives the long exact sequence in cohomology,
and the other Eilenberg—Steenrod axioms are trivial to verify. But more
importantly, it suggests that one could find generalizations of cohomology
by replacing the sequence of spaces K(A,n) by some other sequence E,,
and defining functors from spaces to sets (or groups, or rings, depending on
how much structure one has on the sequence E,,) by

X — [X,E,].

This indeed works and leads to the notion of a spectrum {E,} and its cor-
responding generalized homology theory, one of the subjects of Chapter 8.

7.2. The obstruction cocycle

Suppose that (X, A) is a relative CW-complex. We refer the reader to
Definition 1.3 for the precise definition.

Notice that X/A is a CW-complex. The dimension of (X, A) is defined
to be the highest dimension of the cells attached (we allow the dimension to
be infinite).

Suppose that g : A — Y a continuous map with Y path connected. We
wish to study the question of whether g can be extended to map X — Y.

Since Y is path connected, the map g : A — Y extends over the 1-
skeleton X;. Thus the zeroth and first step in extending g: A — Y to X is
always possible (when Y is path connected).

Suppose that g : A — Y has been extended to g : X,, — Y for some
n > 1.
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We now make an simplifying assumption.
Assumption. Y is n-simple, so that [S™, Y] =m,Y.
(We will indicate later how to avoid this assumption by using local coeffi-
cients.)

Theorem 7.1 (main theorem of obstruction theory). Let (X, A) be a rel-
ative CW-complex, n > 1, and Y a path—connected n-simple space. Let
g: X, —Y be a continuous map.

1. There is a cellular cocycle 6(g) € C"(X, A; m,Y) which vanishes if
and only if g extends to a map X411 — Y.

2. The cohomology class [0(g)] € H" (X, A; m,Y) vanishes if and only
if the restriction g|, L Xp—1 — Y extends to a map Xp+1 — Y.

The proof of this theorem will occupy several sections.

7.3. Construction of the obstruction cocycle

Recall that if J,, indexes the n-cells of (X, A),
C"H(X, A;m,Y) = Homgz(Cpii(X,A),7,Y)
= Funct({e]]i € Jnt1},mY)

Each (n + 1)-cell /! admits a characteristic map
i+ (D", S™) — (ef ™, 0] 1) © (X1, Xn)
whose restriction to S™ we call the attaching map
fi = ¢ijsn : 8" — Xn.
Composing f; with g : X, — Y defines a map
sm ity x, Ly

This defines an element [go f;] € [S™, Y], which equals [S™, Y]y = 7,Y, since
Y is assumed to be n-simple.

Definition 7.2. Define the obstruction cochain "*1(g) € C"*1(X, A;1,Y)
on the basis of (n + 1)-cells by the formula

0" (g)(ef ) = [g o fi]

and extend by linearity.

A map h : S™ — Y is homotopically trivial if and only if A extends
to a map D"t! — Y. The following lemma follows from this fact and the
definition of adjoining cells.

Lemma 7.3. 0(g) =0 if and only if g extends to a map Xp41 — Y O
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We gave a geometric definition of the obstruction cochain and came to
a geometric conclusion. Next we give an algebraic definition.

Recall from Section 1.1.3 that the cellular chain complex is defined by
taking the chain groups to be C,, (X, A) = H,(X,, Xn—1). The differential
is defined to be the composite

Hn(Xnan—l) i n—l(Xn—l) L’ n—l(Xn—laXn—2)~

By the cellular approximation theorem, 71 X,, — m X,+1 isontoifn =1,
and an isomorphism if n > 1, so m(Xp+1, X,) = 0. Similarly, the cellular
approximation theorem implies that 7 (X,41, X)) = 0 for k < n, hence the
(relative) Hurewicz theorem implies that Hy (X1, X,,) = 0 for £ < n and
the Hurewicz map

P Tt (Xnt1, Xn) = Hpp1(Xng1, Xn)
is onto, with kernel the subgroup of m,41(Xn+1, X») generated by the set
K = {z(a(x)) Yo € mpi1(Xns1, Xn), a € 1 X,}.
Recall that W;+1(Xn+1, X,) denotes my41(Xpt1, Xpn) /K.

Lemma 7.4. There is a factorization:

9 «
7rn+1(Xn+1vXn) - Wn(Xn) : RS 7rn(Y)

l g*Ta

7r;“+1 (Xnt1, Xn)

Proof. If a € m X, then 0(a - z) = a - Ox. Moreover g.(a - z) = g«(a) -
(9«(2)) = g«(2) for z € m, X, since Y is n-simple. O

Using Lemma 7.4 one can form the composite

= 9«00
(7-1) CnJrl(X? A) = Hn+1(Xn+1aXn) ?77;+1(Xn+laXn) g—’ WnY

p
where p : 7r:{+1(Xn+1,Xn) — Hp+1(Xp41, X)) denotes the Hurewicz iso-
morphism. The composite map of Equation (7.1) defines another cochain in
Homgz(Cp11(X, A)); m,Y) which we again denote by 6" 1(g).

Proposition 7.5. The two definitions of 0" 1(g) agree.

Proof. We first work on the second definition. Given an (n + 1)-cell el'*!,

let ¢; : (D"1,5") — (X,41,X,) be the characteristic map for the cell.
We construct a map (¢; V u) oq : (D" 5" p) — (Xpi1, Xn,z0) as the
composite of a map ¢ : (D", 8" p) — (D"t v I,S™ Vv I,p), illustrated in
the next figure,
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Dn+1 Dn+1 v T

and a map D"l v T Pivy Xp41 where u is a path in X,, to the base point

xg. Clearly (¢; V u) o ¢ is homotopic to the characteristic map ¢;. Thus
p((¢; V u) o q) is the generator of H,11(X,+1,X,) represented by the cell
e?“. Hence (¢; Vu)oq represents the element pfl(e?“'l) in W:+1(Xn+1, Xn).

By definition, 0((¢; V u) o q) € m, Xy, is represented by the composite of
the map g : S™ — S™ V I (obtained by restricting the map ¢ of the previous
figure to the boundary) and the attaching map f; = ¢;g» for the cell e?“
together with a path u to xzg.

O((piVu)oq)=(fiVu)ogqg:S" — X,.
Hence by the second definition, 0(g)(e!™) = g o (fi V u) 0 g. But this is

(g o fiVgou)oq which equals [f;] € [S™,Y] = m,Y, which in turn is the
first definition of 6(g)(el ™). O

Theorem 7.6. The obstruction cochain 6" (g) is a cocycle.

Proof. Consider the following commutative diagram.

TTn+2 (XnJrZa XnJrl) ng Hn+2(Xn+2’ Xn+1)

Tnt1(Xn+1) Hp1(Xnt1)

7Tn+1(Xn+17Xn) — n+1(Xn+1aXn)

0(g)

Tn(Xn) I T (Y)
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The unlabeled horizontal arrows are the Hurewicz maps. The unlabeled
vertical arrows come from homotopy or homology exact sequences of the
pairs (X, 42, Xp+1) and (X401, Xp).

The theorem follows by noting that the §6(g) is the composite of all the
right vertical maps, that the top horizontal arrow is onto by the Hurewicz
Theorem, and the composite of the bottom two vertical maps on the left

are zero, because they occur in the homotopy exact sequence of the pair
(Xn+17 Xn) . O

7.4. Proof of the extension theorem

Lemma 7.3 says that §"*1(g) is the zero cocycle if and only if g extends
over X, 1. Theorem 7.1 says that if 07"*1(g) is cohomologous to 0, then the
restriction of g to the (n — 1)-skeleton X,,_1 extends over X, 1. Thus to
prove Theorem 7.1 it must be shown that if §"!(g) = éd for some cochain
de C"(X,A;m,Y), then g can be redefined on the n-skeleton relative to the
(n — 1)-skeleton, then extended over the (n + 1)-skeleton.

Theorem 7.7. If 0""1(g) is cohomologous to 0, then the restriction of g :
Xn — Y to the (n — 1)-skeleton, g|, L Xn—1 — Y extends over the

(n+ 1)-skeleton Xp41.

Before we prove this, we prove some preliminary lemmas which will be
useful for the homotopy classification as well.

Lemma 7.8. Let fo, f1 : X, — Y be two maps so that f0|Xn_1 s homotopic
to f1|Xn_1. Then a choice of homotopy defines a difference cochain d €
C"(X, A;m,Y) with

5d = 60" (fo) — 0" (fr).

Proof. Let X = X x I, A= AxI. Then (X, A) is a relative CW-complex,
with Xz = X x 0] U Xj,_1 x I. Hence a map X, > Yisa pair of maps
fo, f1 : Xi, = Y and a homotopy G : X,,_1 X I — Y of the restrictions of
anfl to X1

Thus one obtains the obstruction cocycle
0(fo,G, f1) € CnH(X,A;ﬂ'nY)

to extending fobUGU f1 to Xn+1. From this cocycle one obtains the difference
cochain

d(f07 Ga fl) € Cn(Xa Aa ﬂ-ny)
by restricting to cells of the form e™ x I; that is,

(7.2) d(fo, G, fu)(e}) = (=1)""10(fo, G, fr)(e}! x I)
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for each e}’ an n-cell of X. (The reason for the sign will be apparent shortly.)
Using the fact that 0(fo, G, f1) is a cocycle, for all (n + 1)-cells e,

0 = (80(fo, G, 1))} x 1)
= 0(fo, G, f1)(O(ef ! x 1))
= 0(fo,G, f1)(0(el) x I
+(=1D)" (0 fo, G, f1) (el x {1}) — 0(fo, G, f1)(e"! x {0}))
= (“)"™HE(d(fo, G ) (el +0(F) (el ™) = 0(Fo) (e H)).

Therefore

8d(fo, G, f1) = 0" (fo) — 6" (f1).

O

There is a geometric interpretation for the difference cochain. Identify
S" with (D™ x I). For an n-cell e, let p; : (D", S"1) — (X, X,,—1) be its
characteristic map. Then +d(fo, G, f1)(e') € m,Y is fo UG U f1 composed
with the attaching map of e}’ x I as indicated in the next figure.

S

Lemma 7.8 immediately implies the following.

Corollary 7.9. Given g: X, — Y, the obstruction cocycle "1 (g) is null
homologous if the restriction g, N X,_1 — Y is homotopic to a map
which extends over Xp41. O

We want is a converse. What we need is a realization theorem, i.e.
a proof that for any coboundary éd € C"*!(X, A;m,Y), any map g, and
any homotopy G, that there is a map f1 so that the difference cochain
d(g,G, f1) = d. In particular, G could be a homotopy constant in time in
which case if 0""1(g) = dd = (Sd(g,gb(%1 x Idy, f1), the previous lemma

shows that 0"*1(f1) = 0, so that f; extends over X, 1. Since g|’X =
n—1
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Ix, . this would finish this step in the extension process. The realization
result is the following.

Proposition 7.10. Given a map fo: X,, — Y and a homotopy G : X,,_1 X
I =Y, sothat Go = fo|x,_, and an element d € C"(X, A;m,Y), there is a
map f1: X, — Y so that G(—,1) = f1|Xn_1 and d = d( fo, G, f1).

Given the previous geometric description of the difference cochain all we
really need to prove is:

Lemma 7.11. For any map f : D" x {0} U S" ! xI — Y and for any
element o € [0(D™ x I),Y], there is a map F : 0(D"™ x I) — Y so that F
represents o and restricts to f.

Proof. The proof is easy. Let K : (D™ x I) — Y be any map representing
aand let D = D" x {0} U S"~!x 1. Since D is contractible, both K|, and f
are null-homotopic, hence homotopic to each other and the map K gives an
extension of one end of this homotopy. The homotopy extension property
of the pair (9(D™ x I), D) gives a homotopy H : (5" 1 x I) x I — Y and
F = H is the required map. O

Proof of Proposition 7.10. Given an n-cell e of X,,, let
pi s (D", 8" = (Xp, X1

be the characteristic map. Apply Lemma 7.11 with f = foO(piUGO(SOi‘Sn—l X
Id;) and a = d(e!') and let F; be the map provided by the conclusion of
Lemma 7.11. Define f; : X,, — Y on the n-cells by fi(p;(z)) = Fi(z,1). The
geometric interpretation of the difference cochain shows d(fo, G, f1)(el') =
d(el’) as desired. O

7

Proof of Theorem 7.1. The only thing left to show is that if g : X, = Y
and if 0(g) is a coboundary dd, then 9ix,_, extends to X,i1. Apply the
realization proposition to g, d, and the stationary homotopy ((x,t) — g(z))
from g|x,_, to itself . One obtains a map g : X, — Y which agrees with g
upon restriction to X,_1, and satisfies

od = 0(g) — 0(¢').
Then 6(¢') = 0 so ¢’ extends to X, 41. ]

Exercise 118. Find examples of (X, A), Y, and g where:
1. "+ (g) = 0.
2. 0"t1(g) # 0, but [#"T1(g)] = 0.
3. (6% (g)] £ 0.
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It is conceivable (and happens frequently) that finding an extension of
g: Xn — Y to X,,11 may require g to be redefined not just on the n-cells,
but maybe even the (n — 1)-cells, or, perhaps even on the (n — k)-cells for
k=1,---,r for some r.

This suggests that there may be theorems which state “given g, the re-
striction g Xy extends to X1 if and only if some obstruction vanishes.”
Such theorems exists, and working them out leads to the definition of sec-
ondary and higher obstructions.

To get a feel for where such obstructions may lie, notice that the ob-
struction cochain 6 is the obstruction to extending g : X,, — Y to X, 41, and
that its cohomology class [f] is the obstruction to extending 91Xy 10 Xpp1.
The cohomology group is a subquotient of the cochain group C"(X, A;m,Y).
It turns out that the obstructions live in further subquotients, that is, in
subquotients of cohomology.

7.5. Obstructions to finding a homotopy

We now turn to the construction of obstructions to finding a homotopy
between fy: X — Y and f; : X — Y extending a fixed homotopy on A.

Xx{O,l}UAxI—f>Y

X x1
This is accomplished by viewing the homotopy problem as an extension
problem and then applying the Kiinneth theorem.
Consider the product relative CW-complex:

(X", A") = (X, A) x ([,0]) = (X xI,X x0ITUAXI)

Then a map F' : X — Y is a pair of maps fo,f1 : X — Y and a
homotopy of fj x, , to fi — Therefore the obstruction class [§"T1(F)] €
H™" 1 (X* A*;m,Y) is defined. This group is isomorphic to H"(X, A;1,Y)
by the Kiinneth Theorem (this is really the suspension isomorphism). Call
the corresponding element d"(fo, f1) € H"(X, A;7,Y). Then one gets the
following theorem.

Theorem 7.12. Let (X, A) be a relative CW-complex, Y an n-simple space,
fo, f1 : X —= Y two maps which agree on A and F : Xp_1 X1 — Y a
homotopy from fo‘xw1 to f1|X%1 (rel A). Then the cohomology class of
d"(fo, f1) equals 0 if and only if the restriction of F' to X,,_a X I extends to
a homotopy of foy, to fi|y, - O
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An interesting special case occurs when f; is constant (see Exercise 117).

Corollary 7.13. Any continuous map from an n-dimensional CW-complex
to an n-connected space is null-homotopic. O

7.6. Primary obstructions

A case where obstruction theory is easy to use occurs if H"*1(X, A; 7,Y) =0
for all n. This occurs quite frequently. For example, if (X, A) has dimension
a and Y is (a — 1)-connected, then any map from A to Y extends to X.

The next interesting case occurs when H*+1(X, A;7,Y) is non-zero in
only one dimension. Then there is a single obstruction to extending g,
and this obstruction sets up a correspondence between extensions and the
corresponding cohomology group. As a first step in understanding this cor-
respondence, we have the following theorem.

Theorem 7.14. Let (X, A) be a relative CW-complex, n > 1, and Y an
(n — 1)-connected space (if n =1 assume mY is abelian). Let f: A —Y be
a map. Then f extends to a map g: X, — Y. If go, g1 are extensions of f,
then gojx | = g1y, (rel A) and the obstructions 0" (go) and 6" (g1)
are cohomologous.

Proof. Since Y is path connected, f can be extended over X;. Since the
obstructions to extending f lie in H" (X, A;7,Y), f can be extended to
Xp—1. Since the obstructions to finding a homotopy between maps lie in
H"(X,A;mY) any two extensions of f are homotopic over X,,_1, and as
we saw, the difference cochain has coboundary equal to the difference of the
obstruction cocycles. O

Definition 7.15. Let (X, A) be a relative CW-complex, n > 1, and Y an
(n — 1)-connected space (if n = 1 assume mY is abelian). Let f : A - Y
be a map. The obstruction to extending f to X, is denoted by

VS € HMHX, Ay, Y).
It is called the primary obstruction to extending f.
Theorem 7.14 says that the primary obstruction is well-defined and van-

ishes if and only if f extends over X, 1. We next show that it is homotopy
invariant.

Theorem 7.16. Let (X, A) be a relative CW-complex, n > 1, and Y an
(n — 1)-connected space (if n =1 assume mY is abelian). Let f: A —Y be
a map. Suppose f' is homotopic to f. Then 4" L(f") = y"1(f).
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Proof. By Theorem 7.14, f extends to a map g : X;, — Y and f’ extends to
amap ¢ : X, — Y. Likewise 91Xy =~ g|’ x,_,» since Y is highly connected.
Call the homotopy F. Then the difference cochain satisfies

dd(g, F.g") = 0(g) — 0(d')
by Lemma 7.8. This shows 7"*1(f) and v"*1(f’) are cohomologous. o

In the situation of the above theorems, if the primary obstruction van-
ishes then the map f extends to ¢ : X,,»1 — Y. However the next obstruc-
tion class [0""2(g)] may depend on the choice of g. So it is usually only the
primary obstruction which is computable. Obstruction theory ain’t all it’s
cracked up to be.

To define the primary obstruction for two maps to be homotopic, we
apply to above theorems to (X x I, X x 9l UA x I) and obtain the following
theorem.

Theorem 7.17. Let (X, A) be a relative CW-complez, n > 1, and Y an
(n — 1)-connected space (if n = 1 assume mY is abelian). Let fo, f1 :
X =Y be two functions which agree on A. Then fo|x, , ~ fix,_, rel A,
and the obstruction in H"(X, A;m,Y") to extending this homotopy to X, is
independent of the choice of homotopy on X,,_1 and depends only on the
homotopy classes of fo and f1 relative to A. O

In light of this theorem, one can make the following definition.

Definition 7.18. Let (X, A) be a relative CW-complex, n > 1, and Y an
(n—1)-connected space (if n = 1 assume m Y is abelian). Let fo, f1 : X = Y
two functions which agree on A. The obstruction to constructing a homotopy
Joix, =~ fix, rel A is denoted

dn(fo, fl) S Hn(X, A; TFnY)

and is called the primary obstruction to homotoping fo to f1. It depends
only on the homotopy classes of fy and f; relative to A.

7.7. Eilenberg-MacLane spaces

An important class of spaces are those spaces Y satisfying Y = 0 for all

k # n.

Definition 7.19. Let n be a positive integer and let 7 be a group, with 7
abelian if n > 1. A CW-complex Y is called a K (m,n)-space if

Y = 0 ifk#n
7 if k=n.
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We will see later that (m,n) determines the homotopy type of Y, that is,
for a fixed pair (m,n), any two K (m,n) spaces are homotopy equivalent. A
K (m,n)-space is called an Eilenberg—MacLane space.

Theorem 7.20. Given anyn > 0, and any group m with m abelian if n > 1,
there exists a K(m,n)-CW-complex.

Sketch of proof. Let (x;,i € I|r;, j € J) be a presentation (abelian if
n > 1) of m. Let K, be the wedge V;c; S™ of n-spheres, one for each
generator of . Then the Van Kampen and Hurewicz theorems imply that
K, = 0 for k < n, m K1 is the free group on the generators of m when
n = 1, and m, K, is the free abelian group on the generators of m when
n > 1.

For each relation, attach an (n + 1)-cell using the relation to define the
homotopy class of the attaching map. This defines a complex K, with

0 ifk<n

T ifk=n.

7Tlc(-[(n—s—l) = {

For n = 1, this follows from the Van Kampen theorem. For n > 1 and
k < n, this follows from the cellular approximation theorem and for k£ = n
from the Hurewicz theorem.

Attach (n + 2)-cells to kill m,11(K,+1). More precisely, choose a set of
generators for m,4+1(Kp,4+1) and attach one (n + 2)-cell for each generator,
using the generator as the homotopy class of the attaching map. This gives a
(n+ 2)-dimensional complex K, 2. By the cellular approximation theorem,
the homotopy groups in dimensions less than n+ 1 are unaffected, and there
is a surjection mp41(Kpt+1) = Tnt1(Knt2). Thus

0 fk<nork=n+1,

7 ifk=n.

T (Kny2) = {

Now attach (n + 3)-cells to kill m,49, etc. The union of the K, is a
CW-complex and a K (7, n) space. O

An important property of Eilenberg-MacLane spaces is that they pos-
sess fundamental cohomology classes. These classes are extremely useful.
They allow us to set up a functorial correspondence between H™(X, ) and
[X, K(m,n)]. They are used to define cohomology operations. They can be
used to give the “fibering data” needed to decompose an arbitrary space
into Eilenberg-MacLane spaces (Postnikov towers), and also to construct
characteristic classes for fiber bundles.

Assume 7 is abelian, so that K(m,n) is simple. Then

(7.3) H"(K(m,n);7) = Hom(H,(K(m,n); Z),r) = Hom(7, ),
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where the first isomorphism is the adjoint of the Kronecker pairing (Exercise
11) and is an isomorphism by the universal coefficient theorem (Theorem
2.29). The second map is the Hurewicz isomorphism (Theorem 6.66).

Definition 7.21. The fundamental class of the K(m,n),
L€ H(K (m,n);m),

is the class corresponding to the identity map Id : @ — 7 under the isomor-
phisms of Equation (7.3).

The fundamental class can be used to define a function
(7.4) ¢ [X,K(m,n)] - H"(X;7)
by the formula

for f: X — K(m,n).
The primary obstruction class can be used to define another function
(7.5) U [X,K(m,n)] — H"(X;m)

by setting W[f] to be the primary obstruction to homotoping f to the con-
stant map,

U[f] = d"(f,const).
Theorem 7.14 shows that ¥[f] depends only on the homotopy class of f,
and hence is well-defined.

Theorem 7.22. The functions ® and ¥
(X, K(m,n)] — H"(X; )

of Equations (7.4) and (7.5) coincide, are bijections, and are natural with
respect to maps X — X'.

Proof. Step 1. V¥ is injective. Let f : X — K(m,n) be a continuous map.
Obstruction theory says that if d"(f,const) = 0, then f and the constant
map are homotopic over the n-skeleton. But all higher obstructions vanish
since they live in zero groups. Hence if ¥U[f] = 0, f is nullhomotopic. In
other words W~1[0] = [const].

If we knew that [X, K(m,n)] were a group and ¥ a homomorphism,
then we could conclude that W is injective. (Of course, this follows from the
present theorem.)

Instead, we will outline the argument proving the “addition formula”
d"(f,g) = d"(f,const) — d"(g, const);

ie. d"(f,g) = V[f] — ¥[g] for any two functions f,g: X — K(m,n). This
implies that W is injective.
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To see this, if F'is a homotopy from f|, _, to the constant map and G is
a homotopy from g, , to the constant map then compose F and G to get
a homotopy from f, L tog (Here G means the reverse homotopy,
i.e. G =G or where r(z,t) = (v,1—1t).)

Write F * G for this homotopy from fix,_, to gx,_,- Then on an n-
cell e C X the obstruction d"(f,g)(e) € mp(K(m,n)) is defined to be the
homotopy class of the map S™ — K(mw,n) defined as follows. Decompose
S™ as a neighborhood of the poles together with a neighborhood of the
equator: S™ = DP U (S™1 x I) U D?. Then define d = d"(f,g)(e) : S™ —
K(m,n) to be the homotopy class of the map which equals f on Df, F « G
on S" 1 x I, and ¢ on D7. Since this map is constant on the equator
Sl x %, the homotopy class of d is clearly the sum of two classes, the
first representing d"( f, const)(e) and the second representing d"(const, g)(e).
Therefore d"(f,g) = d™(f,const) — d"(g,const) and so V[f] = ¥[g] if and
only if f is homotopic to g.

Step 2. W is surjective. We do this by proving a variant of the realization
proposition (Proposition 7.10) for the difference cochain.

Given [a] € H"(X;7), choose a cocycle a representing [a]. Since the
quotient X,,/X,,_1 is the wedge of n-spheres, one for each n-cell of X, «
defines a function (up to homotopy)

g:Xn/Xpn—1— K(m,n)

by having the restriction of g to the i-th n-sphere to be a function repre-
senting a(el)) € m = m, (K (7, n)).

The function g extends to X, +1/X,,—1 — K(m,n) because « is a cocycle.
In fact, for each (n + 1)-cell !

)

0 = (5a) (™) = a(de™),

A %
which implies that the composite

8" — 9t — X, — X,/ X1 -2 K(m,n)

n+1

of the attaching map of ;" and and g is nullhomotopic. Thus g extends

over the (n 4 1)-skeleton.

Since H" "+ 1(X; 7, i(K(m,n))) = 0 for i > 1, obstruction theory and
induction shows that there exists an extension of g : X,,/X,,—1 — K(m,n)
to g : X/X,—1 — K(m,n). Composing with the quotient map, one obtains
a map

f:X — K(m,n),
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constant on the (n — 1)-skeleton, so that the characteristic map for an n-cell
e;', induces

a(e"): D"/oD"™ — X/X,—1 — K(m,n).

But d"(f,const)[e"] was defined to be the map on S™ which equals f on the
upper hemisphere and the constant map on the lower hemisphere. Therefore
d"(f,const) equals a(e™), hence V[f] = [a] and so V¥ is onto.

Step 3. W is natural. This follows from the algebraic definition of the
obstruction cocycle, but we leave the details as an exercise.

Exercise 119. Prove that ¥ is natural.

Step 4. ¥ = ®. We first prove this for the identity map Id : K(m,n) —
K(m,n), and then use naturality. In other words, we need to show the
primary obstruction to finding a null homotopy of Id is the fundamental class
v € H"(K(m,n);m)). Since K(m,n) is (n — 1)-connected, Id is homotopic to
a map, say Id’, which is constant on the (n — 1)-skeleton K(w,n),_1. By
the universal coefficient and Hurewicz theorems,

H"(K (7, n);m) = Hom(p(mn (K (7, 1)), 7).
The definition of the fundamental class is equivalent to the formula

(¢, plgl) = lg] € mn(K (7, n))

where (, ) denotes the Kronecker pairing. Thus what we need to show is:

(d"(Id', const), plg]) = [g]-

This is an equation which can be lifted to the cochain level, i.e. we need to
show that if [g] € m, (K (7, n)pn, K(7,n)p—_1), then

d"(1d’, const) (p[g]) = Id.[g]

In particular, we only need verify this equation for the characteristic maps
@i : (D™, 8" 1) — (K(m,n)n, K(m,n)p_1) of the n-cells. But the element
d"(Id’, const) [p(p;)] € mn(K (7, n)) is represented by the map S™ — K (m,n)
given by the characteristic map composed with Id’ on the upper hemisphere
and the constant map on the lower hemisphere, and this map is homotopic
the the characteristic map composed with the identity. Thus

d"(Id’, const) [p(p;)] = Id.[]

as desired. Hence ®[Id] = W[Id].
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Now suppose [f] € [X, K(m,n)]. Then naturality of ¥ and ® means that
the diagram

*

X, K (m,n)] <1 — [K(n,n), K(m,n)]
v, v P

H"(X;m)

— H(K(mn):7)

commutes when either both vertical arrows are labeled by ¥ or when both
are labeled by ®. Then we have

Vi = wf”

O

Corollary 7.23. For abelian groups m and 7' and n > 1, there is a 1-1
correspondence

[K(m,n), K(r',n)]o = [K(m,n), K(r',n)] «— Hom(r,7’)

taking a map K(w,n) — K(7',n) to the induced map on homotopy groups.

Proof.

1

(K (m,n), K (7', n)] H™(K(m,n); ')
Hom(H, (K (m,n)), ')

Hom(7, 7).

1

12

This follows from Theorem 7.22, the universal coefficient theorem, and the
Hurewicz theorem. The composite is the map induced on the n-homotopy
group. That the based and unbased homotopy sets are the same follows
from Corollary 6.59 since K (m,n) is simply connected for n > 1. O

Corollary 7.24. Let K(m,n) and K'(7,n) be two Eilenberg-MacLane spaces
of type (w,n) for n > 1. The identity map determines a canonical homotopy
equivalence between them.

Proof. The homotopy equivalence is simply the map K(w,n) — K'(m,n)
corresponding to the identity m — 7. O
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We shall see in the next section that Corollaries 7.23 and 7.24 continue
to hold when n = 1 and 7 is non-abelian provided one uses based homotopy
classes.

Computing the cohomology of Eilenberg-MacLane spaces is very impor-
tant, because of connections to cohomology operations.

Definition 7.25. For positive integers n and m and abelian groups m and
7', a cohomology operation of type (n,7,m,n’) is a natural transformation
of functors 6 : H"(—;7) — H™(—; 7).

For example u — uUu gives a cohomology operation of type (n, Z, 2n, Z).

Exercise 120. (Serre) Let O(n,m, m, ') be the set of all cohomology oper-
ations of type (n, 7, m,n’). Show that 6 < (1) gives a 1-1 correspondence

O(n,m,m,r') «—— H™(K(m,n);7') = [K(m,n), K(z',m)].

We will return to this subject in Section 10.4.

7.8. Aspherical spaces

It follows from our work above that for 7 abelian, [X, K (7, 1)] = H'(X;7) =
Hom(H; X, n) = Hom(m X, 7).

For m non-abelian we have the following theorem.

Theorem 7.26. For a based CW-complex X, the map on fundamental groups
gives a bijection
[X, K(m,1)]o — Hom(m X, 7).

Sketch of Proof. We will assume that the zero-skeleton of X is a single
point. Then by the Van Kampen theorem, m X is presented with generators
given by the characteristic maps of the 1-cells

ol D1/S° - X,
and relations given by the attaching maps of the 2-cells.
1/)12 St X

We will discuss why the above correspondence is onto. Let v: mX — 7
be a group homomorphism. Construct a map g : X7 — K(m,1) by defining
g on a l-cell (a circle) e} to be a representative of v[p}]. The attaching
maps sz? are trivial in 7; X, and hence g, [%2] = ’y[qb?] = 7(e) = e. Thus
g extends over the 2-skeleton. The attaching maps of the 3-cells of X are
null-homotopic in K (m,1), so the map extends over the 3-cells. Continuing
inductively, one obtains X — K (m,1) realizing  on the fundamental group.
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The proof that if g,h : X — K(m, 1) are two maps inducing the same
homomorphism (i.e. g = hy : m X — ) then g is based point preserving
homotopic to h (rel xp) is similar in nature and will be omitted. O

Corollary 7.27. Let K(m, 1) and K'(m,1) be two Eilenberg-MacLane spaces
of type (m,1). The identity map determines a canonical based homotopy
equivalence between them. O

Proposition 7.28. Suppose that
1—L 2, L H-—1

is an exact sequence of (not necessarily abelian) groups. Then the homotopy
fiber of the map g : K(mw,1) — K(H,1) inducing v as in Theorem 7.26 is
K(L,1) and that the inclusion of the fiber K(L,1) — K(m,1) induces the
homomorphism ¢.

If L, m, and H are abelian, the same assertions hold with K(mw,1) re-
placed by K (m,n) for any positive integer n. ]

Thus short exact sequences of groups correspond exactly to fibrations of
Eilenberg—MacLane spaces; the sequence of groups

l1-L—-m7—H-—>1

is a short exact sequence of groups if and only if the corresponding sequence
of spaces and maps

K(L,1) — K(m,1) - K(H,1)
is a fibration sequence up to homotopy.
Similarly the sequence of abelian groups
0—-L—-m—H—=0

is exact if and only if for any n the corresponding sequence of spaces and
maps

K(L,n) — K(m,n) — K(H,n)
is a fibration sequence up to homotopy.

Exercise 121. Prove Proposition 7.28.

Definition 7.29. A space is aspherical if its universal cover is contractible.

Corollary 7.34 below implies that a CW-complex is aspherical if and
only if it is a K (m,1).

Using K (7, 1) spaces one can define functors from groups to abelian
groups by taking homology and cohomology. The group H,(K(m,1)) is
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called the nth homology of the group m and is often denoted by H, (7). Simi-
larly the nth cohomology of the group 7 is defined by H™(w) = H"(K (7, 1)).
We will study these functors in greater detail in Chapter 9. Other purely
algebraic definitions of the (co)homology of groups can also be given.

Aspherical spaces are ubiquitous. Compact 2-manifolds other than the
sphere and projective space are K (m,1)’s. Also, K(Z/2,1) = RP*°. More
generally K(Z/n,1) = L3°, where L{° is the infinite lens space given as
S /(Z/n) where S>° C C is the infinite dimensional sphere and the ac-
tion is given by multiplication by a primitive n-th root of unity in every
coordinate. Since (X x Y) = 7, (X) @ m,(Y), K(Z", 1) = (S')", the
n-torus. The Cartan—Hadamard Theorem states that if M is a complete
Riemannian manifold with sectional curvature everywhere < 0, then for
every point p € M, the exponential map

exp: T,M — M
is a covering map. In particular M is aspherical. Here is an application.

Exercise 122. If M is a complete Riemannian manifold with sectional cur-
vature everywhere < 0, then 7y M is torsion-free.

We also mention the still open

Borel conjecture. Compact aspherical manifolds with isomorphic funda-
mental groups are homeomorphic.

The K (7, 1)-spaces are important for at least three reasons.

1. If M is a Zm-module, then H, (K (m,1); M) is an important algebraic
invariant of the group and the module.

2. K(m,1) = Bm, and hence [X, Brr] = Hom(m X, 7)/(¢ ~ gpg—1) clas-
sifies regular covers with deck transformations 7.

3. In the study of flat bundles, that is, bundles whose structure group

G reduces to a discrete group , the classifying map X — BG factors
through some K(m,1).

7.9. CW-approximations and Whitehead’s
theorem

Definition 7.30.

1. A weak homotopy equivalence is a map f : X — Y which induces
isomorphisms 7;(X,x) — m;(Y, f(x)) for all ¢ and for all base-points
r in X.
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2. A CW-approzimation of a topological space Y is a weak homotopy
equivalence

X-Y
where X is a CW-complex.

Theorem 7.31. Any space Y has a CW-approximation.

Proof. We may reduce to the case where Y is path-connected, by approxi-
mating each path-component separately. We will inductively construct maps

Gn: Xpn—Y

which are n-connected, that is, give an surjection on m, and a bijection on
m; for i < n. Also the restriction of g, to the (n — 1)-skeleton will be g,,—1.

Take Xy to be a point. Assume inductively the existence of an n-
connected map g, : X, — Y, where X,, is an n-dimensional CW-complex.
Attach an (n + 1)-cell to X,, for every generator ker g,, : mX,, — m,Y
to obtain a complex X/ ;. Since the attaching maps are in the kernel,
gn extends to a map g, : X, — Y. By cellular approximation and
by construction g;,,,, : mX,,; — mY is an isomorphism for i < n + 1.
(One could alternatively use the relative Hurewicz theorem). Finally, define
Xng1 = X}y V (VSP) with an (n + 1)-sphere for each generator of the
cokernel of g | : Tp1X] 1 — mu1Y. Define the map g,11: Xpy1 — Y,
by defining the map on Sf“ to be a representative of the corresponding
element of the cokernel.

This shows how to construct the skeleta of X = UX,,. Topologize X as
a CW-complex; see Definition 1.3. O

By the relative Hurewicz Theorem, a CW-approximation induces an
isomorphism on homology.

Milnor defined a functorial CW-approximation using simplicial methods
([26]). This is done by defining a CW-complex X with an n-cell for each
non-degenerate singular n-simplex in Y, where a non-degenerate simplex
means that it does not factor through a face map. Milnor’s construction
gives a functor from topological spaces to CW-complexes; this functor takes
a CW-complex to another complex of the same homotopy type.

A very useful theorem is given by the following.

Theorem 7.32 (cofibrant theorem). A map f:Y — Z is a weak homotopy
equivalence if and only if for all CW-complexes X,

L XY= [X, 2] gl [fog]

s a bijection.
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Proof. (<) When Y and Z are simple (e.g. simply-connected), then by
choosing X to be the n-sphere n = 0,1,2,..., one sees that f is a weak
homotopy equivalence. We omit the proof without the simplicity hypothesis
and refer the reader to Whitehead’s book [43].

(=) Philosophically, f. is a bijection, since it is for spheres and disks,
and CW-complexes are built from spheres and disks. A easy proof along
these lines can be given using the Puppe sequence for finite-dimensional
CW-complexes, but for the general case we need a lemma similar to the
motivating exercise (Exercise 117).

Lemma 7.33. Let g : (X,A) — (Z,Y) be a map of pairs where (X, A) is
a relative CW-complex and Y — Z is a weak homotopy equivalence. Then
g=~h (rel A) where h(X) C Y.

Proof. We will construct a sequence of maps h,, : X — Z so that h,(X,) C
Y with h_y = g and hy,—1 ~ hy, (rel X,,—1). (Slowly drag g into Y.) Then
for a point x in an open n-cell, we define h(z) = h,(x), and the homotopy
from g to h is defined by squeezing the homotopy h,,_1 ~ h, into the time
interval [1 — (1/27),1 — (1/2"+1)] c [0,1].

Assume inductively that h,—1 : X — Z has been constructed. Let
Pi - (Dnysn_l) — (Xn, Xpn—1)
be the characteristic map of an n-cell. Since 7,(Z,Y) = 0, the map
hn—10;: (D™, 8" 1) — (Z,Y)

is homotopic rel S"~! to a map hp,i whose image lies in Y. (See Exercise
123 below for this interpretation of the vanishing of the relative homotopy
group.) Then define h,, : X;, — Y by

hn(‘pz(e» - hn,i(e)

where e € D". Using the above homotopy, one sees hn—1| X, ~ h, : X, —
Z. Apply the homotopy extension theorem to extend this to a homotopy
H : X x I — Z and define h,(x) as H(z,1). O

We now return to the proof of the cofibrant theorem. We have a weak
homotopy equivalence f : Y — Z, which we may as well assume is the
inclusion of a subspace by replacing Z by a mapping cylinder. We see

f« [ X,Y] — [X, Z]

is onto by applying the lemma to the pair (X, ). We see f, is injective by
applying the lemma to the pair (X x I, X x {0,1}). O
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Exercise 123. Let Y C Z be path-connected spaces. If m,(Z,Y,yo) = 0,
show that any map f : (D", 8" 1) — (Z,Y) is homotopic rel S"~! to a map
whose image lies in Y.

Corollary 7.34 (Whitehead theorem). A weak homotopy equivalence be-
tween CW-complexes is a homotopy equivalence.

Proof. Let f : Y — Z be a weak homotopy equivalence between CW-
complexes. By the surjectivity of fi : [Z,Y] — [Z,Z], thereisag: Z — Y
so that [Idz] = fi[g] = [f o g]. Then

fillge fl=1fogo fl=[ldzo fl = [foldy] = f[ldy].

By the injectivity of fi, [g o f] = [Idy], so f and g are homotopy inverses.
O

Corollary 7.35. Any n-connected CW-complex Y has the homotopy type
of a CW-complex X whose n-skeleton is a point.

Proof. Apply the proof of the CW-approximation to Y to find a weak
homotopy equivalence X — Y where X, is a point. By Corollary 7.34 it is
a homotopy equivalence. O

Theorem 7.36. Let f: X — Y be a continuous map. Suppose that CW-
approzimations v : X' — X and v :Y' — 'Y are given. Then there exists a
map [’ so that the diagram

u

X — X

1"

Y —— Y
commutes up to homotopy. Furthermore the map f' is unique up to homo-
topy. O

The theorem follows from the cofibrant theorem (v, is a bijection.) Ap-
plying it to the case where f = Idx we see that CW-approximations are
unique up to homotopy type. The theorem and the cofibrant theorem imply
that for the purposes of homotopy theory, one may as well assume all spaces
involved are CW-complexes. A relative version of the cofibrant theorem
gives the same result for based homotopy theory.
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7.10. Obstruction theory in fibrations

We next turn to the lifting and cross section problems.

Consider the lifting problem:
E

R4

g .
. p
X —f’ B

where p : E — B is a fibration. Note that if f = Idp, then the lifting

problem is the same as constructing a cross section of p.

Suppose g has been defined over the n-skeleton of X. Given an (n + 1)-
cell e™! of X, the composite of the attaching map and g gives a map
Sm — X 4 E. The composite S — X 2, E 2 Bis null homotopic since
it equals S — X ER B, which extends over the cell et — X.

The homotopy lifting property of fibrations implies that the composite
s"— X LE

is homotopic to a map S™ — F, by lifting the null-homotopy in the base
(cf. Corollary 6.44).

Thus, to each (n+1)-cell of X we have defined, in a highly non-canonical
way, a map S™ — F. We would like to say that this defines a cochain on X
with values in 7, F'.

If we assume F' is n-simple, so that 7, F = [S™, F| (unbased maps) then
any map S™ — F defines an element in 7, F.

However, if m1 B # 0, then some ambiguity remains, namely it was not
necessary that f preserved base points, and hence, even if F' is n-simple, we
do not obtain a cochain in C™(X;m,F"). However, one does get a cochain
with local coefficients. Thus obstruction theory for fibrations requires the
use of cohomology with local coefficients, as we will now see.

Recall from Proposition 6.62 that if F' is n-simple, then the fibration
F — E — B defines a local coefficient system over B with fiber m, F'. In fact
Proposition 6.62 shows how to associate to each o € m; B a homotopy class
hq of self-homotopy equivalences of F'. Then h, induces an automorphism
of [S™, F] by f +— hqof. Since we are assuming F' is n-simple, [S™, F| = m, F
and so this shows how the fibration determines a representation p : m B —
Aut(m, F).

Now pull back this local coefficient system over X via f : X — B to
obtain a local coefficient system over X. We continue to call it p, so

p:mX ELR m B L Aut(m, (F)).
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With these hypotheses, one obtains an obstruction cocycle
6" (g) € C”+1(X;7rn(F)p) = Homz[ﬂlx](Cn+1()?),ﬂn(F)p).
One then can prove the following theorem.
Theorem 7.37. Let X be a CW-complex, p : E — B be a fibration with

fiber F'. Let f : X — B be a map and g : X" — FE a lift of f on the
n-skeleton.

If F is n-simple, then an obstruction class
[0 (9)] € H™ 1 (X; 1 (F),)

s defined.
If [0 (g)] vanishes, then g can be redefined over the n-skeleton (rel the
(n — 1)-skeleton), then extended over the (n + 1)-skeleton X™*1, O

If the local coefficient system is trivial, for example if 1 X =0 or m B =
0, then [0"*1(g)] € H" (X ; 7, F) (untwisted coefficients). If 1 F' = 0, then
F is k-simple for all k, so that the hypotheses of Theorem 7.37 hold.

If 7 =0 for k < n —1, then [0""!(g)] € H"™1(X; 7, F),) is called the
primary obstruction to lifting f, and is well-defined, i.e.

1. a lift over the n-skeleton always exists, and

2. [0™*1(g)] is independent of the choice of lift to the n-skeleton.

Henceforth we write 4" *1(f) for the primary obstruction to lifting f.

The proof of Theorem 7.37 is in many ways similar to the proofs given
earlier. In certain important cases one can reduce this theorem to a special
case of the extension problem by the following useful device.

Suppose there is a fibration £ — B, so that the fiber can be “delooped”
in the following sense. Namely there exists a fibration ¢ : B — Z with fiber
E’ so that the inclusion E’ < B is equivalent to the fibration £ — B. Then
we have seen that F' is homotopy equivalent to the loop space 27, and the
sequence

[X,F] — [X,E] — [X,B] -+ [X, Z]
is exact by Theorem 6.42.

This sequence shows that f: X — B can be lifted to g : X — FE if and
only if g.[f] is nullhomotopic. Thus the problem of lifting f is equivalent to
the problem of nullhomotoping g o f.

As was explained above, there are obstructions
d (g0 f,+) € H*(X;my(2))
to nullhomotoping g o f (provided Z is simple, etc.). But since
m6(2) = m—1(QZ) = w1 F,



7.11. Characteristic classes 191

we can view d*(g o f,*) as an element of H*(X;m,_1F). Thus the obstruc-
tions to finding cross sections are in this special case obtainable from the
homotopy obstruction theorem.

This point of view works if £ — B is, say, a principal G bundle, since
one can take Z to be the classifying space BG.

7.11. Characteristic classes

One application of obstruction theory is to define characteristic classes. For
example, suppose p : E — B is an oriented n-plane vector bundle, i.e. a bun-
dle with fiber R™ and structure group GL; (R), the group of automorphisms
of R™ with positive determinant. Then the Fuler class e(p) € H"(B;Z) is
the primary obstruction to finding a section of the bundle

R" — {0} — Ey — B
where Ey = F —i(B) is E minus the zero section.

Exercise 124. The primary obstruction to finding a cross section of Fy —
B lies in H"(B;m,—1(R™ — {0})). Show that R™ — {0} is n-simple, that
Tn—1(R" — {0}) = Z, and that m; B acts trivially on m,_1(R"™ — {0}), i.e.
the local coefficient system is trivial (this uses the fact that the bundle is
orientable).

In other words the Euler class is the primary obstruction to finding
a nowhere zero section of p. The Euler class is a characteristic class in
the sense that given a map of oriented n-plane vector bundles which is an
isomorphism on fibers

E —FE

p/J \p
!/
B " B
then
fre(p) = e(v')
If B is a CW-complex of dimension n, then the primary obstruction is the
only obstruction, so there is a nowhere zero section if and only if the Euler

class is zero. The Euler class is related to the Euler characteristic of a
manifold by the following theorem (see [30]).

Theorem 7.38. Ifp: TB — B is the tangent bundle of a closed, oriented
n-manifold, then
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Corollary 7.39 (Poincaré—Hopf theorem). A closed, oriented n-manifold
has a nowhere-zero vector field if and only if its Euler characteristic is zero.
O

For example, you can’t comb the hairy ball!

The mod 2 reduction of the Euler class of an R™vector bundle £ — B
is called the nth Stiefel-Whitney class w,(E) € H"(B;Z/2).

There are many other aspects of obstruction theory, for example the
analogue of the homotopy problem in this setting is the problem of finding
vertical homotopies between two cross sections. There are obstructions

d"(g,9") € H"(X;m0n(F),).
Here are a few more examples to ponder.

Exercise 125. When we studied the extension problem, we did not come
across local coefficient systems. This is because we assumed that Y was
n-simple. Use Theorem 7.37 stated above together with the inverse of the
delooping method outlined above to find a statement of a theorem about
obstructions to extending maps into non-simple spaces.

Exercise 126. Write down a careful statement of a theorem about the ob-
struction to finding vertical homotopies between cross sections of a fibration.

7.12. Projects for Chapter 7

7.12.1. Postnikov systems. The decomposition of a CW-complex into
its skeleta has a “dual” construction leading to Postnikov decompositions of
a space. The word “dual” here is used in the same sense that cofibrations
and fibrations are dual. The building blocks for CW-complexes are cells
(D", S"~1). These have homology Z in dimension n and zero in other dimen-
sions. The building blocks for Postnikov decompositions are the Eilenberg-
MacLane spaces K(m,n). For CW-complexes, the attaching maps describe
how the cells are put together. For Postnikov decompositions, spaces are
described as iterated fibrations with fibers Eilenberg-Maclane spaces and
the primary obstruction to finding cross sections determine how the space
is to assembled from its K (m,n)s.

For this project, show how to construct a Postnikov tower for a space
X.

Theorem 7.40. If X is a simple path connected space, there exists a “tower”

= Xy T X = — X1 5 X,



7.12. Projects for Chapter 7 193

as well as maps fn, : X — X,, so that the diagrams
Xn

fn/4
X p

fm\«

Xn—l

n

commute for each n.

For each n, the map p, : X, — X,_1 is a fibration with fiber the
FEilenberg-MacLane space K(my,(X),n). Moreover, mp(X,) = 0 for k > n
and (fn)« : (X)) — 7 (Xy) is an isomorphism for all k < n.

To avoid complications you may assume that X is simply connected.

Each fibration in the tower p, : X,, — X,,_1 has fiber K (7, (X),n), and
so there is a single obstruction (i.e. the primary obstruction) to finding a
cross section which lies in

H" ™Y (X, 1m0 (K (1,(X),n))) = H"WN(X,_1; 1, X).
This obstruction is called the (n+1)st k-invariant of X and is denoted by
k"l Using the identification H" " (X,,_1;m,X) = [Xp_1, K (7, n + 1)],
k"1 can be thought of a homotopy class of maps X,,_1 — K(m,,n + 1) so

that the fibration K (m,,n) — X,, — X,_1 is the pullback of the path space
fibration K (7,,n) < P — K(m,,n + 1) via k"1,

Thus to a (simple) path connected space X this construction associates
a collection {m,, X, pn, K"} where

1. m, is an abelian group.

2. Xy is contractible.

3. pn: Xn — Xp—1 is a fibration with fiber K (m,,n).

4. k™ € H"(Xp—1;mp—1) classifies p,_1.

5. The inclusion of the fiber induces an isomorphism m, (K (m,,n)) —

T (Xn).

This collection has the property that m, = m,(X).

This collection of data is called the Postnikov system or Postnikov de-
composition for X.

Prove the main result about Postnikov systems.

Theorem 7.41. The weak homotopy type of X s determined by its Post-
nikov system. More precisely, given the data {m,, Xpn, pn, k" } satisfying con-
ditions 1-5 above there exists a space X with this space as its Postnikov
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decomposition. If Y is any space with this Postnikov system then X and Y
are weakly homotopy equivalent. O

A good reference for this material is [43, pg. 421-437] and [14, pg.
78-82].

If time permits, lecture on the dual exposition of obstruction theory from
the point of view of Postnikov decompositions. Spanier’s book [36] is one
place to find this material.



Chapter 8

Bordism, Spectra, and
Generalized Homology

This chapter contains a mixture of algebraic and differential topology and
serves as an introduction to generalized homology theories. We will give a
precise definition of a generalized homology theory later, but in the mean-
time you should think of a generalized homology theory as a functor from
pairs of spaces to graded abelian groups (or graded R-modules) satisfying
all Eilenberg—Steenrod axioms but the dimension axiom.

The material in this chapter will draw on the basic notions and theo-
rems of differential topology, and you should re-familiarize yourself with the
notion of smooth maps between smooth manifolds, submanifolds, tangent
bundles, orientation of a vector bundle, the normal bundle of a submanifold,
the Sard theorem, transversality and the tubular neighborhood theorem.
One of the projects for this chapter is to prepare a lecture on these topics.
A good reference for this material is Hirsch’s book [16]; more elementary
references include [27] and [15].

In this chapter (in contrast to the rest of this book), the word “mani-
fold” will mean a compact, smooth manifold with or without boundary and
a submanifold V' C M will mean a compact submanifold whose boundary is
contained in the boundary of M in such a way that V' meets the boundary
of M transversely. The normal bundle of a submanifold ¢ : V' — M is the
quotient bundle ¢*(T'M)/TV, and we will use the notation v(V < M) or
v(i). If M is a submanifold of R", or more generally if M has a Riemann-
ian metric, then the normal bundle v(V < M) can be identified with the
subbundle of T'M|,, consisting of all tangent vectors in T,M which are per-
pendicular to T),V, where p € V. A tubular neighborhood of a submanifold

195
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i:V < M is a embedding f : v(i) — M which restricts to the identity on
(the zero section) V. Informally, we say that the open set U = f(v(i)) C M
is a tubular neighborhood of V.

8.1. Framed bordism and homotopy groups of
spheres

Pontrjagin and Thom in the 1950’s noted that in many situations there is
a one-to-one correspondence between problems in geometric topology (=
manifold theory) and problems in algebraic topology. Usually the algebraic
problem is more tractable, and its solution leads to geometric consequences.
In this section we discuss the quintessential example of this correspondence;
a reference is the last section of Milnor’s beautiful little book [27].

We start with an informal discussion of the passage from geometric topol-
ogy to algebraic topology.

Definition 8.1. A framing of a submanifold V¥~ of a closed manifold
MP* is a embedding ¢ of V x R™ in M so that ¢(p,0) = p for all p € V.
If (WFH1=n 4)) is a framed submanifold of M x I, then the two framed
submanifolds of M given by intersecting W with M x {0} and M x {1}
are framed bordant. Let Q%_n’ u be the set of framed bordism classes of
(k — n)-dimensional framed submanifolds of M.

A framed submanifold defines a collapse map M — S™ = R"™ U {0}
by sending ¢(p,v) to v and all points outside the image of ¢ to co. Note
that 0 € S™ is a regular value and the inverse image of 0 is V. A framed
bordism gives a homotopy of the two collapse maps. A framed bordism from
a framed submanifold to the empty set is a null-bordism. In the special case
of a framed submanifold V¥=" of S*  a null-bordism is given by an extension
to a framed submanifold Wk+1=" of Dk+1,

Theorem 8.2. The collapse map induces a bijection Q%_mM — [M, S™].

This method of translating between bordism and homotopy sets is called
the Pontrjagin—Thom construction.

Here are some examples (without proof) to help your geometric insight.
A (framed) point in a S* gives a map S¥ — S*¥ which generates 7, S* = Z.
Any framed circle in S? is null-bordant, for example the equator with the
obvious framing is the boundary of the 2-disk in the 3-ball. However, a
framed St in S so that the circle ¢(S* x {(1,0)}) links the S! with linking
number 1 represents the generator of m3(S%) = Z. (Can you reinterpret
this in terms of the Hopf map? Why can’t one see the complexities of knot
theory in framed bordism?) Now S? is naturally framed in S4, S* in S°, etc.



8.1. Framed bordism and homotopy groups of spheres 197

so we can suspend the linking number 1 framing of S* in S® to get a framing
of ST in S**1 for k > 2. This represents the generator of 7Tk+1Sk = 7Zo.

More generally, one can produce examples of framed manifolds by twist-
ing and suspending. If (V*~", ¢) is a framed submanifold of M* and o : V —
O(n), then the twist is the framed submanifold (V, ¢.«) where ¢.a(p,v) =
&(p,a(p)v). The framed bordism class depends only on (V,¢) and the ho-
motopy class of . (See Exercise 132 below for more on this construction.)
Next if (V*7",¢) is a framed submanifold of S¥, then the suspension of
(VF=". $) is the framed submanifold (V*~" S¢) of S¥*! is defined using
the obvious framing of S*¥ in S*¥*1, with S*¥ x R~o mapping to the upper
hemisphere of S¥*1. Then the generator of m3(5?) mentioned earlier can be
described by first suspending the inclusion of a framed circle in the 2-sphere,
and then twisting by the inclusion of the circle in O(2).

To prove Theorem 8.2 we first want to reinterpret ngn, y in terms of
normal framings. The key observation is that a framed submanifold deter-
mines n linearly independent normal vector fields on M.

Definition 8.3.

1. A trivialization of a vector bundle p : E — B with fiber R" is a
collection {o; : B — E}I' ;| of sections which form a basis pointwise.
Thus {o1(b),...,0n(b)} is linearly independent and spans the fiber
E, for each b € B.

Equivalently, a trivialization is a specific bundle isomorphism F =
B x R"™. A trivialization is also the same as a choice of section of the
associated principal frame bundle.

2. A framing of a vector bundle is a homotopy class of trivializations,
where two trivializations are called homotopic if there is a continuous
1-parameter family of trivializations joining them. In terms of the
associated frame bundle this says the two sections are homotopic in
the space of sections of the frame bundle.

A section of a normal bundle is called a normal vector field.

Definition 8.4. A normal framing of a submanifold V' of M is a homotopy
class of trivializations of the normal bundle v(V — M). If W is a normally
framed submanifold of M x I, then the two normally framed submanifolds of
M given by intersecting W with M x {0} and M x {1} are normally framed
bordant. (You should convince yourself that restriction of ¥(W — M x I)
to Vo = (M x {0}) N W is canonically identified with v(Vy — M)).

Exercise 127. Show that a framed submanifold (V, ¢) of M determines a
normal framing of V in M. Use notation from differential geometry and
denote the standard coordinate vector fields on R™ by {9/0x1,...,0/0z,}.
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Exercise 128. Define a map from the set of bordism classes of (k — n)-
dimensional framed submanifolds of M to the set of bordism classes of
(k — n)-dimensional normally framed submanifolds of M and show it is
a bijection. (The existence part of the tubular neighborhood theorem will
show the map is surjective, while the uniqueness part will show the map is
injective.)

Henceforth we let var—n, s denote both the bordism classes of framed
submanifolds and the bordism classes of normally framed submanifolds of
M.

Proof of Theorem 8.2. To define an inverse
d:[M,S"]— Q. u

to the collapse map
c: ka,r_n’M — [M, S"]

one must use differential topology; in fact, this was the original motivation
for the development of transversality.

Any element of [M,S™] can be represented by a map f : M — S™ =
R"™ U {oo}, which is smooth in a neighborhood of f~1(0) and transverse to
0 (i.e. 0 is a regular value). Thus:

1. The inverse image f~!(0) = V is a smooth submanifold of M* of
codimension n (i.e. of dimension k — n), and

2. The differential of f identifies the normal bundle of V in M* with
the pullback of the normal bundle of 0 € S™ via f. More precisely,
the differential of f, df : TM* — T'S™ restricts to TMk\V and factors
through the quotient v(V < M¥) to give a map of vector bundles

WV = M)~ (0 = 5™

|4 -0

which is an isomorphism in each fiber.
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Mk

Since the normal bundle of 0 in R™ U {oc} is naturally framed by the
standard basis, the second assertion above implies that the normal bundle
of V in MP¥ is also framed, i.e. there is a bundle isomorphism

v(V — MF) V x R"

\/

The map d is defined by sending [f] to f~1(0) with the above framing.
To see that d is well-defined, consider a homotopy

F:MxI—S".

where F|pry40,1} is transverse to 0 € S™. Consider the “trace of F”
F:MxI—S"xI
(m,t) = (F(m, 1), 1),

which has the advantage that it takes boundary points to boundary points.

The (relative) transversality approximation theorem says that F' is homo-

topic (rel M x {0,1}) to a map transverse to 0 x I. The inverse image of

0 x I equipped with an appropriate normal framing gives a normally framed
- -1 -1

bordism between F|Mx{0}(0) and F|MX{1}(O).

Our final task is to show that ¢ and d are mutual inverses. It is easy
to see that d o ¢ is the identity, but to show c o d is the identity takes some
work. First represent an element of [M,S"] by a a map f transverse to
0 € R"U{oc0} = S™. It seems plausible that the collapse map associated to
V = f~1(0) with the normal framing induced by df is homotopic to f, but
there are technical details.

Here goes. Let v = v(V — M), let g : v — M be a tubular neighbor-

hood of V, assume v has a metric, and let D = g(D(v)) correspond to the
disk bundle. Define ® : v — R" by ®(z) = lim; .o ¢! f(g(tz)). Then ®(x)
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is the velocity vector of a curve, and by the chain rule ® is the composite of
the identification of v with v(V < v) and df o dg. In particular ® gives an
isomorphism from each fiber of v to R™.

There is a homotopy f; : D — R" U {oo} for —1 <t <1 given by

I ®(x)  if —1<t<0,
2 — J T
fi(g(z)) {t+1f(g(t90)) ifo<t<1.

We now have a map
0D x [-1,1] U (M —Int D) x {1} U (M —Int D) x {—1} — S™ — {0}

defined by f; on the first piece, by f on the second piece, and by the constant
map at infinity on the third piece. This extends to a map (M — Int D) x
[—1,1] — S™ — {0} by the Tietze extension theorem.

We can then paste back in f; to get a homotopy
F:Mx[-1,1] — S"
from our original f to a map h so that

A 'R"=Int D2V x R"

~

where the diffeomorphism =2 is defined by mapping to V by using the
original tubular neighborhood and by mapping to R™ by h. Thus f ~ h
where h is in the image of c¢. It follows that c is surjective and thus that c
and d are mutual inverses. O

In reading the above proof you need either a fair amount of technical
skill to fill in the details or you need to be credulous. For an alternate
approach see [27, Chapter 7].

For a real vector bundle over a point, i.e. a vector space, a framing is the
same as a choice of orientation of the vector space, since GL(n,R) has two
path components. Thus a normal framing of V' C S* induces an orientation
on the normal bundle v(V < S¥). (See Section 10.7 for more information
about orientation.)

Exercise 129. Let V be a normally framed submanifold of a manifold M.
Show that an orientation on M induces an orientation on V. (Hint: consider
the isomorphism TV @ v =TM]|y.)

Theorem 8.5 (Hopf degree theorem). Let M* be a connected, closed,
smooth manifold.

1. If M* is orientable, then two maps M* — S* are homotopic if and
only if they have the same degree.

2. If M* is nonorientable, then two maps M* — S* are homotopic if
and only if they have the same degree mod 2.
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Exercise 130. Prove the Hopf degree theorem in two ways: obstruction
theory and framed bordism.

The function 7m,S™ — [S¥, S"] obtained by forgetting base points is a
bijection. For n > 1 this follows from the fact that S™ is simply connected
and so vacuously the fundamental group acts trivially. For n = 1 this is still
true because 7 S! is trivial for k£ > 1 and abelian for k = 1.

The result that m,S™ = Z is a nontrivial result in algebraic topology; it
is cool that this can be proven using differential topology.

Exercise 131. We only showed that the isomorphism of Theorem 8.2 is
a bijection of sets. However, since m;S™ is an abelian group, the framed
bordism classes inherit an abelian group structure. Prove that this group
structure on framed bordism is given by taking the disjoint union:

(Vo] + [V4] := Vo I1 V4 C SF4SF == gk

with negatives given by changing the orientation of the framing (e.g. replac-
ing te first vector field in the framing by its negative)

—[Vo] = [-Vol.

We will generalize Theorem 8.2 by considering the effect of the sus-
pension map S : m,S" — w1 S"T! and eventually passing to the limit
elim TeeS™ . This has the effect of eliminating the thorny embedding
— 0

questions of submanifolds in S*:; in the end we will be able to work with
abstract framed manifolds V' without reference to an embedding of V in
some sphere.

Exercise 132. (The J-homomorphism) Let V¥~ ¢ M* be a non-empty
normally framed manifold. Use twisting to define a function

J: [VE" O(n)] — [MF, S7).

Now let V be the equatorial S¥~" c S* with the canonical framing coming
from the inclusions S*~" ¢ §¥—n*1 ¢ ... ¢ S* and show that the function

J : m—n(0O(n)) — mpS™

is a homomorphism provided k£ > n. It is called the J-homomorphism and
can be used to construct interesting elements in m;S™.

Draw an explicit picture of a framed circle in R3 = S3—{co} representing
J(¢) where ¢ € m1O(2) = Z is the generator.
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8.2. Suspension and the Freudenthal theorem

Recall that the (reduced) suspension of a space X € K, with nondegenerate
basepoint is the space
SX=XxI/~

where the subspace (z¢ x I) U (X x {0,1}) is collapsed to a point. This
construction is functorial with respect to based maps f : X — Y. In
particular, the suspension defines a function

S:[X,Y]o— [SX,SY]o.

By Proposition 6.35, SS* = S**1, so that when X = S¥, the suspension
defines a function, in fact a homomorphism
S mp(Y) — m1(SY)
for any space Y. Taking Y to be a sphere one obtains
S mp(S™) — mryr (ST,
We next identify S¥ ¢ S*¥+1 = SS¥ as the equator, and similarly S™ c S"*1,
and interpret the above map in terms of framed bordism.

If f:S* — S™ is smooth, then the suspension
Sf . Sk+1 N STH-I

is smooth away from the base points. If x € S™ is a regular value different
from the base point, and V = f~!(z) is the normally framed submanifold
of S* associated to f, then clearly

V =(Sf)"Yx) c Sk c s+,
Let us compare normal bundles and normal framings.
v(V e SM) = u(V = S5 o u(sh — sMh|y
= v(V—SHaey
where ey = V x R = trivial line bundle.

Similarly, v(z — S"1) = v(x — S™) @ £(,y, and the differential of S f
preserves the trivial factor, since, locally (near the equator S* c S¥*1),

SffxId:S*x (—ee)— 8" x (—¢e).
We have shown the following.

Theorem 8.6. Taking the suspension of a map corresponds, via the
Pontrjagin-Thom construction, to the same manifold V, but embedded in
the equator S* c S*1, and with normal framing the direct sum of the old
normal framing and the trivial 1-dimensional framing. O
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Now consider the effect of multiple suspensions.

St ST — 7Tk+gSn+£

For each suspension, the effect on the normally framed submanifold V is
to replace it by the same manifold embedded in the equator, with the new
normal framing vpew = Vol @ €. Thus after £ suspensions,

V4
Unew = Vold D Ey-

The following fundamental result is the starting point for the investiga-
tion of “stable” phenomena in homotopy theory. We will not give a proof
at this time, since a spectral sequence proof is the easiest way to go. The
proof is given in Section 10.3.

Theorem 8.7 (Freudenthal suspension theorem). Suppose that X is an
(n — 1)—connected space (n > 2). Then the suspension homomorphism

S :mp X — 15X

is an isomorphism if k < 2n — 1 and an epimorphism if k = 2n — 1. O

The most important case is when X = 5™, and here the Freudenthal
suspension theorem can also be given a differential topology proof using
framed bordism and the facts that any j-manifold embeds in S™ for n >
27 + 1, uniquely up to isotopy if n > 25 4+ 2, and that any embedding of a
j-manifold in S™*! is isotopic to an embedding in S™ if n > 25 + 1.

Exercise 133. Show that for any k-dimensional CW-complex X and for
any (n — 1)-connected space Y (n > 2) the suspension map

[X,Y]p — [SX,SY]o

is bijective if k < 2n—1 and surjective if k = 2n—1. (Hint: Instead consider
the map [X, Y]y — [X,Q2S5Y]o. Convert the map ¥ — QSY to a fibration
and apply cross-section obstruction theory as well as the Freudenthal sus-
pension theorem.)

For a based space X, 7" X = [X, S"]y is called the n-th cohomotopy set.
If X is a CW-complex with dim X < 2n — 1, then Exercise 133 implies
that 7" X is a group, with group structure given by suspending and using
the suspension coordinate in SX. The reader might ponder the geometric
meaning (framed bordism) of the cohomotopy group structure when X is a
manifold.

Definition 8.8. The k-th stable homotopy group of a based space X is the
limit
7T,§X = lim 7Tk+gS€X.
{—00
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The stable k-stem is
e =y SO,

The computation of the stable k-stem for all k£ is the holy grail of the
field of homotopy theory.

The Hurewicz theorem implies that if X is (n — 1)-connected, then SX
is n-connected, since HgSX Hg 1X =0if £ <nand mSX =0if X
is path connected. The following corollary follows from this fact and the
Freudenthal theorem.

Corollary 8.9. If X is path connected,
T X = mop(S*X) =m0 (SEX) for > k.
For the stable k-stem,
Ty = Mory2(SF?) = mppe(SY)  for £ = k+2.
O

Recall from Equation (6.3) that m(O(n — 1)) — 7 (O(n)), induced by
the inclusion O(n — 1) — O(n), is an isomorphism for £ < n — 2, and
therefore letting O = lim,,—.oc O(n), 0 = 7m(O(n)) for k < n —2. It
follows from the definitions that the following diagram commutes

(O — 1)) —L mpm 1 (577

m(O(n)) Thn(S")

with the horizontal maps the J-homomorphisms, the left vertical map in-
duced by the inclusion, and the right vertical map the suspension homomor-
phism. If k¥ < n — 2, then both vertical maps are isomorphisms, and so one
obtains the stable J-homomorphism

J: m(0) — 73

Corollary 8.10. The Pontrjagin-Thom construction defines an isomorphism
from 77;? to the normally framed bordism classes of normally framed k-

dimensional closed submanifolds of S™ for any n > 2k + 2. O

8.3. Stable tangential framings

We wish to remove the restriction that our normally framed manifolds be
submanifolds of S™. To this end we need to eliminate the reference to the
normal bundle. This turns out to be easy and corresponds to the fact that
the normal and tangent bundles of a submanifold of S™ are inverses in a
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certain stable sense. Since the tangent bundle is an intrinsic invariant of
a smooth manifold, and so is defined independently of any embedding in
Sk this will enable us to replace normal framings with tangential framings.
On the homotopy level, however, we will need to take suspensions when
describing in what way the bundles are inverses. In the end this means that
we will obtain an isomorphism between stably tangentially framed bordism
classes and stable homotopy groups.

In what follows, ¢/ will denote a trivialized j-dimensional real bundle

over a space.

Lemma 8.11. Let V¥ C S™ be a closed, oriented, normally framed sub-
manifold of S™. Then

1. A normal framing v : v(V — S™)

7 TV @ 6n—k‘—l—l ~ 671-1—1.

~ n—

e % induces a trivialization

2. A trivialization 7 : TV @ e =2 "1 induces a trivialization
I/(V N Sn) ® €k+1 o~ 2,_:n+1.
Proof. The inclusion S™ ¢ R™*! has a trivial 1-dimensional normal bundle

which can be framed by choosing the outward unit normal as a basis. This
shows that the once stabilized tangent bundle of S™ is canonically trivialized

TS" @e et

since the tangent bundle of R"*! is canonically trivialized.
There is a canonical decomposition
(TS"@e)y =v(V—SHOTV @e.
Using the trivialization of T'S™ @ €, one has a canonical isomorphism
M2 py(Ves SHYSTV @e.
Thus a normal framing v : v(V < S¥) = ¢"~* induces an isomorphism
2" P TV @,

and, conversely a trivialization 7 : TV @ e = Ft1

6n—l—l ~ Z/(V SN Sn) ) gkz-‘rl‘

induces an isomorphism

O

Definition 8.12. A stable (tangential) framing of an k-dimensional mani-
fold V is an equivalence class of trivializations of

TV @™
where " is the trivial bundle V x R". Two trivializations

t TV @e™ 2kt gy TV @2 o htne
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are considered equivalent if there exists some N greater than n; and n9 such
that the direct sum trivializations

HBId: TV @™ @eN—m o htm g Non — FAN

and
ta@Id: TV @™ @ N2 x htne g Nom2 — FHN

are homotopic.

Similarly, a stable normal framing of a submanifold V of S* is an equiv-
alence class of trivializations of v(V < S%) @ e™ and a stable framing of a
bundle 7 is an equivalence class of trivializations of n & &”.

A tangential framing is easier to work with than a normal framing, since
one does not need to refer to an embedding V' C S™ to define a tangential
framing. However, stable normal framings and stable tangential framings
are equivalent; essentially because the tangent bundle of S™ is canonically
stably framed. Lemma 8.11 generalizes to give the following theorem.

Theorem 8.13. There is a 1-1 correspondence between stable tangential
framings and stable normal framings of a manifold V. More precisely:

1. Leti:V — 8" be an embedding. A stable framing of TV determines
stable framing of v(i) and conversely.

2. Let i1 :V — 8™ and iy : V — 5™ be embeddings. For n large
enough there exists a canonical (up to homotopy) identification

v(ip) @ "™ 2 u(iy) e

A stable framing of v(i1) determines one of v(iz) and vice versa.

Proof. 1. The proof of Lemma 8.11 gives a canonical identification
(Vs S @t @ TV =t

for all £ > 0. Associativity of @ shows stable framings of the normal bundle
and tangent bundles coincide.

2. Let 41 :V — S™ and i : V — 5™ be embeddings. There is a
formal proof that stable framings of v(i1) and v(i2) coincide. Namely, a
stable framing of v(i1) determines a stable framing of T'V by part 1, which
in turn determines a stable framing of v(i3). However, the full statement of
part 2 applies to submanifolds with non-trivial normal bundle, and theorems
from differential topology must be used.

Choose n large enough so that any two embeddings of V in S™ are
isotopic. (Transversality theorems imply that n > 2k + 1 suffices.)
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The composite V' i, gm 2 S™, with S™ 1, 67 the equatorial embed-
ding, has normal bundle

v(jroiy) =v(iy) @e" .
Similarly, the composite V' P2, g2 72, 67 has normal bundle
v(jzoiz) =v(iz) ®e" ™.

Then j5 01y is isotopic to ji o1, and the isotopy induces an isomorphism
v(jz2 0iz) = v(ji o).

If n > 2(k+ 1) + 1, then any self-isotopy is isotopic to the constant
isotopy, so that the identification v(j2 0 i2) = v(j1 0 41) is canonical (up to
homotopy). 0

Definition 8.14. Two real vector bundles E, F' over V are called stably
equivalent if there exists non-negative integers i, j so that £ @ ¢* and F @ e’
are isomorphic.

Since every smooth compact manifold embeds in S™ for some n, the
second part of Theorem 8.13 has the consequence that the stable normal
bundle (i.e. the stable equivalence class of the normal bundle for some
embedding) is a well defined invariant of a smooth manifold, independent of
the embedding, just as the tangent bundle is. However, something stronger
holds. If v(i;) and v(iz) are normal bundles of two different embeddings of
a manifold in a sphere, then not only are v(i1) and v(i2) stably equivalent,
but the stable isomorphism is determined up to homotopy.

Returning to bordism, we see that the inclusion S™ C S™t! sets up a
correspondence between the suspension operation and stabilizing a normal
(or equivalently tangential) framing. Consequently Corollary 8.10 can be
restated as follows.

Corollary 8.15. The stable k-stem Trf 1 isomorphic to the stably tan-
gentially framed bordism classes of stably tangentially framed k-dimensional
smooth, oriented compact manifolds without boundary. O

This statement is more appealing since it refers to k-dimensional mani-
folds intrinsically, without reference to an embedding in some S™.

Here is a list of some computations of stable homotopy groups of spheres
for you to reflect on. (Note: 7 has been computed for k < 64. There is no
reasonable conjecture for 77;? for general k, although there are many results
known. For example, in Chapter 10, we will show that the groups are finite
for k > 0; w5 = Z by the Hopf degree theorem.)
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k 1 2 3 4 5 6
™ Z/2 Z/2 Z/24 0 0 Z/2
k 7 8 9 10 11 12

| Z/240  ((Z/2)*| (Z/2)3 Z/6 |Z/504 0

k 13 14 15 16 17 18
™ Z/3 (Z/2)?|Z/480 ® Z/2|(Z/2)*|(Z/2)*|Z/8 © Z /2

k 19 20 21 22 23 24
T |Z/264 0 Z/2| Z/24 | (Z/2)* |((Z/2)*| (Z/2)?

t T s Z/16DZ/SCL/20Z/ISZL/3DZL)5DL)TDZL/13.

The reference [32] is a good source for the tools to compute 71;3 .

We will give stably framed manifolds representing generators of 7T]§ for
k < 9; you may challenge your local homotopy theorist to supply the proofs.
In this range there are (basically) two sources of framed manifolds: normal
framings on spheres coming from the image of the stable J-homomorphism
J 1, (0) — 7r,§ , and tangential framing coming from Lie groups. There is
considerable overlap between these sources.

Bott periodicity (Theorem 6.49) computes 74 (O).

k|l o 1 |2[3]4]5/6|7| 8
O || Z/2|Z/2(0|Z|0]0|0|Z]|Z/2

Then J : m.0 — 7T;§ is an isomorphism for k = 1, an epimorphism for
k = 3,7, and a monomorphism for £ = 8.

Another source for framed manifolds are Lie groups. If GG is a compact
k-dimensional Lie group and T.G = RF is an identification of its tangent
space at the identity, then one can use the group multiplication to identify
TG = G xR and thereby frame the tangent bundle. This is the so-called Lie
invariant framing. The generators of the cyclic groups 7r69 , 71'15 , 71'*29 , 71':3? , 7769 , 7T*7g
are given by e, S, S x §1,93, 9% x §3,87 with invariant framings. (The
unit octonions S” fail to be a group because of the lack of associativity, but
nonetheless, they do have an invariant framing.)

Finally, the generators of qu are given by S® with framing given by the
J-homomorphism and the unique exotic sphere in dimension 8. (An exotic
sphere is a smooth manifold homeomorphic to a sphere and not diffeomor-
phic to a sphere.)
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We have given a bordism description of the groups 77,? . If X is any
space, TI'kS X can be given a bordism description also. In this case one adds
the structure of a map from the manifold to X. (A map from a manifold to
a space X is sometimes called a singular manifold in X.)

Definition 8.16. Let (Vi,v; : TV; @ e* = £¥2), i = 0,1 be two stably
framed k-manifolds and ¢; : V; — X, ¢ = 0,1 two maps.

We say (Vo, 70, 90) is stably framed bordant to (Vi,v1, 1) over X if there
exists a stably framed bordism (W, 7) from (Vp,v0) to (V1,71) and a map

G:W-—-X

extending gg and g¢;.

We introduce the notation:

1. Let X denote X Il pt, the union of X with a disjoint base point.

2. Let QE(X ) denote the stably framed bordism classes of stably framed
k-manifolds over X.

Since every space maps uniquely to point, and since S° = pt 4, We can
restate Corollary 8.15 in this notation as

2 (pt) = 7 (pt.)
since mp = 7 (S%) = 77 (pt,).
More generally one can easily prove the following theorem.

Theorem 8.17. QF(X) = 77 (X4).

The proof of this theorem is essentially the same as for X = pt; one just
has to carry the map V' — X along for the ride. We give an outline of the
argument and indicate a map 7y (X1) — QF(X).

Sketch of proof. Choose ¢ large so that 7y (X) = mge(X4 A S9).

The smash product X, A S = X, x S¢/X, v S =X x S¢/X x pt is
called the half smash of X and S¢ and is depicted in the following picture.

pt

X, x 8t X, A8t
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Given f: S¥+¢ — X A S’ make f transverse to X x {x}, where z € S*
is a point different from the base point. (You should think carefully about
what transversality means since X is just a topological space. The point
is that smoothness is only needed in the normal directions, since one can
project to the sphere.)

Then f~}(X x {z}) = V is a smooth, compact manifold, and since a
neighborhood of X x {z} in X AS? is homeomorphic to X x R as indicated
in the following figure,

\W&_){X{x}C}QASl

the submanifold V' has a framed normal bundle, and f}, : V' — X x{z} = X.
This procedure shows how to associate a stably framed manifold with a map
to X to a (stable) map f : S¥T¢ — X, A S¢. One can show as before, using
the Pontrjagin-Thom construction, that the induced map mj4¢(X; A S¢) —
O (X) is an isomorphism. O

Exercise 134. Define the reverse map QI (X) — 72 (X4).

8.4. Spectra

The collection of spheres, {S™}2° ), together with the maps (in fact homeo-
morphisms)
ky : ST G

forms a system of spaces and maps from which one can construct the stable
homotopy groups 75 (X). Another such system is the collection of Eilenberg—
MacLane spaces K(Z,n) from which we can recover the cohomology groups
by the identification H™(X;Z) = [X, K(Z,n)] according the the results of
Chapter 7.

The notion of a spectrum abstracts from these two examples and intro-
duces a category which measures “stable” phenomena, that is, phenomena
which are preserved by suspending. Recall that H"(X) = H""!(SX) and
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by definition 73 (X) = 75, ;(SX). Thus cohomology and stable homotopy

groups are measuring stable information about a space X.

Definition 8.18. A spectrum is a sequence of pairs { K, k, } where the K,
are based spaces and k, : SK, — K,11 are basepoint preserving maps,
where SK,, denotes the suspension.

In Exercise 95 you saw that the the n-fold reduced suspension of S X of
X is homeomorphic to S™ A X. Thus we can rewrite the definition of stable
homotopy groups as
35X = lim m,40(S° A X)
{—00
where the limit is taken over the homomorphisms
Tt (SE A X) = T p (ST A X)),
These homomorphisms are composites of the suspension
7Tn+g(5é A X) — ’/Tn+g+1(S<S£ A X)),

the identification S(S* A X) = S* A (S* A X) = S(SY) A X, and the map
T e41(S(SH A X) — mpyer1(S™1 A X) induced by the map k, : S(S¢) —

S€+1.
Thus we see a natural link between the sphere spectrum
S ={S" k,:S(S") = 85"
and the stable homotopy groups
(X)) = lim 7,4 0(SY A X).
{—00

n

Another example is provided by ordinary integral homology. The path
space fibration and the long exact sequence in homotopy, shows that the loop
space of the Eilenberg-MacLane space K(Z,n + 1) is homotopy equivalent
to K(Z,n). Fixing a model for K(Z,n) for each n, there exists a sequence
of homotopy equivalences

hp : K(Z,n) — QK(Z,n+1).
Then h,, defines, by taking its adjoint, a map
kn:S(K(Z,n)) — K(Z,n+1).
In this way we obtain the Eilenberg—MacLane spectrum
K(Z)={K(Z,n),k,}.
We have seen in Theorem 7.22 that H"(X;Z) = [X, K(Z,n)].

Ordinary homology and cohomology are derived from the Eilenberg—
MacLane spectrum, as the next theorem indicates. This point of view gen-
eralizes to motivate the definition of homology and cohomology with respect
to any spectrum.
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Theorem 8.19. For any space X,

1.
Hy(X32Z) = lim mppo(X4 A K (Z,0)).

H™(X;Z) = lim [SY(X,), K(Z,n+ 0)]o

{—00

O

Recall that for n > 0, H"(X) = H™(Xy) = H"1(SX,) = H" 1 (SX,);
in fact the diagram

(X4, K(Z,n)]o

[SX+7 SK(Z7 n)]O
= kn

(X4, QK(Z,n+ 1]y —— [SX4, K(Z,n+1)]o

commutes. This shows that we could have defined the cohomology of a space
by
H™(X;Z) = lim [S¢X s K(Z,n +0))o,

and verifies the second part of this theorem. The first part can be proven by
starting with this fact and using Spanier-Whitehead duality. See the project
on Spanier-Whitehead duality at the end of this chapter.

These two examples and Theorem 8.19 leads to the following definition.
Recall that X denotes the space X with a disjoint base point. In particular,
if AC X, then (X;/Ay) = X/A if A is non-empty and equals X if A is
empty.

Definition 8.20. Let K = {K,,, k,} be a spectrum. Define the (unreduced)
homology and cohomology with coefficients in the spectrum K to be the
functor taking a space X to the abelian group

Hp(X;K) = lim mnpo(X A Ko)

and
H"(X;K) = lim [S“(X4); Knielo,

the reduced homology and cohomology with coefficients in the spectrum K to
be the functor taking a based space X to the abelian group

Hy(X;K) = lim 7, 1.0(X A Ko)

and N
H"(X;K) = lim [S*X; K, (o,

f—00
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and the homology and cohomology of a pair with coefficients in the spectrum
K to be the functor taking a pair of space (X, A) to the abelian group

Hn(X7A; K) = Eliglo 7Tn+€((X+/A+) N KZ)

and
(X, A K) = Jim [S(X /AL): Koo,
—00
It is a theorem that these are generalized (co)homology theories; they
satisfy all the Eilenberg—Steenrod axioms except the dimension axiom. We
will discuss this in more detail later.

For example, stable homotopy theory ﬁn(X ;S) = WSX is a reduced
homology theory; framed bordism H,(X;S) = 75X, = Qf(X) is an unre-
duced homology theory.

Note that Hy,(pt; K) can be non-zero for n # 0, for example H, (pt; S) =
7. Ordinary homology is characterized by the fact that H,(pt) = 0 for
n # 0, (see Theorem 1.31). The groups H,(pt; K) are called the coefficients
of the spectrum.

There are many relationships between reduced homology, unreduced ho-
mology, suspension, and homology of pairs, some of which are obvious and
some of which are not. We list some facts for homology.

e For a based space X, H,(X;K) = H,11(5X; K).

e For a space X, H,(X;K) = H,(X;+; K).
e For a pair of spaces, H, (X, 4;K) = ﬁn(X/A; K).

e For a CW-pair, H,(X, A;K) fits into the long exact sequence of a
pair.

8.5. More general bordism theories

(Stably) framed bordism is a special case of a general bordism theory, where
one considers bordisms respecting some specific stable structure on the nor-
mal bundle of a smooth manifold. We will give examples of stable structures
now, and then ask you to supply a general definition in Exercise 135. Basi-
cally a property of vector bundles is stable if whenever a bundle i has that
property, then so does n @ &* for all k.

8.5.1. Framing. A stable framing on a bundle [n] is, as we have seen, a
choice of homotopy class of bundle isomorphism

yin@ek o enth
subject to the equivalence relation generated by the requirement that

Yoy @Idin@ ek @e et
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8.5.2. The empty structure. This refers to bundles with no extra struc-
ture.

8.5.3. Orientation. This is weaker than requiring a framing. The most
succinct way to define an orientation of a n-plane bundle 7 of is to choose a
homotopy class of trivialization of the highest exterior power of the bundle,

YA (n) e

Equivalently, an orientation is a reduction of the structure group to
GL4(n,R), the group of n-by-n matrices with positive determinant. A
oriented manifold is a manifold with an orientation on its tangent bundle.

Since A“TP(V @ W) is canonically isomorphic to AV @ APW if V is a
a-dimensional vector space and W is a b-dimensional vector space, it follows
that A"(n) is canonically isomorphic to A"**(n @ &¥) for any k& > 0. Thus
an orientation on 7 induces one on 1 @ €, so an orientation is a well-defined
stable property.

8.5.4. Spin structure. Let Spin(n) — SO(n) be the double cover where
Spin(n) is connected for n > 1. A spin structure on an n-plane bundle 7
over a space M is a reduction of the structure group to Spin(n). This is
equivalent to giving a principal Spin(n)-bundle P — M and an isomorphism
n = (P Xgpintm) R" — M). A spin manifold is a manifold whose tangent
bundle has a spin structure. Spin structures come up in differential geometry
and index theory.

The stabilization map SO(n) — SO(n + 1) induces a map Spin(n) —
Spin(n + 1). Thus a principal Spin(n)-bundle P — M induces a principal
Spin(n + 1)-bundle P Xgpin(n) Spin(n + 1) — M, and hence a spin structure
on 7 gives a spin structure on 1 @ €. A spin structure is a stable property.

A framing on a bundle gives a spin structure. A spin structure on a
bundle gives an orientation. It turns out that a spin structure is equivalent
to a framing on the 2-skeleton of M.

8.5.5. Stable complex structure. An complex structure on a bundle 7
is a bundle map J : n — 7 so that J o J = —Id. This forces the (real)
dimension of 7 to be even. Equivalently complex structure is a reduction
of the structure group to GL(k,C) C GL(2k,R). The tangent bundle of a
complex manifold admits a complex structure. One calls a manifold with
a complex structure on its tangent bundle an almost complex manifold and
it may or may not admit the structure of a complex manifold. (It can be
shown that S% is an almost complex manifold, but whether or not S is a
complex manifold is still an open question.)
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One way to define a stable complex structure on a bundle 7 is as a section
J € T(Hom(n @ ¥, na b))

satisfying J2 = —Id in each fiber. Given such a .J, one can extend it canon-
ically to

J=JaicT(Homna e @ not o))
by identifying €2¢ with M x C’ and using multiplication by i to define
i € T(Hom(M x Cf, M x C). As usual, two such structures are identified
if they are homotopic. Note that odd-dimensional manifolds cannot have
almost complex structures but may have stable almost complex structures.

If v:n@ ek = el is a stable framing, up to equivalence we may assume
that £ is even. Then identifying e’ with M x C¥2 induces an stable complex
structure on 7 @ €*. Thus stably framed bundles have a stable complex
structure.

Similarly, a complex structure determines an orientation, since a com-
plex vector space has a canonical (real) orientation. To see this, notice
that if {e1,...,e,} is a complex basis for a complex vector space, then
{e1,ie1,- -+ ,er,i€e,} is a real basis whose orientation class is independent
of the choice of the basis {e1,...,e,}.

The orthogonal group O(n) is a strong deformation retract of the general
linear group GL(n,R); this can be shown using the Gram-Schmidt process.
This leads to a one-to-one correspondence between isomorphism classes of
vector bundles and isomorphism classes of R™-bundles with structure group
O(n) over a paracompact base space. An R"-bundle with a metric has
structure group O(n). Conversely an R"-bundle with structure group O(n)
over a connected base space admits a metric, uniquely defined up to scaling.
Henceforth in this chapter all bundles will have metrics with orthogonal
structure group.

The following exercise indicates how to define a structure on a stable
bundle in general.

Exercise 135. Let G = {G,,} be a sequence of topological groups with con-
tinuous homomorphisms G,, — G,+1 and G,, — O(n) so that the diagram
Gn - GnJrl
| !

O(n) — O(n+1)
commutes for each n, where the injection O(n) — O(n + 1) is defined by
A0
0 1|°

Use this to define a stable G-structure on a bundle n. (Hint: either use clas-
sifying spaces or else consider the overlap functions for the stable bundle.)

-]
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Define what a homomorphism G — G’ should be in such a way that
a bundle with a stable G-structure becomes a bundle with a stable G'-
structure.

There are many examples of G-structures. As a perhaps unusual ex-
ample, one could take G,, to be O(n) or SO(n) with the discrete topology.
This spectrum arises in the study of flat bundles and algebraic K-theory.

For our previous examples, a framing corresponds to G,, = 1, the trivial
group for all n. The empty structure corresponds to G,, = O(n). An orien-
tation corresponds to G, = SO(n) C O(n). A spin structure corresponds
to G, = Spin(n) — SO(n). An stable complex structure corresponds to
G, =U([n/2]) C O(n).

Concepts such as orientation and almost complex structure are more
natural on the tangent bundle, while the Pontrjagin-Thom construction and
hence bordism naturally deals with the stable normal bundle. The following
exercise generalizes Theorem 8.13 and shows that in some cases one can
translate back and forth.

Exercise 136.

1. Show that an orientation on the stable tangent bundle of a manifold
determines one on the stable normal bundle and conversely.

2. Show that a complex structure on the stable tangent bundle of a
manifold determines one on the stable normal bundle and conversely.

(Hint/discussion: The real point is that the tangent bundle and normal bun-
dle are (stably) Whitney sum inverses, so one may as well consider bundles
« and § over a finite-dimensional base space with a framing of a & 5. A
complex structure on « is classified a map to G,,(C¥) and 8 is equivalent
to the pullback of the orthogonal complement of canonical bundle over the
complex grassmannian, and hence 3 is equipped with a complex structure.
Part 1 could be done using exterior powers or using the grassmannian of
oriented n-planes in R*.)

Definition 8.21. Given a G-structure, define the n-th G-bordism group of
a space X to be the G-bordism classes of n-dimensional closed manifolds
mapping to X with stable G-structures on the normal bundle of an embed-
ding of the manifold in a sphere. Denote this abelian group (with disjoint
union as the group operation) by

Q% (Xx).

Thus an element of Q% (X) is represented by an embedded closed sub-
manifold M™ C S*, a continuous map f : M — X, and a stable G-structure
v on the normal bundle v(M < S¥). Bordism is the equivalence relation
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generated by replacing k by k£ + 1, and by

(Mo C S¥, fo,~0) ~ (My C S¥, f1,m)

provided that there exists a compact manifold W C S* x I with boundary
My x {0} UM; x {1} (which we identify with MoIIM;), amap F : W — X
and a stable G-structure I'" on v(W < S* x I) which restricts to (Mo II
M, foll fi,70 L)

We previously used the notation Qf for framed bordism, i.e. QF = Q1
where 1 = G = {G,}, the trivial group for all n.

We next want to associate spectra to bordism theories based on a stable
structure. We have already seen how this works for framed bordism:

(X)) =7d(Xx,) = Jim 7, (X A St

i.e. framed bordism corresponds to the sphere spectrum S = {S", k, }.

What do the other bordism theories correspond to? Does there exist a
spectrum K for each structure G so that

QS(X) = Hn(X; K) = élirgo 7rn+£(X+ A KZ)?

The answer is yes; the spectra for bordism theories are called Thom spectra
MG. In particular, one can define G-cobordism by taking

H"(X;MG) = lim [StX s MGhilo.

We are using the algebraic topology terminology where cobordism is the
theory dual (in the Spanier-Whitehead sense) to bordism. It is traditional
for geometric topologists to call bordant manifolds “cobordant,” but we will
avoid this terminology in this book.

Thus we know that M1 is the sphere spectrum. We will give a construc-
tion for MG for any structure G.

8.6. Classifying spaces

The construction of Thom spectral is accomplished most easily via the the-
ory of classifying spaces. The basic result about classifying spaces is the
following. The construction and the proof of this theorem is one of the
student projects for Chapter 4.

Theorem 8.22. Given any topological group G, there exists a principal G-
bundle EG — BG where EG 1is a contractible space. The construction is
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functorial, so that any continuous group homomorphism o : G — H induces
a bundle map

EG 2% EH

BG 2% BH

compatible with the actions, so that if x € EG,g € G,

Ea(z-g) = (Ba(z)) - a(g)-

The space BG is called a classifying space for G.
The function

® : Maps(B, BG) — {Principal G-bundles over B}

defined by pulling back (so ®(f) = f*(EG)) induces a bijection from the ho-
motopy set [B, BG] to the set of isomorphism classes of principal G-bundles
over B, when B is a CW-complex (or more generally a paracompact space).
O

The long exact sequence for the fibration G — EG — BG shows that
T BG = m,_1G. In fact, QBG is (weakly) homotopy equivalent to G, as one
can see by taking the extended fiber sequence --- — QFEG — QBG — G —
EG — BG, computing with homotopy groups, and observing that FG and
QFEG are contractible. Thus the space BG is a delooping of G.

The following lemma is extremely useful.

Lemma 8.23. Letp: E — B be a principal G-bundle, and let f : B — BG
be the classifying map. Then the homotopy fiber of f is weakly homotopy
equivalent to E.

Proof. Turn f : B — BG into a fibration ¢ : B’ — BG using Theorem
6.18 and let F’ denote the homotopy fiber of ¢ : B — BG. Thus there is a
commutative diagram

h

N A

BG

B

B/
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with h a homotopy equivalence. The fact that f is the classifying map for
p: E — B implies that there is a commutative diagram

-1+ kG

p

B~ BG
and since EG is contractible, fop =qgohop: EF — BG is nullhomotopic.
By the homotopy lifting property for the fibration ¢ : B® — BG it follows
that hop : E — B’ is homotopic into the fiber F’ of ¢ : B’ — BG and so
one obtains a homotopy commutative diagram of spaces

E F'
p

B B’
f q
BG —— BG.

The left edge is a fibration, h is a homotopy equivalence, and by the five
lemma the map 7, (F) — 7, (F") is an isomorphism for all n. O

In Lemma 8.23 one can usually conclude that the homotopy fiber of
f B — BG is in fact a homotopy equivalence. This would follow if we
know that B’ is homotopy equivalent to a CW-complex. This follows for
most G by a theorem of Milnor [24].

Exercise 137. Show that given a principal G-bundle £ — B there is fibra-
tion

E—>EG><GE

|

BdG

where EG x ¢ E denotes the Borel construction . How is this fibration related
to the fibration of Lemma 8.237

8.7. Construction of the Thom spectra

We proceed with the construction of the Thom spectra. We begin with a
few preliminary notions.
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Definition 8.24. If E — B is any vector bundle over a CW-complex B
with metric then the Thom space of E — B is the quotient D(E)/S(E),
where D(E) denotes the unit disk bundle of E and S(E) C D(FE) denotes
the unit sphere bundle of E.

Notice that the zero section B — FE defines an embedding of B into the
Thom space.

The first part of the following exercise is virtually a tautology, but it
is key to understanding why the spectra for bordism are given by Thom
spaces.

Exercise 138.

1. If F — B is a smooth vector bundle over a smooth compact manifold
B, then the Thom space of E is a smooth manifold away from one
point and the 0-section embedding of B into the Thom space is a

smooth embedding with normal bundle isomorphic to the bundle £ —
B.

2. The Thom space of a vector bundle over a compact base is homeo-
morphic to the one-point compactification of the total space.

Now let a G-structure be given. Recall that this means we have a
sequence of continuous groups G, and homomorphisms G,, — O(n) and
G, — Gp41 such that the diagram

Gn - GnJrl
! !
O(n) — O(n+1)
commutes.

We will construct the Thom spectrum for this structure from the Thom
spaces of vector bundles associated to the principal bundles G,, — EG,, —
BG,.

Composing the homomorphism G,, — O(n) with the standard action of
O(n) on R™ defines an action of G), on R™. Use this action to form the
universal R™-vector bundle over BG,,

EGn X Gn R"

BG,

Let us denote this vector bundle by V,, — BG,. Notice that by our
assumption that G, maps to O(n), this vector bundle has a metric, and so
the unit sphere and disk bundles are defined.



8.7. Construction of the Thom spectra 221

Functoriality gives vector bundle maps (which are linear injections on
fibers).

Va Vit

BGn - BGTL+1

Let M G,, denote the Thom space of V,, — BG,,. Thus M G,, is obtained
by collapsing the unit sphere bundle of V,, in the unit disk bundle to a point.

Lemma 8.25.

1. If E — B is a vector bundle, then the Thom space of E ® ¢ is the
reduced suspension of the Thom space of E.

2. A wvector bundle map

E—F

|

B— D

which is an isomorphism preserving the metric on each fiber induces
a map of Thom spaces.

Proof. To see why the first statement is true, note that an O(n)-equivariant

homeomorphism D" — D" x I determines an homeomorphism of D(E®¢)

with D(FE) x I which induces a homeomorphism D(E @ ¢)/S(E @ ¢) with
(D(E)xI)/(S(E)x 1 U D(F) x{0,1}).

But it is easy to see that this identification space is the same as the (reduced)

suspension of D(E)/S(E).

The second statement is clear. O

The following theorem states that the collection MG = {MG,,} forms
a spectrum, and that the corresponding homology theory is the bordism
theory defined by the corresponding structure.

Theorem 8.26. The fiberwise injection V,, — V411 extends to a (metric
preserving) bundle map V,, ® ¢ — V41 which is an isomorphism on each
fiber, and hence defines a map

kn:SMG, — MGpy1.
Thus {MG, k,} = MG is a spectrum, called the Thom spectrum.
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Moreover, the bordism groups QG (X) are isomorphic to H,(X; MG).

Proof. Since the diagram

Gn - Gn+1
| !

O(n) — O(n+1)
commutes, where O(n) < O(n + 1) is the homomorphism
A0
0 1}’

it follows by the construction of V,, that the pullback of V,,+1 by the map
Yn : BGy, — BG4 splits canonically into a direct sum ~) (V1) = V,, @ e.
Thus the diagram

-]

Vi —— Vana

| |

BGn e BG?’L+1
extends to a diagram

Vn e — Vn+1

| l

BGn e BGn+1
which is an isomorphism on each fiber; this isomorphism preserves the met-
rics since the actions are orthogonal.

By Lemma 8.25, the above bundle map defines a map
kn: SMG, — MGpt1
establishing the first part of the theorem.

We now outline how to establish the isomorphism
Q%(Xx) = Jim 7 (X A MGy
— 00
This is a slightly more complicated version of the Pontrjagin-Thom con-

struction we described before, using the basic property of classifying spaces.

We will first define the collapse map
c:Q%X) — Elim Tnre( X+ N MGy).
—00

Suppose [W, f,7] € Q(X). So W is an n-manifold with a G-structure
on its stable normal bundle, and f : W — X is a continuous map. Embed W
in $"** for some large £ so that the normal bundle v(W) has a G -structure.
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Let FF — W be the principal O(¢)-bundle of orthonormal frames in
v(W). The statement that v(W) has a Gy-structure is equivalent to saying
that there is a principal Gy-bundle P — W and a bundle map

P F
W
which is equivariant with respect to the homomorphism
Gy — O(?).

Let ¢; : W — BG, classify the principal bundle P — W. Then by
definition v(W) is isomorphic to the pullback ¢} (V;).

Let U be a tubular neighborhood of W in $"*¢ and D c U c S§™+¢
correspond to the disk bundle. Define a map

h:S™ — MG,

by taking everything outside of D to the base point, and on D, take the
composite

D = D(u(W)) — D(Vi) — MGs.
The product
fxh:S" o X x MG,
composes with the collapse
X xXMGy— X4+ NMGy
to give a map
a=fAh:S8" = X AMG,.
We have thus defined the collapse map
c:Q%(X) — elilgo Tntt(X4 A MGy) = Hy(X; MG).

To motivate the definition of the inverse of ¢, we will make a few com-
ments on the above construction. The figure below illustrates that the
composite of the zero section z : BGy — D(V;) and the quotient map
D(V;) — MGy is a embedding.

N
Y

BGy D(Vy) MG,
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We thus will consider BGy to be a subset of M Gy. Then in the above
construction of the collapse map ¢, W = a~}(X x BGy).

Next we use transversality to define the inverse of this the collapse map
c. Represent & € H,(X; MG) by

oS XA MG,

Observe that the composite
X XBG@‘—>X+ XMG@—)X+/\MG@

is an embedding, since:
1. BG, misses the base point of MGy, and
2. the base point of X misses X.

(The following figure gives an analogue by illustrating the embedding of
X x Bin X, A M if B is a point, M is a D?-bundle over B, and X is a
interval.)

base p01nt collapse
M X ANM
Furthermore

X X BGy C X1 ANMGy

has a neighborhood which is isomorphic to the pullback 73V, where
mo : X X BGy — BGy is the projection on the second factor. Transversality,
adapted to this setting, says that a : S"t¢ — X A MG/ can be homotoped
slightly to a map 3 so that W = B~1(X x BGy) is a smooth manifold,
and whose tubular neighborhood, i.e. the normal bundle of W, has a G-
structure. The composite of 3 : W — X x BGy and pr; : X X BGy — X
give the desired element (W — X) € Q¢(X).

We sort of rushed through the construction of the inverse map to ¢, so
we will backtrack and discuss some details. For every point in BGy, there
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is a neighborhood U C BGy over which the bundle V;, — BG/ is trivial and
so there is a map

o Y (X xU) — D'/5*
defined by composing o with projection on the fiber. Transversality then
applies to this map between manifolds and one can patch together to get
(G using partitions of unity. Furthermore, transversality gives a diagram of
bundle maps, isomorphisms in each fiber,

(W e §"H) —— X x V}, Vi

pr,
W X x BGy BGy

so that the normal bundle of W inherits a G-structure.

Next note that replacing ¢ by £ 4 1 leads to the same bordism element.
Stabilizing the normal bundle

I/(W AN Sn—i—f) _ I/(W SN Sn—i—ﬁ) Pe= V(W SN Sn—i—é—i—l)

corresponds to including W ¢ §™+ ¢ §7+H+1 . Since the composite

S5t S sx. A MGy FML XA MGy
replaces the tubular neighborhood of X x BGy, i.e. X x V; by X x (V; @ ¢),
the construction gives a well-defined stable G-structure on the stable normal
bundle of W.

The full proof that the indicated map H,(X;MG) — QF(X) is well-
defined and is the inverse of ¢ is a careful but routine check of details in-
volving bordisms, homotopies, and stabilization. O

Taking X to be a point, we see that the groups (called the coefficients)

Q% = Q% (pt) are isomorphic to the homotopy groups elim Tne(MGy), since
— 00

As an example of how these coefficients can be understood geometrically,

consider oriented bordism, corresponding to G,, = SO(n). The coefficients

ng equal 7,4 ¢(MSOy) for ¢ large enough. Some basic computations are
the following.

1. An oriented closed 0-manifold is just a signed finite number of points.

This bounds a 1-manifold if and only if the sum of the signs is zero.
Hence ng = 7Z. Also, myMSOy = Z for ¢ > 2.

2. Every oriented closed 1-manifold bounds an oriented 2-manifold, since
S = 0D?. Therefore Q79 = 0.
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3. Every oriented 2-manifold bounds an oriented 3-manifold since any
oriented 2-manifold embeds in R? with one of the two complementary
components compact. Thus ng =0.

4. A theorem of Rohlin states that every oriented 3-manifold bounds a
4-manifold. Thus QgO =0.

5. An oriented 4-manifold has a signature in Z, i.e. the signature of
its intersection form. A good exercise using Poincaré duality (see
the projects for Chapter 3) shows that this is an oriented bordism
invariant, and hence defines a homomorphism Q7° — Z. This turns
out to be an isomorphism. More generally the signature defines a
map kao — Z for all k. This is a surjection since the signature of
CP?% is 1.

6. It is a fact that away from multiples of 4, the oriented bordism groups
are torsion, i.e. Q50 ® Q = 0 if n # 4k.

7. For all n, Q39 is finitely generated, in fact, a finite direct sum of Z’s
and Z/2’s.

Statements 5, 6, and 7 can be proven by computing 7,4 ,(MSOy). How
does one do this? A starting point is the Thom isomorphism theorem, which
says that for all k,

H,(BSO(()) = Hy,4o(MSOy)

(where H denotes reduced cohomology). The cohomology of BSO(n) can
be studied in several ways, an so one can obtain information about the
cohomology of M SO, by this theorem. Combining this with the Hurewicz
theorem and other methods leads ultimately to a complete computation of
oriented bordism (due to C.T.C. Wall), and this technique was generalized
by Adams to a machine called the Adams spectral sequence. We will return
to the Thom isomorphism theorem in Chapter 10.

Once the coefficients are understood, one can use the fact that bordism
is a homology theory to compute Q3°(X). For now we just remark that
there is a map Q5°(X) — H,(X) defined by taking f : M — X to the
image of the fundamental class f.[M]. Thus for example, the identity map
on a closed, oriented manifold M" is non-zero in Q5 (M).

We can also make an elementary remark about unoriented bordism,
which corresponds to G, = O(n). Notice first that for any o € Q9(X),
2a = 0. Indeed, if f: V™ — X represents «, take F : V x I — X to be
F(x,t) = f(z) then (V x I, F) = 2(V, f). Thus Q9 (X) consists only of
elements of order 2. The full computation of unoriented bordism is due to
Thom. We will discuss this more in Section 10.10.
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Exercise 139. Show that Qf = Z/2, Qf =0, and QF = Z/2. (Hint: for
QF use the classification theorem for closed surfaces, then show that if a
surface F is a boundary of a 3-manifold, then dim H'(F;Z/2) is even.)

There are several conventions regarding notation for bordism groups;
each has its advantages. Given a structure defined by a sequence G = {G,,},
one can use the notation

Q%(X), H.(X;MG) or MG.(X).
There is a generalization of a G-structure called a B-structure. It is

given by a sequence of commutative diagrams

B, B,

ETL £n+1

BO, —— BO’VH—I

where the vertical maps are fibrations. A G-structure in the old sense gives
a BG = {BG),}-structure. A B-structure has a Thom spectrum TB =
{T'(&,)}, where &, here denotes the vector bundle pulled back from the
canonical bundle over BO,,. There is a notion of a stable B-structure on a
normal bundle of an embedded M, which implies that there is a map from the
(stablized) normal bundle to &. There is a Pontrjagin-Thom isomorphism

O8(X) = H,(X; TB).

For a precise discussion of B-bordism and for further information on
bordism in general, see [30], [39] and the references therein.

8.8. Generalized homology theories

We have several functors from (based) spaces to graded abelian groups:
stable homotopy 7 (X), bordism Q% (X), or, more generally, homology of
a space with coefficients in a spectrum H,(X;K). These are examples of
generalized homology theories. Generalized homology theories come in two
(equivalent) flavors, reduced and unreduced. Unreduced theories apply to
unbased spaces and pairs. Reduced theories are functors on based spaces.
The equivalence between the two points of view is obtained by passing from
(X,A) to X/A and from X to X.

There are three high points to look out for in our discussion of homology
theories.

e The axioms of a (co)homology theory are designed for computations.
One first computes the coefficients of the theory (perhaps using the
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Adams spectral sequence), and then computes the homology of a CW-
complex X, using excision, Mayer—Vietoris, or a generalization of cel-
lular homology discussed in the next chapter, the Atiyah—Hirzebruch
spectral sequence.

e There is a uniqueness theorem. A natural transformation of (co)-
homology theories inducing an isomorphism on coefficients induces
an isomorphism for all CW-complexes X.

e A (co)homology theory is given by (co)homology with coefficients in
a spectrum K.

8.8.1. Reduced homology theories. Let K, be the category of com-
pactly generated spaces with non-degenerate base points.

Definition 8.27. A reduced homology theory is
1. A family of covariant functors
hp : Ky = AforneZ

where A denotes the category of abelian groups. (Remark: we do not
assume hy, is zero for n < 0.)

2. A family of natural transformations
en:hp — hpy108

where S : K, — K, is the (reduced) suspension functor.
These must satisfy the three following axioms:

Al. (Homotopy) If fo, f1 : X — Y are homotopic, then

hn(f()) = hn(fl) : hn(X) - hn(Y)
A2. (Ezactness) For f : X — Y, let Cy be the mapping cone of f,
and j : Y < Cy the inclusion. Then

is exact for all n € Z.
A3. (Suspension) The homomorphism
en(X) : hp(X) = hpt1(SX)
given by the natural transformation e, is an isomorphism for
alln € Z.

hn(Y)

Exercise 140. Show that ordinary singular homology defines a homology
theory in this sense by taking h,(X) to be the reduced homology of X.

There are two other “nondegeneracy” axioms which a given generalized
homology theory or may not satisfy.
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A4. (Additivity) If X is a wedge product X = \/ 'eJXj’ then
j

P rn(X)) = ha(X)
jeJ
is an isomorphism for all n € Z.
A5. (Isotropy) If f: X — Y is a weak homotopy equivalence, then h,,(f)
is an isomorphism for all n € Z.

If we work in the category of based CW-complexes instead of I, then
A5 follows from A1l by the Whitehead theorem. Given a reduced homology
theory on based CW-complexes, it extends uniquely to an isotropic theory
on K,.

For any reduced homology theory, h,(pt) = 0 for all n, since
h(Pt) — hn(pt) — Ay (pt/Pt) = hn(pt)

is exact, but also each arrow is an isomorphism. Thus the reduced homology
of a point says nothing about the theory; instead one makes the following
definition.

Definition 8.28. The coefficients of a reduced homology theory are the
groups {1n(S%)}.

A homology theory is called ordinary (or proper) if it satisfies
hn(S°) = 0 for n # 0.

(This is the dimension axiom of Eilenberg—Steenrod.) Singular homology
with coefficients in an abelian group A is an example of a ordinary theory.
It follows from a simple argument using the Atiyah-Hirzebruch spectral se-
quence that any ordinary reduced homology theory is isomorphic to reduced
singular homology with coefficients in A = hg(SY).

If (X, A) is an NDR pair, then we saw in Chapter 6 that the mapping
cone C is homotopy equivalent to X/A. Thus h,(A) — h,(X) — h,(X/A)
is exact. Also in Chapter 6 we proved that the sequence

A—-X—X/A—SA— SX — S(X/A)— -
has each three term sequence a (homotopy) cofibration. Thus
hn(A) = hp(X) — hp(X/A) — hp(SA) — hp(SX) — -

is exact. Applying the transformations e, and using Axiom A3 we conclude
that

— hn(A) = hn(X) = hn(X/A) = hp1(A) = hp1(X) — -

is exact. Thus to any reduced homology theory one obtains a long exact
sequence associated to a cofibration.
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Exercise 141. Let X be a based CW-complex with subcomplexes A and B,
both of which contain the base point. Show that for any reduced homology
theory h, there is a Mayer—Vietoris long exact sequence

«— hp(ANB) — hyp(A) @ hy(B) = hp(X) = hp1(ANB) — -
8.8.2. Unreduced homology theories. We will derive unreduced theo-

ries from reduced theories, to emphasize that these are the same concept,
presented slightly differently.

Let K? denote the category of NDR pairs (X, A), allowing the case when
A is empty. Given a reduced homology theory {hy,, ey} define functors H,
on K2 as follows (for this discussion, H,, does not denote ordinary singular
homology!).

1. Let
ha(X/A) i A £,
2. Let 0, : Hy(X,A) — H,—1(A) be the composite:
Hy (X, A) = ho (X1 /AL) = hn(C) — hn(SAL) = hno1(As) = Hyo1(A)

where C; is the mapping cone of the inclusion i : A, — X, and
C; — SA, is the quotient

Ci— C;/ Xy =SA,.
Then {H,, 0,} satisfy the Eilenberg—Steenrod axioms:
Al. (Homotopy) If fo, f1 : (X, A) — (Y, B) are (freely) homotopic then
Hy(fo) = Hu(f1) - Hn(X, A) — Hn(Y, B)

A2. (Ezactness) For a cofibration i : A — X, let j : (X,¢) — (X, A),
then

o Hy (X, A) 2 H(A)

Hy (X, A) = ha (X1 /Ay ) = {

is exact.

A3. (Excision) Suppose that X = AU B, with A, B closed, and suppose
that (A, AN B) is an NDR pair. Then

H,(A,ANnB)— H,(X,B)
is an isomorphism for all n € Z.

Exercise 142. Prove that these three properties hold using the axioms of
a reduced theory.

If a reduced theory is additive and/or isotropic, the functors H,, likewise
satisfy
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Ad. (Additivity) Let X =11, X;, AC X, A; = X; N A. Then

@ Hn(Xj7 Aj) - Hn(Xv A)
jeJ
is an isomorphism for all n € Z.

A5. (Isotropy) If f : X — Y is a weak homotopy equivalence, then
H,(f): Hy(X) — Hp(Y) is an isomorphism for all n € Z.

Notice that if the reduced theory is ordinary, then H,(pt) = 0 for n # 0.

One uses these properties to define an unreduced homology theory.

Definition 8.29. A collection of functors {H,,, d,} on K2 is called a (unre-
duced) homology theory if it satisfies the three axioms A1, A2, and A3. Tt is
called additive and/or isotropic if A4 and/or A5 hold. It is called ordinary
or proper if H,(pt) = 0 for n # 0.

The coefficients of the unreduced homology theory are the groups { H,,(pt)}.

One can go back and forth: an unreduced homology theory {H,,d,}
defines a reduced one by taking hy,(X) = H, (X, {*}). The following theorem
is proved in [43, Section XII.6].

Theorem 8.30. These constructions set up a 1 — 1 correspondence (up to
natural isomorphism) between reduced homology theories on K. and (unre-
duced) homology theories on K2. Moreover the reduced theory is additive,
isotropic, or ordinary if and only if the corresponding unreduced theory is.
O

The uniqueness theorem below has an easy inductive cell-by-cell proof
in the case of finite CW-complexes, but requires a more delicate limiting
argument for infinite CW-complexes.

Theorem 8.31 (Eilenberg—Steenrod uniqueness theorem).

1. Let T : (Hy,0y,) — (H},0,) be a natural transformation of homol-
ogy theories defined on the category of finite CW-pairs such that
T : H.pt) — H.(pt) is an isomorphism. Then T : H,(X,A) —
H.(X, A) is an isomorphism for all finite CW-pairs.

2. Let T : (Hy,0,) — (H},d)) be a natural transformation of addi-
tive homology theories defined on the category of CW-pairs where
T : H.(pt) — H.(pt) is an isomorphism. Then T : H.(X,A) —

H/(X,A) is an isomorphism for all CW-pairs.
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8.8.3. Homology theories and spectra.
Theorem 8.32. (Reduced) homology with coefficients in a spectrum K
Hy(—K): X Jim 70 (XA K)
H(—K) £ (X, A) e T o o(X /A4 A K))
is a (reduced) homology theory satisfying the additivity axiom.

One needs to prove the axioms Al, A2, A3, and A5. The homotopy
axiom is of course obvious. The axiom A2 follows from the facts about
the Puppe sequences we proved in Chapter 6 by passing to the limit. The
suspension axiom holds almost effortlessly from the fact that the theory is
defined by taking the direct limit over suspension maps. The additivity
axiom follows from the fact that the image of a sphere is compact and that
a compact subspace of an infinite wedge is contained in a finite wedge.

A famous theorem of E. Brown (the Brown representation theorem) gives
a converse of the above theorem. It leads to a shift in perspective on the
functors of algebraic topology by prominently placing spectra as the source
of homology theories. Here is a precise statement.

Theorem 8.33.

1. Let {Hp,0n} be an homology theory. There there exists a spectrum
K and a natural isomorphism Hy, (X, A) = H,(X, A;K) for all finite
CW-pairs.

2. Let {H,,0n} be an additive homology theory. There there exists a
spectrum K and a natural isomorphism H, (X, A) = H,(X, A;K) for
all CW-pairs.

We have seen several examples: an ordinary homology theory corre-
sponds to the Eilenberg—Maclane spectrum K(A), stable homotopy corre-
sponds to the sphere spectrum S, and the bordism theories correspond to
Thom spectra. Note that the Brown representation theorem shows that for
any homology theory, there is a spectrum, and hence an associated general-
ized cohomology theory.

Exercise 143. Give a definition of a map of spectra. Define maps of spectra
S — K(Z) and S — MG inducing the Hurewicz map 73 (X) — H,(X) and
the map QI (X) — QF(X) from framed to G-bordism.

8.8.4. Generalized cohomology theories. The development of coho-
mology theories parallels that of homology theories following the principle
of reversing arrows.

Exercise 144. Define reduced and unreduced cohomology theories.
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There is one surprise however. In order for H"( ;K) to be an additive
theory (which means the cohomology of a disjoint union is a direct product),
one must require that K is an €2-spectrum, a spectrum so that the adjoints

K, — QK1

of the structure maps k,, are homotopy equivalences. Conversely, the Brown
representation theorem applied to an additive cohomology theory produces
an {2-spectrum. The Eilenberg—MacLane spectrum is an 2-spectrum while
the sphere spectrum or more generally bordism spectra are not.

An important example of a generalized cohomology theory is topological
K-theory. It is the subject of one of the projects at the end of this chapter.
Complex topological K-theory has a definition in terms of stable equivalence
classes of complex vector bundles, but we instead indicate the definition in
terms of a spectrum. Most proofs of the Bott periodicity theorem (Theorem
6.51, which states that 7, U = Z for n odd and m,U = 0 for n even), actually
prove a stronger result, that there is a homotopy equivalence

Z x BU ~ Q*(Z x BU).
This allows the definition of the complex K-theory spectrum with

(8.1) Ko {Z x BU if n is even,

Q(Z x BU) if n is odd.

The structure maps k,
S(Z x BU) — Q(Z x BU)
SQZ x BU) — Z x BU
are given by the adjoints of the Bott periodicity homotopy equivalence and
the identity map
Z x BU — Q*(Z x BU)
QZ x BU) — Q(Z x BU).

Thus the complex K-theory spectrum is an €2-spectrum. The corresponding
cohomology theory is called complex K-theory and satisfies

K"(X)=K""*(X) forallnecZ.

In particular this is a non-connective cohomology theory, where a con-
nective cohomology theory is one that satisfies H"(X) = 0 for all n < ny.
Ordinary homology, as well as bordism theories, are connective, since a
manifold of negative dimension is empty.

A good reference for the basic results in the study of spectra (stable
homotopy theory) is Adams’ book [2].
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8.9. Projects for Chapter 8

8.9.1. Basic notions from differential topology. Define a smooth man-
ifold and submanifold, the tangent bundle of a smooth manifold, a smooth
map between manifolds and its differential, an isotopy, the Sard theorem,
transversality, the tubular neighborhood theorem, the decomposition

TM|p=TP & v(P — M),

where P C M is a smooth submanifold, and show that if f : M — N is a
smooth map transverse to a submanifold Q C N, with P = f~1(Q), then
the differential of f induces a bundle map df : v(P — M) — v(Q — n)
which is an isomorphism in each fiber. A good reference is Hirsch’s book
[16].

8.9.2. Definition of K-theory. Define the complex (topological) K-theory
of a space in terms of vector bundles. Indicate why the spectrum for this
theory is { K, } given in Equation (8.1). State the Bott periodicity theorem.
Discuss vector bundles over spheres. Discuss real K-theory. References for
this material are the books by Atiyah [3] and Husemoller [17].

8.9.3. Spanier-Whitehead duality. Spanier-Whitehead duality is a gen-
eralization of Alexander duality which gives a geometric method of going
back and forth between a generalized homology theory and a generalized
cohomology theory. Suppose that X C S™*! is a finite simplicial complex,
and let Y = S"t! — X or better, Y = S"*! — U where U is some open
simplicial neighborhood of X which deformation retracts to X. Recall that
Alexander duality implies that

HP(X) = Hy (V).
(See Theorem 3.26.) What this means is that the cohomology of X deter-

mines the homology of Y and vice versa.

The strategy is to make this work for generalized cohomology theories
and any space X, and to remove the dependence on the embedding. The
best way to do this is to do it carefully using spectra. Look at Spanier’s
article [35]. There is a good sequence of exercises developing this material
in [36, pages 462-463]. Another reference using the language of spectra is
[39, page 321].

Here is a slightly low-tech outline. You should lecture on the following,
providing details.

Given based spaces X and Y, let
{X,¥} = lim [SE A X, SF A Y.
—00
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Given a finite simplicial subcomplex X C S™*! let D, X C S"t! be a finite
simplicial subcomplex which is a deformation retract of S"*! — X. Then
SD,, X is homotopy equivalent to S"+2 — X.

For k large enough, the homotopy type of the suspension S*D,X de-
pends only on X and k + n, and not on the choice of embedding into S™*!.
Moreover, for any spaces Y and Z

(8.2) {STY, D, X N Z} = {ST"Y A X, Z}

As an example, taking Y = S% and Z = K(Z,p + q —n), Equation (8.2)
says that

(8.3) {S9, D, X NK(Z,p+q—n)} ={ST"ANX,K(Z,p+q—n)}.

Definition 8.20 says that the left side of Equation (8.3) is ﬁn_p(DnX; K(Z)).
The right side is H?(X; Z), using the fact that [SA, K(Z, k)] = [A, QK (Z, k)]
(A, K(Z,k —1)].

What this means is that by combining Alexander duality, the result
HY(X) = [X,K(Z,q)] of obstruction theory, and Spanier-Whitehead du-
ality (i.e. Equation (8.2)), the definition of homology with coefficients in
the Eilenberg—Maclane spectrum given in Definition 8.20 coincides with the
usual definition of (ordinary) homology (at least for finite simplicial com-
plexes, but this works more generally).

This justifies Definition 8.20 of homology with coefficients in an arbitrary
spectrum K. It also gives a duality ﬁn,p(DnX;K) = pr(X;K), which
could be either considered as a generalization of Alexander duality or as a
further justification of the definition of (co)homology with coefficients in a
spectrum.






Chapter 9

Spectral Sequences

Spectral sequences are powerful computational tools in topology. They also
can give quick proofs of important theoretical results such as the Hurewicz
theorem and the Freudenthal suspension theorem. Computing with spectral
sequences is somewhat like computing integrals in calculus; it is helpful to
have ingenuity and a supply of tricks, and even so, you may not arrive at the
final solution to your problem. There are many spectral sequences which
give different kinds of information. We will focus on one important spectral
sequence, the Leray-Serre-Atiyah-Hirzebruch spectral sequence which takes
as input a fibration over a CW-complex and a generalized homology or
cohomology theory. This spectral sequence exhibits a complicated relation-
ship between the generalized (co)homology of the total space and fiber and
the ordinary (co)homology of the base. Many other spectral sequences can
be derived from this one by judicious choice of fibration and generalized
(co)homology theory.

Carefully setting up and proving the basic result requires very careful
bookkeeping; the emphasis in these notes will be on applications and how
to calculate. The project for this chapter is to outline the proof of the main
theorem, Theorem 9.6.

9.1. Definition of a spectral sequence

Definition 9.1. A spectral sequence is a homological object of the following
type:
One is given a sequence of chain complexes

(E",d")

237
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forr=1,2,...

and isomorphisms:

kerd” : E" — E"
Etl>HE",d) = .
(B, d") Imd:E"— E"

The isomorphisms are fixed as part of the structure of the spectral se-
quence so henceforth we will fudge the distinction between and “=" in
the above context.

wnu

In this definition the term “chain complex” just means an abelian group
(or R-module) with an endomorphism whose square is zero. In many impor-
tant contexts, the spectral sequence has more structure, namely the chain
complexes E" are graded or even bigraded, that is, E” decomposes as a direct
sum of terms Ey , for (p,q) € Z © Z. Moreover the differentials d” have a
well-defined bidegree. For example, in a homology spectral sequence, usually
d" has bidegree (—r,7 —1). In other words d"(E, ) C B}, ;11

A student first exposed to this plethora of notation may be intimidated;
the important fact to keep in mind is that a bigrading decomposes a big
object (E") into bite-sized pieces (E},). Information about the EJ ~ for
some pairs (p,q) gives information about Eg?gl for (probably fewer) pairs
(p,q). But with luck one can derive valuable information. For example,
from what has been said so far you should easily be able to see that if
E7 . = 0 for some fixed pair (p, ¢), then E;qu = 0 for all £ > 0. This simple
observation can sometimes be used to derive highly non-trivial information.
When computing with spectral sequences it is very useful to draw diagrams
like the following.

Y



9.1. Definition of a spectral sequence 239

In this picture the short arrow depicts the differential d? : E32>,0 — E12,1 and
the long arrow corresponds to the differential d : E??,O — ESQ.

One usually computes with a spectral sequence in the following way. A
theorem will state that there exists a spectral sequence so that:

1. the modules E? (or E') can be identified with something known, and
2. the limit
E* = lim E"

T—00

is related to something one wishes to compute.

It can also work the opposite way, £ can be related to something known
and E? can be related to something we wish to compute. In either case,
this gives a complicated relationship between two things. The relationship
usually involves exact sequences. In favorable circumstances information
can be derived by carefully analyzing this relationship.

As an example to see how this may be used, the Leray—Serre spectral
sequence of a fibration implies that if I — E — B is a fibration with B
simply connected, then there is a spectral sequence with

Ej .= Hy(B; Q) @ Hy(F; Q)
and with
Hy(E;Q) = SpEp,
This establishes a relationship between the homology of the base, total space,
and fiber of a fibration. Of course, the hard work when computing with this
spectral sequence is in getting from E? to E>. But partial computations and
results are often accessible. For example, we will show later (and the reader

may wish to show as an exercise now) that if ®,H,(B; Q) and ®&,H,(F; Q)
are finite-dimensional, then so is @&, H,(F; Q) and

X(B) - x(F) = x(E).

Another example: if Hy(B; Q)® Hy,—p(F;Q) = 0 for all p, then H,(F; Q) =
0. This generalizes a similar fact which can be proven for the trivial fibration
B x F — B using the Kiinneth theorem.

The next few definitions will provide us with a language to describe the
way that the parts of the spectral sequence fit together.

Definition 9.2. A filtration of an R-module A is an increasing union
0c---CF 4 ClychcC---CF,Cc---CA.

of submodules. A filtration is convergent if the union of the F},’s is A and
their intersection is 0.
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If A itself is graded, then the filtration is assumed to preserve the grading
ie. F,NA, CFp1NA, If Aisgraded, then we bigrade the filtration by
setting

Fpqg=FpNApig.

We will mostly deal with filtrations that are bounded below, i.e. Fs =0
for some s, or bounded above, i.e. Fy = A for some t, or bounded, i.e. bounded
above and bounded below. In this book, we will always have F_; = 0.

Definition 9.3. Given a filtration F' = {F,} of an R-module A the associ-
ated graded module is the graded R-module denoted by Gr(A, F') and defined
by

Ey

Gr(A, F), = o
o

We will usually just write Gr(A) when the filtration is clear from context.

In general, one is interested in the algebraic structure of A rather than
Gr(A). Notice that Gr(A) contains some (but not necessarily all) informa-
tion about A. For example, for a convergent filtration:

1. If Gr(A) =0, then A =0.

2. If R is a field and A is a finite dimensional vector space, then each
F; is a subspace and Gr(A) and A have the same dimension. Thus
in this case Gr(A) determines A up to isomorphism. This holds for
more general R if each Gr(A), is free and the filtration is bounded
above.

3. If R = Z, then given a prime b, information about the b-primary
part of Gr(A) gives information about the b-primary part of A; e.g.
if Gr(A), has no b-torsion for all p then A has no b-torsion for all
p. However, the b-primary part of Gr(A) does not determine the b-
primary part of A; e.g. if Gr(A)g = Z, Gr(A); = Z/2, and Gr(4),
0 for n # 0,1, it is impossible to determine whether A =2 Z or A
ZD7Z)2.

11l

In short, knowing the quotients Gr(A), = F,,/F,_1 determines A up to
“extension questions,” at least when the filtration is bounded.

Definition 9.4. A bigraded spectral sequence (£}, d") is called a homology
spectral sequence if the differential d" has bidgree (—r,7 —1).

Definition 9.5. Given a bigraded homology spectral sequence (E;q,d’"),
and a graded R-module A,, we say the spectral sequence converges to A,
and write
2
Epq = Ap+q

if:
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1. for each p, g, there exists an rg so that dj, , is zero for each r > 7 (by
Exercise 145 below this implies E, , surjects to E;fql for r > rp) and,

2. there is a convergent filtration of A, so that for each n, the limit

E—p = Tanolo E} ,,—, is isomorphic to the associated graded module
Gr(Ay)p.

In many favorable situations (e.g. first-quadrant spectral sequences where
Eiq =0if p <0 or g < 0) the convergence is stronger, namely for each pair

(p, q) there exists an 7o so that £ , = E¢ for all r > ro.

An even stronger notion of convergence is the following. Suppose that
there exists an rq so that for each (p,q) and all r > r, E} = E;5. When
this happens we say the spectral sequence collapses at E™.

Exercise 145. Fix p,q € Z D Z.

1. Show that if there exists ro(p, q) so that dj, , = 0 for all r > ro(p, q),
then there exists a surjection E, , — E;:;l for all r > r¢(p, q).

2. Show that if Equ = 0 whenever p < 0 then there exists a number
ro = 10(p, q) as above.

Theorems on spectral sequences usually take the form: “There exists a
spectral sequence with Eg,q some known object converging to A,.” This is
an abbreviated way to say that the E°°-terms are on the one hand the limits
of the E"-terms, and on the other the graded pieces in the associated graded
Gr(A,) to A..

9.2. The Leray-Serre-Atiyah-Hirzebruch
spectral sequence

Serre, based on earlier work of Leray, constructed a spectral sequence con-
verging to H,(F), given a fibration

r—gip

Atiyah and Hirzebruch, based on earlier work of G. Whitehead, constructed
a spectral sequence converging to G, (B) where G, is an additive generalized
homology theory and B is a CW-complex . The spectral sequence we present
here is a combination of these spectral sequences and converges to G (E)
when G, is an additive homology theory. The spectral sequence is carefully
constructed in [43], and we refer you there for a proof.

We may assume B is path connected by restricting to path components,
but we do not wish to assume B is simply connected. In order to deal
with this case we will have to use local coefficients derived from the fibra-
tion. Theorem 6.12 shows that the homotopy lifting property gives rise to
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a homomorphism
m1 B — {Homotopy classes of homotopy equivalences F' — F'}.
Applying the (homotopy) functor GG, one obtains a representation
mB — Aut (G, F)

for each integer n. Thus for each n, G, (F') has the structure of a Z[m B|
module or, equivalently, one has a system of local coefficients over B with
fiber G,,(F). (Of course, if m B = 1 than this is a trivial local coefficient
system.)

Taking (ordinary) homology with local coefficients, we can associate the
group Hy(B; G4F) to each pair of integers p,q. Notice that H,(B;G,F) is
zero if p < 0.

Theorem 9.6. Let F' — E ER B be a fibration, with B a path connected
CW-complex. Let Gy be an additive homology theory. Then there exists a
spectral sequence
Hy(B;GyF) 2 E} = Gpiq(E).
O

Exercise 146. If GG, is an additive, isotropic homology theory, then the
hypothesis that B is a CW-complex can be omitted. (Hint: for any space
B there is a weak homotopy equivalence from a CW-complex to B.)

As a service to the reader, we will explicitly unravel the statement of
the above theorem. There exists

1. A (bounded below) filtration
0= F717n+1 C FO,n C Flynfl c---C Fp’nfp c---C Gn(E)
of Gy(E) = UpF), —p, for each integer n.
2. A bigraded spectral sequence (EZ;*, d") such that the differential d"
has bidegree (—r,r — 1) (i.e. d"(E},,) C E)_, ,1,—1), and so
ker d": Ej  — E} 11
— By

r+1 __

p,q - T . T
Im d" By i

3. Isomorphisms E> = = H,(B; G F).

This spectral sequence converges to G,(FE). That is, for each fixed p, ¢,

there exists an rg so that
r . T r
A" Epg = By rgir-1

is zero for all » > rg and so

1
E;,Jg = Eg,q/dr( ;’+T,qfr+1)
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for all r» > rg.

Define £ = lim E . There is an isomorphism
3 B X'

Fp,q/Fp—l,qul = By
ie.

Gr(GnE)y = B,
with respect to the filtration of G, (E).

In this spectral sequence, some filtrations of the groups G, (E) are given,

with the associated graded groups made up of the pieces EJ,_,. So, for
example, if G,(E) =0, then £, = 0 for each p € Z.

The filtration is given by
Fpn—p=1Im (Gn(f_l(Bp)) — GnE)
where f : E — B is the fibration and BP denotes the p-skeleton of B.

As a first non-trivial example of computing with spectral sequences we
consider the problem of computing the homology of the loop space of a
sphere. Given k > 1, let P = PxOSk be the space of paths in S* which start
at zg € S*. As we saw in Chapter 6 evaluation at the endpoint defines a
fibration P — S* with fiber the loop space Q.S*. Moreover the path space
P is contractible.

The spectral sequence for this fibration (using homology with integer
coefficients for G,) has E2, = Hp(S*; Hy(2S%)). The coefficients are un-
twisted since 71(S*) = 0. Therefore
01) 2 {Hq(QSk) if p=0orp=Fk,

P4 0 otherwise.

In particular this is a first-quadrant spectral sequence.

Since H,(P) = 0 for all n # 0, the filtration of H,,(P) is trivial for n > 0
and so EJ¢ = 0if p+¢ > 0. Since this is a first-quadrant spectral sequence,
By, = 0 for all (p,q) # (0,0), and, furthermore, given any (p,q) # (0,0),
E} , = 0 for some r large enough.

Now here’s the cool part. Looking at the figure and keeping in mind
the fact that the bidegree of d" is (—r,r — 1), we see that all differentials
d":Ey,— Ej_, i, either:

1. start or end at a zero group, or
2. r =k and (p,q) = (k,q) with ¢ > 0, so that

- K
d” By g — Eg k-1
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The following picture shows the E*-stage and the differential d* : E,’:O —
E(”)f #—1- The shaded columns contain the only possible non-zero entries, since
E’g’q:Oifp;éOork‘.

A
k—1 Ecl)g,kq Ellg,kq
0 Eg,o Ellz,o
>
0 k
Hence
(9:2) Ezﬂ - Eziq == qu‘
Thus if (p, g) # (0,0),
kerdk EI]:qHEOquk 1 if (paQ):(k’q)7
0=Ep, =Eyi' = Coker d*: EF  — EF ., if (p.q) = (0,q+k— 1),
0 otherwise.

Therefore, the spectral sequence collapses at EF L.

Hence d is an isomorphism, i.e. Ekq >~ gk 0.4+ k1 Whenever (k, ) # (0,0)
or ¢ # 1 — k. Using Equations (9.2) and (9.1) we can restate this as

Hy(Q8") 2 Hyyp1 (25F).
Using induction, starting with Ho(25%) = 0, we conclude that,

Z ifqg= -1 >
Hq(QSk):{ 1rgq a’(k )70’—0

(9.3) .
0 otherwise.
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Exercise 147. If SF — §¢ 4, S™ is a fibration, then ¢ = 2m — 1 and
k= m — 1. (In fact, it is a result of Adams that there are only such
fibrations for m = 1,2,4 and 8.)

Returning to our general discussion, notice that E;fgl and £ are sub-
quotients of E . ; in particular, since E;Z’q = Hp,(B; G4F) we conclude the
following fundamental fact.

Theorem 9.7. The associated graded module to the filtration of G, (E) has
graded summands which are subquotients of H,(B;Gp—pF). O

This fact is the starting point for many spectral sequence calculations.
For example,

Theorem 9.8. If H,(B; G,,—,F) =0 for all p, then G,(E) = 0.

: 2 _ : _
Proof. Since E;,_,, = 0 for each p, it follows that EJ] _, = 0 for each p

and so Gy, (FE) = 0. 0

9.3. The edge homomorphisms and the
transgression

Before we turn to more involved applications, it is useful to know several
facts about the Leray-Serre-Atiyah-Hirzebruch spectral sequence. These
facts serve to identify certain homomorphisms which arise in the guts of the
spectral sequence with natural maps induced by the inclusion of the fiber or
the projection to the base in the fibration.

Lemma 9.9. In the Leray-Serre-Atiyah-Hirzebruch spectral sequence there
18 a surjection
Eg,n - E(()),on

for all n.

Proof. Notice that
r+1 _ kerd" : Eg,n — Eir,n-{—r—l
On " Im dr:E"

rn—r+1

for r>1.
— kg,

But, since Ez,q = 0 for p < 0, we must have E%r,q = 0 for all ¢ and so also
its subquotient E”, =0 for all q.
Hence (kerd" : Eg,, — E”, ., 1) = Ej, and so
r—+1 _ ES,n
On ™ Tm dr’

Thus each Ej , surjects to E} 1 and hence also to the limit E§o- O
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Proposition 5.14 says that that if V' is any local coefficient system over
a path connected space B, then

Ho(B;V)=V/(v—a-v|veV, aemB).
Applying this to V' = G, (F'), it follows that there is a surjection

(9.4) Gn(F) — Ho(B; GnF).

We can now use the spectral sequence to construct a homomorphism
G.«(F) — G4«(F). Theorem 9.10 below asserts that this homomorphism is
just the homomorphism induced by the inclusion of the fiber into the total
space.

Since Ffl,nfl = O7
E(C))?n = FO,n/F—l,n+1 — FO,n C Gn(E)

This inclusion can be precomposed with the surjections of Lemma 9.9 and
Equation (9.4) to obtain a homomorphism (called an edge homomorphism)

(9.5) Gn(F) — Ho(B;GnF) = Ej ,, — Eg5, C Gn(E).

Theorem 9.10. The edge homomorphism given by (9.5) equals the map
ix : Gp(F) — Gu(E) induced by the inclusion i : F — E by the homology
theory G. |

Another simple application of the spectral sequence is to compute ori-
ented bordism groups of a space in low dimensions. We apply the Leray-
Serre-Atiyah-Hirzebruch spectral sequence to the fibration pt «— X 4 x ,
and take G, = Qfo, oriented bordism.

In this case the Leray-Serre-Atiyah-Hirzebruch spectral sequence says

Hy(X;959(pt)) = Q39 (X).

Notice that the coefficients are untwisted; this is because the fibration is
trivial. Write Q53¢ = Q39 (pt). Note that pt < X is split by the constant
map, hence the edge homomorphism Q;?O — QEO(X ) is a split injection, so
by Theorem 9.10, the differentials d" : E,_ .., — Ef, whose targets are
on the vertical edge of the first quadrant must be zero, i.e. every element of
E(2),n survives to Eg5, = 030,

Recall from Section 8.7 that Q;?O =0 for ¢ = 1,2,3, and QqSO = 7Z for
g = 0 and 4. Of course Q;?O = 0 for ¢ < 0. Thus for n = p+ ¢q < 4, the
only (possibly) non-zero terms are E?LO >~ H,(X) and EgA = 079, Hence

2 _ _
E,—p = ng’n,p for n = 0,1,2,3, and 4. From the spectral sequence one
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concludes
099 (X) = H,(X) forn=0,1,2,3
Q79(X) = Z @ Hy(X).
It can be shown that the map Q5°(X) — H,(X) is a Hurewicz map
which takes f : M — X to f.([M]). In particular this implies that any
homology class in H,(X) for n = 0,1,2,3, and 4 is represented by a map

from an oriented manifold to X. The map Qfo (X) — Z is the map taking
f M — X to the signature of M.

We next identify another edge homomorphism which can be constructed
in the same manner as (9.5). The analysis will be slightly more involved
and we will state it only in the case when G, is ordinary homology with
coefficients in an R-module (we suppress the coefficients).

In this context E;q = Hy(B; HyF) =0 for ¢ <0 or p<0. So E}, is a
first-quadrant spectral sequence, i.e. E;jq = ngjl =0forqg<0orp<O0.
This implies that the filtration of H,,(E) has finite length
0=F_1pt1 CFon CFip1 C--- C Fyo=Hy(E)
since
0= E;?On -p = Fp,n*p/prl,npr
ifp<Oorn—p<O0.
The second map in the short exact sequence
0— Fh11— Fho— E, 0—>0
can thus be thought of as a homomorphism
(9.6) Hn(E) — Ey.
Lemma 9.11. There is an inclusion
EXyCE2y

for all n.

Proof. Since Ej  ;_, =0forr > 1,
ker d": ET0—>E

1
77’;—’(_)1 r — 7"7‘T = ker dT ET ,0 - ngr,rfl‘
Im dr: n+r,1 r - EnO
Thus
CEN CE,CEC
and hence

nO_ﬂ CE?%,O'
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Note that the constant map from the fiber F' to a point induces a ho-
momorphism H,(B; HyF') — H,B. If F' is path connected, then the local
coefficient system HoF' is trivial and H,(B; Ho(F')) = H,(B) for all n.

Theorem 9.12. The composite map (also called an edge homomorphism,)
Hy(E) = Foo — E% C Ep g = Hy(B; HoF) — Hy(B)

s just the map induced on homology by the projection f : E — B of the
fibration. O

The long differential d* : E1§,0 — (’ik_l in the spectral sequence for
a fibration (for ordinary homology) has an alternate geometric interpreta-
tion called the transgression. It is defined as follows. Suppose f: E — B
is a fibration with fiber F. Fix & > 0. We assemble the homomorphism
fv + HW(E,F) — H(B,by), the isomorphism Hy(B) = Hy(B,by), and
the connecting homomorphism § : Hy(E,F) — Hj_1(F) for the long ex-
act sequence of the pair (E, F') to define a (not well-defined, multi-valued)
function 7 : Hy(B)“—" Hi_1(F') as the “composite”

72 Hu(B) = Hy(B,bo) <& Hy(E, F) 2 Hy_(F).

To make this more precise, we take as the domain of 7 the image of
f« : He(E,F) — Hy(B,by) = Hy(B), and as the range of 7 the quotient
of Hi_1(F) by o(ker f, : Hp(E,F) — Hy(B,by)). A simple diagram chase
shows 7 is well-defined with this choice of domain and range. Thus the
transgression 7 is an honest homomorphism from a subgroup of Hy(B) to a
quotient group of Hy_1(F'). Intuitively, the transgression is trying his/her
best to imitate the boundary map in the long exact homotopy sequence for
a fibration (see Theorem 9.15 below).

Assume for simplicity that F' is path connected, and consider the differ-

ential

k. pk k
d*: Epo— By

in the spectral sequence for this fibration (taking G, = H, = ordinary
homology). Its domain, EY , is a subgroup of E?, = Hy(B;Hy(F)) =
Hj(B) because all differentials d” into Ef, are zero for r < k (this is a
first-quadrant spectral sequence) and hence E,’;O is just the intersection of
the kernels of d" : B} , — Ej_, _, for r <k.

Similarly the range Egk—l of dF - E,lj 0= Eé/’ s_1 1s a quotient of E(Z) el =
Hy(B; Hi—1(F)), which by Proposition 5.14 is just the quotient of Hy_1(F)
by the action of m1(B).

We have shown that like the transgression, the differential d* : Elkf,o —
E(’i ;_1 has domain identified with a subgroup of Hj(B) and range a quotient
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of Hi_1(F). The following theorem identifies the transgression and this
differential.

Theorem 9.13 (Transgression Theorem). The differential d* : Ef ; — E¥, |
in the spectral sequence of the fibration FF — E — B coincides with the
transgression

Hy(B) D domain(7) 5 range(r) = Hy_1(F)/d(ker f,).

O

The proofs of Theorems 9.10, 9.12, and 9.13 are not hard, but require
an examination of the construction which gives the spectral sequence. We
omit the proofs, but you should look them up when working through the
project for this chapter.

9.4. Applications of the homology spectral
sequence

9.4.1. The five-term and Serre exact sequences.

Corollary 9.14 (Five-term exact sequence). Suppose that F' — E 4, B is
a fibration with B and F' path connected. Then there exists an exact sequence

Hy(E) 15 Hy(B) 5 Ho(B; Hi(F)) — Hi(E) 2 Hy(B) — 0.

The composite of the surjection Hi(F) — Hy(B; Hi(F)) with the map
Hy(B; Hi(F)) — Hy(E) in this exact sequence is the homomorphism induced
by the inclusion F' — FE, and T is the transgression.

Proof. Take G, = H.(—), ordinary homology, perhaps with coefficients.
The corresponding first quadrant spectral sequence has
2~ )
E, = Hy(B; HyF)
and converges to H,(E).
The local coefficient system m1 B — Aut(Ho(F')) is trivial since F is path

connected. Thus E;2>,0 = Hy(B; Hy(F)) = Hp(B).

The following facts either follow immediately from the statement of The-
orem 9.6 or are easy to verify, using the bigrading of the differentials and
the fact that the spectral sequence is a first—quadrant spectral sequence.

1. Hi(B) = E}, = E] o = EfY for all 7 > 2.

2. Hy(B) = E3,.

3. Ho(B; H\F) = Eg ;.

4. ESG = E5 o= Ejg=kerd*: B3, — E§, for all r > 3.
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5. Eg§ = Ef, = Ej, = coker d® : B3 — Eg, for all r > 3.
Exercise 148. Prove these five facts.
The last two facts give an exact sequence
0— B35 — B2, 5 B2, — Egy — 0.
or, making the appropriate substitutions, the exact sequence
(9.7) 0 — E5y — Ha(B) — Ho(B; Hi(F)) — Egy — 0.

Since the spectral sequence converges to H,.(E), and the Ey.—p form
the associated graded groups for H,(F), the two sequences

(9.8) 0 — Egq — Hi(E) — BT — 0
and

(9.9) ET§ — Hay(E) — E3H — 0
are exact.

Splicing the sequences (9.7), (9.8), and (9.9) together and using the first
fact above one obtains the exact sequence

ETS — Hy(E) — Hy(B) — Ho(B; Hi(F)) — Hi(E) — H1(B) — 0.

In this sequence the homomorphism H,;(E) — H;(B) is the edge homo-
morphism and hence is induced by the fibration f : £ — B. The map
Hy(B; Hi(F)) — Hs(E) composes with Hy(F') — Hy(B; H1(F)) to give the
other edge homomorphism, induced by the inclusion of the fiber. The map
Hy(B) — Ho(B;Hi(F)) is the transgression. These assertions follow by
chasing definitions and using Theorems 9.10, 9.12 and 9.13. O

We have seen, beginning with our study of the Puppe sequences, that
cofibrations give exact sequences in homology and fibrations give exact se-
quences in homotopy. One might say that a map is a “fibration or cofibration
in some range” if there are partial long exact sequences. Corollary 9.14 im-
plies that if w1 B acts trivially on H;(F'), then the fibration is a cofibration
in a certain range. A more general result whose proof is essentially identical
to that of Corollary 9.14 is given in the following important theorem.

Theorem 9.15 (Serre exact sequence). Let F - F L. Bbea fibration
with B and F path connected and with m1 B acting trivially on H F'. Suppose
H,B =0 for 0 < p <m and HFF =0 for 0 < ¢ < n. Then there is an
exact sequence

Hernle —l"_} HernflE L Hernle 5 HeranF _h_} e

I mB .
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Exercise 149. Prove Theorem 9.15.

To understand this result, suppose B is (m — 1)-connected and F is
(n — 1)-connected. The long exact sequence for a fibration shows that E
is (min(m,n) — 1)-connected, so that by the Hurewitz theorem, H,E =
0 for ¢ < min(m,n). So trivially the low-dimensional part of the Serre
exact sequence is exact; indeed all groups are zero for ¢ < min(m,n). The
remarkable fact is that the sequence remains exact for all min{m,n} < ¢ <
m—+n.

9.4.2. Euler characteristics and fibrations. Let k£ be a field. Recall
that the Euler characteristic of a space Z is defined to be the alternating sum
x(Z) =>.,(=1)"B.(Z; k) of the Betti numbers 3,(Z; k) = dimy(H,(Z; k))
whenever this sum is a finite sum of finite ranks. For finite CW-complexes
it is equal to the alternating sum of the number of n-cells by the following
standard exercise applied to the cellular chain complex.

Exercise 150. Let (Cy,0) be a chain complex over a field with @;C; finite-
dimensional. Show that the alternating sum of the ranks of the C; equals
the alternating sum of the ranks of the cohomology groups H;(C\,d).

Given a product space E = B x I with B and F finite CW-complexes,
the Kiinneth theorem implies that the homology with field coefficients is a
tensor product

H,(E;k) = H,(B; k) ® Hy(F; k)

from which it follows that the Euler characteristic is multiplicative

X(E) = x(B) - x(F).

The following theorem extends this formula to the case when FE is only a
product locally, i.e. fiber bundles, and even to fibrations.

Notice that the homology itself need not be multiplicative for a non-
trivial fibration. For example, consider the Hopf fibration % «— S7 — S4.
The graded groups H,(S”; k) and H,(S3; k) ® H.(S*; k) are not isomorphic,
even though the Euler characteristics multiply (0 =0 - 2).

Theorem 9.16. Let p: E — B be a fibration with fiber F, let k be a field,
and suppose the action of 1B on H.(F';k) is trivial. Assume that the Euler

characteristics x(B), x(F) are defined (e.g. if B, F' are finite cell complezes).
Then x(E) is defined and
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Proof. Since k is a field and the action of m B on H,(F';k) is trivial,
Hy(B; Hy(F; k)) = Hy(B; k) @k Hy(F; k)

by the universal coefficient theorem. Theorem 9.6 with G, = H.(—;k)

implies that there exists a spectral sequence with

E} = Hp(B;k) ® Hy(F; k).

By hypothesis, Eiq is finite-dimensional over k, and is zero for all but
finitely many pairs (p,¢). This implies that the spectral sequence collapses
at some stage and so EY = Ej  for r large enough.

Define
for each n and r > 2 including r = oo.

Then since the Euler characteristic of the tensor product of two graded
vector spaces is the product of the Euler characteristics,

X(E?) = x(B)x(F).

Notice that (ET,d") is a (singly) graded chain complex with homology E7+1.
Exercise 150 shows that for any r > 2,

X(EY) = x(H.(EL,d")) = x(E"}).
Since the spectral sequence collapses x(E?) = x(EX).

Since we are working over a field, H,(E;k) is isomorphic to its associ-
ated graded vector space @,FEpS,_,, = Ep°. In particular H,(FE;k) is finite-
dimensional and dim H,(E;k) = dim E°.

Therefore,

X(B)X(F) = x(EZ) = x(EY) = x(H:(E; k) = x(E).

9.4.3. The homology Gysin sequence.

Theorem 9.17. Let R be a commutative ring. Suppose F — E ER B is a
fibration, and suppose F' is a R-homology n-sphere, i.e.

R ifi=0orn,

0 otherwise.

Hi(F;R) = {

Assume that m B acts trivially on H,(F; R). Then there exists an exact
sequence (R-coefficients):

~HE!*HB-H_, B-H EXH B—...
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Proof. The spectral sequence for the fibration (using ordinary homology
with R-coefficients) has

if ¢ =0 or n,

H,(B;R)
E? ~*H (B;H,F)={ ™7
pa p( ? ) {O otherwise.

The following diagram shows the E?-stage. The two shaded rows (¢ = 0
and g = n) are the only rows that might contain a non-zero Eg,q.

(s}

Thus the only possibly non-zero differentials are

n+1 . pn+1 n+1
d : Ep70 — Ep—n—l,n'

It follows that

H,B ifqg=0orn,
Eﬁ—(;lgEi?’;ngp(B’HqF):{ b na orn

0 otherwise
and
0 if ¢ #0 or n,
(9.10) By = S ker dvT EPE — EVEL 0 if g =0,

coker d"t1 : EZJ—EH,O — Epil ifg=n.
The filtration of H,(E) reduces to
0CEX,, =F_nnCFo=HE

r—n,n
and so the sequences

0— E®

r—n,n

— H.E — 72%—)0
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are exact for each r. Splicing these with the exact sequences

dn+1
0— EIC;% — Eg—gl <, pntt

p—n—1n —0

00
— Ly n_1n

(obtained from Equation (9.10)) gives the desired exact sequence

> HEHB— H,_\B— H_E— H_B—
with the map labelled f, induced by f : £ — B by Theorem 9.12. O

Exercise 151. Derive the Wang sequence. If F — E — S™ is a fibration
over S™, then there is an exact sequence

-— H.F—-HFE—->H,_,F—H, {F—---

9.5. The cohomology spectral sequence

The examples in the previous section show that spectral sequences are a
useful tool for establishing relationships between the homology groups of
the three spaces forming a fibration. Much better information can often be
obtained by using the ring structure on cohomology. We next introduce the
cohomology spectral sequence and relate the ring structures on cohomology
and the spectral sequence. The ring structure makes the cohomology spec-
tral sequence a much more powerful computational tool than the homology
spectral sequence.

Definition 9.18. A bigraded spectral sequence (EX?,d,.) is called a coho-
mology spectral sequence if the differential d, has bidgree (r,1 — 7).

Notice the change in placement of the indices in the cohomology spectral
sequence. The contravariance of cohomology makes it necessary to change
the notion of a filtration. There is a formal way to do this, namely by
“lowering indices”, for example rewrite H?(X) as H_p,(X), rewrite F? as
F_p, replace EP? by E”, . and so forth. Unfortunately for this to work
the notion of convergence of a spectral sequence has to be modified; with the
definition we gave above the cohomology spectral sequence of a fibration will
not converge. Rather than extending the formalism and making the notion
of convergence technically more complicated, we will instead just make new

definitions which apply in the cohomology setting.

Definition 9.19. A (cohomology) filtration of an R-module A is an increas-
ing union

0Oc---CFPc.---CF’cF'cFcF'lc...cA

of submodules. A filtration is convergent if the union of the F},’s is A and
their intersection is 0.



9.5. The cohomology spectral sequence 255

If A itself is graded, then the filtration is assumed to preserve the grading
ie. FPN A" C FP~1n A", If A is graded, then we bigrade the filtration by
setting

FP4 — FP N Ap—&-q'

Definition 9.20. Given a cohomology filtration F' = {F"} of an R-module
A the associated graded module is the graded R-module denoted by Gr(A, F')
and defined by
P
Gr(A, F)P = T
Definition 9.21. Given a bigraded cohomology spectral sequence (EX?, d,.),
and a graded R-module A*, we say the spectral sequence converges to A* and
write
Equ = APt4
if:

_ _1 .
: EPTTatTl ) pPOg ero

1. for each (p, q) there exists an r( so that d,
for all r > ro; in particular there is an injection EY; — EP? for all

r > 1o, and

2. there is a convergent filtration of A*, so that for each n, the limit
E% = N>, EP? is isomorphic to the associated graded Gr(A*)P.

Theorem 9.22. Let F' — E ER B be a fibration, with B a path connected
CW-complex. Let G* be an additive cohomology theory. Assume either that
B is a finite-dimensional CW-complex or else that there exists an N so that
GY(F) =0 for all ¢ < N. Notice that m(B) acts on G4(F') determining a
local coefficient system.

Then there exists a (cohomology) spectral sequence
H?(B;GIF) = EYY = GPYI(E).

O

There is a version of this theorem which applies to infinite CW-complexes,
see [43].

Exercise 152. State and prove the cohomology versions of the Serre, Gysin,
and Wang sequences. Construct the cohomology edge homomorphisms and
the cohomology transgression and state the analogues of Theorems 9.10,
9.12, and 9.13.

As an example we show how to compute the complex K-theory of com-
plex projective space CPF (see Section 8.8.4 and the project for Chapter
8). The computation of complex K-theory was the original motivation for
Atiyah-Hirzebruch to set up their spectral sequence. Complex K-theory is
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a cohomology theory satisfying K™(X) = K"*2(X), and its coefficients are
given by
K*"(pt) = no(Z x BU) = Z
and
K*(pt) = m(Z x BU) = 0.

Theorem 9.22, applied to the trivial fibration
pt — CPF 4 cpF,
says there exists a cohomology spectral sequence EF? satisfying
HP(CP*; Ki(pt)) = E)? = KPT4(CP").
The coeflicients are untwisted since the fibration is trivial. Since

Z ifpiseven, 0 <p<2k

0 otherwise,

HP(CPF) = {

it follows that

EpY — {Z if p and ¢ are even, 0 < p < 2k
0 otherwise.

This checkerboard pattern forces every differential to be zero, since one
of the integers (r,1 — ) must be odd! Notice, by the way, that this is not
a first-quadrant spectral sequence since the K-theory of a point is non-zero
in positive and negative dimensions.

Therefore E5? = EZ! and the associated graded group to K"(CP¥),
@, ER" P is a direct sum of k + 1 copies of Z, one for each pair (p,q) so
that p 4+ ¢ = n, both p and q are even, and 0 < p < 2k. Inducting down the
filtration we see that K™(CP*) has no torsion and hence is isomorphic to
its associated graded group. Therefore

Kn(CPk) _ {Zk+1 if n is e.ven7
0 otherwise.

To study the multiplicative properties of the cohomology spectral se-
quence, take G* to be ordinary cohomology with coefficients in a commuta-
tive ring R: G*(F) = H*(E; R). Let F — E — B be a fibration. To avoid
working with cup products with local coefficients, we assume that w1 B acts
trivially on H*(F).

Lemma 9.23. H?(B; H1F) = EY? is a bigraded algebra over R.
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Proof. The cup product on H*B induces a bilinear map
HP(B;HIF) x H"(B; H°F) — H?™"(B; H'F ® H°F).
Composing with the coefficient homomorphism induced by the cup product
on H*(F)
HY(F)® H*(F) — HT™(F)
gives the desired multiplication
EY'®Ey*=HP(B; H'F)® H"(B; H*F)— H"*"(B; HT*F)=E5 ">

O

In many contexts the map E, 0 Eg’* — B3 is an isomorphism. The-
orem 2.33 can be quite useful in this regard, For example if R is a field
and B and F are simply connected finite CW-complexes then the map is an
isomorphism.

Theorem 9.24. The (Leray-Serre) cohomology spectral sequence of the fi-
bration is a spectral sequence of R-algebras. More precisely:

1. B is a bigraded R-algebra, i.e. there are products
BP9 5 EPS s EPYTOES,
2. dy : By — F; is a derivation. This means that if a € EV'? b € B}
(9.11) di(a-b) = (dga) - b+ (=1)PT%a - d;b.
3. The product on Ey 41 is induced from the one on E; (see Exercise 153

below) starting with the product on Es given by cup products, as in
Lemma 9.25.
4. The following two ring structures on Es, coincide. (This assertion is
a compatibility condition which relates the cup products on B, F', and
(a) Make EX' a bigraded R-algebra by using that each (a,b) €
ER x EX is represented by an element of EP? x E;° for t
large enough.
(b) The (usual) cup product

U: H*(E) x H*(E) — H*(FE)
is “filtration preserving”, i.e. the diagram

Fp’q >< FT7S

FptTats

HPHE « HTHSE v, Hgprtatrtsp
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commutes (this comes from the construction of the filtration),
and so this cup product induces a product on the associated
graded module, i.e. on E. (see Ezercise 154).

O

Exercise 153. Suppose that F is a graded ring and d : £ — F is a dif-
ferential (d> = 0) and a derivation (Equation 9.11), then show that the
cohomology H*(E,d) inherits a graded ring structure.

Exercise 154. Show that a filtration-preserving multiplication on a filtered
algebra induces a multiplication on the associated graded algebra.

Proposition 9.25. The rational cohomology ring of K(Z,n) is a polyno-
mial Ting on one generator if n is even and a truncated polynomial ring one
one generator (in fact an exterior algebra on one generator) if n is odd:

Qlin) if n is even,

H*(K(Z,n);Q) = {Q[L /i3 ifn is odd

where deg(t,) = n.

Proof. We induct on n. For n = 1, K(Z,1) = S' which has cohomology
ring Z[11]/:3.

Suppose the theorem is true for k¥ < n. Consider the Leray—Serre spec-
tral sequence for path space fibration K(Z,n — 1) — P — K(Z,n) for
cohomology with rational coefficients. Then

EY = HP(K(Z,n); Q) ®q HY(K(Z,n — 1); Q) = H'T(P; Q).
Since HPT4(P; Q) = 0 for (p,q) # (0,0), The differential
dy : Eg’”fl — EZ’O

must be an isomorphism. Since EY" ' = H"YK(Z,n - 1);Q) = Q,
generated by 1, 1, and Ep’ = Ef° = H"(K(Z,n); Q) = Q, generated by
tn, it follows that d,(tp—1) is a non-zero multiple of ¢,. By rescaling the
generator ¢, by a rational number assume inductively that dy,(tn—1) = ty.

Consider the cases n even and n odd separately. If n is even, then since
HYK(Z,n—1);Q) = 0 unless ¢ = 0 or n — 1, E®? = 0 unless ¢ = 0
or n — 1. This implies that 0 = E&! = E'1, for (p,q) # (0,0) and the
derivation property of d,, says that d,(t,_10") = "1 which, by induction
on r, is non-zero. It follows easily from 0 = E&! = EF'{, for (p,q) # (0,0)
that HP(K(Z,n); Q) = 0 if p is not a multiple of n, and is isomorphic to Q
for p = nr. Since ¢], is non-zero it generates H"™ (K (Z,n); Q) = Q and so

H*(K(Z,n);Q) is a polynomial ring on ¢,, as required.
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If n is odd, the derivation property of d,, implies that
dn(2 ) = dp(tn-1)tn-1+ (=) Vp_1dn(tn_1) = 2tn_1tn.

Hence d, : E9?"2 — E3 =1 i an isomorphism. More generally by induc-
tion one sees that d, (¢, 1) = T‘Lnbz__ll, so that d,, : E,?”“(”*l) — E;’(rfl)(nfl)

is an isomorphism. It is then easy to see that the spectral sequence collapses
at Ep41, and hence HP(K(Z,n); Q) = Q for p = 0 or n and zero otherwise.
O

We will show how to use Theorem 154 to compute 74.53. This famous
theorem was first proven by G.W. Whitehead and Rohlin (independently).
The argument is effortless using spectral sequences.

Theorem 9.26. 745 = Z/2.

Proof. Since Z = H3(S3) = [S3, K(Z,3)] , choose a map f : S® — K(Z,3)
representing the generator. For example, K (Z, 3) can be obtained by adding
5 cells, 6 cells, etc. to S® inductively to kill all the higher homotopy groups
of §2 and then f can be taken to be the inclusion. The Hurewicz theorem
implies that f, : 7393 — m3(K(Z,3)) is an isomorphism.

Pull back the fibration

K(Z,2) — « — K(Z,3)

(this is shorthand for QK (Z,3) — P — K(Z,3) where P is the contractible
path space) via f to get a fibration

(9.12) K(Z,2) - X — S5

Alternatively, let X be the homotopy fiber of f, ie. X — S% — K(Z,3)
is a fibration up to homotopy. Then QK (Z,3) ~ K(Z,2) is the homotopy
fiber of X — 5% by Theorem 6.40. (We will use the fibration (9.12) again
in Chapter 10.)

(a3

In the long exact homotopy sequence for a fibration, 9 : m35% —

m2(K(Z,2)). Hence
0 if k<3
X = 1 -
8% if k> 3.
In particular, H4X = mX = m5%. We will try to compute H;X using a
spectral sequence.

Consider the cohomology spectral sequence for the fibration (9.12). Then
EPY = HP(S3; H1K (Z,2)). Recall that K(Z,2) is the infinite complex pro-
jective space CP*° whose cohomology algebra is the 1-variable polynomial
ring H*(K(Z,2)) = Z|c] where deg(c) = 2.
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Exercise 155. Give another proof of the fact that H*(K(Z,2)) = Z|]
using the spectral sequence for the path space fibration

K(Z,1) -« — K(Z,2)

and the identification of K(Z,1) with S. (Hint: the argument is contained
in the proof of Proposition 9.25.)

Let i € H3(S?) denote the generator. Then the Eo-stage in the spectral
sequence is indicated in the following diagram. The labels mean that the
groups in question are infinite cyclic with the indicated generators. The
empty entries are zero. The entries in this table are computed using Lemma
9.23.

q

A
5)
4 | ic?
3
2 c ic
1
0| Z i

Y
S

Since H2X =0 = H3X it follows that d3c = i. Therefore,
d3c? = ic + ci = 2ci

This implies that Z/2 = E}? = EX* = H5X and 0 = E)* = B! = H'X.
The universal coefficient theorem implies that H4X = Z/2. We conclude
that Z/2 = 14X = 1453, as desired. O

Corollary 9.27. 7,,15" = Z/2 for all n > 3. In particular, 77 = Z/2.

Proof. This is an immediate consequence of the Freudenthal suspension
theorem (Theorem 8.7). O

Corollary 9.28. m,5% =7Z/2.
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Proof. Apply the long exact sequence of homotopy groups to the Hopf
fibration S — 83 — §2. O

The reader should think about the strategy used to make these compu-
tations. On the one hand fibrations were used to relate homotopy groups of
various spaces; on the other spectral sequences are used to compute homol-
ogy groups. The Hurewitz theorem is then used to conclude that a homology
group computation in fact gives a homotopy group computation.

9.6. Homology of groups

Definition 9.29. Let G be a group. Define the cohomology of G with Z
coefficients by

H*(G;Z) = H¥(K(G,1);Z).
Similarly define the homology of G
Hy(G;Z) = Hi(K(G,1); Z).

More generally define the homology and cohomology of G with coeffi-
cients in any R-module A to be the corresponding homology or cohomology
of K(G,1).

Corollary 7.27 implies that the homology and cohomology of a group are
well-defined. Moreover, the assignment G — K (G, 1) is functorial and takes
short exact sequences to fibrations. (The functoriality can be interpreted
in two different ways. For every group one associates a homotopy type
of spaces, and a group homomorphism leads to a homotopy class of maps
between the spaces. Alternatively, one can construct an honest functor from
the category of groups to the category of spaces by giving a specific model
of K(G, 1) related to the bar resolution in homological algebra.)

Groups are very mysterious nonabelian things and thus are hard to
study. Homology of groups gives abelian invariants, and has been very
useful in group theory as well as topology.

It follows that to understand the homology of groups related by exact
sequences amounts to understanding the homology of a fibration, for which,
as we have seen, spectral sequences are a good tool.

It is easy to see that K(A x B,1) = K(A,1) x K(B,1), and so the
Kiinneth theorem can be used to compute the cohomology of products of
groups. Therefore the following result is all that is needed to obtain a com-
plete computation of the cohomology of finitely generated abelian groups.



262 9. Spectral Sequences

Theorem 9.30. The cohomology of Z/n is given by

Z if =0,
HYZ/n;Z) =<0 if q is odd, and
Z/n  if ¢ >0 is even.

Proof. The exact sequence 0 — Z —% Z — Z /n — 0 induces a fibration
sequence

K(Z,2) — K(Z,2) — K(Z/n,?2)
(see Proposition 7.28). By looping this fibration twice (i.e. taking iterated
homotopy fibers twice; see Theorem 6.40) we obtain the fibration

K(Z,1) — K(Z/n,1) - K(Z,2).
The fiber K(Z,1) is a circle.

Consider the spectral sequence for this fibration. The base is simply
connected so there is no twisting in the coefficients. Notice that

0 if ¢ > 1, and

B} = HP(K(2,2); H'S") = |
HP(K(Z,2);Z) ifg=0orl.

Using Lemma 9.23, the Fs-stage is given by the following table, with the
empty entries equal to 0 and the others infinite cyclic with the indicated
generators (where i is the generator of H'(S')).

> D

Of course d?(i) = kc for some integer k, and the question is: what might
k be? We can find out by “peeking at the answer.” Since EY =0= Eéél,
we see that H2(K(Z/n,1)) = %’ = Z/k. Since 71 (K(Z/n,1)) = Z/n, by
the universal coefficient theorem, we see that H? must be Z/n and hence
k = £n. (Neat, huh?)

Let ¢ be the image of ¢ in Eg’o. Here is a picture of the E3-stage.
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> P

From this we see that the spectral sequence collapses at £, and that as
graded rings Ei’ = H*(K(Z/n,1)). This not only completes the proof of
the theorem, but also computes the cohomology ring

H*(K(Z/n,1)) = Z[d] /(ne).

O

Also, we can get the homology from the cohomology by using the uni-
versal coefficient theorem:

Z ifg=0,
Hy(Z/n) = Z/n if qis odd, and
0 if ¢ > 0 is even.

In applications, it is important to know the mod p-cohomology ring
(which is the mod p-cohomology ring on an infinite-dimensional lens space).
By the Kiinneth theorem (which implies that, with field coefficients, H* (X x
Y) = H*(X)® H*(Y)), it suffices to consider the case where n is a prime
power. Let F), denote the field Z/pZ for a prime p.

Exercise 156. Show that H*(Z/2;F3) = Fsla] where a has degree one,
and if p* # 2, H*(Z/p*; F,) = A(a) ® Fp[b], where a has degree one and b
has degree 2. Here A(a) is the 2-dimensional graded algebra over F,, with
A(a)? 2 F,, with generator 1, and A(a)! = F, with generator a. (Hint: Use
RP> = K(Z/2,1) and that a-a = —a-a for a € H'.)

Exercise 157. Compute HP(K(Z/2,n);Z/2) for as many p and n as you
can. Hint: try induction on n, using the fibration

K(Z/2,n) -« — K(Z/2,n+1).

9.7. Homology of covering spaces

Suppose that f : X — X is a regular cover of a path connected space X.
Letting G = m1(X)/ fe(m (X)), f : X — X is a principal G-bundle (with G
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discrete). Thus G < X — X is pulled back from the universal G-bundle
G — EG — BG (see Theorem 8.22). In other words, there is a diagram

G—:’G

It follows that the sequence
X - X — BG

is a fibration (up to homotopy). (One way to see this is to consider the Borel
fibration X — X xg FG — X. Since G acts freely on X, there is another
fibration EG — X xg EG — X/G. Since EG is contractible we see that the
total space of the Borel fibration is homotopy equivalent to X.) Since G is
discrete, BG = K(G,1). Applying the homology (or cohomology) spectral
sequence to this fibration immediately gives the following spectral sequence
of a covering space (we use the notation H.(G) = H.(K(G,1))).

Theorem 9.31. Given a regular cover f : X — X with group of covering
automorphisms G = 71(X)/ f«(m1 (X)), there is a homology spectral sequence

Hy(G; Hq(X)) = Eﬁ,q = Hpiq(X)
and a cohomology spectral sequence
HP(G; HY(X)) = BP9 = HPTI(X).

The twisting of the coefficients is just the one induced by the action of G on
X by covering transformations. O

Applying the five-term exact sequence (Corollary 9.14) in this context
gives the very useful exact sequence

Hy(X) — Ho(G) — Ho(G; Hi (X)) — Hy(X) — H (G) — 0.

Exercise 158. Use the spectral sequence of the universal cover to show
that for a path connected space X the sequence

m(X) & Hy(X) — Ha(m (X)) — 0

is exact, where p denotes the Hurewicz map.
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As an application we examine the problem of determining which finite
groups G can act freely on S*¥. Equivalently, what are the fundamental
groups of manifolds covered by the k-sphere? First note that if g : S¥ — S
is a fixed-point free map then g is homotopic to the antipodal map (can you
remember how to prove this?), and so is orientation-preserving if k is odd
and orientation-reversing if k is even. Thus if k is even, the composite of
any two non-trivial elements of G must be trivial, from which it follows that
G has 1 or 2 elements. We shall henceforth assume k is odd, and hence that
G acts by orientation-preserving fixed-point free homeomorphisms.

Thus the cohomology spectral sequence for the cover has

B {H%G& HI(S) = H(G) ifq=0orq=F,

0 otherwise

and converges to HP*9(S*/@). This implies that the only possible non-zero
differentials are
. bk p—k—1,0
di : Eyp, — By
and that the spectral sequence collapses at Fjo.

Notice that S¥ /G is a compact manifold of dimension k, and in particular
H™(S¥/G) = 0 for n > k. This forces E%! = 0 whenever p 4 ¢ > k. Hence
the differentials dy, : Eﬁfl — Eiff“’o are isomorphisms for p > 1, and since
these are the only possible non-zero differentials we have

Eﬁfl — Eg,k ~ HP(G) and Ei_—::llc—kl,o _ E§+k+1’0 o Pkl te)

so that HP(G) = HPYF+1(@Q) for p > 1.

Thus G has periodic cohomology with period k + 1. Any subgroup of G
also acts freely on S* by restricting the action. This implies the following
theorem.

Theorem 9.32. If the finite group G acts freely on an odd-dimensional
sphere S, then every subgroup of G has periodic cohomology of period k+1.
O

As an application, first note the group Z/p x Z/p does not have periodic
cohomology; this can be checked using the Kiinneth theorem. We conclude
that any finite group acting freely on a sphere cannot contain a subgroup
isomorphic to Z/p x Z/p.

9.8. Relative spectral sequences

In studying maps of fibrations, it is useful to have relative versions of the ho-
mology and cohomology spectral sequence theorems. There are two relative
versions, one involving a subspace of the base and one involving a subspace

of the fiber.
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Theorem 9.33. Let F — FE ER B be a fibration with B o CW-complez.
Let A C B a subcomplex. Let D = p~1(A).

1. There is a homology spectral sequence with
Hy(B,A;GoF) 2 E; = Gpyqg(E, D).

2. If B is finite-dimensional or if there exist an N so that G4(F) = 0
for all g < N, there is a cohomology spectral sequence with

HP(B,A;GF) = ED? = GPTI(E, D).

O

Theorem 9.34. Let F — FE ER B be a fibration with B a CW-complex.
Let Ey C E so that f|g, : Eo — B is a fibration with fiber Fy.

1. There is a homology spectral sequence with
Hy(B;Go(F, Fy)) 2 E; , = Gpq(E, Ep).

2. If B is finite-dimensional or if there exist an N so that G4(F, Fy) =0
for all g < N, there is a cohomology spectral sequence with

H?(B;GY(F, Fy)) & EY? = GPTI(E, Ey).

9.9. Projects for Chapter 9

9.9.1. Construction of the spectral sequence. Give (or outline) the
construction of the Leray-Serre-Atiyah-Hirzebruch spectral sequence and
prove the main theorem, Theorem 9.6. References include [43, Sect XIII.5]
and [36, Ch. 9] (only for ordinary homology).



Chapter 10

Further Applications of
Spectral Sequences

10.1. Serre classes of abelian groups

Definition 10.1. A Serre class of abelian groups is a nonempty collection
C of abelian groups satisfying;:

1. If0 - A— B — C — 0 is a short exact sequence, then B € C if and
only if A,C € C.

Moreover, there are additional axioms which can be useful:

2A. If A,B €C, then A® B € C and Tor(A, B) € C.
2B. If A€ C, then A® B € C for any abelian group B.
3. If AeC, then H,(A;Z) = H,(K(A,1);Z) is in C for every n > 0.

Exercise 159. Prove that Axiom 2B implies Axiom 2A. (Hint: Show that
Tor(A, B) C A® F for some F.)

There are many examples of Serre classes, including the trivial class,
the class of all abelian groups, the class of torsion abelian groups, torsion
abelian groups such that no element is p"-torsion for a fixed prime p, the
class of finite abelian groups, and the class of abelian p-groups. You should
think about which of the axioms these classes satisfy.

It suffices for our exposition to consider the following two examples.

1. The class Cpg of finitely generated abelian groups. Axioms 1, 2A
clearly hold (see Exercise 28 and the remark preceding it). Note,
however, that Z € Crg, but Z® Q is not in Cpg, so 2B does not hold.

267
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Axiom 3 follows from Theorem 9.30, the Kiinneth theorem, and the
fact that K(Z,1) = St

2. Let P denote a subset of the set of all prime numbers. Let Cp denote
the class of torsion abelian groups A so that no element of A has order
a positive power of p for p € P. Thus for example, if P is empty then
Cp is the class of all torsion abelian groups. If P denotes all primes
then Cp is the class containing only the trivial group. If P consists of
the single prime p then we use the notation C, for Cp.

We will show that the class Cp satisfies Axioms 1, 2B, and 3. First some
terminology: given a prime p, the p-primary subgroup of an abelian group
consists of the subgroup of those elements whose order is a power of p. Thus
Cp consists of those torsion abelian groups whose p-primary subgroup is
trivial for any p € P.

Lemma 10.2. The class Cp satisfies Axioms 1, 2B, and 3.

Proof. Say that an integer n # 0 is prime to P if p does not divide n for
all p € P. Then an abelian group A is in Cp if and only if for all a € A,
there is an n prime to P so that na = 0.

We first prove axiom 1. Let 0 — A = B 5, ¢ = 0be an exact sequence
of abelian groups. If B € Cp, then for a € A, there is an n prime to P so
that na(a) = 0. Hence na = 0, and so A € Cp. If B € Cp, then for ¢ € C,
choose b € $71(c), and n prime to P so that nb = 0. Then nc = n3(b) = 0
and hence C' € Cp. Conversely assume A,C € Cp. Then for b € B, there
exists an n prime to P so that n(b) = 0. By exactness nb = a(a) for some
a. Choose m prime to P so that ma = 0. Then mnb = ma(a) = 0, so
B eCp.

Next comes Axiom 2B. Suppose that A € Cp and let B be an arbitrary
abelian group. Pick an element ¢t =) . a; ® b; € A® B. Since A € Cp, we
can find integers n; prime to P so that n;a; = 0. Let n = [] ny; this is prime
to P and nt =0. Thus A® B € Cp.

We turn to the proof of Axiom 3. Let A € Cp. Suppose first that A is
finitely generated. Then A is isomorphic to the finite direct sum of cyclic
groups A = @;Z/p;" where p; ¢ P. Using Theorem 9.30, the Kiinneth
theorem, and induction it follows that H,, (K (A, 1);Z) is a finitely generated
torsion abelian group with trivial p-primary subgroup for any p € P.

Next let A € Cp be arbitrary and pick an a € H,(K(A,1);Z). Choose
a cycle z representing the homology class a. Since z is a finite sum of sin-
gular simplices there is a finite subcomplex X C K(A,1) containing the
image of every singular simplex in z. Therefore « lies in the image of
H,(X) — Hy(K(A,1)). Let A" C A denote the finitely generated subgroup
Im (m(X) — m(K(A,1))). Since m(K(A,1)) = A € Cp, the subgroup A’
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is also in Cp. The space K (A’,1) can be constructed by adding k-cells to X
for k > 2 and since A’ — A is injective the inclusion X C K(A,1) can be
extended to give the commutative diagram

X K(A1)

~ 7

K(A,1).

Thus o € Im (Hp(K(A',1)) — H,(K(A,1))) and since A’ is finitely
generated, « is torsion with order relatively prime to p for p € P. Thus
H,(K(A,1)) € Cp. O

Definition 10.3. Given a Serre class C, a homomorphism ¢ : A — B
between two abelian groups is called:

1. a C-monomorphism if ker ¢ € C,
2. a C-epimorphism if coker ¢ € C, and
3. a C-isomorphism if ker ¢ € C and coker ¢ € C.

Two abelian groups A and B are called C-isomorphic if there exists an
abelian group C' and two C-isomorphisms f: C' — A and g: C' — B.

Lemma 10.4. Leta: A — B and 3 : B — C be homomorphisms of abelian
groups. If two of the three maps «, 3, and B o a are C-isomorphisms, then
so is the third.

Proof. This follows from the exact sequence

0—>kera—>kerﬂoo¢ikerﬂ—wzokeraﬂcokerﬂ©a—>cokerﬂ—>0.

O

We will sometimes write A = B mod C to indicate that A and B are
C-isomorphic.

Exercise 160. Let C, be the class of torsion abelian groups. Show that
A= Bmod(Cy ifandonlyif A® Q= B®Q.

Exercise 161. Prove the five-lemma “mod C.”

The Hurewicz theorem has the following extremely useful generalization.
Theorem 10.5.

1. (mod C Hurewicz theorem) Let X be 1-connected, and suppose C sat-
isfies Axioms 1, 2A, and 3.
(a) If m;X € C for alli < n, then H;X € C for all 0 < i < n and
the Hurewicz map 7, X — Hp, X is a C-isomorphism.
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(b) If H;X € C for all0 < i < n, then m;X € C for alli < n and
the Hurewicz map 7, X — Hp, X is a C-isomorphism.

2. (mod C relative Hurewicz theorem) Suppose A C X, A and X are
1-connected, and mo(X,A) = 0. Suppose C satisfies Axioms 1, 2B,
and 3.

(a) If m(X,A) € C for all i < n, then H;(X,A) € C for all
i < n and the Hurewicz map m,(X,A) — H,(X,A) is a C-
isomorphism.

(b) If Hi(X,A) € C for all i < n, then mi(X,A) € C for all
i < n and the Hurewicz map m,(X,A) — H,(X,A) is a C-
isomorphism.

Actually, as you can easily check, the part (b)’s above follow from the
part (a)’s. We will give a proof of the theorem using spectral sequences and
the fact that mY — H1Y is an isomorphism when the fundamental group
is abelian. By taking C to be the class consisting of the trivial group, we
obtain proofs of the classical Hurewicz and relative Hurewicz theorems. The
proof we give simplifies a bit in the classical case. A proof of the classical
case without the use of spectral sequences was a project in Chapter 6.

The mod C relative Hurewicz theorem implies the mod C Whitehead
Theorem.

Theorem 10.6 (mod C Whitehead theorem ). Let f : A — X, where A, X
are 1-connected, and suppose f : m9A — mo X is an epimorphism. Let C sat-
isfy Axioms 1, 2B, and 3. Then the following two statements are equivalent.

1. fe:mA — mX is an C-isomorphism for i < n and a C-epimorphism
fori=n.

2. fo: H;A — H; X is a C-isomorphism for i < n and a C-epimorphism
fori=n.

Exercise 162. Show that Theorem 10.6 follows from Theorem 10.5.

Since the homology groups of a finite CW-complex are all in Crg, the
mod C Hurewicz theorem has the following important consequence.

Corollary 10.7. If X s a simply connected finite CW-complex, then all
the homotopy groups of X are finitely generated. More generally a simply
connected space has finitely generated homology groups in every dimension
if and only if it has finitely generated homotopy groups in each dimension.

This sounds great, but we warn you that only time homotopy groups
of a simply connected finite CW-complex have been computed is when the
complex is contractible.

The hypotheses in the Corollary that X be simply connected is necessary.
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Exercise 163. Prove that m2(S! Vv S?) is not finitely generated.

Exercise 164. Show that Corollary 10.7 holds more generally when m X
is finite.

We turn now to the proof of the Hurewicz theorem.

Proof of Theorem 10.5. Here is the idea of the proof. For a space X,
consider the path fibration

ax - px L x.
There is a commutative diagram
T (X, 20) o T0(PX,QX) —2v 7, 1(QX)
(10.1) P p p
Ho(X,20) ~L— Ho(PX,QX) 2 H, 1 (2X),

where the vertical maps are Hurewicz maps. The boundary maps 0 are
isomorphisms since PX is contractible. The top f, is an isomorphism since
f is a fibration (see Lemma 6.54). With the mod C-connectivity hypothesis,
a spectral sequence argument given below shows that the bottom f, is a C-
isomorphism. Inductively, the right-hand p is a C-isomorphism, so thereby
the left-hand p is a C-isomorphism. There are three difficulties with this
outline. We have to get the induction started, we have to make the mod C
spectral sequence argument, and we have to deal with the fact that if 1o X #
0, then QX is not simply-connected, so, strictly speaking, the inductive
hypothesis does not apply.

We will use the following lemma, which shows why Serre classes are
tailor-made to be used with spectral sequences.

Lemma 10.8. Let (E} ., d") be a first quadrant spectral sequence spectral

* %9
sequence. Let C denote a class of abelian groups.

1. For any bigraded spectral sequence, if C satisfies Aziom 1, B € C
for some p, q implies that E . € C for all v > n.

2. Let F — F 4, B be a fibration over a simply connected base space.
If C satisfies Azioms 1 and 2A, if H,B € C for 0 < p < n, and if
HyF € C for 0 < ¢ <n—1, then f, : Hi(E,F) — H;(B,bg) is a
C-isomorphism for i <n.

Proof. 1. A subgroup or a quotient group of a group in C is in C by Axiom
1. Thus a subquotient of a group in C is in C. Since £ , is a subquotient of

E} ., the first statement follows.
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2. Consider the spectral sequence of the relative fibration (Theorem
9.33)

F — (E,F)— (B,b).
The E2-term is
E;q = Hp(B,bo; HyF) = (Hp(B,by) @ HyF) & Tor(H,—1(B, by), Hy F)

and the spectral sequence converges to H,(F, F'). Thus Equ € C and hence
Ey, €Cwhenp=0,1orwhenl <p<nand0<g<n-—1 (see the shaded
area in the picture below).

q
A
n|0 |0
n—110 |0
0 |0 C
0 010
> P
0 1 n

The picture gives a convincing argument that
H;(E,F)= H;(B,by) modC fori<nmn,
but here is a precise one.
The spectral sequence gives a filtration
0=F_1;11 CFy; CF;—1C-CF_11CFi=H(EF)
with
pi—p = Fpi—p/Fp-1i-pt1-
It follows by induction on p, that F,;_, € C for p < ¢, and hence that
(10.2) Hi(E, F) — E7 is a C-isomorphism.

On the other hand, for r > 2, the exact sequence

0 Er+1 — ET L ET
- 1,0 7,0 i—r,r—1
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with the range of d” in C shows that E] gl — Ej is a C-isomorphism. Since
the composite of C-isomorphisms is a C-isomorphism, it follows by induction
that

(10.3) E — Ei2,0 is a C-isomorphism.

(10.2) and (10.3) is a C-isomorphism. But this composite is identified with
the edge homomorphism (see Theorem 9.12).

We return to the proof of Part 1(a). The proof is by induction on n. For
n=1mX =0=H;X. Forn=2, mX =0= H{X, and so Lemma 10.8
shows that f, : Ho(PX,QX) — Hs(X, zg) is an isomorphism (use the class
consisting only of the trivial group). Hence diagram (10.1), the fact the
7m1(QX) is abelian since QX is an H-space, and Theorem 1.6 (the 7-version
of the Hurewicz theorem) show that p : moX — H9X is an isomorphism for
any simply connected X.

Now suppose n > 2 and inductively assume for simply connected spaces
Y with m;Y € C for i < n — 1, that H;Y € C for 0 < i <n — 1 and that the
Hurewicz map p: m,—1Y — H,_1Y is a C-isomorphism. Let X be a simply
connected space so that m; X € C for i < n. There will be two cases: where
mo X = 0 and where mo X # 0.

In the first case m(QX) = mX = 0, and m;(2X) = m11 X, so we can
apply the inductive hypothesis to QX and conclude that the right-hand
p:mp—1(2X) — Hp—1(2X) in diagram (10.1) is a C-isomorphism and that
H;(2X) € C for i <n — 1. Then Lemma 10.8 applied to the path fibration

ox - prx L x

shows that the lower f, in diagram (10.1) is a C-isomorphism. Then Lemma
10.4 applied repeatedly to diagram (10.1) shows that m, X — H,_1X is a
C-isomorphism as desired.

Now suppose we are in the case where m9 X # 0. By hypothesis, mo X € C.
Thereis amap f : X — K(mX,2) inducing the identity on ma. Let Xo — X
be the homotopy fiber of this map. Now turn this map into a fibration (see
Theorem 6.40) to obtain the fibration

K(mX,1) - X — X.

Note by Axiom 3, H;(K(m3X,1)) € C for i > 0. This has two consequences,
first that

Hi(X3) — Hi(Xo, K(m2X, 1))
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is a C-isomorphism for ¢ > 0, and second that Lemma 10.8 applies and so
H;(X2, K(m2X,1)) — Hi(X, x0)

is a C-isomorphism for 0 < ¢ < n. Thus the composite of the last two maps
H;(X3) — H;X is a C-isomorphism for 0 < ¢ < n. Summarizing,

1. H; X, €C forall 0 < i< n,

2. H, X2 =2 H,X mod C,

3. m;Xo = mX for all i > 2,

4. mXo =0=mXo.

Thus p @ m,(X2) — Hyp(X2) is a C-isomorphism and H;(X2) € C for

0 < i < n by the my = 0 case, hence the same is true for X. This completes
the proof of Part 1(a) of the mod C Hurewicz Theorem.

Part 1(b) follows formally from Part 1(a). Indeed, let X be simply-
connected and suppose H; X € C for 0 < ¢ < n. Then use induction on i to
show p : m; X — H;X is a C-isomorphism for 1 < ¢ < n.

We now show how to deduce the relative Hurewicz theorem from the ab-
solute theorem. We assume that X and A are simply connected, nonempty,
and that mo(X, A) = 0. The diagram

7T2A _— 7T2X

HyA — HyX

commutes, with the vertical maps Hurewicz isomorphisms and the horizontal
maps induced by inclusion. Since the top horizontal map is surjective, so
is the bottom one, and it follows from the long exact sequence in homology
that HQ(X, A) =0.

Now suppose n > 2 and inductively assume that for any simply con-
nected pair B C Y with m(Y,B) = 0, and m;(Y,B) € C for i < n —1,
that H;(Y,B) € C and that the Hurewicz map p : m(Y, B) — H;(Y,B) is
a C-isomorphism for i < n — 1. Let (X, A) be a pair of simply connected
spaces with H;(X, A) € C for i < n.

Now let n > 2 and assume that 7, (X,A) € C for k¥ < n. Then by
induction Hyx(X,A) € C for k < n. We must show that p : m,(X,A4) —
H,(X,A) is a C-isomorphism.

Let f: PX — X denote the path space fibration, and let L = L(X, A) =
f71(A). Thus we have a relative fibration

QX — (PX,L) — (X, A).
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Recall from page 155 in Chapter 6 that m_1(L) = 7, (X, A) for all k. The
Leray—Serre spectral sequence for this fibration has
E} = Hp(X, A; Hy(2X))
and converges to Hy,4(PX,L). The coefficients are untwisted since X and
A are simply connected.
We have

H,(X, A; Hy(QX)) = Hy(X, A)® Hy(QX) & Tor(H,_1(X, A), Hy(QX)) € C

for p < m. This follows from the fact that H,(X,A) € C for p < n and
Axiom 2B. (Don’t let this point slip by you, this is where we needed the
axiom 2B which is stronger than 2A.)

Therefore (see the picture on page 272 again):

1. all differentials out of £,  have range in C, and so H, (X, A) = E] =
E;% mod C for all r, and

2. B, €C for p> 0, and so H,(PX, L) = E; mod C.
Arguing as above we have:
H,(PX,L) = E;{ mod C

= H,(X,A) mod C.
This C-isomorphism is induced by the edge homomorphism and hence coin-
cides with the homomorphism induced by f : (PX,L) — (X, A).

The diagram

(10.4)

Q

(X, A) <L 2 (PX,L) — 2 7oy (L)

ﬂl

Ho(X,A) <L H,(PX,L) —2+ H,_i(L)

IR

commutes, with the two right horizontal arrows isomorphisms by the long
exact sequence of the pair in homology and homotopy groups and the fact
that PX is contractible.

The top left horizontal arrow is an isomorphism since f: PX — X is a
fibration (see Lemma 6.54). Since m_1(L) = (X, A) =0, m(L) = 0 and
(L) € C for all k < n — 1. The absolute Hurewicz theorem implies that
p:mp_1(L) — Hy—1(L) is a C-isomorphism.

Finally the bottom left horizontal map is a C-isomorphism by (10.4).
Moving around the diagram shows that the Hurewicz map p : m, (X, A) —
H,(X,A) is a C-isomorphism. This proves Part 2(a) of Theorem 10.5. As
before, Part 2(b) follows from Part 2(a). O
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10.2. Homotopy groups of spheres

In this section we will use the machinery of spectral sequences and Serre
classes to obtain more non-trivial information about the elusive homotopy
groups of spheres. An immediate consequence of Corollary 10.7 is the fol-
lowing.

Corollary 10.9. The homotopy groups of spheres mipS™ are finitely gener-
ated abelian groups. O

Here is a result which follows easily from Serre mod C theory.

Theorem 10.10. If n is odd, 7, S™ is finite for m # n.

Proof. If n = 1, then 7,,S' = 7,,R = 0 for m # 1. If n > 1 is odd, then a
map f:S" — K(Z,n) inducing an isomorphism on m,, induces an isomor-
phism on homology with rational coefficients by Proposition 9.25. Taking
the Serre class Cy4 as in Exercise 160, we see f, induces a Cg-isomorphism
on homology, and hence, by the mod C Whitehead theorem, also a Cg-
isomorphism on homotopy. Thus for all m, the kernel and cokernel of

fo i S™ — (K (Z,n))

are torsion groups. However the homotopy groups of spheres are finitely
generated. The result follows.

O

Corollary 10.11. The stable homotopy groups of spheres 7 are finite for
n > 0. |

Exercise 165. Prove that if n is even, then 7 S™ is finite except for k =n
and £ = 2n — 1, and that m9,_15™ is the direct sum of Z and a finite
abelian group. (Hint: Let S ! — T — S™ be the unit tangent bundle
of S” for n even. Show that w,T — 7,5" is not onto, by, for example,
showing that a lift of Id : S™ — S™ leads to a nonzero vector field on S™,
and hence a homotopy from the identity to the antipodal map. Conclude
that m, T — m,S" is the zero map. By looking at the transgression, deduce
that H,(T) is finite except for HyT = Ho,—1T = Z. Find a map inducing
an isomorphism Hy(T) = Hg(S?1) mod Cp. Then m(T) = m(S?"~1)
mod Cy via the Whitehead theorem. Then apply Theorem 10.10.)

For the next sequence of results, let K(Z,2) — X — S3 be the fibration
from (9.12). Thus X is the homotopy fiber of the map S* — K(Z,3)
inducing an isomorphism on m3. It follows that m, X = 0 for n < 3 and
X = 7,82 for n > 3.
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Lemma 10.12.
0 if k is odd,
H. X =<7 if k=0, and
Z/n if k=2n.

Proof. The integral cohomology ring of K(Z,2) = CP> is a polynomial
ring H*(K(Z,2);Z) = Z|c|, where deg ¢ = 2 (see Exercise 155).

Consider the cohomology spectral sequence for the fibration (9.12). This
has

Ey = H*(S®) ® Z[c].
More precisely,
E" = HP(S% HY(K(Z,2)))
0 ifp=1,20r p> 3, orif ¢q is odd,
= Z-c* if p=0and ¢ = 2k is even, and
Z-uc® if p=3and ¢ = 2k is even,
where « € H3(S?) denotes the generator, using Theorem 2.33 (the universal

coefficient theorem for cohomology). Notice also that since all the differen-
tials dy are zero, Fy = Fjs.

Since H2X = 0 = H3X, the differential dj : E§’2 — Eg’o must be an
isomorphism, and so dsc = ¢ (after perhaps replacing ¢ by —¢). Thus

d(c?) =(de)-c+c-de=1-c+c-1=2-c
More generally, one shows by an easy induction argument that

d(c) =ne- "L

All other differentials in the spectral sequence are zero since either their
domain or range is zero. Therefore Eo?™ 2 = Z/n and hence H2"H(X) =
Z/n if n > 1. The universal coefficient theorem now implies that Ha,(X) =
Z/n for n > 1. O

Corollary 10.13. Ifp is a prime, the p-primary component of m;S> is zero
if 3<i<2p, and is Z/p if i = 2p.

Proof. We use the class C,. As before, let X be the space from the fibration
(9.12). Lemma 10.12 implies that H;(X) € C, for 0 < i < 2p. Using the
mod C Hurewicz theorem we conclude that m;(X) € C, for 0 < i < 2p, and
Z/p = Hop(X) = mp(X) mod Cp. This implies that the p-primary part of
72p(X) is Z/p. The corollary now follows from the fact that m;(X) = m;(S3)
for i # 3. O
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With a bit more work one can show that the p-primary component of 7'['5
is trivial for n < 2p—3 and equals Z/p for n = 2p—3 (see [36]). Take a look
at the table on page 208 to verify this in low dimensions. So for example, 7r§
has trivial p-primary part for p > 2 and 7§ = Z/3 @ (2-primary subgroup).

We turn now to the computation of 73 .

In Theorem 9.28 we computed that m;8% = Z/2. Consider the suspen-
sion map s : S? — QS3, i.e. the adjoint of the identification S(S?) = S3.
Let F' be the homotopy fiber of s. The long exact sequence of homotopy
groups of the fibration

(10.5) F— 5% %5063

shows that mF' = moF = 0. Thus by the Hurewicz theorem w3F = HsF'.
The spectral sequence for the fibration (10.5) shows that the transgression
T : H3F — Hy(QS3) is an isomorphism. In Chapter 9 we computed that
Z = Hy(02S3) (see Equation (9.3)), and hence Z = H3(F) = m3(F).

The long exact sequence in homotopy groups for (10.5) is
c o mS? 2 oy (QS?’) — m3F — w352 — 1,.8% = 0.

From the Hopf fibration S* — $% — S? we know that 7352 = Z, and from
Theorem 9.26 we know w453 = Z/2. Since w3F = Z it follows from this
exact sequence that the suspension map s, : mS? — 74(Q253) = 7552 is
onto. Therefore, 71552 is either 0 or Z/2. We will show that 755% = Z /2.

Consider once again our friend the space X of the fibration (9.12). Since
X = myS® = Z/2, Let f : X — K(Z/2,4) be a map inducing an iso-
morphism on w4 and let Y denote the homotopy fiber of f. Since Y is
4-connected, H5(Y;Z) = m5Y = 15X = m55°. Since 755? is either 0 or Z /2,
the universal coefficient theorem implies that m55% = H?(Y;Z/2).

In the spectral sequence in Z /2-cohomology for the fibration ¥ — X —
K(Z/2,4), the differential

H5(F;Z/2) = ES° = E0° 25 g80 = £80 — HO(K(2/2,4):Z/2)

is surjective. This follows from the facts that Y is 4-connected, K(Z/2,4)
is 3-connected, and Lemma 10.12 which implies that H%(X;Z/2) = 0 (you
should check this fact).

We will show in Section 10.5 below (Equation (10.12)) that
HY(K(Z/2,4);Z/2) = Z)2.
Hence H°(F;Z/2) surjects to Z/2 and therefore equals Z/2. Thus we have
computed 7553 = Z /2.

The homotopy exact sequence for the Hopf fibration $3 — S7 — §*
shows that 7r25 = mS5* = 1593, In particular this shows that the sequence



10.3. Suspension, looping, and the transgression 279

of suspension homomorphisms

71950 — w38t — 145? — 7583 — 1St = 71'59

is
0-0—Z/2527/257)2.

The long exact sequence of homotopy groups for the Hopf fibration S* —
S3 — 82 shows that 7552 = 71552, and so 7552 = Z/2 also.

10.3. Suspension, looping, and the transgression

For any space X, identify the reduced cone C'X as a quotient of [0,1] x X
with the inclusion X € CX corresponding to z — (1,z). Take the reduced
suspension SX tobe CX/X, andlet ¢ : CX — SX denote the quotient map.
Unless otherwise specified, in this section Hj denotes (ordinary) homology
with some fixed (untwisted) coefficients.

Now consider the two fundamental maps
s: X = QSX, z— (t— (t,2))
and
0: 50X - X, (t,«a) — aft).
Then s: Y — QSY induces the suspension map
[X,Y]o 2 [X,Q8X]o = [SX, SY]o.
In particular, taking X = S* yields the suspension homomorphism
sy 1 mE(Y) = me1 (SY).
The map £ : SQX — X induces the “looping” map
[X,Y]o 5 [SQX, Y] = [QX, QY]

which takes a function to the induced function on loop spaces. The purpose
of this section is to prove the Freudenthal suspension theorem (Theorem 8.7)
and to develop material for a dual result about stable cohomology operations
given in the next section.

We will relate these maps to the transgression for the path space fi-
bration. For simplicity we assume throughout that X and Y are simply
connected.

We begin with the map s. Consider the path space fibration over SY:
QSY — PSY 5 SY
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where e evaluates a path at its endpoint. The transgression in homology for
this fibration is the “composite” (with domain a submodule of of Hy(SY)
and range a quotient module of Hj_1(2SY)):

7 Hy(SY,#) O Im(e,) << Hu(PSY,QSY) % Hy_1(QSY)/d(ker e,).

Let Sy : Hi—1(Y) — H(SY) denote the suspension isomorphism, defined
as the composite of isomorphisms

St Hyoo(Y) <& Hi(CY,Y) <5 Hy(SY, %) = Hy(SY).

Theorem 10.14. The domain of T is all of Hx(Y). Moreover, the map
Se t Hi1(Y) — Hy_1(QSY) induced by s is a lift of T o S,.

In particular, if 7+ Hp(SY) — Hp_1(Q2SY) is an isomorphism then so
is St Hp—1(Y) — Hp—1(25Y).

Proof. Consider the map f: C'Y — PSY defined by

fty) = (re(rt,y)).

Then eo f : CY — SY is just the map (t,y) — (t,y), i.e. the natural
collapse map c¢. Moreover, the restriction of f to Y = {1} x Y C CY is the
map y — (r — (r,y)); this is just the map s. In other words, f induces a
map of pairs f: (CY,Y) — (PSY,QSY) whose restriction to the subspaces
is s. Thus f induces a map of the long exact sequences of the pairs; since
PSY and CY are contractible every third term vanishes and so we obtain
commuting diagrams with the horizontal arrows isomorphisms:

Hi(CY,Y) Hy1(Y)
|
Hy(PSY,Q8Y) —2+ H,_1(QSY)

Since e o f = ¢, the diagram
f*

Hy(CY,Y) Hy(PSY,QSY)

\ /

Hi(SY, %)

commutes, with ¢, an isomorphism. It follows that e, is onto, so that the
domain of 7 is all of Hy(SY). Moreover d o f, o (c,)~! is a lift of 7, and so
using the definition of S, and the commuting square above we compute:

705, zaof*O(C*)_IOS* =9f 071 =
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As an application of Theorem 10.14, we prove the Freudenthal suspen-
sion theorem (Theorem 8.7).

Suppose that Y is a (n — 1)-connected space, with n > 1. Using
the Hurewicz theorem and the suspension isomorphism S, : Hg(Y;Z) =
Hi11(SY;Z) we see that SY is n-connected. Since 7,(2SY) = mr11(SY),
QSY is (n — 1)-connected, and hence its homology vanishes in dimensions
less than n by the Hurewicz theorem.

The Serre exact sequence (Theorem 9.15) for the fibration
QSY — PSY 5 SY
is
Hoy(QSY; Z) — Hop(PSY;Z) =5 Hop(SY;Z) = Hop1(QSYSZ) — -+

and since the path space PSY is contractible it follows that the transgres-
sion 7 : Hi(SY;Z) — Hy_1(2SY;Z) is an isomorphism for all k& < 2n.
Theorem 10.14 implies that s, : Hy_1(Y;Z) — Hyk_1(Q2SY;Z) is an isomor-
phism for all k& < 2n. Hence the relative homology groups Hy(2SY,Y;Z)
vanish for £ < 2n—1. From the relative Hurewicz theorem we conclude that
m(QSY,Y) =0 for k <2n —1 and so s, : m(Y) — 7m(Q2SY) is an isomor-
phism for k& < 2n — 1 and an epimorphism for & = 2n — 1. The composite

(V) 25 m(QSY) = 74 1(SY) is the suspension homomorphism and so
we have proven the Freudenthal suspension theorem.

We turn our attention to the map ¢ : SQQX — X. This induces a map
ly: Hp(SQX) — Hi(X)
which we can precompose with the suspension isomorphism to obtain
lioS,: Hy 1(2X) — Hi(X).
The transgression for the path space fibration over X,
X - PX S X.

is the homomorphism
71 Hy(X, %) O Im(e,) <<= Hy(PX,0X) 2 Hy_1(QX)/d(ker e,).
The following theorem is the analogue of Theorem 10.14 for the map £.

Theorem 10.15. The homomorphism £y o Sy is a left inverse for T on its
domain, i.e. L, oS, o71(x) = x if x lies in the domain of 7. Hence T is
mjective.

In particular, if T : Hy(X) — Hp—1(QX) is an isomorphism then T and
l, oS, are inverses.
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Proof. This time we use the map g : CQX — PX defined by
(t,a) — (s — «(st)).

Thus ¢(0,«) and g(t, const,) are both the constant path at *, so that this
indeed well-defines a map on the reduced cone. Moreover, ¢g(1,a) = a, and
so g defines a map of pairs g : (CQX,QX) — (PX,QX) which restricts
to the identity map on ©2X. Since both CQX and PX are contractible it
follows that the maps between the long exact sequences of these pairs reduce
to a commuting triangle of isomorphisms

H,(COQX,QX) o H,(PX,0X)
K‘ /
Hy_1(2X).
The composite e o g : CQX — X is the map (¢, ) — «(t). Since QX is

the fiber of the fibration e, e o g factors through the suspension SQX, and
in fact the diagram

comimutes.
Thus

0.8, 7 = £,58,0(ex) !t = £,5.0(g.)  (es) 7t
= 0,8,0(0uc) ™t = luc(c) T ()T = 1d.

One of course needs to be careful with domains and ranges in this calculation.
O

Theorems 10.14 and 10.15 have their cohomology analogues, whose state-
ments and proofs are given essentially by reversing all the arrows. We will
use the cohomology analogue of Theorem 10.15 in our discussion of stable co-
homology operations. Let S* : H*(SY) — H*~1(Y)) denote the suspension
isomorphism in cohomology.

Corollary 10.16. Suppose that the cohomology transgression
™ H1(OX) — HY(X)

for the path space fibration QX — PX — X is an isomorphism.

Then the composite S* o £* is the inverse of T*. O
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The following exercise gives a “dual” description of the isomorphism S*.

Exercise 166. From the perspective of the Eilenberg-MacLane spectrum,
prove that S* : H*(SY) — H* (Y is the composite of the adjoint and the
map induced by the homotopy equivalence QK (A, k) ~ K(A,k —1):

H*(SY;A)=[SY,K (A, k)lo = [Y,QK (A, k)0 = [Y,K (A, k—1)]o= H*(Y;A).
10.4. Cohomology operations

We have seen that the cohomology of a space with coefficients in a ring has
a natural ring structure. Cohomology operations are a further refinement
of the structure of the cohomology of a space. We have already come across
cohomology operations in Chapter 7 (see Definition 7.25 and Exercise 120).

10.4.1. Definition and simple examples. We recall the definition.

Definition 10.17. If A, C are abelian groups, a cohomology operation of
type (n, A;q,C') is a natural transformation of functors

6:H"(— A) — HY(—;O).

The set of all cohomology operations of type (n,A;q,C) is denoted by
O(n, A;q,C).

The following are some standard examples.

Coefficient homomorphisms. If h: A — C' is a homomorphism, then h
induces homomorphisms

hs: H"(X;A) - H"(X;C)
for all n; these are natural, so h defines an operation h, of type (n, A;n,C)
for any n.

Bockstein homomorphisms. If
(10.6) 0—-A—-B—-C—0

is a short exact sequence of abelian groups, then 0 — Hom(C.X,A) —
Hom(C\ X, B) — Hom(C,X,C) — 0 is exact, where C,. X denotes the sin-
gular or cellular chain complex of X. Thus one obtains a long exact sequence
in cohomology.

- — HM(X; A) — HY(X; B) —» H*(X;0) — H*'(X;4) — -
The connecting homomorphisms
Ok : Hk(X;C') — Hk+1(X;A)

are called the Bockstein operators associated to the short exact sequence
(10.6). For each k this construction defines a cohomology operation ) of
type (k,C;k + 1, A).
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Squaring. If R is a ring, Let 0, : H"(X; R) — H?"(X; R) be the map
r—axUz.

Then 6, is a natural transformation since f*(z Uz) = f*(z) U f*(x), and

hence a cohomology operation of type (n, R;2n, R).

Remark. At this point we would like to avoid using the symbol “U” for
the product in the cohomology ring of a space and will use juxtaposition to
indicate multiplication whenever it is convenient.

Notice that 6, is not a homomorphism, since (z + y)? # z? + y? in
general. In fact the definition of a cohomology operation does not require it
to be a homomorphism.

Main example. Let A, C be abelian groups, and let
ue HY(K(A,n);C).
For CW-complexes Theorem 7.22 says that
[X,K(A,n)] = H"(X; A), via (f: X — K(A,n)) — (1),

where . € H"(K(A,n); A) is the fundamental class of K (A, n) (see Definition
7.21).

Thus, v € HY(K(A,n);C) defines a map (up to homotopy)

fu: K(A,n) — K(C,q)

and hence u defines a cohomology operation #,, as the composite

H™(X; 4) = [X: K (4,0)] 25 (X, K(CLq)) = HY(X; C).

So uw € HI(K(A,n);C) defines the operation 6, of type (n, 4;q,C).

In Exercise 120 you showed that the correspondence u +— 6, gave a
bijection between H4(K (A, n);C) and O(n, A; g, C); the inverse map is 6 —
0(¢).

10.4.2. Stable operations.
Definition 10.18. Given a cohomology operation § € O(n, A;q,C), the
suspension of 6, c*(6), is the operation of type (n — 1, 4;q¢ — 1,C) defined

by requiring the following diagram to commute,

n—1;vy. 7O a1y
x4 20 gex o)

o o

H"(SX;A) — HY(SX;C)
where the vertical maps are the usual suspension isomorphisms,

S*:  H"(SX;A) = H" 1(X;A) and S* : HY(SX;C) = HI™(X;0).
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(The name “suspension” is perhaps not the best choice for o*, since
as we will see below it is induced by the “looping” map ¢ of Section 10.3
and so is more properly thought of as a desuspension. However this is its
traditional name and so we will stick to it. The reader should not confuse it
with the suspension isomorphism S* : H*(SX) — H*"!(X) although they
are of course related.)

Thus to any cohomology operation 6 we can associate the sequence
o*(0),0%(c*(#)),--- . This motivates the following definition.

Definition 10.19. A stable cohomology operation of degree r and type (A, C)
is a sequence of operations 0 = {6,,} where

O, € O(n, A;n+r,C) and o*(0,) = Op_1.

Thus a stable operation of degree r and type (A4, C) is the same thing as an
element in the inverse limit of the sequence

L H(K(An);C) S HM Y K(An—1);0) %5 - TS H(K(A,1);0).
Denote by A"(A; C) the set of all stable cohomology operations 6 = {6,,} of
degree r and type (4,C).

To decide whether a cohomology operation 6 € O(n, A;q,C) forms a
component of a stable cohomology operation, at the very least we need to
know whether § = o*(#’) for some €. This is possible if # is transgressive,
as we now explain.

The map
c*:0(n,A;q,C) - O(n—1,4;9—1,C)
is defined for each (n, A;q, C). Using Exercise 120 we think of ¢* as a map
o*: HI(K(A,n);C) — HI7Y (K(A,n—1);C)

or, equivalently, a map

(107 o" : [K(A,n), K(C,q)lo— [if(Aan — 1), K(C,q = Do

— [QK(A,n),QK(C,q)]o-

Exercise 167. Show that in Equation (10.7), o* is given by “looping”, i.e.

0" =Q: [K(A n), K(C,q)lo — [QK(A,n), QK(C, q)]o,

where (2f)(a)(t) = f(a(t)). Conclude that the composite of o* with the
isomorphism given by the adjoint

[QK(Av n)v QK(Ca Q)]O = [SQK(Aa n)7 K(Ov Q)]O
is ¢*, the map induced by ¢ : SQK(A,n) — K(A,n) of Section 10.3.
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Since the suspension isomorphism S* : H4(SX;C) — H?1(X;C) is the
composite of the adjoint and the identification QK (C,q) = K(C,q —1):

St [SXaK(Ca Q)]O = [X¢ QK(K7 Q)]O = {XaK(C)q - 1)]07
it follows immediately from Exercise 167 that
(10.8) of =S%o /("

Consider the cohomology transgression 7* for the path space fibration
over K(A,n)

(10.9) K(A,n—1)— P 5 K(A,n).

Corollary 10.16 implies that the homomorphism ¢* is a left inverse of 7.
This immediately implies the following.

Corollary 10.20. If the class 0 € HY(K(A,n); B) is transgressive (i.e. in
the domain of the transgression T ), then o*(7*(0)) = 6. m)

What this corollary says is that 6 € O(n, A;q,C) is of the form o*(8')
if 0 is transgressive for the fibration (10.9), when viewed as an element in
HY(K(A,n);C).

Theorem 10.21. Ifn > 2, the transgression for the fibration (10.9) induces
isomorphisms

T HI 7Y K(A,n—1);C) — HI(K(A,n);C)

for2n > q+ 2.

Proof. Consider the Leray—Serre cohomology spectral sequence (with C
coefficients) for the fibration (10.9). Since E5? = HP(K(A,n); HY(K(A,n—
1)), the E2? terms vanish if 1 <p<n-—1lorifl1<qg<n-—2.

This implies that if 2n > g + 2,
HI YK (An—1) =2 Y9 = gl

and

HY(K(A,n)) = B = B2°.

Since the total space is contractible, E&! = 0 if p + ¢ # 0. Hence the
differential d, : Eg’q_l — Eg’o is an isomorphism. Theorem 9.13 states that
this differential coincides with the transgression, and so we conclude that
the transgression 7 : H9~Y(K(A,n — 1)) — HI(K(A,n)) is an isomorphism
for 2n > ¢ + 2. O
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Since ¢* and 7* are inverses, if one starts with a cohomology operation
0 € HY(K(A,n);C), then the sequence 6,0%(6),0"(c*(f)), -+ can be ex-
tended to the left to give a stable operation provided 6, 7%(0), 7(7*(0)) etc.
are transgressive.

A convenient way to organize this information is the following. If we
write

AT(A; C) = lim H™" (K (A, n); 0),

then Theorem 10.21 shows that the limit is attained at a finite stage:
(10.10) A"(A;C) = 1@H”+T(K(A,n); C)=H"(K(A,r+1);0).

and so a class § € H* 71 (K(A,r + 1); C) defines the stable operation
7 (77(0)),77(0),6,07(6),07 (7 (), - -

Exercise 168. Show that the composition of two stable cohomology oper-
ations is a stable cohomology operation.

The proof of the following proposition is easy and is left to the reader.

Proposition 10.22. If G is an abelian group then the sum and composition

give A(G) = ® A"(G, G) the structure of a graded, associative ring with unit.
T

O

Exercise 169. Prove Proposition 10.22.

Exercise 170. Use Exercise 167 to show that if 6 is a stable cohomol-
ogy operation, then 0(f + g) = 0(f) + 0(g). (Hint: if f,g € H"(X;A) =
[X,K(A,n)lo = [X,QK(A,n — 1)]p, then the group structure is given by
taking composition of loops, which is preserved by ¢*.)

An interesting consequence of Proposition 10.22 and Exercise 170 is that
for any space X, the cohomology H*(X;G) has the structure of a module
over A(G). This additional structure is functorial.

Definition 10.23. Take G = Z/p, p a prime. Then A, = A(Z/p) is called
the mod p Steenrod algebra. It is a graded algebra over Z/p.

Thus the Z/p cohomology algebra of a space is a module over the mod
p Steenrod algebra.

Exercise 171. Given two spectra K and K’, define what a map of degree
r from K to K’ is, and what a homotopy of such maps is. Then show that
taking K(A) (resp. K(B)) to be the Eilenberg-MacLane spectrum for the
abelian group A (resp. B),

A*(A, B) = [K(A),K(B)]..
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Can you define stable cohomology operations for arbitrary generalized
homology theories?

10.5. The mod 2 Steenrod algebra

The goal in this section is to explore the mod 2 Steenrod algebra. We will
take an ad-hoc, hands-on approach. A systematic exposition of this impor-
tant algebra can be found in many homotopy theory texts. The standard
reference is [31].

The complete structure of the mod 2 Steenrod algebra is described in
the following result, most of whose proof we will omit.

Theorem 10.24. Let T be the (bigraded) tensor algebra over Z/2 generated
by the symbols Sq' for i > 0. (Thus, if V is the graded Z/2 vector space
spanned by a basis S¢°, Sq,--- , then T =T(V)=Z/2e0Va(VaV)d---)
Let I C T be the two-sided homogeneous ideal generated by:

1. 14 S¢° and

2. (Adem relations)

b—c—1
c )Sanrb*C ® ch

for all 0 < a < 2b.
Then As is isomorphic to T/I. The identification takes the Sq' to stable

operations satisfying:

. S¢(x)=0ifz e HP(X),p>0.

b. S¢'(z) = 2? if v € HI(X).

c. Sq' is the Bockstein associated to the short exact sequence

0—-2Z/2—-7Z/4—17Z/2—0.

I~

d. (Cartan formula)
Sq'(wy) =) Sglx Sq'y.
J
O

In this theorem the S¢* should be interpreted as a stable operations
in the sense that Sq¢* = {Sqén)} where Sq%n) : HY(X) — H""(X) and
7 (5G) = 541y

Exercise 170 says that each component 6, of a stable operation is a
group homomorphism. Thus the S¢° are additive, i.e. Sq%n) : H"(X) —
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H"(X) is a group homomorphism for all n. The operation S¢ is not a
ring homomorphism, this is clear from the Cartan formula. For example,

Sq'(ab) = Sq'a-b+a- Sq'b

so Sq! is a derivation. However, if we define the total square by the formula

Sq = Z Sq'
i=0

(on each element € HP(X) the sum is finite; Sq(z) = x4+ Sq¢*x+- - -+ Sq¢Pz
since SqP*t*x = 0 for k > 0) then the Cartan formula simplifies to

Sq(zry) = Sq(x)Sq(y)

What this says is that the Sq' are the homogeneous components of a ring
endomorphism Sq of the cohomology algebra H*(X;Z/2).

There are several ways of constructing the Sq* and verifying their proper-
ties. We will not prove Theorem 10.24 in general, but instead will construct
the operations Sq’ and focus on some special cases, taking the point of view
that computing A} is the same, using Equation (10.10), as computing the
cohomology H* Y (K (Z/2,7 + 1);Z/2).

As a first simple computation, notice that

Ay = HY(K(Z/2,1);Z/2) = Z/2 = H"(K(Z/2,n); Z/2).
The generator is

tn € HY(K(Z/2,1); Z/2) = Hom(H, (K (Z/2,n)), Z/2),

i.e. the generator is the fundamental class, which corresponds to te identity
map via the identification H"(K(Z/2,n);Z/2) = [K(Z/2,n), K(Z/2,n))o.
This implies that the corresponding cohomology operation is the identity
operation, which we denote by Sq°.

Next consider
Al = H3(K(Z/2,2),Z/2) = H" " (K(Z/2,n),Z/2) for all n > 2.

Recall that the isomorphism is given by the transgression in the spectral
sequence for the (path space) fibration

K(Z/2,n—1) — %« — K(Z/2,n).
Proposition 10.25. The transgression
™ HY(K(Z/2,1);Z/2) — H3(K(Z/2,2),Z/2)

s an tsomorphism.
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Notice that the statement falls just out of the range of Theorem 10.21.

Before we prove this proposition, we draw some conclusions. Recall that
infinite-dimensional real projective space RP> has the homotopy type of a
K(Z/2,1). Therefore the cohomology ring H*(K(Z/2,1)) is isomorphic to
the polynomial ring Z/2[1]. In particular,

H*(K(Z/2,1);Z/2) = Z/2,

generated by ¢2. Hence A} = Z/2. Tt is represented by an element which we
denote by Sq'.

Explicitly, define Sq(ln) € H"W\(K(Z/2,n);Z/2) by

TF oo (if) ifn>1;
(10.11) Sqfny = n—1
0 if n=0.

From earlier remarks it follows that Sq(ln) = a*(Sq(ln +1)) if n > 1. By
construction it is immediate that

Sqlyy : H'(X;2/2) — H*(X;Z/2)

is the map z — 22. The following exercise shows that G*(Sq(ll)) =0= Sq(lo)
confirming that Equation (10.11) gives the correct definition for Sq(lo).

Exercise 172. Show that for any space X, the map
H"(SX) — H*"(SX)

given by z — z? is zero for n > 0. (Hint: Consider the cup product

H"(CX,X)x HY(CX) — H*(CX, X) of Corollary 3.24.)

Proof of Proposition 10.25. Consider the cohomology spectral sequence
for the path space fibration

K(Z/2,1) — x — K(Z/2,2).

The FE» level in low degrees is tabulated in the following diagram.
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q
A
i3 0
17 0
il 0 igil
0 19
> D

Since dg(il) = 19 it follows that dQ(l%) = dg(il)il +i1d9oi1 = 1981 + 1119 =
2i1i9 = 0. Thus z% survives to F3, and hence is transgressive. Moreover dg :
Eg,z — Eg,o must be an isomorphism, since E5! = 0 for all (p,q) # (0,0).
Thus i2 transgresses to a generator 7(i3) of H3(K(Z/2,2);Z/2). O

We next turn our attention to
A2~ HY(K(Z/2,3);Z/2) = H""2(K(Z/2,n),Z/2)
for n > 3. The spectral sequence for the fibration
K(Z/2,2) - x — K(Z/2,3)
in low dimensions is described in the diagram:

q
A

O\iiglg
N 0T

B
_ O//O ;//O
/e

> P

We have used the fact from the proof of Proposition 10.25 that 7(:3)
generates H3(K(Z/2,2);Z/2).
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Three differentials are drawn. The differential d3 : Eg’Q — Eg’o is
an isomorphism since Eg’Q = EY? = H%(K(Z/2,2)) = Z/2(15). Also
E3Y = H3(K(Z/2,3)) = Z/2(13) and since EZ = 0 for all (p, q) # (0,0) we
conclude that dgto = t3.

Now observe that since
BY? = H3(K(2/2,3)) ® H*(K(Z/2,2)) = Z/2(1a13),
the differential ds : E§’4 — E?:):,z = ES”Q takes L% to 2u0t3 = 0.

Lemma 10.26. E§’4 is isomorphic to Z/2, spanned by 13.

Assuming Lemma 10.26 for a moment, it follows that ds : Eg’4 — E55’0
is an isomorphism, so that L% is transgressive, and

B = By = HY(K(2/2.3),2/2) = 2/2((:3)).

Thus
(10.12) Z/2 = A3 = H"*(K(Z/2,k);Z/2) for k>3,
spanned by 7(:3). We denote 7(:3) by Sq®>. More precisely, denote 7(3)
by Sq(Qg). Then let Sq¢? = {Sq?n)} where Sq(zn) = T(”*?’)(Sqé)) for n > 3,
Sq(22) =3, and Sq(Zl) = Sq(QO) =0.

Since Sq(22) =2, it follows that Sq?r = 22 if x € H*(X;Z/2). Exercise
172 shows that 0*(S¢%,) =0 =S q(21), so we have correctly defined the stable

2)
operation Sq?.

Proof of Lemma 10.26. First,
By = By = HO(K(2/2,3); H'(K (2/2,2)) = H'(K(2/2,2)).
Hence it must be shown that H*(K(Z/2,2)) = Z/2, generated by (3.

Let f: K(Z,2) — K(Z/2,2) be a map representing the generator ¢ of
H?(K(Z,2);Z/2) = Z/2. Recall that K(Z,2) ~ CP®, so that its cohomol-
ogy ring H*(K(Z,2);Z/2) is isomorphic to Z/2[c|, the polynomial ring with
generator c. In particular, ¢? # 0. By definition of the map f, f*(12) = c. So
f*(13) = ¢* # 0. Hence (3 is non-zero in H*(K(Z/2,2);Z/2). To complete
the proof it therefore suffices to show that H*(K(Z/2,2)) = Z/2.

Consider the spectral sequence for the path space fibration
K(Z/2,1) —» x — K(Z/2,2).
The facts d2(:2) = 0 and d3(¢3) # 0 established in the proof of Proposition

10.25 imply that dg : ]5]2271 = Z/2(1211) — Eg"o is an isomorphism. Thus
Z/2 = E* = HY(K(Z/2,2)) as desired. m
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The construction of S¢' and S¢? suggests we define Sq" in the following
way. Let ¢, € H"(K(Z/2,n),Z/2) denote the fundamental class. Let
yo =12 € H™(K(Z/2,n); 2/2).
In the spectral sequence for the fibration
K(Z/2,n) -« — K(Z/2,n+ 1),
the differential dy4+1 takes ¢y, to tpt+1. Thus dyyi(yo) = 2tpine: = 0 and
hence yg is transgressive.
Let

s =doni1(yo) =7 (o) € B3 11 =50 = B (K(Z/2,n + 1) 2/2).
Then o*(y1) = yo.

The transgressions are isomorphisms

™ HN(K(Z/2,n+ k); Z/2) — H Y K(Z/2,n+ k+1);Z/2)
for £k > 1. Thus we define

yr = ()" (yo) € H*"*"(K(Z/2,n +1); Z/2).
This defines a sequence {y,} with o*(y,) = y,—1 for r > 1.

If we extend this sequence by defining x,- = 0 for r < 0, then we still have
o*(yr) = yr—1 by Exercise 172. Hence the sequence {y,} defines a stable
cohomology operation Sq(‘k) = yn_k in A%. By construction, Sq"x = x? if
x € HY(X;Z/2).

This completes the construction of the Steenrod operations Sq™. This
approach does not reveal much about their structure beyond showing that
Sq"(z) = 2? if x € H"(X;Z/2). Showing that the Sq" generate the Steen-
rod algebra Ajs, establishing the Adem relations, and proving the rest of
Theorem 10.24 is more involved and requires a more detailed analysis of
the cohomology of the Eilenberg-Maclane spaces. We will content ourselves

with proving part (c) of Theorem 10.24, identifying Sq' with the Bockstein
operator.

Lemma 10.27. The stable operation Sq' is the Bockstein associated to the
exact sequence

0—-2Z/2—-7Z/4—17Z/2—0.

Proof. Consider the long exact sequence in cohomology of K = K(Z/2, k)
associated to the short exact sequence 0 — Z/2 — Z/4 — Z/2 — 0. This is
the sequence

. — H"YK;Z/2) — H¥K;Z/2) —
HYK;Z/4) — HYK;Z)2) 2 HY (K, Z/2) — -
By definition the map labeled (§ is the Bockstein.
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The Hurewicz and universal coefficient theorems show that
H*YK;Z/2) =0.
Also,
H*(K;Z/2) = Hom(Hy(K),Z/2) = Hom(Z/2,7/2) = Z/2
and
H"(K;Z/4) = Hom(Hy(K); Z/4) = Hom(Z/2,Z/4) = Z/2.
It follows that 3 is an injection.

Induction using the spectral sequences for the fibrations
K(Z/2,n—1) =+ — K(Z/2,n)
and the fact that the cellular chain complex for K(Z/2,1) = RP> is

72%72272%7 .0

shows that
Hp(K3Z) = Hy(K(Z/2,k—1);Z)
= Hy(K(Z/2,1);Z)
= 0.
Thus
H"YK;Z/2) = Hom(Hy1(K,Z),Z/2))® Ext (HyK,Z/2)
= 05Z/2,

so that (§ is an isomorphism.

By definition, the cohomology operation (3 corresponds to the element
B(ix) in H*Y(K;Z/2) = Z/2, but Sq' was constructed to be the generator
of H*(K;Z/2). Thus 3 = Sq'. m

Here is an interesting application of the Steenrod squares to the homo-

topy groups of spheres. Consider the Hopf fibration S3 — S7 Ny Using
h as an attaching map for an 8-cell to S*, we obtain the quaternionic pro-
jective plane X = HP?. This has Z/2-cohomology Z/2 in dimensions 0,4
and 8. Poincaré duality implies that the intersection form on fourth coho-
mology is non-degenerate. Therefore, (using Z/2-coefficients) if x € H*(X),
2?2 = Sq*(x) € H¥(X) = Z/2 is non-zero.

If we use the suspension Sh : S8 — S° to attach an 9-cell to S°, we obtain
the suspension SX (prove this). We will show that Sh is not nullhomotopic,
and hence the suspension homomorphism 775 — mgS° = 7r§ (which is onto
by the Freudenthal suspension theorem) is non-zero.
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Let y € H5(SX) denote the non-zero element. Suppose to the contrary
that Sh is nullhomotopic. Then SX is homotopy equivalent to the wedge
S% v S8, In particular the map Sq¢* : H?(SX) — H®(SX) is trivial, since if
y is the non-zero element of H°(S°V S8), then y is pulled back from H5(S%)
via the projection S° v S8 — S° but H®(S%) = 0 and so by naturality
Sq*(y) = 0.

But, since S¢* is a stable operation, the diagram

HA(x) T p3(x)

N‘ N‘

5 Sq* 9
H(SX) v H9(SX)

commutes, and so S¢*(y) # 0.

Thus Sh : S — S® is non-nullhomotopic, and so 775? is non-zero.

A similar argument, using the Hopf fibration S7 — S® — 5% solves the
following exercise.

Exercise 173. Show that the suspension

M558 — m69° = 7T‘79

is non-trivial on the homotopy class of the Hopf map S'° — S8.

10.6. The Thom isomorphism theorem

The Thom isomorphism theorem is a generalization of the fact that sus-
pension induces an isomorphism H™(B) = H**"(S*B). Roughly speak-
ing, the Thom isomorphism theorem says that the suspension isomorphism
continues to hold when one “twists” the suspension construction. More
precisely, the k-fold suspension S¥B can be considered as the quotient
(B x D¥)/(B x S¥=1). This is generalized by replacing the space B x D*
by the disk bundle of some vector bundle over B and replacing B x S*~! by
the corresponding sphere bundle.

Recall that the Thom space M(FE) of a vector bundle £ — B with
metric is identified with D(E)/S(E), where S(E) denote the unit sphere
bundle and D(E) denote the unit disk bundle of £ — B. The collapsing
map defines, via excision, an isomorphism (with any coefficients)

H™(E, Ey) — H™(M(E), p)

where Fy denotes the complement in E of the zero section. The inclusion of
a fiber R¥ 2 B}, C F can be viewed as a vector bundle map from a bundle
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over the point b € B to E, and so induces a restriction homomorphism (for
any choice of coefficients C')

(10.13)
C ifm=k,

H™(E, Eo; C)— H™(Ey, (Eo)p; O)=H™(RF,R* — {0}; 0) = .
0 ifm#k.

We will be concerned only with the two fundamental cases of C' = Z/2
and C = Z.

Exercise 174. Prove that a vector bundle R* < E — B is orientable (i.e.
its structure group reduces from O(k) to SO(k); see Definition 4.10) if and
only if the the local coefficient system

71 (B) — Aut(H*(RF R — {0}:2)) = Aut(Z) = Z/2

(determined by Corollary 6.13) is trivial. Notice that by pulling back bun-
dles, it is enough to prove this for B = S'. Prove that a vector bundle
over S! is orientable if and only if it is trivial. (Hint: use the clutching
construction and the fact that O(k) has exactly two path components.)

In preparation for the statement of the Thom isomorphism theorem,
notice that given a vector bundle R¥F — E 2, B, there is a cup product
(with any ring coefficients)

(10.14) H?(B) x HY(E, Ey) — HPYU(E, Ey)
obtained by pre-composing the cup product
HP(E) x HY(E, Ey) — HP™(E, Ey)

(see Corollary 3.24) with the isomorphism p* : HP(B) — HP(FE) induced by
the bundle projection.

Theorem 10.28 (Thom isomorphism theorem). Given a vector bundle
R"— E—B
with k> 1,

1. There exists a unique class u € H*(E, Ey; Z/2) so that for eachb € B,
the restriction to the fiber over b,

H"(E, Ey; Z/2) — H*(Ey, (Eo)y; Z/2) = Z/2

(see Equation (10.13)) takes u to the unique non-zero element. This
class u has the property that the homomorphism

®: HY(B;Z)2) — H"™(E,Ey;Z/2), =+ xUu
(Using the cup product (10.14)) is an isomorphism for all n.
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2. If the vector bundle E — B is orientable, then there exists a class
@ € H¥(E, Ey;Z) so that for each b € B the restriction to the fiber
over b,

H*(E, Eo; Z) — H*(Ey, (Eo)y; Z) = Z
takes u to a generator. The class u is unique up to sign. It has the
property that the homomorphism
®: HY(B;Z) — H""™(E,Ey;Z), z— zUdQ
is an isomorphism for all n. Moreover the coefficient homomorphism
HF(E, Ey;Z) — H*(E, Ey; Z/2) takes u to .

The classes v and @ are natural with respect to pulling back vector bundles:
if f: B'— B is a continuous map, and E' = f*(E) the pulled back bundle,
then (with the obvious notation) u' = f*(u) and @' = f*(a).

Definition 10.29. The cohomology class u € H*(E, Ey,Z/2) (resp. i €
HF(E, Ey,Z)) whose existence is assured by Theorem 10.28 is called the
Thom class for R¥ — E — B. If we wish to emphasize the bundle E — B,
we will denote its Thom class by ug (resp. ug).

Proof of Theorem 10.28. We prove the two cases (Z and Z/2) simulta-
neously. To simplify the notation we replace the pair (E, Ey) by the pair
(D(E),S(E)) where D(FE) denotes the unit disk bundle and S(E) the unit
sphere bundle of E for some riemannian metric. We lose no information
since the inclusions (D(E), S(E)) < (E, Ey) and (DF, S*~1) — (E, (Eo)s)
are deformation retracts.

Consider the spectral sequence for the relative fibration
(D*,s*1) — (D(E), S(E)) — B
with Z/2 or Z coefficients.

Using the universal coefficient theorem, (and, for the orientable case, the
fact that the coefficients are untwisted)

EYY = HP(B;HY(D" S*'))

~ HP(B)® HY(D*, S* 1)

~ J0 ifq#k

| HP(B) ifq=k.
The isomorphism HP(B) — Eg’k is given by v — v ® 7 where 7 generates
H*(DF, sh1).

Clearly

HPH(D(E), S(E)) i g = k,

EPY — P4 —
2 * {O otherwise.
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Thus HP(B) = HP**(D(E), S(E)).

Let u (resp. @) generate H*(D(E),S(FE)) = H°(X), which is isomor-
phic to Z/2 (resp. Z). Clearly u is unique and @ is unique up to sign.
Then the multiplicative properties of the spectral sequence imply that the
isomorphism HP(B) = HPT*(D(E),S(E)) is given by v — ~ U u (resp.
yUa).

Naturality of the classes v and @ follow from the naturality properties
of the spectral sequences with respect to cellular maps and the cellular
approximation theorem.

The fact that w (resp. @) restricts to the generator in each fiber fol-
lows from naturality by considering the inclusion of the fibrations induced
by the inclusion of a point b in B. The fact that @ is mapped to u via
H¥(D(E),S(E);Z) — H*(D(E),S(E);Z/2) follows from uniqueness of the
Thom class and commutativity of the diagram

HY(D(E), S(E);Z) —~ H*(D(E), S(E); Z/2)

H*(D*, s*=1.7) H*(D*,s%1.7/2)

where the vertical arrows are induced by the inclusions and the horizontal
arrows by the coefficient homomorphism Z — Z/2. O

The Thom isomorphism theorem has a homology counterpart. We will
use the following corollary below.

Corollary 10.30. Taking the cap product with v € H*(E, Ey; Z/2) induces
isomorphisms

un :Hy k(B Eo; Z/2) — Hn(B;Z/2).

Proof. (Use Z/2-coefficients throughout the proof.) For any space X,
H,(X) is isomorphic to Hom(H"(X),Z/2) via z +— (—,z), where ( , )
denotes the Kronecker pairing.

The composite isomorphism

Hy o1 (E, Eo) = Hom(H"*(E Ey), Z/2) 2L, Hom(H™(B),Z/2)= H,(B)

is given by x +— 2z, where x and z are related by
(B,z) = (BUu,x) forall e H"(B).
Since (BUu,z) = BN (uNz), we conclude that z =uNx. O
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10.7. Intersection theory

One very useful consequence of the Thom isomorphism theorem is the iden-
tification of intersection numbers with cup products in manifolds. For sim-
plicity we will only discuss the case of smooth compact manifolds, but ev-
erything we say holds in greater generality (with trickier proofs). In this
section all homology and cohomology is taken with Z coefficients.

Resolving the various notions of orientability is necessary, and so our
exposition will involve a sequence of exercises to relate the various notions.
These exercises are all straightforward but they can be a bit confusing. A
mastery of orientation issues is quite useful for a working mathematician,
and you should keep in mind that such a mastery comes only from a thorough
understanding of the equivalence between different points of view. (In other
words: solve these exercises!)

Recall that an orientation of a real finite-dimensional vector space V' is
an equivalence class of bases of V' where two bases are considered equivalent
if the determinant of the change of basis matrix is positive. Notice that a
choice of basis identifies V' with R™ for some m. This in turn induces an
isomorphism

(10.15) Hp(V,V = {0}) = Hp,(R™ R™ — {0}) ~ Z.

Exercise 175. Show that changing the orientation of V changes the iden-
tification of Equation (10.15) by a sign.

It follows from this exercise that an orientation of V' can be defined as a
choice of generator of H,,(V,V — {0}). By choosing the dual generator an
orientation of V' can also be defined as a choice of orientation of H™(V,V —
{0}).

We have come across several notions of orientability for smooth mani-
folds. One notion is that a smooth manifold M is orientable if its tangent
bundle is orientable; i.e. the structure group of T'M can be reduced from
O(m) to SO(m). An orientation is a choice of such a reduction.

Exercise 176. Show that an orientation in this sense determines an equiv-
alence class of bases at each tangent space T, M. (Hint: use Exercise 174.)
More generally show that a reduction of the structure group of a vector
bundle E from O(n) to SO(n) determines an equivalence class of bases in
each fiber F, so that these equivalence classes are compatible with the lo-
cal trivializations of E; i.e. the homeomorphism FE|y = U x R"™ takes the
orientation of E, to the same orientation fo R"™ for all x € U.

Another notion of orientability says that a compact, connected manifold
M is orientable if H,,(M,0M) = Z and that an orientation is a choice
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[M,0M] € Hp(M,0M) of generator, called the fundamental class of the
oriented manifold M. In the course of the proof of the Poincaré duality
theorem one shows that if [M,dM] is the fundamental class of M, then for
each p € M the inclusion H,,(M,0M) — Hp, (M, M —p) is an isomorphism.

Given p € M (and a choice of riemannian metric on M) the exponential
map exp : T, M — M restricts to a diffeomorphism in a small ball W C T, M,
exp: W — U C M and hence gives isomorphisms (the first and third are
excision isomorphisms)

H,(T,M,T,M —0) = H,,(W,W —0) =% H,,(U,U —p) = H,,(M, M — p).
This shows that the choice of fundamental class [M,0M| € H,,(M,0M)
orients the tangent space 1), M.

Exercise 177. Prove that this sets up an identification between the two
notions of an orientation of a smooth manifold (the choice of [M,9M] and
an orientation of the vector bundle T'M.)

The fundamental class [M,0M] € H,,(M,0M) of an oriented manifold
determines the dual cohomology fundamental class [M,0M]* € H™(M,0M)
(and conversely) by the equation

([M,0M]*,[M,0M]) =1

where ( , ) denotes the Kronecker pairing.

Suppose that V and W are oriented subspaces of an oriented vector
space Z, and that dim (V') + dim (W) = dim (Z). Suppose that V and W
are transverse, i.e. VNW = 0. Then the intersection number of V and W is
the number in {+1} defined to be the sign of the determinant of the change
of basis matrix from the (ordered) basis {by,by} to bz, where by, by,
and bz denote bases in the given equivalence classes. Notice that reversing

the order of V and W changes the intersection number by (—1)dim(V)dim(W),

Now suppose that A and B are smooth, compact, connected, oriented
submanifolds of dimensions ¢ and b of a compact oriented manifold M of
dimension m. (A smooth manifold is oriented if its tangent bundle is ori-
ented.) Assume that A is properly embedded, i.e. the boundary of A is
embedded in the boundary of M. Assume also that the boundary of B is
empty and that B is contained in the interior of M. Finally assume that A
and B are transverse. This means that at each point p € AN B, the tangent
subspaces T, A and T}, B span T),M.

Definition 10.31. Suppose that a +b = m. Then since A and B are
transverse and compact, their intersection consists of a finite number of
points. Because A, B, and M are oriented, we can assign an intersection
number €, to each intersection point p € AN B by taking the intersection
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number (as above) of the oriented subspaces T,A and T,B in T,M. Then
define the intersection number of A and B to be the integer

A-B= Z €p.

peEANB

Notice that A- B = (=1)%B - A.

Since A and B are oriented, they have fundamental classes [A,0A] €
H,(A,0A), [B] € Hy(B). Let e4 : A C M and eg : B C M denote the
inclusions. Then e4([A4, 0A]) € Ho(M,0M) and ep([B]) € Hy(M).

Theorem 10.32. Let o € H°(M) be the Poincaré dual to ea([A, A]), and
B € H*(M,0M) the Poincaré dual to eg([B]), i.e.

aN[M,0M] = es([A,0A]) and BN [M,dM] = ep([B]).
Then
(10.16) A-B={(aUpB,[M,oM])

where (, ) denotes the Kronecker pairing.

Theorem 10.32 justifies the terminology “intersection pairing” for the
cup product

HY(M) x HY(M,0M) = H™(M,0M) = Z

(see Section 3.6.2). Moreover, it implies that the intersection number A - B
depends only on the homology classes e4([A,JA]) and ep([B]). In partic-
ular, given any not necessarily transverse submanifolds A and B as above,
the transversality theorems imply that B can be isotoped to be transverse to
A. This preserves the class eg([B]) and so the resulting intersection number
A - B is independent of the choice of the isotopy.

With more work one can define x -y for any classes x € H,(M,0M) and
y € Hy(M), or even on the chain level for a simplicial complex and its dual
cell complex (by thinking of a simplex as a submanifold). Theorem 10.32 is
true in this greater generality. Alternatively, this approach can be reversed
to give a proof of Poincaré duality and a definition of cup products in terms
of intersections.

There is also a mod 2 version of Theorem 10.32 in which orientation
issues do not play a role; one defines A -9 B to be the number of intersection
points of A and B when A and B are transverse. It holds in greater gener-
ality since none of the manifolds need to be orientable, but the conclusion
is correspondingly weaker; it only holds mod 2. To help you digest the fol-
lowing argument you might first consider the mod 2 case, thereby avoiding
sign and orientation issues which complicate the proof.
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Proof of Theorem 10.32. Let E denote the normal bundle of B C M.
The tubular neighborhood theorem implies that £ can be embedded as a
neighborhood of B in M, with B itself corresponding to the zero section.
Give E a metric.

It is a straightforward consequence of the fact that A and B are trans-
verse that for ¢ > 0 small enough, the disk bundle D(E) of vectors of E of
length less than or equal to € intersects A in a finite number of disks D,,, one
for each p in AN B, with each D,, isotopic rel boundary in (D(E), 0D(FE)) to
a fiber of the disk bundle D(E) — B. Using the isotopy extension theorem
(and maybe making ¢ smaller if necessary), we may assume A intersects
D(F) exactly in a union of fibers, one for each point p € AN B. In other
words, after an isotopy supported in F which fixes each p € AN B,

ANDE)= |J D(E),.
peEANB

For convenience we simplify notation by setting D = D(FE). Thus the
boundary 0D is the e-sphere bundle of E. The subanifold A intersects D in
a union of disks D), one for each p € AN B. The situation is illustrated in
the following figure.

Dy

The manifold D is oriented as a submanifold of M. To see this, notice
that there are excision isomorphisms

(10.17)  Hyp(D,0D) = Hyy(D, D — ) 2 Hyp(M, M — x) = Hy, (M, M)
for any « € Int(D). Moving from left to right orients D compatibly with

M. Alternatively, T'D = T'M|p so the orientation of the tangent bundle of
M orients the tangent bundle of D.
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The normal bundle ¥ — B is orientable. One way to see this is to use
the Whitney sum decomposition

E®TB~TM|g

(since E =v(B C M) ). The fact that TB and TM are orientable implies
that F is orientable. Orient E so that the intersection number of a fiber E,
of E with the zero section B equals 1:

E, - B=1.

Exercise 178. Show that this condition uniquely specifies an orientation
of the normal bundle F.

This orients the fibers D,, i.e. for each x € B one gets a preferred
generator [D,, 0D, of Hy(D,,dDy,).

The Thom isomorphism theorem says that there is a unique Thom class
@ € H*(D,0D) so that Ui : H*(B) — H**t%(D,0D) is an isomorphism for
all k so that the restriction of @ to the fiber D, satisfies 4|p, = [Dg, 0Dy,
ie. (U, [Dg,0Dy]) = 1.

Now [B]* U@ generates H™(D,dD) and so equals [D,9D]* up to sign.
The sign is equal to (—1)®. To see this one can use naturality of the Thom
class and work over a small open set in B diffeomorphic to a ball of dimension
a.

Exercise 179. Prove that aU[B|* = [D, dD]* (and hence, by Theorem 3.13
[B]*Ut = (—1)?°[D, dD]*) by pulling E — B back over a small neighborhood
UcCB.

Thus, using Exercise 37 and Proposition 3.21,

(—1)® = ([B]* ua,[D,dD))
— ([B]* U@) N [D, dD]
— [B* N (an[D,dD])
=([B]",an[D,oD])

U
U

and so, since H?(D) = Z and Hy(D) = Z,
@nN[D,dD] = (-1)"[B].
In other words, (—1)?4 is the Poincaré dual to [B] in D.
The inclusion i : (D,0D) C (M, M—Int(D)) induces excision isomor-
phisms in homology and cohomology. Hence H,, (M, M —Int(D)) is isomor-

phic to Z. The inclusion is : (M,90M) C (M, M—Int(D)) is not an excision,
but induces an isomorphism

H,(M,0M) — H,(M, M — Int(D))
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since both groups are isomorphic to Z and the inclusions of both pairs to
(M, M — x) are excisions. Because the orientations were chosen compatibly,

It follows from naturality of the cap product
HP(X,Y) x Hy(X,Y) 25 H,_,(X)

for any pair (X,Y) that the diagram
N[D,dD)

H?(D,dD) H,_,(D)
i1 i1
o, M — (D)) 0, )
12 1d
mr(,on) MM g ()

commutes.

Denote by j* the composite iy o (i1)~! : HP(D,0D) — HP(M,0M).
The diagram above shows that if x € HP(D,0D), i1(x N [D,0D]) = j7*(xz) N
[M,0M]. Taking z = @ and using the notation [B] for the image of the
fundamental class of B in either D or M we conclude that

§* (@) N [M,dM] = i (an[D,dD]) = (-1)%[B].

In particular
B = (=15 (a).

We can think of the homomorphism j* as being induced by the quotient
map j : M/OM — D/0D. Thus we have a corresponding homomorphism
Js  Hy(M,0M) — H,(D,0D). Using the notation [A, 0A] for the funda-
mental class of A in H,(M,0M), the class j.([A, OA]) is represented by the

union of fibers D, one for each p € AN B, but oriented according to the
local intersection number of A and B at p. Precisely:

§o([4,04]) = > £,[Dy, 0Dy,
pEANB

where €, = 1 or —1 according to whether or not the two orientations of
D, C (AN D) given by

1. restricting the orientation of A to D, and,

2. The orientation of D, as a fiber of the normal bundle D
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agree. This is because the map j : M/OM — D /0D takes A/OA to
Up(Dp/0Dp) = Vp(Dyp/ODp).

By definition,

ZEP:A-B.
p

We now compute:

(@ U B, [M,0M]) = (a U (=1)"j*(a), [M,0M])
= ( )Ua, [M,0M])
= (4"(@) Ua) N [M,0M]
*(a [M,0M])
Al

(4, 0.A])
5p<a7 [Dpv aDpD

Exercise 180. State (and prove) the mod 2 version of Theorem 10.32.

During the proof of Theorem 10.32 we also proved the following.

Corollary 10.33. Let e : B C M be an embedding of a smooth, closed,
oriented manifold in a compact, oriented manifold. Let D denote a closed
tubular neighborhood of B in M, with Thom class i € H" (D, D), and let
j:M/OM — D/OD denote the collapse map. Then j*(u) is the Poincaré
dual to e, ([B]) (up to sign). O

The sign ambiguity in Corollary 10.33 comes from the fact that there
are two possible choices of Thom classes @; during the proof of Corollary
10.33 we made a specific choice by requiring that (@, [D,,0D,]) = D, - B.

We describe the usual way that a geometric topologist thinks of the
Poincaré dual g € H*(M,0M) to a cycle represented by a submanifold B C
M. Given a cycle z € Hy(M,0M) represented by an oriented submanifold
(A,0A) C (M,0M), the class (3 is represented by the cochain whose value
on z is given by the formula

(B,z) = B- A.
In brief, “the Poincaré dual § to B is given by intersecting with B.”
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To see why this is true, we compute:

B-A=(-1)"A-B
1)®(a U B, [M, OM])
1) (a U )N [M,0M]
BU )N [M,0M]
N (a N [M,0M])
N [A, 0A]
,[A, 04]).

(=
(=
(8
B
g
= (8

Exercise 181. Show that if A and B are closed submanifolds of S™ inter-
secting transversally in finitely many points then they intersect in an even
number of points.

Exercise 182. Let M be a closed manifold and f : M — M a smooth map.
Let A C M x M be the diagonal and

G(f) =A{(m, f(m))} € M x M

the graph of f. Show that if A - G(f) is non-zero then any map homotopic
to f has a fixed point. Can you show that A - G(Id) equals the Euler
characteristic of M, or more generally, that A - G(f) equals the Lefschetz
number of f?

Exercise 183. Think about how to modify the proof of Theorem 10.32 to
handle the situation when A and B are only immersed, instead of embedded.

A more ambitious exercise is the following, which says that the inter-
section of submanifolds is identified with the cup product even when the
dimensions are not complementary.

Exercise 184. Show that if A and B are embedded, transverse, but a +
b > m, then the intersection A N B is an oriented, closed submanifold of
dimension m — a — b. Prove that the Poincaré dual of [A N B] is the class
a U (. Use the fact that A N D is the pull-back of the disk bundle D — B
over AN B, use naturality of the Thom class, and apply Corollary 10.33.
(You might try the Z/2 version first, to avoid orientation issues.)

10.8. Stiefel-Whitney classes

Denote by wui the “universal” Thom class for the universal vector bundle
over BO(k), Vi, — BO(k). Recall that the inclusion of matrices

A0
AH(O 1)
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induces a map of vector bundles Vi_1 ® ¢ — V; which is an isomorphism
on fibers and covers the natural map BO(k — 1) — BO(k). The Thom
isomorphism theorem implies that the cup product

&), = Uuy, : H"(BO(k); Z/2) — H" ™ (MO(k); Z/2)
is an isomorphism for all n.

Proposition 10.34. The diagram

H™(BO(k)) —*

H™(MO(k))

HY(BO(k — 1)) 2=+ ™1 (MO(k — 1))

commutes, where the left vertical map is induced by the inclusion
BO(k —1) — BO(k)
and the Tight vertical map is induced by the composite of the inclusion
H" R (MO(k)) = H"WH(M (Vi1 @) = HYF(SMO(k — 1))
and the suspension isomorphism

S*: H"R(SMO(k — 1)) = H"™ Y MO(k — 1)).

Proof. Notice that M (E @&e) = SM(E). Restricting to a fiber corresponds
to the suspension S(DF, S¥~1) = (D*+1 S¥). Tt follows by naturality of the
suspension isomorphism that the Thom class for F & ¢ is the suspension of
the Thom class for E.

If

E—f>E’

|, |

X“f’X’

is a map of R¥-vector bundles which is an isomorphism on each fiber (equiv-

alently, £ = f*(FE’)), then the Thom class pulls back, up = f*(ug); this
follows again by uniqueness of the Thom class and by restricting to fibers.
The corollary now follows from these observations and the fact that if
i : BO(k —1) — BO(k) is the map induced by inclusion, then i*(V}) =
Vi1 @e. O
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Proposition 10.35. The homomorphism
H"(BO(k);Z/2) — H"(BO(k — 1);Z/2)

induced by the natural map BO(k — 1) — BO(k) is an isomorphism for
n<k-—1.

Proof. Consider the fibration
O(k — 1) — O(k) — S*1

taking a matrix in O(k) to its last column. This deloops twice (see Theorem
6.40) to give a fibration

S¥1 — BO(k — 1) — BO(k).

The spectral sequence for this fibration (or the Gysin sequence) shows that
the sequence

-+ HH(BO(R)) = H'(BO(k))— H"(BO(k—1))— H" 5 (BO(K)) =
is exact. Thus if n —k+1 < 0, H*(BO(k)) — H"(BO(k — 1)) is an

isomorphism. O

The Stiefel-Whitney classes can now be defined using the Steenrod op-
erations and the Thom isomorphism theorem.

Definition 10.36. Define the nth (universal) Stiefel-Whitney class to be
wy = ;1 (Sq" (wr)) € H"(BO(k); Z/2);
where uy, € H*(MO(k); Z/2) denotes the Thom class and
dp = Uuy : HY(BO(k); Z/2) — H*™(MO(k); Z/2)
denotes the Thom isomorphism.

Proposition 10.34, Proposition 10.35, and naturality of the Steenrod
operations imply

Proposition 10.37. The restriction
H"(BO(k);Z/2) — H"(BO(k —r);Z/2)
takes wy, for BO(k) to wy, for BO(k —r). O

Hence the notation wy is unambiguous. Notice that if n > k, then
Sq™(uk) =0, and so w, =0 in H"(BO(k);Z/2) for n > k.
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Definition 10.38. The nth Stiefel-Whitney class of an R*-vector bundle
E — B is the class

wn(E) = fr(wn) € H"(B;Z/2)

where fr : B — BO(k) denotes the classifying map for E (see Theorem
8.22).

It follows immediately from their definition that the Stiefel-Whitney
classes are natural with respect to pulling back bundles. In particular, if
E and E’ are isomorphic bundles over B, then w,(E) = w,(E’) for all n.
Moreover, since the w,, are compatible with respect to the maps BO(k) —
BO(k +1),

wp(E @ €) = w,(E).
In other words, the Stiefel-Whitney classes are invariants of the stable equiv-
alence class of a vector bundle.

Exercise 185. Show that a vector bundle FE is orientable if and only if

w1(E) = 0. (Hint: first relate Sq' to the Bockstein associated to the exact
sequence 0 — Z =2 Z — Z/2 —0.)

The Cartan formula (see Theorem 10.24) easily implies the following
theorem.

Theorem 10.39. The Stiefel-Whitney numbers of a Whitey sum of vector
bundles satisfy
wi(E @ F) = wn(E) Uwg_n(F).
n

O

Exercise 186. Suppose that E and F are vector bundles over a finite-
dimensional CW-complex so that E @ F is trivial (i.e. E and F are stable
inverses. For example, take E to be the tangent bundle of a smooth compact
manifold and F its normal bundle for some embedding in S™.) Use Theorem
10.39 to prove that

wi(F) = wy(E),wa(F) = w1 (E)? 4+ wa(E), w3(F) = w1 (E)® + ws(E),
and, in general, that

wn(F) = Z Mwl(E)il ...wk(E)ik‘

o]
21 U
i1+ 2iptothig=n g

The Stiefel-Whitney classes generate the cohomology ring of BO(k), as
the following theorem shows.
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Theorem 10.40. The Z/2-cohomology ring of BO(k) is a polynomial ring
on the Stiefel-Whitney classes of degree less that or equal to k:

H*(BO(k); 2/2) = Z /2wy, wa, - -, wy]
where w; € HY(BO(k); Z/2) denotes the ith Stiefel-Whitney class.

Proof. (Use Z/2 coefficients.) First we show that that w, € H*(BO(n))
is non-zero if k& < n. To see this it suffices by naturality to find one R"-
bundle with wy non-zero. let R' — E — S! denote the “Mé&bius band”
bundle over S!, i.e. the bundle with clutching function S — O(1) the non-
constant map. This bundle has wy # 0 (for example, it is not orientable).
Thus w; is non-zero in H'(BO(1)) and, since the restrictions

H*(BO(n)) — H*(BO(n — 1))
preserve the w; by Proposition 10.37, w; is non-zero in H'(BO(n)) for all
n > 1.
Since BO(1) = K(Z/2,1) = RP*> and w; # 0, H*(BO(1)) = Z/2[w1].
Let E — BO(1) be a bundle with w;(F') = wi. Then Theorem 10.39 (and
induction) shows that

Fo...oF)= Nk
wp(F D - O E) =wi(F)",
k times
which is non-zero in H*¥(BO(1)). Therefore w, € H*(BO(n)) is non-zero
for all n > k.

We prove the theorem by induction. The case n = 1 is contained in
the previous paragraph. Let i : BO(n — 1) — BO(n) denote the inclusion.
The induced map i* : H*(BO(n)) — H*(BO(n — 1)) is surjective since by
induction H*(BO(n — 1) is generated by the w; for i <mn —1, and these are
in the image of 7*.

The fiber of i : BO(n — 1) — BO(n) is S*!; in fact the fibration
obtained by taking an orthogonal matrix to its last column

O(n —1) — O(n) — S
deloops twice to give the fibration

s"~t — BO(n — 1) — BO(n).

Consider the cohomology spectral sequence for this fibration. It has
EPY = HP(BO(n)) ® H(S™!) which is zero if ¢ # 0 or n — 1. Hence

EP4 — EY? = HP(BO(n)) ® H1(S"™ 1) if k <mn,
k o .
B8 if k> n.
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This leads to the exact sequence (this is just the Gysin sequence in coho-
mology)

. — H*Y(BO(n)) - H*Y(BO(n — 1)) —
H (8" @ H*1(BO(n)) 2 H*(BO(n)) — H*(BO(n — 1)) — - --
which reduces to short exact sequences
(10.18)
0 — H"Y(S" Y @ H*"Y(BO(n)) 2 H*(BO(n)) — H*(BO(n — 1)) — 0

since H*(BO(n)) — H*(BO(n—1)) is onto. The map labelled d,, in (10.18)
is the differential d,, E4" " — B0,

Taking k& = n in the sequence (10.18) we obtain
0— H"1(s" 1) 2 g"(BO(n)) — H™(BO(n — 1)) — 0.

Since H"71(S"~1) = Z /2, generated by the fundamental class [S"~!]*, and
since w, € H™(BO(n)) is non-zero and in the kernel of the restriction
H"(BO(n)) — H*(BO(n — 1)), it follows that d,,([S"!]*) = wy,.

Applying the sequence (10.18), the fact that d,, ([S"']*Ua) = w, U« for
a € H*=1(BO(n)), and induction competes the proof, since this sequence
shows that any element in H*(BO(n)) can we written uniquely as a sum of
classes of the form

wit -l with iy + 2ig + - 4 (n— )iy = k
and classes of the form

dn([S" 1M a = wpa
for some o € H*="(BO(n)). O

Exercise 187. Show that if F — B is an R¥-vector bundle, then wy(E) is
the image of the Thom class under the composite

HME, Ey;2/2) 5 H*(E;Z/2) =5 HY(B;Z/2)
where z : B — F denotes the zero section.
If E — B is an oriented R¥-vector bundle, the class
e(E) = 2*(i*(u))) € H*(B; Z)

is called the Euler class of E and reduces to wi(E) mod 2. Compare this
with the definition we gave of Euler class in Section 7.11.



312 10. Further Applications of Spectral Sequences

10.9. Localization

Given a subset P of the set of prime numbers, let Zp) denote the integers
localized at P. This is the subring of the rationals consisting of all fractions
whose denominator is relatively prime to each prime in P;

Zipy={%|(r,s) =1 and (s,p) = 1 for each prime p € P}.

Thus
Z C Z(P) C Q.

If P consists of a single prime p we write Zp) = Z;).

Definition 10.41. Given a set P of prime numbers, an abelian group A is
called P-local if the homomorphism

A— A®zZp), a—a®l

is an isomorphism.

If p is a prime and r > 0,

Z/p" ifpeP,

0 ifpeg P.

More generally, if A € Cp, then A ® Zpy = 0. This is because if a € A,

choose r > 0 relatively prime to each p € P so that ra = 0. Then r is
invertible in Zp) and so for each z € Zp),

a®z=a® =ra®z=0.

Since Zp) is torsion free, it is flat as an abelian group (see Exercise 27),
i.e. the functor — ®z Zp) is exact. In particular, if f: A — B is a Cp
isomorphism, then tensoring the exact sequence

0—>kerf—>Ai>B—>cokerf—>0
with Zpy and using the fact that
ker f ® Z(p) =0 = coker f® Z(p)
we conclude that
f®1:A®Z(p)—>B®Z(p)

is an isomorphism. This implies that if A and B are Cp-isomorphic then
A ® Z(py is isomorphic to B ® Zp). Conversely, suppose that A and B
are finitely generated abelian groups so that A ® Zp) is isomorphic to B ®

Zp). Then A and B have the same rank and their p-primary subgroups are
isomorphic for p € P. Thus there is a Cp-isomorphism from A to B.

The (relative) Hurewicz theorem mod C implies the following result,
when applied to Cp.
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Theorem 10.42. Let A, X be spaces such that H;(A) and H;(X) are finitely
generated for each i, such that m(A) = m(X) = 0.

Let f: A— X be a map with mo(X, A) = 0. Then the statements:

L. fo: Hi(A;Zpy) — Hi(X;Zpy) is an isomorphism for i < n and an
epimorphism for i =n,

- Hi(X, A;Z(py) = 0 fori <n,

. Hi(X,A;Z) € Cp fori<n,

. mi(X,A) € Cp fori<n,

. mi(A) = mi(X) is a Cp-isomorphism fori < n and a Cp-epimorphism
fori=n,

QU = W N

6. mi(A) ® Zpy — mi(X) ® Zpy is an isomorphism for i < n and an
epimorphism for i =mn,

are equivalent, and imply that if i < n, then m;(A) and m;(X) have equal
rank and isomorphic p-primary components for each p € P.

Proof. Since Zp) is flat, the universal coefficient theorem (Corollary 2.35)
implies that Hy(Y; Zpy) = Hg(Y; Z)®Z(p) for any space Y and any k. Since
X and A have finitely generated Z-homology it follows from the discussion
preceding this theorem that the second and third assertions are equivalent.
The long exact sequence in homology and homotopy for a pair and the
relative Hurewicz theorem mod Cp imply that 1. through 7. are equivalent.

The Hurewicz theorem mod Cpgg implies that m;(A) and m;(X) are
finitely generated for each 7. Thus 6. and Equation (10.19) imply that 7;(A)
and 7;(X) have isomorphic p-primary components and equal rank for i < n.
O

An application of the universal coefficient theorem shows that a map
[+ A — X induces a Zpy-homology isomorphism in all degrees if and only
if it induces a Zp)-cohomology isomorphism in all degrees.
Theorem 10.42 can be used to construct a functor (called the localization
of a space at P)
o { simply connected spaces with
(P) finitely generated homology

so that:

} — {simply connected spaces }

1. there exists a natural transformation from the identity functor to
L(P),(I) :Id — L(P)7

2. for each X, ® : X — L(p)(X) induces an isomorphism in Zp)-
homology, and

3. H(L(p)(X);Z(p)) = Hi(L(p)(X); Z).
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We write
The space X(py is a good enough approximation to X to compute the p-
primary part of its homotopy groups for p € P, i.e. the p-primary part of
7, X is isomorphic to the p-primary part of m,(X(p)) for p € P and the
g-primary part of 7, (X(p)) = 0 for ¢ € P. In this manner one can study the
algebraic topology of spaces one prime at a time, by taking P = {p}, and
also the rational homotopy of a space, by taking P empty.

Such a functor Lpy : X +— X(p) exists, and can be constructed by first
constructing it for an Eilenberg-Maclane space K(m,n) and then using a
Postnikov decomposition of an arbitrary space into K (m,n)s.

We outline how to construct the localization functor L(py. For K(m,n)
with 7 a finitely generated abelian group one just replaces 7™ by m™ ® Zp;.
The natural map m — 7®Zp) defines a (homotopy class of) map K(m,n) —
K (7 ®Zpy,n). Thus we define

K(T(',TL)(P) = K(ﬂ- ® Z(P)vn)

For a general space one constructs X p) inductively by assembling the
pieces of its Postnikov tower, pulling back its k-invariants using the Zp)
cohomology isomorphisms. Thus, if X has Postnikov system

(77" = Tn(X), Xy P : X — X1, k™ € Hn(anlﬂrnfl))?

then first define (X2)(p) = K(m2 ® Z(p),2). Since Xy = K(m2,2), the
homomorphism 7 — 72 ® Z(py induces a map Xy — (X2)(p). The fibra-
tion ps : X3 — Xy is obtained by pulling back the path space fibration
K(73,3) — % — K(m3,4) via k* € H*(Xo;7m3) = [Xo, K(n3,4)]. Since the
map Xz — (X2)(p) induces an isomorphism

(10.20) H*((X2)(p); 3 @ Zpy) — HY(Xa; 73 ® Z(p))
(using the universal coefficient theorem), it follows that there is a unique
kzlp) € H*((X3)(p);m3 ® Z(p)) so that the image of kzlp) via the homo-

morphism of Equation (10.20) coincides with the image of k* under the
coefficient homomorphism

H4(X2;7T3) — H4<X2; T3 &® Z(P))

Inductively, if (Xy)py and fibrations (X)py — (Xk_1)p) with fiber

K(mp ® Zpy, k) classified by k?;)l € HkH((Xk_l)(p); Tk @ Z(py) have been

defined for k < n, define k:?]j)z € H”+2((Xn)(p); Tnt+1®Z(p)) to be the image

of the (n + 2)-nd Postnikov invariant of X, k"2, under the composite

H" (X mpg1) — H' (X g © Z(py) = H'P2((X0) (py; Mgt ® Z(p))-
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Then take (X,11)(p) to be total space in the fibration pulled back from the
path space fibration K(mp41 ® Z(py,n + 1) — x — K(m41 ® Zpy,n + 2)
using k{3 € H"((Xa) (py; Tna1 @Zp)) = [(Xn)(p), K (Tn41 @ Zpy, n+2)].

Notice that the construction also gives a map X, — (X,)(p) inducing
the homomorphisms 74 (X) = 7 (Xpn) — 7(Xn) @ Z(py = m.((Xn)(p)) for
all k < n. Thus if X(p) denotes the space determined by the Postnikov
system (Xp,)(py with k-invariants k?;r)l, there is a map X — X(p) (this gives
the natural transformation ®) so that the induced map m,(X) — m,(X(p))
coincides with

Wn(X) —>7Tn(X)®Z(p), ar—a® 1.

From Theorem 10.42 we conclude that X — X(p) induces an isomor-
phism on homology with Zp) coefficients (and so also on cohomology with
Zp) coefficients). The facts that localization is functorial and that X —
X(p) defines a natural transformation ® :Id— Lpy can be proven by carry-
ing out the construction we gave in a systematic fashion.

Here are some examples with P = ¢ to show you why localization is
useful. The space X 4) is usually denoted by X gy and is called the rational-
ization of X.

From Proposition 9.25 it follows that if n is odd, the map S™ — K(Z,n)
generating H"(S™) induces an isomorphism on rational cohomology, and
hence a homotopy equivalence S, — K(Q, n) = K(Z,n)(o). Therefore

(5™ ® Q = m(K(Q,n)) = 0 for g # .
This implies that 7;(S™) is finite for k # n.

For n even, S™ — K(Q,n) induces an isomorphism in rational homology
through dimensions 2n — 1. Hence 7 (S™) is finite for k < 2n—1,k # n. We
can do better by taking E to be the homotopy fiber of the map K(Q,n) —
K(Q, 2n) representing 12 € H**(K(Q,n)). The map S™ — K(Q,n) lifts to
E since H*"(S™; Q) = 0. The long exact sequence in homotopy shows that

(B) Q ifk=n,2n-1
e =
b 0 otherwise.

Again, a simple application of the Leray—Serre spectral sequence for the
fibration K(Q,2n — 1) - E — K(Q,n) and Proposition 9.25 shows that
H*(E;Q) = H*(S™; Q); the isomorphism is induced by the map S™ — E.
Thus S5f,) = E and so 7 (S™) ® Q = 7 (EF). This shows that m4(S™) is finite
for k # n,2n — 1 and that the rank of m;(S™) is 1 for k =n or 2n — 1.

These two calculations were obtained in Theorem 10.10 and Exercise
165 by similar arguments; the point is that the argument using localization
is conceptually much simpler since calculating with the Leray-Serre spectral
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sequence using rational coefficients is easier than using integer coefficients;
for example EYY = HP(B) ® H%(F). Moreover, the rational cohomology of
K(Q,n) is simple and so constructing rational Postnikov systems which do
what we want is a more manageable problem than constructing an arbitrary
Postnikov system.

As a new example, consider the space CP™. The (rational) cohomol-
ogy ring of CP"™ is a truncated polynomial ring and the cohomology of
CP* is a polynomial ring. The inclusion CP" — CP>* = K(Z,2) in-
duces isomorphisms on (rational) cohomology through dimension 2n. Let
c € H*(K(Q,2)) denote the generator. Think of ¢"™! € H?*"*2(K(Q,?2))
as a map ! K(Q,2) — K(Q,2n + 2) and let E be its homotopy fiber.
The map CP" — K(Q,?2) lifts to E since H*"*2(CP") = 0. The spectral
sequence for the fibration K(Q,2n+1) - E — K(Q,2) and the calculation
(9.25) shows that CP™ — E induces an isomorphism on rational cohomol-

ogy.

Exercise 188. Prove this to see how easy it is.

Using the long exact sequence in homotopy we conclude that

Q ifk=22n+1,

0 otherwise.

m(CP") ® Q = mp(E) = {

Since CP™ is a finite complex this shows that 7 (CP") is finite for k #
2,2n + 1 and has rank 1 for k =2 and k = 2n + 1.

Another application is to Chern classes and Bott periodicity for the
unitary group. First, we have the following complex analogue of Theorem
10.40.

Theorem 10.43. Let BU(n) denote the classifying space for U(n). Then
The cohomology ring of BU(n)is a polynomial ring:
H*(BU(n); Z) = Z[c1,ca,- -+, ¢l

where the generators ci have degree 2k. The inclusion U(n — 1) — U(n)
induces a map H*(BU(n)) — H*(BU(n — 1)) which preserves the c,,. O

Exercise 189. Prove Theorem 10.43 using induction, and the multiplica-
tive properties of the Leray—Serre spectral sequence for the fibration

S§?=1 _, BU(n — 1) — BU(n)

obtained by delooping the fibration U(n — 1) — U(n) — S?**~! twice. You
may use the proof of Theorem 10.40 as a guide, but the argument in this
case is much simpler.
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The class ¢, € H?*(BU(n);Z) is called the kth Chern class. Since
isomorphism classes of C™-vector bundles are classified by homotopy classes
of maps to BU(n), the Chern classes determine characteristic classes of
complex vector bundles. By construction, ¢ is a stable class, i.e. if E is
a complex vector bundle and ec denotes the trivial 1-dimensional complex
vector bundle, then c;(E@ec) is sent to cx(F) by the map H¥(BU (n+1)) —
H*(BU(n)).

Now consider the map BU(n) — [[;_; K(Q,2k) given by the product
of the Chern classes, thinking of ¢, € H?*(BU(n); Q) = [BU(n); K(Q, 2k)].
By the Kiinneth theorem and 9.25 this map induces an isomorphism on ratio-
nal cohomology. Therefore the rationalization of BU (n) is just [[;_; K(Q, 2k).
Since (X xY) = QX x QY, QZ =pt if Z is discrete, and QK (G,n) ~
K(G,n —1), we see that

n n—1
O*BU(n) ) = C([[ K(Q,2k)) ~ [ K(Q,2k) ~ Q x BU(n — 1)(g).
k=1 k=0

In particular, letting n go to infinity we obtain a proof of the rational form
of Bott periodicity:

0*(Q x BU(g)) ~ Q x BUg).

10.10. Construction of bordism invariants

We finish this chapter with some comments on Thom’s computation of the
unoriented bordism groups. An invariant of unoriented bordism is a homo-
morphism w : Q¢ — G for some abelian group G. Since 2M = d(M x I), the
group Q9 is a 2-torsion abelian group. Thus to construct bordism invariants
one might as well restrict to constructing homomorphisms w : Q¢ — Z/2.
Thom computed Q¢ in this fashion for all n in his famous 1954 paper [40].
He did this by finding enough bordism invariants (the Stiefel- Whitney num-
bers) wq : Q9 — Z/2 so that the sum

Dwe : Q0 — BZ/2
(03 [e%
is an isomorphism.
We will outline some of the ingredients in Thom’s arguments.
Proposition 10.44. Let
w=wl - -wir € H"(BO(n)),
80 i1 + 2ig + - - +niy, =n. If M is a smooth n-manifold then the number
(w(TM),[M)) € Z/2

18 a bordism invariant.
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Proof. Since the expression (w(TM),[M]) is additive with respect to the
sum in the bordism group (disjoint union), it suffices to show that if M is
null-bordant, i.e. M = 0W, then (w(T'M),[M]) = 0.

The tangent bundle of W and M are related by TM @e = TW|,,. Hence
if i : M C W denotes the inclusion,

(M), [M]) = (w(TM & ), [M])

= (w(i* (W), [M]

= (" (w(TW)), [M])

=" (w(TW))N[M

= w(TW) Ni[M] =0,
since in the sequence H,,11(W, M) 2, H,(M) LN H, (W) the map labelled
0 takes the generator [W, M] to [M]. O
Definition 10.45. A partition of the positive integer n is an n—tuple of
non-negative integers (i1, -+ ,4,) so that i + 2ia + - - - + ni, = n.

Given a partition (i1, - ,4,) of n, the number

(wit -+ wir(TM),[M]) € Z/2
is called the Stiefel-Whitney number associated to the partition (i, -+ ,ip).

Thus to each partition o = (i1,---,4,) of n we have associated the
bordism invariant whose value on the manifold M is

wa(M) = (wi' - wy (TM), [M]).
Thom’s theorem is the following.

Theorem 10.46. Let S denote the set of partitions of n so that i, = 0
whenever k has the form 2¢ — 1. Then the map taking a manifold to its
Stiefel-Whitney numbers induces an isomorphism

Daes Wq : QTOL — Daes Z/2.

In other words, the unoriented bordism class of a manifold is determined by
its Stiefel-Whitney numbers, and given any partition o € S there exists an

n-manifold M with wa (M) # 0, but wg(M) =0 for § # «. O

Thom proves this theorem by a method analogous to the example of
BU ) we gave in the previous section. First, Thom finds sufficiently many
examples of manifolds with the appropriate Stiefel-Whitney numbers, and
then he uses these to define a map from the Thom spectrum to a prod-
uct of Eilenberg-MacLane spectra K(Z/2). He shows this map induces an
isomorphism on homology, using the Thom isomorphism to compute the
cohomology of the Thom spectrum as a module over the mod 2 Steenrod
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algebra. The Whitehead theorem then implies that the map is a homotopy
equivalence, and so the Stiefel-Whitney numbers classify bordism.

10.11. Projects for Chapter 10

10.11.1. Unstable homotopy theory. Unstable homotopy theory is much
harder than the stable theory, essentially because m,(X,A) 2 m,(X/A).
There are some useful results; you should lecture on some or all of these.

Since S™ has a cell structure with only one 0-cell and one m-cell, the
product S* x S™ has a cell structure with 4 cells, a 0-cell € x €°, a k-cell
ek x €%, an n-cell €® x €”, and a (k 4+ n)-cell €* x e”. Removing the top cell

leaves the wedge
SF % 8™ — (eF x en) = §F v 57,

Let a : S¥¥7=1 — S¥v S denote the attaching map for the (top) (k+n)-cell
of S* x 8§™.

The map a can be used to construct interesting elements in 7, X.

Definition 10.47. Given f € 7 X and g € m,X, define the Whitehead
product [f,g] € mg1n—1X to be the (homotopy class of) the composite

Ghtn—1 2, gk, gn V9, ¥

For example, if £k = n = 1, the attaching map for the 2-cell of a torus
represents the commutator of the two generators, and hence the Whitehead
product m; X x m1 X — w1 X takes a pair of loops to their commutator. Since
m2(X) is abelian, the suspension map s, : m X — w1 (25X) = ma(X) takes
any commutator to zero. More generally show (or look up) the following
fact.

Proposition 10.48. The suspension of the attaching map for the top cell
of S* x S™,
Sa : S(SkTn=1) = gktn _, §(SF v §™),

is nullhomotopic. Hence s.([f,q]) = 0 for any f € m;X,g € m, X, i.e. the
Whitehead product [f,g] is in the kernel of the suspension homomorphism
Tntk—1(X) = TpyreSX. O

Thus Whitehead products produce decidedly unstable elements in 7, X .
The map s : X — QSX (defined in Section 10.3) induces the suspension
homomorphism s, : m(X) — 7(QSX) = m11.5X. It can be studied in a
large range (the “metastable range”) by using the EHP sequence:
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Theorem 10.49. If X is an (n — 1)-connected space, there is an exact
sequence

Wgn,Q(X) 2 7T3n,1(SX) — 71'3“,1(SX/\X) — 7T'3n,3(X) — .
+ = mp(X) = mey1 (SX) = T (SXAX) — -
O

The map s, is sometimes denoted “E” in the literature (from the German
word “Einhéngung” for suspension), the map mj+1(SX) — mp1 (SXAX) is
usually denoted by “H” since it generalizes the Hopf invariant, and the map
Tr+1(SX A X) — 7 (X) is usually denoted “P” since its image is generated
by Whitehead Products. Hence the name EHP sequence.

Thus, in the range k < 3n—2, the EHP sequence gives some control over
what the kernel and cokernel of the suspension map on homotopy groups is.

An important special case of the EHP sequence is obtained by setting
X = §". The sequence is

(10.21) T3p—29" — 7T3n_15n+1 — 7T3n_152n+1 — M3p_39" — - -

A proof of Theorem 10.49 can be found in [43] (although it is hard to
reconstruct the argument since it is explained as a consequence of a more
general result of James). The proof that (10.21) is exact as well as the
material below on the Hopf invariant can be found in [36, Section 9.3].

After substituting 72,1521 = Z a part of the sequence (10.21) can
be written:

H
oS = g1 8" S 2 oy ST

If n is even, Theorem 10.10 implies that the map H is zero and therefore
TopS™ — 7r2n+1S”+1 is onto. The Freudenthal suspension theorem implies
that o, 19" — M, 128"+ = 2 is onto, and so we conclude that for n
even, mo, S" — 7r;? is onto.

If n is odd, then Exercise 165 shows that mg, 1S H! /torsion= Z. Since
7o, S™ is finite the map H : 7o, 115"t — Z is non-zero; it is called the Hopf
mvariant.

The famous “Hopf invariant one” problem, solved by J.F. Adams, asserts
that H is onto only for n+1 = 1,2, 4, and 8; and in fact the Hopf fibrations
are the only maps which have Hopf invariant one. The Whitehead product
[i,i] € mon_ 15!, where i € m,,15""! denotes the generator, has Hopf
invariant 2.

There are several other definitions of the Hopf Invariant for a map f :
S2ntl 67 and you should lecture on some of these. Here are two.

1. Assume that f is smooth (this can always be arranged by a small
homotopy) and let zg,z; € S™*! be two regular values of f. Let
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My = f~Y(x) and My = f~(z1). Then H(f) =lk(Moy, M1), where
“lk” denotes the linking number.

2. Let X be the CW-complex obtained by attaching a (2n + 2)-cell to
S+ using f as the attaching map. Then HY(X) = Z for ¢ = 0,n+1,
and 2n + 2, and is zero otherwise. Let e,,1 € H""1(X) and eg, 12 €
H?""2(X) denote the generators. Then (e,11)? = H(f)ean 1o






Chapter 11

Simple-Homotopy
Theory

Two basic references for the material in this chapter are Cohen’s book [7]
and Milnor’s article [28].

11.1. Introduction

Whitehead’s theorem says that a map f : X — Y between CW-complexes
is a homotopy equivalence if f, : 7,X — m,Y is an isomorphism for all n.
Thus homotopy groups and hence the tools of homotopy theory give impor-
tant information about the homotopy type of a space. However, important
questions in geometric topology center around distinguishing homeomor-
phism types within a class of homotopy equivalent manifolds, to which the
methods we have studied so far do not directly apply.

For example, suppose W is a compact manifold with two boundary com-
ponents: W = My IT M;. Suppose the inclusion My <— W is a homotopy
equivalence. Is W homeomorphic to My x [0, 1], and, in particular, is M
homeomorphic to M;? The answer to this question is provided by the s-
cobordism theorem (see Section 11.7) which states that there exists a functor

Wh: {Groups} — {Abelian groups}

so that in the situation described above, an element 7(W, My) € Wh(m W)
is defined and vanishes if W is homeomorphic to My x [0,1]. Conversely,
if the dimension of My is greater than 4 and 7(W, Mp) = 0, then W is
homeomorphic to My x [0, 1].

323
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Of course the point of this theorem is that the functor Wh has a functo-
rial, geometric, and somewhat computable definition. (One could stupidly

define Wh(m) = Z/2 for all groups 7 and define 7(W, Mj) to be 0 or 1
according to whether or not W is homeomorphic to a product.)

In this chapter we will give the complete definition of the Whitehead
group Wh(7) and the Whitehead torsion 7.

Exercise 190. Use the fact that Wh(1) = 0 to prove the generalized Poin-
caré conjecture for n > 5: a closed manifold ¥ which has the homotopy
type of S™ is homeomorphic to S™. (Hint: Remove two open disks; it can
be shown that the complement has the homotopy type of a CW-complex.
Assume this and apply the s-cobordism theorem.)

Another collection of examples is provided by lens spaces. We will use
obstruction theory to give a homotopy classification of 3-dimensional lens
spaces, and then use the machinery of simple-homotopy theory to prove the
following theorem.

Theorem 11.1.

1. Three—dimensional lens spaces L(p, q) and L(p',q") are homotopy equiv-
alent if and only if p = p' and there exists an integer b so that
q = £b%¢’ mod p.

2. Moreover, L(p,q) is homeomorphic to L(p,q’) if and only if p = p/
and g = +(¢")*! mod p.

In particular L(7,1) and L(7,2) are closed three-manifolds which have
the same homotopy type but are not homeomorphic. Whitehead torsion
must be a subtle and powerful invariant to make such a distinction.

J.H.C. Whitehead developed the theory of simple-homotopy equivalence,
a refinement of homotopy equivalence for finite CW-complexes which takes
into account the cell structure. It was proven by Chapman that homeomor-
phic finite CW-complexes are simple-homotopy equivalent. Hence simple-
homotopy theory provides a weapon by which to attack homeomorphism
problems that are impervious to the homotopy theoretic machinery devel-
oped in the previous chapters.

Suppose X, Y are finite CW-complexes. Then a cellular map f: X — Y
is a homotopy equivalence if and only if the mapping cylinder of f deforma-
tion retracts to X via a cellular map.

Exercise 191. Prove this using obstruction theory.
The geometric approach of simple-homotopy theory is to investigate

when a pair (K, L) which admits a deformation retract of K to L admits a
particular “simple” type of deformation.
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In this chapter a finite CW-pair (K, L) will mean a CW-complex K with
finitely many cells and a subcomplex L C K. Thus L is a closed subspace
of K which is a union of cells. (See Definition 1.3 for the definition of a
CW-complex.) We will also use infinite CW-pairs, but these will always be
of the form (K,L) where (K,L) is a finite CW-pair, K — K a covering
space, and L the inverse image of L in K.

Definition 11.2. If (K, L) is a finite CW-pair, we say K collapses to L
by an elementary collapse, denoted K \¢ L, if the following two conditions
hold.

1. K = LUe™ !t Ue™ where the cells e®~! and e” are not in L.

2. Write D" = S"~! = Di_l Ugn—2 D™ 1. Then there exists a charac-
teristic map ¢ : D™ — K for e” so that
a ao1: DY — K is a characteristic map for ¢~
#|pn +

(b) (D™ c L.

I and

Thus K is obtained by gluing D" to L along a map D™ ' — L, where
D™ ' c oD" c D"

n—1

g

K

Note K can be viewed as the mapping cylinder of a map D"~ ! — L.
Thus L is a deformation retract of K.

Definition 11.3.

1. One says that K collapses to L, or L expands to K, if there are
subcomplexes K = Ko D K1 D --- D K, = L so that Ko \¢ K1 \¢
e NE K, Write K\ L,or L /" K.

2. Amap f: K — L is called a simple-homotopy equivalence if there
exists a finite sequence of CW-complexes K = Ky, K1,...,K, = L
so that f is homotopic to a composite Ko — K1 — Ko — --- — K,
where each map K; — K;y1 is either the inclusion map of an expan-
sion, the deformation retraction of a collapse, or a cellular homeo-
morphism.
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Exercise 192. Prove that simple-homotopy equivalence is an equivalence
relation.

We now give two examples concerned with collapsing. Suppose L is a
finite simplicial subcomplex of a triangulated open subset of Euclidean space.
Then the regular neighborhood K = N(L) is the union of all simplices whose
closure intersects L. This is an analogue of a normal bundle, but L does not
have to be a manifold. It is not difficult to see that K \, L.

The second example is where K is the “house with two rooms” pictured
below. Here K is a 2-dimensional CW-complex. To get to the large room
on the lower floor, you must enter the house from the top through the small
cylinder on the left. Similarly, one enters the upper room via the small right
cylinder. Then it is not difficult to see that K is simple-homotopy equivalent
to a point, but that K does not collapse to a point, i.e. some expansions
are needed.

11.2. Invertible matrices and K;(R)

In this section we will define the Whitehead group and in the next section
define torsion. Since there are two sections of algebra coming up, we will
give you some geometric motivation to help you through.

It will turn out that the question of whether a homotopy equivalence is
simple can be understood in the following way. Assume f : L — K is a
cellular inclusion, and a homotopy equivalence. Then if 71 = mL = m K,
the relative chain complex C,(K, L) (where K, L denotes universal covers)
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is a free and acyclic Zmw-chain compler, and has a Zmw-basis labeled by the
cells of K — L.

Elementary collapses and changing base points change the cellular chain
complex C*(f( , f)), and so one wants to classify acyclic, based chain com-
plexes over Zm up to some equivalence relation, so that C’*(K' , ﬂ) is equiv-
alent to 0 if and only if K — L is a simple-homotopy equivalence. The
main result will be that the chain complex C,(K, L) determines an element
7(K,L) € Wh(m) which vanishes if and only if the map f is a simple-
homotopy equivalence.

Once the machinery is set up, other useful applications will follow from
considering rings R more general than the integral group ring Zw. For
example, if Zrw — R is a ring homomorphism, it may be easier to work with
the chain complex R®z, C than to work directly with C,. This is especially
true if R is a commutative ring or, even better, a field.

The simplest acyclic, based chain complexes are of the form:
0—>Cn£>Cn_1—>0.
Since this complex is based, 0 is given by a matrix, which is invertible since
(Cy, 0) is acyclic.

Motivated by the previous discussion, we study invertible matrices over a
(not necessarily commutative) ring R. We assume that all our rings are rings
with 1. Unfortunately, two bizarre phenomena can arise when considering
free modules over a ring R.

e It may be the case that R"™ = R"™ with m # n.
e It may be the case that M & R™ = R", but that M itself is not free.

In this case we say the module M is stably free but not free.

Fortunately, the first problem does not occur for group rings, because
there is a homomorphism € : Znr — Z, > " aq9 — > ay. Thus (Zm)™ = (Zm)"
implies

7" =7 Rz, (Zr)" 2 Z Qzy ()" = 7"
and so m = n. Henceforth
We assume all rings have the property that R™ = R™ implies m = n.

Thus we exclude rings like the endomorphism ring of an infinite-dimensional
vector space.

The second pathology does occur for certain group rings, so we cannot
assume it away. It will be a thorn in our side in the next section, but we
will deal with it.

Definition 11.4. Denote by GL(n, R) the group of all n x n matrices over
R which have a two-sided inverse. An inclusion GL(n,R) — GL(n+ 1, R)
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is defined by
A0
A—s < 0 1) .
Let GL(R) = ,, GL(n, R). Think of GL(R) as the group of all invert-
ible infinite matrices which are “eventually” the identity. We will always
identify an invertible n x n matrix with its image in GL(R). In particular, if

A and B are invertible matrices, their product in GL(R) makes sense even
if their sizes are different.

We next define an important subgroup of GL(R), the subgroup gener-
ated by elementary matrices.

Definition 11.5. E(R) C GL(R) is the subgroup generated by the elemen-
tary matrices, i.e. the matrices of the form:

I+rE;j (i #7)
where [ is the identity matrix, £;; is the matrix with 1 in the ij spot and
0’s elsewhere, and r € R.

The effect of multiplying a matrix A by the elementary matrix I + rE;;
on the right is the column operation which replaces the jth column of A by
the sum of the jth column of A and r times the ith column of A. Multiply-
ing A on the left by an elementary matrix performs the corresponding row
operation.

Recall that the commutator subgroup of a group G is the subgroup [G, G]
generated by all commutators ghg~*h~" where g, h € G. This is the smallest
normal subgroup of G such that the corresponding quotient group is abelian.

Lemma 11.6 (Whitehead’s Lemma). The group generated by elementary
matrices equals the commutator subgroup of GL(R)

E(R) = [GL(R), GL(R)].

Proof. First, (I +rE;;)~' =1 —rE;j, and
0 ifj#k
EijEx = . ] d
Ey ifj=k.
Thus if 4, j, k are distinct,
I+7Ey = +7E;)(I+Ej)I +rEy) I+ Ej) .

So any n X n elementary matrix with n > 3 can be expressed as a commu-
tator. Hence E(R) C [GL(R), GL(R)].

The opposite inclusion follows from the matrix identities
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<ABA—1B—1 0>

(0 )0 ) 5)
(0 DG )0 7)G1a7)

m n
=11 11U+ 2B 51m)

i=1 j=1

N\
o~
~
N———
|

which are valid for A € GL(m, R), B € GL(n, R), and X = (z;;) an m X n
matrix. The identities show that any commutator in GL(n, R) can be ex-
pressed as a product of elementary matrices in GL(2n, R). All three iden-
tities are easily checked; the last two are motivated by the elementary row

. A 0 I X I 0
operations one would do to transform (0 A_1> and (0 I> to (0 I>'

O

So E(R) is a normal subgroup of GL(R) with abelian quotient.

Definition 11.7.
K1 (R) = GL(R)/E(R)

The quotient homomorphism GL(R) — K;(R), A — [A] should be
thought of as a generalized determinant function.

Exercise 193.

1. For a commutative ring R, there is a well-defined map K;(R) —
R*, [A] — det A, which is a split epimorphism. Here R* is the
group of units of R, where a unit is an element of R with a two-sided
multiplicative inverse.

2. For a field F, show that K;(F) = F* = F — {0}.
3. Show that K;(Z) = {[(£1)]} = Z/2.

Exercise 194. Show that Kj is a functor from the category of rings with
1 to the category of abelian groups.

In fact, for every n € Z, there is a functor K, with the various K,’s
intertwined by Kiinneth Theorems. Composing K,, with the functor taking
a group 7 to its integral group ring Zz defines a functor 7 — K, (Z7) from
the category of groups to the category of abelian groups.

The following equalities in Kj(R) are useful in computations and appli-
cations. They are reminiscent of properties of determinants.
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Theorem 11.8.

1. Let A€ GL(R,m), B€ GL(R,n), X be an m x n matriz, and Y an
n X m matriz. Then

(0 3)] =10 2)|=[(7 )] exm
G 5)]= [0 B)]=[(7 D] m

2. Let P € GL(n, R) be the permutation matriz obtained by permuting
the columns of the identity matriz using the permutation o € S,,. Let
sign(o) € {£1} be the sign of the permutation. Then

[P] = [(sign(0))] € K1(R).

(¢ 3)-6 1) )

and the middle matrix is in E(R) as in the proof of Whitehead’s Lemma.

Likewise
A 0\ _(AB 0\ (Bl 0
0 B) \0 I 0 B
The last matrix is in F(R) as in the proof of Whitehead’s Lemma. The

first equation in Part 1 above follows. The proof of the second equation is
similar.

For Part 2, note

(o) =00 D6 )66 ),

The last three matrices are in E(R), so we see the assertion is true for
2 x 2 matrices. For a general 2-cycle o, the same method shows that P
is equivalent to a diagonal matrix with 1’s down the diagonal except for a
single —1. By Part 1, this is equivalent to the 1 x 1 matrix (—1).

Proof. Note

Every permutation is a product of 2-cycles so the result follows. O

Theorem 11.8 shows that the group operation in the abelian group
K1(R) = GL(R)/E(R) can be thought of either as matrix multiplication

([A], [B]) — [AB]

aanimh - (5 5]

or as block sum



11.2. Invertible matrices and K;(R) 331

The group operation in K;(R) will be written additively. Hence

A+ 8 =1a8= (5 5]

Definition 11.9. Define the reduced K-group
Ki(R) = K1 (R)/[(-1)].

Using this group will allow us to use unordered bases for free modules.

Exercise 195. Let i : Z — R be the unique ring map from the integers to
R taking the 1 of Z to the 1 of R. Show that K;(R) is the cokernel of the
induced map K;(Z) — Ki(R).

Now we switch to group rings. For a group ring, the map ¢ : Z — Zm
is split by the augmentation map € : Zr — Z, > ag9 — > ags. Hence
Ki(Zr) = Z/2 & K, (Zr).

If X is a CW-complex with fundamental group m and universal cover
X, then C, (f( ) is a free Zm-chain complex with generators corresponding to
the cells of X. However, the generators are not uniquely determined by the
cells, in addition one must choose an orientation and a lift of the cell to the
cover. In other words, generators are determined only up to a multiple +g
where g € w. This helps motivate the definition of the Whitehead group.

Definition 11.10. Let E; be the subgroup of GL(Zm) generated by E(Z)
and 1 x 1 matrices (+g), where g € m. Then the Whitehead group of m is

Whir) = GL(Zm)/Ex = Ki(Zm)/{[(+9)] : g € 7}.

The elements that we mod out by are represented by matrices of the

form
+g

1 for g € 7.

The Whitehead group is a functor from groups to abelian groups. There is
a short exact sequence of abelian groups

0 — {£1} x 7% — K, (Zn) — Wh(r) — 0,

b — /[, n]. The reason for injectivity is that the composite of the

where 7¢
maps
{+1} x 7% — K, (Zn) — K, (Z[zr™)) det, Z[r]x
is the inclusion.
The elements of the subgroup 7 = {£g : g € 7} of (Zm)* are called
the trivial units of Zmw. The ring Zm might contain other units, depending
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on what 7 is. To some extent the existence of nontrivial units is measured
by the nontriviality of the Whitehead group, but the only precise statement
in this direction is that if 7 is abelian and Zx contains nontrivial units, then
the Whitehead group Wh(r) is nontrivial. This uses that the determinant
map Kj(R) — R* is a split epimorphism for a commutative ring.

Here are three interesting examples.
1. Let Z/5 have generator t. Then in Z[Z/5],
1—t+2)t+t>—th) =1.

Thus 1 — ¢ + t? is a nontrivial unit and the Whitehead group is non-
trivial. It can be shown that Wh(Z/5) is infinite cyclic with this unit
as generator.

2. Tt is easy to see that Z[Z] has only trivial units (exercise!). It can be
shown that Wh(Z) = 0.

3. This next example due to Whitehead is a nontrivial unit which rep-

resents the zero element of Wh(w).

Let = (z,y|y>=1)=Z*Z/2. Leta=1—yand b= z(1 + )
in Zw. Notice 1 — ab is a nontrivial unit, since (1 — ab)(1 + ab) = 1.
However we will show [(1 — ab)] is zero in the Whitehead group. It
can be shown that Wh(7) = 0.

Note that (1 —y)(z(1+y)) =z + 2y —yx —yxy # 0 and (z(1 +
y)(1—y) =2(1 —y?) =0. So ab # 0 and ba = 0.

Then

G066 G- Ei i’a)b(éo)i‘)(lb Do )

Thus one must stabilize (i.e. include the 1 x 1 matrices into the
2 x 2 matrices) before 1 —ab becomes “trivial”, i.e. becomes a product
of elementary matrices.

The actual computation of Whitehead groups can be a difficult business,
involving number theory in the case of finite groups and geometry in the
case of infinite groups. We mention a result and a conjecture. The result,
due to Bass-Milnor-Serre, is that Wh(Z/n) is a free abelian group of rank
[n/2] + 1 — d(n) where d(n) is the number of positive divisors of n [4]. The
conjecture (proven in many cases) is that Wh(w) = 0 when 7 is a torsion-free
group.

The next lemma will enable us to remove the dependence on base points
when we move to a geometric context. In particular, it shows that the
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assignment X — Wh(m; X) gives a well-defined functor from the category
of path-connected spaces to the category of abelian groups.

Lemma 11.11. If f : m — 7 is the inner automorphism given by f(g) =
xzgx~! for some x € w, then the induced map on Whitehead groups f, :
Wh(r) — Wh(n) is the identity map.

Proof. The automorphism f induces f : Zm — Zm by the formula

FQ ngg) =Y ngzgrt =2 _ngg)z",
which in turn induces a group automorphism f : GL(n,Znr) — GL(n,Zr)
by A+ (zI)A(x~1T). Hence,
folA]l = [#I - A- 271
= [zl -2 ' A since Wh() is abelian
= [4].

O

This is reminiscent of the fact that an inner automorphism of 7 induces
the identity on H,(7), pointing out an analogy between the two functors
from groups to abelian groups.

We conclude this section with a remark about matrices over noncommu-
tative rings. If f: M — M’ is an isomorphism of R-modules and if M and
M’ have bases {b1,...,b,} and {b],...,b]} respectively, we wish to define
[f] € K1(R) to be [F], where F is a matrix representative of f. There are
several ways to define a matrix for f, and the result depends on whether we
are working with right or left R-modules.

For our main application, the modules we take are the the cellular n-
chains on the universal cover of a CW-complex X. These are right Zmr-
modules. For that reason we consider right R-modules and define the matrix
of amap f: M — M’ of right based R-modules to be (f;;) where

Flbi) =YV fij.
=1

With this definition, assigning a matrix to a map of right based R-modules
(=) : Homg(M, M') — M,(R)

is an homomorphism, i.e. (f +g) = (f)+ (¢9) and (fg) = (f)(g) and taking
the equivalence class defines a homomorphism

Isog(M, M') — K1(R), f + [(fij)]-
We will write [f] = [(fi;)] € K1(R).
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11.3. Torsion for chain complexes

We next make the transition from matrices to acyclic, based chain com-
plexes. A based R-module is a free, finite-dimensional R-module with a
specified basis. A chain complex C, over a ring R is bounded if there exists
an N so that C, = 0 for |n| < N, bounded below if there exists an N so
that C,, = 0 for n > N, based if each C,, is based and C is bounded, free if
each C, is free, projective if each C), is projective, finite if ® C,, is finitely
generated, and acyclic if the homology of C, is zero. We will often write
C instead of C,. As above we assume that the ring R has the property
that R™ = R"™ implies that m = n. For example, a group ring Zx has this
property since it maps epimorphically to Z.

Let Ki(R) = K;(R)/[(—1)] where (—1) € GL(1,R). An isomorphism
f: M’ — M of based R-modules determines an element [f] € Ki(R).
(The reason that we use [N(l rather than K is that it is both messy and
unnecessary for us to fuss with ordered bases.)

We wish to generalize [f] is two ways. First, we wish to replace M and
M’ by chain complexes. Given a chain isomorphism f : ¢/ — C between
based chain complexes, define the torsion of f by

T(f) =D (=1)"fu: C}, = Co] € Kr(R).

The second way we will generalize [f] is to consider f : M" — M as a acyclic,
based chain complex

-—>O—>M/i>M—>O—>-~-
Then we will have [f] = £7(f).

The following theorem gives an axiomatic characterization of the torsion
7(C) of a acyclic, based chain complex. Its proof will be an easy consequence
of Theorem 11.14 discussed below.

Theorem 11.12. Let C be the class of acyclic, based chain complexes over
R. Then there is a unique map C — K1 (R),C — 7(C) satisfying the follow-
ng aTioms:

1. If f: C — C"is a chain isomorphism, then 7(f) = 7(C") — 7(C).

2. 71(CoC)=7(C)+7(C").

3. 7(0 — Cn L Gy — 0) = (1) 1[f].

Definition 11.13. For an R-module M and an integer n, define the ele-
mentary chain complex E(M,n)

0 ifi#nmn-—1

EM,ni:
( ) {M ifi=nn-—1,
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and with all differentials zero except 0, =1d : E(M,n), — E(M,n)p—1. A
stmple chain complex is a finite direct sum of elementary chain complexes
of the form E(RF» n).

For example, if K collapses to L by an elementary collapse, then C' (K’ , I~/)
is an elementary chain complex with M = R = Z. If K collapses to L,
then C(K, L) is a simple chain complex.

Note that a simple chain complex is a acyclic, based complex. It is of
the shape pictured below.

R 1 Rha Rhn—z 14 phoo
@ @ @ ®
i Rkn+l Rk;n—l E) Rkn—l Rk;n—d E)

Theorem 11.14.

1. Let f : C — C' be a chain isomorphism between simple chain com-
plezes. Then 7(f) =0 € Ki(R).

2. Let C be a finite, free, acyclic chain complex. There are simple chain
complexes ¥ and F and a chain isomorphism f: FE — C® F.

Corollary 11.15. Let C be a acyclic, based chain complex. If E, F, E’,
F' are simple chain complezes and if f : E — C@® F and g: E' — C @ F’
are chain isomorphisms, then 7(f) = 7(g).
Proof. Consider the three chain isomorphisms
f=foldp :EaF -CaFa&F
p=ldc@s:CoFaoF -CaF aoF
J=g®ldp:FFoF —-CaoF oF
where s : @ F' — F' @ F is the obvious switch map. We then have

0=7(Gtopo f) by Theorem 11.14, Part 1
=7 ) +7@) +7(f)
=—71(g9) +7(f) Theorem 11.8, Part 2 shows that 7(p) = 0.

We can now use the previous theorem and corollary to define torsion.

Definition 11.16. Let C' be a acyclic, based complex. Define the torsion
of C' by
T(C)=7(f: E—-Ca&F)

where E, F are simple chain complexes and f is a chain isomorphism.
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Exercise 196. Prove Theorem 11.12 assuming Theorem 11.14 and Corol-
lary 11.15.

What remains is to prove Theorem 11.14. We strongly advise you to
put down this book and prove the theorem by yourself, assuming (at first),
that all stably free modules are free.

Welcome back! The proof that we give for Part 1 is the same as you
found, but the proof we will give for Part 2 uses the fundamental lemma
of homological algebra and is much slicker and less illuminating that the
inductive proof you figured out.

We separate out Part 1 as a Lemma.

Lemma 11.17. Let f : C — (' be a chain isomorphism between simple
chain complexes. Then 7(f) =0 € Ki(R).

Proof. Write
C, = E(R*™ n), ® E(R*™+ n+1), =C..

It is easy to see using that f is a chain map that the block matrix form of

fn:Cp— Cl s
A, 0
Bn An—i—l

Then
nl(An O .
T(f) = Z(—l) [(Bn An+1)] definition of 7(f)
= (=1)"([An] + [An41]) by Theorem 11.8
= 0.

Before we prove Part 2 we need some preliminaries.

Definition 11.18. A chain contraction s : C' — C for a chain complex C
is a sequence of maps s, : C,, — Cj41 satisfying On415, + sp—10, = Idc,,.

A chain contraction is a chain homotopy between the identity map and
the zero map. If C has a chain contraction then H,(C) = 0.
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Proposition 11.19. Let s : C — C be a chain contraction. Let B, =
a(Cn+1) c Cy.

1. Cp, = B, ® s(Bp-1).

2. 0:s(By,) — By, is an isomorphism with inverse s : By, — s(By,).

3. C is isomorphic to the direct sum of chain complexes ®,E(B,,n+1).

Proof. Consider the short exact sequence
0> B,—C, 2B, —0.

The formula x = ds(x)+s90(x) is valid for all x. So 9s(x) = z—sd(x) =z
for € B,, and for s(y) with y € By, s0s(y) = s(y) — s00(y) = s(y). This
shows that this short exact sequence is split by s,_1 : B,—1 — C,, proving
the first and second assertions.

The map
Cpn=DB,®s(By-1) > B, ®B,_1=E(Bp,n+1),® E(By—1,n)n
a®br—addb
is an isomorphism by the second assertion. It is easy to check that this is a
chain map.

O

Lemma 11.20.

1. If C is projective, acyclic, and bounded below, then C has a chain
contraction.

2. If C is finite, free, and acyclic, the modules s(By,) are stably free for
all n.

Proof.

1. By reindexing if necessary, assume that C,, = 0 for n negative. Then
by the fundamental lemma of homological algebra (Theorem 2.22),
the identity and the zero map are chain maps from C to C inducing
the same map on H, hence are chain homotopic.

2. By Proposition 11.19, C), & B, & B,_1. Using induction on n, one
sees B, is stably free for all n.

Proof of Theorem 11.14. We have already proven Part 1.

Let C' be a finite, free, acyclic chain complex. Then there is a chain
contraction s : C' — C' by Lemma 11.20, and hence C' is chain isomorphic
to ®pE(By,n + 1) by Proposition 11.19. Now for every n there is a finitely
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generated free module F}, so that B, ® F,, is free. Give it a finite basis. Then
C® (®pE(F,,n+1)) is chain isomorphic to the simple complex @, E (B, ®
F,,n+1). 0O

Exercise 197. Show that for a acyclic, based chain complex C' with a chain
contraction s, that s + 9 : Coqgq — Ceven is an isomorphism and [s + 9] =
T(C) € I?l(R) Here Coqq = ® Co11 and Ceyen = @©Co;. This is called
“wrapping up” the chain complex and is the approach to torsion used in [7].

An isomorphism of based R-modules f : M — M’ determines an ele-
ment [f] € Ki(R). We generalized this in two ways: to 7(f) for a chain
isomorphism between based chain complexes, and to 7(C) for an acyclic,
based chain complex. We wish to generalize further and define 7(f) for
f:C — C" a chain homotopy equivalence between based complexes. We
need some useful constructs from homological algebra.

Definition 11.21. Let f : C — ('’ be a chain map between chain com-
plexes. Define the algebraic mapping cone of f to be the chain complex
C(f) where

C(f)n =Cp-19 C;l

o= (7 ) Clhn—Clhas

Define the algebraic mapping cylinder of f to be the chain complex M(f)
where

M(f)n: n—l@Cn@C;l

—0 0 0
o= (-1d 0 0] :M(f)n— M(fn1.
Ff o0

For a chain complex C, define the cone on C
Cone(C) =C(Id : C — C),
the cylinder on C
Cyl(C)=M(1d: C — C),

and the suspension of C, which is the chain complex SC where (SC), =
Cp-1 and dsc(x) = —0c(x). Note H,(SC) = H,—1(C).

If the chain complexes involved are based, then C(f), M(f), Cone(C),
Cyl(C), and SC have obvious bases.
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All of these constructions are interrelated. There are short exact se-
quences of chain complexes

(11.1) 0—-C" —-C(f)—SC—0
(11.2) 0—-C—M(f)—=C(f)—0
(11.3) 0— C"— M(f) — Cone(C) — 0.

Here is some geometric motivation. If f : X — Y is a cellular map
between CW-complexes, and f, : Ci(X) — Ci(Y) is the associated cellular
chain map, then the mapping cone C(f), the mapping cylinder M(f), the
reduce cone C'X, and the reduced suspension SX all have CW-structures.
One can make the following identifications

C(f) = C«(C(f),pt)
M(f.) = C(M(f))
Cone(Cy (X)) = C.(CX,pt)
Cyl(Cy(X)) = Ci(I x X)
S(Cx(X)) = Cu(SX, pt).

The exact sequence 11.1 gives a long exact sequence in homology
- — Hy(C) — Hy(C) — Hy(C(f)) — Hp1(C) — -

and one can check easily that the map H,(C) — H,(C") is just the map
induced by f. In particular, if f induces an isomorphism in homology, then
C(f) is acyclic.

Definition 11.22. A chain map f : C — C' is a weak homotopy equivalence
if it induces an isomorphism on homology. If f is a weak homotopy equiv-
alence between finite, based chain complexes, then C(f) is a finite, acyclic,
based chain complex. Define

7(f) = 7(C(f))-

Exercise 198. If f : C — (' is a chain isomorphism of finite, based com-
plexes, we unfortunately have two different definitions of the torsion 7(f):
as y_(=1)"[fn : Cl, — Cy] and as 7(C(f)). Show that they coincide.

The justification for the term weak homotopy equivalence is given by
the following algebraic analogue of Whitehead’s theorem.

Exercise 199. If f : C — (' is a weak homotopy equivalence between
acyclic, projective chain complexes which are bounded below, then C(f)
has a chain contraction and f is a chain homotopy equivalence, i.e. there is
a chain map g : C' — C so that fog and go f are homotopic to identity
maps.
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Theorem 11.23. Let
0-c Lo —o
be a short exact sequence of acyclic, based chain complexes. Assume the

bases are compatible, which means that for every n, the basis of Cy, is of the
form

{z(bll)a Z(b/2)7 s ,Z(b;]), Cllla 0/2,7 B 7C;/k} - CTL
where
/ / / /

{b17 27..- 7b’L]}CC?’L

is the given basis for C! and
{p(c1),p(c3), ... ,p(ci)} C O
is the given basis for CJl. Then 7(C) = 7(C") + 7(C").
Lemma 11.24. Let ‘
0-C 5050”0

be a short exact sequence of free chain complexes which are bounded below.

If i is a weak homotopy equivalence, there is a chain map s : C — C’ which
splits i. Hence C = C' @ C".

Proof. The algebraic mapping cone C(1) is free, acyclic, and bounded be-
low. Hence there is a chain contraction

<$11 821> : Cn(z) = Cn—l ¥ 07/1 - Cn_l(Z) = C”_2 ® 07/1_1'
S12 522

It is easy to see that so; = 0 and that s15 : C — (' is a chain map which
splits . 0

Proof of Theorem 11.23. Let f : C — C'@®(C” be the chain isomorphism
given by Lemma 11.24. Since f is a chain isomorphism,

7(f) =7(C" e C") - 7(C)
=7(C") +7(C") — 7(C)

On the other hand, since the bases are compatible, then the matrix of f, is

0 Id
and its ” part. But such a matrix is trivial in K;(R) by Theorem 11.8. 0O

Id . . e . .
( *> in block matrix form after partitioning each basis into its ' part

Corollary 11.25. If f : C — C' is a chain map of acyclic, based chain
complexes, then 7(f) = 7(C") — 7(C).
This follows from Lemma 11.23 and the short exact sequence 11.1.

We wish to prove homotopy invariance and additivity of torsion. The
next lemma is a key ingredient.
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Lemma 11.26. If C is a based chain complez, then Cone(C) is a acyclic,
based chain complex with trivial torsion.

Proof. Cone(C) is finite with an obvious basis; we will show Cone(C) is
acyclic by induction on the total rank >  dim C;. If the total rank is 1,
both assertions are clear.

Suppose C' is a based chain complex of total rank n > 1. Let b be a
basis element of C' of minimal degree. Let ' ={--- —-0— Rb—0--- —}
be the corresponding subcomplex of C' and let C” = C'/C’ be the quotient
complex. There is a short exact sequence of finite complexes

0—-C' -C—-C"—-0

with compatible bases. It is easy to see there is a short exact sequence of
finite complexes

0 — Cone(C") — Cone(C) — Cone(C”) — 0

with compatible bases. By induction, Cone(C”) and Cone(C”) are acyclic
with trivial torsion. By the long exact sequence in homology, Cone(C) is
acyclic, and by Theorem 11.23, Cone(C) has trivial torsion. O

Theorem 11.27. Let C' and D be based chain complexes and let f,g: C —
D be weak homotopy equivalences which are chain homotopic. In symbols,

f~g:C = D.
Then 7(f) = 1(9g).
Proof. Let s = {s, : C,, — Dy11} be a chain homotopy from f to g
satisfying s + 0s = f —¢g. Then F = (s f g): Cyl(C) — D is a chain
map. There is a short exact sequence
0—C(f) — C(F)— Cone(C) — 0

of chain complexes. Then 7(f) = 7(F') by Lemma 11.26 and Theorem 11.23.
Likewise 7(g) = 7(F)). O

Exercise 200. Let X and Y be finite complexes and f and g be cellu-
lar homotopy equivalences from X to Y which are homotopic. Show that
the mapping cylinder of f is simple-homotopy equivalent to the mapping
cylinder to g.

Finally, there an additivity property of torsion.

Theorem 11.28. Let f : C — C' and g : C' — C" be weak homotopy
equivalences between based chain complexes. Then

T(go f) = 7(f) +7(9)-
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The idea is to convert g to an inclusion and analyze what happens. To
this end we need a definition and a lemma.

Definition 11.29. A chain map f : C — C’ between based complexes is
a based injection if for all n, the map f : C,, — CJ, is an injection and f
applied to the basis of C), is a subset of the basis of C/,.

Lemma 11.30.
1. Let g : C' — C” be a based injection which is a weak homotopy
equivalence. Then 1(g) = 7(C"/C").

2. Let f: C — C" and g : C' — C" be weak homotopy equivalences
between based chain complexes. If g is a based injection, then

(go f) =7(f)+7(C"/C).

Proof. We prove Part 2 first. There is a based injection
Id 0
(o g > : C(f)n = Cnt @ €y = Clg o f) = Coa @ Ci.
n
This is part of a short exact sequence of chain complexes
0—C(f) = C(go f) = C"/C"—0

with compatible bases. The result follows by Theorem 11.23. Part 1 is a
special case of Part 2 taking f = Id and applying Theorem 11.23 and Lemma
11.26. O

Proof of Theorem 11.28. As advertised, we convert g to an inclusion and
consider chain maps

oL e M(g).

Then
7(C — M(g))=7(g0 f) +7(M(g)/C") by Lemma 11.30
=7(go f)+ 7(Cone(g)) by 11.3
=7(gof) by Lemma 11.26.

Finally, we consider the chain maps

c Lo < Mg).

and see
T(go f) =7(C — M(g)) we just proved this
=7(f)+7(M(g)/C") by Lemma 11.30
=7(f) +7(C(9)) by 11.2
=7(f) +7(9).
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Perhaps the homotopy invariance and additivity of torsion are analogous
to the homotopy invariance and functoriality of homology.

11.4. Whitehead torsion for CW-complexes

Let K be a finite CW-complex. Assume that K is connected. Let zg € K
and let m = m (K, x9). We identify 7 with the group of covering transfor-
mations of the universal cover K — K in the usual way. We have seen (in
Chapter 5) that C,(K) is a free Zz-chain complex. A basis of this chain
complex is obtained by choosing a lift € C K for each cell e of K, and
choosing an orientation of e or, equivalently, €. The set of lifts of cells of K
with the chosen orientations defines a basis over Zx for the free Zm-chain
complex C,(K).

Now suppose that f: K — L is a homotopy equivalence of finite CW-
complexes. We can homotop f to a cellular map ¢g : K — L, which in turn
defines a weak homotopy equivalence of based Zn-chain complexes

gv : Cu(K) — Cy(L).

Hence we have all the data needed to define torsion as in the previous
section. Define

7(f) = 7(g+) € Wh(n) = K (Zn)/ + 7.

The main geometric result of simple-homotopy theory is the following.

Theorem 11.31. Let f: K — L be a homotopy equivalence of finite CW-
complexes. Define the torsion 7(f) as above.

1. The torsion T(f) is well-defined, independent of choice of orienta-
tions, lifts, base point xg, identification of m with the group of covering
transformations, and cellular approrimation g.

2. If f is a simple-homotopy equivalence, then T(f) = 0.
3. If 7(f) =0, then f is a simple-homotopy equivalence.

Proof. We give complete proofs of Part 1 and 2, but only the vaguest of
sketches for the proof of Part 3.
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Changing the lift and orientation of a cell replaces € by +veé for some
~ € . Thus the torsion changes by the change of basis matrix

1
+7 =0 € Wh(m).

1

The choice of base point and the identification of 7 with the group of covering
transformations is dealt with by Lemma 11.11 which says that conjugation
in 7 induces the identity map on Wh(7). Independence of the choice of
cellular approximation follows from Theorem 11.27, the homotopy invariance
of torsion.

Next we need to show that if f : K — L is a simple-homotopy equiv-
alence then 7(f) = 0. Now f is a simple-homotopy equivalence if f is
homotopic to a composite Ko — K; — Ky — --- — K, where each map
K; — K;y is either the inclusion map of an elementary expansion, the
deformation retraction of an elementary collapse, or a cellular homeomor-
phism. We analyze the pieces. A cellular homeomorphism clearly has trivial
torsion. If ¢ : A — B is the inclusion map of an elementary collapse then

(i) = 7(C(ix C.(A) — C.(B))) which is 7(C,4(B, A)) by Lemma 11.30.

But C.(B, A) is a elementary chain complex so has trivial torsion. Finally,
if d: B — A is the associated deformation retract, then

7(d) = 7(ds : Cx(B) — Cy(4))

= 7(dys 0x) — T(i4) additivity of torsion
= 7(ldg, ( A)) — 7 (i) homotopy invariance of torsion
=0.

The composite Ky — K1 — Ky — -+ — K,, must have trivial torsion since
all the pieces do. Thus 7(f) = 0.

For the proof of Part 3, suppose that f : K — L is a cellular map between
finite complexes with trivial torsion. Then f factors as K — M(f) —
L. The second map is a collapse map and hence is a simple-homotopy
equivalence and has trivial torsion. By the additivity of torsion, 7(K —
M(f)) = 0, and it suffices to show that this map is a simple-homotopy
equivalence.

Recycling our notation, we will assume K is a subcomplex of L and
that the torsion of the inclusion map is trivial. The first step in showing
that K < L is a simple-homotopy equivalence is cell-trading [7, 7.3]. If e
is a cell of L — K of minimal dimension (say k), one constructs a a simple-
homotopy equivalence L — L' rel K so that L’ has one less k-cell than L,
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one more (k + 1)-cell, and for i # k,k + 1, the number of i-cells of L and
of L' are the same. By a simple-homotopy equivalence h : L — L’ rel K,
we mean that K is a subcomplex of both L and L’ and that h restricted to
K is the identity. By continuing to trade, one reduces to proving that an
inclusion ¢ : K — L with trivial torsion is a simple-homotopy equivalence
when the cells of L — K all are in two adjoining dimensions, say n and n+ 1.
Then the chain complex C(L, K) is described by a matrix! We can stabilize
the matrix, if desired, by making expansions. Since the torsion is zero, we
may assume that the matrix is a product of elementary matrices. There
is a technique called cell-sliding [7, 8.3] (changing the attaching map of an
(n + 1)-cell) which gives a simple-homotopy equivalence L — L' rel K so
that the matrix in the chain complex is replaced by the matrix multiplied
by an elementary matrix. Thus one reduces to the case where K — L has
the chain complex

CLK)={ —0—Zx" % Zx™ —0— ..}

in which case there is one last technique, cell-cancellation [7, 8.2], which
says that K — L is a simple-homotopy equivalence. O

Two finite CW-complexes are said to have the same simple-homotopy
type if there is a simple-homotopy equivalence between them. Homeomor-
phic CW-complexes could have drastically different CW-structures. Do they
they have the same simple-homotopy type? A fundamental theorem of
Chapman implies that simple-homotopy type is a homeomorphism invariant:

Theorem 11.32 (Chapman [6]). If f : X — Y is a homeomorphism be-
tween finite CW-complexes then f is a simple-homotopy equivalence. O

It follows that the torsion of a homotopy equivalence f : X — Y between
finite CW-complexes depends only on the underlying topological spaces.

How does simple-homotopy theory apply to manifolds? Typically, a
smooth manifold is given the structure of a simplicial complex (and hence a
CW-complex) by constructing a triangulation. This triangulation is unique
up to subdivision, and it is not difficult to show [28] that the identity map
between a complex and a subdivision has trivial torsion. Thus compact
smooth manifolds have a well-defined simple-homotopy type. A deep theo-
rem of Kirby-Siebenmann shows that this theory also applies for topological
manifolds (Hausdorff spaces which are locally Euclidean). They show that
a compact topological manifold has a canonical simple-homotopy type.

In the next section we will define Reidemeister torsion for certain fi-
nite CW-complexes. This will be an interesting and computable invariant
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of simple-homotopy type. If two manifolds have different Reidemeister tor-
sions, by Chapman’s theorem they cannot be homeomorphic.

11.5. Reidemeister torsion

Suppose that (C,0) is a finite, based (with basis {b;}) chain complex, not
necessarily acyclic, over a ring S. Let f : S — R be a ring homomorphism.
Then (C ®g R,d®1IdR) is a finite, based (with basis {b; ® 1}) chain complex
over S.

If (C,0) is acyclic with chain contraction s, then (C ®g R,0 ® Idg) is
acyclic since it has the chain contraction s®Idgr. The torsions are related
by

7(C ®s R) = fu1(C)
where f, : K1(S) — Ki(R) is the induced homomorphism. However, in
many interesting cases it may happen that C' ®g R is acyclic although C' is
not, so that 7(C ®g R) may be defined even though 7(C) is not.

Moreover, if R is a commutative ring, or better yet, a field, then the
determinant defines a homomorphism (an isomorphism if R is a field)
det : K1(R) — R*/ £ 1 (see Exercise 193).

Definition 11.33. Let C be a based chain complex over a ring S, and
f S — R be a ring homomorphism to a commutative ring. Suppose that
C ®g R is acyclic. Then

AR(C) =det(r(C ®s R)) € R/ +1

is called the Reidemeister torsion of C with respect to f : S — R. Since
AR(C) is a unit in R we use multiplicative notation for Reidemeister torsion.

Let X be a CW-complex. Let R be some ring, which for our purposes
may be taken to be commutative. Suppose
p:ZmX — R,

is a ring homomorphism. The chain complex

C, (X )®z7T1 xR
was used in Chapter 5 to define homology with twisted coefficients H,(X; R).

A choice of lifts and orientations of cells makes this a based (right) R-
complex. If it happens to be acyclic, then the torsion 7 € K;(R) is defined,
and so we can take the Reidemeister torsion

AR(X) = AR(C*(X)) € R
to be the determinant of 7.

The following exercise shows how to remove the dependence of Ar on
the choice of lifts, orientation, and ordering of cells.
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Exercise 201. Let G C R* be the subgroup generated by —1 and det(p(7))
for v € m(X), where p : ZmX — R is the given ring homomorphism.
Show that the Reidemeister torsion Ar(X), taken in R* /G, is well defined,
independent of the choice of lifts, orientation, or ordering of cells.

We usually abuse notation and consider Reidemeister torsion as an ele-
ment of R*, and omit mentioning that it is only well-defined up to multi-
plication by an element of G.

The disadvantage of Reidemeister torsion is that it requires a map p so
that C, (X ) @z, S is acyclic. Perhaps for a given X, no useful map exists.
The advantage is that when p does exist, the Reidemeister torsion gives an
invariant of the space. The following proposition is a corollary of Corollary

11.25.

Proposition 11.34. Let f : X — Y be a homotopy equivalence between
finite, connected CW-complezes. Let m = mX =mY. Suppose p: Zm — R
is a ring homomorphism to a commutative ring so that Cy(X) @z, R and

Cy(Y) ®zx R are acyclic. Then
p*T(f) = AR(Y) — AR(X) S RX/G

Thus Reidemeister torsion is an invariant capable of distinguishing simple-
homotopy type for homotopy type, and of showing two homotopy equivalent
spaces are not homeomorphic. In the next section we apply this idea to lens
spaces.

Reidemeister torsion can also lead to interesting invariants, for example,
the Alexander polynomial of a knot. Let K C S® be a knot, that is, a
smooth submanifold of S$? diffeomorphic to S!. Let X = S% — N(K), where
N(K) is an open tubular neighborhood of K. Alexander duality implies
that H1(X) = Z, and so every knot has a canonical (up to multiplication
by £1) homomorphism a : mX — H; X — Z.

Let R = Q(t), the field of rational functions. Then define p : Zm X —

Q(#) by
p(z ayy) = Z avta(V).

It turns out (see the exercise below) that the chain complex

C = Cu(X) @z, x Q(t)

is acyclic. Its Reidemeister torsion Ag)(X) is a nonzero rational function
and is well defined up to sign and powers of ¢. Moreover Aq)(X) is always
of the form

Aqu(X) = (t - 1)/Ax ()
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for some polynomial Ak (t) € Z[t]. This polynomial is called the Alezander
polynomial of K. It is a useful invariant for distinguishing isotopy classes of
knots.

Exercise 202. Let u C X be a meridian of the knot K, that is, the bound-
ary circle of a small embedded disk in S? intersecting K transversely in one
point. Show that the inclusion p < S induces an isomorphism on integral
homology. Conclude that H. (X, u;Z) = 0 and so the cellular chain complex
C.(X, ) is acyclic.

Let s : Ciu(X, ) — Ci(X, ) be a chain contraction. Lift s to a map
5:Cu (X, 1) @zmx Q(t) — Cu(X, i) ®zr, x Q(t) and show that 30 — 5 is
a chain isomorphism. Conclude that C, (X, 1) ®zr (x) Q(t) is acyclic. The
long exact sequence for the pair (X, /i) then shows that C\(X) ®zx,x Q(t)
is acyclic.

11.6. Torsion and lens spaces

In this section we will use Reidemeister torsion to classify 3-dimensional
lens spaces up to simple-homotopy and prove Theorem 11.1. The homotopy
classification differs from the simple-homotopy classification, but the simple-
homotopy classification is the same as the homeomorphism classification, the
diffeomorphism classification, and the isometry classification.

Let (p,q) be a pair of relatively prime integers, with p > 0. For con-
venience let 7 denote an inverse for ¢ mod p, so r¢ = 1 mod p. There are
many descriptions of L(p,q). We will give a description which makes the
cell structure on its universal cover easy to see.

Let X = S' x D? be the solid torus, which we parameterize as the subset
{(21,22)| |21] = 1,|22| < 1} C C2% The quotient of X by the equivalence
relation (z1,22) ~ (21, z2) if |22] = 1 is the 3-sphere S3. In fact the map
f: X — S defined by

f(z1,22) = (211 — [22/?, 22)

defines a homeomorphism from X/ ~ to S c C2.
Write ¢ = €2™/P and let Z/p act on X by

(21,22) - g = (21€, 22¢7)
where Z /p is written multiplicatively as (g | g = 1) (we use a right action to
be consistent with the previous sections). This defines the free Z/p-action
on $3 =X/~
(w1, w2) - g = (w1, w2c?).
The map f : X — S% is an equivariant map. By definition the quotient
space S3/(Z/p) is the lens space L(p,q).
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We use the description X/ ~ to construct an equivariant cell structure
on S3. Let & be the image under f of the point (1,1) € X. We take the
0-cells of S3 to be the p points ég, éog, - - - , €og? L. Notice that

éogn = f((L l)gn) = f(Cn> an) = f(la an)

Next, let & be the image under f of the arc {(1,e¢?) |0 <0 < 2?”}, and

take as l-cells the translates é;,¢é1g, -+ ,é1gP~ . Then
gér = f(1,¢) — f(1,1)
(11.4) = f(1,¢") = f(1,1)
=éo(9" — 1),

since qr = 1 mod p.

Let é be f(1 x D?). We take as 2-cells the translates of & by g,
€2,60g, -+ ,E2gP~ 1. Then

9y = f({(1,€") | 0 < 0 < 27})
(11.5) =& +ég+-+égP !t
:él(1+g+..._|_gp—1)'
For the 3-cells, consider the solid cylinder
[0,2] x D* = {e" | € [0, 2]} x D* C X.
This is homeomorphic to a closed 3-ball. Its image in S3
F([0,%] x D?) = ([0, 2F] x D?)/ ~

is a “lens”, also homeomorphic to a closed 3-ball.

0, 2] x D £([0, 2] x D)
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We let €3 be the 3-cell ([0, 2—”} x D?). Then

= f({¢} x D?) — f({1} x D?)
{¢} x (D*¢) - f({1} x D?)
{1} x D*)¢) — f({1} x D?)
g—1).

I
11.6
o = J(

—~

—~

€2

Thus we have described a Z/p-equivariant cell structure for S3; this
defines a cell structure on L(p, q) with one 0-cell ey, one 1-cell e, one 2-cell
e, and one 3-cell e3. We calculated the Z[r]-chain complex for the universal

cover f(_p\,g) = 53 of L(p, q) to be
(11.7) 0 — Zn(3) 2 Zm(e)) 2 Zr(er) 2 Zn(éy) — 0

withs=g—1,00=14+9g+¢>+---+gP 1, and 9 =¢" — 1.

Notice that the map from the lens to L(p, q) is a quotient map which is
a homeomorphism on its interior. Therefore L(p,q) can be described as the
identification space of the lens, where the left 2-disk in the boundary of the
lens is identified with the right 2-disk by a %—twist.

Exercise 203. Draw a picture of this cell structure on S for p = 5 and
q = 2 by thinking of S3 as R3 — {co}. Label the i-cells &, g&’, - - , glé'.

Exercise 204. Show that L(2,1) is the real projective plane. Show that
L(p, q) is the union of two solid tori.

Since m1(L(p,q)) = Z/p, if L(p,q) is homotopy equivalent to L(p',q")
then p = p’. The following theorem gives the homotopy classification of
3-dimensional lens spaces.

Theorem 11.35. Suppose f : L(p,q) — L(p,q') takes g to (¢')*, where g,¢’
are the generators of w1 (L(p,q)), ™ (L(p,q’)) as above. Assume (a,p) =1,
so that f induces an isomorphism on fundamental groups. Then

1. gdeg(f) = ¢'a® mod p.
2. f is a homotopy equivalence if and only if deg(f) = +1.
Moreover, if there exists an integer a so that a’>¢’ = +q mod p, then

there is a homotopy equivalence f : L(p,q) — L(p,q') whose induced map
on fundamental groups takes g to (g')".

Proof. Let L = L(p,q), L' = L(p,q¢'). First note that f, : mL — m L’ is
an isomorphism since (a,p) = 1 implies (¢')* generates Z/p = w1 L’. Using
the cellular approximation theorem and the homotopy extension property,
we may assume that f is cellular. Denote the the cells of L by ¢€’.
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Recall that the group of covering transformations of a universal cover
p: X — X is identified with the fundamental group of X by taking the
covering transformation h : X — X to the loop p(a), where « is a path in
X from % to h(ig). Since é; is a path in S3 from &; to é1g" by (11.4), e;
(which is a loop since there is only one O-cell in L) represents ¢" in 7 L.
Similarly ¢/ represents (¢')" in w1 L.

Because f is cellular and takes g to (¢')* on fundamental groups, it
follows that the loop f(e1) represents (¢')* = (¢’)"7%", and so the chain
map fi : C1(L) — C1(L’) takes ey to (¢'ar)e].

Lift f to f: L — L', so that f(é) = &. Then since f(e;) wraps ¢'ar
times around e}, f(€1) lifts to a sum of ¢'ar translates of é;. Precisely,

fe)=ée+ée@) +-+ é/l(g/)T’(q/arfl)
= 5,1(1 + (gl)rl NI (g’)T"(q’ar—l)>_

!

(11.8)

To avoid being confused by isomorphic rings, write
A =1Z[Z/p] = Z[t]/(#" - 1).

Identify Z[m; L] with A using the isomorphism determined by g — t%, and
identify Z[m L'] with A via ¢’ — t. With these identifications, the equivari-

—_~—

ant chain complexes of L(p,q) and L(p,q’) and the chain map between them
are given by the diagram

0 A-Bepn 2oy 2y 0
lfs Jf2 {h {fo
0+ A 5+ A5 A A 0

where the differentials in two chain complexes are given by multiplication
by an element in A as follows.

B3 =1t —1
o=1-+t"+ -+ (WP =14t+ - +7!
o=t -1

Oy =t—1

dh=1+t+-- P!

=t —1.

These equations follow from Equations (11.4), (11.5), and (11.6) and the
identifications of A with Z[m1L] and Z[m L'].
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Since f(&9) = &, and f takes g to (¢')%, it follows that fo =Id. From
Equation (11.8) we conclude that

fi=1+ 7 g (dlar=]),
Now f102 = O fa,ie. (1+t+---+tP~ ) fi = (1+t+-- -+t~ 1) fy. This
implies that
(11.9) fo=fi+&(1 —t) for some & € A.
Similarly we have that fds = 05fs3 i.e. fo(t* — 1) = (t — 1) f3, and
therefore (¢t — 1)(t% 1 +--- 4+ 1)fy = (t — 1) f3. Hence
(11.10)  fz= ("' + -+ D fa+ B+t +---+ 271 for some § € A.
Let ¢ : A — Z be the augmentation map defined by map > n;t! — > n,.
Then H3L = ker 03 = span(l 4+t + --- + t?~1) = Z. The isomorphism is
given by
(I+t+-+t2 ) aela).
(Check that this indeed gives an isomorphism. Facts like this come from the
identity (1+t+---+ P4 (1 —t) =0in Z[Z/p].)
Similarly
H3L' = ker 0y = span(l 4+t 4 --- +tP71) 2 Z.
Thus, deg f = n if and only if fy(1+t+---+t2"1) = n(14+t-+---+tP71).
Now
fottt ) =e(f3) (Lt 4+ + 771

and, using the computations above,

e(fs) = (@t A DB Lttt 7))

= ae(fa) +e(B)-p
= ae(fi+ &1 —1)+e(B)-p
= ae(fi)+e(B)-p

= a-dar+¢(B) - p.

In these equations, £ and [ are the elements defined in Equations 11.9 and
11.10. Thus the degree of f equals a?-¢'r +&(B) - p and in particular the
degree of f is congruent to a?¢’r mod p.

The covers L — L, L' — L' both have degree p. Since the degree
multiplies under composition of maps between oriented manifolds, it follows
that pdeg f = pdeg f, and so deg f = deg f = a2¢'r + £(3)p, proving the
second assertion.
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If deg f = deg f = +1, then since L = §3 = [/, the map f : $° — S
is a homotopy equivalence. Thus f : L — L’ induces an isomorphism on
all homotopy groups and is therefore a homotopy equivalence by Theorem
6.71.

It remains to prove 3. Define a map on the 1 skeleton f1) : L) — [/
so that the induced map on fundamental groups takes g to (¢')%. Since
((¢")*)P =1, f) extends over the 2 skeleton. The obstruction to extending
over the 3-skeleton lies in H3(L;moL'). Notice that 7L’ acts trivially on
7L for all k, since the covering transformations S® — S3 have degree 1
and so are homotopic to the identity. Thus the results of obstruction theory
(Chapter 7) apply in this situation.

Since ML/ = mS% = 0, H3(L;mL') = 0 and so this obstruction van-
ishes. Hence we can extend over the 3-skeleton; since this does not alter the
map on the 1-skeleton we obtain a map f: L — L' so that f.(g) = (¢')*.

If a2¢/r = +1 mod p, then f has a degree =1 mod p. We assert that f
can be modified so that the resulting lift f is replaced by another equivariant
map f' such that deg = deg f = p. This is a formal consequence of the
technique used to extend f over the 3-skeleton in obstruction theory; we
outline the construction in this specific case.

Let z € L, and redefine f on a neighborhood of = as indicated in the
following figure.

@) . o

collapse fVvh

L LvS3

Here h : S® — L' is a degree £p map (e.g. take h to be the universal
covering). Denote by f’ this composition of the collapsing map L — LV S3
and f V h. There are many ways to see that the degree of f’ equals the
deg(f) £ p. Notice that since f is only modified on a 3-cell, f and f’ induce
the same map on fundamental groups.

If a’¢'r = +1 mod p, then repeating this modification as needed we
can arrange that deg f = +1, and so f is a homotopy equivalence. This
completes the proof of Theorem 11.35. O
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Exercise 205.

1. Show that L(5,1) and L(5,2) have the same homotopy and homology
groups, but are not homotopy equivalent.

2. Show that L(7,1) and L(7,2) are homotopy equivalent. Show that
any homotopy equivalence is orientation preserving, i.e. has degree
1. Is this true for any pair of homotopy equivalent lens spaces?

Having completed the homotopy classification, we turn now to the simple-
homotopy classification. This is accomplished using Reidemeister torsion.
The chain complex of the universal covers of a lens space L = L(p,q) is
not acyclic, since it has the homology of S3. We will tensor with C to turn
them into acyclic complexes and compute the corresponding Reidemeister
torsion. Thus we need a ring map Z[Z/p] — C.

Let ¢ = e*™/P € C. Let p : Z|Z/p] — C be the ring homomorphism
defined by
h(t) =¢.
Note that h(1 + ¢+ ---+t*P~1) = 0, and that if p J a, then (% # 1.

In this notation we assumed Z/p had the generator ¢t. Let g be the gen-
erator of 71 L, and chose an isomorphism 7L = Z/p so that g corresponds
to t* where (a,p) = 1. Let D, = C4(L)®x, 1 C. This is a based complex over
the complex numbers with basis of the form e ® 1 where e is an (oriented)
cell of L. Since L has one cell in each dimension d = 0,1, 2, 3,

{c ifn=0,1,2,3,

Dn = .
0 otherwise.

Moreover, from the chain complex (11.7) one easily sees that

a_q ar_q
D, ={0 cle Yl 0}

and hence D, is acyclic.

The following diagram exhibits a chain isomorphism of D, with an ele-
mentary complex.

a_1q ar _1
0—ci A e 2 c—0
{Ca—l {Id ¢er—1 {Id
0—cCc -4 c-2rc Y4 c—0

and so the Reidemeister torsion is
Ac(L) = (¢" = 1)(¢"" = 1)

(recall that we are using multiplicative notation). Notice that the Reide-
meister torsion takes its values in C*/ £ {1,¢,---, (P11,
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Now suppose f : L(p,q) — L(p,q') is a homotopy equivalence which
takes g to (¢')* for some a so that (a,p) = 1. Then if we choose the isomor-
phism 71 L' = Z/p so that ¢’ corresponds to t, we have

Ac(L)) = (¢ —1)(¢" - 1).

If f is a simple-homotopy equivalence, 7(f) = 0. so by Proposition
11.34, Ac(L) and Ac(L') are equal in the quotient C*/ £ {1,(,- -+, (P71},
We summarize this conclusion (and the conclusion of Theorem 11.35 for
convenience) in the following proposition.

Proposition 11.36. If f : L(p,q) — L(p,q’) is a simple-homotopy equiva-
lence which takes the generator g € mL to (¢')* € m L', then

1. a’¢ = +q mod p.

2. For each p*™ root of unity ¢ # 1, there exists an s € Z/p so that

(C" =1 —1) =+ (- 1)(¢" —1)
where v and v’ are determined by the equations rq = 1 mod p and
¢’ =1 mod p.

O

Example of L(7,1) and L(7,2). Let L(7,1) = L and L(7,2) = L’. Then
the equation a? = +2 mod 7 has only the solutions a = 3, a = 4. We have
r=1andr =4.
Exercise 205 shows that L and L’ are homotopy equivalent. Suppose
that L and L’ were simple-homotopy equivalent.
1. If a = 3, then for each seventh root of unity ( there exists an s € Z
with
(=12 =+ -1 -1,
This implies that
¢ =12 = [¢ = 1I¢* — 1]

Note that |¢3 — 1| = |¢* — 1]. But we leave it to you as an exercise to
show |¢® — 1| = 2cos(br/p), and we will allow the use of a calculator
to show |¢ — 1| # |¢3 — 1.

2. If a = 4 the equation reads:
(¢ =12 =+ -1 -1,
For similar reasons as in the first case this is impossible.

Thus L(7,1) is homotopy equivalent but not simple-homotopy equiv-
alent to L(7,2). Theorem 11.32 implies that L(7,1) and L(7,2) are not
homeomorphic.
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We will now give the simple-homotopy classification for 3-dimensional
lens spaces. The proof will rely on a number-theoretic result about roots of
unity.

Theorem 11.37. If f : L(p,q) — L(p,q') is a simple-homotopy equiva-
lence, with f«(g) = (¢')%, then L(p,q) is homeomorphic to L(p,q’) and either
a= =1 and ¢ = £¢'mod p

or
a==4q and g = +(¢') "'mod p.
In particular, ¢ = £(¢’)"'mod p.
Proof. Suppose that f : L(p,q) — L(p,q’) is a simple-homotopy equiva-

lence. Proposition 11.36 shows that for any p' root of unity ¢ # 1 there
exists an s with

(¢ =DET =1) == - = 1),
Note that |¢*|? = 1 and for any z, |¢* — 1|2 = (¢* —1)(¢"* — 1). Thus
L= (" =D =DE" =DET=DE-HE = DE=1EC = 1),
For each j so that 0 < j < p and (j,p) = 1 define
mj = #{z € {a,—a,ar, —ar}|z = j mod p}
and
n; = #{z € {1,-1,7', —r'}|z = j mod p}.
Then clearly >, m; =4=73n;.
Let aj = mj —nj. Then
(a) > a; =0.
(b) aj =mj —nj=mp_j —np_j = ap;.
(©) TI,(¢ - 1o = 1.
A theorem of Franz (for a proof see [19]) says that if a; is a sequence of

integers so that (a), (b), and (c) hold for all p'" roots of unity ¢ # 1, then
a; = 0 for all j.

Thus m; = n; for each j. It follows that either

1. a =1 and ar = 97’ mod p for some ¢; € {£1}, or,

2. a =e1r’ and ar = g9 mod p for some ¢; € {£1}.
The first part of the theorem follows from this and the facts that rq = 1
mod p and 7'¢' = 1 mod p.

The homeomorphism h : 3 — S3 taking (wy,ws) to (wy,ws) is equi-

variant with respect to the actions (wy,w2)g = (w1, w2(?) and (w1, ws2)g =
(wi¢, we¢™9). This implies that L(p, q) and L(p, —q) are homeomorphic.
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The homeomorphism k : S3 — S3 taking (wy,ws) to (we,w;) is equi-
variant with respect to the actions (wy,ws)g = (w1, w2(?) and (w1, ws2)g =
(w1¢%, we(). The quotient space of the Z/p action (wy,ws)g = (w1¢?, wa()
is the same as the quotient space the Z/p action (w1, w2)g = (w1(, we("),
since p and q are relatively prime and (wi¢?, w2() = (w1¢?, w2(¢?)"). This
implies that L(p,q) and L(p,r) are homeomorphic (where r = ¢! mod
p). Thus if L(p,q) and L(p,q’) are simple-homotopy equivalent they are
homeomorphic. O

Proof of Theorem 11.1. The homotopy classification was obtained in
Theorem 11.35. Theorem 11.37 shows that if ¢/ = 4¢*' then L(p, q) and
L(p,q’) are homeomorphic.

If ¢ # 4¢*" then L(p,q) and L(p,¢) are not simple-homotopy equiv-
alent, and so by Chapman’s theorem (Theorem 11.32) L(p,q) and L(p,q’)
are not homeomorphic. O

11.7. The s-cobordism theorem

Finally, we end this chapter with the statement of the s-cobordism theorem,
a fundamental result of geometric topology.

Theorem 11.38 (s-cobordism theorem). Let W be a smooth {respectively
piecewise-linear, topological} compact manifold of dimension 6 or more whose
boundary consists of two path components My and My. Suppose that the in-
clusions My — W and My — W are homotopy equivalences. Let (W, My) €
Wh(r) denote the Whitehead torsion of the acyclic, based Z[m W]-complex
Cy (Wv MO) :

Then W is diffeomorphic {respectively PL-homeomorphic, homeomor-
phic} to My x [0, 1] if and only (W, My) = 0 vanishes. O

A good exposition of the proof in the smooth case is given in [18] and
in the PL-case in [34]. The topological case is much harder and is based on
the breakthroughs of Kirby and Siebenmann [20] for topological manifolds.
The theorem is false in the smooth case if W has dimension 5 even by results
of Donaldson [9], and is true in the topological case in dimension 5 for many
fundamental groups (e.g. m W finite) by work of Freedman-Quinn [11].

The method is of proof of the s-cobordism theorem is to develop han-
dlebody structures on manifolds. A handlebody structure is an enhanced
analogue of a CW-decomposition. Provided the dimension of the manifold
is high enough, then handles can be manipulated in a manner similar to the
way cells are manipulated in the proof of Theorem 11.31, and the proof of
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the s-cobordism theorem proceeds using handle-trading, handle-sliding, and
handle-cancellation.

11.8. Projects for Chapter 11

11.8.1. Handlebody theory and torsion for manifolds. Discuss han-
dlebody theory for smooth (or PL) manifolds and use it to indicate how tor-
sion can be useful in the study of diffeomorphism (or PL homeomorphism)
problems for manifolds. In particular, discuss how handlebody structures
relate Theorems 11.31 and 11.38.
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