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CHAPTER 1

Introduction

1. Introduction

Topology is the study of properties of topological spaces invariant
under homeomorphisms. See Section 2 for a precise definition of topo-
logical space.

In algebraic topology, one tries to attach algebraic invariants to
spaces and to maps of spaces which allow us to use algebra, which is
usually simpler, rather than geometry. (But, the underlying motivation
is to solve geometric problems.)

A simple example is the use of the Euler characteristic to distinguish
closed surfaces. The Euler characteristic is defined as follows. Imagine
the surface (say a sphere in R?) triangulated and let ng be the number

of vertices, ... Then y = ng —ny + no. As the picture indicates, this is
2 for a sphere in R? but it is 0 for a torus.

This analysis raises some questions. First, how do we know that
the number so obtained does not depend on the way the surface is
triangulated? Secondly, how do we know the number is a topological
invariant?

Our approach will be to show that for reasonable spaces X, we
can attach certain groups H,(X) (called homology groups), and that
invariants b, (called Betti numbers) associated with these groups can
be used in the definition of the Euler characteristic. These groups
don’t depend on particular triangulations. Also, homeomorphic spaces
have isomorphic homology groups, so the Betti numbers and the Euler
characteristic are topological invariants. For example, for a 2-sphere,
bozl,bl :O, and62:1 and bo—b1+b2:2.
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6 1. INTRODUCTION

Another more profound application of this concept is the Brouwer
Fixed Point Theorem.
Let D" = {z € R"||z| <1}, and S" ! = {z € R"||z| = 1}.

THEOREM 1.1 (Brouwer). Let f: D™ — D™ (n > 1) be a continu-
ous map. Then f has a fized point, i.e., 3x € D™ such that f(z) = x.

PROOF. (modulo this course) Suppose f : D" — D™ does not have
a fixed point. Define r : D" — S™~! as follows. Extend the ray which
starts at f(x) and goes to z until it hits the boundary S™! of the
closed ball D". Let that be r(x). Note that this is well defined if there

are no fixed points. It is also not hard to prove it is continuous. (Do
it!) Finally, it has the property r(x) = z for every point in S"~'. (Such
a map of a space into a subspace is called a retraction. We shall show
using homology groups that such a map can’t exist.
Some properties of homology theory that will be proved.
(i) H,_1(D™) = 0.
(ii) H,_1(S™') = Z, the infinite cyclic group.
(iii) If r : X — Y is a continuous map of spaces, then for each
k, there are induced group homomorphisms 7y, : Hy(X) —
H(Y).
(iv) Moreover, these group homomorphisms are consistent with
composition of functions, i.e., (r o §)y = ry o Sg.
(v) The identity map X — X induces identity homomorphisms
of homology groups.

Let i : S"~! — D™ be the inclusion map. Then r o i = Id. Thus
Hn—l(Sn_l) - n—l(Dn) - n—l(Sn_l)

is the identity homomorphism of Z which is inconsistent with the mid-
dle group being trivial. O

Note that since there are so many conceivable continuous maps, it
is not at all clear (even for n = 2) on purely geometric grounds that
there can’t be a retraction r, although it seems intuitively reasonable
that no such map can exist. However, by bringing in the homology
groups, we reduce the issue to a question of whether a certain type of
homomorphism can exist, and the answer to that question is much sim-
pler, basically because there are many fewer homomorphisms between
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groups than maps between spaces, so it easier to tell the former apart
than the latter.

2. Point Set Topology, Brief Review

A metric space is a set X with a real valued function d(z,y) satis-

fying
(i) d(z,y) =0z =y
(i) d(z,y) = d(y, z).

(iil) d(x,z) < d(z,y) + d(y, 2).

Given such a space, one can define the concept of continuous function
and a variety of other concepts such as compactness, connectedness,
etc.

However, metric spaces are not sufficiently general since even in
cases where there may be a metric function d(z,y), it may not be
apparent what it is. (Also, there are cases of interest where there is no
such function.)

Example. The Klein bottle is often defined by a picture of the
following type.

Here the two horizontal edges are identified in same the direction
and the vertical edges are identified in opposite directions. Something
homeomorphic to this space may be embedded in an appropriate R"
so using the metric inherited from that, it can be viewed as a metric
space. However, that particular representation is hard to visualize.

We need then some other way to describe spaces without using a
metric. We do that by means of open sets. In a metric space X, denote
B(z) = {y|d(z,y) < €} (open ball centered at x or radius €.) A set is
open if every point in the set is the center of some open ball contained
in the set. Open sets have the following properties.

(i) @ and X are both open sets.
(ii) Any union whatsoever of open sets is open.
(iii) Any finite intersection of open sets is open.

Then we define a topology on a set X to be a collection of subsets (which
will be called open sets) satisfying these three axioms. A topological
space is a set, together with some topology on it. (Note that the same
set can have many different topologies placed on it.)
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Here is an example of a topological space which is not a metric
space. Let X = {z,y} be a set with two elements. Let the topology
be the collection consisting of the following subsets of X: 0, {z}, and
{z,y} = X.

This can’t be a metric space because it doesn’t satisfy the following
Hausdorff separation property: For any two points x,y € X, there exist
non-intersecting open sets U and V' containing = and y respectively.
(These are usually called open neighborhoods of the points.) It is easy
to see that any metric space has this property, but clearly X in the
above example doesn’t have it.

A function f : X — Y of topological spaces is called continuous if
the inverse image f~!(U) of every open set U is open. (Similarly for
closed sets.) A continuous function f : X — Y is called a homeomor-
phism if there is a continuous function g : ¥ — X such that go f and
f o g are respectively the identity maps of X and Y. This implies f is
one-to-one and onto as a map of sets. Conversely, if f is one-to-one and
onto, it has a set theoretic inverse ¢ = f~!, and f is homeomorphism
when this inverse is continuous.

Any subset A of a topological space X becomes a topological space
by taking as open sets all intersections of A with open sets of X. Then
the inclusion map ¢ : A — X is continuous.

The collection of all topological spaces and continuous maps of topo-
logical spaces forms what is called a category. This means among other
things that the composition of two continuous functions is continuous
and the identity map of any space is continuous. (Later we shall study
the concept of category in more detail.) Another important category is
the category of groups and homomorphisms of groups. The homology
groups H,(X) together with induced maps H,(f) : H,(X) — H,(Y)
describe what is called a functor from one category to another. This
also is a concept we shall investigate in great detail later.

There are various concepts defined for metric spaces which extend
easily to topological spaces since they depend only on the concept open
set.

A subset A of a topological space X is called compact if every cov-
ering of A by a union of open sets can be reduced to a finite subcovering
which also covers A. (Some authors, e.g., Bourbaki, insist that a com-
pact space also be Hausdorff.) Compact subsets of R" are exactly the
closed bounded subsets. (This is not necessarily true for any metric
space.) Here are some other facts about compactness.

A closed subset of a compact space is always compact.

In a Hausdorff space, a compact subset is always closed.
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If f:X — Y is continuous and A C X is compact, then f(A) is
compact.

A topological space X is called connected if it cannot be decom-
posed X = U UV into a disjoint union (U NV = ) of two non-empty
open sets.

In R, the connected subspaces are precisely the intervals. (See the
exercises. )

If f: X — Y is continuous, and A is a connected subspace of X,
then f(A) is a connected subspace of Y.

A set X may have more than one topology, so it can be the un-
derlying set of more than one topological space. In particular, a set X
may always be given the discrete topology in which every set is open.
(When is a space with the discrete topology Hausdorff? compact?
connected?)

One of the important functors we shall describe is the fundamental
group. For this purpose, we need a stronger notion than connectedness
called path connectedness. To define this we need a preliminary notion.
A path in X is a continuous function « : [0, 1] — X.

A space X is called path connected if any two points x,y may be
connected by a path, i.e., there is a path o with a(0) = z and a(1) = v.

PROPOSITION 1.2. A path connected space X is connected.

ProOF. Let X = UUV be a decomposition into disjoint open sets.
If neither is empty, pick x € U and y € V, and pick a path « joining x
to y.

Since [0,1] is connected, so is A = Im(c). On the other hand,
A=(UUA)N(VUA) is a decomposition of A into disjoint open sets
of A, and neither is empty, so that is a contradiction. O

A connected space is not necessarily path connected, but a locally
path connected space which is connected is path connected.

If X,Y are topological spaces, then the Cartesian product X x Y
(consisting of all pairs (x, y)) is made into a topological space as follows.
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If U is open in X and V is open in Y, then U x V is open in X x Y.
Moreover, any union of such ‘rectangular sets’ is also taken to be open
in X XY, and this gives the collection of all open sets. This is in fact the
smallest topology which can be put on X X Y so that the projections
X XY — X and X xY — Y are both continuous. A finite product
of topological spaces is made into a topological space is an analogous
manner. However, an infinite Cartesian product of topological spaces
requires more care. (You should look that up if you don’t know it.)

A product of two Hausdorff (respectively compact, connected, or
path connected) spaces is Hausdorff ( respectively, ...).

An n dimensional manifold is a Hausdorft space X with the prop-
erty that each point x € X has an open neighborhood which is home-
omorphic to an open ball in R"™. Most of the spaces we are interested
in algebraic topology are either manifolds or closely related to man-
ifolds. For example, what we usually think of as a surface in R? is
a 2-manifold. However, there are 2-manifolds (e.g., the Klein bottle)
which can’t be embedded in R? as subspaces.



CHAPTER 2

Homotopy and the Fundamental Group

1. Homotopy

Denote I = [0,1]. Let f,g: X — Y be maps of topological spaces.
A homotopy from f to gisamap H : X xI — Y such that forall z € X,
H(z,0) = f(x) and H(z,1) = g(x). Thus, on the ‘bottom’ edge, H
agrees with f and on the ‘top’ edge it agrees with g. The intermediate
maps H(—,t) for 0 < ¢t < 1 may be thought of a 1-parameter family
of maps through which f is continuously deformed into g. We say f is
homotopic to g (f ~ g) if there is a homotopy from f to g.

EXAMPLE 2.1. Let X = S' and Y = S* x I (a cylinder of radius 1
and height 1). Define H(z,t) = (z,t). (What are f and g¢?)

EXAMPLE 2.2. Let X = S! and Y = D?. Let f be the inclusion of
St in D? and let g map S! to the center of D?. Then H(z,t) = (1—1t)x
defines a homotopy of f to g.

ExXAMPLE 2.3. Let X =Y = R". Let f be the identity map, and
let g be defined by g(z) = 0 for all . Define H(z,t) = (1 — t)z.
Note that the same argument would work for any point with a slightly
different H.

If the identity map of a space is homotopic to a constant map (as
in Example 2.3), we say the space is contractible.

It is also useful to have a relative version of this definition. Let A
be a subspace of X. Suppose f,g: X — Y agree on A. A homotopy
relative to A from f to g is a map as above which satisfies in addition
H(z,t) = f(x) = g(z) for all x € A.

By taking A = (), we see that the former concept is a special case
of the latter concept.

We say f is homotopic to g relative to A (f ~4 g) if there is a
homotopy relative to A from f to g.

PROPOSITION 2.4. Let X, Y be topological spaces and let A be a
subset of X. Then ~ 4 is an equivalence relation on the set Mapa(X,Y)
of maps from X to'Y which agree on A.

11
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PROOF. For notational convenience, drop the subscript 4 from the
notation.

(i) Reflexive property f ~ f: Define H(z,t) = f(z). This is the
composition of f with the projection of X x I on X. Since it is a
composition of two continuous maps, it is continuous.

(ii) Symmetric property f ~ g =g~ f: Suppose H : X x [ =Y
is a homotopy (relative to A) of f to g. Let H'(x,t) = H(x,1 —t).
Then H'(x,0) = H(x,1) = g(x) and similarly for t = 1. Also, if
H(a,t) = f(a) = g(a) for a € A, the same is true for H'. H' is a
composition of two continuous maps. What are they?

(iii) Transitive property f ~ g,g ~ h = f ~ h: This is somewhat
harder. Let H : X x I — Y be a homotopy (relative to A) from f to
g, and let H” be such a homotopy of g to h. Define

H(w. 1) H'(z,2t) for 0 <t <1/2
i =
’ H'(xz,2t —1) for 1/2 <t <1.

Note that the definitions agree for ¢ = 1/2. We need to show H is
continuous.

LEMMA 2.5. Let Z = AU B where A and B are closed subspaces of
X. Let F: Z —Y be a function with the property that its restrictions
to A and B are both continuous. Then F is continuous.

(Note that in the above circumstances, specifying a function on
A and on B completely determines the function. The only issue is
whether or not it is continuous.)

To derive the Proposition from the Lemma, choose A = X x [0, 1/2]
and B=X x [1/2,1] and F = H. O

PROOF OF THE LEMMA. Let K be a closed subset of Y. By as-
sumption AN F~(K) is a closed subset of A (in the subspace topology
of A) and similarly for BNF~!(K). However, it is not hard to see that a
subset of a closed subspace A which is closed in the subspace topology is
closed in the overlying space Z. Hence. F1(K) = (F'NA)U(F'NB)
is a union of two closed subsets of Z, so it is closed. O

This Lemma and its extension to more than two closed subsets will
be used repeatedly in what follows.

2. The Fundamental Group

The fundamental group of a space is one of the basic concepts of al-
gebraic topology. For example, you may have encountered the concept
‘simply connected space’ in the study of line integrals in the plane or in
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complex function theory. For example, Cauchy’s theorem in complex
function theory is often stated for simply connected regions in the com-
plex plane C. (An open set in the complex plane C is simply connected
if every simple closed curve may be deformed to (is homotopic to) a
point (a constant map).) Cauchy’s theorem is not true for non-simply
connected regions in C. The fundamental group measures how far a
space is from being simply connected.

The fundamental group briefly consists of equivalence classes of
homotopic closed paths with the law of composition being following
one path by another. However, we want to make this precise in a series
of steps. Let X be a topological space. As above, let I = [0, 1] and also

denote its boundary by I = {0,1}. Then the set of paths f: I — X is
partitioned into equivalence classes by the relation f is homotopic to
g relative to I. Note that equivalent paths start and end in the same
point. Denote by [f] the equivalence class of f.

Let f,g be paths in X such that the initial point g(0) of g is the
terminal point f(1) of f. Denote by f*g the path obtained by following
the path f by the path g. More formally

f(2t) for 0 <t <1/2
g2t —1) for1/2 <t <1.

(fx9)(t) = {

PROPOSITION 2.6. Suppose f ~ f and g ~ ¢, both relative to I.
Suppose also the common terminal point of f, f' is the common initial
point of g,q'. Then f* g~ f"x g relative to I.

PRrROOF. Let F' be a homotopy for f ~ f' and G one for g ~ ¢'.
Define

H(t.s) =F(2t,s) for0<t<1/2
7 G(2t—1,s) for1/2<t<1.
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This implies that the set of equivalence classes [f] of paths in X has
a law of composition which is sometimes defined, i.e., [f] % [g] = [f * g]
makes sense. We shall show that the set of equivalence classes has
identity elements and inverses. For each point x € X, let e, denote the
constant map I — X such that e,(t) =z for all t € I.

PROPOSITION 2.7. Let f be a path in X. Then
epoyxf~f  [repay~f
relative to I.

Note that this says [ef()] is a left identity for [f] and [efq)] is a
right identity for [f].

PRroOOF. For f xefq) ~ f, define

CJf@t/(s+1) for0<t< (s+1)/2
it )_{f(l) for (s+1)/2<t<1.

A similar argument works for ey * f ~ f. (You should at least draw
the appropriate diagram.) O

Note that the idea is first to draw an appropriate diagram and then
to determine the formulas by doing the appropriate linear reparame-
terizations for each s.

PROPOSITION 2.8. Let f, g, h be paths in X such that f(1) = ¢g(0), g(1) =
h(0). Then

fr(gxh)~(fxg)xh relative to 1.

Note that this tells us that the law of composition on the equivalence
classes is associative when defined.
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PROOF. Define

fl4t/(2 —s)) for0<t<(2—35)/4
H(s,t) =< g4t + s —2) for (2—s)/4<t<(3—9)/4
h((4t+s—3)/(1+s)) for(3—s)/4<t<1
O
For a path f in X define another path f’ by f'(¢) = f(1 —1).
PROPOSITION 2.9. f* f' ~esqy and ' * f ~ ep) relative to I.
PRrOOF. Exercise. U

Note that we have all the elements needed for a group except that
the law of composition is not always defined. To actually get a group,
choose a point xq (called a base point) and let (X, x¢) be the set of
equivalence paths of all paths which start and end at xy. Such paths
are called loops.

This set has a unique identity [e,,]. Also, the law of composition is
always defined and satisfies the axioms for a group. m (X, z) is called
the fundamental group of X with base point zy. (It is also called the
Poincare group since he invented it.) It is also common to use the
notation (X, zg) because this group is the first of infinitely many
groups 7, called homotopy groups.

EXAMPLE 2.10. Let X = {z¢} consist of a single point. The the
only path (loop) is the constant map f : I — {zo}. Hence, m (X, z) =
{1}, the trivial group.

ExaMpPLE 2.11. Let X be a convex subset of R", and let xy be a
base point in X. Then m (X, zo) is trivial also. For, let f: I — X be
a loop based at zy. from f to the constant loop based at xy by

H(t,s) = sxo+ (1 —s)f(t).
Then clearly, H(t,0) = f(t) and H(t,1) = zo, as claimed.
EXAMPLE 2.12. Let zy be any point in S*. Then 7,(S*, zy) = Z,
the infinite cyclic group. This is not particularly easy to prove. We will

get to it eventually, but you might think a bit about it now. The map
f: I — S! defined by f(t) = (cos2wt,sin2mt) (or in complex notation
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f(t) = e*™) should be a generator (for basepoint (1,0)), but you might
have some trouble even proving that it is not homotopic to a constant
map.

Let X be a space and x( a base point. It is natural to ask how the
fundamental group changes if we change the base point. The answer is
quite simple, but there is a twist.

Let x1 be another base point. Assume X is path connected. Then
there is a path f : I — X starting at z¢ and ending at z1. Let f’ denote
the reverse path as before. Define a function m (X, zg) — (X, x1) as
follows. For a loop g based at xg, send

g— frg=*f
where the right hand side is a loop based at x1. Since ‘+’ is consistent
with homotopies relative to I, it follows that on equivalence classes of
loops, this is a well defined map, so we get a function ¢y : m (X, zo) —

m(X,z1). It is also true that this function is a homomorphism of
groups. For, if g, h are loops based at z(, we have

frgrhsfr fagregxhxsf~ (frgsf)*(fxhxf)
(Note this also used the fact that ‘*’ is associative up to homotopy—
which is what allows us to forget about parentheses.) It follows that
the function on equivalence classes is a homomorphism.
It is in fact an isomorphism, the inverse map being provided by

h— f'«hxf  where [h] € m (X, x1).

(You should verify that!)

The twist is that the isomorphism depends on the equivalence class
of [f], so different paths from xy to x; could result in different ho-
momorphisms. Note that even in the special case o = 1, we could
choose a path f (which would be a loop based at ) which would re-
sult in a non-identity isomorphism. Namely, if [f] = «,[g] = 3, the
isomorphism is the inner automorphism

B afa!

which will be the identity only in the case « is in the center of m; (X, ).
The next question to study is how the fundamental group is affected
by maps f: X — Y.

PROPOSITION 2.13. Let X, Y, and Z be spaces. Let A be a subspace
of X. Let f,f': X =Y and g,9 : Y — Z be maps. If f ~4 [ and
g~y g thengo f~agolf

Note under the hypotheses, f(A) = f'(A).
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PROOF. Let H : X x I — Y be a homotopy of f to [’ relative to
A. Then it is easy to see that g o H is a homotopy of go f to go f’
relative to A. Similarly, if F' : Y x I — Z is a homotopy of g to ¢
relative to f(A) = f'(A), then F o (f’ x Id) is a homotopy of g o f" to
g’ o [’ relative to A. Now use transitivity of ~ 4. O

Suppose now that f: X — Y is a map, and zo € X. If h is a path
in X, fohisapathin Y. Moreover, changing to a homotopic path A’
results in a homotopic path f o h’. Hence, we get a function

formi(X,2o) = m(Y, f(o)).
(Note what happened to the base point!)

PropoOSITION 2.14. f. : m(X,z0) — m (Y, f(x0)) s a homomor-
phism.

PROOF. Let g, h be paths in X such that g(1) = h(0). It is easy to
check from the definition of * that

fol(g*h)=(fog)*(foh).

O

In language we will introduce later, we have defined a functor from
topological spaces (with base points specified) to groups, i.e., for each
pair (X, xo) we have a group m (X, zy) and for each map X — Y
such that f(x¢) = yo, we get a group homomorphism f, :: 71 (X, zg) —
m1(Y, yo). Moreover, these induced homomorphisms behave in plausible
ways.

PROPOSITION 2.15. (i) Id, = 1d, i.e., the identity map of
a space induces the identity homomorphism of its fundamental
group.

(ii) Let f + X — Y and g :' Y — Z be maps. Then (g o
f)s = g« 0 fs, i.€., the induced map of fundamental groups is
consistent with composition.

PROOF. (i) is obvious. (ii) is also obvious since

(go f)u([h]) =[(go f)oh]=lgo(foh)] = g.lf ohl) = g.(fu[h])).
(Make sure you understand each step.) O
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3. Homotopy Equivalence

Let f,f": X — Y be homotopic maps. Fix a basepoint zy € X.

f and f" induce homomorphisms f, : m (X, z9) — m(Y,90) and f :

m1(X, 20) — mi(Y,yp) where yo = f(zo) and yp = f'(z0). If yo = yg

and the homotopy f ~ f’ also sends x( to yo, it is not hard to see that
« = fi. We want to be able to say what happens if yo # ;.

Let FF: X x I — Y be a homotopy f ~ f’. The function defined
by z(t) = F(x0,t),0 <t <1 defines a path in Y from yy to yj. Then
as above, we have an isomorphism ¢, : m (Y, y0) — m(Y,y}) defined
on loops g based at yy by

g—Z*x(g*2z.

(Z denotes the reverse path.)

PROPOSITION 2.16. With the above notation, ¢, o f, = f.. i.e., the
diagram below commutes.

7T1(X7$0) > 7r1(Y,y6)

YS! <Y7 3/0)

PROOF. Let h: I — X be a loop in X based at xy. Consider the
map H : I x I — Y defined by

H(t,s) = F(h(t), 5).

Let u denote the top edge of I x I as a path in the square, [ the left edge
traversed downward, b the bottom edge, and r the right edge traversed
upward. Then Hou = f'oh,and Hol=Z,Hou= foh,Hor = z.
Since the square is a convex set in R?, we have seen in an exercise that
u ~ [ *bx*r relative to {(0,1),(1,1)}. It follows that in Y f o h ~
Z* (f o h) * z relative to y, = H(0,1) = H(1,1). O

f

We want to consider homotopic maps of spaces to be in some sense
the same map. Similarly, if f: X — Y is a map, wecallg:Y — X
a homotopy inverse if fog ~ Idy and go f ~ Idyx. In this case, we
say that f is a homotopy equivalence. We also say that X and Y are
homotopy equivalent.
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EXAMPLE 2.17. A space X is homotopy equivalent to a point if
and only if it is contractible. (Exercise: Prove this.)

ExAMPLE 2.18. Let X be any space. Then X and X x [ are
homotopy equivalent.

To see this let f : X — X x I be the inclusion of X on the ‘bottom
edge’ of X x I,ie. f(z) = (x,0), and let g be the projection of X x I
on X. In this case, we have equality go f = Idx. To see fog ~ Idx«y,
define H : (X x I) x I — X x I by

H(z,s,t) = (z, st).
(Check that H(x,s,0) = (z,0) = f(g(z,s)) and H(z,s, 1) =1d(z,s).)

ProposITION 2.19. If f: X — Y 1is a homotopy equivalence, then
fo i m (X, x0) — m (Y, f(20)) is an isomorphism.

PROOF. Since g o f ~ Idy, it follows from the basic Proposition
proved at the beginning of the section that

g*of*:(gof)*:¢zold*:¢z

for an appropriate path z in X, It follows that it is an isomorphism.
Similarly, f, o g, is an isomorphism. It is not hard to see from this that
f+ has both left and right inverses (as a map) so it is an isomorphism.

O

COROLLARY 2.20. If X is contractible, then m (X, x¢) = {1} (where
xq is any base point).

PROOF. Clear. O

A connected space is called simply connected if m (X, z9) = {1}
for every basepoint xy. That is equivalent to saying that every loop
(basepoint arbitrary) is null-homotopic, i.e., homotopic to a point map.
If the space is path connected, then it suffices that m (X, z¢) is trivial
for one base point zy.

A contractible space is thus simply connected, but the converse is
not necessarily true. The primary example is S™ for n > 2, which is
simply connected but not contractible. We shall establish both these
contentions later.
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Recall that a subspace A of a space X is called a retract if the
inclusion map 7 : A — X has a left inverse r : X — A. It is called a
deformation retract if in addition r can be chosen so that i or ~ Idy.

Note that since roi = Id 4, it follows that A is homotopically equivalent
to X.

EXAMPLE 2.21. A point {z} of X is always a retract of X but will
be a deformation retract only if X is contractible. (In this case there
is only one possible r : X — {z}.)

EXAMPLE 2.22. We saw in the introduction that S™ is not a retract
(so not a deformation retract) of D™, but this required the develop-
ment of homology theory.

EXAMPLE 2.23. S" is a deformation retract of X = R"™ — {0}
(similarly of D"*1—{0}.) To see this, choose r to be the map projecting
a point of R™"! from the origin onto S™. It is clear that r is a retraction,
i.e., roi=1Id. To see that i or ~ Id, define H : X x I — X by

H(z,t) =2/(1 —t+tlz|).

(Note |z| # (t — 1)/t since the right hand side is not positive for 0 <
t <1.) Then,

H(z,0) ==z
H(w,1) = /|2 = i(r(z)).

4. Categories and Functors

We now make precise the ideas we alluded to earlier. A category C
consists of the following. First, we have a collection of objects denoted
Obj(C). In addition, for each ordered pair A, B of objects in Obj(C),
we have a set Hom(A, B) called morphisms from A to B. (We often
write f : A — B for such a morphism, but this does not imply that f
is a function from one set to another, or that A and B are even sets.)
We assume that the sets Hom(A, B) are all disjoint from one another.
Moreover, for objects A, B,C in Obj(C), we assume there is given a
law of composition

Hom(A, B) x Hom(B, C) — Hom(A, C)

denoted
(f.9) —gf.

(Note the reversal of order.) Also, we assume this law of composition
is associative when defined, i.e., given f : A — B,g : B — (', and
h:C — D, we have

h(gf) = (hg)f.
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Finally, we assume that for each object A in Obj(C) there is an element
Id4 € Hom(A, A) such that

daf=f for all f € Hom(X,A) and
fldg=f for all f € Hom(A, X).

Note the distinction between ‘collection” and ‘set’ in the definition.
This is intentional, and is meant to allow for categories the objects of
which don’t form a ‘set” in conventional set theory but something larger.
There are subtle logical issues involved here which we will ignore.

ExAMPLES 2.24. The most basic category is the category Sets of
all sets and functions from one set to another.

As mentioned previously, the collection of all spaces and continuous
maps of spaces is a category Top. Similarly, for Gp the category of
groups and homomorphisms of groups or Ab the category of abelian
groups and homomorphisms.

We have also introduced the collection of all spaces with base point
(X, x0). Morphisms in this category are base point preserving maps,
e, f:(X,z9) — (Y,yo) isamap f: X — Y such that f(zo) = vo.

Finally, we may consider the category in which the objects are topo-
logical spaces X, but Hom(X,Y") consists of homotopy classes of ho-
motopic maps from X — Y. Since composition of maps is consistent
with homotopy, this makes sense. We call this the homotopy category
Hpty.

In general, a morphism f : X — Y in a category C is called an iso-
morphism if there is a morphism ¢ : Y — X such that ¢gf = Idx, fg =
Idy. The isomorphisms in the category Top are called homeomor-
phisms. The isomorphisms in the category Hpty are called homotopy
equivalences.

Given two categories C, D, a functor F : C — D associates to each
object A in Obj(C) an object F'(A) in Obj(D) and to each morphism
f:A— Bin C a morphism F(f): F(A) — F(B) in D. Moreover,
we require that

(1) F(Ida) =Idpa)
(2)If f:A— B,g: B— CinC, then F(gf)= F(g)F(f).

ExAMPLES 2.25. The fundamental group (X, x) is a functor
from the category of spaces with base points to the category of groups.

If G is a group, the group G/[G, (] is abelian. If f : G — H is a
homomorphism, it induces a homomorphism f : G/[G, G] — H/[H, H].
Thus, we have an ‘abelianization’ functor from the category of groups
to the category of abelian groups.
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If the objects in a category C have underlying sets and if morphisms
are set maps with some additional properties, we can always define the
‘forgetful functor’ from C to Sets which just associates to an object the
underlying set and to a morphism the underlying function. This works
for example for the categories of spaces, spaces with base points, and
groups but not for the homotopy category.

5. The fundamental group of S*
We shall prove

THEOREM 2.26. Let xg be any point of S*. Then w1 (S, x¢) & Z,
the infinite cyclic group.

The proof is rather involved and requires some discussion of the
notion of covering space in the special case of S'. We shall go into this
concept in more detail later.

It is most convenient for our discussion to identify S' with the
points z € C with |z| = 1. We shall also take zy = 1. Then the basic
loop which turns out to generate (St z) is i : I — S' defined by
i(t) = e?™. (Notice, but don’t get excited

about the conflict in notation there!) The map ¢ may be factored
through the exponential map £ : R — St given by E(t) = €™ —o0 <
t < oo. That is, let 7 : I — R be the inclusion, so i = E o 1.

E : R — S'is an example of a covering map. Note that it is onto,
and the inverse image of any point z consists of all integral translates
t+n, where n € Z, and ¢ is any one element in R such that E(t) = z.
In particular, the inverse image of any point is a discrete subspace of
R.

Note also that while £ certainly isn’t invertible, it does have an
inverse if we restrict to an appropriate subset of S!. In particular, we
may define a logarithm function L : S' — {—1} — R by taking L(z)
to be the unique number ¢ € (—1/2,1/2) such that E(t) = ¢*™ = 2.
Of course, there are other possible ranges of the logarithm function,
so there are other possible inverses on S' — {—1}. Any one will be
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completely determined by specifying the image of 1. For the choice we
made L(1) = 0.

We now want to do something analogous with an arbitrary loop
h: I — S First, we prove

LEMMA 2.27 (Lifting Lemma). Let h: I — S be a path such that
h(0) = 1, and let n € Z. Then there exists a unique map h:I >R
such that

(i) h=FEoh
(ii) h(0) = n.

PROOF. First we show that such a map is unique. Let 2’ be another
such map. Then since E(h(t)) = E(K'(t)), it follows from the properties
of the exponential function that E(h(t)—h/(t)) = 1 for all t € I. Hence,
h(t)—h'(t) € Z for all t € I. However, h—}/ is continuous, so its image
is connected. Since it is contained in Z, a discrete subspace of R, it is
constant. Since h(0) = /'(0), it follows that h(t) = 2'(t) for all t € I.

It is harder to show that & exists. The idea is to break I up into
subintervals whose images may be mapped by the logarithm function L
to R, and then piece together the results in R. Since h is continuous on

a compact set, it is uniformly continuous. That means we can choose
d > 0 such that |h(t') — h(t")| < 2 whenever |t' —t"| < §. Thus, h(t')
and h(t") will not be antipodal, and h(t')h(t")~! # —1.

Fix 0 < t < 1. Choose N such that each subinterval in the partition
0=ty <ty =1/N <ty =2t/N < --- <ty =t of length smaller
than ¢ for any ¢+ < 1. Let gx : [ti_1,tx] = Iz — S* be defined by
gr(w) = h(u)h(ty_1)~*. Then h(I}) C S* — —1. Hence, we may define
gk - I, = R by g, = Lo gy. Deﬁneﬁ:[—>Rby

h(t) = n+ gi(t) + Gota) + - + gn(tn).  Recall t, = t.

We leave it to the student to prove that h so defined is continuous.

Clearly, h(0) = n. Also,
E(h(t)) = E(n)E(L(g1(11)) E(L(g1(t2)) - - - E(L(gn(tn)) = -+ = h(t).
Hence, h has the desired properties. 0

LeEMMA 2.28 (Homotopy Lifting Lemma). Let h,h' : I — S* be
homotopic (relative to I) starting at 1 and ending at the same point.
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Let H: I x I — S* be a homotopy of h to h' relative to I. Let h and I/
be liftings ofh and b’ respectively such that h(0) = K (0). Then there is
a homotopy H:IxI—R ofh to W' relative to I such that H = Eo H
and H(O 0) = h(0). In particular, it follows that h(1) = I'(1), so that
h and I start and end at the same points.

PROOF. The proof of the existence of H is essentially the same as
that of the existence of h. (Instead of partitioning the interval [0, 1],
partition the line segment from (0,0) to (¢,s) € I x I.

To see that H is constant on {0} x I and {1} x I, note that the
images in R of both these line segments are in Z, so by the above dis-
creteness argument, H is constant on those segments. On the bottom
edge, H(—,0) lifts H(—,0) = h and agrees with h at its left endpoint,
so it is h. Similarly, for H(—,1) and #’. Hence, H is the desired
homotopy. U

NoTEs 1. (1) Note that the arguments work just as well if A (and
1) start at zy # 1. However, then the initial value 7(0) must be chosen
in the discrete set E~1(2).

(2) Both lemmas may be subsumed in a single lemma in which [
or I x I is replaced by any compact convex set in some R". Then the
initial point can be any point in that set instead of 0 or (0, 0).

We are now in a position to show m(S',1) = Z. First define a
function ¢ : Z — (S, 1) by g(n) = [i|", where ¢ : I — S' is the
basic loop described above. Clearly, ¢ is a group homomorphism. We
may also define a function p : m;(S*,1) — Z which turns out to be the
inverse of q. Let h be a loop in S* representing a € m1(S*, 1), Let h be
the unique lifting of A such that 2(0) = 0. Then, let p(«) be the other
endpoint of h as a path in R, i.e.

p([h]) = h(1).

By the homotopy covering lemma, h(1) depends only on the equiva-
lence class of h, so p is well defined. It is called the degree of h (or of ).
The reason for this terminology is clear if you consider i™ = jxis%- - -xi
(n times) which (for n > 0) represents [i]”. The unique lifting i such
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that 1™ (0) = 0 is given by
™ (t) = ni(t).

(Check this!) Hence, the degree of [;]* is n. Thus, in this case, the
degree counts the number of times the loop goes around S!, and this
should be the interpretation in general. Note that the above argument
proves that p o ¢ = Idz. (It works for n > 0. What if n < 07) To
complete the proof, we need only show that p is one-to-one. To this
end, let g and h be loops in St based at 1 and cover them by g and
h which both map 0 to 0. If g and h have the same degree, g and h
both map 1 to the same point in R. Since g = Fogand h = FEo h it
suffices to show that g and h are homotopic relative to I. This follows
from the following Lemma, which we leave an exercise for you.

LEMMA 2.29. Let h and g be paths in a simply connected space with
the same endpoints. Then h ~ g relative to I.

Note that since p is the inverse of ¢, it is an iso-morphism. That is,
deg(h * g) = deg(h) + deg(g).

You might also think about what this means geometrically.

6. Some Applications

We may now use the fundamental group to derive some interesting
theorems.

THEOREM 2.30 (Fundamental Theorem of Algebra). Let f(z) =
a2 a2+ ay, be a polynomial with complex coefficients.
Then f(z) has at least one complex root.

It follows by high school algebra that it has exactly n roots, counting
multiplicities. This theorem was first proved rigorously by Gauss who
liked it so much that he gave something like 8 proofs of it during his
lifetime. There are proofs which are essentially algebraic, but we can
use the fundamental proof to give a proof.

PrROOF. We may assume that a,, is not zero for otherwise z = 0 is
obviously a root. Define

F(z,t) = 2" +t(a 2" '+ -+ a,) for- € C,0 <t < 1.

F' defines a homotopy from f : C — C to the nth power function.
Restrict z to the circle C, defined by |z| = r. If r is sufficiently large,
F(z,t) is never zero. For,
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2"+ t(arz" " e an)] > [l = [t (Janle "+ an])
=r"(1—[t|(Jar|/7 + ... |an|/7"),
and if r is sufficiently large, we can make the expression in paren-
theses smaller than 1/2. Thus, F(z,t) provides a homotopy of maps
from C, — C —{0}. F(2,0) = 2" and F(z,1) = f(2).
Similarly, define
G(z,t) = f(tz).
If we assume that f(z) never vanishes for z € C, then this also provides
a homotopy for maps C,, — C —{0}. Also, G(z,0) = a,, and G(z,1) =
f(z). It follows that the nth power map p,, : C,, — C—{0} is homotopic
to the constant map. Hence, there is a commutative diagram

m(Cy, 1) Pr- -~ 1 (C — {0},7")

. /

m(C — {0}, ay)

for an appropriate isomorphism ¢. The homomorphism induced by the
constant map is trivial. On the other hand, it is not hard to see that
pn([i]) (where i : I — C, is a generating loop) is non-trivial. (It just
wraps around the circle Cy» n times.) This is a contradiction. O

We can now prove a special case of the Brouwer Fixed Point The-
orem.

THEOREM 2.31. Forn =2, any continuous map f : D" — D" has
a fized point.

PRrOOF. Check the introduction. As there, we may reduce to show-
ing there is no retraction r : D> — S'. (roi = Id where i : S' — D?
is the inclusion map.) However, any such retraction would

r, o1, = Id
which is not consistent with 1 (D?, z) = {1}, m1(S1, zo) not trivial. [

We are also ready to prove a special case of another well known
theorem.

THEOREM 2.32. For n = 2, there is no map f : S®™ — S™' which
sends antipodal points to antipodal points; i.e., so that f(—x) = — f(x).

COROLLARY 2.33. Forn =2, given a map g : S — R", there is a
point x € S™ such that g(—z) = g(x).
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A consequence of Corollary 2.33 is that, assuming pressure and
temperature vary continuously on the surface of the Earth, there are
two antipodal points where the pressure and temperature are simulta-
neously the same.

PrROOF OF COROLLARY 2.33. Consider g(z)—g(—=z). If the Corol-
lary is false, this never vanishes, so we may define a map f : S® — S"!

by

x)—g(—x

ey < 22 =o(za)
l9(z) — ()]

This map satisfies f(—z) = —f(x). Hence, there is no such map and
the Corollary is true. U

PrROOF OF THEOREM 2.32. Consider the restriction of f to the
upper hemisphere, i.e., the set of € S? with x5 > 0. We can map D?

onto the upper hemisphere of S? by projecting upward and then follow
this by f. Call the resulting map f : D> — S'. f on the boundary S*
of D? provides a map f’: S — S' which such that f'(—z) = —f'(z).
From the diagram

Sl D2

W

we see that the homomorphism (S, 1) — (S, f/(1)) is trivial
(where we view S! as imbedded in C as before). Let i : I — S?
be defined by i(t) = e*™ as before, and let h = f’ oi. We shall show
that [h] = f.([7]) is nontrvial, thus deriving a contradition. To see this
first note that, because of the antipode preserving property of f’, we

have h(t) = —h(t —1/2) for 1/2 <t < 1.
LEMMA 2.34. Let h: I — S satisfy h(t) = —h(t — 1/2) for 1/2 <
t < 1. Then degh is odd. (In particular, it is not zero.)

PROOF. By a suitable rotation of S' we may assume h(0) = 1

without affecting the argument. Using the lifting lemma, choose h
[0,1/2] — R such that h(t) = E(h(t)) and h(0) = 0. Since E(h(1/2)) =
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h(1/2) = —h(0) = —1, it follows that h(1/2) = k+1/2 for some integer
k. Now extend h to I by defining

h(t)=k+1/2+h(t—1/2)  for1/2<t<1.

Note that according to this formula, we get the same value for t = 1/2
as before. Also,

E(h(t)) = B(k+1/2)E(h(t—1/2)) = —h(t—1/2) = h(t)  for1/2<t < 1.
Finally,

h(1) =k+1/2+h(1/2) = 2(k +1/2) = 2k + 1
as claimed. 0

4

It is intuitively clear that R™ is not homeomorphic to R™ for n # m,
but it is surprisingly difficult to prove. We shall provide a proof now
that this is so if m = 2 and n > 2. (You should think about how to
deal with the case R! and R? yourself.) If R? were homeomorphic to
R", we could asssume there was a homomorphism that sends 0 to 0.
(Why?) This would induce in turn a homeomorphism from R?* — {0}
to R™ — {0}. The former space is homotopically equivalent to S and
the latter to S™ 1. Hence, it suffices to prove that S does not have
the same homotopy type as S™ for n > 1. This follows from the fact
that the former is not simply connected while the latter is. We now
shall provide a proof that

THEOREM 2.35. S™ is simply connected for n > 1.

PRrOOF. The idea is to write X = S" = U UV where U and V are
simply connected open subspaces.

Let h : I — X be aloop based at xy € S™ whose image lies entirely
within U. Let b/ : I — U be the map describing this. Then there
is a homotopy H' : I x I — U from h' to the constant map at x.
Following this by the includsion U — X yields a homotopy into X.
Similarly for a loop entirely contained in V. Of course, it is not true
that any element of (X, zg) is represented either by a loop entirely
in U or one entirely in V', but we shall show below that in appropriate
circumstances any element is represented by a product of such loops.
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To write S™ = UUV as above, proceed as follows. Let U = S"—{P}
and V = {P'} where P = (0,0,...,1), P = (0,0,...,—1) € R""! are
the north and south poles of the sphere. These sets are certainly open.
Also, the subspace obtained by deleting an single point ) from S is
homeomorphic to R", so it is simply connected. (By a linear isomor-
phism, you may assume the point is the north pole. Then, a homeo-
morphism is provided by stereographic projection from () which maps
S™ —{Q} onto the equatorial hyperplane defined by x,,.; = 0, which
may be identified with R"™. It is clear that stereographic projection

is one-to-one and onto, and by some simple algebra, one can derive
formulas for the transformation which show that it is continuous.)
Thus to prove the theorem, we need only prove the following result.

PROPOSITION 2.36. Let X be a compact metric space, and suppose
X =UUV whereU andV are open subsets. Suppose UNV is connected
and xo € UUV. Then any loop h based at xy can be expressed

hNIhl*hg**hk
where each h; s either a loop in U or a loop in V.

Note in the application to S™, the set U UV is path connected.
In order to prove Proposition 2.36 we need the following lemma.

LEMMA 2.37 (Lebesgue Covering Lemma). Let X be a compact
metric space, and suppose X = |J, U; by open sets. Then there exists
€ > 0 such that for each x € X, the open ball B.(x) (centered at x and
of radius €) is contained in U; for some i (depending in general on x.)

The number € is called a Lebesgue number for the covering.

Proor. If X is one of the sets in the covering, we are done using
any € > 0. Suppose then that all the U; are proper open sets. Since X is
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compact, we may suppose the covering is finite consisting of Uy, ..., U,.
For each i define a function §; : X — R by

0;(x) = mind(x,y).
(@) = min d(a.y)
(0;(z) is the distance of z to the complement of U;. It is well defined
because X —Uj is closed and hence compact.) We leave it to the student

to show that d; is continuous. Note also that

Define § : X — R by
d(r) = max d;(x).

(Why is this defined and continuous?) Note that §(x) > 0, also because
there are only finitely many ¢. Choose € between 0 and the minimum
value of §(z). (The minimum exists and is positive since X is compact.)

Then for each z € X,
d(z,z) <e=d(z,z) <d(x) = d(x,z) < d(zx) for some i.
The last statement implies that z € U;. Thus B.(z) C U;. O

PROOF OF PROPOSITION 2.36. Let h: I — X be a path based at
Zp as in the statement of the proposition. If the image of h is entirely
contained either in U or in V, we are done. so, assume otherwise.
Apply the Lemma to the covering I = h=Y(U) U h~1(V). Choose a
partition 0 =ty < t; < --- < t, = 1 of I such that each subinterval is
of length less than a Lebesgue number € of the covering.

Then the kth subinterval I}, = [t,_1, ;] either is contained in A= (U)
or in h1(V). This says the image of the restriction hj : I, — X is
either contained in U or in V. Moreover, by combining intervals and
renumbering where necessary, we may assume that if the kth image is
in one subset, the k 4 1st image is in the other set. Let hy : I — X be
the kth restriction reparameterized so its domain is I. Then

We are not quite done, however, since the h; are not necessarily loops
based at zy. We may remedy this situation as follows. The point
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h(ty) = hi(ty) = hgei(tr) (for 0 < k < n) is in both U and V by
construction. Since U NV is connected (hence, in this case also path
connected), we can find a path py from zg to h(ty). Then hy ~; hy *
Dy * P Hence,

h ~j (hy % py) * (p1* ho * Dy) % - - % (pp—1 * )
and the constituents p,_; * hy * pr on the right are loops based at z,
each of which is either contained in U or contained in V. O

O






CHAPTER 3

Quotient Spaces and Covering Spaces

1. The Quotient Topology

Let X be a topological space, and suppose x ~ y denotes an equiv-
alence relation defined on X. Denote by X = X / ~ the set of equiv-
alence classes of the relation, and let p : X — X be the map which
associates to x € X its equivalence class. We define a topology on X
by taking as open all sets U such that p‘l(U) is open in X. (It is
left to the student to check that this defines a topology.) X with this
topology is called the quotient space of the relation.

ExXAMPLE 3.1. Let X = I and define ~ by 0 ~ 1 and otherwise
every point is equivalent just to itself. I leave it to the student to check
that I/ ~ is homeomorphic to S

ExXAMPLE 3.2. In the diagram below, the points on the top edge
of the unit square are equivalent in the indicated direction to the cor-
responding points on the bottom edge and similarly for the right and
left edges.

The resulting space is homeomorphic to the two dimensional torus
St x S To see this, map [ x I — S' x S by (¢,s) — (€2 ™)
where 0 < t,s < 1. It is clear that points in [ x I get mapped to
the same point of the torus if and only they are equivalent. Hence, we
get an induced one-to-one map of the quotient space onto the torus. I
leave it to you to check that this map is continuous and that is inverse
is continuous.

ExAMPLE 3.3. In the diagram below, the points on opposite edges
are equivalent in pairs in the indicated directions. As mentioned earlier,
the resulting quotient space is homeomorphic to the so-called Klein

33
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bottle. (For our purposes, we may take that quotient space to be the
definition of the Klein bottle.)

An equivalence relation may be specified by giving a partition of the
set into pairwise disjoint sets, which are supposed to be the equivalence
classes of the relation. One way to do this is to give an onto map
f: X — Y and take as equivalence classes the sets f~!(y) for y € Y.
In this case, there will be a bijection f . X — Y, and it is not hard
to see that f will be continuous. However, its inverse need not be
continuous, i.e., X could have ‘fewer’ open sets than Y. (Can you
invent an example?) However, the map f will be bicontinuous if it is
an open (similarly closed) map. In this case, we shall call the map
f: X =Y a quotient map.

PROPOSITION 3.4. Let f : X — Y be an onto map and suppose
X s endowed with an equivalence relation for which the equivalence

classes are the set f~'(y),y € Y. If f is an open (closed) map, then f
1S a quotient map.

(However, the converse is not true, e.g., the map X — X need not
in general be an open map.)

PROOF. If U is open (closed) in X, then p~'(U) is open (closed) in
X, and

F(O) = Fe(e™ (O)) = fr~'(U))
is open (closed) in Y. O

The above discussion is a special case of the following more general
universal mapping property of quotient spaces.

PROPOSITION 3.5. Let X be a space with an equivalence relation
~, and letp: X — X be the map onto its quotient space. Given any
map f: X —Y such that v ~y = f(z) = f(y), there exists a unique
mapf:XﬁYsuchthatf:fop.

PROOF. Define f(2) = f(z). It is clear that this is defined and
that f op = f. It is also clear that this is the only such function. To
see that f is continuous, let U be open in Y. Then f~HU) is open in
X. But, by the definition of f, p~2(f~1(U)) = f~1(U), so f~H(U) is
open in X. O
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It makes it easier to identify a quotient space if we can relate it to
a quotient map.

PROPOSITION 3.6. Let f: X — Y be a map from from a compact
space onto a Hausdorff space. Then f is a quotient map.

(Note how this could have been used to show that the square with
opposite edges identified is homeomorphic to a torus. Since the square
is compact and the torus is Hausdorff, all you have to check is that
the equivalence relation has equivalence classes the inverse images of
points in the torus.)

PRrROOF. f is a closed map. For, if E is a closed subset of X, then

it is compact. Hence, f(F) is compact, and since Y is Hausdorff, it is
closed. 0

Let X be a space, and let A be a subspace. Define an equivalence
relation on X by letting all points in A be equivalent and let any other
point be equivalent only to itself. Denote by X/A the resulting quotient
space.

EXAMPLE 3.7. Let X = D" and A = S™ ! for n > 1. There is a
map of D™ onto S™ which is one-to-one on the interior and which maps
S™=1 t0 a point. (What is it? Try it first for n = 2.) It follows from
the proposition that D"/S™~! is homeomorphic to S™.

Quotient spaces may behave in unexpected ways. For example, the
quotient space of a Hausdorff space need not be Hausdorf.

EXAMPLE 3.8. Let X =T = [0,1] and let A = (0,1). Let the
equivalence classes be {0}, A, and {1}. Then X has three points:
0,0.5, and 1. However, the open sets are

,{0:5},{0,0.5},{0:5,1}, X.

Clearly, the problem in this example is connected to the fact that
the set A is not closed.

This can’t happen in certain reasonable circumstances.

PROPOSITION 3.9. Suppose f : X — Y is a quotient map with

X compact Hausdorff and f a closed map. Then Y is (compact and)
Hausdorff.

PROOF. Any singleton sets in X are closed since X is Hausdorff.
Since f is closed and onto, it follows that singleton sets in Y are also
closed. Choose y,z £y €Y. Let E = f~(y) and F = f~1(2).
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Let p € E. For every point ¢ € F, we can find an open neighbor-
hood U(q) of p and and open neighborhood V'(¢) of ¢ which don’t in-
tersect. Since F'is closed, it is compact, so we can cover I’ with finitely
many such V(¢),i =1...n. Let V, = U, V(¢;) and U, = N, U(q,).
Then F' C V, and U, is an open neighborhood of p which is disjoint
from V,. But the collection of open sets U,,p € E cover E, so we
can pick out a finite subset such that £ C U = U?ZlUpj and U is
disjoint from V = ﬂ?zl‘/;,j which is still an open set containing F'.
We have now found disjoint open sets U O E and V' O F. Consider
f(X —=U) and f(X — V). These are closed sets in Y since f is closed.
Hence, Y — f(X —U) and Y — f(X — V') are open sets in Y. However,
y & f(X —U) since otherwise, y = f(w) with w ¢ U, which contradicts
f~Yy) CU. Hence,y € Y — f(X —U) and similarly, 2 € Y — f(X = V).
Thus we need only show that these two open sets in Y are disjoint. But

(=~ (X =U)N(Y = f(X = V) =Y = (F(X = U) U f(X = V)
=Y~ [(X - D) U (X = V)
=Y - f(X - (UNV)) =Y — (X)
— 0.

O

A common application of the proposition is to the following situa-
tion.

COROLLARY 3.10. Let X be compact Hausdorff, and let A be a
closed subspace. Then X /A is compact Hausdorff.

ProoF. All we need to do is show that the projection p : X — X/A
is closed. Let E be a closed subset of X. Then

5 _JE fENA=0
p(ME»_{EUA if ENA# (.

In either case this set is closed, so p(E) is closed. O

1.1. Projective Spaces. Let X = R"™ — {0}. The set of lines
through the origin in R"*! is called real projective n space and it is
denoted RP"™. (Algebraic geometers often denote it P"(R).) It may
be visualized as a quotient space as follows. Let X = R""! — {0}, and
consider points equivalent if they lie on the same line, i.e., one is a
non-zero multiple of the other. Then clearly RP" is the quotient space
and as such is endowed with a topology. It is fairly easy to see that it
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is Hausdorff. (Any two lines in R™ — {0} can be chosen to be the axes
of open double ‘cones’ which don’t intersect.)

Here is another simpler description. (It is helpful to concentrate
on n = 2, i.e., the real projective plane.) Consider the inclusion i :
S™ — R™! — {0} and follow this by the projection to RP™. This map
is clearly onto. Since S™ is compact, and RP"™ is Hausdorff, it is a
quotient map by the proposition above. (It is also a closed map by the
proof of the proposition. It is also open because the image of any open
set U is the same as the image of U U (—U) which is open.) Note also
that distinct points in S™ are equivalent under the induced equivalence
relation if and only if they are antipodal points (z, —z.) Since S™ is
compact, it follows that RP™ is compact and Hausdorff.

Here is an even simpler description. Let

X ={ze 5"z >0}

(the upper hemisphere.) Repeat the same reasoning as above to obtain
a quotient map of X onto RP"™. Note that distinct points on the
bottom edge (which we may identify as S"7!) are equivalent if and
only if they are antipodal. Points not on the edge are equivalent only
to themselves, i.e., the quotient map is one-to-one for those points.

Finally, map D™ onto RP" as follows. Imbed D" in R™"! in the
usual way in the hyperplane z,,; = 0. Project upward onto the upper
hemisphere and then map onto RP"™ as above. Again, this yields a
quotient map which is one-to-one on interior points of D™ and such
that antipodal points on the boundary S™ ! are equivalent.

There is an interesting way to visualize RP?. The unit square is
homeomorphic to D?, and if we identify the edges as indicated below,
we get RP?.

We may now do a series of ‘cuttings’ and ‘pastings’ as indicated
below. (A cutting exhibits a space as the quotient of another space
which is a disjoint union of appropriate spaces.)
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Note the use of the Moebius band described as a square with two
opposite edges identified with reversed orientation. From this point of
view, the real projective plane is obtained by taking a 2-sphere, cutting
a hole, and pasting a Moebius band on the edge of the hole. Of course
this can’t be done in R? since we would have to pass the Moebius
band through itself in order to get its boundary (homeomorphic to S1)
lined up properly to paste onto the edge of the hole. A Moebius band
inserted in a sphere in this way is often called a cross-cap.

1.2. Group Actions and Orbit Spaces. Let G be a group and
X aset. A (left) group action of G on X is a binary operation G x X —
X (denoted here (g, x) — gx) such that

(i) 1z = x for every z € X.
(ii) (gh)zr = g(hx) for g,h € G and = € X. This is a kind of
associativity law.

(There is a similar definition for a right action which I leave to your
imagination.)

If G acts on X, then for each g € G, there is a function L(g) :
X — X. The rules imply that L(1) = Idx and L(gh) = L(g) o L(h).
Since L(g) o L(g™") = L(1) = Idy, it follows that each L(g) is in fact
a bijection. Hence, this defines a function L : G — S(X), the group of
all bijections of X with composition of functions the group0 operation.
This function is in fact a homomorphism.

This formalism may in fact be reversed. Given a homomorphism
L : G — S(X), we may define a group action of G on X by gz =
L(g)(2).

Let G act on X. The set Gx = {gx | g € G} is called the orbit of
x. It is in fact an equivalence class of the following relation

x ~y< dg € G such that y = gx.

(That this is an equivalence relation was probably proved for you in
a previous course, but if you haven’t ever seen it, you should check it
now.)

Suppose now that X is a topological space and G acts on X. We
shall require additionally that L(g) : X — X is a continuous map for
each g € G. As above, it is invertible and its inverse is continuous, so
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it is a homeomorphism. In this case, we get a homomorphism L : G —
A(X), the group of all homeomorphisms of X onto itself.

Form the quotient space X/ ~ for the equivalence relation asso-
ciated with the group action. As mentioned above, it consists of the
orbits of the action. It is usually denoted X/G (although there is a
reasonable argument to denote it G\ X).

EXAMPLE 3.11. Let G =Z and X = R. Let Z act on R by
n-r=n+x.

This defines an action. It is a little confusing to check this because the
group operation in Z is denoted additively, with the neutral element
being denoted ‘0’ rather than ‘1.

i)0-z=x+0=u=.
(ii) (n+m)-x = x+n+m = (z+m)+n =n-(z+m) = n-(m-z).
The orbit of a point x is the set of all integral translates of that
point. The quotient space is homeomorphic to S!. This is easy to see
by noting that the exponential map E — S! defined earlier is in fact

a quotient map with the sets E~'(z),z € S! being the orbits of this
group action.

ExXAMPLE 3.12. We can get a similar action by letting Z™ act on
R" by n-x = x +n. The quotient space is the n-torus (S%).

ExaAMPLE 3.13. Examples 3.11 and 3.12 are special cases of the
following general construction. Assume X is a group in which the
group operation is a continuous function X x X — X. Let G be a
subgroup in the ordinary sense. Define an action by letting gx be the
ordinary composition in X. The the orbits are the right cosets G of
G in X, and the orbit space is the set of such cosets. If G is a normal
subgroup, as would always be the case if the group were abelian, then
X/G is just the quotient group.

ExXAMPLE 3.14. Let X be any space, and consider the n-fold carte-
sian product X" = X x X x --- x X. Consider the symmetric group
S,, of all permutations of {1,2,...,n}. Define an action of S,, on X"
by

0(x1, %2, .., Tn) = (To-1(1)5 To-1(2)s - - - » Lo1(n)
for o € S,,. Note the use of 071. You should check the associativity
rule here! The resulting orbit space is called a symmetric space. The

case n = 2 is a bit easier to understand since o~!' = ¢ for the one
non-trivial element of S,.
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EXAMPLE 3.15. Let S, = {1, 0} act on S™ by o(x) = —z. Then the
orbits are pairs of antipodal points, and the quotient space is RP™. (For
n = 1, the space S! has a group structure (multiplication of complex
numbers of absolute value 1), and we can identify ¢ with the element
—1, so Sy may be viewed as a subgroup of S*. Strangely enough, this
also works for S3, but you have to know something about quaternions
to understand that.)

EXAMPLE 3.16. Let 2, = F(1/n) = €*™/" € S'. The subgroup C,
of S generated by z, is cyclic of order n. It is not hard to see that
the orbit space S'/C,, is homeomorphic to S* again. Indeed a quotient
map p, : St — St is given by p,(z) = z". Each orbit consists of n
points.

2. Covering Spaces

Let X be a path connected space. A map p : X — X from a path
connected space X is called a covering map (with X being called a
covering space) if for each point x € X, there is an open neighborhood
U of x such that

p HU) = Usi

is a disjoint union of open subsets of X, and for each i, p|S; is a home-
omorphism of S; onto U. An open neighborhood with this property
is called admissible. Note that the set p~'(z) (called the fiber at z) is

necessarily a discrete subspace of X.

EXAMPLE 3.17. Let X = S', X = R, and p = E the exponential
map. More generally, let X = (S*)" be an n-torus and let X = R".
The map E" is a covering map.

EXAMPLE 3.18. Let X = S' (imbedded in C), and let X also be
S*. Let p(z) = 2™ This provides an n-fold covering of S by itself.

EXAMPLE 3.19. Let X = C,X = C and define p : C — C by
p(z) = 2z". This is not a covering map. Can you see why? What
happens if you delete {0}7

EXAMPLE 3.20. Let X = S™ and X = RP™. Let p be the quotient
map discussed earlier. This provides a two sheeted covering. For, if y
is any point on S", we can choose an open neighborhood U, which is
disjoint from —U,. Then p(U,) is an open neighborhood of p(y), and

pil(p(Uy)) =U, U (_Uy)‘



2. COVERING SPACES 41

Let Z be a connected space, zp € Z, and let [ : (Z, z0) — (X, z0).
A map f:(Z,20) — (X, %) is said to lift fif f=po f.

_ PROPOSITION 3.21 (Uniqueness of liftings). Let f,§ : (Z,20) —
(X, o) both lift f. Then f = g.

PROOF. First, we show that the set W = {z € Z| f(z) = §(2)}
is open. Let z € W. Choose an admissible open neighborhood U of
f(2) € X, s0 p~'(U) = U;S; as above. Suppose f(z) = j(z) € S;. Let
V = f71S;) U g U(S;). V is certainly an open set in Z. Moreover,

for any point 2’ € V, we have p(f(2) = f(z) = p(g(2")). Since

f(z),g(2") € S;, and p is one-to-one on S;, it follows that f(z') = g(2').
Hence, V' C W. This shows W is open.

W is certainly non-empty since it contains zy. Hence, if we can
show its complement W' = {z € Z| f(z) # §(z)} is also open, we can
conclude it must be empty by connectedness. But, it is clear that W’
is open. For, if z € W', f(z) and §(z) must be in disjoint components
S; and S; of p~'(f(z). But then, the same is true for every point in
fHS) U g (S)).

U

PROPOSITION 3.22 (Lifting of paths). Letp: X — X be a covering
map. Let h: I — X be a path starting at xo. Let o be a point in X
over xo Then there is a unique lifting h : (I,0) — (X, %), i.e., such
that h = poh and h starts at To.
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PROOF. The uniqueness has been dealt with.

For each z € X choose an admissible open neighborhood U, of x.
Apply the Lebesgue Covering Lemma to the covering I = Ush~(U,).
It follows that there is a partition

O=ty<ti <ty---<t,=1

such that for each i = 1,...,n, [t;_1,t;] C h™*(U;) for some admissible
open set U; in X, i.e. h([tl 1,ti]) € U;. Let h; denote the restriction
of h to [ti—1,t], Choose the component S of p ' (U) containing Z.

(Recall that p(Z) = o = h(0).) Let hy = p;' o hy where p; : S; — U;
is the restriction of the covering map p. Let x; = h(t;) and & = ﬁl(tl)
Repeat the argument for this configuration. We get a lifting hy of hy
such that hy(t;) = ha(t1). Continuing in this way, we get a lifting h;
for each h;, and these liftings agree at the endpoints of the intervals.
Putting them together yields a lifting A for h such that h(O) =20. U

PROPOSITION 3.23 (Homotopy Lifting Lemma). Let p : X — X
be a covering map. Suppose F : Z x I — X 1is a map such that
f=F(=,0):Z — X can be lifted to X, i.e., there ezists f : Z — X
such that f = po f Then F' can be lifted conszstently, i.e., there exists
F:Zx1I— X such that F = pochdf F(—,0).

Moreover, if Z is connected then F is unique.

PROOF. The uniqueness in the connected case follows from the gen-
eral uniqueness proposition proved above.

To show existence, consider first the case in which F(Z x I) C U
where U is an admissible open set in X. Let p~!1(U) = U;S; as usual,
and let p; = p|S;. The sets Z; = f‘l(Si) provide a covering of Z by
disjoint open sets. (f(Z; U Z;) € S;US; =0.) Hence, if we define

F(z,t) = pi*(F(z,1) for z € V;

we will never get a contradiction, and clearly F lifts F.

Also, for z € V; (unique for z), we have p;(EF(z,0)) = F(z,0) = f(2),
so since p; is one-to-one, we have F(z,0) = f(z). (Note that this
argument would be much simpler if Z were connected.)

Consider next the general case. For each z € Z,t € I, choose an
admissible neighborhood U, ; of F(z,t). Choose an open neighborhood
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Z,4 of z and a closed interval I, ; containing ¢ such that F/(Z,; x I,,;) C
Us.+.

Fix one z. The sets I, cover I, so we may pick out a finite subset of
them Iy = I, I = I,, ..., Iy = Iy, which cover I. Let V =U;Z, ;.. By
the Lebesgue Covering Lemma applied to I, we can find a partition 0 =
S0, 81 < -+ < 8, = 1 such that each J; = [s;_1, s;] is contained in some
I;. Then, each F'(V x J;) is contained in an admissible neighborhood
of X, so we may apply the previous argument (with J; replacing I).
First lift F|V x J; to Fy so that Fi(v,0) = f(v) for v € V. Next lift
F|V x Jy so that Fy(v, 1) = Fi(v,s,) for v € V. Continue in this
way until we have liftings F} for each i. Gluing these together we get
a lifting Fy, : V x I — X which agrees with f|V for s =0.

We shall now show that these FV are consistent with one another
on intersections. (So they define a map F:Z x I — X with the right
properties by the gluing lemma.) Let v € VU W where V and W are
appropriate open sets in Z as above. Consider Fv(v —): 1 — X and
FW(U —.] — X. These both cover F(v,—) : I — X and for s = 0,
Fy(v,0) = f(v) = Fw(v 0). Since [ is connected, the uniqueness
proposition implies that Fv(v,s) = FW('U, s) for all s € I. However,
since v was an arbitrary element of V U W, we are done. O

PROPOSITION 3.24. Let p : X — X be a covering map. Let H :
I x I — X be a homotopy relative to I of paths h,h' : I — X which
start and end at the same points xo and x,. Let h and I/ be liftings
of h and W respectively which start at the same point &g € X over x.
Then there is a lifting H : I x I — X which is a homotopy relative to
I of h to I'. In particular, h(1) = h'(1).

PROOF. This mimics the proof in the case of the covering R — S1
which we did previously. Go back and look at it again.
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Since H(0, s) lies over h(0) = A'(0) for each s, the image of H(0, —)
is contained in a discrete space (the fiber over ) so it is constant. A
similar argument works for H(1,—). By construction, H(—,0) = h.
Similarly, H(—, 1) and /' both lift H(—,1) = &’ and they both start at
Zp, so they are the same. O

COROLLARY 3.25. Let p : X — X be a covering map, and choose
Zo over xg. Then p, : w(X,Zo) — 7(X,x0) is a monomorphism, i.e., a
one-to-one homomorphism.

PROOF. based at Z. If poh and poh’ are homotopic in X relative
to I, then by the lifting homotopy lemma, so are h and A’. O

3. Action of the Fundamental Group on Covering Spaces

Let p: X — X be a covering map, fix a point = € X and consider
7(X,z). We can define a right action of 7(X, ) on the fiber p~!(z)
as follows. Let a@ € m(X,z0) and let & be a point in X over z. Let
h: I — X be aloop at x which represents a. By the lifting lemma,
we may lift h to a path  : I — X starting at # and which by the
homotopy lifting lemma is unique up to homotopy relative to I. In
particular, the endpoint fz(l) depends only on o and Z. Define

Fo= h(1).

This defines a right 7(X, ) action. For, the trivial element is repre-
sented by the trivial loop which lifts to the trivial loop at z; hence, the
trivial element acts trivially. Also, if 5 is another element of 7(X, z),
represented say by a loop g, then we may lift h x g by first lifting i to
h starting at # and then lifting g to § starting at 2(1). It follows that

i(af) = (za)B
as required for a right action.

We shall see later that this action can be extended to an action
of the fundamental group on X provided we make plausible further
assumptions about X and X.

Before proceeding, we need some more of the machinery of group
actions. Before, we discussed generalities in terms of left actions, so for
variation we discuss further generalities using the notation appropriate
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for right actions. (But, of course, with obvious notational changes it
doesn’t matter which side the group acts on.) So, let G act on X on the
right. In this case an orbit would be denoted x(G. We say the action
on the set is transitive if there is only one orbit. Another way to say
that is

for each x,y € X, dg e G such that y = zg.

(For example, the symmetric group Ss certainly acts transitively on
the set {1,2,3} but so does the cyclic group of order 3 generated by
the cycle (123). On the other hand, the cyclic subgroup generated by
the transposition (12) does not act transitively. In the latter case, the

orbits are {1,2} and {3}.)

PROPOSITION 3.26. Let p : X — X be a covering map, and let
xr € X. The action of m(X,z) on p~t(z) is transitive.

PROOF. Let & and g lie over z. By assumption, since p is a covering,
X is path connected, so there is a path h: 1 — X starting at &
and ending at y. The projected path p o h is a loop based at x, so
it represents some element o € w(X,z). From the above definition,
Y = Ta. 0

Continuing with generalities, let G act on a set X. If x € X,
consider the set G, = {g € G |zg = x}. We leave it to the student to
check that G is a subgroup of GG. It is called the isotropy subgroup
of the point z. (It is also sometimes called the stabilizer of the point
x.) Let G/G, denote the set of right cosets of G, in G. (In the case
of a left action, we would consider the set of left cosets instead.) Note
that G/G, isn’'t generally a group (unless G, happens to be normal),
but that we do have a right action of G on G/G,. Namely, if H is any
subgroup of G, the formula

(He)g = H(cg)

defines a right action of G on G/H. (There are some things here to be
checked. First, you must know that the quantity on the right depends
only on the coset of ¢, not on c. Secondly, you must check that the
formula does define an action. We leave this for you to verify, but you
may very well have seen it in an algebra course.)

PROPOSITION 3.27. Let G act on X (on the right), and let x € X.
Then Gyc +— xc defines an injection ¢ : G/G, — X with image the
orbit xG. Moreover, ¢ is a map of G-sets, i.e., ¢(cqg) = ¢(¢)g for
¢c=G.cand g € G.

It follows that the index (G : G,) equals the cardinality of the orbit
lz@|.
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Note that the index and cardinality of the orbit could be transfinite
cardinals, but of course to work with that you would have to be familiar
with the theory of infinite cardinals. For us, the most useful case is
that in which both are finite.

PRrOOF. First note that ¢ is well defined. For, suppose G,c = G,.d.
Then c¢d™! € G, i.e., x(cd') = x. From this is follows that zc = xd
as required. It is clearly onto the orbit zG. To see it is one-to-one,
suppose zc = zd. Then z(cd™! = z, whence cd™! € G, so G,c = G,d.
We leave it as an exercise for the student to check that ¢ is a map of
G sets. O

Suppose x,y are in the same orbit with y = zh. Then
g€ G, s (zh)g=rh s z(hgh™) =z & hgh™' € G,.
This shows that

PROPOSITION 3.28. Isotropy subgroups of points in the same orbit
are conjugate, i.e., Gy, = h~1Gh.

We can make this a bit more explicit in the case of 7(X, z) acting
on p~(z).

COROLLARY 3.29. Let p : X — X be a covering. The isotropy
subgroup of & € p~!(z) in w(X, ) is p.(7(X,Z)). In particular,

(n(X,2) : pu(n(X, ) = [p~ ! (2)].

Moreover, if § is another point in p~'(z) then

pe(w(X,9)) = 87" pu(w(X, 7))
where 3 € w(X, x) is represented by the projection of a path in X from
T toq.
Proor. This is just translation. Note that the 8 in the second part
of the Corollary is chosen so that y = 2. O

As mentioned above, in the proper circumstances, the action of the
fundamental group on fibers is part of an action on the covering space.
Even without going that far, we can show that actions on different fibers
are essentially the same. To see this, let x,y € X be two different
points. Let h : I — X denote a path in X from z to y. Then, we
considered before the isomorphism ¢y, : 7(X,z) — 7(X,y). Choose a
path h:I— X over h and suppose it starts at T over x and ends at y
over y.
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ProproOSITION 3.30. With the above notation, the following diagram
commutes

PROOF. Let g be a loop at z. Then
po(ﬁ*gﬁ'):(poﬁ)*(pog)*(poﬁ'):ho(pog)oh’

(where h' as before denotes the reverse path to h.) This says on the
level of paths exactly what we want. 0

COROLLARY 3.31. If p : X — X is a covering, then the fibers at
any two points have the same cardinality.

PROOF. By the proposition, the isomorphism ¢y, : 7(X, ) — 7(X,y)
carries p,m(X, Z) onto p,m(X, 7). Hence,

P (@) = (T(X,2)  pa(m(X, 7)) = (7(X,y) 2 pu(m(X, 7)) = [0~ (y)]-
U

The common number |p~!(x)| is called the number of sheets of the
covering. For example the map p, : S — S! defined by p,(z) = 2"
provides an n-sheeted covering. Similarly, S' — RP" is a 2-sheeted
covering for any n > 1.

ExAMPLE 3.32. The above analysis shows that
T(RP", xy) = Z /27 n>2
for any base point zy. The argument is that
(m(RP", @) : pu(m(S", %0)) = Ip™ " (w0)| = 2.

However, since S™ is simply connected, 7(S™, Zo) = {1}, so 71(RP", x¢)
has order 2.

A covering p : X — X is called a universal covering ()E' a universal
covering space) if X is simply connected. Note that in this case

P~ (@)] = 7 (X, 2)].

EXAMPLE 3.33. E": R" — T™ = (S!)" is a universal covering. So
is S — RP". However, S* — S! defined by z — 2" is not.
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4. Existence of Coverings and the Covering Group

Let X be path connected and fix o € X. The collection of covering
maps p: X — X form a category. The obJects are the covering maps.
Given two such maps p : X — X and p/ : X’ — X, a morphism from
ptop isamap f: X — X' such that p=p/ o f, ie.,

commutes. Such morphisms are called ‘maps over X’. Similarly,
we can consider the category of coverings with basepoint p : ()N( ,Tp) —
(X, x0), where the morphisms are maps over X preserving basepoints.

In the basepoint preserving category, the uniqueness lemma assures
us that if there is a map f : (X, %) — (X', &) over X, it is unique.
In this case, we may say the first covering with base point dominates
the other. Domination behaves like a partial order on the collection
of coverings in the sense that it is reflexive and transitive—which you
should prove—but two coverings can dominate each other without be-
ing the same. On the other hand, in the first category (ignoring base
points), there may be many maps between objects. In particular, we
may consider the collection of homeomorphisms f : X — X over X.
This set forms a group under composition. For it is clear that it is
closed under composition, that Id; is in it, and that the inververse of
a map over X is a map over X. This group is called the covering group
of the covering and denoted Covx (X).

ProPOSITION 3.34. Let p :NX — X be a covering map, and let
r € X. The actions of Covx(X) and w(X,z) on the fiber p~'(x) are
consistent, 1.e.,

for f € Covx(X),a € n(X,x),% € p~(x).

PROOF. Let [h] = o where h is a loop in X at x. Let h be the
unique path over h starting at . Since p = po f, f o h is the unique
path over h starting at f(Z). We have
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In this rest of this section we want to explore further the relation
between these actions. We shall see that in certain circumstances, they
are basically the same.

The first question we shall investigate is the existence of maps
between covering spaces. We state the relevant lemma in somewhat
broader generality.

PROPOSITION 3.35 (Existence of liftings). Let p : X — X be a
covering, let xo € X and let Ty lie over xy. Let f : (Z,z9) — (X, o) be
a basepoint preserving map of a connected, locally path connected space
Z into X. Then f can be lifted to a map f : (Z,z) — (X, %) if and
only if

fo(7(Z, 20)) € pu(m(X, o).

Recall: A space Z is locally path connected if given any point z € Z
and a neighborhood V' of z, there is a smaller open neighborhood W C
V' of z which is path connected. A space can be path connected without
being locally path connected. (Look at the homework problems. A
space introduced in another context is an example. Which one is it?)
However, if Z is locally path connected, then it is connected if and only
if it is path connected.

The most important application of the above Proposition is to the
case in which Z is simply connected because then the condition is
certainly verified. In particular, suppose X is locally path connected,
so in fact any covering space is locally path connected. Suppose in
addition that there is a universal covering p : X — X. According to
this proposition, this maps over X to any other covering, and in the
base point preserving category, such a map is unique. Hence, under
these hypotheses, a univeral covering space with base point is a ‘largest’
object in the sense that it dominates every other object.

PROOF. If such a map f exists, it follows from f, = p. o f, that the
required relation holds between the two images in m(X, z).

Define f : (Z, zy) — (X, ) as follows. Let z € Z. Choose a path h
in Z from 2y to z. (Z is path connected.) Lift fohtoapath §: I — X
such that §(0) = Zo, and let

f(z) =4g(1).
If this function is well defined and continuous, it satisfies the desired
conctions. For, if z = z5, we may choose the trivial path at 2y, so

f(z0) = Zo. Also,
p(f(a)) = p(g(1)) = f(A(1)) = f(2)
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so f covers f.

It remains to show that the above definition is that of a continuous
map. First we note that it is well defined. For, suppose ' : [ — Z is
another path from 2z to z. Then &/ * h is a loop in Z at 2.

Thus,
(fol)«(foh)=fo(hxh)~;poj
for some loop j : I — X at . (That is a translation of the statement
that Im f. C Imp,.). Hence,

foh'~j(poj)x(foh)=(poj)x(peg)=po(j*g)

Hence, by the homotopy lifting lemma, any lifting ¢’ of f o A’ starting
at Ty must end in the same place as g, i.e., §'(1) = §(1). Thus the
function f is well defined. To prove f is contmuous we need to use
the hypothesis that Z is locally path connected. Let U be an open set
in X. We shall show that f~1(U) is open. Let z € f~1(U). Choose an
admissible open neighborhood W of f(z) and let S be the component
of p~'(W) containing f(z). Then since p|S is a homemorphism, the set
p(SNU) is and open neighborhood of f(z). Hence f~(p(S NU)) is
an open neighborhood of z and we may choose a path connected open
neighborhood V' of z contained in it. Let v € V. Choose a path A from
20 to z, a path k in V from z to v and let A’ = h * k.

Lift f o b’ as follows. First lift f o h to § as before so f(z) is the
endpoint of §. Inside SN U lift f ok which is a path in p(S N U) by
composing with (p|S)~" (which is a homeomorphism). The result [ will
be a path in S N U starting at the endpoint of §. Hence, the path § *
lifts fo (hxk) = (foh)x(fok). It follows that f(v) which is the
endpoint of §* [ lies in S'N U. Hence, V C f~1(U), which shows that
every point in f~ Yo ) U) has an open neighborhood also contained in that

set. Hence, f~'(U) is open as required. O
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The proposition gives us a better way to understand the category
of coverings with base point p : (X, %) — (X, xo) of X. There is a
(unique) map in this category f : (X,io) — (X,i}), i.e., the first cov-
ering dominates the second, if and only if p,(7(X, %)) C p.(7(Y, %))
If the images of the two fundamental groups are equal, each domi-
nates the other, which is to say that they are isomorphic objects in the
category of coverings with base points. Thus, there is a one-to-one cor-
respondence between isomorphism classes of coverings with basepoints
and a certain collection of subgroups of 7(X,z,). (We shall see later
that if there is a universal covering space, then every subgroup arises
in this way.) Moreover, the ordering of such isomorphism classes under
domination is reflected in the ordering of subgroups under inclusion.

The category of coverings (ignoring basepoints) is a bit more com-
plicated. If p : X — X is a covering, then by a previous propostion
(—find it—) the subgroups p. (7 (X, &)) for #y € p~'(z0) form a com-
plete set of conjugate subgroups of (X, ), i.e., a conjugacy class.
If p: X' — X is another covering which yields the same conjugacy
class, then each p,.(m(X’, ) (for &} € p'~(x0)) is conjugate to some
po(r(X,50)), pe.,

p*<7T(X/7 jé])) - ﬁ_lp*(ﬂ-(X’ ‘%0))6 = p*<7T(X, ‘%05))
It follows from the existence lemma above that there is an isomorphism
f: X' — X over X (carrying Z( to Tof3). Thus, the isomorphism classes
of coverings over X are in one-to-one correspondence with a certain
collection of conjugacy classes of subgroups of (X, zg). (Again, we
shall see later that every such conjugacy class arises from a covering if
X has a universal covering space.)

Return now to a single covering p : X — X, and consider the
covering group COVX(X). Fix a base point z € X and # € X over z.
Let f € COVX(X' ). Then by the uniqueness lemma, f is completely
determined by the image f(x). Also,

f(z) = &y
for some v € Il = w(X, z). Of course, v is not unique. However,
iy=i0 & i=ay0"' oy ell; = p.(n(X, 7))

Hence, each f uniquely determines a coset (II;)y. Clearly, not every
coset in II/Il; need arise in this way. Indeed, there is a map f :
X — X over X carrying Z to v if and only if p,(7(X, %)) = II; C
po(m(X,&7)) = Mz, = v Tlzy. However, this is the same as saying

Yy~ C ;.
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The set of all v with this property is called the normalizer of II; in II
and is denoted Np(Il;). It is easy to check that it is a subgroup of II.
In fact, it is the largest subgroup of I which II; is normal in. We have
now almost proved the following proposition.

PROPOSITION 3.36. Let X be a locally path connected, connected

space, and let p: X — X be a covering. Let x € X and let p(T) = x.
Then

Covx (X) & Ny (pe(1(X, ))) /. (x(X, ).

PROOF. We need only prove that the map f — (IIz)7y defined by

f(&) = &y is a homomorphism. Let f’ be another element of Cov x(X).
Then

@) = f(@y) = @)y = @)y =2(v7)-
Hence f' o f — (Ilz)y' as required. O

Note that much of this discussion simplifies in case 7(X, ) is abelian.
For, in that case every subgroup is normal, and a conjugacy class con-
sists of a single subgroup. Each covering corresponds to a single sub-
group of the fundamental group and the covering group is the quotient
group.

4.1. Existence of Covering Spaces. We now address the ques-
tion of how to construct covering spaces in the first place. One way to
do this is to start with a covering p : X — X and to try to construct
coverings it dominates (after choice of a base point.) Suppose in par-
ticular that the covering has the property that IT; = p*(7r(f( ,T)) is a
normal subgroup of II = m(X,z). We call such a covering a regular
or normal covering. Note in particular that any univeral covering is
necessarily normal.

ProPOsSITION 3.37. Assume X is connected and locally path con-

nected. Let p : X — X be a normal (regular) covering, and let
p(z) =x. Then
Covy (X) 2 n(X,z)/p.(7(X, ).
For a universal covering, we have
Covy(X) 2 n(X, z).
ExAMPLE 3.38. E" : R® — T" is a normal covering, so
Covpn (R",2) = w(T", z) = Z".

In this case the action is fairly easy to describe. Take j = (j1, j2, - .-, jn) €
Z". Then j-x = j+ x. (If you look back at the proof that m(S') = Z,
which was done by liftings, you will see that we verified this in essence
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for n = 1. You should check that this reasoning can be carried through
for n > 1.)

p:S™ — RP™ for n > 1 is a universal covering, so Covgpn(S™) =
Z/27Z. 1t is clear that the antipodal map is a nontrivial element of the
covering group, so the covering group consists of the identity and the
antipodal map.

PROPOSITION 3.39. Suppose p : X — X is a covering where X 1is
locally path connected and connected. Then the action of G = COVX(X)
on X has the following property: for any & € X there is an open
neighorhood U of & such that g(U)UU = 0 for every g € G.

An action of a group on a space by continuous maps is called prop-
erly discontinuous if the above condition is met. Note that any two
translates g(U) and h(U) of U by elements of G are disjoint. (Proof?)

PROOF. Let z = p(Z), choose an admissible open connected neigh-
borhood U of z, and let U be the component of p~(U) containing .
g(U) must be a connected component of p~*(U) and since ¢(#) # 7, it
can’t be U. U

We would now like to be able to reverse this reasoning.

PROPOSITION 3.40. Let G be a group of continuous maps of a con-
nected, locally path connected space X, and suppose the action is prop-
erly discontinuous. Then the quotient map p : X - X = X/G s a
reqular covering, and Covyx(X) = G.

PROOF. First note that p is an open map. For, let U be an open
set in X. Then, since each g € G is in fact a homeomorphism (which
follows from the defintion of the action of a group on a space), it follows
that each g(U) is open. Hence,

p~ (@) = | 9(0)
geG
is open. So, by the definition of the topology in the quotient space,
p(U) is open.

It now follows that p is a covering. For, given x € X, pick &
lying over z and let U be an open neighborhood of # such that the
open sets g(U ) for g € G are all disjoint. Since p is an open map,
U = p(U) is an open neighborhood of  and p~'(U) = U,g(U) is
a disjoint union of open sets. Moreover, by the definition of the set
X /G, p\f] is certainly one-to-one and onto, and since it is continuous
and open, it is a homeomorphism. Finally, since p o g = p, the same is
true for plg(U) — U for any g € G.
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To show that G = Covx (X ) first note that G is a group of covering
maps over X, so G C COVX(X ). To see that they are equal, consider
f(z) ep(z ) for f € Covyx(X). The fiber is just an orbit under the
action of GG, so

f(@) = g(z)

for an appropriate g € G. By the uniqueness lemma, f = g.

Finally, we show that the covering is normal (regular). Let z,§ =
Ta be arbitrary points in p~!(z). Then, since as above, § = ¢(Z)
for some covering map g, it follows that p,(7(X, %)) C p.(7(X,§)) =
o 'p.(m(X,Z)a. Since a is arbitrary, it is easy to see that p,(7(X, %))
is normal as required. U

Note that is is fairly clear that the action of Covy(X) on X is
properly discontinous for any covering X — X. It is natural to ask
then if the quotient space for this action is X again. In fact, this will
happen only in the case that the covering is regular. We leave it to the
student to check that this is true.

Suppose now that p : X — X is a universal covering where X
is connected and locally path connected. Let H be any subgroup of
Covy(X) = 7(X,z). H certainly acts properly discontinuously on X,
so we may let X’ = X/H. Then, the quotient map ¢ : X — X' is a
regular covering with covering group H. (See the Exercises.) Define
P X' — X by r(#') = p(&) where & € ¢~ (). Since all such 7 are
related by elements of H, they are in a single fiber for p, so they project
to the same element p(Z). Thus, p’ is well defined. We leave it to the
student to show that p’ is continuous and a covering map.

LEMMA 3.41. With the above notation, ¢ : X — X' is consistent
with the action of m(X, ) on fibers, i.e.,

q(Ta) = q(7)a
forz € X and a € 7(X,p(%)).
PROOF. Use the fact that q(Z) is the orbit HZ and that the actions
of Covx(X) and (X, x) on p~!(z) (where z = p(Z)) are consistent. [

PROPOSITION 3.42. Let X be connected and locally path connected
and suppose X has a universal coveringp: X — X. Let x € X. Then
every subgroup H' of m(X,x) is of the form p/(m(X', 7)) for some
covering p' : X' — X.

What this proposition tells us, together with what was proved be-

fore, is that there is a one-to-one correspondence between the collection
of isomorphism classes of coverings with base points and the collection
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of subgroups of the fundamental group of X. Similarly, there is a one-
to-one correspondence between the collection of isomorphism classes of
coverings (ignoring base points) and the collection of conjugacy classes
of subgroups of the fundamental group.

PROOF. An isomorphism Covx(X) = m(X,z) may be specified as
follows. Let p(Z) = z. Then

g« if and only 9(Z) = Za.

Let H correspond to H' under this isomorphism, and consider the
covering p’ : X' = X/H — X as above. We have

Ta=7 & q¢(ta) = q(@)a = q(tx)
& Ta = h(Z) for some h € H.

However, this just says that « fixes &’ if and only if it corresponds
under the isomorphism to an element of H, i.e., if and only if it is an
element of H'. Hence,

H' =p(n(X', 7))
as claimed. O

ExAMPLE 3.43. Consider the universal covering E" : R" — T".
Fix a point z € T". The fundamental group 7(7T",z) = Z" as men-
tioned earlier. Also, Covyn(R™) consists of all translations of R™ by
vectors k = (ky,...,k,) with integral components. Hence, we can de-
termine all coverings of T™ by describing all subgroups of Z".

First consider the case n = 1. Then every non-trivial subgroup of Z
is of the form H = mZ for some positive integer m. The corresponding
covering space X' = R/H is homemorphic to S' again, but where
instead of identifying points in R which are 1 unit apart, we identify
points which are m units apart.

The case n > 1 is similar but the algebra is more complicated. An
example for n = 2 is indicated diagramatically below.
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4.2. Existence of Universal Covering Spaces.

THEOREM 3.44. Let X be a connected, locally path connected space.
Then, X has a universal covering space if and only if it satisfies the
following property: for each point x € X there is an open neighborhood
U of x© such that every loop in U at x is homotopic in X (relative to
I) to the constant loop .

This property has the confusing name ‘semi-locally simply con-
nected.’
You can find the proof of this theorem in Massey and elsewhere.

5. Covering Groups

Let X be a connected, locally connected space, and suppose it has
a universal covering space X. Suppose in addition that X has the
structure of a topological group, i.e., it is a group in which the group
operation and inverse map are continuous. Then, it is possible to show
that X may also be endowed with the structure of a topological group
such that the covering map p : X > Xisa group epimorphism. (See
Massey—which has some exercises with hints to prove this—or one of
the other references on covering spaces.) In this case, it is easy to
see that we can identify the kernel K of the homomorphism p with
Covx(X) = 7(X,z). For, if k € K, then the map f; defined by

fi(@) = K&
is easily seen to be a covering map. Since f%(i) —k k — fi is a
monomorphism. Also, by group theory, the fiber over any point p~!(z)
is just the coset K = K& for any # € p~ (). If f € Covx(X), then
there is a k € K such that fz@) = ki = fi(Z) so f = f;. Hence,
k— f7 is an isomorphism.

EXAMPLE 3.45 (Torii). Consider E™ : R® — T™. The kernel is Z"
and this is the covering group as mentioned before.

EXAMPLE 3.46 (The rotation group). First consider the group GI(nR)
of all n x n invertible matrices. Viewed as a subset of R™ it becomes
a topological group. It is not connected, but if we take the collec-
tion of all invertible matrices with positive determinant, then this is
path connected. (See the Exercises.) This collection of matrices is the
path component containing the identity and it is a normal subgroup
S of Gl(n,R). There is one other component, namely RS where R is
the matrix with —1 in the 1,1 position and is otherwise the same as
the identity matrix. (R represents a reflection. Any other reflection
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would do as well.) These facts are tied up with the idea of orienta-
tion in R™. Namely, all possible bases are divided into two classes.
Those determined by coordinate transformation matrices with positive
determinant and those determined by coordinate transformations with
negative determinant. These are called the orientation classes of the
bases, and a reflection switches orientation.

Consider in particular the case n = 3 and consider the subgroup
O(3) of GI(3,R) consisting of all orthogonal 3 x 3 matrices. Since the
determinant of an orthogonal matrix is 1, O(3)N S consists of all 3 x 3
orthogonal matrices of determinant 1, and is denoted SO(3). SO(3) is
also path connected. To see this among other things, we shall construct
a surjective map p : S — SO(3) with the property that the inverse
image of every point in SO(3) is a pair of antipodal points in S3. Tt
follows from the existence of such a map that SO(3) is homeomorphic
to RP? and that p : S — SO(3) is a universal covering. By what we
noted above, S® must have the structure of a topological group, and
7(SO(3),I) may be identified with the kernel of the projection p. S*
with this group structure is denoted Spin(3), and the kernel is cyclic
of order two. (The only S™ which can be made into topological groups
are St and S3.)

To define the map p, first consider D3. We shall define a surjection
p: D? — SO(3) which is one-to-one on the interior and maps antipodal
points on the boundary S? to the same point. (Then as before, we
may produce from this a quotient map from S® to SO(3) which sends
antipodal points to the same point by using the usual relation between
the upper ‘hemisphere’ of S® and D3.) p: D?* — SO(3) is defined as
follows. Let p(0) = I. For x # 0 € D3, let p(x) be the rotation of R?
about the axis « and through the angle |z|7 (using the right hand rule
to determine the direction to rotate). The matrix of the rotation p(z)
with respect to an appropriate coordinate system has the form

1 0 0
0 cosf —sinf
0 sinf cosf

where 6§ = |x|m, so it is orthogonal with determinant 1. The only
ambiguity in describing p(x) is that rotation about the axes  and —z
through angle 7 are the same, which is to say that the mapping is
one-to-one except for points with || = 1 where it maps each pair of
antipodal points to the one point.

We leave it to the student to verify that p is a continous map.

The only thing remaining is to show that p is onto. We do this by
showing that every non-trivial element of SO(3) is a rotation. First
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note that any orthogonal matrix 3 x 3 matrix A has at least one real
eigenvalue since its characteristic equation is a cubic. The absolute
value of that eigenvalue must be 1, Since the product of the complex
eigenvalues of A is det A = 1, it is not hard to see that at least one
eigenvalue must be 1. This says the correpsonding eigenvector v is in
fact fixed by A. Change to an orthonormal bais with v the first basis
vector. With respect to this basis, A has the form

(b %)

where A’ is a 2 x 2 orthogonal matrix of determinant 1. However, it is
not hard to see that any such matrix must be of the form

cosf) —sinf
sinfl  cos@
ie., it is a 2 X 2 rotation matrix. This in fact shows that A is the

rotation about the axis v through angle 6, and we may certainly assume
0<o<m.



CHAPTER 4

Group Theory and the Seifert—Van Kampen
Theorem

1. Some Group Theory

We shall discuss some topics in group theory closely connected with
the theory of fundamental groups.

1.1. Finitely Generated Abelian Groups. We start with the
followng theorem which you may have seen proved in a course in algebra
either at the graduate or undergraduate level. We leave the proof for
such a course.

THEOREM 4.1 (Structure Theorem for Finitely Generated Abelian
Groups). A finitely generated abelian group A is isomrphic to a direct
sum of cyclic groups.

Associated with this theorem is a uniqueness result, the state-
ment of which requires some terminology. Note first that in discussing
abelian groups one often uses additive notation and terminology and
we shall generally, but not always, do that here. In the decomposition
asserted in the theorem, some of the factors will be finite cyclic groups
and some will be isomorphic to the infinite cyclic group Z. The finite
cyclic factors add up to a subgroup t(A) of A which consists of all el-
ements of A of finite order. This is called the torsion subgroup of A.
The quotient group A/t(A) = f(A) has no torsion elements, so it is
a direct sum of copies of Z or what we call a free abelian group. The
theorem then can be read as asserting that the projection p : A — f(A)
has a left inverse r : f(A) — A whence

A=t(A)@r(f(A) =t(A) o f(A).

In language you are probably familiar with by now, this is summarized
by saying that the short exact sequence

0—-tA) —-A— f(A)—0

splits. (A sequence of groups and homomorphisms is exact if at each
stage, the image of the homomorphism into a group equals the kernel
of the homomorphism out of it. For a sequence of the above type,

59
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exactness at t(A) says the homomorphism ¢ : ¢(A) — A is a monomor-
phism and exactness at f(A) says p : A — f(A) is an epimorphism.
Exactness at A says A/Imi = f(A).) Note that the torsion subgroup
t(A) is uniquely determined by A but the complementary subgroup
r(f(A)) = f(A) depends on the choice of r.

As note above, the group f(A) is a free abelian group, i.e., it is a
direct sum of copies of Z. The number of copies is called the rank of
A. The rank of a free abelian group may be defined using the concept
of basis as in the theory of vector spaces over a field. As in that theory
one shows that every basis has the same number of elements which is
the rank. That gives us one part of the uniqueness statement we want.
The discussion of the subgroup #(A) is a bit more complicated. It is
necessarily a direct sum of a finite number of finite cyclic groups, but
there can be many different ways of doing that depending on the orders
of those cyclic groups. For example.

Z/6Z = 7)2Z & Z./3Z

but
Z/AZ * 727 & Z/27Z.

THEOREM 4.2 (Uniqueness Theorem for Finitely Generated Abelian
Groups). Let A be a finitely generated abelian group and suppose

A2 Z/LZOL)LLG ... Z)dZ &M
~Z/dZ L)L S ... Z)d,Z S M

where M, M’ are free, and dy|dy| ... |dy, di|dy| ... |d}, are integers > 1.
Then M and M' have the same rank (so are isomorphic), k' = k and
di=d;,i=1,...,k.

As above, we assume this was proved for you (or will be proved for
you) in an algebra course.

An alternate approach to the uniqueness statement first divides
t(A) up as a direct sum of its Sylow subgroups. Each Sylow group
has order p" for some prime p, and if we break it up as a direct sum
of cyclic subgroups, we can arrange the divisibility relations simply
by writing the factors in increasing order. This gives an a somwhat
different version of the theorem where the orders of the cyclic factors
are unique prime powers (whether in order or not), but we eschew
simplifications of the form Z/12Z = Z /4Z & Z/3Z.

One important property of a free abelian group M is that any ho-
momorphism of abelian groups f : M — N is completely determined
by what it does to a basis, and conversely, we may always define a ho-
momorphism by specifying it on a basis and extending it by linearity to
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M. (This generalizes the corresponding statment about vector spaces,
linear transformations, and bases.) The may be restated as follows.
Let X be a basis for M and let ¢« : X — M be the inclusion map.
Then M,i: X — M has the following universal mapping property. Let
j : X — N be any mapping of X to an abelian group N (as sets). Then
there exists a unique homomorphism f : M — N such that j = f o1.

1.2. Free Groups. Let X be a set. We want to form a group
F(X) which is generated by the elements of X and such that there
are as ‘few’ relations among the elements of X as possible consistent
with their being elements of a group. We shall outline the construction
of such a group here. (A complete treatment of this is done in alge-
bra courses. There is also a discussion in Massey.) First consider all
possible sequences—called words—of the form
e2 e

192%™

where each z; € X and e; = £1. Include as a possibility the empty
word which we shall just denote by 1. Then justaposition defines a law
of composition on the set of all such words. Define a relation on the set
of all such words as follows. Say w ~ w' if w contains a two element
subsequence of the form zz~! or 27 'z and w’ is the word obtained
by deleting it or wvice-versa. Call this an elementary reduction. In
general say that w ~ w’ if there is a sequence of elementary reductions
wW=w; ~ Wy~ -+~ w =w. It is not hard to check that this is an
equivalence relation and that it is consistent with the binary operation.
That is, if wy ~ w] and wy ~ w), then wywy ~ wijw). An important
fact useful in analyzing this relation is that each equivalence class of
words contains a unique word of minimal length (containing no zx~*
or z7'z) called a reduced word.

It follows that the set of equivalence classes F'(X) is endowed with
a binary operation. With some work, it is possible to see that it is
a group, called the free group on the set X. F(X) has the following
universal mapping property. Let i : X — F(X) be the map of sets
defined by letting i(z) be the equivalence class of the word z. Let
7 : X — G be aset map from X to a group G. Then there is a unique
group homomoprhism f : F(X) — G such that j = f 0.
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EXAMPLE 4.3. The free group F(x) on one generator z is infinite
cyclic. If GG is any cyclic group generated say by a of order n, then
x +— a defines a homomorphism f : F' — (. This is an epimorphism
and its kernel is the cyclic subgroup R of F' generated by x". Clearly,
F/R=G.

EXAMPLE 4.4. Let F' = F(z,y) and let G be the dihedral group of
order 8. G is generated by a,b where a* = 1,0> = 1 and bab™! = o™ %
Then f : FF — G is defined by z — a,y — b. The kernel of f
contains the elements 2%, y2 yzy~'y. Let R be the normal subgroup
of F' generated by these elements, i.e., the smallest normal subgroup
containing them. R consists of all possible products of conjugates in F
of these three elements and their inverses. By doing some calculations
with elements, it is possible to show that |F/R| = 8. Since F' — G is
clearly onto, it follows that f induces an isomorphism F/R = G.

EXAMPLE 4.5. Let F' = F(z,y) and let G = Z x Z where this time
we write G multiplicatively and denote generating basis elements by a
and b. Define f: F — G by x + a,y — b. Then it is possible to show
that R = Ker f is the normal subgroup generated by zyz~'y~!. Note
that the word ‘normal’ is crucial. Indeed, it can be shown that any
subgroup of a free group is free, so R is free, but viewed as a group in
its own right it has denumerably many generators.

The above examples illustrate a very general process. For any group
G generated say by a set X, we can a free group F'(X’) where | X'| = | X|
and an epimorphism f : F(X’) — G. In fact, if one is careful with the
notation, there is no point in not taking X’ = X. If the kernel R of this
epimorphism is generated as a normal subgroup by elements 71,75, ...,
we say that we have a presentation of G as the group generated by
the elements of X subject to the relations ry,ry,.... This in principle
reduces the study of G to the study of F'//R. However, in most cases,
it is hard to determine when two words determine the same element of
the quotient. (It has in fact been proved that there can be no general
algorithm which accomplishes this!)

1.3. Free Products. We may generalize the construction of the
free group as follows. Let H, K be two groups. We form a group H * K
called the free product of H with K as follows. Consider all words of
the form

9192 - - - Gn
where for each ¢ either g; € H or ¢g; € K. Allow the empty word which
is denoted by 1. Then concatenation defines a binary operation on the
set of all such words. Define an equivalence relation as before. First,
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say w ~ w’ by an elementary reduction if one of the two words contains
a subsequence ¢;g;11 where both are in H or both are in K and the
other has length one less and contains instead the the single element
of H or of K which is their product. (If g; = g;;1~' then assume
the other has length two less and no corresponding element.) Say two
words are equivalent in general if there is a sequence of elementary
reductions going from one to the other. It is possible to show that any
equivalence class contains a unique reduced word of the form

hikihoks ... A K,

where each h; € H, each k; € K, all the h; # 1 except possibly
the first, and all the k; # 1 except possibly for the last. As above,
the equivalence relation is consistent with concatenation and defines a
binary operation on the set H % K of equivalence classes which is called
the free product of K with H.

The free product has the following universal mapping property. Let
i : H— H x K be the map defined by letting i(h) be the equivalence
of the word h and similarly for j : K — H % K. Then given any
pair of homomorphisms p : H — G,q : K — G, there is a unique
homomorphism f : H x K — G such that p= foi,q= foj.

Namely, we define

/

192 90) = 9195 - - - 4,

where g; = p(g;) if g; € H and g} = q(g;) if g; € K. For a reduced
word,

f(hiki .. huky) = p(hi)q(ki) - .. p(ha)q(k).

With some effort, one may show that f sends equivalent words to the
same element and that it defines a homomoprhism.

The universal mapping property specifies H * K up to isomorphism.
For, suppose P’ were any group for which there were maps ¢ : H —
P’ i . K — P’ satisfying this same universal mapping property. Then
there exist homomorphisms f: H+* K = P — P and f': P — P =
H x K with appropriate consistency properties
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The homomorphisms f o f/ and f’ o f have the appropriate consis-
tency properties for homomorphisms P* — P’ and P — P as do the
identity homomorphisms. Hence, by uniqueness, f o f and [’ o f are
the identities of P’ and P respectively, whence f and f’ are inverse
isomorphisms.

This same construction can be repeated with any number of groups
to form the free product Hy* Hyx*- - -x H;, which has a universal mapping
property you should state for yourself. Indeed,

Hl*(HQ*---*Hl)ng*HQ*---*Hl.

The free product of groups is related to the concept of free group
as follows. Let X = {z1,29...,2,}, and let F; = F(z;) be the infinite
cyclic group which is the free group generated by x;. Then

Since all the F; are isomorphic to Z, we may also write this

F(X)XZxZx---xZ n times.

1.4. Free Products with Amalgamation. Let H and K be
groups and suppose we have two homomorphisms i : A — H and
j: A — K. We want to define something like the free product but
where elements of the form i(a) and j(a) are identified. To this end,
consider the normal subgroup N of H x K generated by all elements of
the form

i(a)j(a)™! for a € A.
We denote the quotient group H * K/N by H x4 K, and call it the free
product with amalgamation. (The notation has some defects since the
group depends not only on A but also on the homomorphisms 7 and j.
This concept was first studied in the case A is a subgroup of both H
and of K.)
A general element of H x4 K can be written

9192 .. -Gn

where either g; € H or g; € K. In addition to equalities which result
from equivalences of words in H * K, we have for each a € A, the rule

i(a) = j(a)
in H x4 K. Note that we have decided to engage in a certain amount
of ‘abuse of notation’ in order to keep the notaion relatively simple.

An element of H x K is actually an equivalence class of words, and a
element of H x4 K is a coset of the normal subroup N determined by
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an element of H x K. Hence, when we assert that an element of H x4 K
is of the form

9192 .. - gn

where either g; € H and ¢g; € K, we are ignoring several levels of
abstraction.

The free product with amalgamation may also be characterized by
a universal mapping property. Define p: H — H %4 K first mapping h
to the word h in H * K and then to the coset of h in H*K/N. Similarly,
define ¢ : K — H x4 K. Then we have a commutative diagram

Suppose generally, we have p’' : H — G and ¢’ : K — G such that
poi=q oj,ie.,

By the universal mapping property of H * K, there exists a unique
map [’ : Hx K — G such that

fl(hlk’l Ce hlkl> = p/(hl)q/(k’1> c. p/(hl)q/(kl)
in H+xK
In particular, for the element i(a)j(a)™' € H * K, we have
fi(a)j(a)™}) = p/(i(a))g'(j(a) ™" =1
in H + K

so the normal subroup of H % K generated by all such elements is
contained in Kerf'. Hence, f' induces a homomorphism f : HxK/N =
H x4 K — G making the following diagram commute.

On the other hand, there can be at most one such homomorphism,
since Hx*4 K is generated by the cosets of words of the form hiky ... bk,
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so the commutativity of the diagram assures us that

f(hlkl . hlkl) = p/(hl)q/(lﬁ) .. .p/(hl)q'(kl).

inH*AK

The argument above was made a bit more confusing than it needs to
be by the ambiguity of the notation, but if you pay careful attention,
you should have no trouble following it.

The universal mapping property described above is often said to
specify H x4, K as the pushout in the diagram

2. The Seifert—Van Kampen Theorem

THEOREM 4.6. Let X be a path connectedspace and suppose X =
UUV where U V,UNV are open sets of X which are also path con-
nected. Denote the inclusion maps as indicated below

Let xg e UNV. Then

presents (X, zg) as a pushout, i.e.,

(X, 20) = 7(U, 20) *rwnv,ze) T(V, 20).
We defer the proof until later.

EXAMPLE 4.7 (The Figure eight). Let X be the figure eight space
described earlier. Let U be the subspace obtained by deleting the closed
half of one loop and let V' be the subspace obtained by doing the same
with the other loop.
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Then U and V are each deformation retracts of spaces homeomor-
phic to S' and U NV is contractible. Hence,

(X)) 2r(U)x 7(V)XZ*Z

so it is free on two generators. Indeed, checking the details of the con-
truction, we may take as generators the generators of the fundamental
groups of the two loops.

EXAMPLE 4.8 (The 2-torus). We shall show yet again that 7(7?) =
Z x 7. Realize T? as a square with opposite edges identified.

Let U be the open square without boundary, and let V' be the
open set obtained by deleting the center point. It is not hard to see
that the boundary is homeomorphic to the figure eight space and that
it is a deformation retract of V. Hence, n(V) = Z % Z is free on two
generators [a] and [b], each representing a circle in T2. U is contractible
so m(U) = {1}. Finally, U NV is a punctured disk, so it has the
homotopy type of S' and 7(U N'V) = Z. Better yet, 7(U NV) is
generated by any simple loop enclosing the deleted center point, so we
may choose in particular a square h as indicated in the diagram.

It is clear that A is homotopic in V to the path a * b @ % b. Hence,
the pushout diagram describing 7(7?) becomes

It follows without two much diffculty that 7(7%) is the free group on
two generators « = [a], 3 = [b] modulo the normal subgroup generated
by the relation aBa=t37L. It follows that m(7?) is free abelian of rank
two.
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PROOF. Since we use the common base point z( for all fundamental
groups, we shall omit it from the notation.

By the universal mapping property of the pushout, we know there
is a unique homomorphism 7(U) #-wnv) 7(V) — 7(X) making the
appropriate diagram commute, and we can even describe it explicitly
on a general element in the free product with amalgamation. (See the
previous section.) We already proved (when showing that S™ is simply
connected for n > 1) that that any loop in X at zy is homotopic
reltative to I to a product of loops each of which is either in U or is
in V. Translation of this asserts that m(X) is generated by products of
the form

Yiv2 - Vk
where for each i, either v; = p.(;), a; € 7(U) or v; = q.(;), o € m(V).
It follows that the homomorphism G = 7(U) #zwnv) 7(V) — 7(X) is
an epimorphism.
The hard work of the proof is to show that the homomorphism is

a monomphism.
Let

hi* hg -« % hy ~j ey

in X where hq, ..., h; are loops at xy, each of which is either in U or in
V. Let U; be either U or V' accordingly, and let a; = [h;]y, denote the
class of h; in 7(U;). We want to show that the correponding element

alag...akzl.

v~

in ﬂ'(U) *r(UNV 71-(‘/)

Choose h : I — X such that h ~; hy x hy x --- % hy; *x hy, in X by
subdividing I into k£ subintervals such that the restriction of h to the ith
subinterval is h; after a suitable parameter change. Let H : I x I — X
be a homotopy realizing h ~; e, i.e.,

H(t,0) = h(t)

H(t, ]_) =29

H(0,s) = H(1,s) = xo.

By the Lebesgue Covering Lemma, we may choose partitions

O=to<ti <---<t, =1
O=sp <1< - <8, =1

which subdivide I x I into closed subrectangles R;; = [ti_1, ;] X[Sj_1, 5,
such that for each i, j, either H(R;;) CU or H(R;;) C V.
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As above, let U;; be U or V accordingly. We can also arrange the
partition

O=to<ti < ---<t,=1

to include the endpoints of the domains of the functions h,.. Just throw
those points in as needed; the rectangles in the subdivision may become
smaller. Now redefine

hz:thzflytz] i:1,2,...,n.
This does not affect the equivalence
ha s hgs - % hy ~j ey

in X, but it does create one technical problem. Namely, the new paths
h; need not be loops.

Avoid this difficulty as follows. For each point x € X, choose a path
g, from x( to x such that the image of g, liesin U,V,or UNV as x
itself does. (This is possible since U, V', and UNV are path connected.)
Also, let g, be constant. For each i = 0,...,n, abbreviate g; = g,
Then, g;—1 * h; g, is a loop, and we shall abbreviate

[hi] = [gi—1 * hi % 7;)].

Similar conventions will be needed for the other vertices in the sub-
division of I x I into rectangles. We shall be interested in paths in
X,U,V,U NV obtained by restricting H to the edges of these rectan-
gles. These won’t generally be loops at x¢. However, we may choose
paths as above from z to the endpoints of these edges and reinterpet
the notation ‘[—]" accordingly. These base point shifting paths should
be chosen so they lie in U, V', or U NV if their endpoints do, and they
should be constant if the endpoint happens to be x.

Consider paths in X defined by restricting H to a rectilinear path
in I x I which starts at the left edge, follows a sequence of horizontal
edges of the rectangles R;j, perhaps drops down through one vertical
edge, and then continues horizontally to the right hand edge.
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This will be a loop in X based at xq since H takes on the value xg
on both left and right edges. We may proceed by a sequence of such
paths from h on the bottom edge of I x I to e,, on the top edge. The
elementary step in this sequence is to ‘add’ a rectangle as indicated
in the diagram. Consider the effect of adding the rectangle R;;. Let
h;; be the path associated with the horizontal edge from (;,s;_1) to
(ti,s;) and let v;; be the path associated with the vertical edge from
(ti,sj) to (ti—1,s;). Then, in U;; and in X we have

hij * Uij ~i Ui,j—l * hi—l,j'

This has two consequences. First, the effect of adding the rectangle is
to produce an equivalent path in X. Second,
[hig][vij] = [vij]lhi1]

is a true in equation in 7(U;;). We should like to conclude that it is
also a true equation in m(U) *rwnv) 7(V). If that is true, then we can
conclude that adding the rectangle changes the word associated with
one path to the word associated to the other in 7(U) *rwnv) 7(V).
However, there is one problem associated with this. A path h;; or v;;
may appear in the free product with amalgamation as coming from
either of the two rectangles which it abuts. Hence, the path could
lie in both U and in V' and be considered to yield both an element
in 7(U) and an element of (V). However, in the free product with
amalgamation, these elements are the same because they come from a
common element of 7(U NV).

It now follows that in 7(U) *xwnw 7(V), we have a sequence of
equalities

[ha]lha] .. [ha] = - = [ex]” = 1.

We do a couple more examples.

EXAMPLE 4.9 (The Klein Bottle). As in the example of the 2-torus,
the boundary is homeomorphic to a figure eight. The decomposition
X = U UV is the same as in that case, but the path h is homotopic
instead to the path representing a3a~13. Thus 7(X) is isomorphic the
the free group on two generators «, 8 modulo the relation aBa~! = 371,
Let B be the subgroup generated by (. It is not hard to see it is normal
and the quotient is generated by the coset of a. However, for any n, m
we can contruct a finite group of order nm generated by elements a, b
and such that @ = v™ = 1 and aba™' = b~'. (You can actually
write out a multiplication table for such a group and check laboriously
that it is a group.) This group is an epimorphic image of the above
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group. Hence, it follows that the subgroup B must be infinite cyclic as
must the quotient group. In fact, the group under consideration is an
example of what is called a semi-direct product.

EXAMPLE 4.10 (The Real Projective Plane). Use the square with
the identification below.

Apply exactly the same reasoning as for the Klein bottle and 72
However, in this case the bounding edges form a space homomorphic
to S (divided into two parts). The generator of (V) is [ab] and the
path h is homotopic to [ab]?. Hence, 7(X) is isomorphic to the groups
generated by v = [ab] and subject to the relation v = 1. Thus it is
cyclic of order two.






CHAPTER 5

Manifolds and Surfaces

1. Manifolds and Surfaces

Recall that an n-manifold is a Hausdorff space in which every point
has a neighborhood homeomorphic to a open ball in R"™.

Here are some examples of manifolds. R" is certainly an n-manifold.
Also, S™ is an n-manifold. D™ is not a manifold, but there is a more
general concept of ‘manifold with boundary’ of which D™ is an example.
The figure eight space is not a manifold because the point common to
the two loops has no neighborhood homeomorphic to an open interval
in R.

Since the product of an n-ball and an m-ball is homeomorphic to
an n + m-ball, it follows that the product of an n-manifold with an
m-manifold is an n 4+ m-manifold. It follows that any n-torus is an
n-manifold.

If p: X — X is a covering, then it is not hard to see that X
is an n-manifold if and only if X is an n-manifold. It follows that
RP™ is an n-manifold. Note that a manifold is certainly locally path
connected. Hence, if X is a connected manifold on which a finite group
G of homeomorphisms acts, then X — X = X /G is a covering and X
is also a manifold.

In general, a quotient space of a manifold need not be a manifold.
For example, a figure eight space may be viewed as a quotient space of
S1. However, many quotient spaces are in fact manifolds. For example,
the Klein bottle K is a 2-manifold, as the diagram below indicates.

In fact, if we take any polygon in the plane with an even number
of sides and identify sides in pairs we obtain a 2-manifold.

73
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Sometimes one requires that a manifold also be second countable,
i.e., that there be a countable set S of open subsets such that any open
set is a union of open sets in S.

It is the purpose of this chapter to classify all compact, connected
2-manifolds. Such manifolds are called compact surfaces. (These are
also sometimes called closed surfaces.)

One tool we shall use is the concept of connected sum. Let Sy, So
be surfaces. Choose subspaces D; C Sy, Dy C S5 which are homeo-
morphic to disks. In particular, D; and Dy have boundaries 0D1, 0 D5
which are homeomorhpic to S* and to each other. Suppose we choose
a homeomorphism h : 0D; — 0D,;. We can use this to define an
equivalence relation ‘~’ on the disjoint union of S; — D} and Sy — Ds.
All equivalence classes are singleton sets except for pairs of the form
{z,h(z)} with z € 9D;. We denote the quotient space by S;£S5; and
call it the connected sum. Notice that it is connected, and it is not too
hard to see that it is a compact 2-manifold.

It is in fact possible to show that different choices of Dy, Dy and h
yield homeomorphic spaces, so 5115, in fact depends only on S; and
S5 up to homeomorphism.

EXAMPLE 5.1. The connected sum of two projective planes RP*fR.P?
is homeomorphic to a Klein bottle K.

Note that we have chosen in a specially convenient way the disks
D, and D,, but that is allowable since the location of the disks is
immaterial.

The connected sum has certain reasonable properties. First, it is
associative up to homeomorphism, i.e.,

514(5:153) = (514:51)153.
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Moreover, if S is any surface, then
S4S?% >~ S,

This says that we may make the set of all homeomorphism classes
of surfaces into what is called a monoid. Connected sums provide
an associative binary operation with an identity (S5?). Note that the
operation is also commutative.

The basic result about classification of surfaces is the following.

THEOREM 5.2. Let S be a compact surface. Then S is homeomor-
phic to one of the following:

(1) 52,
(2) the connected sum of n torii (n > 1).
(3) the connected sum of n real projective planes (n > 1).

We shall outline a proof of this theorem in the next section.

In the rest of this section, we shall outline a proof that this classifies
compact surfaces up to homeomorphism. In fact, we shall show that
no surface in one class can have the same fundamental group as one in
another group and that within the same group the fundamental group
depends on n. This shows in fact that these surfaces are not even of
the same homotopy type.

We start with a description of a connected sum of torii as the quo-
tient of disk (or polygon) with portions of its boundary identified. For
two torii, the diagram below indicates how to form the connected sum.

Iterate this for a connected sum of three torii.

The general result is a disk with the boundary divided into 4n
segments

alblalbl e anbndnbn
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identified in pairs (or equivalently a 4n-gon). The number n is called
the genus of the surface. The genus may be visualized as follows. A
single torus may be thought of as a sphere with a handle attached.

Each time a torus is added, you can think of it as adding another
handle.

Hence, the connected sum of n torii can be thought of as a sphere
n handles.

A similar analysis works for the connected sum of projective planes.
For two, we get a Klein bottle as before.

For three,

Finally, in general, we get a disk or 2n-gon with edges identified in
pairs

a1a1a2a9 . .. ApQy.



1. MANIFOLDS AND SURFACES 7

Consider the possible fundamental groups. For S2,

the fundamental group is trivial. For a connected sum of n torii
T4TY .. 4T,

we may apply the Seifert-VanKampen Theorem as in the previous
chapter. The fundamental group II is the free group on 2n generators
ay, B, ..., an, B, modulo the relation

o BT By, BT = 1

Note that since the relation is a product of commutators, I1/[IT, 1] is
free abelian on 2n generators.

To complete the argument, we want to calculate II/[ILII] for the
fundamental group of a connected sum of projective planes. Doing this
from the diagram is not quite as helpful. We find that the fundamental
group II is the free group on n generators modulo the relation

a0 ... a0, = 1.

It follows that IT/[II/II] written additively is free on n generators
T1,To,...,T, modulo the relation

By standard techniques in the theory of abelian groups, it is not hard
to show that IT/[TI, 1) & Z"~' & Z/27Z.

However, we shall use another more geometric approach which ex-
hibits the connected sum of n projective planes differently. Not only
does this allow us to calculate IT/[IT, II] without knowing much about
abelian groups, but it also allows us to determine easily the connected
sum of any two surfaces.

PROPOSITION 5.3. RP?#RP?*iRP? =~ THRP?.

PROOF. Since RP*RP? = K, it suffices to show that KfRP? =
THRP?. To see this first note that RP? contains a subspace isomorphic
to a Moebius band.
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We shall show that the connected sums of on one hand a Moe-
bius band with a torus and on the other hand a Moebius band with a
Klein bottle are homeomorphic. First, the diagram below shows several
equivalent ways to describe the first surface.

Next, the following diagram exhibits several ways to visualize a
Klein bottle with a disk cut out.

Finally, paste that into a Moebius band with a disk cut out and
transform as follows.

U

COROLLARY 5.4. The connected sum of n projective planes is home-
omorphic with the connected sum of a torus with a projective plane if
n is odd or with a Klein bottle if n is even.

ProOF. Apply the above propostition iteratively until you get ei-
ther a single projective plane (n odd) or two projective planes, i.e., a
Klein bottle, (n even). O

We may now calculate the fundamental group.
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For n = 2m + 1 odd, we see that II is free on n generators modulo
the relation

alﬁlal_lﬁl_l s amﬁmam_lﬁm_l'y'y =1

(2m generators from the torii and one from the projective plane.) It
follows that II/[II, 1) & Z*™ x Z/27Z.

For n = 2m even, we see that II is free on n generators modulo the
relation

arfran Bt 1 B 1 Gt B 0y e = 1

(The last part of the relation comes from the Klein bottle.) Modulo
[IT, 1], this relation becomes

voy i = oy oIt = 62 = 1.

Hence, IT/[I1, 1] & Z*™ 2 x Z x Z/27 = 7>~ x Z/27Z.
We may summarize all this by

THEOREM 5.5. Let S be a compact surface. If S is homeomorphic
to a connected sum of n 2-torii, then

w(8)/[7(S),(S)] = Z*".
If S is homemorphic to n projective planes, then
7(9)/[x(S), m(S)] = Z" ' x Z/2Z.

In particular, these surfaces are all distinguished by their fundamental
groups.

Note that the surfaces involving a projective plane (explicitly or
implicitly as in the case of a Klein bottle) have a factor of Z/2Z in the
abelianized fundamental group. We call the surfaces without projective
plane components orientable and those with such components non-
ortentable. We shall explore the issue of orientablity later in great
detail. For the moment, notice that the orientable surfaces can be
viewed as spheres with handles imbedded in R?, and we can assume it
is a smooth surface with well defined normals at every point. For such
a surface we can distinguish the two ‘sides’ of the surface, and this is
one of the meanings of orientation.
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For surfaces having a component which is a projective plane, we can
pick out a subspace homeomorphic to a Moebius band. It is hoped that
the student is familiar with the problem of assigning sides to a Moebius
band and the possibility of reversing orientation by going around the
band.

2. Outline of the Proof of the Classification Theorem

We shall give a rather sketchy outline of the argument. See Massey
for more (but not all) details.

First, we note that every compact surface S can be triangulated.
This is actually a rather deep theorem not at all easy to prove. It
means the following. We can decompose S as a union U}, 7; of finitely
many curvilinear ‘triangles’ satisfying certain conditions.

That is, each T} is homeomorphic to an actual closed triangle in R2.
Through the homeomorphisms, it makes sense to discuss the ‘vertices’
and the ‘edges’ of the T;. Then, any two curvilinear triangles 7; and
T; are either disjoint, have a single edge in common, or have a single
vertex in common. In addition, each edge is common to exactly two
curvilinear triangles, and at each vertex, the curvilinear triangles with
that vertex can be arranged in a cycle such that each curvilinear tri-
angle has an edge at that vertex in common with the next curvilinear
triangle (including cyclically the last and the first).

Finally, we can arrange the homeomorphisms from the triangles in
R? to the curvilinear triangles in the surface so that on edges they
result in linear maps from one triangle in R? to another. Such a map
either reverses or preserves orientation of the edge.
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Given such a triangulation, we may find a model for .S as a quotient
space of a disk (or polygon) with arcs of its boundary (edges) identified
in pairs. To do this, pick one curvilinear triangle, call it 7}, and map it
to a triangle 7] in R? as above. Now pick a curvilinear triangle, call it
Ty, which shares an edge e; with 77, and map it to T4 in R?. Note that
we can assume that 77 and T} have a common edge corresponding to e;.
(This may require a linear transformation of Tj which includes a ‘flip’
in order to get the orientation of the coincident edge right.) Continue
this process until we have mapped all the curvilinear triangles onto
triangles in a connected polygonal figure P in R2.

Each external edge €’ of the figure P corresponds to an edge e in
the surface which is the common of edge of exactly two curvilinear
triangles. The other triangle must appear somewhere else in P, and
one of its external edges e” also corresponds to e. Hence, there is
a linear map identifying e with e¢” through e. It is clear that the
resulting polygonal figure P with pairs of external edges identified is
homeomorphic to S.

One problem remains. We must show that P is simply connected,
i.e., that it is homeomorphic to a disk. This follows by the following
argument. We start with a simply connected polygon 77. At each
stage we ‘glue’ a triangle to it on one edge. This process clearly yields
a simply connected polygon. (If you have any doubts, you could al-
ways use the Seifert-VanKampen Theorem!) Hence, the final result is
simply connected. By a suitable mapping, we may assume P is the
unit disk with its boundary divided into 2n equal arcs equivalent in
pairs. Alternately, we may take it to be a regular 2n-gon with edges
identified in pairs.
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To complete the proof of the classification theorem, we show how
to apply transformations by ‘cutting and pasting’ to get it in one of
the forms discussed in the previous section.

(0) If at any point in the discussion, we are reduced to precisely
two ‘edges’, then S is either a S? or RP2.

Assume now that the number of edges is at least four.
(1) If there are adjacent edges a@, then they may be collapsed.

We assume this reduction is automatically made wherever possible.

(2) We may assume there is only one vertex under equivalence. For,
if not all vertices are equivalent, we can always find an inequivalent pair
P, ) at opposite ends of some edge a. The diagram below indicates a
cutting and pasting operation which which eliminates one occurence of
P replacing it by an occurrence of ().

(3) If an edge a occurs in two places with the same orientation, we
may assume these two ocurrences are adjacent.
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(4) If after applying these transformations, we only have adjacent
pairs with the same orientation, then the result is homeomorphic to a
connected sum of projective planes. Suppose instead that there is a
pair c...¢ separated by other edges.

In fact, ¢ and € must be split by another such pair d, d as indicated
above (...c...d...¢...d). For otherwise, the vertices on one side of
the pair ¢, ¢ could not be equivalent to those on the other side. Note
also that the intervening pair d, d must also have opposite orientations
since we have assumed that all pairs with the same orientation are
adjacent. The diagram below indicates how to cut and paste so as to
replace the ¢, d pairs with one of the form aabb.

To complete the proof, just remember that the connected sum of a
2-torus and a projective plane is homeomorphic to the connected sum
of three projective planes. Thus, if there is only one adjacent pair, we
may iteratively transform torii into pairs of projective planes.

3. Some Remarks about Higher Dimensional Manifolds

We have shown above that the fundamental group of a compact 2-
manifold completely determines the homeomorphism class of the man-
ifold. Also, two surfaces are homeomorphic if and only if they have the
same homotopy type.

In general, arbitrary spaces can have the same homotopy type with-
out being homeomorphic, e.g., all contractible spaces have the same
homotopy type. Another example would be an open cylinder and an
open Moebius band (omitting the boundary in each case). S! is a
deformation retract of either, but they are not homeomorphic. (Why?)
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Thus, non-compact surfaces can have the same homopty type with-
out being homeomorphic.

What about higher dimensional manifolds. It turns out that there
are compact three manifolds with the same homotopy type but which
are not homeomorphic.

EXAMPLE 5.6 (Lens Spaces). Let p and ¢ be relatively prime pos-
itive integers. Let G}, be the subgroup of C* generated by ( = ¢, =
e?™/P G, is cyclic group of order p. Define an action of G, on S* as
follows. Realize S* as the subspace {(z,w) € C*||z]*+|w|* = 1} of C?
(i.e.,R*). Let ("(z,w) = (¢"z, ("™ w). The orbit space L(p,q) = S*/G,
is a compact three manifold with fundamental group Z/pZ. It is pos-
sible to find pairs (p,q) and (p,q’) such that L(p,q) and L(p,q’) are
homotopy equivalent but not homeomorphic. This is quite difficult
and we shall not discuss it further.

The classification of compact n-manifolds for n > 3 is extremely
difficult. A first step would be the Poincaré Conjecture which asserts
that any compact simply connected 3-manifold is homeomorphic to
S3. (It is possible to show that any such 3-manifold has the same
homotopy type as S®.) This is one of the famous as yet unsolved
conjectures of mathematics. However, for n > 3, the corresponding
question, while difficult, has been answered. In 1960, Smale showed
that for n > 4, any compact n-manifold with the same homotopy type
as S™ is homeomorphic to S™. In 1984, Michael Freedman proved the
same result for n = 4. (For n > 3, being simply connected alone does
not imply that a compact n-manifold is homotopy equivalent to S™.
For example, S? x S? is simply connected. We shall see later in this
course that it is not homotopy equivalent to S*.)

4. An Introduction to Knot Theory

A knot is defined to be a subspace of R?® which is homeomorphic
to St

It is clear intuitively that some knots are basically the same as
others, but it is not obvious how to make this precise. (Try making
trefoil knot out of string and then manipulate it into a trefoil knot with
the opposite orientation!) One idea that comes to mind is to say that
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two knots are equivalent if one can be continuously deformed into the
other. However, since a knot has no thickness, you can ‘deform’ any
knot into a simple unknotted circle by ‘pulling it tight’ as indicated
below.

A sensible definition of equivalence requires some concepts not avail-
able to us now, so we shall not go into the matter further. However,
some thought suggests that the properties of the complement of the
knot in R? should play a significant role, since it is how the knot is
imbedded in R? that is crucial. With this in mind, we shall call the fun-
damental group m(R?— K) the knot group of the knot K. It is plausible
that any transformation which converts a knot K; to an ‘equivalent’
knot Ky—however that should be defined—will not change the knot
group up to isomorphism. (Note that it is not obvious that R® — K
is path connected. For example, if K were just an image of S* rather
than a homeomorph of S'.)

Any knot K is a compact subset of R? so, by an exercise, we know
that the inclusion R® — K — S3 — K induces an isomorphism of fun-
damental groups 7(R? — K) & 7(S® — K). It is often more convenient
to use the latter group.

The simplest knot—really an ‘unknot’—is a circle which we may
think of as the unit circle in the x1, zo-plane. We shall show that its
knot group is Z. To this end, consider K to be imbedded in a closed
solid torus A of ‘large’ radius V2 and ‘small’ radius 1, centered on the
xg-axis. (The reason for this particular choice of A will eventually be
clear.)

The boundary of A is a 2-torus 7. Let B be the closure in S® of
the complement of A.

LEMMA 5.7. B is homeomorphic to a solid torus with T' correspond-
ing to its boundary.

We shall defer the proof of this lemma, but the diagram below hints
at why it might be true.
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It is clear that B is a deformation retract of S — K. (Just project
the inside of A — K onto the boundary T' of A.) However, since B is
a solid torus, its ‘center circle’ is a deformation retract. It follows that
S3 — K has the same homotopy type as a circle, so its fundamental
group is Z.

More interesting are the so-called torus knots. Let n > m > 1 be a
pair of relatively prime integers. Let p : R? — T be the the universal
covering the torus T. In R?, consider the the linear path h : I — R?
starting at (0,0) and ending at (n,m). (Note that since (m,n) =1, it
doesn’t pass through a lattice point in between the two ends.) Then
poh is aloopin T, and viewing T as imbedded in R? in the usual way,
the image K of po h is a knot in R?. K is called a torus knot of type
(m,n).

Using the 7'~ S* x S', we may project on either factor.

It is clear from the diagram above, that the projection of p o h on
the first factor has degree n and on the second factor has degree m.
This is a precise way to say that the knot K goes around the torus n
times in one direction and m times in the other.

We propose to determine the fundamental group 7(S® — K) for a
torus knot and to show that we may determine the integers m,n from
it. We shall see that we can recover the type n > m > 1 from the knot
group. This gives us a way to distinguish one torus knot from another.
However, unlike the case of compact surfaces, the fundamental group
made abelian IT/[IT, TT] will not suffice. (In fact, it is generally true for
a knot group that I1/[II,TI] = Z, so the group made abelian is of no
use whatsoever in distinguishing one knots from another. We shall not
try to prove this general fact now, although you might try to do it for
torus knots.)
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Our method will be to use the Seifert-VanKampen Theorem. The
analysis above suggests that the decomposition

B - K=A-KUB-K

might work. Unfortunately, the sets on the right are not open. To get
around this difficulty, we need to ‘fatten’ them slightly, but this must
be done very carefully to be of any use.

First form a very thin open tube N of radius € about K.

S3 — N is a deformation retract of S® — K, so we may work with
it instead. Next, let U be the open solid torus obtained by letting A
‘erow’ by a small amount, say €¢/2 but not including the bounding torus.
Note that U — N NU is homeomorphic to an open solid torus. It looks
like U with a groove cut in its surface following the knot K. U —-UNN
has as deformation retract its center circle, so (U — U N N) = Z with
that central circle as generator. The retraction may be accomplished
by first including U — U N N in U and then retracting to the central
circle. We may also imbed 7" in U and retract to the center circle and
in so doing, one of the two generators of m(7") retracts to what we
may identify as a generator a of 7(U — U N N). Similarly, let V' be
the open solid torus obtained by letting B encroach inward on A by
€/2. As above V — V N N is also homeomorphic to a solid torus, and
7(V =V N N)=Z. We may identify a generator § of 7(V —V N N)
as the retraction of the other generator of 7(7"). Now consider the
decomposition

S - N={U-UNN)U(V-VNN).

The intersection U NV — U NV N N may be viewed as a band going
around 7.

Its center is a simple loop which is a deformation retract of UNV —
UNV NN, so

AUNV-UNVAN)2Z
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Let v be the generator just described. It is represented by a loop in T
with image the knot K shifted over slightly. The commutative diagram

allows us to identify the image of v in #(U — U N N). In fact, by
the degree argument mentioned above, since it is basically the same
as the knot K, it maps either to m times a generator or n times a
generator depending how 7" has been imbedded in R3. Suppose we
choose the imbedding so v +— . A similar argument shows that
under f(UNVN-UNVNN) - 7(U—-UNN, v+~ " It follows from
the Seifert—VanKampen Theorem that 7(S® — N) is the free product of
an infinite cyclic group generatored by a with an infinite cyclic group
generated by § modulo the normal subgroup generated by all elements
of the form o™ 3 ™. It is not too hard to see from this that II =
7(S3—K) = (83— N) is isomorphic to the free group on two generators
a, # modulo the relation o™ = (.

We shall now show how we can recover n > m > 1 from this group.
First consider the subgroup C' generated by o™ = (". It is clearly
a central subgroup since every element in it commutes with both «
and 3. The quotient group II is the free product of a cyclic group of
order m generated by @ and a cyclic group of order n generated by f.
(Just check that IT1/C has the appropriate universal mapping property.)
However, it is generally true that any free product has trivial center.
(Exercise.) From this it follows that C' is the center of II. We can
recover m, n from II as follows. First, since Il = I1/C = Z/mZ xZ/nZ,
it follows that the group made abelian IT/[II,II] = Z/mZ @ Z/nZ.
(Again, just use a univeral mapping property argument.) Hence, its
order is mn. On the other hand, it is true that any element of finite
order in Z/mZ % Z/nZ must be conjugate to an element in Z/mZ or
to an element in Z/nZ. (Exercise.) Hence, the maximal order of any
element of finite order in II is n (since n > m > 1). Thus II 2 II/C—
which is IT modulo its center and so does not depend on any particular
presentation of II-—contains enough information for us to recover n and
mn, and hence m.

It follows that if K; and K, are torus knots of types ny > my > 1
and ny > my > 1 respectively, then they have the same knot groups if
and only if ny = ny and my = mo.
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To complete the discussion, we prove the Lemma which asserts that
B = §% — A° is homeomorphic to a solid torus. To this end we describe
stereographic projection from (0,0,0,1) on S? to R?® imbedded as the
hyperplane x4 = 0. Let (xy, 72, 23,74) be a point on S (212 + 2% +
132 + 242 = 1) and let (yi,ys,y3,0) be the corresponding point in R3.
Then

1 =0+1ty —0) =ty
xo =0+ t(ys — 0) = tys
z3=0+1t(ys — 0) = tys
ry=14+t0—-1t)=1—1.

Put this in the equation of S to obtain
L=y +y® +ys®) +12 — 20 + 1.
Put p = /112 + 422 + y32. Then we get

2
t_,o2+1
Thus

£ = 22?J1
p?+1
pe+1

xngi
pe+1

Y
p°+1

Now consider the surface obtained by intersecting x,2 + z2? = u? with
S3. This may also be described by z3% + 242 = v? where u? + v? = 1.
We may assume here that 0 < u,v < 1. This surface maps under
stereographic projection to

u?(p® +1)% = 4(ye” + yo?).
Put r = /112 + y22. Doing some algebra yields the equation

o= ()

1 v
This is a 2-torus in R?® with ‘large’ radius — and ‘small’ radius —.

U U
u = 0,v =1 is a special case. That means x; = x5 = 0 and the locus
on S is a circle rather than a surface. The stereographic projection of
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this circle less the point (0,0,0,1) is the ys-axis. Similarly, v = 0,u =
1 is a special case with the stereographic projection being the circle

1
ys = 0,7 = 1. The torii for —2 < u < 1 fill out the solid torus A.

However, the set B (which is the closure of the complement of A in
1 1
S$3) may be described by 0 < u < E or equivalently 7 <wv <1

However, interchanging x; with x3 and x5 with x4 clearly provides a

homeomorphism of A with B. It follows that B is also a solid torus and

1
the common boundary of A and B boundary is given by u = v = —

V2
This corresponds to the torus of ‘large’ radius v/2 and small radius 1,
i.e., to T. Note that the generator of 7(B) corresponds to the ‘other’
generator of m(7T') as required.



CHAPTER 6

Singular Homology

1. Homology, Introduction

In the beginning, we suggested the idea of attaching algebraic ob-
jects to topological spaces in order to discern their properties. In lan-
guage introduced later, we want functors from the category of topo-
logical spaces (or perhaps some related category) and continuous maps
(or perhaps homotopy classes of continuous maps) to the category of
groups. One such functor is the fundamental group of a path con-
nected space. We saw how to use such functors in proving things like
the Brouwer Fixed Point Theorem and related theorems.

The fundamental group is the first of a sequence of functors called
homotopy groups. These are defined roughly as follows. Let X be a
space and fix a base point xy. For each n > 1 consider the set 7, (X, o)
of base point preserving homotopy classes of maps of S™ into X. Note
that m (X, zp) is just the fundamental group. It is possible with some
care to defined a group structure on 7, (X, z). (Think about the case
n = 1 and how you might generalize this to n > 1.) The resulting
group is abelian for n > 1 and is called the nth homotopy group. It is
also not too hard to see that a (base point preserving) map of spaces
X — Y induces a homomorphism of corresponding homotopy groups.

The homotopy groups capture quite a lot about the geometry of
spaces and are still the subject of intense study. Unfortunately, they are
very difficult to compute. However, there is an alternate approach, the
so-called homology groups which historically came first. The intuition
behind homology groups is a bit less clear, but they are much easier
to calculate than homotopy groups, and their use allows us to solve
many important geometric problems. Also, homology theory is a basic
tool in further study of the subject. We shall spend the rest of this
year studying homology theory and related concepts. You will get to
homotopy theory later if you continue with your study of algebraic
topology.

One way to explain to roots of homology theory is to consider the
basic integral theorems of vector analysis. (You probably studied this
as an undergraduate, and in any case you will probably have to teach

91
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it as a teaching assistant.) Green’s Theorem asserts that for an appro-
priate region D in R? and a differential form Pdx + Qdy, we have

| Partquy= [ 52 a_Q_a_P

Note that the orientation of the boundary plays an important role.

We want to know the theorem for fairly arbitrary regions, includ-
ing those with ‘holes’” where the boundary may be disconnected. The
strategy for proving it is first to do it for regions with a relatively
simple shape, e.g., ‘curvilinear’ triangles, and then approach general
regions by ‘triangulating’ them as discussed previously in the section
on classifying surfaces.

Here two important concepts play a role. First, we have the concept
of a ‘chain’ as a formal sum of ‘triangles’ (or perhaps other elementary
regions). Such an object helps us think about dissecting the region
for integration on the right of the formula. Secondly, we see that the
ortented boundary of such a chain will break up into many separate
segments, some of which will be the same segment repeated twice but
with opposite orientation. In the integral on the right, such segments
will cancel and we will be left only with the integral on the external
(oriented) boundary. A useful way to think of this is that we have an
algebraic boundary which attaches to any chain the formal sum of its
boundary segments but where segments in opposite directions are give
opposite signs so they cancel in the formal sum.

Let’s focus on the external boundary 0D of the region. This can be
viewed as a formal sum of segments, and each segment has a boundary
consisting of its two end points with opposite ‘orientation’ or sign.
Since the boundary is closed, if we take its algebraic boundary in this
sense, each division point is counted twice with opposite signs and so
the zero dimensional ‘boundary’ of 0D is zero.
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Note however, that other closed loops may have this property. e.g.,
the unit circle in R* — {(0,0)}. A closed curve (or collection of such)
decomposed this way into segments is called a cycle. The extent to
which cycles in a region X differ from boundaries of subregions D is
a question which is clearly related to the fundamental group of the
region. In fact, we shall measure this property by a functor called the
first homology group Hi(X). It will turn out that H;(X) is m(X)
made abelian!

The above considerations can be generalized to regions in R" for
n > 2. In R3, there is a direct generalization of Green’s Theorem called
Stokes’s Theorem. The relates a line integral over the boundary of a
surface to a surface integral over the surface. (If you don’t remem-
ber Stokes’s Theorem, you should go now and look it up.) The same
considerations apply except now the curvilinear triangles dissect the
surface. Another generalization is Gauss's theorem which asserts for
a solid region D in R?

// dedz+dedz+Rdxdy—/// (8]3 8Q+8R)d1/
oD 8 aZ

The first integral is a surface integral of a ‘two-form’ and the second
is an ordinary triple integral. The orientation of the surface relative the
the region D plays an crucial role. We have stated the theorem the way
it was commonly stated in the 19th century. You may be more famil-
iar with the more common form using vector fields. The proof of this
theorem parallels that of Green’s theorem. We first prove it for basic
regions such as ‘curvilinear tetrahedra’. We then view D as dissected
as an appropriate union of such tetrahedra. This leads to the concept
of a 3-chain as a formal sum of tetrahedra. As above, the boundary
of a tetrahedron can be thought of as a formal sum of ‘triangles’ with
appropriate orientations. The same triangle may appear as a face on
adjacent tetrahedral cells with opposite orientations. In the sum of all
the surface integrals for these cells, these two surface integrals cancel,
so we are left with the integral over the external boundary. This can-
cellation can be treated formally in terms of algebraic cancellation of
the terms in the formal sums.
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Let X be a solid region in R3. As above, the boundary of a subre-
gion D dissected into triangles may be though of as a 2-cycle (because
its boundary is trivial), but there may be other closed surfaces in X
which don’t bound a subregion. Thus again we have the question of
the extent to which 2-cycles differ from boundaries. This is measured
by a group called the second homology group and denoted Hs(X).

The issue of when cycles are boundaries is clearly something of
some significance for understanding the geometry of a region. It is also
important for other reasons. A differential form Pdx 4+ Qdy defined on
a path connected region D is called exact if it is of the form df for some
function f defined on D. It is important to know if a differential form is
exact when we want to solve the differential equation Pdx + Qdy = 0.
(Why?) It is easy to see that every exact form satisfies the relation

8_@ - 8_P = 0. Such forms are called closed. We would like to know if

or 0Oy

every closed form on D is exact. One way to approach this issue is as
follows. Choose an arbitrary point zy in D and given any other point
z, choose a path C from xy to z and define f(z) = [, Pdzx 4+ Qdy. If
this function f is well defined, it is fairly obvious that df = Pdx+ Qdy.
Unfortunately, f is not always well defined because the integral on the
right might depend on the path. Consider two different paths C and C’
going from x; to x.

For simplicitly assume the two paths together bound a subregion
of D. It is easy to see by an application of Green’s theorem that the
two line integrals are the same. Hence, if every cycle is a boundary,
it follows that the function is well defined. Hence, in that case, every
closed form is exact.

This sort of analysis is quite fascinating and lies at the basis of many
beautiful theorems in analysis and geometry. We hope you will pursue
such matters in other courses. Now, we shall drop our discussion of the
motivation for homology theory and begin its formal development

2. Singular Homology

The material introduced earlier on abelian groups will be specially
important, so you should review it now. In particular, make sure you
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are comfortable with free abelian groups, bases for such groups, and
defining homomorphisms by specifying them on bases.

The standard n-simplex is defined to be the set A™ consisting of all
(to,t1,-..,t,) € R™ such that > .¢; = 1 and t; > 0,i = 0,1,...n.
(Note that we start the numbering of the coordinates with 0.) The
cases n = 0,1,2 are sketched below. A? is a solid tetrathedron but
imbedded in R*.

We could of course choose the standard simplex in R", but imbed-
ding it in R™"*! gives a more symmetric description and has some tech-
nical advantages.

Let X be a space. A singular n-simplex is any (continuous) map
o : A" — X. You can think of this as the generalization of a ‘curvilin-
ear triangle’, but notice that it need not be one-to-one. For example,
any constant map is a singular n-simplex. Note that a 0-singular sim-
plex can be identified with a point in X. A singular n-chain is any
formal linear combination ), n;0; of singular n-simplices with inte-
ger coefficients n;. (Note, by implication, ‘linear combination’ always
means ‘finite linear combination’. Unless explicitly stated, in any sum
which potentially involves infinitely many terms, we shall always as-
sume that all but a finite number of terms are zero.)

More explicitly, let S,,(X) be the free abelian group with basis the
set of all singular n-simplices in X. Note that this is an enormous
group since the basis certainly won’t be countable for any interesting
space. Thus, So(X) can be viewed as the free abelian group with X
as basis. A singular n-chain then is any element of this group. By the
usual conventions, S,(X) is the trivial group {0} for n < 0 since it is
the free abelian group on the empty basis.

A bit of explanation for this definition is called for. Suppose X is
a compact surface with a triangulation. Fach ‘triangle’ may be viewed
as a singular 2-simplex where the map is in fact one-to-one. Also,
there are restrictions about how these triangles intersect. In fact, up
to homeomorphism, we may view X as a two dimensional ‘polyhedron’
(but we may not be able to imbed it in R? if it is not orientable). The
generalization of this to higher dimensions is called a simplicial com-
plez. Simplicial complexes and their homeomorphs were the original
subject matter of algebraic topology. The reason is fairly clear. As in
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the previous section, there are many reasons to consider formal sums
of the triangles (in general n-simplices) in a triangulation. Unfortu-
nately, we are then left with the problem of showing that the results
we obtain are not dependent on the triangulation. This was the orig-
inal approach. Our approach will allow us to avoid this problem. We
consider arbitrary singular n-simplices and linear combinations of such.
This theory will introduce many degenerate n-simplices, but there is
no question that it depends only on the space X. This large advantage
of singular theory is counterbalanced by the fact that it is difficult to
make computations because the groups invovled are so large. Hence,
later we shall introduce simplicial complexes and related objects where
the groups have much smaller, even finite, bases in most cases, so the
computations are much easier.

The considerations in the previous section suggest that we want
to be able to define a homomorphism 0,, : S, (X) — S,_1(X) which
reflects algebraically the properties of an oriented boundary. Since
Sp(X) is free on the set of singular n-simplices o : A™ — X it suffices
to define 0,, on all singular n-simplices ¢ and then extend by linearity.
A moment’s thought suggests that the boundary should be determined
somehow by restricting o to the ‘faces’ of the standard simplex and then
summing with appropriate signs to handle the issue of orientation. In
order to get this right, we need a rather long digression on so called
affine simplices.

Let T = {x¢,X1,...,X,} be any finite set of points in R"*'. We
shall call this set affinely independent if the set of differences
{x1 — %0, X2 — Xo,...,X, — Xo} is linearly independent. (You should
prove this does not depend on the use of xq rather than some other
element in the set.) We shall assume below that any such set is affinely
independent, but some of what we do will in fact work for any finite
set. The set {d . t;x;|,t; € R,> . t; = 1,t; > 0} is called the affine
simplex spanned by {X¢,X1,...,X,}. It is not too hard to see that it is
a closed convex set, and in fact it is the smallest convex set containing
the set 7. We denote it [T] = [xo, X2, . . ., X,|.

The set A of all points of the form Zf:o t;x; where t; € R and
>, t; = 1is called the affine subspace spanned by those points. It is a
translate (by xo for example) of the linear subspace of R"*! spanned
by {x1 — X0, X2 — Xp, ...,X, — Xo}. Namely,

p p

p p
Ztixi = th(xz — X()) —|— (Z ti)XO = th(xz — Xo) —f- X0-
=0 =0 i i



2. SINGULAR HOMOLOGY 97

It follows from this that if two points are in A, then the line they
determine is in A. Also, (in the default case where the points are
independent), this set is homeomorphic to RP, and we call it a p-
dimensional affine subspace. (Since [xg, X3, ...,X,] is the closure of
an open subset of this space, it is also reasonable to consider it a p-
dimensional object.) (Abstractly, an affine subspace A may be defined
as any subspace having the property x,y € A,s,t € R, s+t =1 —
sx +ty € A. The p dimensional affine subspaces of R""! are exactly
the same as the translates of p-dimensional linear subspace.)

The coefficients (¢, t1,...,t,) of a point ) . t;x; in the affine sub-
space are determined uniquely by the point. We leave this as an exercise
for the student. These coefficients are called the barycentric coordinates
of the point. The reason for the terminology is as follows. If you imag-
ine weights mg, my, ..., m, at the points xo,...,X,, then the center of

1 . m;
>, mix;. Setting t; = —=——, we get

> > M

the barycentric coordinates of the center of mass. This makes a lot
of sense if the masses are all non-negative (as it the case for points in
the simplex [xo, ..., X,]) but we may also allow negative ‘masses’ (e.g.,
charges) and thereby encompass arbitrary points in the affine space as
weighted sums.

For linear spaces, the nicest maps are linear maps, and there is a
corresponding concept for affine spaces. Let f : A — B be a function
which maps an affine subspace of R"! to an affine subspace of R™*!.
n and m may be different as may be the dimensions of A and B.
We shall say f is an affine map if for any points x,y € A, we have
fltx+sy) =tf(x)+ sf(y) for all t,s € R such that ¢t + s = 1. Note
that this implies that f carries any line in A into a line in B or a point in
B. It is not hard to show that an affine map is completely determined
by its values on an affinely independent generating set {xo, X1,...,X,}
through the formula f(>,¢;x;) = > .t;f(x;) where > . ¢, = 1, and
moreover an affine map may be defined by specifying it arbitrarily on
such a set. Clearly, if the image points are also independent, then
F(Bor- - %)) = (%0, S (3,)].

Note that any p-dimensional affine simplex [xg, X1, . ..,X,] in R""!
is a singular simplex under the affine map A? — R""! defined by
e; — x;. We shall abuse notation by using the symbol [xo,...,x,]
both for this singular simplex (which is a map) and for its image.

Consider now the standard simplex A™. Let e; = e'"! denote
the ith standard basis vector in R"™!. Clearly, A" = [eg, ey,...,e,].
(Under our abuse of notation, this means A™ also denotes the iden-
tity map of the standard simplex.) The barycentric coordinates of A"

mass of these points is
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are just the ordinary coordinates in R"*!. The affine (n — 1)-simplex
(€0, ...,€;,...,e,] is called the ith face of A". (Here we adopt the
convention that putting a ‘hat’ over an element of a list means that it
should be omitted from the list.) It is in effect obtained by intersect-
ing A™ with the hyperlane with equation ¢; = 0. With our abuse of
notation, these faces are the images of the singular simplices

n N . n—1 n
€' =1[ep,. ., €,...,e) AT = A

(This is a shorthand way of saying that

el =el j<i
n

=€n j=>i)

These maps are called the face maps for A™. Note that there are
n + 1 faces of an n-simplex.

We are now in a position to define the map 9, : S,(X) — S,—1(X).
Let 0, = 0 for n < 0. For n > 0, for a singular n-simplex ¢ : A™ — X
define

Opo = Z(—l)ia o€
i=0
Note that each of the terms on the right is a singular (n — 1)-simplex
which is in some sense the restriction of ¢ to the ith face of o. The
diagram below shows why in the cases n = 1,2 the signs make sense
by reflecting a proper orientation for each simplex in the boundary.

PROPOSITION 6.1. 0, 0 0,41 = 0.

This proposition plays an absolutely essential role in all that fol-
lows. For, given it, we may now make the following definitions. The
subgroup Z,(X) = Ker 9, of S,,(X) is called the subgroup of n-cycles.
Its elements may be thought of as ‘closed’ n-dimensional objects in
X. The subgroup B,(X) = Imd,; is called the subgroup of n-
boundaries. Because of the lemma, every n-boundary is an n-cycle,
ie., B,(X)C Z,(X). Finally, we shall define the nth homology group
of X as the factor group

Hn(X) = Zn(X)/Bn(X)'
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This measures the extent to which it is not true that every n-cycle is
an n-boundary.

PrROOF OF PROPOSITION 6.1. Note first that the proof is clear for
n < 0.
For n > 0, let o : A" — X be a singular (n + 1)-simplex. Then
n+1

Op10 = Z( 1Yo 6"+1
=0
SO

7=0 =0
n+l n

— § E : z+]o, o en—i—l Ei

7=0 =0

The strategy is to pair terms with opposite terms which cancel. The
diagram below illustrates the argument for n = 1.

The general case follows from

LEMMA 6.2. For0<i<j<n+1, e}”l o€ = e?“ o€} .
This suffices to prove the proposition because the term
(—1)"ooe o 0<i<j<n+1
cancels the term
(—l)j_lﬂao e”+1 6] 1

The student should check that every term is accounted for in this way.

O

PROOF OF LEMMA 6.2. For 0 < i < j < n-+1, consider the (n—1)-

: - : 2 An+3 An-+2 +2 1
dimensional affine simplex [eg*?, ... &/ ... ,e;-”“ so.eny]in A

This may be thought of as its intersection with the linear subspace
defined by setting ¢; = t; = 0. Call this its (¢, j)-face. (This is also the
image of the affine map which maps the basis elements as below in the
indicated order

{687"'7 e’ 1} N {en+2 ] én+2 ~n+2 n+2

C€ e el )
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This exhibits each of the (n + 2)(n + 1)/2 (i, j)-faces as a singular
(n — 1)-simplex.)

The right hand side of the equation can be viewed as folows. First
take the ith face of A™*! by setting t; = 0. The barycentric coordi-
nates of a point on this face relative to its vertices in the proper order
(obtained from A™) will be (sq,...,s,), where s, = ¢, for r < i and
s; = t,41 for r > . If we now take its (j —1)st face by setting s;_; =0,
that is the same thing as setting ¢; = 0. (Remember ¢ < j — 1.) This
gives us the (7, j)-face. The left hand side of the equation also repre-
sents the (i,7) face by a similar analysis. First, take the jth face of
A" by setting t; = 0. Then take the ith face of that by setting ¢; = 0.
(Since i < j, we do not have to worry about the shift for r > j.)

O

3. Properties of Singular Homology

The singular homology groups H,,(X) are generally so hard to com-
pute that we won’t be able to do much more than simple examples to
start. We shall derive a series of results or ‘axioms’ and then show
how we can compute singular homology just by use of these ‘axioms’.
The point of this is that there are several other versions of homology
theory. If we can show that an alternate theory satisfies these same
‘axioms’, then it will follow that it is essentially the same as singular
homology. (This axiomatic approach is due to Eilenberg and Steen-
rod and is worked out in detail in their book Foundations of Algebraic
Topology.)

THEOREM 6.3 (The Dimension Axiom). For a space X = {x} con-
sisting of a single point, we have
H,({z})=12Z n=>0
=0 n > 0.

PRrROOF. For each n > 0 there is precisely one singular n-simplex
0, which is the constant map with value x. For n > 1, we have

Opopn =0 n odd
OnOp = Op_1 n  even.
The reason is that when n is odd there are an even number of terms and

they all cancel. In the even case there is one term left over with sign
(—1)™ = 1. The above situation can be summarized by the diagram

nJ

5 S({z}) = Si({a}) & So({2)).
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Then for n > 0, Z,({z}) is alternately Zo,, or zero and B,({z}) is
alternately zero or Zo,. Hence, the quotients are all zero. It is clear
that Zy({z}) = Zoo and By({z}) =0, so Hy({z}) = Z. O

3.1. Homological Algebra. Algebraic topology generates alge-
bra which is of interest in its own right and in fact has been used
extensively outside algebraic topology. We shall periodically introduce
such concepts as they are needed. In principle, you could separate
these out and have a short course in homological algebra, but all the
motivation of course comes from the geometric ideas.

A chain complex C' consists of a collection of abelian groups C,,, for
n € Z, and maps d, : C,, — C,,_; with the property that d,, od,; =0
for each n. (Sometimes the collection of all d,, is denoted ‘d’ and we
say simply d o d = 0.) Thus the collection of singular n-chains S,,(X)
for all n forms a chain complex S, (X).

Most of the chain complexes we shall consider will be non-negative,
ie., C, =0 for n < 0. Unless otherwise stated, you should assume the
term ‘chain complex’ is synonymous iwth ‘non-negative chain complex’.

Given a chain complex C, we may define its homology groups as
follows. Z,(C) = Kerd,, B,(C) = Imd,+1 so B,(C) C Z,(C). These
are called the cylces and boundaries of the chain complex. Two chains
are called homologous if they differ by a boundary. We define H,(C) =
Zn(C) /B, (C), and its elements are called homology classes.

Note that H,,(S.(X)) = H,(X).

Chain complexes are the objects of a category. Let C' and C’ be
chain complexes. A morphism f : C — C’ is a collection of group
homomophisms f,, : C,, — C/, such that d], o f,, = f,,_1 o d, for each n.

dn
Cn - Cnf 1

\fnl

! /
Cn Cn— 1

fn

It is easy to see that the composition of two morphisms of chain com-
plexes is again such a morphism.

A morphism of f : C — C” of chain complexes induces a ho-
momorphism H,(f) : H,(C) — H,(C") for each n. Namely, be-
cause f commutes with d, it follows that f,(Z,(C)) C Z,(C') and
fn(Bn(C)) C B,(C") whence it induces a homomorphism on the quo-
tients H,(f) = H,(C) = Z,(C)/B,(C) — H,(C") = Z,(C")/B,(C").

(Hn(f)(©) = fn(c).)
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PROPOSITION 6.4. For each n, the homology group H,( ) is a
functor from the category of chain complexes to the category of abelian
groups.

PROOF. It is easy to see that H,(Id) = Id, so all we need to do is
show is H,(go f) = H,(g) o H,(f) for
C f > Cl g - C//

morphisms of chain complexes. We leave this to the reader to verify.
O

We may now apply the above homological algebra to singular ho-
mology. Let f : X — Y be a map of spaces. Define a morphism
fi : S(X) — S(Y) as follows. For o a singular n-simplex, let f, (o) =
foo : A" — Y. Since the set of singular n-simplices forms a ba-
sis for S,,(X), this defines a homomorphism f, : S, (X) — S,(Y). It
commutes with the boundary operators since

Oy (fa(0)) =) (=)' focoe

0

(1) far(o 0 €f)

i

Il
3 1l

K3
n

ot (O (~Dio 0 &) = fui(950).

=0

ake sure you understand the reasons for each of the steps!
Mak Vi derstand th f h of the steps!
It follows that f; induces a homomoprhism

H,(f) = Hu(fs) : Ho(X) = Hy(S«(X)) — H,(Y) = H,(5(Y)).

This homomorphism is often abbreviated f,, and the collection of all of
them is often denoted f,.. (This yields a slight notational problem, since
we are also using f,, to denote the induced maps of singular n-chains,
but usually the context will make clear what is intended. Where there
is any doubt, we may use the notation H,(f) or f, for the collection of
all the maps.)

PROPOSITION 6.5 (Functoriality Axiom). H,(—) is a functor from
the category of topological spaces to the category of abelian groups

PROOF. First note that the associations X — S.(X) and f —
f¢ provide a functor from the category of topological spaces to the
category of chain complexes. For, it is clear that the identity goes to
the identity and it is easy to verify that (g o f); = ¢y o fy. It is not
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hard to see that the composition of two functors is a functor, and since
H, (—) is clearly such a composition, it follows that it is a functor. O

PROPOSITION 6.6 (Direct Sum Axiom). Let X be the disjoint union
UeeaX, where each X, is a path connected subspace. Then for each
n >0, we have H,(X) = @ueaH,(X,).

If X is itself path connected, then Hy(X) = Z. Hence, in the general
case Hy(X) is a free abelian group with basis the path components of

X.

Note that the indexing set A could be infinite. Also, you should
reivew what you know about possibly infinite direct sums of abelians
groups.

ProoF. If ¢ is a singular n-simplex, then the image of ¢ must be
contained in one of the X,. Since, S, (X) is free with the set of singu-
lar n-simplices as basis, it follows that we can make an identification
Sp(X) = @aeaSn(X,). Also, the faces of any singular n-simplex o with
image in X, will be singular (n—1)-simplices with images in X,. Thus,
Ono can be identified with a chain in S,,(X,). In other words, the above
direct sum decomposition is consistent with the boundary operators.
It follows that

ZH(X) = @aZn(Xa)
B, (X) = ®,Bn(X,)
H,(X) = ®oH,(X,)

Suppose next that X is path connected. Zy(X) = Sp(X) is free
on the constant maps o : A° — X which may be identified with the
points x € X. However, given two points, x1,x2 € X, there is a path
o: A" = X from 2, to .

It follows that 010 = x5 — 21 whence any two cycles in Zy(X) differ
by a boundary. Fix any zo € X. It follows that Hy(X) is generated by
the coset of xy. We leave it to the student to show that this coset is of
infinite order in Hy(X) = Zy(X)/Bo(X). O

It should be noted that in the above proof, the direct sum decom-
position is related to the geometry as follows. Let ¢, : X, — X be the
inclusion of X, in X. This induces i, : H,(X,) — H,(X) for each n.
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The collection of these homomophisms induce
Calan : Calln(Xa) — Hp(X).

Namely, any element of the left hand side can be expressed (hg)aca
where h, € H,(X,) and h, = 0 for all but a finite number of a. The
map is

(ha)aGA = Z ia,n(ha)'

a€A

This homomorphism is in fact one of the two inverse isomorphisms of
the Proposition.

3.2. Homotopies. We want to show that homotopic maps f,g :
X — Y induce the same homomorphisms f, = g, : H,(X) — H,(Y)
of singular homology groups. This requires introducing a certain kind
of algebraic construction called a chain homotopy which arises out of
the geometry.

To see how this comes about, let F': X x [ — Y be a homotopy
from f to g, ie., F(z,0) = f(z),F(z,1) = g(z) for z € X. Let
o : A" — X be a singular n-simplex in X. This induces a map
oxId: A" x I — X x I which is called appropriately a singular
(n+ 1)-prism in X x I. F on the ‘bottom’ of this prism is basically
fn(o) and on the ‘top’ is g,(o). The top and bottom are part of the
boundary (in the naive sense) of the prism. The rest of the boundary
might be described loosely as ‘0,0 x I’ which is a ‘sum’ of prisms of
one lower dimension based on the faces of o.

The basic algebra we need reflects the geometry of the prism. We
shall describe it for the standard prism A™ x I where we can make do
with affine maps. Our first difficulty is that a prism is not a simplex,
so we have to subdivide it into simplices. We view A™ x I as a subset
of R""? with standard basis {eg,ei,...,e,,e,:1}. Then A™ may be
viewed as the affine simplex spanned by the first n + 1 basis vectors
(the bottom of the prism), i.e., by setting ¢ = 0. Let A, denote the
affine simplex spanned by €, = ey + €,41,...,€, = €, + €,1 (the top
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of the prism), i.e., by setting ¢ = 1. Define

n

Pn = Z(—l)i[eo, e ,ei,éi, e 7én]

=0

As a sum of affine simplices in the space A,, x I, p, may be viewed as
an (n + 1)-chain in S, (A™ x I). It corresponds to a decomposition
of the prism into simplices with signs to account for orientations. The
diagrams below show pictures for n = 1, 2.

More generally, if & = [xo, . ..,X,] is any affine n-simplex (in some
Euclidean space), define

n

pnl(@) = Z(—l)i[xo, e Xy Ky e X

i=0
Viewing « : A" — Im « as a map, we have have a corresponding map
of prisms a x Id : A™ x I — Im « x I which induces

(o x Id)pyq @ S (A" X I) — Spyy(Ima x 1)

and it is not hard to verify the formula

(O‘ X Id)n—‘rl(pn) = pn(“)'

Furthermore, since p,(«) has been defined for any affine n-simplex,
we may define it by linearity on any linear combination of affine n-
simplices. Such a linear combination may appear as an element of
Sp(X) for an appropriate subspace X of some Euclidean space. In
particular,

n+1

pn(an-‘rlAn—H) = Z(_l)ipn(e?—H) € Sn-i—l(An-i_1 X I)

i=0
Include negative n under this rubric by setting such p,, = 0.

PROPOSITION 6.7 (Standard Prism Lemma). In S, (A" x I), we
have

anJrlpn = Z” — A" — pn71<anAn)
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This basically asserts that the boundary of the standard prism is
what we expect it to be, but it includes the signs necessary to get the
orientations right.

PrROOF. For n > 1, we have

n

On1Pn = Z(_l)ian—i—l[e[)a o, €,€, ..., €y

=0

_Z (Z 1) ]eg, ... €j,...€,€,...,8,]

7=0
+1 — = —
+ g 1)/ eg,...,ei,ei,...7ej,...,en]>.

First separate out the terms where ¢ = j. These form the collapsing
sum

> (=1)*(leo, .- €18, ..., 8] — [eq, ..., €, 841, - ., 8))
1=0
= [éo,...,én]—[eo,...,en] :Z"_An

In the remaining sum, fix a j and consider all terms with that j and
1 # 7. Write these in the order

j—1
(_1>j+1 ( 1) [eo, €;, €, €;, ;én])
1=0
n
+<—1)‘7+1 Z (-1)1 1[e0,...,éj,...ei,éi,...,én].
i=j+1

(We have also reorganized the placement of various signs.) This adds

up to ' |
(=1 pua(€)) = =(=1)pna(€)).
Now add up for all j =0,...,n to get

n

—Z Pn 1 = _pn—l(Z(_l)j n) = ~DPn- 1(8 A" )

j=0
as requlred.
We leave it for the student to check this explicitly for n = 0. U

We may now carry this over to the spaces X and Y as follows. For
a singular n-simplex o : A" — X, define

To(0) = (F o (0 1))t (pn) € St (V).
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Extending by linearity yields a homomorphism 7;, : S, (X) — S,41(Y).
Also extend this to n < 0 by letting it be zero.

PROPOSITION 6.8 (Chain Homotopy Lemma). We have the follow-
ing equality of homomorphisms S,(X) — Spi1(Y)

8n-i-l ol + Ty 10 an = Gn — fn
This may also be written as a single equation encompassing all n
doTy+Tyod =gy — fi

The proof is given below, but first notice that we now have a proof
of the following important result.

THEOREM 6.9 (Homotopy Axiom). Let f,g: X — Y be homotopic
maps. Then for each n, H,(f) = Hn(g) : Ho(X) — H,(Y).

This may also be written f, = g, : H.(X) — H.(Y).

PRrROOF. Let ¢, be a singular n-cycle representing some element of
H,(X). By the above Lemma, since 0,¢, = 0, we have

On41(Th(cn)) = gn(cn) = fulcn).

It follow that the two terms on the right represent the same element
of H,(Y). From the definition of the induced homomorphisms H,(g)
and H,(f), it follows that they are equal. O

PrROOF OF LEMMA 6.8. Let 0 : A" — X be a singular n-simplex.
We have

On41(T0(0)) = Opgr (Frgr (0 x 1d)py1(pn)))
= Fu((0 x 1d)n(On+1(pn)))
= F((0 % 1),(B" — A"~ p(0,A")).

Expand this out and consider each of the three terms in succession.
In doing this, recall that each argument on which the functions are
evaluated is in fact a chain in some chain group and as such is a linear
combination of maps. For example, the first term is really the map
Fo(ox1Id)oA" from the space A™ to Y. However, A" : A" — A" x |
is given by x — (x, 1), so the map describing the first term is g o o or
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gn (o). Similarly, the second term is f,, (o). For the third term, we have

n

Fo((0 % 1d)n(pa-1(8,A")) = Y (=1)'Fu((0 x 1d)(pn-1(€})))

0

7

(=1 Fu((o x 1d)u((€f x 1d)n(pn-1))))

I

@
i
=)

(1) Fu((0 0 € x 1d)n((pa-1)))

I
iD-
o

3

(_1)iTn—1 (co¢€)

=0
=T, 1Y (~1)io 0 ) = T4 (90
i=0
(Make sure you understand the reasons for each step!) U

COROLLARY 6.10. If f : X — Y is a homotopy equivalence, then
H,(f): H,(X) — H,(Y) is an isomorphism for each n.

(We may abbreviate this by saying simply f. : H.(X) — H.(Y) is
an isomorphism.)

ProoOF. Choose g : Y — X such that go f and f o g are homotopic
to the respective identities. Then g, o f, and f, o g, are the respective
identities of homology groups and g, is the inverse of f,. O

COROLLARY 6.11. Let X be a contractible space. Then H,(X) =0
forn >0 and Hy(X) = Z.

ProoF. X is homotopy equivalent to a point space, and every point
space has the indicated homology. 0

3.3. More Homological Algebra. Let f,g : C — C’ be mor-
phisms of chain complexes. A chain homotopy from f to g is a collec-
tion of homomorphisms 7), : C,, — C;,,; such that

dn+loTn+Tn—1 Odn :gn_fn

for each n. From the above discussion, we see that homotopic maps
of spaces induce chain homotopic homomorphisms of singular chain
complexes. The following algebraic analogue of the homotopy axiom is
easy to prove.

ProroOSITION 6.12. If f,g : C — C" are chain homotopic mor-
phisms of chain complexes, then they induce the same homomorphisms
H,(C) — H,(C") of homology groups of these chain complexes.
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PROOF. Look at the proof in the case of the singular complex of a
space. [

Let X be a contractible space; in particular suppose Idx ~ ¢ where
€ : X — X maps everything to a single point p. Then the theory
above shows there is a chain homotopy consisting of homomorphisms
T, : Sp(X) — Spi1(X) such that 0,175, + T),-10,, = €, — Id,, for each
n. Unfortunately, even though € is constant, the homomorphism ¢,
induced by € in each dimension won’t generally be the trivial homo-
morphism. However, it is possible to remedy this situation by choosing
homomorphisms D,, : S,(X) — S,11(X) such that 0,41 D, + D,,_10,, =
—1d, for n > 0 and 0;Dg = ¢y — Idg where ¢ sends every 0O-simplex
to the 0-simplex at p. Such a collection of D,, is called a contracting
chain homotopy. The existence of such a contracting chain homotopy
implies directly that H,(X) =0 for n > 0 and Hy(X) = Z.

4. The Exact Homology Sequence— the Jill Clayburgh
Lemma

4.1. Some Homological Algebra. Let C' be a chain complex
and C" a subcomplex, i.e., C! is a subgroup of C, for each n and
d,(Cl) C C/_, for each n. (The last condition can be stated simply
d(C") C C".) We form a chain complex C'/C" called the quotient chain
complex as follows. Put (C/C"), = C,/C" and define d’(¢,) = dnc,
where, as usual, ¢, = ¢, + C), denotes the coset of ¢,. It is not hard
to check that the definition of d” does not depend on the choice of
coset representative. Generally, we shall say that a sequence of chain
complexes

0—CcScLc =0
is exact if

0—-C —-C,—Cl' =0
is an exact sequence of groups for each n. According to this definition,
if C" is a subcomplex of C, then

o—-cLcLc=c/0—o,

where ¢ is the inclusion monomorphism and j is the epimorphism on
to the quotient complex, is an exact sequence of chain complexes.

PROPOSITION 6.13. Given an exact sequence of chain complezes,
we have the induced homomorphisms

for all n. The above sequence is exact, i.e., Ker H,(j) = Im H,(i).
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PROOF. Since j, oi, = 0, it follows that H,(j) o H,(7) = 0 and the
left hand side of the proposed equality contains the right hand side.
For the reverse inclusion, let ¢ be a cycle which represents an element
of v € H,(C) = Z,(C)/B,(C). Supposing H,(7)(y) = 0, it follows
that j,(c) € B,(C"), i.e.,

]n(c) = dn-l-lcﬁ = dn—i-ljn—&-l(x) = jn(dn-&-lx)
for some z € C,,41. Hence, j,(c—d,112) = 0. It follows that c—d, 1z =
inc for some ¢ € C!. However, ¢ is a cycle, since 4, is a monomorphism
and i,(d,d) = dn(ind) = dp(c — dpp1z) = 0. This says that the
homology class of ¢’ maps to the homology class of ¢ — dx which is the
same as the homology class of c. O

More importantly, we imbed the above sequence in a long exact
sequence

) H,—1(7)

-— H,(C")
n / Hn1(y "
O H, L (C Hy(0) 29 g oy —

where 0, : H,(C") — H,(C") is a collection of homomorphisms called
connecting homomorphims which we now define. (The perceptive reader
will notice a potential conflict of notation when we apply this to the
singular chain complex of a space where the boundary homomorphisms
have also been denoted by ‘9’. Such conflicts are inevitable if one wants
a notation which will act as a spur to the memory in involved situa-
tions. Usually they don’t cause any problem if one keeps the context
straight.) Let ¢’ € Z,(C”) represent an element 7" € H,(C"). Since
j is an epimorphism, we have ¢’ = j(c) for some ¢ € C,. More-
over, jn_1(d,c) = dn(jn(c)) = d," = 0. Hence, d,c = i, 1 for
some ¢ € C!_,. Since i, o is a monomorphism and i, _o(d,_1¢/) =
dy_1ip_1¢ = dp=1(d,c) = 0, it follows that ¢’ is a cycle and it repre-
sents some element v € H,,_1(C"). Let 0,,(7") = +'. We leave it to the
student to verify that if ¢ is changed to a homologous cycle ¢’ +d,,; 1,
then the above process gives a cycle in C/,_; which is homologous to ¢
Hence, the definition of 0,,7” does not depend on the choice of the cycle
c. We also leave it to the student to prove that 0, is a homomorphism
for each n.

PROPOSITION 6.14. The above sequence is exact at every place.

PRrROOF. In doing the calculations, we shall drop subscripts when
dealing with elements and homomorphisms at the chain level.

Ker H, (i) = Im0,:
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Let ¢’ € Z,(C") represent an element " € H,(C”). Then 0,7"
is represented by ¢ € Z,_1(C") where i(¢) = de,j(c) = ¢’. Then
in—1(0xy") is represented by i(c’) which is a boundary. Hence,
anl(i) o} 8n =0.

We leave it as an exercise for the student to show that every element
satisfying i,,_17' = 0 is of the form d,7".

Kerd,, = Im H,(j):
We leave it as an exercise for the student to show that 0, o j, = 0.
Suppose that d,,v" = 0 and ¢’ € Z,,(C") represents 7”. That means
if we choose ¢ € C,, such that j(c) = ¢’, then dc = i(dz’) for some
x € Cl_,. Then d(c —iz') =0, so ¢ — iz’ € Z,(C). Also, j(c—ix') =
j(e) =". Let ¢ —ix’ represent v € H,(C). We have j,(v) =~". O

A little more formalism provides another way to think of the long
exact sequence. We define a graded abelian group A to be a collection
of abelian groups A,,n € Z. (Thus a graded abelian group may be
viewed as a complex in which the ‘d’ homomorphisms are trivial.) A
morphism f : A — B from one graded group to another of degree k
consists of a collection of homomorphisms f, : A, — B,.r. Thus,
a chain complex C' is a graded group together with a morphism d of
degree —1. Similarly, a chain homotopy is a morphism of graded groups
of degree +1.

Using this language, we may think of the symbols H,(C"), H.(C),
and H,(C") as denoting graded groups with morphisms iy, j., 0, of
degrees 0,0, —1 respectively. Then, the long exact sequence may be
summarized by the exact triangular diagram
H. (i)

H.(C") ~ H.(C)

‘a*\ ;/H ()

H, (O”)

Note that the linear long exact sequence relating the component
groups may be thought of as covering this diagram just as the real line
covers the circle as its universal covering space.

We now apply the above algebra to singular homology. Let X be a
space and A a subspace. Let i : A — X denote the inclusion. Clearly,
we may identify S,(A) with the subcomplex i4(S,(A)) of S,(X). Define
the quotient chain complex

S.(X,A) = S.(X)/S.(A),
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ie, Su(X,A) = Su(X)/Sn(A) and 0, : S(X,A) — S,1(X,A) is
the quotient of d,, : S, (X) — S,_1(X). We call S,(X, A) the relative
singular chain complex. Its homology groups are called the relative
singular homology groups and denoted

Ho(X, A).

The geometric significance of the relative homology groups is a bit
murky. It has something to do with the homology of the quotient
space X/A, but they are not exactly the same. S,(X,A) has as a
basis the set of cosets of all singular n-simplices which do not have
images in A. (Why?) However, two singular n-simplices o # ¢’ in X
could project to the same singular n-simplex in X/A. Thus, there is
no simple relation between S, (X, A) and S, (X/A). We shall see later
that in certain cases, H, (X, A) is indeed the same as H,(X/A).
The short exact sequence of chain complexes

0— Si(A) = S, (X) = S.(X,A) — 0

induces a long exact homology sequence

o= Hy(A) 2 Hy(X) — Ho(X, A)

Oy Hy 1 (A) = Hooy(X) — Hoy1(X,A) — ...
The homomorphism 0, : H,(X,A) — H,_1(A) has a simple naive
geometric interpretation. A cycle in S, (X, A) may be viewed as a
n-chain in X with boundary in A. Such a boundary defines an (n—1)-
cycle in A.

The relative singular homology groups may be thought of as gen-
eralizations of the (absolute) singular homology groups. Indeed, if we
take A = () to be the empty subspace, then S, (A) is the trivial sub-
group of S, (X) for every n, and H,(X,A) = H,(X). In addition,
all the properties we have discussed for absolute groups also hold for
relative groups, but there are some minor changes that need to be
made. For example, if X is a point space, then H,(X,A) = 0 for
n > 0 for either of the two possible subspaces A = X or A = (), but
Hy(X,X) = 0. Similarly, if X is a disjoint union of path connected
subspaces X, and A is a subspace of X, then it is not too hard to see
that H, (X, A) = ©.H, (X4, Xo N A), but if X is path connected, we
have Ho(X,A) = 0 for A # (). (Use the long exact sequence and the
fact that Ho(A) — Hy(X) is an isomorphism in that case.) The func-
toriality holds without qualification. Namely, if f : (X, A) — (Y, B)
is a map of pairs, then f;(S.(A)) C S.(B), so f; induces a chain mor-
phism S, (X, A) — S.(Y, B) which in turn induces a homomomorphism
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fe: HJ(X,A) — H.(Y, B). It is not hard to check that this provides a
functors H,, from the category of pairs of topological spaces to the cat-
egory of abelian groups (or if you prefer a single functor to the category
of graded groups).

The student should verify at least some of the assertions made in
the above paragraph, although none of them is particularly startling.

The homotopy axiom for relative singular homology requires a bit
more discussion. Let f,g: (X, A) — (Y, B) be maps of pairs of spaces.
A relative homotopy from f to g is a map F : X x I — Y which is a
homotopy from f to g in the ordinary sense and which also satisfies the
condition F'(A x I) C B. Note that this implies that the restriction
F': Ax I — B of F is a homotopy of the restrictions f',¢': A — B
of f,g. It is not generally true, however, that if f ~ g and f’ ~ ¢’ that
there is a relative homotopy from f to g. (Try to find a counterexample
and insert it here in your notes!)

ProposITION  6.15  (Relative Homotopy Axiom). Let
frg + (X,A) — (Y,B) be relatively homotopic. Then f, = g. :
H.(X,A) — H.(Y,B).

PrOOF. We just have to follow through the proof in the abso-
lute case and see that everything relativizes properly. By definition,
T.(0) = (F o (o x1d)),s1(p,) for o a singular n-simplex in X. If o
is in fact a singular n-simplex in A, then by the hypothesis, the image
of Fo(ox1Id)isin B. It follows that T,,(o) lies in S,41(B). Thus,
T,, induces a homomorphism of quotients T, : S, (X, A) — S,41(Y, B),
and the formula

anJrl OTn‘{'Tnfl Oan = On _fn

projects onto the corresponding formula for T,,. It then follows as
before that f and g induce the same homomorphism of relative homol-
ogy. [

The existence of the long exact homology sequence (which relates
absolute and relative homology) is one of the azioms we shall use to
derive properties of a homology theory. However, there is one im-
portant aspect of this sequence we haven’t mentioned. Namely, the
connecting homomorphisms 9,, : H,(X,A) — H,(A) are ‘natural’ in
the following sense.

PROPOSITION 6.16 (Naturality of the Connecting Homomorphism).
Let f : (X,A) — (Y,B) be a map of pairs. Let f' : A — B be the
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restriction of f. Then the following diagram commutes

Ho (X, A) —2 H, i(A)

g

H,(Y,B) —+ H, \(B)

fn

commutes.
Proor. This follows from the homological algebra below. O
4.2. More Homological Algebra.
PROPOSITION 6.17. Let
0 - ' - C - " - 0
ff\ ; \fff

0O — D - D D" 0

be a commutative diagram of chain complexes. Then the induced dia-

grams

Hn(C”) i’ n—l(cl)

// l \ /
n n—1
On

Hn(D”> - nfl(D,>
commute.

PRrOOF. Let+” € H,(C"), and let ¢' € Z,(C") represent it. Choose
¢ € C,, which maps to ¢ and ¢ € Z,_;(C") which maps to dc. f'(c)
represents f,_,(0,(7")). Because the diagram of chain complexes is
commutative, f(c¢) € D,, maps to f’(¢") and f'(¢') € Z,-1(D’) maps
to df (c¢) = f(dc). This says that f'(¢’) also represents 0,,(f/(7")). O

The long exact sequence azxiom should now be taken to assert the
existence of connecting homomophisms with the above naturailty prop-
erty and such that the long homology sequence is exact.

The structure of singular homology theory can be made a bit cleaner
by treating it entirely as a functor on the category of pairs (X, A)
of spaces and maps of such. As noted above, the absolute singular
homology groups are included in this theory by considering pairs of
the form (X, (). To make this theory look a bit more symmetric, one
may extend the the long exact sequence to pairs as follows. Suppose
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we have spaces A C B C X. Then, it is not too hard to derive an exact
homology sequence

H*<B,A) . H*(X7A)

T~

H.(X,B)

where 0, : H.(X,B) — H.(B,A) is a morphism of degree —1 and
natural in an obvious sense. We leave this derivation as an exercise for
the student.

As we saw above in our discussion of the dimension axiom, the
dimension n = 0 tends to create exceptions and technical difficul-
ties. Another example of this is the comparison between H,(X) and
H,(X,{P}) where P is a point of X. Since H,({P}) = 0 for n > 0,
the exact homology seqeunce

— H,({P}) = 0 — H,(X) — H,(X,{P}) = H,1({P}) = 0 —

shows that H,,(X) = H,(X,{P}) forn > 1. It is in fact true that this is
true also for n = 1. This follows from the fact that Hy({P}) — Ho(X)
is a monomorphism, which we leave as an exercise for the student.
However, another approach to this issue to to introduce the reduced
homology groups. These are defined as follows. Consider the unique
map X — {P} to any space consisting of a single point. Define
H.(X) = Ker H,(X) — H,({P}). Tt is not too hard to see that this
group does not depend on which particular single point space you use.
Also, it is consistent with induced homomorphisms, so it provides a
functor on the category of spaces. Note that H,(X) = H,(X) for
n # 0, so only in dimension zero is there is a difference. The reduced
homology groups give us a way to avoid exceptions in dimension zero.
Indeed, Ho({P}) = 0 so the dimension axiom may be rephrased by
asserting that all the reduced homology groups of a point space are
trivial. Similarly, all the reduced homology groups of a contractible
space are trivial. Finally, it is possible to show that the exact homol-
ogy sequence for a pair remains valid if we replace H,(X) and H,(A)
by the corresponding reduced groups. Of course, this only makes a
difference at the tail end of the sequence

— Hi(X,A) 2 Hy(A) — Ho(X) — Ho(X, A) — 0.

(This includes the assertion that Imd, C Hy(A) = Ker Hy(A) —
Hy({P}).) Using this exact sequence and the fact that Hy({P}) = 0,
we see that we have quite generally H,(X) = H,(X,{P}) for any
non-empty space X.
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5. Excision and Applications

We now come to an important property called the excision ariom.
This is quite powerful and it will allow us finally to calculate some
interesting homology groups, but it is somewhat technical. Its signifi-
cance will become clear as we use it in a variety of circumstances. The
excision axiom says that given a space X and subspace A, we can ‘cut
out’ subsets of A which are not too large without changing relative ho-
mology. We would like to be able to ‘cut out’, all of A, but in general
that is not possible.

THEOREM 6.18 (Excision Axiom). Let A C X be spaces. Suppose

U is a subspace of A with the property that U, the closure of U, is
contained in A°, the interior of A. Then the inclusion (X —U, A—U) —
(X, A) induces an isomorphism

H,(X-UA-U)=H,(X,A)
of relative homology groups for every n.

The proof of this theorem is quite difficult, so we shall defer it until
we have derived some important consequences.
Using excision, we can finally calculate some homology groups.

LEMMA 6.19. Let A" = {x € D"|1/2 < |x| < 1}. Then for each i
and each n > 0, 5
H;(D", A™) = H; (5"").

PrROOF. The exact sequence

I:[l(Dn) =0— HZ(Dn,An) — ~i_1(An> — Ni_l(Dn) =0

shows that H;(D", A") = H;_1(A"). On the other hand, A" = SP1x],
so S" ! is a deformation retract of A™ and H; {(A") = H, ,(S"1). O

THEOREM 6.20. We have
. Zd7Z ifn=0
Ho(S™) = /
Z ifn > 0.
Fori >0,
0 f0<i<nori>n

M@Wz{ZiM:n
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PROOF. The zero sphere S° consists of two points and the conclu-
sion is clear for it. Note that Hy(S°) = Z and in fact it is easy to
see that it consists of all elements of the form (n, —n) in Z & Z. (Just
consider the kernel of Hy(S°) — Ho({P}) = Z.)

The remaining statements amount to the assertion that for n > 0,
H;(S™) = 0 except for i = n in which case we get Z. To prove this latter
assertion, proceed as follows. Let U" = {x € S"| — 1 < z,4; < 0}
and let BY = {x € S"| —1 < x,41 < 1/2}. By excision, we have
H;(S"—-U",B"—U") = H;(S", B"). However, the pair (D} = S" —
Ur, A% = B" — U") is clearly homeomorphic to the pair (D", A"). It
follows from this and the above lemma that H;(S™, B,) & H; 1(S"').
On the other hand, since B™ is contractible, the long exact sequence
for the pair (S™, B") shows that H,;(S™) = H;(S", B") for all i. Putting
these facts together, we get

Hi(S™) = H;,_(S™1) = ...~ H,_ ,(S°.
Since the last term is zero if ¢ # n and Z if ¢ = n, we are done. O

Important Note on the Proof. There is one fact which can be squeezed
out of this proof which we shall need later. Namely, consider the map
r" . 8™ — S§™ which sends ry — —x and fixes all other coordinates.
(This is the reflection in the hyperplane perpendicular to the zy axis.)
If you carefully check all the isomorphisms in the above proof, you will
see that they may be chosen to be consistent with the maps ", i.e., so
that the diagram

,(S") —— Hi (5™

T:}l l’rfl

Hi(S") —— H;_1(S")
commutes. You should go through all the steps and check this for your-
self. It is a good exercise in understanding where all the isomorphisms
used in the proof come from.
Once we have calculated the homology groups of spheres, we may
derive a whole lot of consequences.

THEOREM 6.21. (a) S™ and S™ for n # m do not have the same
homotopy type.

(b) R and R™ for n # m are not homeomorphic.

(c) S™ for n > 1 is a space which is simply connected but not
contractible.
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PROOF. You should be able to figure these out. O

The Brouwer Fixed Point Theorem now follows exactly as proposed
in the first introduction.

THEOREM 6.22 (Brouwer). Any map f : D™ — D™ n > 0, has a
fized point.

PRrROOF. Go back and look at the introduction. The nonexistence

of a fixed point allowed us to construct a retraction of D" onto S !
whence H,(S™) = Z is a direct summand of H,(D"™) = 0. O

5.1. Degree and Vector Fields on Spheres. Let f: S" — 5™.
We call such a map a self-map. It induces a homomorphism f, :
H,(S") =Z — H,(S") = Z. (For completeness, use Hy for n = 0.)
Such a homomorphism is necessarily multiplication by some integer d
which is called the degree of the map f and denoted d(f). As in our
discussion of the fundamental group, the degree measures in some sense
how many times the image of the map covers the sphere.

PROPOSITION 6.23. Degree has the following properties.

(a) Given self-maps, f,qg of S™, we have d(go f) = d(g)d(f). Also,
the degree of the identity is 1 and the degree of a constant self-map is
zero.

(b) Homotopic self maps have the same degree.

(¢) Reflection in a hyperplane through the origin has degree —1.

(d) The antipode map has degree (—1)"1.

The converse of (b) is also true, i.e., self-maps with the same degree
are homotopic. (This follows from an important theorem called Hopf’s
Theorem, which you will see later.)

PROOF. Everything in (a) follows by functorality, i.e., Id, = Id and
(go f)« = g« o fi. To see that the degree of a constant map is zero,
factor it through a point space.

(b) follows from the homotopy axiom.

(d) follows from (a) and (c). Namely, the antipode map x — —x
may be obtained by composing the n + 1 component reflections

TL X

Finally, to prove (c), choose a coordinate system so that the hy-
perplane is given by xy = 0 and the associated reflection is xy — —x,
with the other coordinates fixed. We noted above that the calculation
H,(S™) = Hy(S%) =2 Z is consistent with the reflection (by induction).
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However, Hy(S°) can be identified with the subgroup of Z @ Z consist-
ing of all (n, —n) where a basis for Z @& Z may be taken to be the two
points 29 = 1 and 29 = —1 in S°. Clearly, the reflection swtiches these
points and so sends (n, —n) to (—n,n) = —(n, —n). O

PROPOSITION 6.24. Let f, g be self-maps of S™. If f(z) # g(x) for

all x € S™, then g ~ a o f where a is the antipode map.

PROOF. Since g(x) is never antipodal to — f(z), the line connecting
them never passes through the origin. Define G(z,t) = t(—f(z))+(1—
t)g(z), so G(x,t) # 0 for 0 <t < 1. Define F(z,t) = G(x,t)/|G(z,1)|.
F(z,0) = g(z) and F(x,1) = —f(z) = a(f(x)). O

A tangent vector field T on a sphere S™ is a function 7" : S™ — R"*!
such that for each x € S, T'(z) - & = 0. Thus, we may view the vector
T'(x) sitting at the end of the vector x on S™ and either it is zero or it
is tangent to the sphere there. (This is a special case of a much more
general concept which may be defined for any differentiable manifold.)

THEOREM 6.25. There do not exist non-vanishing vector fields T
defined on an even dimensional sphere S*".

For the case S?, this is sometimes interpreted as saying something
about the possibility of combing hair growing on a billiard ball.

PROOF. Assume T is a nonvanishing tangent vector field on S?".
Let t(z) = T'(x)/|T(z)|. Since t(x) L x, we certainly never have t(z) =
x. It follows from the propostion that t ~ a o Id = a. Hence, d(t) =

(—1)**1 = —1. However, it is also true that ¢(z) # —z for the same
reason, so t ~ aoa = Id. Thus, d(t) = 1. Thus, we have a contradiction
to the assumption that 7' never vanishes. U

Odd dimensional spheres do have non-vanishing vector fields. For
example, for n = 1, we have T'(z¢, 1) = (—x1, zo).

Similarly for odd n > 1, define
T([L‘(), c. ,J?n) = (—:L’l, Lo, —L3,T2,..., —Tp, l‘n_l).

One can ask how many linearly independent vector fields there are
on S?"*! as a function of n. A lower bound was established by Hurwitz
and Radon in the 1920s, but the proof that this number is also an upper
bound was done by J. F. Adams in 1962 using K-theory.
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6. Proof of the Excision Axiom

Suppose U C A° as required by the excision axiom. Consider the
inclusion monomorphism # : S, (X — U) — S.(X). Since a singular
simplex has image both in X —U and in A if and only if its image is in
A—U, it follows that S.(X —U)NS,(A) = S.(A—U). By basic group
theory, this tells us that 74 induces a monomomorphism of quotients

iy S (X —UA-U) — S.(X,A).
The image of this monomorphism is
SU(X,A) = (S.(X = U) + 5.(4))/5.(A)

which is a subcomplex of S,(X)/S.(A) = S.(X,A). We shall show
below that the inclusion S, (X, A) — S.(X, A) induces an isomorphism
in homology. Putting this together with 74, we see that the induced
homomorphism H,(X — U, A—U) — H.(X,A) is an isomorphism.

We shall accomplish the desired task by proving something con-
siderably more general. Let U denote a collection of subspaces {U}
of X such that the interiors {U°} cover X. In the above application,
the collection consists of two sets A and X — U. (Under the excision
hypothesis, we have

X=(X-U)ua

so the interiors cover.) Consider the subcomplex SY(X) with basis all
singular simplices with images in some subspace U in . Such singular
chains are called U-small. Similarly, let S¥(A) be the corresponding
subcomplex for A and SY(X, A) the resulting quotient complex. Since
SU(A) = SU(X) N S.(A), it follows that SY(X, A) may be identified
with a subcomplex of S,(X, A). We shall show in all these cases that
the inclusion SY(—) — S.(—) induces an isomorphism in homology.
The student should verify that in the above application

SY(X) = S.(X —U)+ S, (A)
SY(A) = S5.(4)
SY(X,A) = S.(X,A).

In order to prove the one isomorphism we want, that in the relative
case, it suffices to prove the isomomorphisms for X and A. For, the
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diagram of short exact sequences

0 SY(A) SY(X) —— SY(X, A) 0

induces a diagram in homology

H,/(A) H(X) —— HJ(X,A) —— H[(4)

]

1,(A) H(X) = Hy(X,A) —— H,i(A)

Suppose we have shown that the vertical arrows between the absolute
groups are isomorphisms. Then it follows from the following result
that the vertical arrows between the relative groups are isomorphisms
as well.

PROPOSITION 6.26 (Five Lemma). Suppose we have a commutative
diagram of abelian groups

A14>A24>A34>A44>A5

fi f2 f3 fa fs

By —— B, ~ B; ~ By ~ Bs

with exact rows. If fi, fo, f4 and f5 are isomorphisms, then f3 is an
isomorphism.

PRrROOF. You will have to do this yourself. It is just a tedious dia-
gram chase. See the Exercises where you will be asked to prove some-
thing slightly more general, the so-called ‘Four Lemma’. 0

It now follows that we need only prove the desired isomorphism in
the absolute case and then apply it separately to X and to A. The rest
of this section will be concerned with that task.

6.1. Barycentric Subdivision. Let 0 : A" — X be a singular n-
simplex. Our approach will be to subdivide A" into affine sub-simplices
of small enough diameter such that o carries each into at least one set
in the covering. We know this is possible if the sets are small enough
by the Lebesgue Covering Lemma since o(A™) is compact. Since the
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Lebesgue Covering Lemma requires an open covering, we need to as-
sume the interiors of the sets cover X.

The subdivision accomplished by iterating the process of barycentric
subdivision which we now describe. We define this in general for affine
n-simplices by induction. First, we need some notation Given an affine
n-simplex o = [X, ..., X,], let

n

b(a) = nilzxi

=0

denote the barycenter of the vertices. Generally, let a = ;@ be an
affine p-chain, i.e., a linear combination of affine p-simplices. If b is
any point not in the affine subspaces spanned by the vertices of any «;

in @, then let [b,a] = > [b, ;.

J

We define an operator Sd which associates with each affine n-chain
a another affine n-chain Sd,(a). We do this by defining it on affine
simplices and extending by linearity. For a zero-simplex o = [z¢], let
Sdo(a) = a. Assume Sd,,_; has been defined, and let « be an affine
n-simplex. Define

Sd,(a) = [bla), Sdy_1 (D).

The n-simplices occuring in Sd,« constitute the barycentric subdivi-
sion of . We claim that this subdivision operator is consistent with
the boundary operator for affine simplices. Namely, if a = [xq, ..., X,],
then abbreviating b = b(a) and a; = a0l (the ith face of ), we have

0,(Sd,,(a)) = 8,[b, Sdy_1 ()]

However, it is not hard to check that for any affine p-chain a we have

Opt1[b,al = a — [b, 0,d] p>0
oilb,al =a— (d(a)b  p=0,
where Jy denotes the sum of the coefficients operator. (Just prove the

formula for simplices and extend by linearity.) Hence, it follows that
forn > 1,

0,(Sd, () = Bu[b, Sy 1(8n)] = Sdp_1(9pa)—[b, D1 (Scy_1 (8]
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By induction, 9,,_15d,,_10,, = Sd,_20,-10, = 0, so we conclude 0,,5d,, =
Sd-10, as required. The proof for n = 1 is the same except we use
that 8081 =0.

We now extend the operator Sd to singular chains in any space by
defining for a singular n-simplex o : A" — X,

Sd¥ (o) = a4(Sd, A™).

As usual, define Sd,, to be zero in negative dimensions because that is
the only possible definition.

Note first that there is a slight subtlety in the definition of Sd. For
an affine n-simplex viewed as a map from the standard simplex, there
are two possible definitions of Sd,,(«), either the original definition or
ay(A™). If you examine the arguments we shall use carefully, we must
know that these definitions are the same. We leave that for the student
to verify.

Note next that Sd* has an important naturality property, i.e., if
f:X — Y is amap, then

fo(SdY (0) = fylou(Sd,A™)
= Sd) (f o 0) = Sd) (fy(0))

S0
fioSd* = Sd¥ o f.
Thirdly, we note that Sd* commutes with the boundary operator
on S,(X). We leave that as an exercise for the student.

LEMMA 6.27. Let X be a space. There exist natural homomor-
phisms TX : Sp(X) — Spi1(X) such that

Opr TX +TX 0, = Sd —1d,
for each n.

In other words, the subdivision operator is chain homotopic to the
identity.

Proor. Rather than trying to define 7), explicitly, we use a more
abstract approach. A vast generalization of this method called the
method of acyclic models allows us to proceed in a similar manner in
many different circumstances. We shall go into this method in greater
detail later, but for the moment concentrate on how we use the con-
tractibility of certain standard spaces, i.e., affine simplices, to define
T,.
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We proceed by induction. Let TX = 0 for n < 0. For n = 0, it
is not hard to see that Sdf = Id, for any space X, so we may take
Ts¥ = 0. Suppose n > 0 and TpX has been defined for every p < n and
every space X, that it is natural in the sense that if f : X — Y is a
map then f; o 7% = TY o f;, and that it satifies the desired formula.
Let T = T2", and consider

u=Sd,(A") — A" = T,,_1(0,A").

We have

O = 0,59d,(A") — 0,A"™ — 0,T,,_1(0,A")
= Sd,_1(0,A") — 0,A" — Sd,,_1(0,A") + 0, A, + Ty —2(0n—10,A")
=0.
Since A" is contractible, its homology in all dimensions n > 0

is trivial. Hence, u = 0,41t, for some singular (n + 1)-chain ¢, in
Spt1(A™). By construction,

Ont1tn + Tho1(0,A") = Sd,,(A") — A",
Now define TX : S,,(X) — S,41(X) by

T (o) = oy(tn)
for singular n-simplices o in X. As in the case of SdX, the naturality

of TX follows immediately from its definition. (Check this yourself!)
The desired formula is verified as follows.

Op1 T (0) = Ont104tn, = 040n 41ty
= 03Sd,,(A") — oy A" — 04T, _1(0,A")
= Sdyy oy(A") — oy A" — T, 103(0,A")
= Sdyy (0) — 0 = T,01(0s0)

as required. O

Note that it follows easily from this that (Sd*)? is chain homotopic
to the identity for each ¢. (See the Exercises.)
We are now ready to prove

THEOREM 6.28. Let U be a collection of subspaces with interiors
covering X. Then HY(X) — H,.(X) is an isomorphism.

PROOF. In order to reduce to consideration of {/-small chains, we
iterate the process of barycentric subdivision. Let ¢ : A" — X be a
singular n-simplex. Denote by |o| its image, also called its support.
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(Similarly, the support |c| of any chain is the union of the supports of
the simplices occuring in it.)

We shall show first that for ¢ sufficiently large, (SdX)4(o) is U-
small, i.e., the support |7| of every singular simplex 7 in (Sd¥)?(o) is
contained in some set of the covering. Since any singular chain involves
at most finitely many singular simplices, the same asserstion will then
apply to each singular chain. By naturality,

(8d%)"(0) = o(Sd*(A™)).

(As usual, for a an affine simplex Sd(«) may be viewed as an affine
chain in any convenient subspace of R, where N is a convenient in-
teger. In this case, the subspace is A™.) Hence, it suffices to show
that for ¢ sufficiently large, the diameter of the support of each affine
simplex in Sd?(A"™) is small enough for the conclusions to be valid by
the Lebesgue Covering Lemma. For an affine chain a, this maximum
diameter is called the mesh of the chain and we shall denote it m(a).

LEMMA 6.29. If « is an affine n-simplex, then m(Sd(«)) < %m(a).
n

PROOF. Let b = b(a) be the barycenter of o = [xg,...,X,]. Then
m(Sd(a)) < max b — x;|.

(See the above diagram for an indication of the argument for this, in
particular why only the lengths of the edges from b to the vertices of
« need to be considered.) Hence,

1 1
b—xil == D% = xil = -1 > 0 — )]
J J#i
1 n
D - x| < m().

n+1#i n+1

IN

O

It follows that m(Sd?(A"™)) < (n/n + 1)%m(A") — 0 as ¢ — oc.
Thus as mentioned above, and immediate consequence of this is that for
any singular n-cycle ¢ in X, there is a ¢ such that (Sd*)%c is U-small.
Since (Sd*)4c is homologous to ¢ (using the fact that (Sd*)? is chain
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homotopic to Id), it follows that any singular n-cycle is homologous to
one in SY(X).

Note also that by reasoning similar to that above, it is easy to see
that if ¢ is a U-small singular chain, then so is (Sd*X)%c for any q.

Suppose ¢ is U-small, and ¢ = 9y where y € S,(X). (y need
note be U-small. Then (Sd¥)ic = J(Sd*)1y), and (Sd*)%y will be
U-small if q is large enough by the above Lemma. Let 7" be the natural
chain homotopy introduced above, i.e., T,(c) = oy(t,) where ¢, €
Spi1(A™). We shall show that (Sd¥)?c is homologous to ¢ by means of
the boundary of a ¢/-small chain. To this end, we write

Sd? —1d = Sd"(Sd — 1d) + Sd*2(Sd —Id) + - - - + Sd — 1d,

and we see that it suffices to show that Sd¥c¢ — c is the boundary of a
U-small chain. Let o be a U-small simplex in ¢. We have

Sd¥c — o = 0T%0 + T*o.

When we add up the singular simplices in ¢, the second terms on the
right will add up to zero. Hence, it suffices to show that TX¢ is U-
small if o is. However, as above, T (c) = 04(t,) so the support of every
singular simplex appearing in this chain is contained in the support of
o, and we are done. O

7. Relation between m; and H;

THEOREM 6.30. Let X be a path connected space and xo a base
point. Then there is a natural isomorphism

h: 7T1(X, ZE())/[ﬂ'l(X, $0),W1(X7 Jfo)] — Hl(X())

Here ‘naturality’ means that either for change of basepoint or for
maps of spaces with basepoint, the appropriate diagrams are commu-
tative. Think about what that should mean in each case.

The rest of this section is devoted to the proof.

Let o be any path in X. o is also a singular 1-simplex. If ¢ is a loop,
it is clear that the corresponding 1-simplex is a cycle. This provides
us a map from the loops at zo to Z;(X). Suppose o ~; 7. Then o is
homologous in S1(X) to 7. For, let F : I* — X be a homotopy from
o to 7 which is constant on both vertical edges. The diagram below
shows an affine 2-chain a in I? with 9F}(a) = F}(0a) = o+ €4, — T — €4y,
where x1, xo are the common endpoints of the paths. If o, 7 are loops
at zg, then x1 = x5 = x( and it follows that ¢ is homologous to 7. It
follows that we get a map m(X,x9) — Hi(X). We claim next that
this map is a homomorphism. Indeed, the diagram below shows that
o * 7 is homologous to ¢ + 7 for any two paths o,7 for which the
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* composition is defined. Since H;(X) is abelian, we get finally an
induced homomorphism 7 /[my, 7] — H;. Call this homomorphism h.

To show h is an isomorphism, we shall define an inverse homomor-
phism j. For each point x € X, let ¢, be a fixed path from z( to x,
and assume ¢,, = €,,. For o an singular 1-simplex in X, let

a—:¢x1*0*5352

where x1, x5 are the endpoints of . The map o — & defines a homo-
morphism S;(X) — my/[m,m] since the latter group is abelian and
the singular 1-simplices form a basis of the former group. Under this
homomorphism, boundaries map to the identity. For, let p be a singu-
lar 2-simplex. Then if 0p = 09 — 01 + 09 as indicated below, where oy
has vertices x1, xo, 01 has vertices x3, x9, and o, has vertices x3, x;.

It follows that dp maps to the homotopy class of the path

Gy * 00 * Dy, % Dy %01 % Dy k Py % O % Gy ~j Py % (00 % T1 % 02) k Py

However, the expression in parentheses is clearly p, of a loop v in A2
based at e;. Since Al is simply connected, it follows that

qbl'l * (00 * O % 02) * ¢:p1 ~ gbxl * (6961) * ¢m1 ~i €xo-

If we restrict the homomorphism defined by ¢ +— & to the subgroup
Z1(X), since By(X) maps to the identity, we get a homomorphism
Jj - Hi(X) — m/[m,m]|. We shall show that h and j are inverse
homomorphisms.

If o is a loop at xg in X, then 6 = o, so it follows that ¢ — o +— &
is the identity, i.e., j o h = Id.

Suppose ¢ = ZZ n;o; is a singular 1-cycle. Let o; have vertices
p; and ¢;. Then under h o j, o; maps to ¢; which by the above is
homologous to ¢, + o; + g_bqi. (In general, a * # is homologous to

a+ f3.) By the same reasoning, ¢,, is homologous to —@,,, so o; maps
to ¢p, + 0; — ¢g,. Hence, c =), n;0; maps to

Zniai + an(¢pz - ¢Qz) =cCc+ an(qﬁpl - ¢qz)

However, Y. n;(p; — ¢;) = 0c = 0, and this implies that Y. n;(¢,, —
¢q.) = 0. For, the first sum may be reduced to a linear combination
of a set of distinct singular 0-simplices in which the coefficients must
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necessarily be zero, and the second sum is the same linear combination
of a set of distinct singular 1-simplices in one to one correlation with
the former set, so it also must be zero.

8. The Mayer-Vietoris Sequence

The Mayer-Vietoris sequence is the analogue for homology of the
Seifert—VanKampen Theorem for the fundamental group.

Let X = X;UXs where the interiors of X; and X5 also cover X. Let
il 2X1ﬁX2 —>X1,i23X1ﬂX2 —>X2 andj1 2X1 —>X,j2 : X2 — X
be the inclusion maps. The first pair induces the homomorphism

it Ho (X1 N Xo) — Hy (X)) @ Ho(Xo)

defined by i, () = (i14(7), —i24(7)). The second pair induce the homo-
morphism

Jot HU(X0)) @ Ho(Xs) — H.(X)
defined by j.(71,72) = J1«(71) + Jox(72). It is not hard to check that
Jxix = 0. In fact, we shall see that Ker j, = Imi, and that this is part
of a long exact sequence for homology. To this end, we need to invent
a connecting homomorphism

which reduces degree by 1.

There are two ways to do this. First, the covering X = X; U
X, satisfies the conditions necessary for HY(X) — H,.(X) to be an
isomorphism. In this case, it is not hard to check that

SY(X) = S,.(X1) + S.(Xy).
Also, there is a homomorphism

defined by (¢, ¢2) — ¢1+co. The kernel of this homomorphism is easily
seen to be the image of

S,(X1 N Xs) — S.(X1) @ S.(Xo)

defined by ¢ — (i14(c), —iz(c)) so it follows that we have a short exact
sequence of chain complexes

0— S.(X1NXy) — S.(X1) @ S.(Xy) = SH(X) — 0.

The long exact homology seqeunce of this sequence is the Mayer—
Vietoris sequence.

Another approach is to derive the Mayer-Vietoris sequence from
the excision axiom. This has the advantage that we don’t need to add
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Mayer-Vietoris as an additional ‘axiom’ in any more abstract approach
to homology theories.

Let U = X; — X;N X, and let A = X;. Then, U C X;°. For,
let #+ € U. If v € X,°, then there is an open neighborhood W of
x contained in X5, so W cannot intersect U = X; — X; N X,. This
contradicts the assertion that € U, so it must be true that z & X,°.
Hence, x € X;° C X as required.

We have X —U = X—(Xl—leXg) = Xg and Xl—U = leXQ.
Hence, by excision, the inclusion h : (X2, X7 N X5) — (X, X;) induces
an isomorphsim

h* : H*(XQ,Xl N XQ) — H*(X, Xl)

Consider the commutative diagram of long exact sequences

9% k«
H, (X1 N X>) 2 H,(X>) Ho(X0, X100 X)) —2+ H, 1(X1 N X,)
il* jZ* s il*
1% Ly
H,(X,) ! H,(X) H,(X, X)) H, 1 (X))

Define the homomorphisms ¢, and j, as above and define the desired
connecting homomorphism H,(X) — H,_1(X;NX3) as 0,0 (h,) tol,.
It is not hard to check that this homomorphism is natural in the obvious
sense. We leave it to the student to check this. That the Mayer—Vietoris
sequence is exact follows from the following Lemma

LEMMA 6.31 (Barratt-Whitehead). Suppose we have a commutative
diagram of abelian groups

in ]n kn 7:'nfl
> An > Bn > Cn > An—l > >
fn gn hn fnfl \
A/ 7"In / ];L / kfn A, i’l’l—l
n Bn . Cn n—1 T >

with exact rows. Suppose h,, is an isomorphism for every n. Then

fn:*in) i{,fFQn

o4, g g, M g O

An—l

is exact where O =k, o (h,) o7/

ProoF. This is just a diagram chase, which we leave to the student.
O
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Note that the Mayer—Vietoris sequence works also for reduced ho-
mology provided X; N Xy # ().

8.1. Applications of the Mayer—Vietoris Sequence.

PROPOSITION 6.32. For the 2-torus T?, we have
Hy(T?) =Z 1=0

=7ZD7Z 1=1
=17 7=2
=0 otherwise.

PrROOF. We give two arguments. (i) Identify the torus as the unit
square with opposite edges identified as below. Define open sets U
and V' as indicated in the diagram. Then T'= U UV, U and V each
have a circle as a deformation retract, and U NV has two connected
components, each of which has a circle as a deformation retract. Hence,
the Mayer—Vietoris sequence gives

Hy(T) = Hy(UNV)=12Z — Hy(U)® Hy(V) = 0.

Hence, we need to identify the middle homomorphism Z? — Z2. In the
map H;(UNV) — Hy(U), each basis element b; of H;(UNV') maps to
a generator b’ of Hy(U). Similarly, under Hy(U NV) — Hy(V), each
b; maps to a generator b” of Hy(V'). Since i, = i1, @® —is,, the middle
homomorphism may be described by the two by two integral matrix

]

Writing elements of Z? as column vectors, we see that a basis for the
kernel of this homomorphism is

1
bl_b2: |:1:|7

and it is free of rank one. It follows from this that Hy(T) = Z. Sim-
ilarly, since the the image of the homomorphism is spanned by the
columns of the matrix, o' — b” is also a basis for the image. Since
Z? = Z(by — by) @ Zby, it follows that the cokernel of the homomor-
phism is also free of rank one. Hence, we have a short exact sequence

0—-Z2Z—-H(T)—Z—-0
which necessarily splits. Hence, Hy(T) =2 Z ® Z as claimed.
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(ii) Argue instead as we did when applying the Seifert-VanKampen
Theorem to calculate the fundamental group of 7. Choose U to be
the square with its boundary eliminated, and V to be the punctured
torus as indicated below. Then U is contractible, V' has a wedge of two
circles as a deformation retract, and UNV has a circle as a deformation
retract. By a simple argument using the Mayer—Vietoris sequence, it
is possible to see that the wedge of two circles has trivial reduced
homology in all dimensions except one, and Hy = Z & Z. Each loop
of the wedge provides a basis element. (H; may also be calculated
by using the isomorphism with 7 /[my, m]. (See the Exercises.) Now
apply the Mayer-Vietoris sequence to get

0 — Hy(T) — Hi(UNV) = Z — H,(U)&H, (V) = 08(Z&Z) — H,(T)

However, the diagram below shows that a generator of H;(UNV') maps

to zero in Hy(V'), so we obtain the desired results.
U

Note that in the homomorphism j, : Hy(U) @ H (V) — Hy(T) a
generator of either factor goes onto the summand Z on the left. In
either case, it is not hard to see that this can be identified with a
singular 1-simplex consisting of a loop going around the torus in one
direction. Clearly, the other loop should provide the other generator,
but this is not clear from the above argument. However, if we use the
isomorphism

m(T)/[m(T), m(T)] = Hi(T)
discussed previously, it is clear that we can identify two loops for the
torus as a basis for Hy(T') since we already know they form a basis for
the fundamental group, which in this case is free abelian of rank two.
This is clearly a quicker and more effective way to compute Hy, but we
need the Mayer—Vietoris sequence to compute Hs.

9. Some Important Applications

In this section, we shall prove certain important classical theorems.
The Jordan Curve Theorem asserts that any simple closed curve C'
in R? divides the plane into two regions each of which has C as its
boundary. We shall prove a generalization of this to higher dimensions.

First we need some preliminaries.

A closed r-cell in S™ is any subspace e” which is homemorphic to
the standard r-cell I" = I x I x --- x I. Note that since S™ is not
contractible, a closed r-cell cannot be all of S™.

~ THEOREM 6.33. Let e be a closed r-cell in S™, n,r > 0. Then
H,(S™—¢€") =0 for all q.

— 0.
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PROOF. The result is clear for n = 0. Suppose n > 0. We shall
proceed by induction on r. The result is true for » = 0, since a 0-cell
is a point and in that case S™ — e” is contractible. Suppose it has been

proven for 0,1,...,7 — 1. We may decompose
I"=(I""'x[0,1/2)u(I" " x [1/2,1])
and corresponding to this we get a decomposition of e = € U €”.

compact sets, they are closed in S™, so S™ — ¢’ and S™ — €’ are open
sets in S™. Their intersection is S™ —e”. Their union on the other hand
is S™ —e'Ne”’, but ¢ Ne” is homemorphic to

It xo,1/2nrtx /2,1 =1"

so it is an (r — 1)-cell. Hence, by induction H,(S™ — ¢’ Ne”) = 0 for all
q. From the Mayer—Vietoris sequence this implies that

H,(S" —e") =2 Hy(S" —¢) @ H (S" —¢")

for all g. Suppose for some ¢ that the left hand side is non-trivial.
Then one of the groups on the right is non-trivial; say H,(S™ —¢’) # 0.
However, ¢’ is homemomorphic to I"™™' x [0,1/2] ~ I", so it is also
a closed r-cell. Clearly, we may iterate this argument to obtain a
sequence of closed r-cells By = e" D Lzz D FE3D ... VV}th e =N, E;
a closed (r — 1)-cell. Also, for each i, H,(S™ — E;) — H1(S" — Ei4q) is
a non-trivial monomorphism onto a direct summand.

LEMMA 6.34. Let X; C Xy C Xj3... be an ascending chain of
spaces each of which is open in the union X = U;X;.

(a) Suppose v € H,(X;) maps to zero in Hy(X). Then there is a
j > such that v maps to zero in F[q(Xj).

(b) For each p € H,(X), there exists an i such that p is the image
of some v € Hy(X;).

Note that part (a) of Lemma 6.34 proves the theorem. For, we may
take X; = 5" — E;. Then, if v € H,(X;) is non-trival, it must map to
zeroin H,(X) = H,(S™—e"') = 0. Hence, it must map to zero in some
I:Iq(Xj) with j > 1, but that can’t happen by the construction. O

PrRoOOF OoF LEMMA 6.34. We shall prove the Lemma for ordinary
homology. The case of reduced homology for ¢ = 0 is similar, and we
leave it for the student.

(a) Let ¢ be a cycle representing v € H,(X;). The support c is
the union of a finite number of supports of singular simplices, so it is
compact. Let ¢ = dx for some singular chain x in X. The support of x
is also compact. Let A be the union of the supports of ¢ and z. Since A
is compact, and since the X; form an open covering, it follows that A
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is covered by finitely many X;. Since the subspaces form an ascending
chain, it follows that there is a j such that A C X;. It is clear that the
homology class of ¢ is zero in H,(X;), and we may certainly take j > i
if we choose.

(b) Let ¢ be a cycle representing p € H,(X). As above, the support
of ¢ is compact and contained in some Xj. O

THEOREM 6.35. Let S be a proper subspace of S™ which is homeo-
morphic to S with n > 0, r > 0. Then

ﬁq(sn_s):{z ifg=n—r—1

0 otherwise.
This Theorem has several interesting consequences.

COROLLARY 6.36. Suppose S is a proper subspace of S™ which is
homeomorphic to S with n > 0, r > 0. Then we must have r < n. If
r#mn—1, then S™ — S is path connected. In particular if K is a knot
in S3, then S® — K s path connected. If r = n — 1, then S™ — S has
two components.

PRrROOF OF COROLLARY 6.36. If r > n, then we would have a non-
zero homology group in a negative dimension, which is impossible.
Since S is compact, it is closed in S™, so its complement is open and
is necessarily locally path connected. Hence, the path components are
the same as the components. Moreover, the rank of Hy is one less than
the number of path components, and Hy(S™ —S) =0 unless r =n — 1
in which case it is Z. 0

ProOOF OoF THEOREM 6.35. We proceed by induction on r. For
r = 0, S consists of two points, and S™ — S is homeomorphic to R"
less a point, so it has S"! as a deformation retract. Since

H, (5" 1) =0 g#Fn—1=n—-r—1
H, (5" ") =17,
the result follows for r = 0.
Suppose the theorem has been proved for 0,1,...,r—1. Decompose
S" =D, UD” where D ={x € S|z, >0}and D" ={z € S|z, <
0}. Let S = €’Ue” be the corresponding decomposition of S. Note that

¢ and e” are closed r-cells and S’ = ¢’ N e” is homeomorphic to S .
Now apply the reduced Mayer—Vietoris sequence to the open covering

Sn—S':Sn—e’ﬂe”:(Sn—e’)U(Sn—e”),

where (S" —e)N(S" —¢€") =S"—e Ue” =8" - S. (Note that this
requires S™ — S # ().) Since S™ — €’ and S™ — ¢” are acyclic, i.e., they
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have trivial reduced homology in every dimension, it follows that

(5" — §1) = [,(S" - 9)

for every ¢q. However, by induction, the left hand side is zero unless
g+1=n—(r—1)—1=n—rin which caseitis Z. But ¢g+1=n—r
if and only if ¢ =n —r — 1, so we get what we need for the right hand
side. 0

We have now done most of the work for proving the following the-
orem.

THEOREM 6.37 (Jordan-Brouwer Separation Theorem). Let S be a
subspace of S™ homemorphic to S* for n > 0. Then S™ — S has two
connected components each of which has S as its boundary.

Proor. We already know that S™ — S has two components U and
V. All that remains is to show that both have S as boundary. Consider
U —U. Since U and V are disjoint open sets, no point of V isin U —U.
Hence, U — U C 8.

Conversely, let z € S. Let W be an open neighborhood of x. We
may choose a decomposition of S ~ S™"! into two closed (n — 1)-
cells €, ¢” with a common boundary and we may assume one of these
e/ C W. Since S™ — €” is path connected (Hy(S™ — €”) = 0), we may
choose a path a in S™ connecting some point of U to some point in
V' which does not pass thru ¢”. Let s be the least upper bound of all
t such that a([0,t]) € U. Certainly, a(s) € U, so it is not in V, but
since U is open a(s) is also not in U. Hence, a(s) € S. Since it is not
in e’ a(s) € ¢ C W. Thus, it follows that every open neighborhood
W of x contains a point of U. Hence, z is in the closure of U, i.e., it is
in U. This shows that S C U, but since SNU = 0, we conclude finally
that S C U — U. O

COROLLARY 6.38 (Jordan-Brouwer). Let n > 2 and let S be a
subspace of R™ which is homeomorphic to S™1. Then S separates
R™ into two components, one of which is bounded and one of which is
unbounded.

PROOF. Exercise. U

You should think about what happens for n = 1.

In R2, by a theorem of Schoenfles, the bounded component is home-
morphic to an open disk. However, this result does not extend to higher
dimensions unless one makes extra assumptions about the imbedding of
Sn~1in R™. There is an example, called the Alexander horned sphere,
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of a homemomorph of S? in R?® where the components of the comple-
ment are not even simply connected. It is constructed as follows.

Start with a two torus, and cut out a cylindrical section as indicated
in the above diagram to the left. Put a cap on each end, so the result is
homeomorphic to S2. On each cap, erect a handle, cut out a cylindrical
section, cap it, etc. Continue this process indefinitely. At any finite
stage, you still have a space homeomorphic to S?. Now take the union
of all these surfaces and all limit points of that set. (In fact, the set of
limit points forms a Cantor set.) It is possible to see that the resulting
subpace of R? is also homemorphic to S?. Next modify the process
as follows. When adding the pair of handles to each opposing pair of
caps, arrange for them to link as indicated in the above diagram to the
right. Otherwise, do the same as before. It is intuitively clear that the
outer complement of the resulting subspace is not simply connected,
although it might not be so easy to prove. Also, the space is still
homeomorphic to S?, since the linking should not affect that. Now
modify this process at any stage (more than once if desired), as on the
right of the above diagram, by deforming two of these cylinders and
linking them as indicated. This deformation does not change the fact
that the space is homeomorphic to a sphere, but it is clear that the
complement is not simply connected.

THEOREM 6.39 (Invariance of Domain). Let U be an open set in R™
(alternately S™) and let h : U — R"™(S™) be a one-to-one continuous
map. Then h(U) is open, and h provides a homeomorphism from U to

h(U).

This theorem is important because it insures that various pathologi-
cal situations cannot arise. For example, in the definition of a manifold,
we required that every point have a neighborhood homeomophic to an
open ball in R" for some fixed n. Suppose we allowed different n for
different points. If two such neighborhoods intersect, the theorem on
invariance of domain may be used to show that the ‘n’ for those neigh-
borhoods must be the same. Hence, the worst that could happen would
be that the dimension n would be different for different components of
the space.
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Note that ‘invariance of domain’ is not necessarily true for spaces
other than R™ or S™. For example, take U = [0,1/2) as an open subset
of [0, 1] and map it into [0, 1] by ¢ — ¢+ 1/2. The image [1/2,1) is not
open in [0, 1].

PRrROOF. It suffices to consider the alternate case for S™. (Why?)
Let x € U. Choose a closed ball D centered at x and contained in
U. Since D is compact, h(D) is in fact homemomorphic to D, so it
is a closed n-cell. It follows that S™ — h(D) is connected. Hence,
S™ — h(0D) = (S™ — h(D)) U h(D?) is a decomposition of S™ — h(9D)
into two disjoint connected sets. Since the Jordan-Brouwer Theorem
tells us that S™ — h(0D) has precisely two components, both or which
are open, it follows that one of these sets is h(D°), so that set is an
open neighborhood of A(x). It follows from this that A(U) is open. O



CHAPTER 7

Simplicial Complexes

1. Simplicial Complexes

Singular homology is defined for arbitrary spaces, but as we have
seen it may be quite hard to calculate. Also, if the spaces are bizarre
enough, the singular homology groups may not behave quite as one
expects. For example, there are subspaces of R"™ which have non-zero
singular homology groups in every dimension. We now want to devote
attention to nicely behaved spaces and to derive alternate approaches
to homology which give reasonable approaches. We start with the
notion of a simplicial complex.

We need to clarify some issues which were previously ignored. The
notation [pg, p1, - .., ps] for an affine n-simplex in R", assumes an im-
plicit order for the vertices. This order played an important role in
the development of the theory. Certainly, the order is essential if we
interpret the notation as standing for the affine map A" — R defined
by e; — p;. However, even without that, the order is used implicitly
when numbering the (n — 1)-dimensional faces of the simplex. Earlier,
the notation took care of itself, so we didn’t always have to distinguish
between an affine simplex as a convext subset of a Euclidean space and
an ordered affine simplex in which an order is specified for the vertices.
In what follows, we shall have to be more careful. We shall use the
term ‘affine simplex’ to mean the point set and ‘ordered affine simplex’
to mean the set together with an order for the vertices, or what is the
same thing, the affine map A" — RV,

In what follows, by the term ‘face of an affine simplex’, we shall
mean any affine simplex spanned by a non-empty subset of its vertices,
rather than specifically one of the faces in its boundary.

A simplicial complex K consists of a collection of affine simplices «
in some R™ which satisfy the following conditions.

(1) Any face of a simplex in K is in K.

(2) Two simplices in K either are disjoint or intersect in a common
face.

137
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Clearly, any affine simplex together with all its faces provide a col-
lection of simplices which are a simplicial complex. Other examples
are indicated in the diagram below.

We shall consider only finite simplicial complezes, i.e., ones made
up of a finite number of simplices. Although this assumption is im-
plicit, we shall usually state it explicitly in important theorems and
propositions, but on occasion we will forget. A simplicial complex K
will be called n-dimensional if n is the largest dimension of any simplex
in K.

If K is a simplicial complex, we denote by |K| the space which is
the union of all the simplices in K. (Note that if K were not finite,
there might be some ambiguity about what topology to use on |K].
For example, in R> one can consider the convex set spanned by the
standard basis vectors e;,i = 0,1,.... In the finite case, |K| will be a
compact subset of some finite dimensional RV .)

A space X which is homemeomorphic to |K| for some finite sim-
plicial complex K will be called a polyhedron and K will be called a
triangulation of X. Note that a space can have more than one triangu-
lation. For example, the 2-faces of a tetrahedron form a triangulation
of S2, but by dividing each face of a cube into two triangles, we obtain
a different triangulation.

More generally, if K is a simplicial complex, then the process of
barycentric subdivision defined previously, when applied to the sim-
plices in K produces another simplicial complex we shall denote Sd(K).
(You should review the definitions used in barycentric subdivision to
see that the subdivision of a simplicial complex is again a simplicial
complex.) Clearly, |Sd(K)| = |K|, but they are different simplical
complexes.

If K is a simplicial complex, let vert(K) denote its set of vertices
or O-simplices.
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If K and L are simplicial complexes, we say that L is a subcomplex
of K if L C K and vert(L) C vert(L). Note that a subcomplex can
have exactly the same vertices as the complex without being the same.
For example. consider the boundary of a simplex.

If K and L are simplicial complexes, a morphism ¢ : K — L is
a function ¢ : vert(K) — wert(L) such that if o is a simplex of K
spanned by the affinely independent set {py, ..., pm}, then the distinct
elements of the set elements in the list ¢(pp), . . ., #(pm) form an affinely
independent set spanning a simplex ¢(o) in L. Note that ¢ need not
be one-to-one, and ¢(o) could have lower dimension that o.

The collection of simplicial complexes and morphisms of such forms
a category we denote K.

Given a morphism ¢ : K — L of simplicial complexes, for each
simplex, p; — ¢(p;) defines a unique affine map of the affine simplex o
to ¢(o). This induces a piecewise-affine map of spaces |¢| : |K| — |L]|.
It is not hard to see that | — | is a functor from the category K of
simplicial complexes to the category Top of toplogical spaces.

Generally, given a space X, it may have no triangulation. (There
are even n-manifolds for large n with that property.) Even for simpli-
cial complexes, one can have a map f : |K| — |K|, which is not the
realization of a simplicial morphism. For example, S' may be trian-
gulated, say as the edges of a triangle, but we can define a degree two
map S! — S which won’t take all vertices to vertices.

However, it turns out that, given a map f of polyhedra, after suf-
ficiently many subdivisions, we can find a simplicial morphism ¢ such
that |¢| is homotopic to f.

To prove this we must first introduce some notation. If ¢ is an

affine p-simplex, let ¢ denote the boundary of ¢ and let o=0-—6

denote the interior of o except if p = 0 in which case let o=o0.
Let K be a simplicial complex, and let p be a vertex of K.

stp)=  |J o

pevert(o),0eK

is an open subset of | K| called the star of p.
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Let K and L be simplicial complexes, and let f : |K| — |L| be a
map. A simplicial morphism ¢ : K — L is called a simplicial approzxi-
mation if for every vertex p of K we have f(St(p)) C St(¢p(p)).

Note first that if ¢ is a simplicial approximation for f, then for each
x € |K|, |¢|(z) and f(z) are in a common simplex of L. For, choose

a simplex ¢ of minimal dimension in K, such that = € o. Because
simplices interset only in faces, o is unique. We claim that ¢(o) is a
face of some simplex in L containing f(x), (Of course, |¢(z)| € ¢(0),
so that suffices.) The claim follows from the Lemma below since for
each of the vertices p; of o we have f(z) € St(p(p;)).

LEMMA 7.1. Let L be a simplicial complex, and let {qo,...,q-} be
a set of distinct vertices of L. If a point y € |L| lies in Ni_,St(q;), then
there is a simplex T in L such that y € T, and ||qo,- - -, q.]| is a face of
T.

PROOF. Since y € St(g;), there is a simplex 7; in L with ¢; a vertex
and such that y € 7:. However, as above, y belongs to 7 for precisely
one simplex 7 in L. Hence, all the 7; are the same simplex 7, and each
¢; is a vertex of 7. Hence, the ¢; span a face of 7 as claimed. O

It follows from the above discussion that if ¢ is a simplicial approx-
imation to f, then |¢| is homotopic to f. For, since for every z, f(z)
and |¢|(z) always belong to a common convex subset of a FEuclidean
space, the formula

Fla,t) =tf(x)+ (1-Dlol(x) e |K,0<t<1
makes sense and defines a homotopy from one to the other.

THEOREM 7.2. K and L be finite simplicial complezes, and let f :
|K| — |L| be a map. Then there exists a simplicial approzimation

¢:Sd*K — L of f for some k > 0.

PROOF. The sets f~(St(q)) for q a vertex of L form an open cov-
ering of |K|. Since K is finite, | K| is compact. Hence, by the Lebesgue
Covering Lemma, there is a 6 > 0 such that every subset of |K| of
diameter less that § is carried by f into a star of some vertex of L.
Choose k such that the mesh of Sd*s is less that §/2 for each o € K.
It follows easily that each St(p) for p a vertex of Sd*K has diameter
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less that 6, so f(St(p)) C St(q) for some vertex ¢ in L. Choose such a
vertex and set ¢(p) = q.

This defines a map ¢ : vert(Sd*K) — vert(L). To complete the
proof, we need to show that ¢(o) is a simplex in L whenever ¢ =
[P0, ..., pm]| is a simplex in Sd*K. Let z € 0. Then x € N;St(p;).
Hence,

f(z) € f(M:iSt(pi)) € Nif(St(pi))-
By the above Lemma, the distinct elements in the list ¢(po), - - ., ¢(Pm)

span a simplex in L which is a face of a simplex in L containing f(z).
It follows that ¢(o) is a simplex in L. O

For any simplicial complex K, the collection of all simplices o in K
of dimension less than or equal to r is again a simplicial complex called
the r-skeleton of K. (Check this for yourself.) We shall denote it K.
Note K™ = K if K is n-dimensional.

Suppose ¢ : K — L is a simplicial morphism. If ¢ has dimension
< r, then certainly ¢(o) has dimension < r. It follows easily that ¢
induces a simplicial morphism ¢, : K — L) Clearly,

[l (|5 7]) < 2],

THEOREM 7.3. Any map f : S" — S™ with 0 < r < n s null
homotopic, i.e., homotopic to a trivial map.

In the language of homotopy groups, this asserts ,.(S™) = 0 for
0 < r < n. This generalizes the fact that S™ is simply connected for
n > 2.

ProOF. The difficulty is that f might be onto. Otherwise, the im-
age of f is contained in a subspace of S™ homeomorphic to R"™ which
is contractible. S™ is homeomorphic to |L| where L is the simpli-
cial complex obtained from the boundary of A"l Similarly, S" is
homeomorphic to |K| where K is the boundary of A™™'. Choose a
k for which there is a simplicial approximation ¢ : Sd*K — L to f.
19|(|K|) C |L")], so |¢| is not onto. Hence, |¢| is null homotopic. Since
f ~|¢], it follows that f is also null homotopic. O

2. Abstract Simplicial Complexes

Let K be a finite simplicial complex. We think of K as a subset of a
Euclidean space decomposed into simplices. However, all the relevant
information about K is contained in knowledge of its set of vertices and
which subsets of that set span simplices. This suggests the following
more abstract approach.
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An abstract simplicial complex K consists of a set V' (called vertices)
and a collection of distinguised non-empty finite subsets of V' (called
simplices) such that

(a) every singleton subset {p} of V' is a simplex;

(b) every non-empty subset of a simplex is also a simplex (called a
face of the simplex).

Note that it follows that the intersection of two simplices is either
empty or a face of both simplices.

A morphism of abstract simplicial complexes is a function from the
set, of vertices of the first to the set of vertices of the second which takes
simplices to simplices. It is not hard to check that the collection of
abstract simplicial complexes and morphisms of such forms a category.

As noted above, a simplicial complex K defines an abstract simpli-
cial complex K* in the obvious way. Similarly, a simplicial morphism
¢ : K — L of simplicial complexes defines a morphism ¢ : K¢ — L% in
the obvious way. It is not hard to check that (—) is a functor from the
category of simplicial complexes to the category of abstract simplicial
complexes.

There is a (non-functorial) way to go in the opposite direction. Let
K be a finite abstract simplicial complex. If K’ is a simplicial complex
with K'* = K i.e., there are a pair a asbtract simplicial morphisms
relating (K’)* and K which are inverses of one another. Then |K’| is
called a geometric realization of K. There is a standard way we may
always construct such a geometric realization. Let n+1 be the number
of vertices in K. Consider the simplicial complex L™ obtained from
the standard simplex A" and all its faces. Choose some one-to-one
correspondence between the vertices of K and the vertices of A™. This
amounts to an ordering

Vo, V1y-++,Un

of the vertices of K. Let K9 be the subcomplex of L™ consisting of
those simplices

0= |[6i07"'7€ir”
such that {v;,,...,v; } is a simplex of K. It is clear that |KY| is a
geometric realization of K.

It is not hard to see that any two geometric realizations of an ab-
stract simplicial complex are homeomorphic. For suppose that K{ =
K§. Then we can define simplicial morphisms ¢ : K; — K, and
1 . K9 — K in the obvious manner such that the compositions in
both directions are the identity simplicial morphisms of K; and K
respectively. It follows that |¢| : |Ki| — |K3| and [¢)] : | K| — |Ks| are
inverse maps of spaces, so the spaces are homeomorphic.
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3. Homology of Simplicial Complexes

There are several possible ways to define homology for a simplicial
complex. The difficulty is deciding which signs to attach to the faces
of a simplex in the formula for the boundary. This requires some way
to specify an orientation for each simplex. Fortunately, any reasonable
method will result in homology groups isomorphic to the singular ho-
mology groups of the support of the simplicial complex, so it doesn’t
matter which we choose.

Let K be a simplicial complex (or an abstract simplicial complex).
The naive thing to do would be to define C,(K) as the free abelian
group with the set of simplices as basis. In fact this is pretty much
what we will actually do. Unfortunately, if we just specify a simplex
as by its set of vertices, we have no way to determine the signs for the
faces in the formula for its boundary. To deal with this issue we must
introduce some notion of orientation. Here is one approach, which is a
little indirect, but has some conceptual advantages.

Let O, (K) be the free abelian group with basis the set of all symbols
of the form [po, p1, ..., pn] where {po, p1,...,pn} is the set of vertices of
some simplex ¢ in K, but we allow possible repetitions in the list. Call
such symbols abstract ordered n-simplices. Note that there are (n+1)!
abstract ordered n-simplices elements associated with each n simplex
o in K, but there are also many additional degenerate degenerate ab-
stract ordered m-simplices with m > n. We can define a boundary
homomorphism 9, : O, (K) — O,_1(K) in the usual way with

an[p07 s 7pn] = Z(_1>Z[p07 te 7132'7 s 7pn]
=0
for n > 0. As before, 0,,_1 0 0,, = 0.

In O,(K), let T,,(K) be the subgroup generated by all elements of

the form

[po,--.,pn] if there is a repetition of vertices,
and
(D0, P15+ -+ s Pu)—5(T)[q0, @15 - - -, @) if there is no repetition of vertices,
where ¢; = prg),% = 0,...,n for some permutation 7 of degree n + 1,

and where s(7) = £1 is the sign of that permutation. It is not hard to
check that 0,(7,) C T,,_1. (See the Exercises)

Now let C(K) = O,(K)/T,(K) and let 9, : C,(K) — C,,_1(K)
be the induced homomorphism, and again note that 0, 1 o 9, = 0.
Hence, we can define the group Z,(K) = Kerd, of cycles, the group
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B,(K) = Im 3,41 of boundaries, and the homology group H,(K) =
Zu(K) | Bu(K).

Let (po, . . ., pn) denote the element of C,, (K) represented by [po, . - . , Pn)-
Then, if there is no repetition in the list, and we permute the vertices in
the list, we either obtain the same element or its negative depending on
whether the permutation is even or odd. ({(po, ..., pn) is zero if there is
a repetition in the list, so it seems a bit superfluous to bother with the
degenerate abstract ordered simplices at all, but they will yield some
technical advantages later.) It follows that we may form a basis for
C,(K) by choosing for each n-simplex in K, one of these two possible
representatives which are the same except for sign. This may be done
explicitly as follows. Choose an ordering for the vertices of K with the
property that the vertices of any simplex ¢ in K are linearly ordered

Po<p1 <:-- < DPn

Then, the element (py,...,p,) of C,(K) represented by the abstract
ordered simplex [po, ...,ps] is the basis element corresponding to o.
Thus, the ordering of K yields a preferred orientation for each simplex,
but different orderings may produce the same set of preferred orienta-
tions. Generally, if we were to choose some other acceptable ordering
of the vertices of K, we would get another basis differing from the
first in that some of the basis elements might be negatives of those
determined by the first ordering. To make calculations, one would pick
some ordering of the vertices. Then each basis element of C,,(K) may
be identified with the appropriate ordered simplex and we just use the
usual formula for its boundary.

The simplicial homology groups defined this way have some advan-
tages over the singular homology groups of |K| in the case of a finite
simplicial complex K. For, it is clear that the groups C,,(K), Z,(K), B,(K),
and H,(K) are all finitely generated abelian groups. In addition, if K
is n-dimensional, it is clear that H,(K) = 0 for r > n.

The most important disadvantage of simplicial homology is that
it appears to depend on the complex rather than just the space |K]|.
However, we shall see below that simplicial homology gives the same
result as singular homology for polyhedra.

Let ¢ : K — L be a simplicial map. It is not hard to check that ¢
induces a chain morphism O,(K) — O,(L) taking T,(K) into T.(L).
Hence, it induces a chain map ¢y : C.(K) — C,(L) which may be
described on basis elements by

G4(po; - -, Pn) = (B(p0) - - -, &(Pn))-
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Here, according to our conventions the vertices on the left are in the
proper order for K, but on the right we might have to introduce a sign
in order to get the vertices in the proper order for L. If there is a
repetition of vertices on the right, our conventions tell us the symbol
stands for zero. This in turn induces homomorphisms ¢,, : H,(K) —
H,(L). Tt is not hard to check that simplicial homology defined in this
way is a functor on the category of simplicial complexes and simplicial
morphisms.

One may also define reduced simpicial homology much as in the
singular theory. Define C_;(K) = Z and define a homomorphism
dy : Co(K) — C_1(K) by >oinipi — y..n;. Then let Hy(K) =
Ker 0o/ Im 0;. This is also a functor as above.

Call a simplicial complex simplicially connected if given any two
vertices, there is a sequence of intermediate vertices such that successive
pairs of vertices are the 0-faces of 1-simplices in the complex. Using this
notion, one could define simplicial components of a simplicial complex.
It is not hard to see that for a finite complex, these notions conicide
with the notions of path connectedness and path components for the
support of the somplex. It is also easy to see that Hy(K) is the free
group with the set of components as basis, and analgously for ﬁO(K ).

Relative homology is also defined as in the singular case. Let K be
a simplicial complex, appropriately ordered in some way, and let L be
a subcomplex with the inherited order. Then C,.(L) may be identified
with a subcomplex of the chain complex C.(K) and we may define
the relative chain complex C,(K, L) = C.(K)/C.(L), and H.(K, L) is
defined to be its homology. It follows from basic homological algebra
that we have connecting homomorphisms and a long exact sequence

-— H,(L) — H,(K) — H,(K,L) - H, (L) — ...

and similarly for reduced homology. Moreover, the connecting homo-
morphisms are natural with respect to simplicial morphisms of pairs
(K, L) of simplical complexes. The proofs of these facts parallel what
we did before in singular theory and we shall omit them here.

Note that everything we did above could just as well have been
done for finite abstract simplicial complexes.

3.1. An Example. Use the diagram below to specify an abstract
simplicial complex with geometric realization homeomorphic to a 2-
torus. Note that an actual geometric simplicial complex would in fact
have to be imbedded in a higher dimensional space than R?, say in R3.
Call such a simplicial complex K.
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Note that K has 9 vertices (0-simplices), 27 1-simplices, and 18
2-simplices. The numbering of the vertices indicates an acceptable
ordering, and the arrows show induced orientations for the 1-simplices.
For the 2-simplices, the arrows indicate the simplex should be counted
with £ according to whether they are consistent with the ordering or
not.

Hy(K) = Z since the complex is connected. We next use a mixture
of theory and explicit calculation to see that Hy(K) = Z & Z and
Hy(K) = Z as we would expect from our calculations in the singular
case. Let L be the subcomplex of K consisting of the 6 1-simplices on
the edges and their vertices. We first determine the homology groups
of L. (Of course, |L| is homemorphic to a wedge S' Vv S'.) H,(L) =0
for n > 1 and Hy(L) = 0. To compute H,(L) consider the two cycles
which are the sums of the 1-simplices on either horizontal or vertical
edges. Since By(L) = 0, these form an independent pair. However, it
is easy to see that any 1-chain is a one cycle if and only if it is a linear
combination of these two 1-cycles. For, if two adjacent 1-simplices abut
in any vertex but that numbered 1, they must have the same coefficient
or else some multiple of the common vertex would be non-zero in the
boundary. It follows that Hy(L) = Z & Z.

We next calculate Hq(K, L) and Hy(K, L).

The second is easier. Clearly, the sum of all the 2-simplices (with the
appropriate signs as discussed above) represents a 2-cycle in Zy (K, L).
By considering adjacent 2-simplices inside the square it is clear that
they must have the same coeficient in any 2-cycle in Z5 (K, L) or else the
boundary would contain their common edge with a non-zero coefficient.
Hence, Hy(K, L) = Z. However, the boundary of the basic 2-cycle in
Zy(K, L) is zero, so the homomorphism Hy(K, L) — H;(L) is trivial.

Now cosider H; (K, L). The diagram below suggests a sequence of
reductions to subcomplexes of K containing L. If we start with a 1-
cycle modulo C4(L), and reduce modulo boundaries, we can reduced
appropriate 1-simplices to chains in a smaller complex. Any time we
have a 1-simplex ‘hanging’ with a vertex not in L exposed, we can drop
it since the boundary in that case would contain some multiple of that
vertex. Hence, the original chain could not have been a 1-cycle. At the
end of this sequence, we end up in Z;(L, L) = 0. Hence, H,(K, L) = 0.
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We may now compute the homology of K from the long exact se-
quence
0— Hy(K) — Ho(K,L) =17 A Hy(L) =7Z&Z — H{(K) — H{(K, L)
to obtain
(1) H(K)=7Z31Z
(2) Hy(K) = Z

The argument also shows that the two basic 1-cycles in L map to a
basis of H;(K) and the sum of all the 2-simplices generates Hy(K).

The student should check that these results are consistent with the
ranks of C,,(K),n = 0,1, 2. Note that a direct brute force calculation of
the homology groups using the formulas for the boundaries would have
been quite horrendous. Fortunately, the geometry helps us organize the
calculation. Note also that the calculation above could have been done
directly in C,(K') with appropriate modifications. (Try it yourself!) We
used the machinery of the long exact sequence because it illuminates
the calculation somewhat, but it isn’t really necessary.

4. The Relation of Simplicial to Singular Homology

Let K be a finite simplicial complex, and suppose that we choose
an acceptable ordering of its vertices. We define a chain morphism Ay :
Cy(K) — S.(|K|) as follows. For ¢ an n-simplex in K, let [po, ..., pi]
be the ordered affine simplex corresponding to it for the specified order.
Let hy(o) be the same ordered affine simplex viewed now as a singular
simplex (i.e., an affine map A™ — |K|) in |K|. Because the boundaries
are defined the same way, it is easy to see that hy is in fact a chain
morphism. Hence, it induces homomorphisms h,, : H,(K) — H,(|K]).
Using the corresponding reduced complexes, we also get hy : ]:IO(K ) —
Hy(]K]) in dimension 0. It is the purpose of this section to show that
these homomorphisms are isomorphisms. These isomorphisms appear
to depend on the ordering of the vertices of K, but in fact they do not
so depend, as we shall see later.

To establish that h, is an isomorphism, we need to verify some of
the ‘axioms’ we described in singular theory for simplicial theory.

PROPOSITION 7.4. Let T™ denote the simplicial complex consisting
of an affine n-simplex and all its faces. Then H,(T") = 0 for n > 0,
and Hy(T™) = Z.

Proor. We shall prove this by constructing a contracting homo-
topy for the chain complex C,(K). Assume a specified ordering py <



148 7. SIMPLICIAL COMPLEXES

p1 < -+ < py, for the vertices of the underlying affine n-simplex. Define
a homomorphism t; : C(T") — Cr1(T") by

t(qo, - - - @) = (P0,q0s - - > Qi) k >0,

where qo < -+ < g is the set of vertices (in proper order) of some
k-face of the n-simplex if £ > 0 and set ¢, = 0 otherwise. Note that on
the right hand side, py < qp is necessarily true and the result is zero if
they are equal. We have for £ > 0.

k

(3) 8k+1(<p0a qo, - - - an>) = <qu cee 7Qk> - Z(pOa qo, - - - 7Cj7ﬁ7 ce 7qk>
i=0

(4) =(qo, - qk) — te—1(Ok{qo, - -, qr)-

For k£ = 0, the calculation yields

(5) O <p0, QO> = do — Do

(6) =qo — po — t-1(0oqo)-

Let € denote the simplicial morphism of 7™ which sends all vertices to
po- Clearly, €, = 0 in homology for k > 0, and the above formulas show
that the homomorphisms ¢, form a chain homotopy of C,(K) from e
to Idﬁ. O

Let K be a simplicial complex, K7, Ky subcomplexes. The set of
simplices common to both is denoted K; N Ky and it is easy to see
that it is a subcomplex. Similarly, the set of simplices in one or the
other is denoted K7 U Ks. As in the case of singular homology, we have
homomorphisms

(7) i ® —ioy - H (K1 N Ky) — H(K)) & H,(K,)

THEOREM 7.5. be a finite simplicial complexes, K1 and Ky sub-
complexes such that K = K N Ky. Then there are homomorphisms
Op : Hy(K) — H,—1(K1 N Ky) which are natural with respect to triples
K, K, Ky (K = K1 UK5) and such that

- — H,L(KlﬂKg) — Hn<K1)€BHn(K2) — Hn(K) — n_l(KlﬂKg) — ...

is exact. If K1 N Ky # (), then the corresponding sequence in reduced
homology is also exact.

PrRoOOF. We have a short exact sequence of chain complexes
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We leave the chain morphisms for you to invent, after considering the
corresponding morphisms in the singular case. This induces the desired
long exact seqeunce. O

There is also a simplicial version of excision. Since we don’t have
the notion of interior and closure just with the category of simplicial
complexes, this ‘axiom’ must be stated a bit differentely, but it is very
easy to prove. (See the Exercises.)

Our strategy in relating simplicial homology to singular homology
is to proceed by induction on the number of simplices in K. For zero
dimensional simplicial complexes, it is clear that A, is an isomorphism,
so we suppose K has dimension greater than zero. We choose a simplex
o of maximal dimension, and we let K; be the subcomplex of K all
faces of o let K5 be the subcomplex of all simplices in K with the
exception of 0. If K; = K, then H,(K) =0 for n > 0 and Hy(K) = 0,
and similarly for the singular homology of |K|. It is easy to check in
this case that h, must be an isomorphism. Suppose instead that K
does not consist of o and its faces. Then K = K; U K5, where K, K,
and K7 N Ky all have fewer simplices than K, and we have a Mayer—
Vietoris sequence for K, Ky, K. If we can show that we also have a
Mayer—Vietoris sequence

— H, (| K1 |N[Ky|) — Hy (| KL )OH,(|K|) = Ho(|K|) — Hoyoo(| KN Ka|) — ...

then by use of induction and the five-lemma, we may conclude that
H,: H,(K)— H,(|K|) is an isomorphism.

Unfortunately, | K| = |K;|U|Ks| is not a covering with the property
that the interiors of the subspaces cover |K|. Hence, we must use a
‘fattening’ argument to get the desired sequence. Let Uy = |K3| U
(0 — {b}) where b is the barycenter of 0. Since |K;| N|Ky| = ¢ is a
deformation retract of o — {b}, it follows that |K;| is a deformation
retract of Uy. Also, |K| is the union of of the open set U, and the

interior of | K| == o. Finally, |Ki|N Uy = o — {b}.

It follows that we have a Mayer—Vietoris sequence

— Hy(0—{b}) — H,(|K:1])® Hp(Uz) — Ho(|K|) — Hpa(0—{b}) — .
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Now consider the diagram

Hy (| K| N[ Ke|) —— Hi(|Ku|) © H(|K2|)

H, (| K1) : Hyoo (| K| O] K

Hy (o — {b})

H,(|K:1|) ® Hn(Us)

Hy (| K1)

Hy,1(0 —{b})

where the morphism ‘?” has not been defined. Each vertical homo-
morphism is an isomorphism induced by inclusion. It follows that we
may use the diagram to define the homomorphism ‘?’ and the resulting
sequence is exact.

To complete the proof, we need to consider the diagram

H, (KN K,) H,(K,)® H,(K>) H,(K) H, 1 (KiNKy

Hy ([ K| N[Ks|) —— Hu([K4]) © Hi([Ko)

H, (| K1)

H, (| K| N | Ks

As discussed above, we may assume inductively that all the vertical
homomorphisms—except the desired one—are isomorphisms, so the
five lemma will give the desired result, provided we know the diagram
commutes. Consider the following diagram of chain complexes.

0 > O*(Kl QKQ) —— C*(Kl) @O*(KQ) C*(K) >

0 UK NUs) —— S.(|K]) @ S.(0) SU(|K) .
where each sequence may be used to derive the appropriate Mayer—

Vietoris seqeunce. Note that under hy, it is in fact true that C,(K)

maps to SY(|K). This shows that the diagram with ‘fattened’ objects

on the bottom row commutes. We leave it to the student to verify that

replacing the ‘fattened’ row by the original row still yields a commuta-

tive diagram.

We have now proved

THEOREM 7.6. The homomoprhism h, : H.(K) — H.(|K]) is an
1somorphism for every finite simplicial complex K.
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There is one point which was left unresolved. Namely, the homo-
morphism h, appeared to depend on the order chosen for K. In fact it
does not so depend. This may be proved by considering the homology
of the chain complex O,(K). Namely, there is an obvious chain map
hy @ O.(K) — S.(|K]); just map an ordered affine simplex (even with
repetitions) to itself viewed as a singular simplex in |K|. We clearly
have a factorization

Hence, to show that h, does not depend on the ordering, it would
suffice to show that the chain morphism O,.(K) — C.(K) induces an
isomorphism in homology. We won’t do this in this course. If you want
to see a proof, look in one of the texts on algebraic topology such as
Munkres, Rotman, or Spanier. In any event, an important consequence
of this result is the following

PrOPOSITION 7.7. The homomorphism h, is natural.

The above arguments would have worked just as well for reduced
homology. For relative homology, we may use the Five Lemma as
follows. Let L be a subcomplex of K. hy induces a commutative
diagram

0 C.(L) C.(K) C.(K, L) 0
0 S«(IL1]) SA(|K|) —— S.(|K],|L]) 0

which in turn yields the commutative diagram

H,(L) H,(K) H,(K,L)

Hn—l(L)

Hn—l(K)

H, (L) Hy(|K|) —— Hu(|K],[L]) —— Hua(|L]) (| KT)

Now use the Five Lemma to conclude

COROLLARY 7.8. Let K be a finite simplicial complex and L a sub-
complez. Then we have a natural isomorphism H.(K, L) — H,(|K|,|L|).
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5. Some Algebra. The Tensor Product

Let A and B be abelian groups. We shall define a group A ® B,
called the tensor product. The tensor product plays an important role
in what is called multilinear algebra. It is useful in subjects ranging
from algebraic topology to differential geometry.

Here is the definition. Let F'(A, B) be the free abelian group with
basis the set A x B, i.e., the set of pairs (a,b) with a € A,b € B. In
F(A, B) consider the subgroup T'(A, B) generated by all elements of
the form

(9) (ay + ag,b) — (a1, b) — (ag, b) aj,as € A,b€ B
(10) (a,b1 +bg) — (a,b1+b2)  a€ Ab,by €B

Then, define A® B = F(A,B)/T(A, B).

Denote by a®b the element of A® B represented by (a.b) € Ax B.
Note that the elements a ® b generate A ® B, but not every element
is of that form. Generally, an element will be expressible Zle a; @ b,
but not necessarily in a unique way.

What we have done is to force the relations

(11) (a1+a2)®b:a1®b+a2®b
(12) a®(by+b)=a®b+a® by
in A® B. In fact, A ® B is the largest possible group in which such

relations hold. To explain this, first define p : A x B — A® B by
p(a,b) = a®b. Then the above formulas may be rewritten

(13) plai + ag,b) = p(ay, b) + p(az,b)
(14) p(a, by + be) = p(a,by) + p(a, by).

A function g : A x B — (' is called biadditive if it satisfies these
conditions, so we may say instead that p is biadditive.

PROPOSITION 7.9. Let A and B be abelian groups. If g : AxB — C
15 a biadditive function, then there exists a unique group homomorphism
G: A® B — C such that the diagram

p

Ax B AR B

N e

C

commutes.
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PROOF. There exists such a homomorphism. For, g induces a ho-
momorphis g; : FI(A, B) — C, namely, ¢;(a,b) = g(a, b) specifies g; on
basis elements. Since

(15) g(ay + az,b) — g(a1,b) — g(az,b) = 0
(16) g(a,by + by) — g(a,by) — g(a,by) =0

it follows that ¢,(T(A,B)) = 0. Thus, ¢g; induces G : A® B =
F(A,B)/T(A, B) — C which clearly has the right properties.
Any such G is unique. For,

G(a®b) = G(p(a,b)) = g(a,b)
determines G on a generating set for A ® B. 0

The tensor product is a bit difficult to get at directly. The explicit
definition starts with a very large free group, and the set of relations—
i.e., the subgroup T'(A, B)—is not particularly easy to compute with.
Hence, one must usually determine tensor products from their proper-
ties. The most fundamental property is the universal mapping property
asserted in the above Proposition.

5.1. Example. We claim that Z/nZ ® Z/mZ = 0 if (n,m) = 1.
To see this, note that

(17) na®@b) =a®@b+---+a®b n times
(18) =(a+-+a)®@b=(na)@b=01b=0.

(Can you prove 0 ® b = 07) Similarly, m(a ® b) = 0. Hence, both n
and m kill every generator of A ® B, so they both kill A ® B. Since
1 = nr + ms, it follows that every element of A ® B is zero.

PROPOSITION 7.10. For any group A, we have A® Z = A.

PROOF. Define A x Z — A by (a,n) — na. It is clear that this
is biadditive. Hence, it induces j : A ® Z — Z such that j(a @ n) =
j(p(a,b)) = na. Define a homomorphism i : A — A® Z by i(a) =
a® 1. (It is not hard to check this is a homomorphism.) Some simple
calculation shows that ¢ and j are inverses. 0

Note that the argument used in the above proof is often abbreviated
as follows. ‘Define j : A®Z — A by j(a®n) = na’. For this
to make sense, there has to be a ‘overlying’ biadditive map, but in
writing ‘j(a ® n) = na’, it is presumed that the reader has checked
the biadditivity of what is on the right, so the formula makes sense.
Of course, we can’t in general specify j(a ® b) in an arbitrary way
and get a well defined homomorphism. The elements a ® b form a set
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of generators for A ® B, but there are many relations among these
generators which may not be preserved by what we want to set j(a®b)
to.

ProproSITION 7.11. If A and B are abelian groups, then A ® B =
B ® A.

PROOF. Use a ® b — b® a. Why does this work? O

The tensor product is our first example of a bifunctor. Namely,
suppose f : A — A" and g : B — B’ are homomorphisms of abelian
groups. Then, it is easy to check that the map Ax B — A’® B defined
by (a,b) — f(a) ® g(b) is biadditive, so it induces a homomorphism
A® B — A’ ® B’ which is denoted f ® g. This homomorphism takes
a®b=p(a,b) to the same f(a)® g(b), so f ® g is characterized by the
property

(f@g)(a®b) = fla)®gh) acAbeB.

We leave it to the student to check that this is all functorial, ie.,

(fiof2)®(g10g2) = (f1 ®g1) o (fa ® g2)

whenever it makes sense.
The tensor product is also an example of an additive functor, i.e.,
it is consistent with direct sums.

PROPOSITION 7.12. Let A;,i € I be a collection of abelian groups
indexed by some set I and let B be an abelian group. Then

P A) @ B=A @ B).

Proor. We have inverse homomorphisms
(19) (a;)ier @ b — (a; @ b)ier
(20) (a; ® b)ier — (ai)ier ®b
(Why are these well defined? You should think it out carefully. You
might find it easier to understand if you consider the case where there

are only two summands: A = A’ @ A”, and each element of the direct
sum is a pair (a’,a").) O

Tensor products in certain cases preserve exact sequences. First,
we always have the following partial result.

THEOREM 7.13. Suppose

0 —— A

i J

- A A 0
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1s an exact sequence of abelian groups and B is an abelian group. Then

3 iQId
AoB 2 AeoB 2% 479 B

0

15 exact.

This property is called right exactness.

PROOF. (i) j®Id is an epimorphism. For, given a generator a” @b,
it is the image of a ® b, where j(a) = a”.

(i) Ker(j ® Id) D Im( ® Id). For, (j ®Id)o (i ®Id) = joi®Id =
0®Id=0.

(i) Ker(j ® Id) € Im(i ® Id) = I. To see this, first define a
homomorphism j; : A”® B — (A® B)/I as follows. Define a function
A" x B — (A® B)/I by

(a",b) —»a®be (A® B)/I

where j(a) = a”. This is a well defined map, since if j(a,) = j(az) = d”,
we have j(a; — ag) = 0, so by the exactness of the original sequence,
a; — ag = i(a’). Hence,

a®@b—as@b=(a; —a) @b=1i(d)®beImi®Ild=1.
Thus,

a1®b:a2®b€(A®B)/I

It is easy to check that this function is biadditive, so it induces the
desired homomorphism j; satisfying

"

J1(d"®@b)=a®b  where j(a) =a".
This may be rewritten
H(ieId)(a®b) =a®b,

so we get the following commutative diagram

j@ld
A® B = - A"® B

~

(A® B)/I

Thus,
Ker(j ® Id) C Ker(ji o (j ®1d)) =1

as claimed. O
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5.2. Example. The sequence in the Theorem is not always exact
at the left hand end. To see this, consider

0>Z 37— Z/2Z — 0
and tensor this with Z/2Z. We get

7/27 > 7.)27 — 7./2Z — 0

so the homomorphism on the left is not a monomorphism.
However, the sequence always is exact on the left if the group B is
torsion free.

THEOREM 7.14. Suppose i : A" — A is a monomorphism of abelian
groups and B is a torsion free abelian group. Then i®1d : A’ ® B —
A® B is a monomorphism.

PRrROOF. First, assume that B is free and finitely generated, i.e.,
B =,Z. Then

A’®B2@A’®Z’£@A/
J J

and similarly

Ae@B=PA.
J
These isomorphisms are natural in an appropriate manner, so the con-
clusion follows from the fact that €P; A" — P, A is a monomorphism.
Next, assume only that B is torsion free. Suppose }_;a; ® b; €
A’ ® B is in the kernel of ¢ ® Id, i.e.,

> i(d))®b;=0€ A® B.
J
Note first that there are only a finite number of b; in this sum. So
in A® B = F(A,B)/T(A, B) only a finite number of basis elements
(i(a%),b;) of F(A, B) are needed to represent the left hand side of the

J
above equation. Moreover, the assertion that the element is zero in

F(A,B)/T(A, B) means that
S (@), by) € T(A, B)

J
which means that it is a linear combination of finitely many of the
generators of the subgroup T'(A, B). Hence, only a finite number of
elements of B are needed to represent the desired element and the
fact that it is zero. Let B’ be the subgroup of B generated by these
elements. > i(a}) ® b; = 0 € A® B’ by the choice of B". However,
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B’ is finitely generated and torsion free. Hence, by the first part of
the argument, i ® Id : A’ ® B' — A ® B’ is a monomorphism. Hence,
> a;®b; =0€ A®B'. Hence, ), a;®@b; =0 € A@B as claimed. [

The notion of tensor product is considerably more general than
what we did here. If A and B are modules over a commutative ring R,
then one may define the tensor product A ®z B in a manner similar
to what we did above. The result is again an R-module. (There is an
even more general definition for modules over non-commutative rings.)
In this context, a module is called flat if tensoring with it preserves
monomorphisms. We leave most of this discussion for your algebra
course.

5.3. Applications to Rank. The tensor product may be used
to reduce questions about finitely generated generated abelian groups
to questions about vector spaces. We do this by tensoring with the
abelian group Q, the additive group of rational numbers. If A is any
abelian group, the abelian group A ® Q may be given the structure of
a vector space over Q. Namely, for ¢ € Q define

c(a®b) =a® (cb) a€ AbeQ.

There is more than meets the eye in this definition. The formula only
tells us how to multiply generators a ® b of A ® Q by rational numbers.
To see that this extends to arbitrary elements of A ® Q, it is necessary
to make an argument as before about a bi-additive function. We shall
omit that argument. It is also necessary to check that the distributive
law and all the other axioms for a vector space over Q hold. We shall
also omit those verifications. The student is encouraged to investigate
these issues on his/her own.

Let A= F @& T where F is free of rank r and T is a torsion group.
Then

ARQEFeQaT®Q.
PROPOSITION 7.15. If A is a torsion group, then A ® Q = 0.
PRrROOF. Exercise. U

It follows that A® Q = F® Q. Suppose F' = @_, Zz; is free with
basis {x1, %2, ...,z }. Then, by additivity, we see that

AQ=@PZreQ=PQ 1)
i=1 i

Thus, the rank of A as an abelian group is just the dimension of A® Q
as a vector space over Q.
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6. The Lefschetz Fixed Point Theorem

As mentioned earlier, one advantage of using simplicial homology is
that we can reduce calculations to a chain complex of finitely generated
abelian groups. One example of this is the definition of the so-called
FEuler characteristic. Suppose X is a polyhedron. Then the Euler
characteristic of X is

Y(X) = Z(—wmnk(m()@).

Since H;(X) = 0 outside a finite range, this sum makes sense. For
example,

(21) X(S™) =1+ (—-1)" n >0
(22) (T =1-2+1=0.
The integers rankH;(X) are called the Betti numbers of X, so x(X) is
the alternating sum of the Betti numbers.
The Euler characteristic derives some of its importance from the

fact that it may be caculated directly from a simplicial complex trian-
gulating X.

PROPOSITION 7.16. Let K be a finite simplicial complex.
> (=1)'rank(Ci(K) =Y (=1)'H;(K).

Note H;(|K|) = H;(K). Also, rank(C;(K)) is just the number
of simplices in K of dimension i. Thus, triangulating 7?2 as we did
previously, we see that

X(T?) =9—-27+18 =0,

and we may make this calcultion without computing the homology
groups of T2.

ProoF. We have short exact sequences

(24) 0 — Bi(K) — Zi(K) — H;(K) — 0.
Hence,
(25) rank(C;) = rank(Z;) + rank(B;_1)

(26) rank(Z;) = rank(B;) + rank(H;)
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We shall see later that it is not even necessary to decompose the
space into simplices. Cells or more elaborate ‘polyhedra’ will do. In
particular, suppose S? is decomposed into ‘polygons’ Fy, Fs, ..., F,. In
side each polygon, we may choose a point p; and joining each p; to each
of the vertices of F; will yield a triangulation of S2. Suppose F; has v;
vertices. Then the effect of doing this will be to replace one ‘face’ F;
by v; triangles, to add v; edges, and and the add one vertex. The net
change in the Euler characteristic from the i-face is

We illustrate the use of the Euler characteristic by determining all
regular solids in R3>—the Platonic solids. Each of these may be viewed
as a 3-ball with its boundary S? decomposed into f r-gons such that,
at each vertex, k faces meet. Let e be the number of edges and v the
number of vertices. Then since each face has r edges and each edge
belongs to precisely two faces, we have fr = 2e. Also, since each vertex
belongs to k edges, and each edge has 2 vertices, we have kv = 2e. Since
the Euler characteristic of S? is 2, we have

(29) v—e+ f=2
(30) 2e/k —e+2e/r=(1/k—1/241/r)2e =2
(31) (F+r—g)=1

Since k,r > 3, and since 1/k + 1/r — 1/2 must be positive, the only
possibilities are summarized in the following table

kir|1/k+1/r-1/2|e |v |f |Solid

33 1/6 6 |4 |4 |Tetrahedron
34 1/12 12|18 |6 | Cube

413 1/12 1216 |8 | Octahedron
3|5 1/30 30| 20 | 12 | Dodecahedron
5|3 1/30 30| 12 | 20 | Icosohedron

There is an important generalization which applies to a self map
f X — X where X is a polyhedron. To discuss this we need some
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preliminary concepts. If g : A — A is an endomorphism of a finitely
generated abelian group, we may consider the induced Q-linear trans-
formation f®Id: A® Q — A® Q. We denote the trace of this linear
transformation by ¢r(g). Note that tr(f) € Z. For, if T' is the torsion
subgroup of A, g induces g : A/T — A/T where A/T is free of finite
rank. Since T'® Q = 0, the epimorphism A ® Q — (A/T) ® Q is an
isomorphism, so we may identify ¢ ® Id with g ® Id. However, if we
choose a basis for A/T over Z, it will also be a basis for (4/T) ® Q
over Q. Hence, the matrix of § ® Id will be the same as the (integer)
matrix of g. Hence, the trace will be an integer.
The trace is additive on short exact sequences, i.e.,

LEMMA 7.17. Let A be a finitely generated abelian group, A" a sub-
group. Suppose g is an endomorphism of A such that g(A") C A’. Let
g’ be the restriction of g to A" and ¢" the induced homomorphism on
A" =AJA". Then tr(g) =tr(g') +tr(g").

Proor. Consider the short exact sequence
0-AQ—-AQ—-A"9Q —0
of vector spaces. It suffices to prove that
tr(g®@1d) =tr(¢’ ®1d) + tr(¢" ® 1d).

Modulo some identifications, we may consider A’ ® Q a Q-subspace of
A®Q and A” ® Q the resulting quotient space. By standard vector
space theory, we can choose a basis for A ® Q such that the matrix of
g ® Id with respect to this basis has the form

(G

* C//
where C is a matrix representation of ¢’ ® Id and C” is a matrix
representation of ¢” ® Id. Taking traces yields the desired formula. [

Let f: X — X. Define the Lefschetz number of f to be
L(f) = ) _(=1)'tr(Hi(f))-
By the above remarks, L(f) is an integer.
6.1. Examples. Let f:S™ — S™ be a self map. Then

L(f) = 1+ (=1)"deg(f).
This uses the fairly obvious fact that if X is path connected, and f is
a self map, then Hy(f) is the identity isomorphism of Hy(X) = Z, so
tr(Ho(f) = 1.
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For any polyhedron, the Fuler characteristic is the Lefschetz num-
ber of the identity map since tr(H;(Id)) = rank(H;(X)).

Like the Euler characteristic, the Lefschetz number may be calcu-
lated using simplicial chains. For, suppose g : C, — C. is a chain mor-
phism of a chain complex inducing homomorphisms H;(g) : H;(C,) —
H;(C;) in homology. As before we have the exact sequences

(33) 0—-B,—-Z4;—H;,—0

and g will induce endomorphism Z;(g), C;(g), and B;(g) of each of these
groups. Then

(34) tr(Ci(g)) = tr(Zi(g)) + tr(Bi-1(g))
(35) tr(Zi(g)) = tr(Bi(g)) + tr(Hi(g))-

Taking the alternating sum yields as in the case of the Euler charac-
teristic

(36) > (=Ditr(g) =Y (=1)'tr(Hi(g)) = L(g)
THEOREM 7.18. (Lefschetz Fized Point Theorem) Let f : X — X
be a self map of a polyhedron. If L(f) # 0 then f has a fized point.

The following corollary is a generalization of the Brouwer Fixed
Point Theorem

COROLLARY 7.19. Let f : X — X be a self map of an acyclic
polyhedron (i.e., H;(X) =0,i>0). Then f has a fized point

PRrOOF. L(f) =1#0. O

PROOF. Suppose f does not have a fixed point. We shall show that
there is a triangulation K of X and a chain morphism F} : C\(K) —
Ci(K) which induces H.(f) : H.(X) — H,(X) in homology, and such
that for each simplex o € K, the chain Fy(o) does not involve o. That
says that for each i, the matrix of the homomorphism F; : C;(K) —
C;(K) has zero diagonal entries. Hence, tr(F;) = 0 so by formula (36),
L(f) =0,

The idea behind this argument is fairly clear. Since X is compact,
if f does not have any fixed points, it must be possible to subdivide
X finely enough into simplices so that no simplex is carried by f into
itself. However, there are many technical complications in making this
argument precise, and we shall now deal with them.
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By picking a homeomorphic space, we may assume X = |L| for some
finite simplical complex (contained in an appropriate RY. Under the
assumption that f has no fixed points, |f(z) — x| has a lower bound.
By taking sufficiently many subdivisions, so the mesh of L is small
enough, we can assume

(37) Str(v) N f(Str(v)

0

for every vertex in L.

Our first problem is that f won’t generally come from a simplicial
morphism of L, so we choose an iterated barycentric subdivision L’ of
L and a simplicial approximation ¢ : L' — L to f. Thus,

(38) f(Stp(v) € Str(e(v'))

for every vertex v’ in L’. Note that |¢| is homotopic to f, but it is not
quite the simplicial map we want since it takes C(L’) to C,(L) instead
of to C,(L"). We shall deal with that problem below, but note for the
moment that ¢ meets our needs in the following partial sense. Let o
be a simplex of L and suppose ¢’ is a simplex of L’ which is contained
in 0. Let v be any vertex of o. Then

o Co C Str(v),

it follows from (37) that f(o’) is disjoint from Sty (v). Hence, by (38),
we can’t have v = ¢(v') for any vertex v’ of ¢’. In other words, if ¢’ is
a simplex of L’ contained in a simplex o of L, then

6(o') # .

We now deal with the problem that ¢; does not end up in C,(L').
For this, we define a chain morphism jy : Ci(L) — C.(L') which will
have appropriate properties. This is done by barycentric subdivision.
Namely, for each simplex ¢ in L define a chain Sd(o) in C,(SdL)
exactly as we did for singular homology. This presumes that we have
chosen a fixed order for the vertices of L and a consistent order for the
vertices of SdL, but otherwise the definition (by induction) uses the
same formulas as in the singular case. j; will be consistent with the
chain morphism to singular theory, i.e.,

C.(L) 2. c.(5dL)
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commutes. Hence, in homology, we get a commutative diagram

H.(L) >+ H,(SdL)

H.(X) —— H.(X)

Here we use the fact that for singular theory, the subdivision operator
is chain homotopic to the identity. If we iterate this process, we get
the desired chain map jy : C,(L) — C,(L') and

)
H.(L) H.(L)

H) % (X) ——= H.(X)

Jx

commutes.
To complete the proof, consider the diagram
H.(L') ="~ H.(L)
hee B

Ha(X) 2 H(x)

This commutes by the naturality of the h, homomorphism. (We did
not prove naturality in general, but in the present case we can assume
that the orderings needed to define the hy morphisms are chosen so
that ¢ is order preserving, in which case the commutativity of the
diagarm is clear.) Putting this diagram alongside the previous one and
using formula (36) shows that the chain morphism j; o ¢4 : Ci(L') —
Ci(L') may be used to calculate L(|¢|). However, by our assumption
¢(0’) does not contain ¢’, so under barycentric subdivision, ¢’ does not
appear in jy(¢(0’)), and as above each trace is zero. Since f ~ |¢], it
follows that L(f) = L(|¢|) = 0 as claimed.

O






CHAPTER 8

Cell Complexes

1. Introduction

We have seen examples of ‘triangulations’ of surfaces for which the
rule that two simplexes intersect in at most an edge fails. For exam-
ple, the decomposition indicated in the diagram below of a torus into
two triangles fails on that ground. However, if we ignore that fact
and calculate the homology of the associated chain complex (using the
obvious boundary), we will still get the right answer for the homol-
ogy of a 2-torus. Even better, there is no particular reason to restrict
our attention to triangles. We could consider the torus as a single ‘2-
cell’ ¢ as indicated below with its boundary consisting of two ‘1-cells’
o, T, which meet in one ‘0-cell’ v. Moreover the diagram suggests the
following formulas for the ‘boundary’:

hp=c+17—0—-7=0

Oo=0T=v—v=0.

From this it is easy to compute the homology: Hy = Zv, H| =
Zo @ Zt, and Hy = Z¢. A decomposition of this kind (not yet defined
precisely) is called a cellular decomposition, and the resulting structure
is called a cell complex. The diagram below indicates how this looks
with the torus imbedded in R? in the usual way.

Indicated below is a calculation of the homology of RP? by similar

reasoning. Note that it is clear why there is an element of order two in
H;.

165
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Here is a similar calculation for S? where we have one 2-cell ¢, no
1-cells, and one 0-cell v.

This same reasoning could be applied to S™ so as to visualize it as
a cell complex with one n-cell and one 0-cell.

1.1. CP". The definition given previously for RP", real projective
n-space, may be mimicked for any field F'. Namely, consider the vector
space F"™! and define an equivalence relation in F™! — {0}

x ~y< Jee F* such that y = cx,

and let F'P" be the quotient space of this relation. Thus F'P" consists
of the set of lines or 1 dimensional linear subspaces in F"*! suitably
topologized. If z = (xy,...,z,), the components xy, ..., z, are called
homogeneous coordinates of the corresponding point of F'P™. As above,
different sets of homogeneous coordinates for the same point differ by
a constant, non-zero multiplier. Note also that F'P° consists of a single
point.

Let F' = C. Then the complex projective space CP" is the quotient
space of C"*1 — (0 ~ R?"*2 — (0. We may also view it as a quotient of
S2nt1 a5 follows. First note that by multiplying by an appropriate pos-
itive real number, we may assume that the homogeneous coordinates
(20,21, ...,x,) of a point in CP" satisfy

n
2l =1
=0

so the corresponding point in C"™! — 0 lies in S?**1. Furthermore,
two such points, (z{,...,2z,) and (zo, ..., x,), will represent the same
point in CP" if and only if z} = cx;,7 = 0,...,n with |[¢| = 1, i.e.,
c € S'. Hence, we can identify CP" as the orbit space of the action of
the group S* on S?"*! defined through complex coordinates by

c(xo, ..., xn) = (cxo, ..., cxy).

The student should verify that the map p : S?"*1 — CP" is indeed
a quotient map. It follows that CP" is compact. We also need to know
that it’s Hausdorff.

ProprosiTION 8.1. CP" is compact Hausdorff.
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Proor. It suffices to prove that p : S?"*! — CP" is a closed map.
Then by Proposition 3.9 we know that CP"™ is compact Hausdorff.

To show that p is closed consider a closed set A C S?"*! and look
at the diagram

Sl % S2n+1 R SZn—i—l

|

St x A
The horizontal map is the action of S on S?"*! which is continuous.
Since S' x A is compact, the image of S' x A under this action is

compact, hence closed. But this image is just p~'(p(A)), which is what
we needed to show was closed. U

We shall describe a cellular decomposition of CP™. First note that
CP*! may be imbedded in CP* through the map defined using ho-
mogeneous coordinates by

(ZC(), T1y... ,LU]gfl) — (%0, LiyeooyLp—1, 0)
With these imbeddings, we obtain a tower
cpP'ocCpPv'o>--->CP' >CP

We shall show that each of the subspaces CP* — CP* ! k=1,...,n
is homeomorphic to an open 2k-ball in R?*. To prove this, assume as
above that the homogeneous coordinates (zg, x1,...,x;) of a point in
CP" are chosen so Y.F  |z,/> = 1. Let x;, = r,e% where 0 < 7), =
|zx| < 1. By dividing through by e (which has absolute value 1). we

may arrange for x = 7 to be real and non=negative without changing
the fact that Y, |z;|* = 1. Then,

Let D?* denote the closed 2k-ball in R?* defined by

2%k
Szt
i=1

Define f;, : D?** — CP* by

fk:(yh . a?/2k) = (51707 ce ,CUk)

where xo = y1 + 2, 1 = Y3 + W, ..., Tho1 = Yop—1 + o and
x = /1 —|y|2. The coordinates on the left are ordinary cartesian
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coordinates, and the coordinates on the right are homogeneous coor-
dinates. fj is clearly continuous and, by the above discussion fj is
onto. Since D% is compact and CP* is Hausdorff, it follows that f;
is a closed map. We shall show that it is one-to-one on the open ball
D? — §%=1 " and it follows easily from this that it a homeomorphism
on the open ball.

Suppose fi(y') = fe(y), ie.,
(g, .-y xy) = (2o, ..., Tp) ce St

Suppose |y'| < 1. Then, 2}, = /1 — |y/|> > 0, so it follows that ¢ is real
and positive, hence ¢ = 1, which means |y| < 1 and ¢’ = y. Note that
this argument shows a little more. Namely, if two points of D?* map
to the same point of CP*, then they must both be on the boundary
SQk:—l of D2k'

We now investigate the map f; on the boundary S?*~!. First note
that |y| = 1 holds if and only if 2, = 0, i.e., if and only fi(y) € CP*1.
Thus, fi does map D% —S?*~1 homeomorphically onto CP*—~CP*! as
claimed. Moreover, it is easy to see that the restriction of f;, to S2¢~!
is just the quotient map described above taking S?*~! onto CP*!.
(Ignore the last coordinate xj which is zero.)

The above discussion shows us how to view CP" as a cell complex
(but note that we haven’t yet defined that concept precisely.) First
take a point oy to be viewed as CP°. Adjoin to this a disk D? by
identifying its boundary to that point. This yields CP? which we see
is homemorphic to S2. Call this ‘cell’ 0,. Now attach D* to this by
mapping its boundary to oy as indicated above; call the result o4. In
this way we get a sequence of cells

og C o9 C -+ C 09y

each of which is the quotient of a closed ball of the appropriate dimen-
sion modulo the equivalence relation described above on the boundary
of the ball. In what follows we shall develop these ideas somewhat
further, and show that the homology of such a cell complex may be
computed by taking as chain group the free abelian group generated
by the cells, and defining an appropriate boundary homomorphism.
The definition of that boundary homomorphism is a bit tricky, but in
the present case, since there are no cells in odd dimensions, the bound-
ary homomorphism should turn out to be zero. That is, we should end
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up with the following chain complex for CP":
Cy =17 0<i<n,
Cy_1=0 1<i<n, and
O =0 all k.

Hence, after we have finished justifying the above claims we shall have
proved the following assertion:

THEOREM 8.2. The singular homology groups of CP™ are given by

Ll )<<
Hk(CP"):{Z if k=2i,0<1<n,

0 otherwise.

2. Adjunction Spaces

We now look into the idea of ‘adjoining’ one space to another
through a map. We will use this to build up cell complexes by ad-
joining one cell at a time.

Let X, Y be spaces and suppose f : A — Y is a map with domain A
a subspace of X. In the disjoint union X UY consider the equivalence
relation generated by the basic relations a ~ f(a) for a € A. The
quotient space X LI'Y/ ~ is called the adjunction space obtained by
attaching X to Y through f. It is denoted X Uy Y. f is called the
attaching map.

ExaMPLE 83. Let f : A — {P} be a map to a point. Then

EXAMPLE 8.4. Let X = D? be the closed disk in R? and let Y also
be the closed disk. Let A = S! and let f : A — Y be the degree 2
map of S* onto the boundary of Y which is also S*. Then X U; Y
is a 2-sphere with antipodal points on its equator identified. Can you
further describe this space?

Note that there is a slight technical problem in the definition. Since
X and Y could in principle have points in common, the disjoint union
X UY must be defined by taking spaces homeomorphic to X and
Y but which are disjoint and then forming their union. That means
that assertions like a ~ f(a) don’t technically make sense in X LI
Y. However, if one is careful, one may identify X and Y with the
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corresponding subspaces of X LY. You should examine the above
examples with these remarks in mind.
Let py : Y — X Uy Y be the composite map

Y S XuY L XUy

where ¢ is inclusion into the disjoint union, and p is projection onto the
quotient space. Define px analagously.

PROPOSITION 8.5. (1) py maps Y homeomorpically onto a subspace
OfX |_|f Y.

(it) If A is closed then py (Y') is closed in X Uy Y.

(i11) If A is closed, then px is a homeomorphism of X — A onto
X l_|f Y — py(Y)

Because of (i), we may identify Y with its image in X U; Y. This
is a slight abuse of terminology.

The map px : X — X Uy Y is called the characteristic map of
the adjunction space. Because relations of the form a ~ f(a) will
imply realtions of the form a; ~ ay where f(a;) = f(az), it won’t
generally be true that X can be identified with a subspace of X Li; Y.
Nevertheless, (iii) says that X — A can be so identified. In general, a
map of pairs h : (X, A) — (X', A') is called a relative homeomorphism
if its restriction to X — A is a homeomorphism onto X’ — A’. Thus,
if A is closed, px provides a relative homeomorphism of (X, A) with
(XUpYY).

PRrooF. (i) Note first that two distinct elements of Y are never
equivalent, so py is certainly one-to-one. Let U be an open set in Y.
Then f~'(U) is open in A, so f~}(U) = ANV for some open set V in
X. VUU isopenin X UY, and it is not hard to see that it is a union
of equivalence classes of the relation ~. That implies that its image
p(V UU) is open in X Uy Y. However, py(U) = py(Y) N p(V L U), so
py (U) is open in py (V).

(ii) Exercise.

(iii) px is certainly one-to-one on X — A. Since X — A is open in
X, any open set U in X — A is open in X. However, any subset of
X — A is a union of (singleton) equivalence classes, so it follows that

p(UL0) = px(U)

is open in in X Uy Y. However, this is contained in the open set
XUpY =Y of XY, soit is open in that. The fact that px (X —A) =
X UsY =Y is obvious. 0
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We now turn our attention to a special case of fundamental impor-
tance, namely when X = D" and A = S"!. Given a map S" ! — Y,
the resulting adjunction space D" Ll; Y is referred to as the space ob-
tained by attaching, or adjoining, an n-cell to Y.

The following result allows us to recognize when a subspace of a
space is the result of adjoining an n-cell.

PROPOSITION 8.6. Let Y be a compact Hausdorff space, e, S dis-
joint subspaces with S closed. Suppose there is a map

¢: (D", S" 1) — (eUS,S)
which is a relative homeomorphism. Then D" Ly S ~ e U S where
f=ols"

PROOF. Since D" LIS is compact and Y is Hausdorff, it suffices by
Proposition 3.6 to show that for the map D" U S — eU S, the pre-
images of points are the equivalence classes of the relation in D™ LIS
generated by z ~ f(x),z € S"!. This is clear since ¢ is one-to-one on

Dn — gn—t O
EXAMPLE 8.7. Let X = D A = S?! and let f : 81 —
CP" ! be the map described in the previous section. Then D*" Li;

S2n=1 ~ CP". For the discussion in the previous section establishes
that the hypothesis of Proposition 8.6 is satisfied.

We now want to study the effect on homology of adjoining an n-
cell D" to a space Y through an attaching map f : S" ! — Y. Take
U to be the open set in D" LIy Y — Y which is homeomorphic to the
open cell D® — S"~! through the characteristic map ¢. Take V =
DUy Y —{¢(0)}. Then D" ;Y = UUV, and UNV is homeomorphic
to an open ball less its center, so it has S"~! as a deformation retract.

LEMMA 8.8. Y s a deformation retract of V.
PROOF. Define a retraction r : V' — Y by
z if zeY,
r(z) = .
o(z/|z]) if z € D" —{0}.

To show that r is deformation retraction, we define a homotopy F' :
V x I —V as follows:

» if zeV,
F(z,1) = {¢((1 —t)z+tz/|z]) if z € D" —{0}.

Usually, we just assert that it is obvious that a map is continuous, but
in this case, because of what happens on the boundary of D", it is not
so obvious. Consider the following diagram
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(D" —{OHLUY)x I —Fw (D"~ {0})UY
px1d p
Vx I r 1%

where F is defined in the obvious way on each component of the disjoint
sum. It is easy to check that the diagram commutes and that the
vertical map on the right (induced from the quotient map D" UY —
D" ;Y) is a quotient map. If we knew that the vertical map on the
left were a quotient map, then it would follow that F' is continuous
(check this!). Unfortunately the product of a quotient map with the
the identity map of a space needn’t be a quotient map, but it’s true in
this case because I is a nice space. We quote the following result about
quotient spaces and products. A proof can be found, for example, in
Munkres, Flements of Algebraic Topology, Theorem 20.1.

PROPOSITION 8.9. Let p: X — Y be a quotient map. Suppose Z
is any locally compact Hausdorff space. Then px1d: X x Z =Y x Z
1S a quotient map.

By the above remarks, this completes the proof of Lemma 8.8. [

Suppose n > 0. The conditions for a Mayer—Vietoris sequence apply
to U UV, so we have a long exact sequence

c— (8" — Hy(Y) — Hy(D" Uy Y) — H; 1 (S"7Y) — ...
For i # n,n — 1, this yields
,(Y) =2 Hy(D" Uy Y).
For 7 # 0, the ~’s are not needed, and in fact, it is not hard to see

that they are not needed for i = 0. Thus, we have essentially proved
the following

THEOREM 8.10. Letn > 0 and let f : S" ' — Y be a map. Then,
fori#£n,n—1,
H,(Y)= H,(D"LU;Y).
Fori=mn,n—1, we have an exact sequence

0—H,Y)—-H,(D"UsY)—=Z—H, (YY) = H,1(D"U;Y) — 0.

We can now determine the homology groups of complex projective
spaces without explicit use of ‘cellular chains’, but of course that idea
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is implicit in the argument. We repeat the statement in the previous
section.

THEOREM 8.11. The singular homology groups of CP™ are given
by
7 ifk=2i0<i<n,

0 otherwise.

Hy(CP") = {

PROOF. Use CP" = D*"U;CP"!. The corollary is true for n = 0.
By the above discussion H;(CP") & H;(CP"!) for i # 2n,2n—1. For
1= 2n,2n — 1, we have
0 — Ha,(CP"™ ') — Hy,(CP") — Z — Hy,_(CP"' — Hy, ;(CP")
Since Ho,,(CP" ') = Hy, 1(CP" 1) = 0, it follows that Hy, (CP") =
0 and H,,(CP™) = Z. O

ExAMPLE 8.12 (Products of Spheres). For m,n > 0,

S™ x 8"~ DML, (S™ VS

for an appropriate attaching map f.

Model D™ by I"™. Then D™ is modelled by I™*" ~ "™ x [". It
is not hard to check the formula

O™ x Iy =01 x ["UI™UoI"
which is a set theoretic version of the product formula from calculus.
Choose points p,, € S™ and p, € S", say the ‘north poles’ of each. Let
fm o I™ — S™ be a map which takes the interior of I"™ onto S™ — {p,, }
and 0I™ onto p,,. Then f,, x f, maps I"™*" onto S™ x S™ and 9I"™*"
onto
({pm} X S™)U(S™ x {pa}) = 5™V 5"
(Note that ({pm} x S™) N (S™ % {pn}) = {(Pm,pn)}.) Thus, we have a
mapping of pairs
fn X G 2 (I 0I™F") — (8™ x 8™, S™ v S™)

as required by Proposition 8.6.

COROLLARY 8.13. Let m,n > 0. If m <mn, then

Z ifi=0,

Hi(S™ x §") = Z ifi=m,n,
Z ifi=m+n,
0 otherwise.

If m = n, then the only difference is that H,,(S™ x S™) =7Z & Z.

— 0.
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PROOF. Assume m < n. By a straightforward application of the
Mayer—Vietoris sequence, we see that H;(S™ Vv S™) = Z if i = 0,m,n
and is zero otherwise.

Assume m # 1. Then, H;(S™ x S") = Z for = 0, m,n, it is zero
otherwise except for the cases @ = m +n,m +n — 1. These cases are
determined by considering

0 — Hypyn(S™V S™) = 0 — Hypin(S™ x ™)
7 — Hypon 1 (S™V 8™ = 0 — Hyppn1(S™ x S™) — 0.

We see that H,,1,(S™ x S™) = Z and H,,1,—1 = 0. The remaining
cases m = 1 < n and m = n are left as excercises. O

ExXAMPLE 8.14 (Real Projective spaces). The diagram below illus-
trates the construction of RP™ by a scheme similar to that described
previously for CP".

We conclude

PROPOSITION 8.15. RP" ~ D" I; RP"™! for the usual (attaching)
map f:S" 1 — RP" L

For example, RP!' = D* L; RP" = S'.

Note that we cannot use the method used for CP™ and in the
previous example to compute H,(RP™). The reason is that there are
cells in every dimension. (You should try using the argument to see
what goes wrong.)

EXAMPLE 8.16 (Quaternionic Projective Spaces). It is known that
there are precisely three real division algebras, R, C, and the quater-
nion algebra H. The quaternion algebra is not commutative, but every
non-zero element is invertible. We remind you of how it is defined.
H = R x R? = R* as a real vector space. Think of elements of H as
pairs (a,v) where a € R and v is a 3-dimensional vector. The product
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in H is defined by
(a,u)(b,v) = (ab—u-v,av+bu+uxv).
Any element in H may be written uniquely a + xi + yj + zk where
ook 1

ij=—ji=k
jk=-kj=i
ki=—-ik =]

These rules together with the distributive law determine the product.
Define |(a, V)| = /a? + |v|? which is of course just the usual norm
in R*. Then in addition to the usual rules, we have

jzy| = lellyl  xy € H.

The set of non-zero quaternions forms a group under multiplication,
and the set S® = {z||z| = 1} is a subgroup. (In fact, S' and S® are
the only spheres which have group structures making them topological
groups. )

Quaternionic projective space HP" is defined to be the set of 1-
dimensional H-subspaces of H*™!. Let (zg,...,7,) € H"" — {0} =
Rt — {0} be homogenous quaternionic coordinates representing a
point in HP™. By dividing by />, |z;|*> we may assume this point
lies in S*"*3. In fact, two points in S*"*3 represent the same point if
and only if they differ by a quaternion mutiple x of norm 1, i.e., if and
only if they are in the same orbit of the action of S? on S4"*3 given by
x(zo, ..., x,) = (0, ..., 22,). Then, reasoning as before, we have

HP" ~ D" U HP" ',

COROLLARY 8&.17.

Z fk=4i0<i<4
HyEpry = {4 UR=1 0514,
0 otherwise.
PROOF. Reason as in the case of CP". O

Note. There is one other similar example. Namely, there is an 8
dimensional real algebra called the Cayley numbers which is a division
algebra in the sense that every non-zero element is invertible. It is
not an associative algebra. In any case, one can define projective n-
‘space’ over the Cayley numbers and determine its homology groups.
In approximately 1960, Adams showed that this is as far as one can
go. There are no other real, possibly non-associative algebras in which
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every non-zero element is invertible. The proof uses arguments from
algebraic topology although the result is purely algebraic.

3. CW Complexes

Let X be a space. A subspace e of X homeomorphic to D" — S 1
is called an open n-cell. For n = 0, we interpret S~! to be the empty
set, so an ‘open’ zero cell is a point.

Let C be a collection of disjoint open cells e in X of various dimen-
sions. Let X* denote the union of all cells in C of dimension < k. X*
is called the k-skeleton of X. We have a tower

P=x'CcX'°C...cX"'cxt*C.. . X
A CW compler is a pair (X,C) where X is a Hausdorff space, C is a
collection of open cells in X such that for each e in C, there is a map
o+ (DF,SP1) s (e U X*1, XEL)

where k is the dimension of e, and the following rules hold.

(1) The cells in C are disjoint and X is their union.

(2) Each map ¢, is a relative homeomorphism.

(3) The closure € of each cell in C is contained in the union of finitely
many cells in C. (Closure finiteness.)

(4) A set in X is closed if and only if its interesection with € is
closed for every cell e in C. (The topology on X is called the weak
topology relative to the collection of cells if this is true.) The name

‘CW'’ is an abbreviation of the terminology for conditions (3) and (4).
The concept was introduced by J. H. C. Whitehead.

If there is such a pair for X, we call X a CW complex without
explicitly mentioning the family of cells and maps. Note that if C is
finite, then conditions (3) and (4) are automatic. However, there are
important CW complexes which are not finite. If X = X* for some
k, the smallest such k is called the dimension of X. It is the largest
dimension of any cell in C.

The general idea is that a CW complex is a space that can be built
up inductively by successively adjoining new cells in each dimension.
For many purposes they form the most interesting class of topological
spaces to study.

ExAMPLE 8.18. Every simplicial complex K is a CW complex. Let
X = |K| and let C be the family of all e = ¢ — ¢ for ¢ a simplex in K.
For each k-simplex, there is a homeomorphism ¢, : D¥ — ¢ and that
provides a relative homeomorphism

b (DF,S571) = (0,6) — (e U XH=1, XA1),
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Because of the conditions for a simplicial complex, the rules for a CW
complex hold.

ExaMpPLE 8.19. RP", CP", and HP"™ are all finite CW complexes.
Consider the family RP™. There is a natural injection of RP"™ in
RP™! such that the former space is the n-skeleton of the latter and
there is one more open cell of dimension n. We have then an ascending
chain of topological spaces

RP'cRP'cRP?’Cc---CcRP"C ...

and we may form the union, which is denoted RP*°. This set has a
cell structure with one cell in each dimension, and we may make it
a topological space using the weak topology relative to this family of
cells. The result is an infinite CW complex.

Similar constructions apply in the other two cases to form CP*
and HP>. For CP there is one cell in each even dimension and for
H P one cell in each dimension divisible by 4.

EXAMPLE 8.20. There are two interesting CW structures to put on
S

The first is very simple. Let p, denote the point (0,...,1) (the
north pole). Then S™ — {p,} is an open n-cell and {p,} is an open
0-cell. These are the only cells.

The second is related to our construction of RP™. There are two
cells in each dimension. In dimension n the open upper hemisphere
is one open cell and the lower open hemsiphere is the other. Their
common boundary is a closed cell homeomorphic to S™~!. Repeat this
for S"~! and continue iteratively down to k& = 0.

ExXAMPLE 8.21. As discussed in the previous section, S™ x S™ has
a CW structure with one cell each in dimensions m + n, m,n, and 0.
If m = n, there are two cells in dimension m.

A CW complex is called regular if each characteristic map provides
a homeomorphism D* — €, and € — e is a finite union of open cells of
dimension less than k£ rather than just being contained in such a union.

4. The Homology of CW complexes

Let X be a CW complex and let e be an open k-cell in X. ¢.(DF)
is compact, so, since X is Hausdorff, it is closed. Since by (2), ¢.(D* —
Sk=1) = ¢, it is not hard to check that ¢.(D*) = € and ¢.(S*7!) =
€ — e. The latter is contained, by assumption, in X*~! so by condition
(3) in the definition, it is contained in a finite union of cells in C of
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dimension < k. Also, since € is compact, Proposition 8.6 on recognizing
adjunction spaces shows that € = D* Li; (€ — e).

PROPOSITION 8.22. Let (X,C) be a CW complex. Let C' be a subset
of C with the property that for every cell e in C', € is contained in a

finite union of cells in C'. Then the union X' of the cells in C' is a
closed subspace of X, and (X',C") is a CW complez.

We call (X’,C’) a sub-CW-complex, or just a subcomplex. Note
that it follows from this that the k-sketeton of a CW complex is closed
and is a subcomplex.

PROOF. Exercise. ]

PROPOSITION 8.23. H,(D* S*') = H.(e,e —e). In particular,
Hi(e,e —e) =Z fori =k and it is zero otherwise.

This lemma gives us a way to start counting cells through homology.

PROOF. The second statement follows from what we know about
the relative homology of (D*, S*71). (Use the long exact homology
sequence. )

To demonstrate the isomorphism, use the argument we applied
previously to study the homology of adjunction spaces. Let EF =
DF — 8k=1 s = &—e. Consider the diagram, in which we want to prove
that the left hand vertical map is an isomorphism.

H,(D¥,S*Y) ——— H,(D* D* — {0}) ~>— H,(E*, E* — {0})
H;(z, s) . Hi(ee—{p}) ~——— Hi(e,e — {p})

where the morphisms 2 and 3 come from ¢ = ¢, and p = ¢(0). 1 and 4
are isomorphisms. For 1, consider the long exact sequences of the pairs
(D*, S*! and (D* — {0}, S*7!), and the morphisms between making
appropriate diagrams commute. (Draw those diagrams if you are not
sure of the argument.) H;(S*') — H,(D* — {0}) is an isomorphism
because the space on the left is a deformation retract of the space on
the right. Of course the identity homomorphism H;(D*) — H;(D¥) is
an isomorphism. Now apply to five lemma to conclude that 1 is an
isomorphism. A similar argument works for 4. (s is a deformation
retract of € — {p} because € is an appropriate adjunction space.) It
follows that we need only prove that 3 is an isomorphism.
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The map 5 is an isomorphism because we may excise S*~! and 7 is
an isomorphism because we may excise s. Finally, 6 is an isomorphism
because E* — e is a homeomorphism. O

Now that we know how to isolate one cell homologically, we want
to apply this wholesale to the collection of all open k cells.

For each k cell e in X, let ¢, : D¥ — X be a characteristic map for
€ where we label D* to keep the domains separate. The collection of
these maps gives us a map

¢: | | DF—X

ecCk

which carries L1,S*~! into X*~!. Denote by f the restriction of ¢ to
that subspace.

PROPOSITION 8.24. (| |,cov DF) Ly XF1 o~ XF

PROOF. Let p denote the quotient map of | | D¥ LI X*~! onto
(LI, D¥) Uy X*71, and let ® be the obvious map from the former dis-
joint union into X. By seeing what ® does on equivalence classes, we
conclude that there is a unique map gzNS from the adjunction space into
X such that ® = ¢o p. Moreover, this map is certainly one-to-one and
onto X*. Hence, it suffices to show that it is a closed map. Take a sat-
urated closed set in (|J, D¥) L X*~!  i.e., one consisting of equivalence

classes. Such a set is necessarily a disjoint union of closed sets of the
form U, Y, U Z where f~1(Z) = U (Y, N Sk~1).

Because X* is a CW complex, it suffices to prove that the image under
® of this set intersects the closure of every cell in X* in a closed set.
Since no matter where we consider it, Z is closed in X*~! which itself is
closed, it follows that the intersections for cells of dimension less than
k are all closed. Fix an open k cell €’. It remains to show that ®(L.Y,)
intersects € in a closed set. However, ®(Y,) N¢€ is already contained
in a finite union of cells of dimension less that k for e # ¢/, so we need
only consider the case e = ¢/. However, in that case we already know
that ¢.(Y}) is closed in € because ¢, is a quotient map. O
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THEOREM 8.25. Let X be a CW complex. ¢ induces and isomor-
phism

6}9 f[ l)k 5% 1 N E{(){k )(k 1)

ecCk

In particular, Hy(X*, X*71) is free on a basis in one-to-one correspon-
dence with the set of open k cells, and H;(X* X*1) =0 fori # k.

PROOF. The (relative) singular homology of a disjoint union is cer-
tainly the direct sum of the homologies of the factors. To prove the
theorem, we just mimic the proof in the case of one k-cell. In particular
consider the diagram

(LeDg, LuSe™)

(UD{:? l—lD’g - {Oe})

(I_IEf, l—lEf - {Oe})

(X%, XM

()(k7)(k'_lJe{pe}>

(Uee, U(e = {pe}))

The only point worth mentioning about the argument is that X*~! is
a deformation retract of X* — {p. |e € C*}. The argument depends as
before on understanding the product of a quotient space with I.
There have been quite a few details omitted from this proof, which
you might try to verify for yourself. In so doing, you will have to give
names to some maps and untangle some identifications implicit in the
above discussion. O

Let (X,C) be a CW complex. Define Ci.(X) = Hy(X*, X*-1). By
the above result, it is free with basis the set of open cells of dimension
k. We shall define a boundary morphism 0y, : Cy(X) — Cj_1(X) such
that the homology of the complex C,(X) is the singular homology of
X. (This terminology seems to conflict with the notation for simplicial
complexes, but since the latter theory may be subsumed under the
theory of CW complexes, we don’t have to worry about that.)

The boundary map is the connecting homomorphism in the homol-
ogy sequence of the triple (X%, X*-1 X*-2)

Ok

Hi(XF 1 X2 — Hy(XF, XF72) — Hp(XP, XFY) 5 By (XML X)) —

PROPOSITION 8.26. 0f 0 011 = 0.
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Proo¥F. The following commutative diagram arises from the obvi-
ous map of triples (X*, X*=1 Xk=2) — (Xk+1 Xkl Xk=2)

Ok41

o Hk(Xk,Xk_l) L» Hk(Xk+1,Xk_1)

Ok

Hk—l (){]{:—17 Xk:—?)

Hk-‘rl(X]H_l? Xk)

Since the composite homomorphism across the top is trivial, the result
follows. 0

THEOREM 8.27. Let X be a CW complex. Then H,(C.(X))
H.(X)

PROOF. The top row of the diagram (CD) above extends to the
right with

Hi(XH, X7 S Hy (XM X = H (XM X8 = 0

S0 i is an epimorphism. Similarly, the vertical column on the right
may be extended upward

1

Hy(XF1 X% =0

Hk(Xk—H’ Xk_Q)

Jk

Hk(Xk+1, Xk—l)

SO ji is a monomorphism. A bit of diagram chasing should convince
you that i, maps Hy (X", X*~2) (monomorphically) onto ji(ker 0;) =
ker O,/ Im dy11 = Hi(Ci(X)). Hence,

Hy (X XF2) = [, (C.(X)).
It remains to prove that the left hand side of the above isomorphism
is isomorphic to Hy(X). First note that because Hy (X"~ X*=i=1) =
Hy,_(XF1 XE==1) = 0 for 4 > 2, it follows that
Hk(Xk+1,Xk_2> o~ Hk(Xk+1,Xk_3) &~ Hk(Xk+17X_1) — Hk(Xk+1)
Similarly, Hyy (X" X") = Hpy(X", X") = 0 for n > k + 2 so
Hi(X™) — Hi(X™ 1) is an isomorphism in that range. Hence,

Hy(XFYY — Hy(X™)
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is an isomorphism for n > k + 1. If X is a finite CW complex or even
one of bounded dimension, then we are done.

In the general case, we need a further argument. Let u be a cycle
representing an element of Hy(X). Since only finitely many singular
simplices occur in u, it comes from a cycle in some compact subspace
of X. However, any compact subset of a CW complex lies in some n
skeleton so we may assume wu is actually a singular cycle representing
an element in Hy(X") for some n and clearly we loose nothing by
assuming n > k + 1. This together with the above argument shows
Hp,(X*1) — Hy(X) is onto. Suppose now that u is a cycle representing
an element of Hy(X**1) which maps to zero in Hj(X). Then u = Oy41v
for some singular k£ + 1-chain in X. As above, we may assume u, v are
singular chains in some X" for some n > k+1. That means u represents
zero in Hy(X™). Since Hyp(X*1) — Hp(X") is an isomorphism, it
represents zero in Hy,(X**1). That completes the proof.

Note the above isomorphisms are natural in the sense that a cel-
lular map between CW complexes will yield appropriate commutative
diagrams. This follows because everything is made up from natural
homomorphisms in homology diagrams. The way the CW structure
enters is in the characterization of the filtration of the space by k skel-
tons. A cellular map will carry one such filtration into the other. [

We may use the above result to calculate Hy(RP™) as follows. First
consider the CW complex on S™ described above with two open cells
ek, fr in each dimension £ = 0,1...,n. With this decomposition, the
k skeleton of S™ may be identified with S* for k = 0,...,n. By the
above theory, in that range,

There is one slight subtlety here. The copies of Z are obtained from
the characteristic maps

(DF, S*1) — (&x, e — ex)
(Dka Sk_l) - (Tk??k — fr)
so they are the images of
Hy(er, e, — er) — Hy(S*, S
Hy(frs Fo = fi) — Hi(S*, 8571

respectively. However, the generators of these summands are only
uniquely determined modulo sign.

In any case, this decomposition is natural with respect to cellular
maps. Consider in particular the antipode map a;, : S* — S*. Clearly,
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this interchanges the two cells, and we may assume in the representa-
tion of Ck(X) that fr = ax(ex), ar(fr) = ex.

Consider next the boundary homomorphism J, : Ci(S™) — Ci_1(S™)
This has to commute with the antipode map by naturality. Start in
dimension 0. Choose a map 7 : S™ — {P} to a point. We may choose
eo € Ho(S° S™!) = Hy(SY) so that m.(eg) is a specific generator of
Ho({P}) = Z, and clearly 7.(fy) = m.(ao«(eo) is also that genera-
tor. Hence, in Hy(S™), we must have ey ~ fy so eg — fo must be a
boundary in Cy(S™). Let d1e; = xeg — yfo. Then xey ~ yfo ~ yeo
implies that (r — y)eg ~ 0. Since Hy(S™) = Z, it has no elements
of finite order, so x —y = 0, i.e., x = y. Hence, d1eqg = x(ey — fo)
and applying the antipode map, we see 01f1 = z(fo — ep). Hence,
O1(uer +vf1) = x(u—wv)(eg— fo). Thus the only way that ey — fo could
be a boundary is if x = +1. By changing the signs of both e; and f; if
necessary, we may assume dye; = eg — fo,01f1 = fo — €o.

Consider next dimension 1. e; + f; is a cycle. However, H,(S™) =
0 (at least if n > 1.) It follows that e; + f; is a boundary. Let
Ores = wey + yfi. Subtracting off y(e; + f1) shows that (z — y)e; is a
boundary, hence a cycle, but that is false unless x = y. Reasoning as
above, we can see that * = £1 and again we may assume it is 1. Thus,
Ohey = Oafo = €1 + fi.

This argument may be iterated to determine all the 0y for k =
1,2,...,n. We conclude that

Over = ex1 + (= 1) fry
Onfr = foo1 + (=D Fes_1.

Now consider RP" with the CW structure discussed previously, one
open cell €, in each dimension k& = 0,...,n. Using the cellular map
S™ — RP", we may write Cy(RP™) = Zc;, where ¢ is the image of ¢
(and also of fi). (See the Exercises.) Then by naturality, we find that
fork=1,...,n,

akck = (1 + (—1)k)ck_1
B {0 if k is odd,

2¢i_1 if k is even.

We have now established the following



184 8. CELL COMPLEXES

THEOREM 8.28.

Z if k=0,

Z/27 ifk is odd, 0 < k < n,
Z if k=n and k is odd,
0 otherwise

For example, H,(RP?) = Z/27Z, Hy(RP?) = 0, H3(RP?) = Z, and
H\(RPY) = Z/2Z, Hy(RPY) = 0, Hy(RPY) = Z/2Z, H,(RP*) = 0.

Hy(RP") =



CHAPTER 9

Products and the Kiinneth Theorem

1. Introduction to the Kiinneth Theorem

Our aim is to understand the homology of the cartesian product
X x Y of two spaces. The Kiinneth Theorem gives a complete answer
relating H,.(X X Y) to H.(X) and H.(Y), but the answer is a bit
complicated. One important special case says that if H.(X) and H.(Y)
are free, then

H (X xY)=H.(X)® H.(Y).

ExXAMPLE 9.1 (Products of Spheres). We saw in the previous chap-
ter that H;(S™ x S™) is Z in dimensions 0,n, m,m + n if m # n and
Z & 7 in dimension n = m when the two are equal. This is accounted
for by the Kiinneth Theorem as follows. Write

H.(S™) =Zel' ® Ze
H.(S") =Ze{ & Ze,,

where the subscript of each generator indicates its degree (dimension).
If we take the tensor product of both sides and use the additivity of
the tensor product and the fact that Z ® Z = Z, we obtain

H.(5™) @ Ho(S") = (Zeg' © Zey,) @ (Zeg © Zey)
=Zey' Rel D ZLel e, D ZLe, Qe; ® Ze, Qe,.

We see then how the answer is constructed. The rule is that if we
tensor something of degree r with something of degree s, we should
consider the result to have total degree r + s. With this convention,
the terms in the above sum have degrees 0,n, m,m + n as required.
Note also that we don’t have to distinguish the m = n case separately
since in that case, there are two summands of the same total degree
n=0+n=n+0.

The above example illustrates the more explicit form of the Kiinneth
Theorem in the free case
(X xY)= €D H( H,(Y).
r4+s=n

185
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If X and Y are CW complexes, it is not hard to see how such tensor
products might arise. Namely, C,(X) and C,(Y) are each free abelian
groups on the open cells of the respective CW complexes. Also, X XY
has a CW complex structure with open cells of the form e x f where e
is an open cell of X and f is an open cell of Y. Hence,

C(XXY) =P Zexf =P LeZf = P LeafPZf = C.(X)RC.(Y).
e,f e,f e f

Note also that if dim(e x f) = dime + dim f which is consistent with
the rule enunciated for degrees.

Unfortunately, the above decomposition is not the whole answer
because we still have to relate H,(C.(X) ® C.(Y)) to H.(Ci(X)) ®
H.(C.(Y)) = Hi(X) ® H,(Y). This comparison itself requires con-
siderable work, i.e., we need a Kiinneth Theorem for chain complexes
before we can derive such a theorem for spaces.

The analysis for CW complexes is not complete because we have not
discussed the boundary homomorphism in C,(X xY) = C,.(X)RC,(Y).
It turns out that this is fairly straightforward provided we know the
boundary homomorphism for each term, but the latter morphisms are
not easy to get at in general. (Of course, in specific cases, they are easy
to compute, which is one thing that makes the CW theory attractive.)
For theoretical purposes, we know that the singular chain complex is
the ‘right’ thing to use because of its functorial nature. Unfortunately,
it is not true in general that the ‘product’ of two simplices is again a
simplex.

In fact, we spent considerable time studying how to simplicially decom-
pose the product of an n-simplex and a 1-simplex, i.e, a prism, when
proving the homotopy axiom. In general, in order to make use of singu-
lar chains, we need to relate S, (X X Y') to S,(X)® S,(Y). It turns out
that these are not isomorphic but there are chain maps between them
with compositions which are chain homotopic to the identity. Thus, the
two chain complexes are chain homotopy equivalent, and they have the
same homology. This relationship is analyzed in the Eilenberg—Zilber
Theorem.

Our program then is the following: first study the homology of the
tensor product of chain complexes, then prove the Eilenberg—Zilber
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Theorem, and then apply these results to obtain the Kiinneth Theorem
for the product of two spaces.

2. Tensor Products of Chain Complexes

Let C" and C” denote chain complexes. We make the tensor product
(' ® C" into a chain complex as follows. Define

C'eC.= @ Clacy.
r+s=n
Also define boundary homomorphisms 0, : (C'® C"),, = (C'®C"),—1
by
an(x/ ®x1/) — a;x/ ®x// + (_1)7"'%/ ® a;/x//
where 2’ € C] and 2" € C! and r + s = n. Note that the expression
on the right is biadditive in 2’ and x”, so the formula does defined a

homomorphism of X/ ® X”. Since (C' ® C"),, is the direct sum of all
such terms with r + s = n, this defines a homomorphism.

PrROPOSITION 9.2. 9, 00,+1 = 0.

PrRoOOF. Exercise. In doing this notice how the sign comes into
play. O

When you do the calculation, you will see that the sign is absolutely
essentially to prove that 0, o d,,1 = 0. We can also see on geomet-
ric grounds why such a sign is called for by considering the following
example. Let €' = C,(I) where [ is given a CW structure with two
0-cells and one 1-cell as indicated below. Similarly, let C” = C,(I?)
with four O-cells, four 1-cells and one 2-cell. We may view C' @ C”
as the chain complex of the product CW complex I? = I x I2. The
diagram indicates how we expect the orientations and boundaries to
behave. Note how the boudaries of various product cells behave. Note
in particular how the boundary of €| x €} ends up with a sign.

Our immediate problem then is to determine the homology of C' ®
C" in terms of the homology of the factors. First note that there is a
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natural homorphism
X : H,(C")® H.(C") — H.(C'"® C")

defined as follows. Given 2’ € Z(C") of degree r represents 2’ € H,(C")
and z” € Z(C") of degree s represents z” € H,(C") define

Zx =22 e H ,(C'®C").
Note that the right hand side is well defined because
(Z/—‘l—alcl) ® (Z//+8//C//) — Z/®Z/I+8/C/®Z//+Z/®a/16//+alcl®a//6//

:Z/®Z//+a(cl®le:tzl®cll+c/®a//cll).
It is also easy to check that it is biadditive, so
2 @2 — 2 x 2

defines a homomorphism H,(C")@H(C") — H,s(C'®C") as required.
We shall call this homomorphism the cross product, and as above we
shall denote it by infix notation rather than the usual functional prefix
notation.

We shall show that under reasonable circumstances, the homo-
mophism is a monomorphism, and if H,(C") or H,(C") is free then
it is an isomorphism.

Suppose in all that follows that C’ and C” are free abelian groups,
i.e., free Z-modules. Then tensoring with any component C) or C¥ of
either is an exact functor, i.e., it preserves short exact sequences. The
importance of this fact is that any exact functor preserves homology.

In particular, if A is a free abelian group and C' is a chain complex,
then C'® A is also a chain complex (with boundary 9 ® Id) and

H(C)® AX H,(C® A).

The isomorphism is provided by Z ® a — z ® a. It is clear that the
isomorphism in natural with respect to morphisms of chain complexes
and homomorphisms of groups.

Consider the exact sequence

(39) 0—Z(C")—-C"—=C"/Z(C") — 0.

This of course yields a collection of short exact sequences of groups,
one in each degree s, but we may also view it as a short exact seqeunce
of chain complexes, where Z(C") is viewed as a subcomplex of C” with
zero boundary homomorphism. Note also that since 9"C” C Z(C"),
the quotient complex also has zero boundary. In fact, C”/Z(C”) may
be identified with B(C"”) (also with zero boundary) but with degrees
shifted by one, ie., (C"/Z(C")), = B(C"),—1. We shall denote the
shifted complex by B, (C").
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Tensor the sequence 39 with C” to get the exact sequence of chain
complexes
(40) 0-C'eZ(C")—-C'®C"—C' o B, (C")— 0.
Note that each of these complexes is a tensor product complex, but for
the two complexes on the ends, the contribution to the boundary from

the second part of tensor product is trivial, e.g., Op1,¢' ® 2" = 9, ®2".
Since Z(C") and B, (C") are also free, we have by the above remark

H.(C") ® Z(C") = H.(C' ® Z(C"))
H.(C') ® B(C") = H.(C' @ B+(C")).

Note however that because these are actually tensor products of com-
plexes, we must still keep track of degrees, i.e., we really have

P H.(C")® Z,(C") = H,(C'® Z(C"))

r4+s=n

P H.(C') @ B (C") = H,(C' @ BL(C")).

r+s=n

Now consider the long exact sequence in homology of the SES 40

VL (O @ Z(CM)) — Ho(CF @ O
— H,(C'® BL(C") 2% H, 1 (C'® Z(C")) — ...

From this sequence, we get a SES
(41) 0 — Coker(d,+1) — H,(C' @ C") — Ker(d,) — 0.

We need to describe §,,.1 and 9,, in order to determine these groups.
By the above discussion, H,(C' @ Z(C")) may be identified with the
direct sum of components

H.(C"® Z,(C") 2 H.(C'® Z,(C"))
where r + s = n. Similarly, H,,1(C’' ® B, (C")) may be identified with
the direct sum of components of the form
HA(C') ® By o1 (C") 2 H,(C')  By(C")

where r + s+ 1 =n+ 1. Fix a pair, r,s with r + s = n.

LEMMA 9.3. 0,11 on H.(C") ® Bs(C") is just (—1)" 1d ®is where i
is the inclusion of Bs(C") in Zs(C").

PROOF. We just have to trace through the various identifications
and definitions. Let 2/ ® 9"¢” be a typical image we want to apply
On+1 to. This should first be identified with 2/ ® 0”¢”. This is of course



190 9. PRODUCTS AND THE KUNNETH THEOREM

represented by 2/ ® 0"¢" € Zr + s+ 1(C' @ BL(C")). However, this

comes from 2’ ® ¢’ € (C"® C"), 1511, so taking its boundary, we obtain
a(zl ® c//) — <_1)7‘Z/ ® a//C//‘

Not so surprisingly, this comes from a cycle in (C' ® Z(C")),+s, namely

(—1)"2' ® 9"¢". However, this is just what we want. O

Suppose now that H,(C"”) is free. Then, for each s, the ses
0 — B,(C") — Z,(C") — H,(C") — 0

splits. Hence, since tensor products preserve direct sums, the sequence

0 — H,(C") @ By(C") 2% H(C") @ Zy(C") — H,(C") ® Hy(C") — 0

also splits; hence it is certainly exact. This yields two conclusions:
Coker(6,41) = H,(C") ® Hs(C") and Ker é,, = 0. Hence, it follows that

P H.(C) @ H,(C") = H,(C'®C").

r+s=n

If you trace through the argument, you will find that the isomorphism
is in fact given by the homomorphism ‘x’ defined earlier.

Clearly, we could have worked the argument with the roles of C’
and C” reversed if it were true that H,(C") were free.

THEOREM 9.4 (Ktunneth Theorem, restricted form). Let C' and
C" be free chain complezes such that either H.(C") is free or H.(C")
15 free. Then

X : H,(C")® H.(C") — H.(C'"® C")
s an isomorphism.

In the next section, we shall determine Coker d,,,1 and Ker §,, in the
case neither H,(C") nor H,(C") is free.

2.1. A Digression. There is another useful way to thing of the
chain complex C" ® C”. It has two boundary homomorphisms d’' =
0 ®1Id,d" = £1d®0" where the sign + = (—1)" is given as above.
These homomorphisms satisfy the rules

d/2 — d//2 — O, dldl/ + d//d/ — 0

What we have is the first important example of what is called a double
complex.

We may temporarily set the first boundary in this chain complex
to zero, so taking its homology amounts to taking the homology with
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respect the the second boundary. Since C” is free, tensoring with it is
exact, and we have

H*<C/ ® C”,d//) g Cl ® H*(CH)

d’" induces a boundary on this chain complex, and it makes sense to
take the boundary on H,(C") to be zero. Denote the reulst

H.(C" & H.(C")).

Note that it would be natural to conclude that this is H.(C")® H.(C"),
but this is wrong except in the case H,(C") or H,(C") is free as above.
To study this quantity in general, consider as above the exact sequence
of chain complexes (with trivial boundaries)

0— B(C")— Z(C") — H(C") — 0.

Tensoring as above with the free complex C’ yields the exact sequence
of chain complexes.

0—-C'"®B(C")—-C'"®Z(C")— C'"® HC") — 0.
This yields a long exact sequence in homology
H,(C'® B(C")) — H,(C'® Z(C")) — H,(C' @ H(C"))
— H, 1(C"® B(C") — H, 1(C"® Z(C")) — ...

However, as above

H,(C'® B(C")) = H,(C") @ B(C")

H,(C'® Z(C") 2 H,(C")® Z(C")
S0 we get an exact sequence
(42) 0 — Coker(d,41) — H,(C' @ C") — Ker(4,) — 0.

You might conclude from this that this is the same sequence as 40
above, i.e., that the middle terms are isomorphic. In fact they are but
only because, as we shall see, both sequences split. Thus

H,(C'® C") = H,(C" @ H(C"))

but there is no natural isomorphism between them.

3. Tor and the Kiinneth Theorem for Chain Complexes

To determine the homology of C' ® C”, we came down to having to
determine the kernel and cokernel of the homorphism

Id ®is : H(C") ® Bs(C") — H,.(C") @ Z,(C")
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which (except for a sign) is the 7, s component of 0, 1. Thus, in effect
we need to know what happens to the exact sequence

0 — B,(C") — Z,(C") — H,(C") — 0

when we tensor with H,(C").
Recall in general that if 0 - B’ — B — B” — 0 is a ses of abelian
groups, and A is any abelian group, then

A B - A®B —- A B" — 0

is exact. What we need to know for the Kiinneth Theorem is the
cokernel and the kernel of the homomorphism on the left. It is clear
from the right exactness that the cokernel is always isomorphic to A ®
B”, but we don’t yet have a way to identify the kernel. (We know the
kernel is trivial if A is torsion free or if the ‘B’ sequence splits.) We
shall define a new functor Tor(A, B) which will allow us to continue
the seqeunce to the left:

(43)

Tor(A, B") — Tor(A, B) — Tor(A, B") — A®B" — A®B — A®B" — 0.

It is pretty clear that this functor Tor(A, B) should have certain prop-
erties:

(i) It should be a functor of both variables.

(ii) If A is torsion free, if would make sense to require that Tor(A, —) =
0, because that would insure that tensoring with A is an exact functor.

(iii) It should preserve direct sums.

(iv) Since A® B = B® A, we should have Tor(A, B) = Tor(B, A).
More generally, its properties should be symmetric in A and B.

(v) A sequence like 43 and its analogue with the roles of the argu-
ments reversed should hold.

Property (ii) suggests the following approach. Let B be an abelian
groups and choose a free presentation of it

0-RLFLBO,

i.e., pick an epimorphism of a free abelians groups j : F' — B, and let
R be the kernel. R is also free because any subgroup of a free abelian
group is free. Define

Tor(A,B) =Ker(ld®i: AQ R — A® F).

Note that whatever the definition, if (ii) and (v) hold, we have an exact
seqeunce

0—0—Tor(A,B) AR —-ARF - A®B —0
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so in any event Tor(A, B) = Ker(Id®i). However, there is clearly
a problem with this definition: it appears to depend on the choice of
presentation.

THEOREM 9.5. There is a functor Tor(A, B) such that for each pre-

sentation 0 — R % I — B — 0, there is an isomorphism Tor(A, B) =
Ker Id ®i. Furthermore this isomorphism is natural with respect to ho-
momorphisms of both arguments A, B and also with respect to mor-
phisms of presentations.

Proor. It will be helpful to describe presentations from a slightly
different point of view. Given a presentation, of B construct a chain
complex with two non-zero groups by putting )y = F,Q; = R and
dy = i. Then 7 may be viewed as a morphism of chain complexes
f — B where the latter is the trivial chain complex with only one
non-zero group, B, in degree 0. Then j induces an isomorphism of
homology H.(Q) = B, i.e., Hy(Q) = B, and Hg(Q) = 0 otherwise.
Now consider the chain complex A® Q). We have a natural isomorphism
Hy(A® Q) =2 A® B, and H1(A® Q) is supposed to be isomorphic to
Tor(A, B).

LEMMA 9.6. Let QQ be a chain complex for a presentation of B
and Q' a chain complex for a presentation of B'. Let f : B — B’
be a homomorphism. Then there is a morphism of chain complexes
F:Q — Q' such that

O
Sy

|

commutes. Moreover, any two such morphisms are chain homotopic.
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PROOF. Since Q) is free, it is easy to see there is a homomorphism
Fy : Qo — Qf such that

Qogj’B
f

FOJ
J

Qy — B

commutes. Since ()1 — o is a monomorphism, it is easy to see that
the restriction Fy of Fy to (1 has image in Q)}. (Since @ is free, you
could define F even if )1 — ()¢ were not a monomorphism.)

Suppose F, F" are two such chain morphisms. Since j' o (Fy — Fj) =
0, it follows from the freeness of (), that there is a homomorphism
Ly : Qo — Qf such that i’ o Ly = Fy — F{. Let L; = 0 otherwise. It is
easy to see L : Q — Q' is a chain homotopy of F' to F". O

Suppose then f : B — B’ and F : Q — Q' are morphisms as
above. Then we obtain morphisms [d®f : A® B - A® B’ and
[dRF : A® Q — A® Q' consistent with it. The latter morphism
induces a homomorphism H,(A® Q) — H,(A® Q'). Replacing F by
F’ will also yield a chain homotopic morphism Id ® F”, so the morphism
in homology will be the same. Note that the morphism Hy(A ® Q) —
Hy(A ® Q') corresponds to I[d®f : A® B — A® B'. However it is
Hi(A® Q), and the morphism H;(A ® @), we want to think about
now.

First note that one consequence of the above lemma is that up to
isomorphism H;(A ® @) depends only on B (and of course also on A).
For if we choose two different presentations j : Q — B and 7' : Q' — B,
then there are chain morphisms between () and )’

It is clear that both compositions of these morphisms are chain homo-
topic to the identity, so tensoring with A and taking homology gives
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the desired conclusion. Now for each B, choose one specific presen-
tation. (It could be for example formed by letting Qo be the free
abelian group on the elements of B as basis with the obvious epimor-
phism Q)9 — B, and @); the kernel of that epimorphism. However, if
B is finitely generated, you might want to restrict attention to finitely
generated ).) Define Tor(A, B) = H;(A ® Q) for this specific presen-
tation. For any other presentation () — B, we have an isomorphism
Tor(A, B) — Hi(A® Q') as above.

Another consequence of the above lemma is that Tor(A, B) is a
functor in B. We leave it to the student to check that. Tor(A, B) is
also a functor in A in the obvious way. 0

Warning. The arguments we employed above give short shrift to
some tricky issues. Namely, we rely on certain naturality properities
of the objects being studied without going into detail as to what those
properties are and how they relate to particular points. Hence, the
student should treat this development as a preliminary treatment to
be done more thoroughly in a later course devoted specifically to ho-
mological algebra.

With the above definition, we may derive the remaining properties
of the Tor functor.

ProposITION 9.7. Tor(A, B) = Tor(B, A).

PROOF. Let P — A be a free presentation of A and () — B a free
presentation of B as above. Then P ® () is a chain complex also. We
shall show that Hi(P ® Q) = H1(A ® Q) = Tor(A, B) and similarly
H(P®Q)= H(P®B)= Hi(B® P) = Tor(B, A).
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The relations between the complexes P® Q, A®(Q, and P® B and
A® B are given by the following diagram with exact rows and columns

0 0 0

X X A
Pﬂ}?B PO(?B AG‘E)B 0
0 PNX‘)Qo;’Po@‘)Qog'AQ?QU 0
0 Pl?@l‘*ﬂ)?@l‘*/l@@l 0

0 0

The two vertical homomorphisms on the left yield a morphism PR —
P ® B of chain complexes, and some diagram chasing shows that it
induces an isomorphism of H. O

PROPOSITION 9.8. Let A be an abelian group. If A or B is torsion
free, then Tor(A, B) = 0.

PROOF. We need only prove it for A by the commutativity of Tor.
If Q — B is a presentation, then

AR Q1 — AR Qo
is an injection and H;(A ® Q) = 0. O
ProPOSITION 9.9. Tor preserves direct sums.

PROOF. We need only prove it for A as above.
Let A=A @ A”. We have as chain complexes AQ Q=2 A ®@Q P
A" ® Q. O

ProprosiTioN 9.10. Let 0 — A" — A — A” — 0 be a short

exact sequence. Then there is a natural connecting homomoprhism
Tor(A”, B) — A’ ® B such that

0 — Tor(A’, B) — Tor(A, B) — Tor(A",B) - A®B — A®B — A"®B — 0

1s exact. Similarly for the roles of the arguments reversed.
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PROOF. Again the commutativity of ® and of Tor allows us to just
prove the first assertion.
Let Q) — B be a free presentation. Since () is free,

0—-ARQ0—-AQ —-A"9Q —0

is an exact sequence of chain complexes. Hence, since each of these
complexes has trivial homology for k # 0,1, we get a long exact se-
quence

0— H(A®Q)— H(A®Q) — Hi(A"® Q)
— Ho(A'® Q) — Ho(A® Q) — Hy(A" ® Q) — 0.

Now replace Hy by the tensor product and H; by Tor using suitable
isomorphisms. U

Note that this is the only place in the development where we use
the fact that @) is free.

Note. Because any finitely generated abelian group is a direct sum
of cyclic groups, the above results allow us to calculate Tor(A, B) for
any finitely generated abelian groups if we do so for cyclic groups. Use
of the short exact sequence 0 — Z % Z — Z/nZ — 0 allows us to
conclude

Tor(Z/nZ,B) = ,B ={be€ B|nb=0}.
From this, it is not hard to see that
Tor(Z/nZ,Z/mZ) = Z/ gcd(n, m)Z.

THEOREM 9.11. Let C" and C” be free chain complezes. Then there
are natural short exact sequences

0— P H(C&H,(C") 5 H(C'0C") — @D Tor(H,(C"), Hi1(C")) = 0.

r4+s=n r4s=n

Moreover, each of these sequences splits, but not naturally.

PROOF. We saw previously that H,,(C'® C") fits in a short exact
sequence between sums of terms made up from the cokernels of the
homomorphisms

Id ®i, : H.(C") @ Bs(C") — H,(C") @ Z,(C")
and the kernels of the homomorphisms
Id ®is—y : Ho(C') @ Bs1(C") — H.(C") ® Z,1(C").
For fixed r, s, the cokernel is the tensor product, and since

0— Bs—l - Zs—l - Hs—l — 0
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is a free presentation of H,_1, it follows that the kernel is the required
Tor term.

To establish the splitting, argue as follows. Since B(C’) is free, the
sequence

0— Z.(C")—C. — B,1(C") =0

splits. Thus, there is a retraction p!. : C! — Z,(C”). Similarly, there is
a retraction p? : C” — Z,(C"). Definep: '@ C" — H,(C") @ H.(C")
by

p(cl ® C”) — p/(C,) X p”(c”).
Since p/(0'c’) = 9'¢ and p"(9"") = 9""—because both are cycles—it
follows that p takes boundaries in C'® C” to zero. Restrict p to Z(C'®
C"). This yields a homomophism H,(C' ® C") — H,.(C") ® H.(C")
which by direct calculation is seen to be a retraction of x. U

Note. Except of the splitting, the Kiinneth Theorem is in fact true
if either C" or C” consists of torsion free components. Refer to any
book on homological algebra, e.g., Hilton and Stammbach, for a proof.

4. Tensor and Tor for Other Rings

In algebra courses, you will study the tensor product over an arbi-
trary ring. For the case of a commutative ring K, we have the following
additional relation in the tensor product M ®x N of two K-modules
M,N.

rr@Yy=xQnry re K,xe M,ye N

For K = Z, this condition follows from the biadditivity conditions. In
the general case, these conditions, together with biadditivity are called
bilinearity. The universal mapping property of the tensor product then
holds for bilinear functions into an arbitrary K-module.

The theory of Torg is developed analagously for modules over a
ring K, but it is much more involved. In the special case that K
is a (commutative) principal ideal domain, then the theory proceeds
exactly as in the case of Z. (That is because every submodule of a free
K-module is free for such rings.)

Similarly, we may define the concept of a chain complex C' over
a ring K by requiring all the components to be K-modules and the
boundary homomorphisms to be K-homomorphisms. Also, we may
define the tensor product C’ @k C” of two such complexes. If K is
a principal ideal domain, the Kiinneth Theorem remains true, except
that we need to put K as a subscript on ® and Tor.

The most important case is that in which the ring K is a field. In
this case, every module is free so Toryg (M, N) = 0 for all K-modules,
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i.e., vector spaces, M, N. Thus the Kiinneth Theorem takes the spe-
cially simple form

THEOREM 9.12. Let C" and C" be chain complexes over a field K.
Then x provides an isomorphism

H.(C' @k C") = H,(C") @5 H.(C").

The fields used most commonly in algebraic topology are Q (used
already in the Lefshetz Fixed Point Theorem), R, and the finite prime
fields F, = Z/pZ. Note that if A, B are vector spaces over F,, (which
is the same as saying they are abelians groups with every non-zero
element of order p), then A ®p, B = A ®z B. (Exercise.) However,
Torg, (A, B) = 0 while Torz(A, B) # 0.

5. Homology with Coefficients

Before continuing with our study of the homology of products of
spaces, we discuss a related matter for which the homological algebra
is a special case of the development in the previous sections.

Recall that when discussing the Lefshetz Fixed Point Theorem, we
considered the chain complex C,(K)®Q. This is part of a more general
concept. We shall discuss it in the context of singular theory, but it
could be done also for simplicial or cellular theory. Let X be a space
and A any abelian group. Define

H(X; A) = H.(S.(X) ® A).

This is called the homology of X with coefficients in A. Homology
with coefficients has may advantages. Thus, if A has some additional
structure, then that structure can usually be carried through to the
homology with coefficeints in A. For example, suppose K is a field,
then S.(X) ® K becomes a vector space under the action a(oc ® b) =
o ® ab. 1t is easy to see that the boundary homomorphism is a linear
homomorphism, and it follows that H,(X; K) is also a vector space
over K. (If K is a ring other than a field, the same analysis works, but
we use the term ‘module’ instead of ‘vector space’.) We made use of
this idea implicitly in the case of simplicial homology when discussing
the Lefshetz Theorem, because we could take traces and use other tools
available for vector spaces.

5.1. The Universal Coefficient Theorem for Chain Com-
plexes. We can do the same thing for any chain complex. Define
H.(C;A) = H.(C ® A). We have the following ‘special case’ of the
Kiinneth Theorem.
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THEOREM 9.13. Let C be a free chain complexr and A an abelian
group. There are natural short exact sequences

0 — H,(C)® A H,(C; A) — Tor(H,_1(C), A) — 0.
1y 15 defined by Z® a — z ® a. These sequences split but not naturally.

Note. As in the case of the Kiinneth Theorem, this result is true in
somewhat broader circumstances. See a book or course on homological
algebra for details.

ProOOF. It would seem that we could deduce this directly from the
Kiinneth Theorem since we can treat A as a chain complex which is
zero except in degree 0. Unfortunately, our statement of the Kiinneth
Theorem did not have suffiently general hypotheses for this to hold.
However, we can just use the same proof as follows. Let 0 — P, —

Py L+ A — 0 be a free presentation of A. Then
0—-CRFP—-CP —-CA—0
is exact since C' is free, and we get a long exact sequence
H,(C®Py)) — H,(C®P) — H,(C®A) — H, (CRP) — H,_1(CRP).

This puts H,(C'® A) in a short exact sequence with the cokernel of the
left morphisms on the left and the kernel of the right morphism on the
right. This is exactly the same situation as before, so we get exactly
the same result.

The proof of splitting is done as before by using a retraction C' —

Z(C). O
COROLLARY 9.14. Let X be a topological space, and A an abelian
group. Then there is a natural short exact sequence
0— H(X)®A— H(X;A) — Tor(H.(X),A) — 0
which splits but not naturally.
ExXAMPLE 9.15. Let X = RP". Then for each k < n, we have
H,(RP",Z/27Z) = H,(RP") ® Z/2Z & Tor(Hx_1(RP"),Z/27Z).

Since Hi(RP™) is zero for k > 0 even and either Z/2Z for k odd, and
since Tor(Z/2Z,Z/27) = 7 /27Z, it follows that

Hy(RP",Z/27) =7 /27 kE=1,...,n.
We may also study the universal coefficient theorem for chain com-
plexes over an arbitrary commutative ring K. As above the most in-

teresting case is that of a PID, and the most interesting subcase is that
of a field. The univeral coefficient theorem reads as before. The results
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are as above except that we must use ®x and Torg. Also if we work
over a field k, then Torg = 0.

6. The Eilenberg-Zilber Theorem

It might be worth your while at this point to go back and review
some of the basic definitions and notation for singular homology. Re-
member in particular that [po, ..., p,] denoted the affine map of A™ in
some Euclidean space sending e; to p;.

Let X,Y be spaces. As noted previously, we shall show that S, (X x
Y) and S.(X) ® S.(Y) are chain homotopy equivalent. To this end,
we need to define chain morphisms in both directions between them.
In fact we can show the existence of such morphisms with the right
properties by an abstract approach called the method of acyclic models.
In so doing we don’t actually have to write down any explicit formulas.
However, we can define an explicit morphism

A:S (X XY)— S(X)® S.(Y)

fairly readily, and this will help us do some explicit calculations later.

First, note that any singular n-simplex o : A" — X X Y is com-
pletely specified by giving its component maps a : A" — X and
6 : A" — Y. We abbreviate this 0 = a x 3. Define

Alo) = Z aoley,...,e]®@p0ole,... e,

r+s=n
[€g,...,e,] is an affine r-simplex called the front r-face of A" and
le,,...,e,] is an affine s-simplex called the back s-face of A". The

morphism A is called the Alezander—Whitney map.

PROPOSITION 9.16. A is a chain morphism. Moreover, it is natural
with respect to maps X — X' and Y — Y’ of both arguments.

PROOF. The second assertion is fairly clear from the fomula and
the diagram

The first assertion is left as an exercise for the student. O

To get a morphism S.(X) ® S.(Y) — S«(X xY) we shall use a
more abstract approach.
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6.1. Acyclic Models. In some of the arguments we used earlier
in this course, we defined chain maps inductively. A general algebraic
result which often allows us to make such constructions is the following.

PROPOSITION 9.17. Let C,C" be two (non-negative) chain com-
plexes with C Z-free and C' acyclic, i.e., H,(C') = 0 for n > 0. Let
¢o : Ho(C) — Ho(C") be a homomorphism.

(i) There is a chain morphism ® : C — C" such that Hy(P) = ¢o.

(i1) Any two such chain morphisms are chain homotopic.

COROLLARY 9.18. If C,C" are free acyclic chain complexes with
Hy(C) = Ho(C"), then C,C" are chain homotopy equivalent.

PRrOOF. The proof is encapsulated in the following diagrams.

n

Note on the Proof. Note that by the inductive nature of the
proof, we may assume that ®;,0 < i < n, with the desired property
for @, have already been specified, and then we may continue defining
®; for ¢ > n. Similarly, if &, ®’ are two such chain morphisms, and
a partial chain homotopy has been specified between them, we may
extend it.

Note that the above results would suffice to show that S.(X X
Y') is chain homotopy equivalent to S,(X) ® S.(Y) for acyclic spaces.
How to extend this to arbitrary spaces is the purpose of the theory
of ‘acyclic models’. The idea is to define the desired morphisms for
acylic spaces inductively and the extend them to arbitrary spaces by
naturality. However, the exact order in which the definitions are made
is crucial. Also, the theory is stated in very great generality to be sure
it applies in enough interesting cases. Hence, we need some general
categorical ‘nonsense’ in order to proceed.

Let 7 and A be categories, and let .G : T — A be functors.
A natural transformation ¢ : F — G is a collection of morphisms
ox @ F(X) — G(X) in A, one for each object X in 7 such that for
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each morphism f: X — Y in 7, the diagram

F(X) —2 % G(X)

F(f) G(f)

F(Y) = G(Y)
commutes.

This is a formalization of the concept of ‘natural homomorphism’
or ‘natural map’, so it should be familiar to you. You should go back
and examine the use of this term before. Sometimes the categories and
functors are a bit tricky to identify.

It is clear how to define the composition of two natural transfor-
mations. The identity morphisms F(X) — F(X) provide a natural
transformation of any functor to itself. A natural transformation is
called a natural equivalence if it has an inverse in the obvious sense.

We now want to set up the context for the acyclic models theorem.
To understand this context concentrate on the example of the category
of topological spaces and the functor S,(X) to the category Ch of chain
complexes. (Recall that by convention a chain complex for us is zero
in negative degrees.)

We assume there is given a set M of objects of 7 which we shall call
models. A functor F' : T — Ch is said to be acyclic with respect to M
if the chain complex F(M) is acyclic for each M in M. (That means
H;,(F(M)) =0 fori# 0.) Such a functor is called free in degree n with
respect to M if there is given an indexed subset M" = {M,};e;, of
models and elements i} € F,(M;) for each j € J,, such that for every
X, an object of 7, F,,(X) is free on the basis consisting of the elements

{Fn(f)(zn)| f € HomT(Mj7X)> ] € Jn}

J

(which are assumed to be distinct). The functor F' is called free with
respect to M if it is free in each degree n > 0.

ExXAMPLE 9.19. Let 7 be the category of 7 op of topological spaces
and continuous maps. Let M be the collection of standard simplices
A". Then S,(—) is acyclic because S,(A") is acylic for every standard
simplex. It is also free.  For let M" = {A"} and let
i" = 1Id : A" — A" Then S.(0)(i") = o is a singular n-simplex,
and S, (X) is free on the set of singular simplices.

ExAMPLE 9.20. Let 7 be the category of pairs (X, Y) of topological
spaces and pairs of maps (f,g). (We don’t assume ¥ C X. The
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components may be totally unrelated.) Let the model set be the set
of pairs (A", A®) of standard simplices. Consider first the the functor
S«(X xY'). This is acyclic because each of the spaces A" x A? is acylic.
It is also free. For let M"™ = {(A™, A™)} and let i"™" be the diagonal
map A" — A" x A" defined by x — (z,x). Let 0 = ax [ be a singular
n-simplex in X x Y. Then o = S, (a, 8)(i"") so S,,(X x Y) is free as
required.

Consider next the functor S, (—)®S,(—). This is acyclic because for
standard simplices H;(A") = 0 for r # 0 and similarly for H;(A®) =0,
and these are both Z in degree zero. We may now apply the Kiinneth
Theorem for chain complexes to conclude that S.(A") ® S.(A?) is
acyclic. This functor is also free. To see this, fix an n > 0. Let
M = {(A",A%) |r 4+ s =n}, and let i"* =" ®i°. Then F,(X,Y) =
D, .. S (X)®89,(Y) is free on the basis consisting of all a ®  where
a is a singular r-simplex in X, 3 is an singular s- simplex in Y, and
r + s =mn. However, a ® § = S,(a) ® Ss(3)(i"*).

THEOREM 9.21. Let T be a category with a set of models M. Let F
and G be functors to the category of (non-negative) chain complexes.
Suppose F is free with respect to M and G is acyclic with respect
to M. Suppose there is given a natural transformation of functors
oo : HyoF' — HyoG. Then there is a natural transformation of functors
® . F — G which induces ¢y is homology in degree zero. Moreover,
any two such natural transformations ®,®" are chain homotopic by a
natural chain homotopy. That is, there exist natural transformations

D, : F, — G, 1 such that for each X in T, we have
(DMX — (D;z,X = 6,?59 o Dn,X + Dn—l,X o 85()().

COROLLARY 9.22. Let 7 be a category with models M. Let F
and G be functors to the category of (non-negative) chain complexes
which are both acyclic an free with respect to M. If Hyo F' is naturally
equivalent to HyoG, then F' is naturally chain homotopically equivalent

to G.

We leave it to the student to work out exactly what the Corollary
means and to prove it.

PROOF. By hypothesis, for each model M in M, F(M) is a free
chain complex and G(M) is acyclic. Also, ¢g ar : Ho(F(M)) — Ho(G(M))
is given. By the previous proposition, there is a chain morphism
Yy - F(M) — G(M) which induces ¢q in degree zero homology. For
X in T, Mj,j € Jy, amodel of degree 0, f € Homy(M;, X), define

Do x (F(f)(1))) = Go(f)(thons, (1)) € Go(X).
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This specifies @y x on a basis for Fy(X), so it yields a homomophism
q)O,X . F()(X) — G()(X)

It is not hard to see that the collection of these homomorphisms is a
natural transformation ®, : Fy — Gy. It is also true that each of the
diagrams

®o, x

Fy(X) Go(X)

b0, x

Ho(F(X)) —— Ho(G(X))

commutes. To see this note that for each M; of degree 0, and each
f:M; — X in 7T, there is a cubical diagram:

Yo,Mm;

Fo(M;) - Go(M))
\ \
Fy(X) — Go(X)
H(F(My) - Hy(G()
\ \
Ho(F(X)) Pox Ho(G(X))

The back face commutes by the defining property of the top arrow.
The two side faces of this cube commute because the morphism from
cycles to homology is a natural transformation of functors on chain
complexes. The bottom face commutes because ¢, is a natural trans-
formation of functors. The top face is not necessarily commutative but
for the element i?, it commutes by the definition of ® x. This estab-
lishes that the front face commutes on a basis for the upper left corner
Fy(X), so it commutes.

Now suppose inductively that natural transformations ®; : F; — G;
have been defined which commute with the boundary homomorphisms
for 0 <i < n. Assume also that the morphisms ¢y, : F(M) — G(M)
have been modified so that ¥; 17, = ®;a7,,0 < @ < n for each model M;
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of degree n. For such an M; and f: M; — X in 7, define
and extend by linearity to get a homomorphism
D, x : Fr(X) — Gu(X).

As above, this defines a natural transformation of functors. Also,

Fu(X) Gn(X)

®,_1,x

Fn—l(X) - Gn—l(X)

q>n,X

commutes by a three dimensional diagram chase as above. We leave
the details to the student.

The arguments for chain homotopies are done essentially the same
way. If &, &' : F' — G both induce ¢ in degree 0, then by the propo-
sition there is a chain homotopy from ®,,; to @, for each model M.
Using the value of this chain homotopy on z'? for M;, a model of degree
0, we may define a natural transformation Dg : Fy — G7 with the right
property. This may then be lifted inductively to D,, : F,, — G, as
above. We leave the details to the student.

O

THEOREM 9.23. The Alexander—Whitney chain morphism
A:S (X XY)— Si(X)® S.(Y)
1S a chain homotopy equivalence. In particular, there is a natural chain

morphism B : Sy(X) ® S«(Y) — So(X xY) such that Ao B and Bo A

are both naturally chain homotopic to the respective identities.

PRrooF. This follows directly from the acyclic models theorem with
the categories and models specified in Example 9.20. In degree 0,
the Alexander—Whitney morphism sends a x 3 to a ® [, and it is an
isomorphism
This in turn yields the natural isomorphism Hy(S.(X xY)) — H(S.(X)®
Si(Y)) = Ho(S.(X)) @ Ho(S.(Y)). O

THEOREM 9.24 (Kiinneth Theorem for Singular Homology). Let
X, Y be spaces. There are natural short exact sequences

0— P H(X)@H,(Y) S H(XxY) = 5 Tor(H,(X), H,(Y)) — 0.

r+s=n r4+s=n—1
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These sequences split but not naturally.

EXAMPLE 9.25. Let X =Y = RP2. Then
Hy(RP*x RP?) 2 Z
H(RP*xRP)2ZRZ/2ZOL/2ZR 7 2 7)27 ® Z/27Z
Hy(RP*x RP?) 2 Z/2Z® Z/27 = 7./27Z
H3(RP? x RP?) = Tor(Z/2Z,7/27) = 7Z./27Z.

Note that each of these isomorphisms is actually natural because in
each case one term in the non-natural direct sum is trivial.

The acyclic models theorem works just as well for functors into
chain complexes over a PID. In particular, if K is a field, we get the
following stronger result.

THEOREM 9.26. Let X,Y be spaces, and let K be a field. Then x
provides a natural isomorphism
H(X; K) @k H(Y; K) = Ho (X x Y K)
Note that although the chain complex Kiinneth Theorem is rel-

atively simple in this case, working over a field does not materially
simplify the Eilenberg—Zilber Theorem.






CHAPTER 10

Cohomology

1. Cohomology

As you learned in linear algebra, it is often useful to consider the
dual objects to objects under consideration. This principle applies
much more generally. For example, in order to understand a differen-
tiable manifold or algebraic variety, it is useful to study the appropriate
functions on it. In algebraic topology, a similar idea is frutiful. In-
stead of considering chains which are linear combinations of simplices
or cells, we consider functions on simplices or cells. The resulting the-
ory is called cohomology, and it is dual to homology. For us the most
important aspect of cohomology theory is that under appropriate cir-
cumstances it gives us a ring structure. This allows for more use of
algebraic techniques in solving geometric problems.

Let X be a space, and let M be an abelian group. Denote by
S™(X; M) the set of all functions defined on the set of singular n-
simplices of X with values in M. Any such function defines a unique
homomorphism f : S,(X) — M and conversely any such homomor-
phism defines such a function. Hence, we may also write

S™(X; M) =Hom(S,(X), M).

We shall show how to make S™ into the analogue of a chain complex,
but it is worthwhile doing that in a somewhat more general context.

1.1. Some Homological Algebra. A cochain complex C* is a
collection of abelian groups C™,n € Z and homomorphisms " : C" —
O™ such that 6" o §" = 0 for each n. A cochain complex is called
non-negative if C" = {0} for n < 0. We shall consider only non-
negative cochain complexes unless otherwise states.

The easiest way to construct a cochain complex is from a chain
complex. Namely, let S, denote a chain complex, and let M be an
abelian group. Let

C"™ = Hom(S,,, M),
and let 0" = Hom(0,1,1d), i.e.,

0 (f) = fo0n1 f € Hom(S,, M).
209
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Here Hom(M, N') denotes the set of homomorphisms from one abelian
group into another. This is the object part of a functor into the cate-
gory of abelian groups. Given, i : M — M’ ,j : N — N’, we also have
the homomophism Hom(é, j) : Hom(M’, N) — Hom(M, N') defined by

Hom(i, 7)(f) =jo foi f € Hom(M', N).

Note that his functor is contravariant in the first variable, and
covariant in the second, i.e.,

Hom(i; o ds, j1 © j2) = Hom(iz, j1) o Hom(4y, ja).

(You should draw some diagrams and check for yourself that everything
makes sense and that the rule is correct.)
The functor Hom preserves finite direct sums, i.e.,

Hom(EP M;, N) = €D Hom(M;, N)
Hom(M;, N) = @D Hom(M, N;).

The second statement in fact holds for any direct sums, but the first
statement only holds for finite direct sums. The first statement follows
from the fact that any homomorphism f : €, M; — N is completely
determined by its restrictions f; to the summands M;. Moreover, the
correspondence

fe (fi)i
actually provides an isomorphism of abelian groups. Similar remarks

apply to the second isomorphism.
Another important fact about Hom is the relation

Hom(Z, N) & N

the isomorphism being provided by f € Hom(Z, N) — f(1) and a €

N — f, where f,(n) = na. (This is analogous to the isomorphism
M®Z=M.)
The functor Hom is left ezact. That means the following

ProrosiTION 10.1. Let 0 — M’ — M — M" — 0 be a ses of
abelians groups and let N be an abelian group. Then

0 — Hom(M", N) — Hom(M, N) — Hom(M', N)
is exact. Similarly, if 0 - N' — N — N"” — 0 is exact then
0 — Hom(M, N') — Hom(M.N) — Hom(M, N")

18 exact.
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In fact, in these assertions, we may drop the assumption that the
‘M’ sequence is exact on the left or that the ‘N’ sequence is exact on
the right.

Note the reversal of arrows in the first statement. In effect this says
that Hom preserves kernels for the second variable and sends cohernels
to kernels for the first variable.

PrROOF. You just have to check what each of the assertions means.
We leave it as an exercise for the student. ]

It is easy to see that Hom is not generally exact. For example,
0—>Zi>Z—>Z/2Z—>OandN:Zyields

0 — Hom(Z/2Z,Z) = 0 — Hom(Z,Z) = Z > Hom(Z,Z) = Z

and the last homomophism is not onto. We shall return to the question
of when Hom is exact later.

Returning to our study of cochain complex, note that C* = Hom(S,, M)
is a cochain complex because

6" 06" = Hom(0, 12, Id) o Hom(9,41,1d) = Hom(0,,11 © Opyo, Id) = 0.

We may in fact sumbsume the theory of cochain complexes in that
of chain complexes as follows. Given a cochain complex C*, define
C,=C"andletd, :C, — C, 1 bed™:C"— Cntlt =1,
Note that non-negative cochain complexes correspond exactly to non-
positive chain complexes. Hence, the notions of cycles, boundaries,
homology, chain homotopy, etc. all make sense for cochain complexes.
However, we shall prefix everything by ‘co’, and use the appropriate su-
perscript notation when discussing cochain complexes. (Note however,
that all the arrows go in the ‘opposite’ direction when using superscript
notation.) In particular, if C* is a cochain complex, then

H™(C*) = Z™(C*)/B™(C*) = Ker(6™)/ Im (6™ 1)

is the nth cohomology group of the complex.

As above, let X be a topological space, M an abelian group, and
define

H*(X; M) = H*(Hom(S.(X), M)).

Because of the above remarks, it is easy to see that this is a functor
both on topological spaces X and also on abelian groups M. However,
it is contravariant on topological spaces. In more detail, if f : X —
Y,g:Y — Z are maps, then we have

Si(go f) = 8i(g) 0 S:(f) : Su(X) — 5.(2Z)
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and

S*(go f,1d) = Hom(g o f,1d) = Hom(f, Id) o Hom(g,Id) :
Hom(S.(Z), M) — Hom(S.(Y), M) — Hom(S.(X), M).

Hence,

H x(go f;1d) = H*(f;1d) o H"(go;1d) :
H*(Z;M) —- H*(Y; M) — H*(X; M).
PROPOSITION 10.2. Let X be a topological space with finitely many
components, M an abelian group. Then
H(X:M)= @ M
comps of X

ProOOF. We have by definition, an exact sequence
SHX) 2 So(X) — Ho(X) — 0

Hence,

0 — Hom(Ho(X), M) — Hom(Se(X), M) > Hom(S;(X), M)

is exact. The result now follows from the fact that Hy(X) is free on
the components of X. O

What do you think the result should be if X has infinitely many
components?

We may repeat everything we did for singular homology except that
the arrows all get turned around. Thus, we define

Ho(X; M) = Coker(H°({P}; M) = M — H°(X; M)).

This may also be dscribed by taking the homology of the cochain com-
plex
Hom(.S,,(X), M)
Suppose now that A is a subspace of X. Consider the short exact
sequence of of chain complexes

0 — S.(A) — S.(X) — Su(X,A) — 0.

Since S, (X, A) is free, it follows that the above sequence yields a split
short exact sequence of abelian groups for each n. (However, the split-
ting morphisms S, (X, A) — S,(X) won’t generaly constitute a chain
map!) Since Hom preservers direct sums (and also splittings), it follows
that

0 — Hom(S.(X,A), M) — Hom(S,(X), M) — Hom(S.(A), M) — 0
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is an exact seqeunce of chain complexes. (It also splits for each n, but
it doesn’t necessarily split as a sequence of cochain complexes.) Define

H*(X,A; M) = H*(Hom(S,(X, A), M).
Then we get connecting homomorphisms
§": H"(A; M) — H" (X, A; M)
such that
— H"(X,A; M) — H"(X; M) — H"(A; M) — H" "N (X, A, M) — ...

is exact. As in the case of homology, there is a similar sequence for
reduced cohomology.

The homotopy axiom holds because the chain homotopies induce
‘cochain homotopies’ of the releveant cohaing complexes.

Excision holds, i.e., if U is contained in the interior of A, then
H*(X,A; M) — H*(X —U,A—U; M) is an isomorphism. (Of course,
the direction of the homomorphism is rversed.

Finally, there is a Mayer—Vietoris sequence in cohomology which
looks exactly like the one in homology except that all the arrows are
reversed.

Note that cohomology always requires a coefficient group. Hence,
it is analagous to singular cohomology with coefficients. As in that
theory, we also get a long exact sequence from coefficient sequences.

PROPOSITION 10.3. Let 0 — N — N — N” — 0 be a s.e.s. of
abelian groups. There is a natural connecting homomoprhism H"(X; N") —
H™ (X N') such that the long sequence

— H"(X;N') - H"(X;N") — H"(X;N") — H""™"(X;N') — ...
is exact. (There is also a similar sequence for reduced cohmology.)
PROOF. Apply the following lemma to obtain the s.e.s
0 — Hom(S,(X), N') — Hom(S,(X), N) — H.(S.(X),N") — 0.

LEMMA 10.4. Let M be free. Then for each ses 0 — N’ — N —
N" — 0, the sequence

0 — Hom(M, N') — Hom(M, N) — Hom(M,N") — 0
s exact.

PRrROOF. We need only show that Hom(M, N) — Hom(M, N”) is an
epimorphism. But this amounts to showing that every homomorphism
f" M — N" may be lifted to a homomorphism f: M — N.
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However, this follows because N — N” is an epimorphism and M
is free. U

O

2. The Universal Coefficient Theorem

One might be tempted to think that cohomology is simply dual
to homology, but that is not generally the case. There is a universal
coefficient theorem analagous to that for homology with coefficients.

Let C, be a chain complex. Define a homomophism

a: H"(Hom(Cy, N) — Hom(H,(C,), M)
by
a(f)(z) = f(2)
for f an n-cocycle in Hom(C,,, M) and z a cycle in C,,. We leave it to
the student to check that this is well defined, i.e., it depends only on
the cohomology class of f and the homology class of z.
We shall show that if C, is free, then « is always onto, and in good

cases it is an isomorphism. To this end, consider as in the case of
homology the short exact sequence of chain complexes

0— Z.(C,) - Cy,— By . — 0.
These split in each degree, so
0 — Hom(B; ., N) — Hom(C,, N) — Hom(Z,,N) — 0

is an exact sequence of cochain complexes. (The coboundaries on ei-
ther end are trivial.) Hence, this induces a long exact sequence in
cohomology

— Hom(B,_1, N) — H"(Hom(C,, N)) — Hom(Z,, N) 25 Hom(B,, N) —

Note the shift in degree relating B ,, to B,,_;. This yields short exact
segeunces

0 — Coker A" ' — H"(Hom(C,, N)) — Ker A™ — 0.

It is not hard to check that A™ : Hom(Z,, N) — Hom(B,, N) is just
dual to the inclusion ¢, : B,, — Z,. From the short exact sequence

0—B,—24,—H,—0
and the left exactness of Hom, it follows that

(44) 0 — Hom(H,,, N) — Hom(Z,, N) — Hom(B,, N)
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is exact, so we may identify Ker A" with Hom(H,,, N). Hence, we get
an epimorphism

H"(Hom(C,,, N)) — Hom(H,(C,), N)

which it is easy to check is just the homomorphism « defined above.

It remains to determine Coker A"~!. Shifting degree up by one, we
see we need to find the cokernel of the homomophism on the right of
44. Of course, the best case will be when that cokernel is trivial, i.e.,
when the functor Hom is exact on the right as well as on the left for
that particular sequence.

Consider now the general problem the above discussion suggests.
Let M be an abelian group and let 0 — P, — Py — M — 0 provide
a free presentation as in our discussion of Tor. Consider the cochain
complex Hom(P, N) and define a bifunctor Ext(M, N) such that

Ext(M, N) = H'(Hom(P, N)) = Coker{Hom(FP,, N) — Hom(P;, N)}.

The theory at this point proceeds in a completely analagous fashion
to the theory of Tor with some important exceptions. The functor
Ext(M, N) is well defined. It is contravariant in the first argument
(reverses arrows) and covariant in the second argument. It preserves
finite direct sums. It is not generally commutative, i.e., there is no
particular relation between Ext(M,N) and Ext(N, M) since there is
no such relation for Hom. Because of the lack of commutativity, some
of the proofs which relied on commutativity in the case of Tor have to
be recast.
One very important property of Ext is the following

PrRoOPOSITION 10.5. Let 0 — M' — M — M" — 0 be exact. Then
there is a natural connecting homomorphism such that the sequence

0 — Hom(M", N) — Hom(M.N) — Hom(M', N) —
Ext(M",N) — Ext(M, N) — Ext(M',N) — 0

s exact. There is an analagous sequence for every short exact sequence
in the second variable.

We shall not go through the proofs of these results here, but the
student should think about them. Refer back to the section on Tor
for guidance. You will see this done in more detail in a course in
homological algebra or you can look yourself in one of the standard
references on reserve. If you study the appropriate homological algebra,
you will also see why the name ‘Ext’ is used to describe the functor.

Note that the above facts allow us to compute Ext for every finitely
generated abelian group. The additivity reduces the problem to that
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of cyclic groups. From the definition, Ext(Z, N) = 0 since Z is free and
‘is’ its own presentation. The s.e.s 0 — Z -+ Z — Z/nZ — 0 yields

0 — Hom(Z/nZ, N) — Hom(Z, N) — Hom(Z, N) — ExtZ/nZ, N) — 0.
Since Hom(Z, N) = N This shows
Hom(Z/nZ,N) = ,N
Ext(Z/nZ,N) = N/nN.
It follows that (as with Tor)
Hom(Z/nZ,Z/mZ) = Ext(Z/nZ,Z/mZ) = Z/ gcd(n, m)Z.

To round this out, note that Hom(Z, N) = N, Ext(Z, N) = 0,Hom(Z/nZ,Z) =
0,Ext(Z/nZ,Z) = Z/n’Z.

The lack of symmetry of Hom, as mentioned above, prevents us
from proceeding in a completely symmetrical manner, as we did for
Tor. It is possible to define Ext with an appropriate construction using
the second argument. What is needed is a dual concept to that of a
presentation, where the group N is imbedded in an appropriate kind
of group (). We shall not go into this in more detail here.

You may also have noted above that Ext(M, V) need not vanish if N
is free. However, it does vanish if N has the following property: for each
x € N and each positive integer n there is a y € N such that z = ny.
A group with this property is called divisible, and Ext(M,N) =0 if N
is divisible. This is easy to derive if M is finitely generated from the
formula

Ext(Z/nZ,N) = N/nN.
However, if M is not finitely generated, one must use transfinite induc-
tion (Zorn’s Lemma). We also leave this for you discover later when
you study homological algebra in greater depth. The most interesting
divisible groups are Q and Q/Z. Moreover, any field of characterstic
zero is divisible.

Note that this means that if N is divisible, then Hom is an exact
functor.

We may now apply the above results to the free presentation

0— B,(C.) — C, — H,(C)—0
of homology to obtain

THEOREM 10.6. Let C, be a free chain complex, N an abelian group.
Then there are natural short exact sequences

0 — Ext(H,-1(Cy),N) — H"(Hom(C,, N)) — Hom(H,(C,),N) — 0
which splits (but not naturally).
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ProoOF. The splitting follows by an argument analogous to the one
used for homology. O

Applying this to singular cohomology, we obtain

THEOREM 10.7. Let X be a topological space, N an abelian group.
Then there are natural short exact sequences

0 — Ext(H,_1(X), N) — H"(X; N) — Hom(H,(X),N) — 0
which split (but not naturally).

Note also that the morphism on the right is just a which arises
through evaluation of cocyles on cycles. Also, we could equally well
have stated the result for the cohomology of a pair (X, A).

EXAMPLE 10.8. H*(S™; N) = 0 unless k = 0,n, in which case it is

EXAMPLE 10.9. For any space X, H*(X; Q) is a vector space over
Q of the same dimension as the rank of Hy(X).
(All the Ext terms are zero in these cases.)

EXAMPLE 10.10. H*(RP™;Z) = 0 in all odd degrees except if k = n
is odd, in which case we get Z. It is generally Z/2Z in even degrees
k > 0 and of course H*(RP™;Z) = Z.

On the other hand, H*(RP",Z/2Z) = Z/2Z for 0 < k < n.

We leave it to the student to verify these assertions and to calculate
the corresponding groups for CP™ and HP™.

The above discussion of Ext works just as well for complexes which
are modules over an appropriate ring K. As in the case of Tor, if K is
a PID, then we get the same universal coefficient theorem, except that
we need to suscript for the ring. Homg (M, N) denotes the K-module
homomorphisms of M — N, and Extgx denotes the corresponding de-
rived functor. The most interesting case is that in which K is a field.
Then every K-module is free and Extg (M, N) = 0 in all cases.

ProprosiTION 10.11. Let X be a space, K a field, and N a vector
space over K. Then, we have isomorphisms

a: HY(X;N) = Homg (H,(X; K),N)

Note that on the right hand side we have H,(X; K). The point is
that the universal coefficient theorem over K refers to chain complexes
defined over K, so we must apply it to S,(X) ® K in order to get such
a chain complex.
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3. Cup Products

It is unfortunately true that the algebraic invariants provided by
the homology groups of a space are not adequate to tell different
spaces apart. For example, it is often possible to match the homol-
ogy of a space simply by taking wedges of appropriate spaces. Thus
Sy §2n=2 v ... v S? has the same homology as CP". Many similar
examples abound. One trend in algebraic topology has been to sup-
plement previously know algebraic structures with additional ones to
provide greter ‘resolution’ in attacking geometric problems. As men-
tioned earlier, one advantage of cohomology is that it may be endowed
with a multiplicative structure.

Let X be a space and K a commutative ring. Common choices for
K would be K = Z or K a field such as Q,R,C, or Z/pZ for p a
prime. We shall show how to make H*(X; K) into a ring. Then it will
often be the case that spaces with the same additive groups H*(X; K)
in each degree may be distinguished by their multiplicative structures.

The product may be defined as follows. Let f : S,.(X) — K and
g : S5(X) — K be cochains. Define fUg: S, 4(X)— K by

(fUg)(o) = f(ooleo,...e])g(oole,, ..., e,]) o a singular n-simplex.

Using this formula, it is easy to check the following.

(i) If f, g are cocyles f U g is also a cocyle. Also, changing f and
g by coboundaries changes f U g by a coboundary. These facts follow
from the following formula which we shall leave as an exercise for the
student.

0" (fUg)=0"fUg+ (1) fUdy.

Hence, we may define £ Un to be the class of the cocycle f U g. where
f, g represent the cohomology classes ¢ € H"(X;K),n € H*(X; K)
respectively.

(ii) The product so defined satisfies the appropriate distributive and
associative laws. These rules in fact are already satisfied at the cochain
level.

(iii) The cup product is functorial, i.e., if ¢ : X — Y is a map of
spaces, then ¢* : H*(Y; K) — H*(X; K) preserves products, i.e.,

¢ (EUn) = ¢ (xi) U (n) e H'(Y;K),ne H(X; K).

We leave these verifications for the student. (See also the more
abstract approach below.)

In general, let C* be a cochain complex, and suppose a product
structure is defined on C* such that

(a) C"C* C C"*s.
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(b) The associative and distributive laws hold for the product.

(c) Ifu e C",v € C%, then §"**(uv) = (8"u)v + (—1)"u(0°v).

Then we say that C* is a differential graded ring. (It is often true
that we are interested in the case where C* is also an algebra over
a field K thought of as imbedded in C°, in which case C* is called
a differential graded algebra or ‘DGA’.) Thus, the singular cochain
complex of a space is a differential graded ring. In general, if C* is a
differential graded ring, then H*(C*) becomes a graded ring.

There is one additional fact about the cup product that is im-
portant. It is ‘commutative’ in the following graded sense. If & €
H"(X;K),n € H*(X; K), then

EUn=(-1)"nuUs

A graded ring with this property is called a graded commutative ring.
This rule is not so easy to derive from the formula defining the cup
product for cochains, since it does not hold at the cocycle level but
only holds up to a coboundary. To prove it, we shall use a more ab-
stract approach which also gives us a better conceptual understanding
of where the cup product arises. We shall show how to construct the
cup product as a composite homomorphsim

U: H*(X;K) ®x H(X; K) > H (X x X; K) > H*(X; K).

Note that first specifying a product H" x H® — H""* denoted
(u,v) — uv satisfies the distributive laws if and only if it is bilinear so
that it induces H" ® H® — H"™* and converses any such homomor-
phism induces such a product by u ® v — wwv. Hence, the above is a
plausible reformulation.

Secondly, the second constituent of the above homomorphism is
easy to come by. Namely, let A : X — X x X and use A* : H*(X X
X;K) — H*(X).

The first constituent of the cup product homomorphism is a bit
harder to get at. It basically comes from the Alexander—Whitney
morphism. Namely, let X,Y be spaces. Then A : S, (X xY) —
S«(X) ® S.(Y) induces a morphism of cochain complexes

A* : Hom(S,(X) ® S.(Y), K) — Hom(S.(X xY), K).

(Note that any other ‘Eilenberg—Zilber’ morphism—which would be
chain homotopic to A—could be substituted here, but the Alexander—
Whitney map is explicit, so it makes sense to use it.) We complement
this with the morphism of cochain complexes

X : Hom(S,(X); K) @ Hom(S,(Y), K) — Hom(S,(X) ® S.(Y), K)
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defined as follows. Let f : S.(X) — K,g : Ss(Y) — K and define
FRg:S,(X) @ S,(Y) — K by

(fRg)(a®p)=fla)g(B) aeS.(X),BeS(Y).

It is easy to see that the right hand side is bi-additive, so the formula
defines an element of Hom(S,(X) ® Ss(Y), K). It is also easy to see
that (f,g) — fKg is bi-additive in f and g respectively. However, you
will note that on the left hand side the tensor product sign has K as a
subscript. That means we are treating Hom(S,, K) as a module over
K and then taking the tensor product as K-modules. The K- module
structure is defined by (af)(«) = a(f(a) where a € K, f € Hom(S,, K)
and o € S,. That f X g is bilinear follows from

((af) W g)(a® ) = (af)(@)g(B) = a(f(a))g(P)
= f(@)(a(g(B)) = f(a)(ag)(B) = (f W (ag))(a @ f).

We shall denote the composite morphism A*(f X g) by f x g and
similarly for the induced homomorphism

X H'(X;K)@ H(Y; K) — H (X X Y; R).
We now define the cup product by the rather cumbersome formula

fug=A"(fxg)=A"(A"(fXg)).

The student should check explicitly that this gives the formula stated
above.

As we shall see, this rather indirect approach has some real ad-
vantages. For example, the naturality of each of the constituents is
fairly clear, so the naturality of the cup product follows. That was
already fairly from the explicit formula, but the more abstract formu-
lation shows us how to proceed in other circumstances—as for example
in cellular theory—where we might not have such an explicit formula.
More to the point, it allows us to prove the graded commutative law
as follows.

First, consider the effect of switching factors in the morphism

X : Hom(S,(X), K) ®x Hom(S.(X), K) — Hom(S.(X) ® S.(X), K)
Define T': S.(X)®5,(X) — S (X)®S,(X) by T(c®7) = (-1)"*T®0c
where o, 7 have degrees r, s respectively. This is a chain morphism since

NT(oxT1))=(-1)"0(r®0)=(-1)"0r R0+ (—1)""r® do
T(Oo@T1)=T0c@T1)+ (-1)"T(c ®0T)
_ (_1)(“1)37 & 9o - (_1)T+r(371)87_ ® 0.
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However, (r—1)s =rs—s=rs+smod 2 and r+r(s—1) = rs, so the
two expressions are equal. Note that just twisting the factors without
introducing a sign would not result in a chain morphism. Note also,
that in degree zero, T' just introduces the identity in homology

Ho(S«(X) ® Si(X)) — Ho(S:(X) @ Si(X)).

Indeed, using a trivial example of the Kiinneth theorem, this is just the

homomorphism Z® 7 — Z® Z = Z defined by a®b — b®a = ba = ab.
Similarly, Hom(S,(X), K) is a cochain complex (so also a chain

complex), and we have the analogous twisting morphism 7" : Hom(S,(X), K)®xk

Hom(S.(X), K) — Hom(S,(X), K)®x Hom(S,(X), K) defined by f®

g— (—=1)"g® f. It is easy to check that the diagram

Hom(S,(X), K) ®x Hom(S,(X), K) —=+ Hom(S,(X) ® S,(X), K)

T*

Y

Hom(S,(X), K) ®x Hom(S,(X), K) —=+ Hom(S,(X) ® S,(X), K)

commutes, where both vertical morphisms result from twisting.
To complete the proof of the graded commutative law, it suffices to
show that the two cochain morphisms

Ao A" oT* A*A* : Hom(S,(X)®S.(X), K) — Hom(S.(X x X), K)
— Hom(S,(X), K)
are cochain homotopic. Let X and Y be spaces, and definet : X xY —
Y x X by t(z,y) = (y,x). Consider the diagram

S,(X xY) —2+ 5,(X)®S5.(Y)

S.(Y x X) —2+ 5,(Y) ® S,.(X)

Each of the two routes from the upper left corner to the lower right
corner is a natural chain map which induces the same isomorphism
in homology in degree zero—the identity of Z — Z. Hence, by the
acyclic models theorem applied to the two functors S,(X x Y') and
S«(Y) ® S.(X) on the category of pairs (X,Y) of spaces, it follows
that the two routes yield chain homotopic morphisms. However, since
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toA=A:X — X x X, the same is true for the induced morphisms
S(X) — Su(X x X), and combining this with the previous result gives
us what we want.

4. Calculation of Cup Products

In this section we calculate some cohomology rings for important
spaces.

Note first that if X is path connected, then H°(X; K) is naturally
isomorphic to K, so we may view 1 € K as an element of H°(X; K).
It is not hard to see that it acts as the identity in the ring H*(X; K).

Spheres

First, note that H*(S"; K) is easy to determine. Namely, H°(S"; K)
K, and since Hy(S™) = 0 for 0 < k < n and Z for k = n, the uni-
versal coefficient theorem tells us that H*(S"; K) =0 for 0 < k < n
and H"(S™; K) = K. Let X be a generator of H"(S™; K). By degree
considerations, we must have X U X = 0. Hence, as a ring,

H*(S™ K) = K[X]/(X?) deg X = n.
Such a ring is called a truncated polynomial ring.

The 2-Torus

As above, since H,(T?) is free, the univeral coefficient theorem
yields

HY(T*K)=K H (T*K)=KX & KY,H}(T* K) = KZ
where we have chosen names, X,Y, Z for generators in the indicated
degrees. (1 is the generator in degree 0.) Because of degree considera-
tions
uUJv=—-vUu
for any elements of degree 1. In particular, if 2 is not a zero divisor in
K, then
XuX=YUY =0.

This will take care of K = Z or any field not of characteristic 2. We

shall show that for the torus, these squares are zero in any case. We
also have

XUY=-YUX

and we shall show that up to a sign these are the same as Z. The
cohomology ring is an example of what is called an exterior algebra on
the generators X, Y.

Next consider the diagram below representing 72 as an identifica-
tion space with the indicated singular simplices.
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As usual, H,(T?) is generated by the homology classes of the cycles e;
and ey. In addition, f; — f is a cycle generating Hy(7?). There are
several ways to see that. The simplest is to note that if we subdvide the
torus further (as indicated in the above diagram), we may view it as a
simplicial complex. In our previous calculation of the homology of the
torus, we used exactly that simplicial decomposition. A true simplicial
cycle generating Ho(T?) is obtained from f; — fo by sufficiently many
subdivisions, and subdivision is chain homotopic to the identity.

Suppose g, h are two 1-cocycles. By the universal coefficient theo-
rem, the cohomology classes g, h are completely determined by g(e;), h(e;)
since in this case the Ext terms vanish and « is an isomorphism. (Re-
member that a amounts to evaluation at the leve of cocycles and cy-
cles!) Similarly, the cohomology class of gUh is completely determined
by its values on f; — fo. However,

(gUR)(fr = f2) = g(f1 o [eo, ex])(f1 o [en, e2]) — g(f2 o [eo, e1])h(f2 0 [e1, €2)
= g(e1)h(e2) — gle2)h(er).
Suppose that g represents X and h represents Y, i.e., suppose g(e1) =
1,g9(e2) = 0,h(e;) = 0,h(e2) = 1. Then
(GUBfi— f2) =1

and g U h represents a generator of H*(T?; K). On the other hand,
suppose g = h both represent X. Then the same calculations shows
that (g U g)(fi — f2) = 0—0 = 0. It follows that X U X = 0, and
similarly X UY = 0.

4.1. Cohomomology Rings of Products. Since T? = S! x S*,
another approach to determining its cohomology ring is to study in
general the cohomology ring of a product X x Y.

We shall concentrate on the case K = Z and H.(X) and H.(Y) are
free or K is a field. In either case, we have an isomorphism

H*(X x Y; K) 2 Homg (H, (X x Y; K), K)

We also assume that the homology of each space is finitely generated in
each degree. Under these assumptions,

H.(X;K) @k H.(Y; K) 5= Ho (X x Y; K)

is an isomorphisms. For X is a monomomphism in either case by the
universal coefficient theorem, and because the Tor terms vanish, it is
an isomophism. Dualizing yields

Homy (H.(X; K)®xH.(Y; K), K) — Homg (H. (X XY; K), K) =2 H*(XXY; K).
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On the other hand it is also true that

Hompy (H.(X; K), K) ®x Homp (H,(Y; K), K) S—
Homy (H.(X; K) ®x H.(Y; K), K)

is an isomorphism. For, in each degree this amounts to explicit homo-
morphisms

HOHIK(HT, K) Rk HOIHK(HS, K) — HOHIK(HT KK Hs, K)

which may be shown by induction on the rank of H, and H, to be

an isomorphism. If either H, or H, is of rank 1 over K, the result is

obvious, and the inductive step follows using additivity of the functors.
Putting all of the above isomorphisms together, we get

H (X xY;K)2H(X;K)®x H(Y; K)
or more explicitly
H"(X xY;K)= @ H'(X;K) @, H'(Y; K).
r+s=n

Hence, to describe the cup product on the left, it suffices to determine
what it becomes on the right. The rule is quite simple.

(45) (uy @ v1) U (g @ vg) = (—1)%8v1de8v2 gy @ vy U uy.

In other words, mutiply generating tensor products in the obvious way
by multiplying their factors but also introduce a sign. The sign is
thought of as resulting from ‘moving’ the second factor on the left
‘past’ the first factor on the right.

We shall verify this rule below, but first note that it gives the same
result as above for 7% = S! x S'. For, let H(S';K) = Kz so of
necessity x Uz = 0. Put

X =201,Y =1@r € H'(S"; K)@xgH°(S'; K)OH?(S'; K)®kH' (S'; K)
~ HYT*% K).
Then
XUY =2z01UlQ@r=2x
YUX=1@rUzr®l=(-)"r0r=-XUY
XUX=z®lUuz®l=(2zUz)®1=0
YUY =1®zUl®er=1® (xUz)=0.

The proof of formula 45 follows from the following rather involved
diagram which traces the morphisms at the level of singular chains
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needed to define the cup product. (You should also check that dualiz-
ing gives exactly what we want by means of the various isomorphisms
described above. There are some added complications if K # Z, so
you should first work it out for ordinary singular theory.)

This diagram commutes up to chain homotopy by the acyclic models
theorem applied to the category of pairs (X,Y). As we saw previously,
with the specified models, the functor S,(X X Y) is free. Also, as
before, the Kiinneth Theorem shows that the functor

Se(X) @ 8:,(Y) ® S.(X) @ S.(Y)

is acyclic. It is easy to check that both routes between the ends induce
the same morphism in homology in degree zero.






CHAPTER 11

Manifolds and Poincaré duality

1. Manifolds

The homology H,(M) of a manifold M often exhibits an interesting
symmetry. Here are some examples.

M=S"xS'"'xS8": Hy=ZH =7207Z07Z H,=72Z307Z3®Z H;=17
M:S2XSBI HO Z H1 0 H2 Z H3 Z H4 0,H5:Z
M=RP*: Hy=7,H =7/2Z Hy,=17

Note that the symmetry H; = H,,_; is complete in the first two cases,
and is complete in the third case if we just count ranks. Also, H, (M) =
Z if n is the dimension of the manifold in these cases. It turns out that
all these manifolds are orientable in a sense to be made precise below.
(In fact orientability is tantamount to H,(M) = Z, and as we shall
say an orientation may be thought of as a choice of generator for this
group.) The example of the Klein bottle illustrates what can happen
for a non-orientable manifold.

M=K: Hy=17,H =7&%Z/2Z, H,=0.

(You should work that out for yourself.) However, the universal coef-
ficient theorem shows that

Ho(K:Z/2Z) = Z.)2Z, H\(KZ/2Z) = Z./2Z0Z/2Z, Hy(K: Z./2Z) = 7./2Z

which has the same kind of symmetry. Such a manifold would be
called Z/2Z-orientable. Finally, a space which is not a manifold will
not generally exhibit such symmetries.

X:S2\/Sgi H(]:Z,lez,HQZZ,Hg,:Z.

1.1. Orientability of Manifolds. The naive notion of orientabil-
ity is easy to understand in the context of finite simplicial complexes.
(The manifold in this case would be compact.) Roughly, we assume
each m-simplex of the manifold is given an order which specifies an
orientation for that simplex. Moreover, we assume the orientations of
the simplices can be chosen coherently so that induced orientations on

227
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common faces cancel. In this case, the sum of all the n-simplices will be
a cycle which represents a homology class generating H,,(M). To define
orientability in the context of singular homology is more involved. We
shall do this relative to a coefficient ring R so we may encompass things
like the example of the Klein bottle with R = Z/2Z. (In that case, if
we used a simplicial decomposition, the sum of all the simplices would
be a cycle modulo 2 because when the same face showed up twice in
the boundary, cancellation would occur because 1 +1 =0 in Z/2Z.)

In all that follows let M be a not necessarily connected n-manifold.
If x € M, abbreviate M —x = M — {x}.

LEMMA 11.1. Let x € M.

R ifi=
H(M, M —2:R) = 10 Ti=m
0  otherwise.
PROOF. Choose an open neighborhood U of x which is homeomor-
phic to an n-ball. M — U is closed and contained in M — z which is
open. Hence, excising M — U yields

H;(U,U-x;R)= HM,M — x).

However, since U — x has S™ ! as a retract, the long exact sequence
for reduced homology shows that

Hy(M,M —z)= H;_{(S"Y;R)=R (i=n) or 0 otherwise.

(Why do we still get a long exact sequence for relative homology with
coefficients? Check this for yourself.) U

A local R-orientation at a point x in an n-manifold M is a choice
., of generator for H, (M, M — z; R) (as R-module). For R = Z there
would be two possible choices, for R = Z/2Z only one possible choice,
and in general, the number of possible choices would depend on the
number of units in the ring R. You should think of i, as a generic choice
for orientations of spheres in a euclidian neighborhood of x centered
at x. Such a sphere may be considered (up to homeomorphism) to
be the boundary of a simplex, and specifying an orientation for the
simplex (as an ordering of its vertices) is the same thing as specifying
a generator for the homology of its boundary.
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Introduce the following notation. If L C K C M, let pk r denote
the functorial homomoprhism H,.(M, M — K; R) — H.(M,M — L; R).
If K is fixed, just use pr. Call this homomorphism ‘restriction’.

We shall say a that a choice of local R-orientations for each point
x € M is continuous if for each point of M, there is a neighborhood N
of z and an element uy € H,(M,M — N; R) such that p,(un) = p,
for each y € N. We shall say that M is R-orientable if there is a
continuous choice of local R-orientations for each point.

EXAMPLE 11.2. Let M = S™ and choose a generator y € H,(S™; R).
Let p, = p. (1) where

pr = psn gt Hy(S™; R) = Hp(S", 5" — S™ R) — H,(S",S" — x; R).

Take N = S™ for every point. Note that the long exact sequence for
the pair (S™,{z}) shows that p, is an isomorphism. Hence, pu, is in
fact a generator of H, (S™, S™ — x; R) for every xz € S™.

It is not hard to see that if M is R-orientable, then any open subset
U of M inherits an R-orientation. Hence, R™ which is an open subset
of S™ is also R-orientable.

Since H,(RP™,Z/2Z) = Z/27Z, it is not too hard to see that RP™
is Z/2Z-orientable.

Our aim is to show—at least in the case of a compact R-orientable
manifold—that H,(M; R) = Ru for some u and p,(u) = p, for each
x € M. If M is not compact, we show instead that this is true for
H,(M, M — K; R) for every compact subset K of M. (If M is compact,
this would include K = M, M — K = ().) First we need a technical
lemma.

LEMMA 11.3. Let M be an n-manifold and K a compact subspace.

o H{(M,M — K;R) =0 fori>n.
e o€ H,(M,M—K;R) is zero if and only if p,(a)) = 0 for each
re K.

We shall abbreviate the second statement by saying that the ele-
ments of K detect the degree n homology of (M, M — K).

ProoOF. Step 1. Let M = R"™ and let K be a compact convex
subspace.
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Let x € K. Enclose K in a large closed ball B centered at x. Then
there is a retraction of R"—x onto S = 0B and its restriction to R — K
and R™ — B are also retractions. It follows that the restrictions in

Hy(R",S) = H;(R",R" — B; R) =
H(R",R" - K;R) = H,(R",R" — 2 R)

are all isomorphisms, which proves the second statement. The isomor-
phism

HZ(RH, S; R) = Hi_l(S; R)
proves the first statement.

Step 2. Suppose that M is arbitrary, and the lemma has been
proved for compact subsets K, Ky and K; N Ky. Let K = K; U Ks.
TheDM—K:(M—K1>m(M—K2), M—KIQKQZ(M—Kl)U
(M — K,), and there is a relative Mayer—Vietoris sequence

— H;(M,M — K;R) — H;(M,M — Ky; R) ® H;(M,M — Ky; R) —
H(M,M - KiNKsy;R) — Hi (M,M —K;R) — ...
It is easy to establish the first statement for K from this. Also,
H,(M,M — K;R) — H,(M,M — K{; R) ® H,(M,M — Ky; R)

is a monomorphism. Suppose pg (o) = 0 for each v € K = K; U K».
It follows that px r, () = 0 and similarly for K. Hence, o = 0.

Step 3. M = R" and K is a finite union of convex compact
subspaces. Use steps 1 and 2.

Step 4. Let M = R™ and suppose K is any compact subspace. To
prove the result in this case, let « € H;(M, M — K; R). Let a € S;(M)
be a chain with boundary da € S;(M — K') which represents a. Choose
a covering of K by closed balls B;,i = 1, which are disjoint from |dal.
(This is possible since both sets are compact.)

Then da € S;(M — B) where B = By U---U B,, so a represents and
element o € H;(M, M — B; R) which restricts to a € H;(M, M —K; R).
If ¢ > n, then by Step 3, o/ = 0, so @« = 0. Since « could have been
anything, this shows H;(M, M — K; R) = 0 for i > n. Suppose i = n.
Suppose pg () = 0 for each z € K. Then pp.(a’) = 0 for each
r € K. If we can show that the same is true for each x € B, then it
will follow from Step 3 that o/ = 0 and so o = 0. To see this, first note
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that we may assume that each B; intersects K non-trivially or else we
could have left it out. If z € B; then there is a y € K N B; and we have
isomorphisms

H,(M,M —y; R) «— H,(M,M — B;) — H,(M,M — z; R).

It follows that if pp,(a’) = pp,B,(pB; (') = 0, then pp,(a’) = 0.

Step 5. Suppose M is arbitrary and K is contained in an open eu-
clidean neighborhood U homeomorphic to R". Excising M — U (which
is contained in the interior of M — K') we get

Hy(U,U - K;R) = H,(M,M — K: R).

We can now apply Step 4.
Step 6. The general case. We may assume K = K1 UKy, U --- U
K, where each K; is as in Step 5. The same would be true of each
intersection of K; with the union of those that preceded it. Hence, we
may apply Step 2 and Step 5.
O

THEOREM 11.4. Let M be an R-orientable n-manifold with local
orientations ., x € M. Let K be any compact subspace. There exists
a unique element

pr € Hy (M, M — K;R) such that p,(px) = piz

for each x € K. In particular, if M is compact itself, there is a unique
element iy € H,(M; R) such that py(par) = pe for each x € M.

In case M is compact, pys is called the fundamental class of M.
As we shall see later, if M is also connected, then puj; is a generator
of H,(M;R) as an R-module. If M is not connected, then H,(M; R)
will turn out to be a direct sum of copies of R, one for each compo-
nent of M. puy; will be a sum of generators of this direct sum, one
for each component. This will correspond to choosing a collection of
orientations in the usual sense for the components of M.

PrROOF. By the lemma above, such an element pg is unique. To
show existence, argue as follows.

Step 1. According to the definition of continuity of a choice of
local orientations, there is a neighborhood N with the right property.
If K is contained in such an N, restricting puy to an element pyx €
H,(M,M — K; R) will work.
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Step 2. Suppose K = K; U K5, both compact, and the theorem
has been verified for K; and K5. From the lemma, the relative Mayer—
Vietoris sequence yields the exact sequence

0— Hy(M,M — K;R) — H,(M,M — K1;R) & H,(M,M — K:: R)
— H,(M,M — K, N Ks; R) — 0.

As usual, the homomorphism on the right maps (pg,, px,) to
Py KNk (i, — pEa, K N Ka(pk,) € Hy(M, M — Ky N Ko; R).

Further restricting these elements to H, (M, M — xz; R) for x € K, N K>
yields zero, so by the lemma, the above difference is zero. Hence, by the
exactness of the sequence, there is a unique pux € H,(M,M — K;R)
such that px x, (ur) = px, and pr i, (LK) = i, and it is easy to
check that pux has the right property.

Step 3 Let K be an arbitrary compact subspace. By the continu-
ity condition, we may cover K by neighborhoods N with appropriate
elements py. By taking smaller neighborhoods if necessary, we may
assume that each N is compact. Since the sets = N cover K, we may
pick out finitely many N;,i = 1... r which cover K. Let K; = N;N K,
and now apply steps (i) and (ii) and induction. O

2. Poincaré Duality

Assume in what follows that R is a ring with reasonable properties
as described above, e.g., R = Z or R is a field.

The Poincaré Duality Theorem asserts that if M is a compact R-
oriented n-manifold, then

H™(M;R) = H,_.(M;R).

(Then, we may use the universal coefficient theorem to relate the ho-
mology in degrees r and r — 1 to the homology in degree n — r. Think
about it!) In order to describe the isomorphism we need another kind
of product which relates cohomology and homology.

2.1. Cap Products. First we need to establish some notation.
As usual, let R be a commutative ring (usually R = Z or R is a field),
and let S, (X; R) = S.(X)® R as usual. This is a chain complex which
is free over R, and we have a natural isomorphsim

Hompg(S.(X; R), R) =2 Hom(S,(X), R) = S*(X; R)

provided by f € Hompg(S:(X) ® R, R) — [ € Hom(S.(X), R) where
f'(o) = f(oc ® 1). Moreover, ¢ ® f +— f(c) defines a homomorphism
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(called a pairing)
S¢(X;R)®@r SYX;R) - R

for each ¢q. Note the order of the factors on the left. At this point the or-
der is arbitrary, but it will be important in what follows. (Compare this
with the definition of the morphism H"(X;R) — Hom(H,(X),R).)
Define an extension of this pairing as follows. Let ¢ < n. For ¢ €
Sn(X5R), f € HI(X; R) define cnN f € H,_,(X; R) by

oNf=flocoley,...,eq)o0][eq ..., e

for o a singular n-simplex in X and extending by linearity. (There is
a slight abuse of notation here. We are identifying o with the element
c®1 e S (X;R) = Su(X) ® R. These elements form an R-basis
for S,(X; R).) Note that if ¢ = n, this is just the evaluation pairing
described above. This cap product may also be described abstractly
but this requires some fiddling with signs. See the Exercises.

PROPOSITION 11.5. The cap product satisfies the following rules.

(1) ecn(fUg) =(cn f)Ng. Also cNe = c where e € S°(X; R) is
defined by e(o) = 1 for each singular 0-simplex o.

(2) (=1D)99(cn f)=(@c)Nf—cNdf.

(3) Letj : X — X' be a map, c € S.(X; R), f' € S*(X';R). Then
Jelen g (f) = jule) N f".

Notes: The first statement may be interpreted as saying that S, (X; R)
is a right module over the ring S*(X; R). To make sense of this, we let
cNf =0if ¢ =deg f > n = degc. Note that e is the identity element of
S*(X; R). The distributive laws for ¢ N f—required for a module—are
automatic since it is a pairing. A consequence of the second statement
is that if f is a cocycle and c is a cycle, then ¢ f is also a cycle and
its homology class depends only on the classes of ¢ and f respectively.
Hence, it defines a pairing between cohomology and homology

H,(X;R) ® HY(X;R) — H,_,(X;R)

denoted ¢ N f = f(c). This pairing satisfies the rules asserted in the
first statement.

PRroOOF. The statement about e is immediate from the formula.

To prove the associativity assertion, proceed as follows. Let o be a
singular n-simplex. Let ¢ = deg f,q2 = degg, let ¢ = ¢; + ¢+ 2, and
let » = n — q. By linearity, it suffices to prove the formula if ¢ = o is a
singular n-simplex.
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on(fug)
=(fUg)(oolen,...,eq)a0]eq, .-, en)
= f(oolep,...,eq 0len, .., eq])g(oolen, ... e 0leq, - eq)T0]eq ...
= f(ooleo,...,eq])g(00eq, .. eq)o0leq, ..., enl

On the other hand,

onf
= f(oolen,...,eq])00[€gs -, €n)
(cnf)ng
= f(ooleo, ... eq])g(ooleg, ..,en]0€0, - €p])T0[€q, - yen] O [Egs---
= f(oolen,...,eq])g(0 0 g, ...eq])ooleq ..., e

To prove the boundary formula, argue as follows. First note that
any r-chain ¢ € S,.(X; R) is completely determined if we know h(c’)
for every ¢ cycle h € S"(X; R). Now

h@(en f)) = (Oh)(en f) = (cn f)Noh
cN(fUsh)=cn((=1D)Y5(fUh)—0fUh))
(=D (f Uh)(c) —en(6f UR))
= (=D)((fUh)(c) = (cndf)Nh)
= (-D)'((0c)N f—cnéf)Nnh
= h((=1)*(@cn f —cnidf))

as required.
Note: If you use a more abstract definition of the cap product, then
one introduces a suitable sign in the cap product. With that sign, the
proof comes down to the assertion that the defining morphism is just
a chain homomorphism.

The last formula is left as an exercise for the student. 0

2.2. Poincaré Duality.

THEOREM 11.6. Let M be a compact oriented R-manifold with fun-
damental class py € Hy(M; R). Then the homomorphism

HY(M;R) — H,_,(M;R)

defined by a — pp Na is an isomorphism.

, €n)

, €q)
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Note that if R = Z, then by the universal coefficient theorem for
cohomology, we get a (non-natural) isomorphism

Hom(H,(M),Z) ® Ext(H,—1(M),Z) = H,,_,(M)
In particular, if H,(M) is free, then
Ho(M) = Hom(Hy(M), Z) = Hy,_1(M)
as we observed previously. If R is a field, then
H,(M;R) = Homg(H,(M;R),R) = H,_1(M;R).

We will prove the Poincaré Duality Theorem later, but first we give
some important applications.

3. Applications of Poincaré Duality
3.1. Cohomology Rings of Projective Spaces.

THEOREM 11.7. (1) H*(CP™,Z) 2 Z[X]/(X") where deg X =
2.
(2) H*(RP™,Z/27) = Z/2Z]X]/(X"™") where deg X = 1.
(3) H*(HP™ Z) 2 Z[X]/(X"*) where deg X = 4.

ProoF. We shall do the case of CP".

We know the result for n = 1 since CP! ~ S2. Assume the result is
true for 1,...,n—1. In our calculation of H,(CP™), we in effect showed
that Hy(CP" ') — H,(CP") is an isomorphism for 0 < k < 2n — 2.
(This is also immediate from the calculation of the homology using the
cellular decomposition.) Since Hi(CP™) is trivial is odd degrees, the
universal coefficient theorem for cohomology shows us that the induced
homomorphism

H?*(CP™;Z) = Hom(Hy,(CP"); Z) A H?*(CP" % Z) = Hom(Hy,(CP™ 1), Z)
is an isomorphism. Choose X a generator of H*(CP™;Z). X' =
p*(X) generates H?(CP"1;Z), so by induction, (X’)"~! generates
H?72(CP" 1, Z). However, X"t = p(X)" ! = p(X"! so X*!
generates H*"2(CP™;Z). Now apply the Poincaré Duality isomor-
phism
a € H" 1 (CP",Z) — puNa € Hy(CP").
It follows that u N X"~ ! generates Hy(X). Hence, the evaluation mor-
phism must yield

pNX" s (N X" HNX =41

Hence,
pNX"=pN (X" TUX)=+1
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so X™ generates H*"(CP";Z).

The argument for HP" is essentially the same. The argument for
R P" is basically the same except that homology and cohomology have
coefficients in Z/2Z. You should write out the argument in that case
to make sure you understand it. U

You may recall the following result proved in a special case by
covering space theory.

THEOREM 11.8. preserving map f : S™ — S™ with 0 < m < n.

The case we did earlier was m = 1,n > 1. The argument was
that if we have such a map f : S™ — 51, it would induce a map
f:RP" — RP' = S which would by the antipode property take
a nontrivial loop in RP™ into a nontrivial loop in RP!. This would
contradict what we know about the fundamental groups of those spaces.

The Borsuk-Ulam Theorem had many interesting consequences which
you should now review along with the theorem.

PROOF. Assume 1 < m < n. As in the previous case, we get an
induced map and a diagram

S’n

Sm

RP" —— RP™
By covering space theory, the fundamental groups of both projective
spaces are Z/2Z and by the antipode property, the induced map of
fundamental groups is an isomorphism. Since Hy(X) = m/[m, m], it
follows that the first homology group of both projective spaces is Z/2Z
and the induced morphism is an isomorphism. Thus, the universal
coefficient theorem for cohomology allows us to conclude that

7 HYRP™ Z/2Z) — H'(RP";Z/2Z)

is an isomorphism, so a generator X, of the former goes to a generator
X, of the latter. Hence,

*

0= F(Xn") = (F (Xm))" = (Xn)"
which contradicts our calculation of H*(RP";Z/2Z).
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As mentioned previously, there is a non-associative division algebra
of dimension 8 called the Cayley numbers. Also, n-dimensional projec-
tive space ofer the Cayley numbers may be defined in the usual way.
It is a compact 8n-dimensional manifold. The above argument shows
that its cohomology ring is a truncated polynomial ring on a generator
of degree 8.

3.2. Aside on the Hopf Invariant. Earlier in this course, we
discussed the homotopy groups m,(X,zg) of a space X with a base
point zyo. We mentioned that these are abelian for n > 1, and that
T, = 0 for X = X" and 0 < m < n. In this section we shall show
that m,,(S™) # 0 for m = 2n — 1. The cases n = 2,4, 8 use the above
calculations of cohomology rings for projective spaces, so that is why
we include this material here.

Consider a map f : S?"~1 — S Since S?"~! = 9D?", we may form
the adjunction space D?" LIy S™. We showed earlier that

otherwise.

Hence, the universal coefficient theorem for cohomology shows that

H*™(D*™U; S™Z) = Z

H"(D*U; S™Z) =Z

HY(D*" ; S™Z) = Z

H*( Z)=0 otherwise.
Let ay be a generator of Hk(DQ”I_If S™: 7Z) for k = n,2n. Then a,Ua, =
H(f)as, € H*(D* L; S™; Z) where H(f) is an integer called the Hopf
invariant of the map f. Note that H(f) depends on the generators
Gy, G2,, but that choosing different generators will at worst change its
sign. Since all the constructions we have made are invariant under
homotopies, H(f) is an invariant of the homotopy class of the map
8%t — Sn ie., of the element of my, 1(S™) that it defines.

Consider the special case n = 2 and f : S® — S? is the attaching
map for the identification CP? = D* Ly CP*. (f is the quotient map
where S? = CP! is identified as the orbit space of the action of S* on

S3 discussed previously.) Since X U X generates H*(CP?; Z) the Hopf
invariant of the attaching map is +1.
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We have not discussed the group operation in 7, for m > 1, but
it is possible to show that f — H(f) defines a group homomorphism
Ton—1(S") — Z. Hence, the above argument shows that this homo-
morphism is onto. Hence, 73(S?) has a direct summand isomorphic to
Z.

A similar argument works for quaternionic projective space. In
that case HP' = D* L, HP? which is a 4-cell adjoined to a point, i.e.,
HP!' ~ S% Hence, the attaching map f in HP? = D® Ly HP! has
hopt invariant 41.

In fact the above argument will work for any finite dimensional real
division algebra (associative or not). In particular, it also works for the
Cayley numbers, so there is a map f : S® — S8 of Hopf invariant 1.
Moreover, one can use the theory of the Hopf invariant to help show
that there are no other finite dimensional real division algebras.

For example, it is not hard to see that if n is odd, any map f :
S#n=1 — S™ has H(f) = 0. This follows immediately from the fact
that in the odd case a,, U a,, = —a, Ua, = 0.

If n is even, there is always a map of Hopf invariant 2. For consider
the identification

S™x §" = D L, (S™ Vv S").

Define the ‘folding map’ S™ V S™ — S™ by sending each component
identically to itself. Let f : S?»~! — S™ be the composition of ¢ :
S2n=1t 5 §n v Sm with the folding map. Let X be the quotient space
of D* LU, 8™V S™ under the relation which identifies points of 5™V S™
which fold to the same point. Then we get a commutative diagram

g1 L PP, Sty S = 5" x 5"

SQn—l - X

where ¢ is the quotient map (induced by folding). It is not hard to
see that this presents X as D?" U; S™ and ¢* : H*"(D*" U S™Z) —
H?*"(S™x S™; Z) is an isomorphism. Also, if ¢, generates H"(D*"(LI;S™) =
H"(S™; Z), then ¢*(¢,) = a,+b, for appropriate generators of H"(S™ x
S™Z)y=H"(S"V S Z)=7Z®Z. Since in H*(S™ x S™;Z), we have
a,? = b,? = 0, we have (a, + b,)? = 2a,b,. (Since n is even, a,,b,
commute.) But a,b, generates H?"(S™ x S"; Z) so it follows that ¢,Uc,

is twice a generator. Hence, its Hopf invariant is 42.
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Note that the above argument shows that 7, 1(S™) — Z at worst
goes onto the subgroup of even integers if n is even. Since this is also
isomorphic to Z, we see that Z is a direct summand of that homotopy
group for n even. Using cohomology operations called the Steenrod
squares, which are a generalization of the cup product, one can show
that a nessary condition for the homomorphism 7y, 1(S™) — Z to be
onto, i.e. for there to be an element of Hopf invariant 1, is for n to be a
power of 2. In 1960, J. F. Adams settled the question by showing that
the only cases in which there exist elements of Hopf invariant 1 are the
ones described above, i.e. when n = 2,4, or 8, but we leave that fact
for you to explore in another course or by independent reading.

4. Cohomology with Compact Supports

In order to prove the Poincaré Duality theorem for compact mani-
folds, we shall need to use an argument which reduces it to constituents
of a covering by open Euclidean neighborhoods. Such sets, unfortu-
nately, are not compact manifolds, so we must extend the theorem
beyond the realm of compact manifolds in order to prove it. However,
in the non-compact case, we saw that we had to deal with fundamen-
tal classes px € H,(M,M — K; R) with K compact rather than one
fundamental class py € H,(M; R). The basic result, as we stated it
earlier, is not true for an individual K, but as we shall see, it is true
‘in the limit’.

4.1. Direct Limits. Let I be a partially ordered set. The example
which shall be most important for us is the set of compact subsets
of a space X ordered by inclusion. A partially ordered set may be
considered a category with the objects the elements of the set and the
morphisms the pairs (j,4) such that j > i in the ordering. We consider
7 to be the source of the morphism and j its target. Thus, for each pair
j,i of elements in I, either Hom(yj, i) is empty or Hom(j,¢) consists of
the single element (j,7). If k > j,j > i, we let (k,j) o (j,1) = (k,7). It
is easy to check that this composition satisfies the requirements for a
category.

Let R be a commutative ring and let F' be a functor from I to the
category of R-modules. Thus, we are given an R-module F'(i) for each
i € I and a module homomorphism ¢; ; : F'(i) — F(j) for each j > ¢
such that

¢i; = 1d : F(i) — F(i)
Or,j © ji for k> j > .
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A direct limit of such a functor consists of an R module M and module
homomorphisms v; : F'(i) — M such that for j > i, ¢; = 1; 0 ¢,

and M and the collection of ¢; is universal for this property, i.e., given
another R-module M’ and module homomorphisms ¢} : F(i) — M’
such that for j > 4, ¢ = ) o ¢;; then there is a unique module
homomorphism p : M — M’ such that ¢} = p o 1; for each i in I.

The defintion of direct limit may be extended to an arbitrary func-
tor from one category to another. We leave it to the student to fill in
the details of the definition.

A direct limit of a functor F' is unique up to unique isomorphism.
This follows immediately from the universal mapping property by some
diagram chasing. We leave it for the student to verify as an exercise.
We use the notation lim F' to denote ‘the’ direct limit. A direct limit

always exists. To see this consider first the case where the ordering of
I is empty, i.e., i > ¢ for ¢ € I are the only orderings. In this case, the
direct limit is just the direct sum @®;c;F(i) and n; : F(i) — @ be the
inclusion of the summand FTi) in the direct sum. This collection of
homomorphisms presents €p as a direct limit. Assume now that I is any
partially ordered set. In @;F'(7), consider the subgroup T" generated by
all elements of the form 7;(¢;;(z;)) —n;(x;) for z; € F(i) and j > i. Let
M = (®;F(i))/T and let v; : F(i) — M be the homomorphism which
composes the factor morphisms with 7;. We leave it to the student to
check that M and the morphisms ¢; yield a direct limit.

Let I be a partially ordered set. We say that [ is directed if each
pair 7,7 € I has an upper bound.

We say a sequence F' — F' — F" of functors on a partially ordered
set I is exact if F'(1) — F(i) — F"(i) is exact for each i € I.

PROPOSITION 11.9. Let I be a directed partially ordered set. If
0 — F' — F — F"”" — 0 is a short exact sequence of functors on I,
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then
0 —=limF —1limF —limF" —0

— — —

18 exact.

ProoOF. We let the student verify that the sequence of limits is
right exact. That does not even require that the set I be directed.
To show that it is exact on the left, i.e., that

lim F/ — lim F
is a monomorphism, we must use the directed property. Let
M' =lim F’, M =lim F.

First note the following facts which hold in the directed case.
1. Any element z € M is of the form v;(x;) for some z; € F(i).

For, by the above construction, any element in M is of the form
x = ) ;v¥;(x;) where all but a finite number of terms in the sum are

zero. By the directed property we can choose an i > 7 for all such j.
Since (¢ ;(z;)) = ¢;(z;) in M, it follows that

T = %‘(Z i j(x5))

as claimed.
2. If ¢(x;) = 0 for z; € F(i), then there is an [ > i such that ¢ ;(z;) =
0 € F(l).

This is left as an exercise for the student. (Hint: By adding on
appropriate elements and replacing x; by ¢ ;(x;), one can assume in
@D, F'(j) that z; = >, ;(¢i;(x;) — x;) where i > j for each non-zero
term in the sum.)

Now let o’ = ¢[(z}) € M’ and suppose z} — z; € F(i) with ¢;(z;) =
0 € M. Then, by (2), there is a k > i such that ¢ ;(z;) — 0 € F(k).
Hence, ¢y i(z;) =0, so ¥;(z;) = Yr(pii(x;)) = 0. O

Let F' be a functor from a directed set I to the category of R-
modules. A subset I’ is said to be cofinal Note that a cofinal set is also
directed. if for each i € I, there is a ¢/ € I’ with i’ > 4. Let F’ be the
restriction of F' to I’. Using the homomorphisms

Yy F'(i"Y=F@Gi)—>M=1lmF el
we get W : M'lim F' — M making the appropriate diagrams commute,
i.e., Wol =1y for each i’ € I'.

ProprosITION 11.10. With the above notation, if I is directed and
I' is cofinal in I, then ¥ is an isomorphism.
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PROOF. VW is an epimorphism. For, let x = 9;(x;) € M with z; €
F(i). Let ¢/ > i with i’ € I'. Then,
(i (duri(xi) =t (¢ii(2:)) = .
U is a monomorphism. For, let o’ = ¢}, (zy) € M’ with x; € F(i'),
and suppose ¥ (z') = 0. Calculating as above shows that ; (z;) = 0,
but this is the same as saying 1y (z) = 0. O

Let M be an n-manifold, and consider the family K of compact
subsets K of M ordered by inclusion. This is a directed set since if
K, L are compact, sois KUL. If K C L, then M — K D M — L so in
cohomology we get an induced homomorphism

prx  HI(M,M — K;R) — HY(M,M — L; R).
In this way, HY(M, M — K; R) is a functor from K to the category of
R-modules. We define the cohomology with compact supports by
HY(M; R) =lim HY(M,M — K; R).
This may also be defined in a slightly different way. Let
SIM;R) =limSYM,M — K; R).
Note that if K C L, then we actually have
SIM,M — K;R) C SYM,M — L;R) C SY(M;R)

and S¢(M; R) is just the union of all the SY(M, M — K; R). It consists
of all g-cochains f which vanish outside some compact subset, where
the compact set would in general depend on the cochain. This explains
the reason for the name ‘cohomology with compact support’.

Define 67 : S4(M; R) — S9"(M;R) is the obvious way. Then
S*(M; R) is a cochain complex, and we may take its homology. Since
direct limits on directed sets preserve exact sequences, it is easy to check
that taking cocycles, coboundaries, and cohomology commutes with the
direct limit. Hence, HI(M; R) is just the g-dimensional homology of
the complex S*(M; R).

5. Proof of Poincaré Duality

Let M be an R-oriented n-manifold. For each compact subspace K
of M, we may define a homomorphism

Sp(M, M — K;R) ®p SUM, M — K; R) — S,_o(M:R)

by
c® frcnf.
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This makes sense because if ¢ is a singular n-simplex S,,(M — K; R),
its front ¢-face o o [eg, ..., e, is also in S, (M — K; R). Hence, if f €
S4(M,M—K; R); i.e., fis ag-cochain on M which vanishes on S (M —
K), then o N f = 0. Hence, ¢ N f depends only on the class of ¢ in
Sn(M,M — K; R) = S,(M; R)/S,(M — K; R).
Taking homology, we see get a sequence of homomorphisms
PL:HY(M,M — K;R) — H, 1(M;R)
defined by a — ux N a, where py is the fundamental class of K. It is
not hard to check that if K C L, then
Py o plL,K = Py
so it follows that there is an induced homomorphism on the direct limit
PY:HI(M;R) — H,_,(M;R).

THEOREM 11.11. Let M be an R-oriented n-manifold. The homo-
mophisms
PY:HY(M;R) — H,_(M;R).
are 1somorphisms.

Note that if M is itself compact, then {M} is a cofinal subset of I,
and of course the direct limit that subset is just H4(M, M — M; R) =
HY(M; R). Hence, in this case H1(M; R) = HI(M; R) and it is easy to
check that P? is just the homomophisms discussed previously. Hence,
we get the statement of Poincaré Duality given previously for M com-
pact.

PROOF. Step 1. Assume M = R"™.
Let B be a closed ball in R”. Then as above since R* — B has S™ !
as a deformation retract,

! 7 ’ 10 otherwise.

Moreover, an orientation for R™ implies a choice of generator ug €
H,(R",R" - B;R) = H,(R",R" — B; R) (where x € B). We claim
the homomorphism

HYR",R" - B;R) — H,_,(R")

defined by a — pup N a is an isomorphism for 0 < ¢ < n. For, if
q # n, then both sides are zero. For ¢ = n, the homomorphism is
just the evaluation morphism, and the result follows by the universal
coefficient theorem

H*(R*,R"—b; R) = Hom(H,(R",R"—B), R) = Homg(H,(R", R"—B; R), R).
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since pup is a generator of H,(R",R™ — B; R) and both sides of the
homomorphism are R. (Also, the Tor terms are zero.)
It follows that we have an isomorphism of the direct limit

lim HY(R",R" — B; R) = H,_,(R"; R)

where the limit is taken over all closed balls B of R"™. However, it is
easy to see that for R"™, the set of closed balls is cofinal, so we conclude
that

P:H!R" R) — H,_1; R)

is an isomorphsim.

Step 2. Suppose M = U UV and that the theorem is true for U, V
and U N'V. We shall show that it is true for M.

We construct a Mayer—Vietoris sequence for cohomology with com-
pact supports.

Let K,L be compact subsets of U,V respectively. Then there
the relative Mayer—Vietoris sequence described previously in Section
1 yields for cohomology

— HY(M,M — KNL;R) - H(M,M — K;R)® HY(M,M — L; R)
— H(M,M — KUL;R) —» H"™ (M,M — KUL;R) — ...

Note that this is dual to the relative sequence described previously.
Let C = M —UnNV. Then C is closed and contained in the interior
of M — kN L, so by excision, we have a natural isomorphism

HI(M,M - KNL;R)=HI(UNV,UNV — KNL;R).
By similar excision arguments we have

oYM, M — K;R)~ H(U,U — K; R)
HY(M,M — L;: R) = H(V,V — L; R)

Now consider the following diagram
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where the top sequence is obtained by replacing the cohomology groups
in the above sequence by their isomorphs under excision, and the bot-
tom sequence is the homology Mayer—Vietoris sequence for the triple
M =UUV,U, V. The vertical arrows are the relative cap product mor-
phisms discussed previously for each of the pairs (UNV,UNV —KNL),
(U,U-K), (V,;V —-L),and (M,M — KUL).

LEMMA 11.12. The above diagram commutes.

We shall not try to prove this Lemma here. Suffice it to say that
it involves a lot of diagram chasing and use of properites of the cap
product. (See Massey for details.)

Assuming that the diagram commutes, we may take direct limits
for the upper row. The set of all K N L is cofinal in the set of all
compact subsets of U NV, K and L are arbitrary compact subsets of
U and V respectively, and the set of all K U L is cofinal in the set of
all compact subsets of M = U U V. If follows that we get a diagram

where the upper line is what we will call the Mayer-Vietoris sequence
for cohomology with compact supports. The upper line remains exact
since direct limits preserve exactness. We may now derive the desired
result by means of the five lemma.

Step 3. Let I be a linearly ordered set and let M be the union of
an ascending chain of open subsets U; indexed by ¢ € I, i.e., assume

Assume the theorem is true for each U;. We shall prove the theorem

for M.
Note first that H,(U;; R) is a functor on the directed set of U;.

LEmMMA 11.13. lim H,.(U;; R) = H.(M; R).
PROOF. The support of any cycle ¢ in S, (M; R) is compact and so

must be contained in one of the U;. Using this, it is not hard to check
the above lemma. O

Now let K be a compact subset of some U;. Excision of M — U;
yields an isomophism

HY(M,M — K;R) ~ HY(U,U — K; R).
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It follows that the inverses of these isomorphisms for K compact in U;
yield an isomorphism of direct limits

lim HY(U;,U; — K; R) — lim HY(M,M — K; R)

where both limits are taken over the directed set of compact subset of
U;. The left hand side by definition HZ(U;; R). On the right, since we
only have a subfamily (not even cofinal) of the set of compact subsets
of M, the best we have is a homomorphism

lim HY (M, M — K; R) — H!(M; R).
Putting this together, we get the upper row of the following diagram

HY(Us R) — HY(M;R)

Hn—l(Uz‘§ R) —_— Hg(M, R)

where the vertical arrows are the Poincaré Duality homomorphisms.
Moreover, it is possible to see with some effort that this diagram com-
mutes.

Now take the limit with respect to the U;. On the bottom, we
get an isomorphism, as mentioned in the above Lemma. The vertical
arrow on the left is an isomorphism because by assumption it is a direct
limit of isomorphisms. (Think about that!). Hence, it suffices to see
that the arrow on top is an isomorphism. To see this use the general
principle that direct limits commute. (We leave it to the student to
state that precisely and to prove it.) On the left, we are first fixing
7, then taking the limit with respect to K C U; and then taking the
limit with respect to . We could just as well fix a K and consider only
those U; O K. (The set of such is certainly cofinal in the set of all U;.)
Since, as noted above, all the H9(U;,U; — K; R) — HY (M, M — K; R)
are isomorphisms, it follows that in the limit over all such 7, we get an
isomorphism. Now take the limit with respect to the set of all compact
K in M. The limit is again an isomorphism.

Step 4. We establish the theorem for any open set M in R".

First note that if M is convex, then it is homeomorphic to R", so
the theorem is true by Step 1. More generally, we can cover M by a
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family of open convex subsets Vi, V5, . ... Define
Ui=W
Uy =ViUV,
Ui = Un—l U Vn

The theorem is true for each U; by Step 2 and induction. Hence, the
theorem is true for M by step 3.

Step 5. M may be covered by a countable collection of Euclidean
neighborhoods.

Use the same argument as in Step 4. Note that this takes care of
all the usual interesting manifolds.

Step 6. The general case.

We need a slight diversion here about transfinite induction.

Zorn’s Lemma.

Let I be a non partially ordered set. We say that I is inductively
ordered if any linearly ordered subset has an upper bound. Then Zorn ‘s
Lemma asserts that I has a maximal element, i.e., an element m such
that there is no element ¢ € I with ¢ > m. Note that this doesn’t say
that every element of I is bounded by m. Such an element would be
unique and be called the greatest element of I. There may be many
maximal elements.

Zorn’s Lemma is not really a lemma. It can be shown to be logically
equivalent to several other assertions in set theory. The most notable
of these are the aziom of choice and well ordering principle. You can
learn about this material by studying some logic. Some mathematicians
consider the use of these assertions questionable. Indeed, Paul Cohen
showed that the axiom of choice in a suitable sense is independent of
the other axioms of set theory.

However, we shall use Zorn‘s Lemma, blinking only slightly in the
process.

To complete Step 6, Let U be the collection of all connectged open
sets of M for which the theorem is true, ordered by inclusion. Since the
theorem is true for every Euclidean neighborhood of M, the set U is
non-empty. It is also inductively ordered by Step 3. Hence, by Zorn’s
Lemma, there is a maximal connect open set U of M for which the
theorem is true. We claim that U = M. Otherwise, let z € O(M — U)
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and choose an open Fuclidean neighborhood V' of x. By Step 2, the
theorem is true for UUV | and this contradicts the maximality of U. [



