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CHAPTER 1

Homotopy

1.1. The homotopy relation

Let X and Y be topological spaces. (If you are not sufficiently familiar with topological
spaces, you should assume that X and Y are metric spaces.) Let f and g be continuous
maps from X to Y. Let [0,1] be the unit interval with the standard topology, a subspace
of R.

DEFINITION 1.1.1. A homotopy from f to g is a continuous map
h: Xx[0,1] =Y

such that h(x,0) = f(x) and h(x,1) = g(x) for all x € X. If such a homotopy exists, we
say that f and g are homotopic, and write f ~ g. We also sometimes write h: f ~ g to
indicate that h is a homotopy from the map f to the map g.

REMARK 1.1.2. If you made the assumption that X and Y are metric spaces, then you
should use the product metric on X x [0,1] and Y x [0, 1], so that for example
d((Xht] )) (XZ)tZ)) = max{d(x1,x2), |t1 - tZ‘ }

for x1,x2 € X and ty,t; € [0,1]. If you were happy with the assumption that X and
Y are “just” topological spaces, then you need to know the definition of product of two
topological spaces in order to make sense of X x [0,1] and Y x [0,1].

REMARK 1.1.3. A homotopy h: X x [0,1] = Y from f: X =Y to g: X — Y can be seen
as a “family” of continuous maps

h : X = Y5 he(x) =h(x, t)

such that hp = f and h; = g. The important thing is that hy depends continuously on
t e [0,1].

EXAMPLE 1.1.4. Let f: R™ — R™ be the identity map. Let g : R™ — R™ be the map such
that g(x) =0 € R™ for all x € R™. Then f and g are homotopic. The map h: R™ x [0, 1]
defined by h(x,t) = tx is a homotopy from f to g.

EXAMPLE 1.1.5. Let f:S' — S be the identity map, so that f(z) =z. Let g:S' — §!
be the antipodal map, g(z) = —z. Then f and g are homotopic. Using complex number
notation, we can define a homotopy by h(z,t) = e™z.

EXAMPLE 1.1.6. Let f:S? — S? be the identity map, so that f(z) =z. Let g:S? — S?
be the antipodal map, g(z) = —z. Then f and g are not homotopic. We will prove this
later in the course.

EXAMPLE 1.1.7. Let f:S' — S be the identity map, so that f(z) =z. Let g:S' — §!
be the constant map with value 1. Then f and g are not homotopic. We will prove this
quite soon.
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ProproSITION 1.1.8. “Homotopic” is an equivalence relation on the set of continuous maps
from X to Y.

PROOF. Reflexive: For every continuous map f: X — Y define the constant homotopy
h:Xx[0,11 =Y by h(x,t) = f(x).
Symmetric: Given a homotopy h : X x [0,1] — Y from a map f: X — Y to a map
g: X — Y, define the reverse homotopy h: X x [0,1 — Y by h(x,t) = h(x,1 —1t). Then
h is a homotopy from g to f.
Transitive: Given continuous maps e,f,g : X — Y, a homotopy h from e to f and a
homotopy k from f to g, define the concatenation homotopy k = h as follows:

(1) o h(x, 2t) fo<t<1/2
’ k(x,2t—1) if1/2<t<1.

Then k*h is a homotopy from e to g. d

DEFINITION 1.1.9. The equivalence classes of the above relation “homotopic” are called
homotopy classes. The homotopy class of a map f: X — Y is often denoted by [f]. The
set of homotopy classes of maps from X to Y is often denoted by [X,Y].

ProrosiTiON 1.1.10. Let X, Y and Z be topological spaces. Let f: X =Y and g: X =Y
and w:Y — Z and v : Y — Z be continuous maps. If f is homotopic to g and u is
homotopic to v, then wof: X — Z is homotopic to vog: X — Z.

PROOF. Let h: X x [0,1] — Y be a homotopy from f to g and let w:Y x [0,1] = Z
be a homotopy from u to v. Then uoh is a homotopy from wof to uwog and the map
X x [0,1] — Z given by (x,t) — w(g(x),t) is a homotopy from wo g to vo g. Because
the homotopy relation is transitive, it follows that uof ~vog. 0

DEFINITION 1.1.11. Let X and Y be topological spaces. A (continuous) map f: X — Y
is a homotopy equivalence if there exists a map g : Y — X such that go f ~ idx and
fog=~idy.

We say that X is homotopy equivalent to Y if there exists a map f : X — Y which is a
homotopy equivalence.

DEFINITION 1.1.12. If a topological space X is homotopy equivalent to a point, then we say
that X is contractible. This amounts to saying that the identity map X — X is homotopic
to a constant map from X to X.

ExXaMPLE 1.1.13. R™ is contractible, for any m > 0.
EXAMPLE 1.1.14. R™ ~ {0} is homotopy equivalent to S™'.

EXAMPLE 1.1.15. The general linear group of R™ is homotopy equivalent to the orthogonal
group O(m). The Gram-Schmidt orthonormalisation process leads to an easy proof of
that.

1.2. Homotopy classes of maps from the circle to itself

Let p: R — S! be the (continuous) map given in complex notation by p(t) = exp(2mit)
and in real notation by p(t) = (cos(27rt),sin(27tt)). In the first formula we think of S' as
a subset of C and in the second formula we think of S' as a subset of R?.

Note that p is surjective and p(t+ 1) = p(t) for all t € R. We are going to use p to
understand the homotopy classification of continuous maps from S' to S'. The main
lemma is as follows.
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LEMMA 1.2.1. Let y: [0,1] — S' be continuous, and a € R such that p(a) =y(0). Then
there exists a unique continuous map y: [0,1] = R such that y =poy and ¥(0) = a.

PRrROOF. The map 7y is uniformly continuous since [0,1] is compact. It follows that
there exists a positive integer n such that d(y(x),v(y)) < 1/100 whenever [x —y| < 1/n.
Here d denotes the standard (euclidean) metric on S' as a subset of R?. We choose such

an n and write
n

[0) ” = U [tkfbtk]
k=1

where tx = k/n. We try to define ¥ on [0,t)] by induction on k. For the induction
beginning we need to define ¥ on [0,t;] where t; = 1/n. Let U C S' be the open ball
of radius 1/100 with center y(0). (Note that open ball is a metric space concept.) Then
v([0,t1]) € U. Therefore, in defining y on [0,t;], we need to ensure that y([0,t;]) is
contained in p~'(U). Now p~'(U) C R is a disjoint union of open intervals which are
mapped homeomorphically to U under p. One of these, call it Vo , contains a, since
p(a) =v(0) € U. The others are translates of the form £+ V, where £ € Z. Since [0, t;]
is connected, its image under y will also be connected, whatever ¥y is, and so it must
be contained entirely in exactly one of the intervals £ + V. Since we want y(0) = a,
we must have { = 0, that is, image of y contained in V,. Since the map p restricts to
a homeomorphism from V, to U, we must have y = qy where ¢ is the inverse of the
homeomorphism from V, to U. This formula determines the map y on [0, t1].

The induction steps are like the induction beginning. In the next step we define y on
[t1,t2], using a “new” a which is y(t7) and a “new” U which is the open ball of radius
1/100 with center y(tq). O

Now let g: ST — S! be any continuous map. We want to associate with it an integer, the
degree of g. Choose a € R such that p(a) =g(1). Let y =gop on [0,1]; this is a map
from [0,1] to S'. Construct ¥ as in the lemma. We have py(1) =vy(1) = v(0) = py(0),
which implies ¥(1) =y(0) + £ for some { € Z.

DEFINITION 1.2.2. This ¢ is the degree of g, denoted deg(g).

It looks as if this might depend on our choice of a with p(a) = g(1). But if we make
another choice then we only replace a by m + a for some m € Z, and we only replace y
by m +y. Therefore our calculation of deg(g) leads to the same result.

Remark. Suppose that g: S' — S' is a continuous map which is close to the constant
map z — 1€ S' (complex notation). To be more precise, assume d(g(z),1) < 1/1000 for
all z€ S'. Then deg(g) =0.

The verification is mechanical. Define y: [0,1] — S' by y(t) = g(p(t)). Let V C R be
the open interval from —1/100 to 1/100. The map p restricts to a homeomorphism from
V to p(V) c S', with inverse q: p(V) — V. Put ¥ = q oy, which makes sense because
the image of y is contained in p(V) by our assumption. Then poy =y as required. Now
the image of v is contained in V and therefore

|deg(g)l = [v(1) —¥(0)] < 2/100
and so deg(g) =0.

Remark. Suppose that f,g: S' — S' are continuous maps. Let w: ST — S be defined by
w(z) = f(z) - g(z) (using the multiplication in S' C C). Then deg(w) = deg(f) + deg(g).
The verification is also mechanical. Define @,y,w: [0,1] — S' by ¢@(t) = f(p(t)), v(t) =
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g(p(t)) and w(t) = w(p(t)). Construct @: [0,1] — R and ¥: [0,1] — R as in lemma 1.2.1.
Put @w:=@+7vy. Then po® = w, so

deg(w) = ®©(1) — ®©(0) = - - - = deg(f) + deg(g).

LEMMA 1.2.3. If f,g: ST — S' are continuous maps which are homotopic, f ~ g, then
they have the same degree.

PROOF. Let h: S'x[0,1] — S' be a homotopy from f to g. Asusuallet h¢: ST — S!
be the map defined by h¢(z) = h(z,t), for fixed t € [0,1]. For fixed t € [0, 1] we can find
& > 0 such that d(h¢(z),hs(z)) < 1/1000 for all z € S! and all s which satisfy |s—t| < &.
Therefore hg(z) = gs(z) - hi(z) for such s, where gs: S' — S is a map which satisfies
d(gs(z),1) < 1/1000 for all z € S'. Therefore deg(gs) = 0 by the remarks above and so
deg(hs) = deg(gs) + deg(hi) = deg(hy).

We have now shown that the the map [0,1] — Z given by t — deg(h¢) is locally constant
(equivalently, continuous as a map of metric spaces) and so it is constant (since [0, 1] is
connected). In particular deg(f) = deg(ho) = deg(hy) = deg(g). O

LEMMA 1.24. If £,9: S' — S are continuous maps which have the same degree, then
they are homotopic.

PrOOF. Certainly f is homotopic to a map which takes 1 to 1 and g is homotopic
to a map which takes 1 to 1 (using complex notation, 1 € S' € C). Therefore we can
assume without loss of generality that f(1) =1 and g(1) =1.

Let @: 0,1 — S" and vy: [0,1] — S' be defined by @(t) = f(p(t)) and y(t) = g(p(t)).
Construct @ and y as in the lemma, using a = 0 in both cases, so that @(0) =0 =y(0).
Then

@ (1) = deg(f) = deg(g) =v(1).

Note that f can be recovered from ¢ as follows. For z € ST choose t € [0, 1] such that
p(t) = z. Then f(z) = f(p(t)) = @(t) = pp(t). If z=1 € S', we can choose t = 0
or t =1, but this ambiguity does not matter since p@(1) = p®(0). Similarly, g can be
recovered from y. Therefore we can show that f is homotopic to g by showing that ¢ is
homotopic to y with endpoints fixed. In other words we need a continuous

H:[0,1] x [0,1] - R
where H(s,0) = @(s), H(s,1) = y(s) and H(0,t) = 0 for all t € [0,1] and H(1,t) =
®(1)=v(1) for all t €[0,1]. This is easy to do: let H(s,t) = (1 —t)§(s) + t¥(s). O
Summarizing, we have shown that the degree function gives us a well defined map from
[S',S'] to Z, and moreover, that this map is injective. It is not hard to show that this

map is also surjective! Namely, for arbitrary { € Z the map f: ST — S' given by f(z) = z*
(complex notation) has deg(f) =£. (Verify this.)

COROLLARY 1.2.5. The degree function is a bijection from [S',S'] to Z. O



CHAPTER 2

Fiber bundles and fibrations

2.1. Fiber bundles and bundle charts

DEFINITION 2.1.1. Let p: E — B be a continuous map between topological spaces and let
x € B. The subspace p~'({x}) is sometimes called the fiber of p over x.

DEFINITION 2.1.2. Let p: E — B be a continuous map between topological spaces. We
say that p is a fiber bundle if for every x € B there exist an open neighborhood U of x in
B, a topological space F and a homeomorphism h: p~'(U) — U x F such that h followed
by projection to U agrees with p.

Note that h restricts to a homeomorphism from the fiber of f over x to {x} x F. Therefore
F must be homeomorphic to the fiber of p over x.

Terminology. Often E is called the total space of the fiber bundle and B is called the base
space. A homeomorphism h: p~'(U) — U x F as in the definition is called a bundle chart.
A fiber bundle p: E — B whose fibers are discrete spaces (intuitively, just sets) is also
called a covering space. (A discrete space is a topological space (X,0) in which O is the
entire power set of X.)

Here is an easy way to make a fiber bundle with base space B. Choose a topological space
F, put E =B x F and let p: E — B be the projection to the first factor. Such a fiber
bundle is considered unexciting and is therefore called trivial. Slightly more generally, a
fiber bundle p: E — B is trivial if there exist a topological space F and a homeomorphism
h: E — BXF such that h followed by the projection BxF — B agrees with p. Equivalently,
the bundle is trivial if it admits a bundle chart h: p~'(U) — U x F where U is all of B.
Two fiber bundles pp: Eg — B and py: E; — B with the same base space B are considered
isomorphic if there exists a homeomorphism g: Eg — E; such that p; o g =po. In that
case g is an isomorphism of fiber bundles.

According to the definition above a fiber bundle is a map, but the expression is often used
informally for a space rather than a map (the total space of the fiber bundle).

PROPOSITION 2.1.3. Let p: E — B be a fiber bundle where B is a connected space. Let
X0,Yo € B. Then the fibers of p over xo and Yo, respectively, are homeomorphic.

PROOF. For every x € B choose an open neighborhood U, of x, a space F, and a
bundle chart hy: p*1 (Uy) — Uy x F,. The open sets U, for all x € B form an open
cover of B. We make an equivalence relation R on the set B in the following manner:
xRy means that there exist elements

X0yX1y.--yXk €B

such that xo = x, xx =y and Uy, , NU,, #0 for j =1,...,k. Clearly xRy implies that
Fx is homeomorphic to F,. Therefore it suffices to show that R has only one equivalence
class. Each equivalence class is open, for if x € B belongs to such an equivalence class,

7
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then U, is contained in the equivalence class. Each equivalence class is closed, since its
complement is open, being the union of the other equivalence classes. Since B is connected,
this means that there can only be one equivalence class. O

EXAMPLE 2.1.4. One example of a fiber bundle is p: R — S', where p(t) = exp(2mit).
We saw this in section 1. To show that it is a fiber bundle, select some z € S' and some
t € R such that p(t) = z. Let V =]t — 5,t + 8[ where & is a positive real number,
not greater than 1/2. Then p restricts to a homeomorphism from V C R to an open
neighborhood U = p(V) of z in S'; let q: U — V be the inverse homeomorphism. Now
p~'(W) is the disjoint union of the translates £+ V, where ¢ € Z. This amounts to saying
that

g:UxZ—p (W

given by (y,m) — m+ q(y) is a homeomorphism. The inverse h of g is then a bundle
chart. Moreover Z plays the role of a discrete space. Therefore this fiber bundle is a cover-
ing space. It is not a trivial fiber bundle because the total space, R, is not homeomorphic
to S' x Z.

EXAMPLE 2.1.5. The Mobius strip leads to another popular example of a fiber bundle.
Let E C S' x C consist of all pairs (z,w) where w? = c¢?z for some ¢ € R. This is a
(non-compact) implementation of the Mdbius strip. There is a projection

q:E—S'

given by q(z,w) = z. Let us look at the fibers of q. For fixed z € S', the fiber of q over
z is identified with the space of all w € C such that w? = ¢?z for some real c. This is
equivalent to w = cy/z where /z is one of the two roots of z in C. In other words, w
belongs to the one-dimensional linear real subspace of C spanned by the two square roots
of z. In particular, each fiber of q is homeomorphic to R. The fact that all fibers are
homeomorphic to each other should be taken as an indication (though not a proof) that
q is a fiber bundle. The full proof is left as an exercise, along with another exercise which
is slightly harder: show that this fiber bundle is not trivial.

In preparation for the next example I would like to recall the concept of one-point com-
pactification. Let X = (X,0) be a locally compact topological space. (That is to say, X
is a Hausdorff space in which every element x € X has a compact neighborhood.) Let
X¢ = (X, U) be the topological space defined as follows. As a set, X¢ is the disjoint union
of X and a singleton (set with one element, which in this case we call co). The topology
U on X€ is defined as follows. A subset V of X¢ belongs to U if and only if

e cither co ¢ V and V€ O;
e or co € V and X® \V is a compact subset of X.

Then X€ is compact Hausdorff and the inclusion u: X — X¢ determines a homeomorphism
of X with u(X) = X¢ \ {oo}. The space X€ is called the one-point compactification of X.
The notation X¢ is not standard; instead people often write XU oo and the like. The one-
point compactification can be characterized by various good properties; see books on point
set topology. For use later on let’s note the following, which is clear from the definition
of the topology on X¢. Let Y = (Y, W) be any topological space. A map g: Y — X¢ is
continuous if and only if the following hold:

e g '(X) is open in Y

e the map from g~ '(X) to X obtained by restricting g is continuous
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e for every compact subset K of X, the preimage g~'(K) is a closed subset of Y
(that is, its complement is an element of 'W).

ExXaMPLE 2.1.6. A famous example of a fiber bundle which is also a crucial example in
homotopy theory is the Hopf map from S3 to S2, so named after its inventor Heinz Hopf.
(Date of invention: around 1930.) Let’s begin with the observation that S? is homeomor-
phic to the one-point compactification CUoo of C. (The standard homeomorphism from
S? to CU oo is called stereographic projection.) We use this and therefore describe the
Hopf map as a map

p:S? = CUoo.

Also we like to think of S3 as the unit sphere in C?. So elements of S3 are pairs (z,w)
where z,w € C and |z|> + w]? = 1. To such a pair we associate

P(Z,W) =z/w

using complex division. This is the Hopf map. Note that in cases where w = 0, we must
have z # 0 as |z|*> = |z]? + [W|*> = 1; therefore z/w can be understood and must be
understood as co € C U oo in such cases. In the remaining cases, z/w € C.

Again, let us look at the fibers of p before we try anything more ambitious. Let s € CUco.
If s = oo, the preimage of {s} under p consists of all (z,w) € S? where w = 0. This is a
circle. If s ¢ {0, 00}, the preimage of {s} under p consists of all (z,w) € S3 where w # 0
and z/w = s. So this is the intersection of S3 C C? with the one-dimensional complex
linear subspace {(z,w) | z=sw} C C?. It is also a circle! Therefore all the fibers of p are
homeomorphic to the same thing, S'. We take this as an indication (though not a proof)
that p is a fiber bundle.

Now we show that p is a fiber bundle. First let U = C, which we view as an open subset
of CUoo. Then

p (W) ={(z,w) € S CC? |w#£0}.
A homeomorphism h from there to U x ST =C x S is given by
(zyw) = (z/w, w/Iwl).

This has the properties that we require from a bundle chart: the first coordinate of h(z, w)
is z/w = p(z,w). (The formula g(y,z) = (yz,2)/||(yz,z)|| defines a homeomorphism g
inverse to h.) Next we try V = (CU oo) \ {0}, again an open subset of CU co. We have
the following commutative diagram

g3 % . g3

b
(CUOO—C>(CU00

where a(z,w) = (w,z) and {(s) = s~

Therefore the composition

. (This amounts to saying that pooa = (op.)

(s,w)= (s ,w)

p (V) —=pT(U) > UxS! V x S!

has the properties required of a bundle chart. Since U UV is all of C U oo, we have
produced enough charts to know that p is a fiber bundle. O
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2.2. Restricting fiber bundles

Let p: E — B be a fiber bundle. Let A be a subset of B. Put |5 = p~'(A). This is a
subset of E. We want to regard A as a subspace of B (with the subspace topology) and
Eja as a subspace of E.

ProrosITION 2.2.1. The map pa: Eo — A obtained by restricting p is also a fiber
bundle.

PROOF. Let x € A. Choose a bundle chart h: p~'(U) — U x F for p such that
x € U. Let V=UNA, an open neighborhood of x in A. By restricting h we obtain a
bundle chart ha:p~'(V) = V x F for pa. O

Remark. In this proof it is important to remember that a bundle chart as above is not just
any homeomorphism h: p~'(U) — U x F. There is a condition: for every y € p~'(U)
the U-coordinate of h(y) € U x F must be equal to p(y). The following informal point of
view is recommended: A bundle chart h: p~'(U) — U x F for p is just a way to specify,
simultaneously and continuously, homeomorphisms h, from the fibers of p over elements
x € U to F. Explicitly, h determines the h, and the h, determine h by means of the
equation
h(y) = (X)hx(y)) eUxF
when y € p~'(x), that is, x =p(y).

Let p: E — B be any fiber bundle. Then B can be covered by open subsets U; such
that Ejy, is a trivial fiber bundle. This is true by definition: choose the U; together with
bundle charts hi: p~'(U;) — Ui x Fi. Rename p~' (W) = Eju, if you must. Then each
h; is a bundle isomorphism of pjy, : Eju, — Ui with a trivial fiber bundle U; x F; — U;.
There are cases where we can say more. One such case merits a detailed discussion because
it takes us back to the concept of homotopy.

LEMMA 2.2.2. Let B be any space and let q: E — B x [0,1] be a fiber bundle. Then B
admits a covering by open subsets Ui such that

dpucxio,n: Ejugxio) — Ui x [0, 1]
s a trivial fiber bundle.

Proor. We fix xo € B for this proof. We try to construct an open neighborhood U
of {xo} in B such that qjuxo,11: Ejuxo,17 — U x [0,1] is a trivial fiber bundle. This is
enough.

To minimize bureaucracy let us set it up as a proof by analytic induction. So let | be
the set of all t € [0,1] for which there exist an open U’ C B and an open subset U” of
[0, 1] which is also an interval containing 0, such that xo € U’ and t € U” and such that
qiu’xu is a trivial fiber bundle. The following should be clear.

e ] is an open subset of [0, 1].

e | is nonempty since 0 € J.

e If t €] then [0,t] C J; hence ] is an interval.
If 1 €], then we are happy. So we assume 1 ¢ | for a contradiction. Then ] = [0, o[ for
some 0 where 0 < 0 < 1. Since q is a fiber bundle, the point (x¢,0) admits an open
neighborhood V in B x [0, 1] with a bundle chart g: q~' (V) — V x Fy. Without loss of
generality V has the form V' x V" where V' C B is an open neighborhood of x¢ in B and
V" is an interval which is also an open neighborhood of ¢ in [0,1]. There exists r < o
such that V" D [r,0]. Then r € J and so there exists W = W’ x W” open in B x [0,1]
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with a bundle chart h: g~ (W) — U x Fy such that xo € W’ and W” = [0, [ where
T > r. Without loss of generality, W' = V’/. Now W” U V" is an open subset of [0, 1]
which is an interval (since r € W” NV"). It contains both 0 and o. Now let U’ =V’
and U =W"”UV"”. If we can show that qy-xuy~ is a trivial fiber bundle, then the proof
is complete because U’ x U” contains {xo} x [0, 0], which implies that o € J, which is the
contradiction that we need. Indeed we can make a bundle chart

kig "W xU”) — (U xU") x Fy

as follows. For (x,t) € U’ x U” with t <1 we take K(x 1) = h(x,¢). For (x,t) € U xU”
with t > r we take

Kix,t) = Rx,r) © 9(_,3,” o g(x,t) -
Decoding: h(y ) is a homeomorphism from the fiber of q over (x,t) € W C B x [0,1] to
Fw . Similarly g(x,) is a homeomorphism from the fiber of q over (x,t) € V.C B x [0,1]
to Fy . Also note that

h(X‘r) © g(x,r)
is a homeomorphism from Fy to Fy/, depending on x € Vi = W; C B. O

2.3. Pullbacks of fiber bundles

Let p: E — B be a fiber bundle. Let g: X — B be any continuous map of topological
spaces.

DEFINITION 2.3.1. The pullback of p: E — B along g is the space
gE:={(x,y) e XxE|g(x) =Py}

It is regarded as a subspace of X x E with the subspace topology.

LEMMA 2.3.2. The projection g*E — X given by (x,y) — x is a fiber bundle.

PROOF. First of all it is helpful to write down the obvious maps that we have in a
commutative diagram:
gE——E
o,k
X—2 o8B
Here q and r are the projections given by (x,y) — x and (x,y) — y. Commutative
means that the two compositions taking us from g*E to B agree. Suppose that we have
an open set V C B and a bundle chart

h:p (V) —— V xF.
Now U := g~ (V) is open in X. Also q~'(U) is an open subset of g*E and we describe
elements of that as pairs (x,y) where x € U and y € E, with g(x) = p(y). We make a
homeomorphism

qg'(U) = UxF

by the formula (x,y) — (x,hgx)(y)) = (x,hp)(y)). It is a homeomorphism because the
inverse is given by

(x,2) = (x, (hg(x) ' (2)
for x € U and z € F, so that (g(x),z) € V x F. Its is also clearly a bundle chart. In this
way, every bundle chart

h:p (V) —— V xF
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for p: E — B determines a bundle chart

g '(UW) —— UxF
with the same F, where U is the preimage of V under g. Since p: E — B is a fiber
bundle, we have many such bundle charts p~! (Vj) — V; x F; such that the union of the
Vj is all of B. Then the union of the corresponding Uj is all of X, and we have bundle
charts q~'(U;) — U; x Fj. This proves that q is a fiber bundle. O

This proof was too long and above all too formal. Reasoning in a less formal way, one
should start by noticing that the fiber of q over z € X is essentially the same (and certainly
homeomorphic) to the fiber of p over g(z) € B. Namely,

q '(z) ={(x,y) eXxE|g(x) =ply), x=2} = {z} xp '({g(2)}) .

Now recall once again that a bundle chart h: p~'(U) — U x F for p is just a way to
specify, simultaneously and continuously, homeomorphisms h, from the fibers of p over
elements x € U to F. If we have such a bundle chart for p, then for any z € g~'(U) we
get a homeomorphism from the fiber of q over z, which “is” the fiber of p over g(z), to
F. And so, by letting z run through g—'(U), we get a bundle chart for q.

ExXAMPLE 2.3.3. Restriction of fiber bundles is a special case of pullback, up to isomor-
phism of fiber bundles. More precisely, suppose that p: E — B is a fiber bundle and let
A C B be a subspace, with inclusion g: A — B. Then there is an isomorphism of fiber
bundles from pa: Eja — A to the pullback g*E — A. This takes y € Ejao to the pair
(ply),y) e g"E C A XE.

2.4. Homotopy invariance of pullbacks of fiber bundles

THEOREM 2.4.1. Let p: E — B be a fiber bundle. Let f,g: X — B be continuous maps,
where X is a compact Hausdorff space. If f is homotopic to g, then the fiber bundles
f*E — X and g*E — X are isomorphic.

REMARK 2.4.2. The compactness assumption on X is unnecessarily strong; paracompact is
enough. But paracompactness is also a more difficult concept than compactness. Therefore
we shall prove the theorem as stated, and leave a discussion of improvements for later.

REMARK 2.4.3. Let X be a compact Hausdorff space and let Uy, Uy,...,U;, be open
subsets of X such that the union of the U; is all of X. Then there exist continuous
functions

PoyP1y.-ey Pn: X = [0)1]
such that Z?:o @; = 1 and such that supp(@;), the support of @; , is contained in U
for j =0,1,...,n. Here supp(¢;) is the closure in X of the open set

xeX| @j(x) >0}

A collection of functions @g, @1,..., @, with the stated properties is called a partition of
unity subordinate to the open cover of X given by Ug,...,U, . For readers who are not
aware of this existence statement, here is a reduction (by induction) to something which
they might be aware of.

First of all, if X is a compact Hausdorff space, then it is a normal space. This means,
in addition to the Hausdorff property, that any two disjoint closed subsets of X admit
disjoint open neighborhoods. Next, for any normal space X we have the Tietze-Urysohn
extension lemma. This says that if Ay and Ay are disjoint closed subsets of X, then there
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is a continuous function \: X — [0, 1] such that P(x) =1 for all x € A7 and P(x) =0
for all x € Ap. Now suppose that a normal space X is the union of two open subsets Uy
and U;. Because X is normal, we can find an open subset Vo C Uy such that the closure
of Vy in X is contained in Uy and the union of Vo and U is still X. Repeating this, we
can also find an open subset V7 C U; such that the closure of V7 in X is contained in
U; and the union of V7 and Vj is still X. Let Ag = XV, and A; =X~ V;. Then Ay
and A; are disjoint closed subsets of X, and so by Tietze-Urysohn there is a continuous
function \: X — [0, 1] such that P(x) = 1 for all x € A7 and P(x) =0 for all x € Ag.
This means that supp({) is contained in the closure of X \ Ag = V,, which is contained
in Ug. We take @7 =1V and @9 = 1 —1. Since 1 —1 is zero on A7, its support is
contained in the closure of V7, which is contained in U;. This establishes the induction
beginning (case n=1).

For the induction step, suppose that we have an open cover of X given by Ug,..., U, where
n > 2. By inductive assumption we can find a partition of unity subordinate to the cover
UoUUy, Uy,..., U, and by the induction beginning, another partition of unity subordinate
to Up, Uy UUU--- Uy . Call the functions in the first partition of unity @o1, @2,..., On
and those in the second o, VP71, we see that the functions Vo@o1, V19001, ©2,..., P form
a partition of unity subordinate to the cover by Up,...,U. 0

PROOF OF THEOREM 2.4.1. Let h: X x [0,1] — B be a homotopy from f to g, so

that ho = f and h; = g. Then h*E — X x [0,1] is a fiber bundle. We give this a new
name, say ¢: L — X x [0,1]. Let p and t; be the maps from X to X x [0,1] given by
Lo(x) = (x,0) and 11(x) = (x,1). It is not hard to verify that the fiber bundle f*E — X is
isomorphic to 1jL — X and g*E — X is isomorphic to ;L — X. Therefore all we need to
prove is the following.
Let q: L — X x [0,1] be a fiber bundle, where X is compact Hausdorff. Then the fiber
bundles WJL — X and jL — X obtained from q by pullback along v and v are iso-
morphic. To make this even more explicit: given the fiber bundle q: L — X x [0, 1], we
need to produce a homeomorphism from Ljx o} to Ljxx(1; which fits into a commutative
diagram

our homeom.

Lixx{o} Lixx(1}

res. of ql lres. of q
(x,0)—=(x,1)

X x {0} ————=Xx {1}

Here Lk means q' (K), for any K C X x [0, 1].

By a lemma proved last week (lecture notes week 2), we can find a covering of X by
open subsets U; such that that qu,xjo,17: Lju,x10,17 — Ui x [0,1] is a trivial bundle, for
each i. Since X is compact, finitely many of these U; suffice, and we can assume that
their names are Uq,...,U,. Let @1,..., @, be continuous functions from X to [0, 1]
making up a partition of unity subordinate to the open covering of X by Uy,...,Uy.
For j =0,1,2,...,n let vj = Y} _; ¢k and let T} C X x [0,1] be the graph of v;. Note
that Ty is X x {0} and T}, is X x {1}. It suffices therefore to produce a homeomorphism



14 2. FIBER BUNDLES AND FIBRATIONS

ej: Lir,_, — Ljr; which fits info a commutative diagram
€
Lir_, Liry
res. of ql lres. of q
Mo (x,v5—1(x)) = (x,v5(x)) r
(for j =1,2,...,m). Since qu;x(0,11: Lju;x10,17 — Uj x [0,1] is a trivial fiber bundle, we

have a single bundle chart for it, a homeomorphism
g: L\U,-X[O,]] — (u1 X [O,”) x F

with the additional good property that we require of bundle charts. Fix j now and write
L=L"UL"” where L’ consists of the y € L for which q(y) = (x,t) with x ¢ supp(@;),
and L” consists of the y € L for which q(y) = (x,t) with x € U;. Both L’ and L” are
open subsets of L. Now we make our homeomorphism e = e; as follows. By inspection,
Lir,_, NL" =Ly NL’, and we take e to be the identity on Ljr_, NL'. By restricting
the bundle chart g, we have a homeomorphism Ly, NL"” — U; x F; more precisely, a
homeomorphism from L, _, NL" to (Ij—3 N'U; x [0,1]) x F. By the same reasoning, we
have a homeomorphism Ly, , N L” — Uj x F; more precisely, a homeomorphism from
L, ;N L” to (T NU; x [0,1]) x F. Therefore we have a preferred homeomorphism from
Lir,_, NL" to Ljr;NL", and we use that as the definition of e on Ljr,_, NL". By inspection,
the two definitions of e which we have on the overlap L, NL'NL" agree, so e is well
defined. O

COROLLARY 2.4.4. Let p: E — B be a fiber bundle where B is compact Hausdorff and
contractible. Then p is a trivial fiber bundle.

PROOF. By the contractibility assumption, the identity map f: B — B is homotopic
to a constant map g: B — B. By the theorem, the fiber bundles f*E — B and g*E — B
are isomorphic. But clearly f*E — B is isomorphic to the original fiber bundle p: E — B.
And clearly g*E — B is a trivial fiber bundle. O

COROLLARY 2.4.5. Let q: E — B x[0,1] be a fiber bundle, where B is compact Hausdorff.
Suppose that the restricted bundle

dBx(0}: EBxio) — B x {0}
admits a section, i.e., there exists a continuous map s: B x {0} — Ejgxo} such that qos
is the identity on B x{0}. Then q: E — B x[0,1] admits a section s: B x [0,1] — E which
agrees with s on B x {0}.

PrROOF. Let f,g: B x [0,1] — B x [0,1] be defined by f(x,t) = (x,t) and g(x,t) =
(x,0). These maps are clearly homotopic. Therefore the fiber bundles f*E — B x [0, 1] and
g*E — B x [0, 1] are isomorphic fiber bundles. Now f*E — B x [0, 1] is clearly isomorphic
to the original fiber bundle

q: E— B x{0,1}
and g*E — B x [0,1] is clearly isomorphic to the fiber bundle
E\BX{O} X [0)]] — B x [O) H

given by (y,t) — (q(y),t) for y € Ejgxioy, that is, y € E with q(y) = (x,0) for some
x € B. Therefore we may say that there is a homeomorphism h: Ejgyo; x [0,1] — E
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which is over B x [0, 1], in other words, which satisfies

(q o h)(%t) = (Q(H)»t)

for all y € Ejgxjoy and t € [0,1]. Without loss of generality, h satisfies the addi-
tional condition h(y,0) =y for all y € Ejgxjo;. (In any case we have a homeomor-
phism u: Ejgxr0y = Ejpxjo} defined by u(y) = h(y,0). If it is not the identity, use the
homeomorphism (y,t) — h(u~'(y),t) instead of (y,t) — h(y,t).) Now define § by
5(x,t) = h(s(x),t) for x € B and t € [0,1]. O

2.5. The homotopy lifting property

DEFINITION 2.5.1. A continuous map p: E — B between topological spaces is said to
have the homotopy lifting property (HLP) if the following holds. Given any space X and
continuous maps f: X — E and h: Xx [0, 1] — B such that h(x,0) = p(f(x)) for all x € X,
there exists a continuous map H: X x [0, 1] — E such that poH = h and H(x,0) = f(x) for
all x € X. A map with the HLP can be called a fibration (sometimes Hurewicz fibration).

It is customary to summarize the HLP in a commutative diagram with a dotted arrow:

X—— E

x(x,0) e p

Xx[0,1]—* . B

Indeed, the HLP for the map p means that once we have the data in the outer commutative
square, then the dotted arrow labeled H can be found, making both triangles commutative.
More associated customs: we think of h as a homotopy between maps hy and h; from
X to B, and we think of f: X — E as a lift of the map hp , which is just a way of saying
that pof=hy.

More generally, or less generally depending on point of view, we say that p: E — B satisfies
the HLP for a class of spaces Q if the dotted arrow in the above diagram can always be
supplied when the space X belongs to that class Q.

PROPOSITION 2.5.2. Let p: E — B be a fiber bundle. Then p has the HLP for compact
Hausdorff spaces.

PRrROOF. Suppose that we have the data X, f and h as in the above diagram, but
we are still trying to construct or find the diagonal arrow H. We are assuming that X is
compact Hausdorff. The pullback of p along h is a fiber bundle h*E — X x [0, 1]. The
restricted fiber bundle

(h"E)jxxqo1 — X x {0}

has a continuous section s given essentially by f, and if we say it very carefully, by the
formula

(%,0) = ((x,0),f(x)) e "E C (X x [0,1]) x E .

The section s extends to a continuous section § of h*E — X x [0,1] by corollary 2.4.5.
Now we can define H:=1 05, where 1 is the standard projection from h*E to E. O
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EXAMPLE 2.5.3. Let p: S> — S? be the Hopf fiber bundle. Assume if possible that p is
nullhomotopic; we shall try to deduce something absurd from that. So let

h: $3 % [0,1] — S?

be a nullhomotopy for p. Then hgp = p and hy is a constant map. Applying the HLP in
the situation

53 id 53

T
(0] o )
S3x[0,1] — M . g2

we deduce the existence of H: S3 x [0,1] — S3, a homotopy from the identity map Hy =
id: S3 — S3 to a map Hy: S3 — S3 with the property that p o H; is constant. Since p
itself is certainly not constant, this means that H; is not surjective. If H; is not surjective,
it is nullhomotopic. (A non-surjective map from any space to a sphere is nullhomotopic;
that’s an exercise.) Consequently id: S3 — S3 is also nullhomotopic, being homotopic to
H;. This means that S3 is contractible.

Is that absurd enough? We shall prove later in the course that S is not contractible. Until
then, what we have just shown can safely be stated like this: if S3 is not contractible, then
the Hopf map p: S3 — S? is not nullhomotopic. (I found this argument in Dugundji’s
book on topology. Hopf used rather different ideas to show that p is not nullhomotopic.)

Let p: E — B be a fibration (for a class of spaces Q) and let f: X — B be any continous
map between topological spaces. We define the pullback f*E by the usual formula,

PE={(x,y) e XX E | f(x)=py) }
LEMMA 2.5.4. The projection f*E — X is also a fibration for the class of spaces Q.
The proof is an exercise. O

In example 2.5.3, the HLP was used for something resembling a computation with ho-
motopy classes of maps. Let us try to formalize this, as an attempt to get hold of some
algebra in homotopy theory. So let p: E — B be a continuous map which has the HLP
for a class of topological spaces Q. Let f: X — B be any continuous map of topological
spaces. Now we have a commutative square

f*E——E
qz2
S
X——B

where 7 and g2 are the projections. Take any space W in the class Q. There is then a
commutative diagram of sets and maps

W, f*E] —— W, E]

L

W, X] —— W, B]
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PROPOSITION 2.5.5. The above diagram of sets of homotopy classes is “half exact” in the
following sense: given a € [W,X] and b € [W,E] with the same image in [W,B], there
exists ¢ € [W,f*E] which is taken to a and b by the appropriate maps in the diagram.

PROOF. Represent a by a map a: W — X, and b by some map 3: W — E. By
assumption, f o o is homotopic to p o 3. Let h = (h¢)ec(o,1) be a homotopy, so that
ho=pof and hy =fox, and hi: W — B for t € [0,1]. By the HLP for p, there exists
a homotopy H: W x [0,1] — E such that poH =h and Hp = 3. Then H; is homotopic
to Ho = 3, and poH; = fo . Therefore the formula w — (x(w), H;(w)) defines a map
W — f*E. The homotopy class ¢ of that is the solution to our problem. O

Looking back, we can say that example 2.5.3 is an application of proposition 2.5.5 with
p: E = B equal to the Hopf fibration and f equal to the inclusion of a point (and Q equal
to the class of compact Hausdorff spaces, say). We made some unusual choices: W = E
and b = [id] € [W, E].

2.6. Remarks on paracompactness and fiber bundles

Quoting from many books on point set topology: a topological space X = (X, Q) is para-
compact if it is Hausdorff and every open cover (U;i)ica of X admits a locally finite
refinement (Vj)jey .

There is a fair amount of open cover terminology in that definition. In this formulation,
we take the view that an open cover of X is a family, i.e., a map from a set to O (with a
special property). This is slightly different from the equally reasonable view that an open
cover of X is a subset of O (with a special property), and it justifies the use of round
brackets as in (U;)iea, as opposed to curly brackets. Here the map in question is from
A to O. There is an understanding that (Vj)jey is also an open cover of X, but ¥ need
not coincide with A. Refinement means that for every j € ¥ there exists i € A such that
V; C Ui. Locally finite means that every x € X admits an open neighborhood W in X
such that the set {j € ¥ | WNV; # 0} is a finite subset of V.

It is wonderfully easy to get confused about the meaning of paracompactness. There is a
strong similarity with the concept of compactness, and it is obvious that compact (together
with Hausdorfl) implies paracompact, but it is worth emphasizing the differences. Namely,
where compactness has something to do with open covers and sub-covers, the definition of
paracompactness uses the notion of refinement of one open cover by another open cover.
We require that every Vj is contained in some U; ; we do not require that every Vj is
equal to some U;. And locally finite does not just mean that for every x € X the set
{j e ¥ | x € Vj} is a finite subset of W. It means more.

For some people, the Hausdorff condition is not part of paracompact, but for me, it is.

An important theorem: every metrizable space is paracompact. This is due to A.H.
Stone who, as a Wikipedia page reminds me, is not identical with Marshall Stone of the
Stone-Weierstrass theorem and the Stone-Cech compactification. The proof is not very
complicated, but you should look it up in a book on point-set topology which is not too
ancient, because it was complicated in the A.H. Stone version.

Another theorem which is very important for us: in a paracompact space X, every open
cover (Ui)iea admits a subordinate partition of unity. In other words there exist contin-
uous functions @i: X — [0,1], for i € A, such that
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e every x € X admits an open neighborhood W in X for which the set
{ie Al Wnsupp(ei) # 0}
is finite;

i Zie/\ Pi = 1;

e supp(@i) C Ui .
The second condition is meaningful if we assume that the first condition holds. (Then,
for every x € X, there are only finitely many nonzero summands in ) ;. @i(x). The
first condition also ensures that for any subset = C A, the sum } ; - @; is a continuous
function on X.)
The proof of this theorem (existence of subordinate partition of unity for any open cover
of a paracompact space) is again not very difficult, and boils down mostly to showing that
paracompact spaces are mormal. Namely, in a normal space, locally finite open covers
admit subordinate partitions of unity, and this is easy.

Many of the results about fiber bundles in this chapter rely on partitions of unity, and
to ensure their existence, we typically assumed compactness here and there. But now it
emerges that paracompactness is enough.

Specifically, in theorem 2.4.1 it is enough to assume that X is paracompact. In corol-
lary 2.4.4 it is enough to assume that B is paracompact (and contractible). In corol-
lary 2.4.5 it is enough to assume that B is paracompact. In proposition 2.5.2 we have the
stronger conclusion that p has the HLP for paracompact spaces.

PROOF OF VARIANT OF THM. 2.4.1. Here we assume only that X is paracompact
(previously we assumed that it was compact). By analogy with the case of compact X,
we can easily reduce to the following statement. Let q: L — X x [0,1] be a fiber bundle,
where X is paracompact. Then the fiber bundles \jL — X and L — X obtained from q
by pullback along o and v are isomorphic. And to make this more explicit: given the
fiber bundle q: L — X x [0, 1], we need to produce a homeomorphism h from Ljx.o} to
Lixx {1} which fits into a commutative diagram

h
Lixx{oy — > Lixx(1)
res. of q res. of q
,0) (x,1
X x o} 207D vy

By a lemma proved in lecture notes week 2, we can find an open cover (Uj)iea of X
such that that qu,x(0,17: Lju;x0,17 = Ui % [0,1] is a trivial bundle, for each i € A. Let
(@i)iea be a partition of unity subordinate to (U;)iea. So @i: X — [0,1] is a continuous
function with supp(@i) C Ui, and ) ; @i = 1. Every x € X admits a neighborhood W
in X such that the set
{i € Al supp(ei) N W # 0}

is finite.

Now choose a total ordering on the set A. (A total ordering on A is a relation < on
/A which is transitive and reflexive, and has the additional property that for any distinct
i,j € A, precisely one of i <j or j <1 holds. We need to assume something here to
get such an ordering: for example the Axiom of Choice in set theory is equivalent to the
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Well-Ordering Principle, which states that every set can be well-ordered. A well-ordering
is also a total ordering.) Given x € X, choose an open neighborhood W of x such that
the set of i € A having supp(@i) "W # () is finite; say it has n elements. We list these
elements in their order (provided by the total ordering on A which we selected):

L<i <3< i

The functions @i,, @i,,..., @i, (restricted to W) make up a partition of unity on W
which is subordinate to the covering by open subsets W N Ui, , W N Ui,,.. WNU, .
Now we can proceed exactly as in the proof of theorem 2.4.1 to produce (in n steps) a
homeomorphism hyy, which makes the following diagram commute:

h
Liwsqo} ——— Liwx(1}

res. of q res. of q

Wx (0] 270y
Finally we can regard W or x as variables. If we choose, for every x € X, an open
neighborhood W, with properties like W above, then the W, for all x € X constitute
an open cover of X. For each W, we get a homeomorphism hy,, as above. These
homeomorphisms agree with each other wherever this is meaningful, and so define together
a homeomorphism h: Lixyx(01 — Lixx{1; with the property that we require. O



CHAPTER 3

Presheaves and sheaves on topological spaces

3.1. Presheaves and sheaves

DEFINITION 3.1.1. A presheaf on a topological space X is a rule F which to every open
subset U of X assigns a set F(U), and to every pair of nested open sets U C V C X a
map

resy,u: J(V) = F(U)
which satisfies the following conditions.

e For open sets U C V C W in X we have resyv,u oresw,v = resw,u (an equality
of maps from F(W) to F(U)).
o resy,y = id: F(V) — F(V) for every open V in X.

ExAMPLE 3.1.2. An important and obvious example for us is the following. Fix X as
above and let Y be another topological space. For open U in X let F(U) be the set of all
continuous maps from U to Y. Note that we make no attempt here to define a topology
on F(U); we just take it as a set. For open sets U C V C X there is an obvious restriction
map F(V) — F(U). That is, a continuous map from V to Y determines by restriction a
continuous map from U to Y. The conditions for a presheaf are clearly satisfied.

EXAMPLE 3.1.3. Let p: Y — X be any continuous map. We can use this to make a presheaf
F on X as follows. For an open set U in X, let F(U) be the set of continuous maps
g: U — Y such that pog =idy. For open sets U C V C X let resy,u: F(V) — F(U) be
given by restriction in the usual sense. Namely, if f € F(V), then f: V — Y is a continuous
map which satisfies p o f = idy, and so the restriction fj; is a continuous map U — 'Y
which satisfies p o fjy = idy.

EXAMPLE 3.1.4. Suppose that X happens to be a differentiable (smooth) manifold (in
which case it is also a topological space). For open U in X, let F(U) be the set of smooth
functions from U to R. For open subsets U C V C X, let resy,u: F(V) — F(U) be given
by restriction in the usual sense. The conditions for a presheaf are clearly satisfied by F.

ExAMPLE 3.1.5. Given a topological space X and a set S, define F(U) = S for every open
U in X. For open sets U C V C X, let resy,u: F(V) — F(U) be the identity map of S.
The conditions for a presheaf are clearly satisfied.

ExampLE 3.1.6. Fix X as above and let Y be another topological space. For open U
in X put F(U) = [U,Y], the set of homotopy classes of continuous maps from U to Y.
For open sets U C V C X there is an obvious restriction map F(V) — F(U). That is,
a homotopy class of continuous maps from V to Y determines by restriction a homotopy
class of continuous maps from U to Y. The conditions for a presheaf are clearly satisfied.
This example looks as if it might become very important in this course, since it connects
presheaves and the concept of homotopy. But it will not become very important except
as a source of homework problems and counterexamples.

20
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ExampLE 3.1.7. Fix X as above and let Y be another topological space. For an open
subset U of X let F(U) be the set of formal linear combinations (with integer coefficients)
of continuous maps from U to Y. So an element of F(U) might look like 5f — 3g + %h
where f,g and h are continuous maps from U to Y. We do not insist that f, g, h in this
expression are distinct, but if for example f and g are equal, then we take the view that
5f —3g + 9h and 2f + 9h define the same element of F(U). This remark is important
when we define the restriction map

resy,u: (V) — F(U)
This is of course determined by restriction of continuous maps. So for example, if
3a—6b+10c—d

is an element of F(V), and here we may as well assume that the continuous maps
a,b,c,d: V — Y are distinct (because we can simplify the expression if not), then resv,u
takes that element to 3(ajy) — 6(bjy) + 10(cju) — dju € F(U). And here we can not
assume that the continuous maps ayy, by, cju, dju: U — Y are all distinct. In any case
the conditions for a presheaf are clearly satisfied.

This example looks silly and unimportant, but it is not silly and it will become very im-
portant in this course. Let’s also note that there are more grown-up ways to describe
F(U) for this presheaf F. Instead of saying the set of formal linear combinations with
integer coefficients of continuous maps from W to Y, we can say: the free abelian group
generated by the set of continuous maps from U to Y. Or we can say: the free Z-module
generated by the set of continuous maps from U to Y. (See also subsection 4.4 for some
clarifications.)

With a view to the next definition we introduce some practical notation. Let X be a
space, let F be a presheaf on X, and suppose that U,V are open subsets of X such that
U C V. Then we have the restriction map resy,y: F(V) — F(U). Let s € F(V). Instead
of writing resv,u(s) € F(U), we sometimes write s,y € F(U).

DEFINITION 3.1.8. A presheaf F on a topological space X is called a sheaf on X if it has
the following additional properties. For every collection of open subsets (Wj)ica of X,
and every collection

(si € F(Wi))ien

with the property sijw,nw; = Siw,nw; € F(WiyNW;), there exists a unique

seF([Jw)
ieN
such that sjy, =s; for all i € A. In particular, F(0)) has exactly one element.

In a slightly more wordy formulation: if we have elements s; € F(W;) for all 1 € A,
and we have agreement of s; and s; on Wiy N'W; for all 1,j € A, then there is a unique
s € F(J; Wi) which agrees with s; on each Wj.

To silence a particularly nagging and persistent type of critic, including the critic within
myself, let me explain in detail why this implies that (@) has exactly one element. Put
A =10. For each i € A, select an open subset W;. (Easy, because there is no i € A.) For
each i € A, select an element s; € F(W;). (Easy.) Verify that, for each i and j in A, we
have siju;nu; = STTRATE (Easy.) Conclude that there exists a unique

seF(|Jw)

ieN
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such that sy, = s; for every i € A. Now note that | J;c, Wi = () and verify that every
t € F(0) satisfies the condition tpy, = s; for every i € A. (Easy.) Therefore every
element t of F(0) must be equal to that distinguished element s which we have already
spotted.

Obviously it is now our duty to scan the list of the examples above and decide for each of
these presheaves F whether it is a sheaf. It is a good idea to ask first in each case whether
F(0) has exactly one element. If that is not the case, then it is not a sheaf. It looks like
a mean reason to refuse sheaf status to a presheaf. But often when F(()) does not have
exactly one element, the presheaf F turns out to have other properties which prevent us
from promoting it to sheaf status by simply redefining F(@)). — The following lemma is
also a good tool in testing for the sheaf property.

LEMMA 3.1.9. Let F be a sheaf on X and let (W;)iea be a collection of pairwise disjoint
open subsets of X. Then the formula s — (sjw,)ica determines a bijection

FlJw) — [[gw).
ieA ieA
ProOF. Take an element in [ ;. o F(Wi) and denote it by (si)ica , so that s; is an

element of F(W;). Since Wi N W; = and JF(0) has exactly one element, the matching
condition

Siiwinw; = SJ'\W»LﬁWj
is vacuously satisfied for all i,j € A. Hence by the sheaf property, there is a unique
element s in F({J;co Wi) such that sy, = s; for all i € A. This means precisely that
s — (sjw;, Jiea is a bijection. (The surjectivity is expressed in there is and the injectivity
in the word unique.) O
Discussion of example 3.1.2. This is a sheaf. What is being said here is that if we have
open W; C X for each i € A, and continuous maps fi: W; — Y for each i such that f;
and f; agree on Wi N'Wj for all i,j € A, then we have a unique continuous map f from
JUWi; to Y which agrees with f; on W; for each i € A.

Discussion of example 3.1.3. This is a sheaf. We can reason as in the case of example 3.1.2.

Discussion of example 3.1.4. This is a sheaf. What is being said here is that if X is
a smooth manifold, and we have open W; C X for each i € A, and smooth functions
fi: Wi — R for each i such that f; and fj agree on Wy N'W; for all i,j € A, then
we have a unique smooth f: [JW; — Y which agrees with f; on W; for each 1 € A.
An interesting aspect of this example is that, in contrast to examples 3.1.2 and 3.1.3, it
seems to express something which is not part of the world of topological spaces, something
“differentiable”. So I am suggesting that the notion of smooth manifold could be redefined
along the following lines: a smooth manifold is a topological Hausdorff space X together
with a sheaf F ... which we would call the sheaf of smooth functions (on open subsets
of X) and which would presumably have to be a subsheaf (notion yet to be defined) of
the sheaf of continuous functions on open subsets of X. That would be an alternative to
defining smooth manifolds using charts and atlases. Of course this has been noticed and
has been done by the ancients, but I am digressing.

Discussion of example 3.1.5. Here we have to make a case distinction. If S has exactly
one element, then this presheaf F is a sheaf, and the verification is easy. If S has more
than one element, or is empty, then F is not a sheaf because F(@) does not have exactly
one element.
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Can we fix this by redefining F()) to have exactly one element? Let us try. So let G
be the presheaf on X defined by G(U) = S when U is nonempty, and G((}) = {x}, a set
with a single element *. It is a presheaf as follows: for open subsets U C V of X we let
resv,u: 9(V) — 9(U) be the identity map of S if U # (); otherwise it is the unique map
of sets from G(V) to {x}.

Is this presheaf G a sheaf? The answer depends a little on X, and on S. Suppose that X
has disjoint open nonempty subsets U; and U;. By lemma 3.1.9, the diagonal map from
S=G(U;uUly) to SxS=G(U;) x G(Ujy) is bijective. We have a problem with that if S
has more than one element. The case where S has exactly one element was excluded, so
only the possibility S = @) remains. And indeed, if S is empty, we don’t have a problem:
G is a sheaf. Also, if X does not have any disjoint nonempty open subsets U; and U;,
we don’t have a problem: G is a sheaf, no matter what S is.

Discussion of example 3.1.6. In general, this is not a sheaf, although it responds nicely to
the two standard tests. (One standard test is to ask: what is F((}) ? Here we get the set of
homotopy classes of maps from () to Y, and that set has exactly one element, as it should
have if F were a sheaf. The other standard test comes from lemma 3.1.9. If (Wj)ica is
a collection of disjoint open subsets of X, then

FUiwWi) = [U; Wy, Y]

which is in bijection with [ ;. o [Wi, Y] by composition with the inclusions Wj — [J;c o Wi
for each j € A.) For a counterexample, let X = Y = S'. In X we have the open sets
U; and U, where U; =S' —{1} and U, = S' ~ {1}, using complex number notation.
Since U; and U, are contractible and Y is path connected, both F(U;) and F(U,) have
exactly one element. Since U; NU; is the disjoint union of two contractible open sets V;
and V>, we get

F(UiNUy) =F (V1 UV,)

which is in bijection with F(V;7) x F(V3), which again has exactly one element. If F were
a sheaf, it would follow from these little calculations that F(U; U U) has exactly one
element. But F(U; UU;) = F(X) = [X,Y] =[S, S'], and we know that this has infinitely
many elements.

Discussion of example 3.1.7. This is obviously not a sheaf because F()) has more than
one element. Indeed, there is exactly one continuous map from @ to Y. So F(() is the
free Z-module one one generator, which means that it is isomorphic to Z.

It might seem pointless to look for further reasons to deny sheaf status to JF. It is like
kicking somebody who is already down. Nevertheless, because this is an important ex-
ample, it will be instructive for us to know more about it, and we could argue that by
showing interest we are showing some patience and kindness. Also, there is a new aspect
here: the sets F(U) always always carry the structure of abelian groups alias Z-modules,
and the maps resy,y are always homomorphisms.

Suppose that X ={1,2,3,4,5,6} with the discrete topology (every subset of X is declared
to be open). Let Y ={a, b}, a set with two elements, also with the discrete topology. We
note that X is the disjoint union of six open subsets U; , where i = 1,2,3,4,5,6 and
U; = {i}. We have F(W;) = Z® Z = Z* (free Z-module on two generators) because
each U; has exactly two continuous maps to Y. We have F(|J; U;) = F(X) = Z°* (free
Z-module on 64 generators) because there are 64 continuous maps from X to Y. It follows
that the map

FUi W) — Hf:1 F(W)
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of lemma 3.1.9 (which in the present circumstances is a Z-module homomorphism) cannot
be bijective, because that would make it a Z-module isomorphism between Z°* and Z'2.
(For an abstract interpretation of what is happening, the notion of tensor product is useful.
Namely, F(|J; U;) = Z°* is isomorphic to the tensor product

FU)@F(U) ®--- @ F(Ug).

It is unsurprising that this is not isomorphic to the product Hf:1 F(U;). So it emerges
that F fails to have the sheaf property because it has another respectable property.)
Next, re-define X and Y in such a way that X and Y are two topological spaces related by
a covering map p: Y — X with finite fibers. In other words, p is a fiber bundle whose fibers
are finite sets (viewed as topological spaces with the discrete topology). For simplicity,
suppose also that X is connected. Choose an open covering (Wj)jea of X such that p
admits a bundle chart over Wj for each j:

hj2p71(Wj) —)Wj x F

where F is a finite set (with the discrete topology). There is no loss of generality in asking
for the same F in all cases, independent of j, because X is connected.! For j € A and
z € F there is a continuous map oj,: Wj — Y given by oj.(x) = hi'(x,2) for x € W;.

j
Define
§5 = Z 0‘ij .
z€F
This is a formal linear combination of continuous maps from Wj to Y which has meaning
as an element F(Wj;). So we can write s; € F(Wj). The matching condition

Siwinw; = Sj\W»LﬁWj

is satisfied. However it seems to be hard or impossible to produce s € F(X) = ?(Uj Wj)
such that sy, = s; for all i € A. This indicates another violation of the sheaf property.
(Unfortunately, showing that in many cases such an s does not exist is also hard; we may
return to this when we are wiser.)

3.2. Categories, functors and natural transformations

The concept of a category and the related notions functor and natural transformation
emerged in the middle of the 20th century (Eilenberg-MacLane, 1945) and were imme-
diately used to re-organize algebraic topology (Eilenberg-Steenrod, 1952). Later these
notions became very important in many other branches of mathematics, especially alge-
braic geometry. Category theory has many definitions of great depth, I think, but in the
foundations very few theorems and fewer proofs of any depth. Among those who love
difficult proofs, it has a reputation of shallowness, boring-ness; for many of the theorizers
who appreciate good definitions, it is an ever-ongoing revelation. Young mathematicians
tend to like it better than old mathematicians ... probably because it helps them to see
some order in a multitude of mathematical facts.

DEFINITION 3.2.1. A category € consists of a class Ob(€) whose elements are called the
objects of € and the following additional data.

e For any two objects ¢ and d of €, a set more(c,d) whose elements are called
the morphisms from ¢ to d.

1Lecture notes week 2, prop. 2.3.
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e For any object ¢ in €, a distinguished element id, € more(c,c), called the
identity morphism of c.

e For any three objects b,c,d of €, a map from more(c,d) x more(b,c) to
more(b, d) called composition and denoted by (f,g) — fog.

These data are subject to certain conditions, namely:

e Composition of morphisms is associative.
e The identity morphisms act as two-sided neutral elements for the composition.

The associativity condition, written out in detail, means that
(fog)oh=fo(goh)

whenever a,b,c,d are objects of € and f € more(c,d), g € more(b,c), h € more(a,b).
The condition on identity morphisms means that foid, =f =idg o f whenever ¢ and d
are objects in € and f € more(c,d). Saying that Ob(C) is a class, rather than a set, is
a subterfuge to avoid problems which are likely to arise if, for example, we talk about the
set of all sets (Russell’s paradox). If the object class is a set, which sometimes happens,
we speak of a small category.

Notation: we shall often write mor(c,d) instead of more(c,d) if it is obvious that the
category in question is €. Morphisms are often denoted by arrows, as in f: ¢ — d when
f € mor(c,d). It is customary to say in such a case that c¢ is the source or domain of f,
and d is the target or codomain of f.

A morphism f: ¢ — d in a category C is said to be an isomorphism if there exists a
morphism g: d — ¢ in € such that gof =id. € more(c,c) and fog =idg € more(d, d).

ExXAMPLE 3.2.2. The prototype is Sets, the category of sets. The objects of that are the
sets. For two sets S and T, the set of morphisms mor(S, T) is the set of all maps from S
to T. Composition is composition of maps as we know it and the identity morphisms are
the identity maps as we know them.

Another very important example for us is Jop, the category of topological spaces. The
objects are the topological spaces. For topological spaces X = (X,0x) and Y = (Y, Oy),
the set of morphisms mor(X,Y) is the set of continuous maps from X to Y. Composition is
composition of continuous maps as we know it and the identity morphisms are the identity
maps as we know them.

Another very important example for us is HoJop, the homotopy category of topological
spaces. The objects are the topological spaces, as in Jop. But the set of morphisms from
X =(X,0x) to Y =(Y,0y) is [X,Y], the set of homotopy classes of continuous maps from
X to Y. Composition o is defined by the formula

[flolgl =[fog]

for [f] € [Y,Z] and [g] € [X,Y]. Here f: Y — Z and ¢g: X — Y are continuous maps repre-
senting certain elements of [Y, Z] and [X,Y], and fog: X — Z is their composition. There
is an issue of well-defined-ness here, but fortunately we settled this long ago in chapter 1.
As a result, associativity of composition is not in doubt because it is a consequence of
associativity of composition in Jop. The identity morphisms in HoJop are the homotopy
classes of the identity maps.

Another popular example is Groups, the category of groups. The objects are the groups.
For groups G and H, the set of morphisms mor(G, H) is the set of group homomorphisms
from G to H. Composition of morphisms is composition of group homomorphisms.

The definition of a category as above permits some examples which are rather strange.
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One type of strange example which will be important for us soon is as follows. Let (P, <)
be a partially ordered set, alias poset. That is to say, P is a set and < is a relation on P
which is transitive (x <y and y < z forces x < z), reflexive (x < x holds for all x) and
antisymmetric (in the sense that x <y and y < x together implies x =y ). We turn this
setup into a small category (nameless) such that the object set is P. We decree that, for
x,y € P, the set mor(x,y) shall be empty if x is not <y, and shall contain exactly one
element, denoted x*, if x <y. Composition

o : mor(y,z) X mor(x,y) — mor(x, z)

is defined as follows. If y is not < z, then mor(y,z) is empty and so mor(y, z) x mor(x,y)
is empty, too. There is exactly one map from the empty set to mor(x,z) and we take that.
If x is not < y, then mor(y,z) X mor(x,y) is empty, and we have only one choice for
our composition map, and we take that. The remaining case is the one where x <y
and y < z. Then x < z by transitivity. Therefore mor(y,z) x mor(x,y) has exactly one
element, but more importantly, mor(x,z) has also exactly one element. Therefore there
is exactly one map from mor(y,z) X mor(x,y) to mor(x,z) and we take that.

Another type of strange example (less important for us but still instructive) can be con-
structed by starting with a specific group G, with multiplication map nu: G x G — G.
From that we construct a small category (nameless) whose object set has exactly one
element, denoted *. We let mor(*,*) = G. The composition map

mor (*, %) X mor(*, %) — mor(*, )

now has to be a map from G x G to G, and for that we choose u, the multiplication of
G. Since p has an associativity property, composition of morphisms is associative. For
the identity morphism id, € mor(x*,*) we take the neutral element of G.

There are also some easy ways to make new categories out of old ones. One important
example: let C be any category. We make a new category C°P, the opposite category of
C. It has the same objects as €, but we let

moreop (¢, d) := more(d, c)

when ¢ and d are objects of C, or equivalently, objects of C°P. The identity morphism
of an object ¢ in C°P is the identity morphism of ¢ in €. Composition

moreop (¢, d) X moreop (b, c) — moreor (b, d)

is defined by noting moreor (¢, d) X moreer (b, c) = more(d, ¢) X more(c,b) and going from
there to more(c,b) X more(d, c) by an obvious bijection, and from there to more(d,b) =
moreop (b, d) using composition of morphisms in the category C.

It turns out that there is something like a category of all categories. Let us not try to
make that very precise because there are some small difficulties and complications in that.
In any case there is a concept of morphism between categories, and the name of that is
functor.

DEFINITION 3.2.3. A functor from a category € to a category D is a rule F which to
every object ¢ of C assigns an object F(c) of D, and to every morphism ¢g: b — ¢ in C
a morphism F(g): F(b) — F(c) in D, subject to the following conditions.
e For any object ¢ in € with identity morphism id. , we have F(id¢) = idg(c)-
e Whenever a,b,c are objects in € and h € more(a,b), g € more(b,c), we have
F(goh) =F(g) o F(h) in morp(F(a), F(c)).
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ExXAMPLE 3.2.4. A functor F from the category TJop to the category Sets can be defined
as follows. For a topological space X let F(X) be the set of path components of X. A
continuous map g: X — Y determines a map F(g): F(X) — F(Y) like this: F(g) applied to
a path component C of X is the unique path component of Y which contains g(C).

Fix a positive integer n. Let Rings be the category of rings and ring homomorphisms.
(For me, a ring does not have to be commutative, but it should have distinguished elements
0 and 1 and in this example I require 0 # 1.) A functor F from Rings to Sroups can be
defined by F(R) = GL,(R), where GL,,(R) is the group of invertible n x n matrices with
entries in R. A ring homomorphism g: Ry — R, determines a group homomorphism F(g)
from F(Ry) to F(R2). Namely, in an invertible n x n-matrix with entries in Ry , apply g
to each entry to obtain an invertible n X n-matrix with entries in R, .

Let G be a group which comes with an action on a set S. In example 3.2.2 we constructed
from G a category with one object * and mor(*,*) = G. A functor F from that category to
Sets can now be defined by F(x) =S, and F(g) = translation by g, for g € mor(*,*) = G.
More precisely, to g € G = mor(*, *x) we associate the map F(g) from S = F(x) to S = F(x)
given by x — g-x (which has a meaning because we are assuming an action of G on S).
Let € be any category and let x be any object of €. A functor F, from € to Sets
can be defined as follows. Let Fy(c) = more(x,c). For a morphism g: ¢ — d in C
define Fy(g): Fx(c) — Fx(d) by Fx(g)(h) = goh. In more detail, we are assuming
h € Fx(c) = more(x,¢) and g € more(c,d), so that goh € more(x,d) = Fx(d).

The functors of definition 3.2.3 are also called covariant functors for more precision. There
is a related concept of contravariant functor. A contravariant functor from € to D is
simply a (covariant) functor from C°P to D (see example 3.2.2). If we write this out, it
looks like this. A contravariant functor F from € to D is a rule which to every object
c of € assigns an object F(c) of D, and to every morphism g: ¢ — d in € a morphism
F(g): F(d) — F(c); note that the source of F(g) is F(d), and the target is F(c). And so

o1.

ExXaMPLE 3.2.5. Let C be any category and let x be any object of €. A contravariant
functor F* from € to Sets can be defined as follows. Let F*(c) = more(c,x). For a
morphism g: ¢ — d in C define

F¥(g): F¥(d) = F(c)

by F*(g)(h) = hog. In more detail, we are assuming h € F*(d) = more(d,x) and
g € more(c,d), so that ho g € more(c,x) =F*(c).

There is a contravariant functor P from Sets to Sets given by P(S) = power set of S, for a
set S. In more detail, a morphism g: S — T in Sets determines a map P(g): P(T) — P(S)
by “preimage”. That is, P(g) applied to a subset U of T is g~ '(U), a subset of S. (You
may have noticed that this example of a contravariant functor is not very different from a
special case of the preceding one; we will return to this point later.)

Next, let Man be the category of smooth manifolds. The objects are the smooth manifolds
(of any dimension). The morphisms from a smooth manifold M to a smooth manifold
N are the smooth maps from M to N. For any fixed integer k > 0 the rule which
assigns to a smooth manifold M the real vector space QX(M) of smooth differential k-
forms is a contravariant functor from Man to the category Vect of real vector spaces
(with linear maps as morphisms). Namely, a smooth map f: M — N determines a linear
map f*: Q%(N) — Q*(M). (You must have seen the details if you know anything about
differential forms.)
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A presheaf F on a topological space X is nothing but a contravariant functor from the
poset of open subsets of X to S8ets. In more detail, write O for the topology on X, the set
of open subsets of X. We can regard O as a partially ordered set (poset) in the following
way: for U,V € O we decree that U <V if and only if U C V. A partially ordered set is
a small category, as explained in example 3.2.2; therefore O is (the object set of) a small
category. For U,V € O, there is exactly one morphism from U to V if U C V, and none
if U is not contained in V. To that one morphism (if U C V) the presheaf F assigns a
map resv,y: F(V) — F(U). The conditions on F in definition 3.1.1 are special cases of
the conditions on a contravariant functor.

The story does not end there. The functors from a category € to a category D also form
something like a category. There is a concept of morphism between functors from € to
D, and the name of that is natural transformation.

DEFINITION 3.2.6. Let F and G be functors, both from a category € to a category D. A
natural transformation from F to G is a rule v which for every object ¢ in € selects a
morphism v.: F(¢c) — G(c¢) in D, subject to the following condition. Whenever u: ¢ — d
is a morphism in C, the square of morphisms

F(c) —== G(c)

iF(u) iG(u)

Vd

F(d) —= G(d)
in D commutes; that is, the equation G(u) o v, = vgq o F(u) holds in morp(F(c), G(d)).

EXAMPLE 3.2.7. MacLane (in his book Categories for the working mathematician) gives
the following pretty example. For a fixed integer n > 1 the rule which to a ring R assigns
the group GLy,(R) can be viewed as a functor GL, from the category of rings to the
category of groups, as was shown earlier. There we allowed non-commutative rings, but
here we need commutative rings, so we shall view GL,, as a functor from the category
cRings of commutative rings to Groups. Note that GL;(R) is essentially the group of
units of the ring R. The group homomorphisms

det: GLn(R) — GL;1(R)

(one for every commutative ring R) make up a natural transformation from the functor
GLy, : cRings — Groups to the functor GLj: cRings — Groups.

Returning to smooth manifolds and differential forms: we saw that for any fixed k > 0 the
assignment M — QX(M) can be viewed as a contravariant functor from Man to Vect.
The exterior derivative maps

d: QM) — QT (M)

(one for each object M of Man) make up a natural transformation from the contravariant
functor Q¥ to the contravariant functor Q%+,

Notation: let F and G be functors from € to D. Sometimes we describe a natural
transformation v from F to G by a strong arrow, as in v: F = G.

Remark: one reason for being a little cautious in saying category of categories etc. is that
the functors from one big category (such as TJop for example) to another big category
(such as 8ets for example) do not obviously form a set. Of course, some people would
not exercise that kind of caution and would instead say that the definition of category as
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given in 3.2.1 is not bold enough. In any case, it must be permitted to say the category of
small categories.

3.3. The category of presheaves on a space

Let X = (X,0) be a topological space. We have seen that a presheaf F on X is the
same thing as a contravariant functor from the poset @ (partially ordered by inclusion,
and then viewed as a category) to Sets. Therefore it is not surprising that we define a
morphism from a presheaf F on X to a presheaf § on X to be a natural transformation
between contravariant functors from O to Sets. Writing this out in detail, we obtain the
following definition.

DEFINITION 3.3.1. Let F and G be presheaves on the topological space X. A morphism
or map of presheaves from F to G is a rule which for every open set U in X selects a
map Ay: F(U) — G(U), subject to the following condition. Whenever U and V are open
subsets of X and U C V, the diagram

Au

FU) ——§(u)

resy, u T Tres v, u

F(V) Y= G(V)
in Sets commutes; that is, the maps resy,y o Av and Ay oresy,y from F(V) to G(U)
agree.

With this definition of morphism, it is clear that there is a category of presheaves on X.
It is a small category.

ExampLE 3.3.2. Let X be a topological space. Let J be the presheaf on X such that
F(U), for open U C X, is the set of continuous maps from U to R, and such that
resyu: J(V) — F(U) is given by restriction of functions. Let G be the presheaf on X
such that G(U), for open U C X, is the set of all open subsets of X which are contained
in U. More precisely G is a presheaf because in the situation U C V we define

resv,u: 9(V) — §(U)

by W — WnNUu for an open subset W of X contained in V. (Then W N U is an open
subset of X contained in U.) A morphism « from presheaf F to presheaf G is defined by

au(g) =g ' (10, 00[)
for g € F(U). In a more wordy formulation: to an element g of F(U), alias continuous
function g: U — R, the morphism «: F — G assigns an element of G(U), alias open set
of X contained in U, by taking the preimage of ]0, co[ under g.

3.4. (Appendix): Abelian group vocabulary

It is customary to describe the binary operation in an abelian group by a + sign, if there
is no danger of confusion. Thus, if A is an abelian group and a,b € A, we like to write
a+Db instead of ab or a-b; also —b instead of b~! and 0 instead of 1 for the neutral
element.

The expression abelian group is synonymous with Z-module. The name Z-module is
a reminder that there is some interaction between the ring Z and the elements of any
abelian group A. This looks a lot like the multiplication of vectors by scalars in a vector
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space. Namely, let A be an abelian group (written with + etc.), let a be an element of
A and z € Z. Then we can define

z-a€A

as follows: if z> 0 we mean a+ a+---+ a (there are z summands in the sum); if z <0
then we know already what (—z)-a means and z-a should be the inverse, z-a = —((—z)-a).
This “scalar multiplication” has an associativity property:

(wz)-a=w-(z-qa)

and also two distributivity properties, (w+z)-a = w-a+z-a as well as z-(a+b) = z-a+z-b.
Furthermore, 1-a=a for all a € A and z-0 =0 for all z € Z. We might feel tempted
to say that A is a vector space over the field Z, but there is the objection that Z is not
a field.

(Of course there is a more general concept of R-module, where R can be any ring. An
R-module is an abelian group A with a map R x A — A which we write in the form
(rya) = r-a. That map is subject to many conditions, such as (rs)-a =71-(s-a) and
r-(a+b)=r-a+r-b,forall r € R and a,b € A, and a few more. Look it up in any
algebra book.)

DEFINITION 3.4.1. Let S be a set. The free abelian group generated by S is the set Asg
of all functions f: S — Z such that {s € S| f(s) # 0} is a finite subset of S. It is an
abelian group by pointwise addition; that is, for f,g € As we define f 4+ g € As by
(f+9)(s) =f(s) +g(s) € Z.

Notation. Elements of the free abelian group As generated by S can also be thought of
as formal linear combinations, with integer coefficients, of elements of S. In other words,

we may write

e

seS
where as € Z for all s € Z, and we mean the function f € Ag such that f(s) = as for
all s € S. Now it is important to insist that the sum have only finitely many (nonzero)
summands, as # 0 for only finitely many s € S.
My notation Ag for the free abelian group generated by S is meant to be temporary. I
can’t think of any convincing standard notation for it.

An important property of the free abelian group generated by S. The group As comes with
a distinguished map u: S — Ags so that u(s) is the function from S to Z taking s to 1
and all other elements of S to 0. Together, the abelian group Ag and the map (of sets)
u: S — As have the following property. Given any abelian group B and map v: S — B,
there exists a unique homomorphism of abelian groups q: As — B such that gy ou=v.
Diagrammatic statement:

S*u>Ag

\qv
4
B

The proof is easy. Every element a of As can be written uniquely in the form

Zas -u(s)

sES
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with as € Z, with only finitely many nonzero as. Therefore

qu(@) =qu( Y as-ul)) = X av(as-uls) = Y as- aululs) = Y as-vis) -

seS seS seS seS

(The following complaint can be made: Just a minute ago you said that we can write
elements a of As in the form ) (. as-s , but now it is )_ g as-u(s), or what? The

complaint is justified: } (g as-s is a short and imprecise form of } (¢ as-u(s).)

4.5. (Appendix): Preview

If our main interest is in understanding notions like homotopy and classifying topological
spaces up to homotopy equivalence, why should we learn something about presheaves and
sheaves? In this appendix I try to give an answer, very much from the point of view of
category theory.

Summarizing the experience of the first few weeks in category language, we might agree
on the following. In the category Top of topological spaces (and continuous maps), we
introduced the homotopy relation ~ on morphisms. This led to a new category HoTop
with the same objects as Jop, where a morphism from X to Y is a homotopy class of
continuous maps from X to Y. We made some attempts to understand sets of homotopy
classes [X,Y] = morgogop(X,Y) in some cases; for example we understood [S',S"] and
we showed that [S3,S%] has more than one element. A vague impression of computability
may have taken hold, but nothing very systematic emerged.

Here is a very simple-minded attempt to make things easier by introducing some algebra
into topology. We can make a new category ZJTop where the objects are still the topological
spaces and where the set of morphisms from X to Y is the free abelian group generated
by the set of continuous maps from X to Y. In other words, a morphism from X to Y in
ZTop is a formal linear combination (with integer coeflicents) of continuous maps from X
to Y, such as 4f —3g + 7u+ Tv, where f,g,u,v: X — Y are continuous maps. Note that
formal is formal; we make no attempt to simplify such expressions, except by allowing
4f —3g+7u+ 1v =4f + 4u + 1v if we happen to know that g = u, and the like. How
do we compose morphisms in ZJop 7 We use the composition of morphisms in Jop and
enforce a distributive law, so we say for example that the composition of the morphism
4f —3g+ 7u from X to Y with the morphism —2p +5q from Y to Z is

—8(pof)+6(pog)—14(pou)+20(qof)—15(qog)+35(qou),

a morphism from X to Z. In many ways ZJop is a fine category, and perhaps better than
TJop; the morphism sets are abelian groups and composition of morphisms

mMorzyop (Yv Z) X morZ‘J’op(X) Y) — morZ‘J’op(X) Z)

is bilinear. That is, post-composition with a fixed element of morzyop(Y, Z) gives a homo-
morphism of abelian groups, from morzg.p(X,Y) to morzy.p(X,Z), and pre-composition
with a fixed element of morzyop(X,Y) gives a homomorphism of abelian groups from
morzgop(Y, Z) to morzgoep(X,Z). We can relate Top to ZJTop by a functor

Top — ZTop

which takes any object to the same object, and a continuous map f: X — Y to the formal
linear combination 1f. And yet, it is hard to believe that any of this will give us new
insights into anything.
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But let us try to raise a well-formulated objection. We have lost something in replacing
Jop by ZTop: the sheaf property. More precisely, we know that we can construct a
continuous map f: X — Y by specifying an open cover (Uji)ica of X, and for each 1 a
continuous map fi: Uy — Y, in such a way that

fi\uiﬁuj = fj Uinu;

for all i,j € A. (Then there is a unique continuous map f: X — Y such that fjy, = fi
for all i € A.) We could take the view that this is a property of Top which is important
to us, one that we don’t want to sacrifice when we experiment with modifications of Top.
But as we have seen, the sheaf property fails in so many ways in ZJop; see example 3.1.7
and the elaborate discussion of that example. I propose that we regard that as the one
great weakness of ZJop.

Fortunately, in sheaf theory there is a fundamental construction called sheafification by
which the sheaf property is enforced. In the following chapters we will apply that construc-
tion to ZJop to restore the sheaf property. When that is done, we can once again speak
of homotopies and homotopy classes, and it will turn out that we have a very manageable
situation.



CHAPTER 4

Sheafification

4.1. The stalks of a presheaf

Let F a presheaf on a topological space X. Fix z € X. There are situations where we
want to understand the behavior of F near z, that is to say, in small neighborhoods of
z. Then it is a good idea to work with pairs (U,s) where U is an open neighborhood of
z and s is an element of F(U). Two such pairs (U,s) and (V,t) are considered to be
germ-equivalent if there exists an open neighborhood W of z such that W C UNV and
siw = tiw in F(W). It is easy to show that germ equivalence is indeed an equivalence
relation.

DEFINITION 4.1.1. The set of equivalence classes is called the stalk of F at z and denoted
by F, . The elements of F, are often called germs (at z, of something ... depending on
the meaning of F).

ExaAMPLE 4.1.2. Let X and Y be topological spaces. Let F be the sheaf on X where
F(U), for open U C X, is the set of continuous maps from U to Y. For z € X, an element
of the stalk F, is called a germ of continuous maps from (X,z) to Y.

ExAMPLE 4.1.3. Fix a continuous map p: Y — X. Let F be the sheaf on X where F(U)
is the set of continuous maps s: U — Y such that p o s is the inclusion U — X. An
element of F(U) can be called a continuous section of p over U. For z € X, an element
of ¥, can be called a germ at z of continuous sections of p: X =Y.

EXAMPLE 4.1.4. Let X be the union of the two coordinate axes in R?. For open U in X,
let G(U) be the set of connected components of X ~\. U. For open subsets U,V of X such
that U C V, define

resy,u: §(V) — §(U)
by saying that resv,u(C) is the unique connected component of X ~ U which contains C
(where C can be any connected component of X \ V). These definitions make G into
a presheaf on X. For z € X, what can we say about the stalk G, 7 If z is the origin,
z = (0,0), then G, has four elements. In all other cases G, has two elements. (Despite
that, for any z € X and any open neighborhood V of z in X, there exists an open
neighborhood W of z in X such that W C V and §(W) has more than 1000 elements.)

Now let a: F — G be a map (morphism) of sheaves on X. Again fix z € X. Then every
pair (U, s), where U is an open neighborhood of z and s € F(s), determines another pair
(U, x(s)) where U is still an open neighborhood of z and «(s) € G(U). The assignment
(U,s) — (U, «(s)) is compatible with germ equivalence. That is, if V is another open
neighborhood of z in X, and t € F(V), and (U,s) is germ equivalent to (V,t), then
(U, x(s)) is germ equivalent to (V,«(t)). In short, « determines a map of sets from F,
to G, which takes the equivalence class (the germ) of (U,s) to the equivalence class (the

33
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germ) of (U, «(s)). In category jargon: the assignment
F— F,
is a functor from PreSh(X), the category of presheaves on X, to Sets.

When a presheaf F on X is a sheaf, the stalks JF, carry a lot of information about F.
The following theorem illustrates that.

THEOREM 4.1.5. Let 3: F — G be a morphism of sheaves on X. Suppose that for every
element z of X, the map of stalks F, — G, determined by 3 is a bijection. Then P is an
isomorphism.

ProOOF. The claim that (3 is an isomorphism means, abstractly speaking, that there
exists a morphism y: § — JF of sheaves such that o7y is the identity on G and yof} is the
identity on F. In more down-to-earth language it means simply that By : F(U) — G(U)
is a bijection for every open U in X, so this is what we have to show. To ease notation,
we write B: F(U) — G(U).

We fix U, an open subset of X. First we want to show that B: F(U) — F(G) is injective.
For that we set up a commutative square of sets and maps:

B
HZEU FJFZ HZGU 97-

T |

F(U) —— g(u)
The left-hand vertical arrow is obtained by noting that each s € F(U) determines a pair
(U, s) representing an element of F, , for each z € U. The right-hand vertical arrow is
similar. We show that the left-hand vertical arrow is injective. Suppose that s,t € F(U)
have the same image in [ [, F-. It follows that every z € U admits a neighborhood W,
in U such that sy, = tjw, . Selecting such a W, for every z € U, we have an open cover

(Wz)zeu

of U. Since sjw, = tjw, for each of the open sets W, in the cover, the sheaf property for
F implies that s =t. Hence the left-hand vertical arrow in our square is injective, and so
is the right-hand arrow by the same argument. But the top horizontal arrow is bijective
by our assumption. Therefore B: F(U) — F(G) is injective.

Next we show that f: F(U) — F(G) is surjective. We can use the same commutative
square that we used to prove injectivity. An element s € G(U) determines an element of
[I.cu G- (right-hand vertical arrow) which comes from an element of [],., F. because
the top horizontal arrow is bijective. So for each z € U we can find an element of F, which
under f is mapped to the germ of s at z (an element of G, ). In terms of representatives
of germs, this means that for each z € U we can find an open neighborhood V, of z in
U and an element t, € F(V,) such that B(t;) = sy, € §(V,). Selecting such a V, for
every z € U, we have an open cover

(Vz)zeu

of U and we have t, € F(V,). Can we use the sheaf property of F to produce t € F(U)
such that tjy, =t, for all z€ U ? We need to verify the matching condition,

t7~|VzﬂVg = tUleﬂVy S 3‘(\/2 N Vy)
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whenever y,z € U. By the injectivity of B: F(V, NV,) — G(V, N V), which we have
established, it is enough to show

B(tz)wzmvy = B(ty)\vzmvy € §(Vv, mvy)-

This clearly holds as p(t,) = sy, by construction, so that both sides of the equation
agree with sjv v, . So we obtain t € F(U) such that t)y, =t, for all z€ U. Now it is
easy to show that 3(t) =s. Indeed we have ((t)|y, = sy, by construction, for all open
sets V, in the covering (V,.).cu of U, so the sheaf property of F implies (t) =s. Since
s € §(U) was arbitrary, this means that f: F(U) — G(U) is surjective. O

4.2. Sheafification of a presheaf

PROPOSITION 4.2.1. Let F be a presheaf on a topological space X. There is a sheaf OF
on X and there is a morphism n: F — OF of presheaves such that, for every z € X, the
map of stalks F, — (OF), determined by n is bijective.

PRrROOF. Let U be an open subset of X. We are going to define (OF)(Ul) as a subset
of the product
| ESE

zelu
Think of an element of that product as a function s which for every z € U selects an
element s(z) € F,. The function s qualifies as an element of (®F)(U) if and only if it
satisfies the following coherence condition. For every y € U there is an open neighborhood
W of y in U and there is t € F(W) such that the pair (W,t) simultaneously represents
the germs s(z) € F, for all z€ W.
From the definition, it is clear that there are restriction maps

resy,u: (OF)(V) — (OF)(U)

whenever U,V are open in X and U C V. Namely, a function s which selects an element
s(z) € F, for every z € V determines by restriction a function s;; which selects an element
s(z) € F, for every z € U. The coherence condition is satisfied by sy if it is satisfied by
s. With these restriction maps, ®F is a presheaf. Furthermore, it is straightforward to
see that @F satisfies the sheaf condition. Indeed, suppose that (Vi)ica is a collection of
open subsets of X, and suppose that elements s; € (OF)(V;) have been selected, one for
each 1 € A, such that the matching condition

Sijvinv; = §j [VinV;

is satisfied for all 1,j € A. Then clearly we get a function s on V =J; Vi which for every
z € V selects s(z) € F, by declaring, unambiguously,

s(z) == si(z)

for any i such that z € Vj. The coherence condition is satisfied because it is satisfied by
each si .

The morphism of presheaves n: ¥ — ®F is defined in the following mechanical way. Given
t € F(U), we need to say what n(t) € (O®F)(U) should be. It is the function which to
z € U assigns the element of F, represented by the pair (U, t), that is to say, the germ
of (U,t) at z.

Last not least, we need to show that for any z € X the map F, — (®F), determined by
1 is a bijection. We fix z. Injectivity: we consider elements a and b of F, represented
by pairs (Ug,sq) and (Up,sy) respectively, where Ug, Uy are neighborhoods of z and
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sqa € F(Uy), sp € F(Up). Suppose that a and b are taken to the same element t € (0F),
by n. Then in particular t(z) € F, is the germ at z of so , and also the germ at z of
Sb , so the germs of s, and s, (elements of F,) are equal. Surjectivity: let an element
of (0F), be represented by a pair (U,t) where U is an open neighborhood of z in X
and t € (OF)(U). By the coherence condition, there exists an open neighborhood W
of z in U and there exists s € F(W) such that tpy is the function which to y € W
assigns the germ at y of (W,s), an element of J,. But this means that the map of
stalks F, — (®F), determined by the morphism 1 takes the element of F, represented
by (W,s) to the element of (®F), represented by (U,t). O

EXAMPLE 4.2.2. Let T be any set. Let & be the constant presheaf on X given by F(U) =T
for all open subsets U of X (and resy,u: F(V) — F(U) is idt). What does the sheaf OF
look like? This question has quite an interesting answer. Let’s keep a cool head and
approach it mechanically. For any z € X, the stalk F, can be identified with T. This is
easy. Let U be an open subset of X. The elements of (OF)(U) are functions s which for
every z € U select an element s(z) € F, = T, subject to a coherence condition. So the
elements of (®F)(U) are maps s from U to T subject to a coherence condition. What
is the coherence condition? The condition is that s must be locally constant, i.e., every
z € U admits an open neighborhood W in U such that s;y is constant. So the elements
of (OF)(U) are the locally constant maps s from U to T. A locally constant map s from
U to T is the same thing as a continuous map s from U to T, if we agree that T is
equipped with the discrete topology (every subset of T is declared to be open). Summing
up, (®F)(U) is the set of continuous functions from U to T. We can say that ®F is the
sheaf of continuous functions (from open subsets of X) to T.

To appreciate the beauty of this answer, take a space X which is a little out of the ordinary;
for example, Q with the standard topology inherited from R, or the Cantor set (a subset
of R). For T, any set with more than one element is an interesting choice. (What happens
if T has exactly one element? What happens if T =07)

There are a few things of a general nature to be said about proposition 4.2.1 — not
difficult, not surprising, but important. The construction ® is a functor; we can view
it as a functor from the category PreSh(X) to itself. This means in particular that any
morphism of presheaves o: F — G on X determines a morphism

Dux: PF — ©F .

Namely, for s € ®F(V) we define t = (Pa)(s) € ®G(V) in such a way that t(z) € G, is
the image of s(z) € ¥, under the map F, — G, induced by «. (It is easy to verify that
t satisfies the coherence condition.)

Furthermore n is a natural transformation from the identity functor id on PreSh(X) to
the functor @: PreSh(X) — PreSh(X). This means that, for a morphism of presheaves
«:F — G on X as above, the diagram

Pk

oF — 2% . @g

in PreSh(X) is commutative. That is also easily verified.
There is one more thing of a general nature which must be mentioned. Let F be any
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presheaf on X. What happens if we apply the functor ® to the morphism ng: F — OF ?
The result is obviously a morphism of sheaves

O(ng): OF — O(DTF).
It is an isomorphism of sheaves. The verification is easy using theorem 4.1.5.

The sheaf ®F is the sheafification (or the associated sheaf) of the presheaf F ; also @
may be called the sheafification functor, or the associated sheaf functor.

COROLLARY 4.2.3. Let :F — G be any morphism of presheaves on X. If G is a sheaf,
then B has a unique factorization B = 31 ong where ny: F — OF is the morphism of
proposition 4.2.1:

B

F——=§

LT

oF
PROOF. Apply ® and n to F, § and  to obtain a commutative diagram
f

F——§

lﬂ? lHS
B

OF ——— @§

By proposition 4.2.1, the vertical arrows determine bijections from F, to (®F), and from
G, to (DY), for every z € X. Both § and ®F are sheaves, so theorem 4.1.5 applies and
we may deduce that the right-hand vertical arrow is an isomorphism of sheaves on X. Let
A: @G — G be an inverse for that isomorphism. The factorization problem has a solution,
B1=Ao®p.

To see that the solution is unique, apply ® and 1 to the commutative diagram

B

F———>§

\Lﬂ’f e v

oF

in PreS8h(X). The result is a commutative diagram in PreSh(X) in the shape of a prism:

q)(cpffj

Here the arrow labeled ®@(ng) is an isomorphism of sheaves, as noted above under things
of a general nature. This makes the lower dotted arrow unique. But the arrow labeled ng
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is also an isomorphism by theorem 4.1.5 and the property of ng stated in proposition 4.2.1.
This ensures that the upper dotted arrow is determined by the lower dotted arrow. O

4.3. Mapping cycles

Let X and Y be topological spaces. One of the first examples of a sheaf that we saw was
the sheaf ¥ on X such that

F(U) = set of continuous maps from U to Y
etc., for open U in X. From that we constructed a presheaf § on X such that that
G(U) = free abelian group generated by F(U)

etc., for open U in X. In other words, G(U) is the set of formal linear combinations
(with coefficients in Z) of continuous functions from X to Y. It turned out that G is
never a sheaf, and for many reasons. The stalk G, at z € X can be described (after some
unraveling) as the set of formal linear combinations, with integer coefficients, of germs of
continuous maps from (X,z) to Y. (Recall that germ of continuous maps from (X,z) to
Y means an equivalence class of pairs (U,f) where U is an open neighborhood of z in
X and f: U — Y is continuous.) Of course, we ask what G, is because it feeds into the
construction of @G, the sheafification of §. It is permitted and even exciting to evaluate
@G on X, since X is an open subset of X.

DEFINITION 4.3.1. An element of (®G)(X) will be called a mapping cycle from X to Y.

So what is a mapping cycle from X to Y 7

First answer. A mapping cycle from X to Y is a function s which for every z € X selects
s(z), a formal linear combination with integer coefficients of germs! of continuous maps
from (X,z) to Y. There is a coherence condition to be satisfied: it must be possible to
cover X by open sets Wi such that all values s(z), where z € Wi, can be simultaneously
represented by one formal linear combination

2_bufy
j
where fi;: Wi — Y are continuous maps and the by; are integers.

Second answer. A mapping cycle from X to Y can be specified (described, constructed)
by choosing an open cover (U;)ica of X and for every i € A a formal linear combination
s; with integer coefficients of continuous maps? from U; to Y. There is a matching
condition to be satisfied: for any i,j € A and any x € U; N Uj, there should exist an
open neighborhood W of x in U; NU; such that sijy = Sjw -

(The second answer is in some ways less satisfactory than the first because it does not say
explicitly what a mapping cycle is, only how we can construct mapping cycles. But it can
indeed be useful when we need to construct mapping cycles.)

Some of the “counter” examples which we saw previously now serve as illustrations of the
concept of mapping cycle.

LGrown-up formulation: selects an element in the free abelian group generated by the set of germs ...
2Grown-up formulation: for every i € A an element s; in the free abelian group generated by the
set of continuous maps ...

3Did you expect to see the condition Siu; N ? Sheaf theory dictates a weaker condition!

= Sjjuinu;
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EXAMPLE 4.3.2. If S is a set with 6 elements and T is a set with 2 elements, both to be
viewed as topological spaces with the discrete topology, then the abelian group of mapping
cycles from S to T is isomorphic to Z'2 = ]%_,(Z @ Z). Do not confuse with Z/12.

ExaMPLE 4.3.3. Let X and Y be two topological spaces related by a covering map
p:Y—=X

with finite fibers. In other words, p is a fiber bundle whose fibers are finite sets (viewed
as topological spaces with the discrete topology). For simplicity, suppose also that X is
connected. Choose an open covering (Wj)jea of X such that p admits a bundle chart
over Wj for each j:

hi:p (W) = W; x F
where F is a finite set (with the discrete topology). For j € A and z € F there is a

continuous map oj ,: Wj — Y given by 0j ,(x) = hi ' (x,z) for x € Wi;. Define

)
§5 = E 0j,z -

z€F
This is a formal linear combination of continuous maps from Wj to Y. Clearly

Siwinw; = Sjlwinw;

(yes, this is more than we require). Therefore, by “second answer”, we have specified a
mapping cycle from X to Y (which agrees with s; on Wj).

ExAMPLE 4.3.4. Let X and Y be topological spaces. Suppose that X = V; UV, where
Vi and V; are open subsets of X. Let continuous maps f,g: Vi — Y be given such that

fivinv, = 9ivinv, -
Then it makes (some) sense to view the formal linear combination f—g=1-f+ (—1)-g
as a mapping cycle from X to Y. How? We have the open cover of X consisting of V;
and V, , and we specify s; = f — g (a mapping cycle from V; to Y), and s; =0 (a
mapping cycle from V3 to Y). Then s1|v,v, =0 = s2)v,nv, .- So the matching condition
is satisfied, and so by “second answer” we have specified a mapping cycle from X to Y.

Mapping cycles are complicated entities, but I hope that readers having survived the
excursion into sheaf theory remain sufficiently intoxicated to find the definition obvious
and unavoidable. With that, the excursion into sheaf theory is over (for now). Next we
shall try to develop a comfortable relationship with mapping cycles. Here is a list of some
of their good uses and properties.

(1) Every continuous map from X to Y determines a mapping cycle from X to Y.

(2) The mapping cycles from X to Y form an abelian group.

(3) A mapping cycle from X to Y can be composed with a (continuous) map from
Y to Z to give a mapping cycle from X to Z. A mapping cycle from Y to Z can
be composed with a (continuous) map from X to Y to give a mapping cycle from
X to Z. But more remarkably, a mapping cycle from X to Y can be composed
with a mapping cycle from Y to Z to give a mapping cycle from X to Z.

(4) Composition of mapping cycles is bilinear.

(5) Mapping cycles satisfy a sheaf property: if (Ui)ica is an open covering of X and
si: Uy — Y is a mapping cycle, for each 1 € A, such that

Siuny; = Sjjunu;
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for all i,j € A, then there is a unique mapping cycle s from X to Y such that
Sju;, = si forall i€ A.
(6) There is exactly one mapping cycle from X to . And there is exactly one
mapping cycle from @ to Y, for any space Y.
(7) Mapping cycles from a topological disjoint union X; [[ X2 to Y are in bijection

with pairs (s1,s2) where s; is a mapping cycle from X; to Y for i = 1,2.

Mapping cycles from X to a topological disjoint union Y7 []Y2 are in bijection

with pairs (s1,s2) where s; is a mapping cycle from X to Y; for i =1, 2.
Some comments on that.
(1) A continuous map f: X — Y determines a mapping cycle s = s¢ where s(z) is the
germ of f at z. Interesting observation: the map f +— s¢ from the set of continuous maps
from X to Y to the set of mapping cycles from X to Y is injective.
(2) Obvious.
(3) Given a mapping cycle s from X to Y and a continuous map ¢: Y — Z we get a
mapping cycle gos from X to Z by x — ) bj(gofj) when x € X and s(x) = ) bjfj.
Given a mapping cycle s from Y to Z and a continuous map g: X — Y we get a mapping
cycle sog from X to Z by x — ) bj(fj o g) when x € X and s(x) = ) bjfj. Given a
mapping cycle s from X to Y and a mapping cycle t from Y to Z we get a mapping cycle
tos from X to Z by the formula

X = Z(bjcij)(fij o gj)

when x € X and s(x) = Z]. bjg; and t(gj(x)) = >_; cijfij. (The notation is not fantas-
tically precise or logical; in any case bj, cij etc. are meant to be integers while fy; , g;
etc. are meant to be germs of continuous functions. Note that fi; in the displayed formula
is a germ at gj(x), while gj is a germ at x.)
(4) Should be clear from the last formula in the comment on (3).
(5) By construction.
(6) Mapping cycles from @) to Y: there is exactly one by construction. A mapping cycle
s from X to @ is a function which for each x € X selects a formal linear combination
of germs of continuous maps from (X,x) to @, etc.; since there no such germs, the only
possible formal linear combination is the zero linear combination. This does satisfy the
coherence condition.
(7) By construction and by inspection.

In category language, we can say that there is a category AJop whose objects are the
topological spaces and where a morphism from space X to space Y is a mapping cycle
from X to Y. There is an “inclusion” functor

Jop — ATop

taking every object X to the same object X, and taking a morphism f: X — Y (continuous
map) to the corresponding mapping cycle as explained in (1). For each X and Y, the
set mor490p(X,Y) is equipped with the structure of an abelian group. Composition of
morphisms is bilinear. There is a zero object X in ATJop, i.e., an object with the property
that mor4g.p(X,Y) has exactly one element and mor45.p(Y, X) has exactly one element
for arbitrary Y. Indeed, X = ) is a zero object in AJop. The property expressed in
(7) can also be formulated in category language, but we must postpone it because the
vocabulary for that has not been introduced so far. In all, we can say that AJop is an
additive category.



CHAPTER 5

Homotopies in AJop

5.1. The homotopy relation

DEFINITION 5.1.1. Let X and Y be topological spaces. We call two mapping cycles f and
g from X to Y homotopic if there exists a mapping cycle h from X x [0, 1] to Y such that
f=hot and g =ho. Here tp,t7: X = X x [0,1] are defined by to(x) = (x,0) and
t1(x) = (x,1) as usual. Such a mapping cycle h is a homotopy from f to g.

Remark. In that definition, X x [0, 1] still means the product of X and [0,1] in Jop. We
saw some evidence suggesting that in AJop this does not have the properties that we
might expect from a product (in a category sense).

LEMMA 5.1.2. “Homotopic” is an equivalence relation on the set of mapping cycles from
X to Y. The set of equivalence classes will be denoted by [[X, Y]] and the equivalence class
of a mapping cycle f will be denoted by [[f]].

PROOF. Reflexivity and symmetry are fairly obvious. Transitivity is more interesting.
(I am indebted to S. Mahanta for the following pretty argument.) Let h be a homotopy
from e to f and k a homotopy from f to g, where e,f and g are mapping cycles from
X to Y. We can agree that it suffices to produce a mapping cycle £ from X x [0,2] to Y
such that £ restricted to X x {0} agrees with e and { restricted to X x {1} agrees with g.
Let

u: X x [0,2] — X x [0,1], v: X x [0,2] — X x [0,1], p: X x[0,2] = X
be the continuous maps given by u(x,t) — (x,min{t,1}), v(x,t) = (x,max{t,1}) and
p(x,t) =x. Put
{:=u"h+v'k—p*f.
For that we can also write { = (hou) + (kov) — (fop). O
PRrROPOSITION 5.1.3. The set [[X, Y]] is an abelian group.

Proor. This amounts to observing that the homotopy relation is compatible with
addition of mapping cycles. In other words, if f is homotopic to g and u is homotopic
to v, where f, g,u,v are mapping cycles from X to Y, then f+u is homotopic to g+ v.
Indeed, if h is a homotopy from f to g and k is a homotopy from u to v, then h+k is
a homotopy from f+u to g+v. O

LEMMA 5.1.4. A composition map [[Y, ZIIx[[X, Y]] = [[X, Z]] can be defined by ([[fl], [[g]]) —
([f o gll. Composition is bilinear, i.e., for fized [[g]] the map [[f]] — [[f o gll is a homo-
morphism of abelian groups and for fized [[f]] the map [[g]l] — [[fogll is a homomorphism
of abelian groups. O

As a result there is a homotopy category HoATop whose objects are (still) the topological
spaces, while the set of morphisms from X to Y is [[X,Y]].
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5.2. First calculations
Write * for a singleton, alias one-point space.

PROPOSITION 5.2.1. For any space X the abelian group [[X,*]] is isomorphic to the set of
continuous (=locally constant) functions from X to Z, where Z has the discrete topology.

PrOOF. We learned in example 4.2.2 that the set of mapping cycles from X to «
is identified with the set of continuous functions from X to Z. (It is (®G)(X) where
@G is the sheaf associated to the constant presheaf § which has G(U) = Z for all open
U C X.) Similarly, the set of mapping cycles from X x [0,1] to « is identified with the set
of continuous functions from X x [0, 1] to Z. But a continuous function h from X x [0, 1]
to Z is constant on {x} x [0,1] for each x € X, and so will have the form h(x,t) = g(x)
for a unique continuous g: X — Z. It follows that the homotopy relation on the set of
mapping cycles from X to « is trivial, i.e., two mapping cycles from X to * are homotopic
only if they are equal. O

ExXAMPLE 5.2.2. Take X = Q, a subspace of R with the standard topology. The group
[[Q, *]] is uncountable because the set of continuous maps from Q to Z is uncountable.

LEMMA 5.2.3. For a path-connected (non-empty) space Y the abelian group [[x,Y]] is
isomorphic to 7.

PrOOF. Fix some point z € Y. A mapping cycle from * to Y is the same thing as a
formal linear combination of points in Y, say Zj bjy; where b; € Z and y; € Y. In the
abelian group [[x, Y]] we have

[[Z5b5y;5]] = Z;b5[ly;]] = (Z5b5)[[z]].
(Here [[y;]] for example denotes the homotopy class of the mapping cycle determined by
the continuous map » — Y which has image {y;}. As that continuous map is homotopic to

the map x — Y which has image {z}, we obtain [[y;]] = [[z]].) Therefore [[x,Y]] is cyclic,
generated by the element [[z]]. To see that it is infinite cyclic we use the homomorphism

[, YI] = [, #]]

given by composition with the continuous map Y — %. Now [[,%]] is infinite cyclic
by proposition 5.2.1. It is also clear that the homomorphism just above takes [[z]] to
the generator of [[*,%]], the class of the identity mapping cycle. Hence it must be an
isomorphism and so [[*, Y]] is infinite cyclic. O

COROLLARY 5.2.4. For any space Y the abelian group [[*,Y]] is isomorphic to the free
abelian group generated by the set of path components of Y.

PRrROOF. The abelian group of mapping cycles from x to Y is simply the free abelian
group A generated by the underlying set of Y. Write this as a direct sum @, ., Ax where
A is an indexing set for the path components Y, of Y and A, is the free abelian group
generated by the underlying set of Y. Now fix some A. Claim: If f € A is homotopic to
g € A, by a mapping cycle h: [0,1] — Y, then the coordinate of f in A, is homotopic to
the coordinate of g in A, , by a mapping cycle [0,1] — Y, . To see this, cover the interval
[0,1] by finitely many open subsets U; such that hjy, can be represented by a formal
linear combination of continuous maps from U; to Y. This is possible by the coherence
condition on h. Choose a subdivision

O=to<ti < - tno1 <ty =1
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of [0,1] such that for each of the the subintervals [t;,t.;1], where r = 0,1,...,N —1,
there exists U; containing it. Let h¢. € A be obtained by restricting h to t,. Then
hy, =f and h¢, =g , so it suffices to show that the A-coordinate of h¢, is homotopic to
the A-coordinate of h, ., , for r=0,1,...,N—1. But [t;,t,11] is contained in some U;
and so there is a formal linear combination

D by
j

where bj € Z and the u; are continuous maps from [t;,t,11] to Y, and ) ; bju; restricts
to hy, on t, and to hy,, on t.47. Each u; maps to only one path component of Y; in
the formal linear combination Z]. bju; , select the terms bju; where u; is a map to Y
and discard the others. Then the selected linear sub-combination is a homotopy from the
A-component of h¢, to the A-component of hy ., . This proves the claim.

Therefore [[x,Y]] is the direct sum of the [[x,Yx]]. By the lemma above, each [[x,Yx]] is
isomorphic to Z. O

ProproOSITION 5.2.5. For topological spaces X and Y where X is a topological disjoint
union X1 I Xz, there is an isomorphism

(X, VI — [IXq, YIT x (X2, YIT 5 (U] = ((0Fx, 00, [, D)

For topological spaces X and Y where Y is a topological disjoint union Y1 1LY, , there is
an isomorphism

(X, Y]l @ [IX, Y2]l — (X, Y]] 5 [[f]] @ [[gl] = [[j1 o f +j2 o gl]
where j1: Y1 =Y and j2: Y2 — Y are the inclusions.
PROOF. First statement: the set morqop(X,Y) of mapping cycles breaks up as a
product mor 450p (X1, Y) xmor 450, (X2, Y) by restriction to X; and X, , and a similar state-

ment holds for the set mor 450, (X % [0, 1],Y). Second statement: the set mor4q,p(X,Y) of
mapping cycles breaks up as a direct sum mor 45, (X, Y1) X mor4g0p(X, Y2), and a similar

statement holds for mor4q0,(X % [0,1],Y). O
PROPOSITION 5.2.6. For any topological space X we have
[0, X]] =0 = [[X,0]].
PROOF. The abelian group of mapping cycles from X to ) is a trivial group and the
abelian group of mapping cycles from @) to X is a trivial group. O

5.3. Homology and cohomology: the definitions

DEFINITION 5.3.1. For n > 0, the n-th homology group of a topological space X is the
abelian group

Hy (X) := [[S™, X]1/[[*, X]] .
The n-th cohomology group of X is the abelian group

H™(X) = [[X, STI/[IX, %]l

Comments. There is an understanding here that [[x, X]] is a subgroup of [[S™, X]]. How?
By pre-composing mapping cycles from x to X with the unique continuous map from
S™ to %, we obtain a (well defined) homomorphism [[x,X]] — [[S™,X]]. Conversely, by
pre-composing mapping cycles from S™ to X with a selected continuous map from  to
S™, inclusion of the base point, we obtain a homomorphism [[S™, X]] — [[x, X]]. The com-
position [[*, X]] — [[S™, X]] — [[*, X]] is the identity on [[x,X]]. So we can say that [[x,X]]
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is a direct summand of [[S™, X]]. We remove it, suppress it etc., when we form H,, (X).
Similarly, by post-composing mapping cycles from X to S™ with the unique continuous
map S™ — x, we obtain a homomorphism [[X,S™]] — [[X,%]]. Conversely, by post-
composing mapping cycles from X to x with a selected continuous map * — S™, inclu-
sion of the base point, we obtain a homomorphism [[X,%]] — [[X,S™]]. The composition
(X, *]] — [[X,S™] — [[X,*]] is the identity on [[X,*]]. Therefore [[X,+]] is a direct sum-
mand of [[X,S™]]. We remove it, suppress it etc., when we form H™(X).

You will be unsurprised to hear that H;, is a functor from Jop to the category of abelian
groups. We can also say that it is a functor from ATop to abelian groups. Both statements
are obvious from the definition. Equally clear from the definition, but important to keep
in mind: if f,g: X — Y are homotopic maps, then the induced homomorphisms f, and
g« from Hy, (X) to Hn(Y) are the same. (Therefore we might say that H, is a functor
from HoTop to the category of abelian groups. Indeed it is a functor from HoATop to
abelian groups ...)

Similarly H™ is a contravariant functor from Top (or from AJop, or from HoJTop, or
from HoATop) to the category of abelian groups.

So far we have few tools available for computing H;,(X) and H™(X) in general. But in
the cases n = 0, arbitrary X, we are ready for it, and in the case where n is arbitrary
and X = x we are also ready for it.

EXAMPLE 5.3.2. Take n = 0 and X arbitrary. Then Ho(X) = [[S°, X]]/[[*,X]]. For
S we can write x II x (disjoint union of two copies of %), and using the first part of
proposition 5.2.5, we get [[S®, X]] = [[x,X]] x [[x,X]]. Therefore Ho(X) = [[x,X]]. Using
corollary 5.2.4, it follows that Ho(X) is identified with the free abelian group generated
by the set of path components of X. For example, if X is path connected, then Hg(X) is
isomorphic to Z.

By a very similar calculation, H®(X) is isomorphic to [[X,+]]. Using proposition 5.2.1, we
then obtain that H®(X) is isomorphic to the abelian group of continuous maps from X to
7. For example, if X is connected, then H°(X) is isomorphic to Z.

EXAMPLE 5.3.3. Take m arbitrary and X = x. Now Hy,(x) = [[S™,*]]/[[x,*]]. Using
proposition 5.2.1, we find [[S™, *]] = Z when n > 0 and [[SO,*]] = Z®7Z; also [[x,*]] = Z.
By an easy calculation, the quotient [[S™,«]]/[[x,*]] is therefore 0 when n > 0, and
isomorphic to Z when n =0. So we have:
N Z ifn=0

Hn(x) = { 0 ifn>0
Similarly, H™ (%) = [[x, S™]/[[*, *]]. Using corollary 5.2.4 this time, we find that [[*,S™]] =
7 when n > 0 and [[x,S°]] = Z @ Z. By an easy calculation, the quotient [[x, S™]/[[*,*]]
is therefore 0 when n > 0, and isomorphic to Z when n = 0. Therefore:

n ~ Z ifn=0
W = {o ifn >0



CHAPTER 6

The homotopy decomposition theorem and the
Mayer-Vietoris sequence

6.1. The homotopy decomposition theorem

Notation for the following theorem and the corollary: X and Y are topological spaces, V
and W are open subsets of Y such that VUW =Y and C is a closed subset of X. We
assume that X is paracompact.

THEOREM 6.1.1. Let v : X x [0,1] — Y be a mapping cycle which restricts to zero on an
open neighborhood of X x {0}. Then there exists a decomposition

y=v"+v",
where YV : X x [0,1] = V and yW: X x [0,1] = W are mapping cycles, both zero on an

open neighborhood of X x{0}. If 'y 1is zero on some neighborhood of C x [0,1], then it can
be arranged that yv and yw are zero on a neighborhood of C x [0,1].

The proof of this is hard. We postpone it.

COROLLARY 6.1.2. Let a € [[X,V]] and b € [[X,W]] be such that the images of a and
b in [[X,Y]] agree. Then there exists ¢ € [[X,V N W]] whose image in [[X,V]] is a and
whose image in [X,W]] is b.

PROOF. Let o be a mapping cycle which represents a and let 3 be a mapping cycle
which represents b. Choose a mapping cycle y: X x [0,1] — Y which is a homotopy from
0 to B — «. It is easy to arrange this in such a way that vy is zero on a neighborhood of
X x {0}. Use the theorem to obtain a decomposition y =y +vyW. Let yY and v}V be
the restrictions of vV and YW to X x{1}. Then « and a+7y} are homotopic as mapping
cycles X — V, by the homotopy aop +vY , where p is the projection X x [0,1] — X.
Similarly 3 = oc—i—yY +y¥v and oc—l—yY are homotopic as mapping cycles X — W. Finally,
x+vY =B —v}¥ lands in VW by construction. So ¢ = [ +vY]] is a solution. O

REMARK 6.1.3. The corollary is in a formal way very reminiscent of proposition 2.5.5.
However the assumptions there were somewhat different. Instead of a union-intersection
square of spaces serving as targets, we had a pullback square and a fibration condition. We
can ask whether that was necessary or appropriate. Does corollary 6.1.2 have a more direct
analogue in HoTop 7 In other words, given spaces X and Y = VUW as in corollary 6.1.2,
and elements a € [X, V] and b € [X, W] such that the images of a and b in [X,Y] agree,
does there exist ¢ € [X,V N W] whose image in [X,V] is a and whose image in [X, W]
is b ? Interestingly the answer is no in general. A relatively easy counterexample (easier
for you if you know the concept fundamental group) can be constructed as follows. Let
P,q €R? p=1(0,1) and q = (0,—1). Let Y =R?*~{q}, V=R?~ {p,q} and W the
open upper half-plane. Then VNW = W ~ {p}. For X take S'. It is rather easy to
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invent a € [X, V] which maps to the zero element in [X, Y], but which does not come from
[X, VN W]. Therefore if we take b € [X, W] to be the class of the constant map, we have
a “situation”. Picture of a map in the homotopy class a:

There are also deeper counterexamples where X = S™ for some n > 1. For those we need
to work harder.

6.2. The Mayer-Vietoris sequence in homology

A sequence of abelian groups (An)nez together with homomorphisms
fr:An = An_q

for all n € Z is called an exact sequence of abelian groups if the kernel of f,, is equal to the
image of f,11 , for all n € Z. More generally, we sometimes have to deal with diagrams
of abelian groups and homomorphisms in the shape of a string

An 2 AL DAL 2> - = Ak .

Such a diagram is ezact if the kernel of each homomorphism in the string is equal to the
image of the preceding one, if there is a preceding one.

DEFINITION 6.2.1. Alternative definition of homology: Write I = [0,1]. For a space Y,
and n > 0, re-define H,,(Y) as the abelian group of homotopy classes of mapping cycles
I™ — Y which vanish on some open neighborhood of 9I™.

Comment. In this definition, we regard two mapping cycles I — Y which vanish on some
neighborhood of 9I™ as homotopic if they are related by a homotopy I™ x I — Y which
vanishes on some neighborhood of 9I™ x I. Such a homotopy will be called (informally) a
homotopy relative to 0I™ or a homotopy rel 0I™.

To relate the old definition of H,,(Y) to the new one, we make a few observations. Given a
mapping cycle «: I™ — Y which vanishes on some neighborhood of 9I™, we immediately
obtain a mapping cycle from the quotient I™/9I™ to Y. To view this as a mapping cycle
B:S™ — Y, we pretend that S™ = R™ U oo (one-point compactification of R™) and
specify a homeomorphism u: I"/9I" — R™ U co taking base point to base point. (Note
that I™/0I™ has a preferred base point, the point represented by all elements of 0I™.)
We are specific enough if we say that u is smooth and orientation preserving on I™ ~ 9I™
(i.e., the Jacobian determinant is everywhere positive). Conversely, given a mapping cycle
f: S™ — Y representing an element of H, (Y) according to the old definition, we may
subtract a suitable constant to arrange that (3 is zero when restricted to the base point
of S™. We can also assume that (3 is zero on a neighborhood of the base point; if not,
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compose with a continuous map S™ — S™ which is homotopic to the identity and takes a
neighborhood of the base point to the base point. Then fou is a mapping cycle ["/9 — Y
which can also be viewed as a mapping cycle I™ — Y vanishing on a neighborhood of 91™.

DEFINITION 6.2.2. Suppose that Y comes with two open subspaces V and W such that
VUW =Y. The boundary homomorphism

3: Hn(Y) = Huor (VAW)

is defined as follows, using the alternative definition of Hy, . Let x € H, (Y) be represented
by a mapping cycle vy : I — Y which is zero on an open neighborhood of 9I™. Think
of v as a homotopy, vy : "' x I — Y. Choose a decomposition y = y¥ +v"W as in
theorem 6.1.1. The theorem guarantees that y¥ and y" can be arranged to vanish on a
neighborhood of dI"~" x I. Let 9(x) be the class of the mapping cycle

YWt s vnw,

composition of YW with the map t1: I"™! — I"~! x I defined by t1(x) = (x,1). (Then
v} vanishes on some open neighborhood of 91"~ '.)

We must show that this is well defined. There were two choices involved: the choice of
representative vy, and the choice of decomposition y =vY +vyW. For the moment, keep
v fixed, and let us see what happens if we try another decomposition of y. Any other
decomposition will have the form

Y +n)+ W —n)
where 1 : ™! x I — VN W is a mapping cycle which vanishes on an open neighborhood
of 91"~ x I and on an open neighborhood of I"~! x{0}. We need to show that v}V —n; is
homotopic (rel boundary of I"~1) to vV But 17 is homotopic to zero by the homotopy
.
Next we worry about the choice of representative y. Let @ be another representative of
the same class x, and let A: I x I™ — Y be a homotopy from ¢ to y. (Writing the factor
I on the left might help us to avoid confusion.) We can think of A as a homotopy in a
different way:

(IxI" ) xI—Y.
Then we can apply the homotopy decomposition theorem and choose a decomposition
A =AY + AW where AY and AW vanish on a neighborhood of I x 91"~ x I. We then
find that ?\YV is a mapping cycle from X =1 x I"! to VNW which we may regard as a
homotopy (now with parameters written on the left). The homotopy is between y}V and
@}V, provided the decompositions y = YV 4+vyW and @ = @V + W are the ones obtained
by restricting the decomposition A =AY + AW, O

The boundary homomorphisms 0 can be used to make a sequence of abelian groups and
homomorphisms

> Hn1 (V)
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where 1 € Z. (Set Hy(X) =0 for n < 0 and any space X. The unlabelled homomor-
phisms in the sequence are as follows: Hy (V) @ H, (W) — Hn(Y) iS jvs +jws , the sum
of the two maps given by composition with the inclusions jy: V — Y and jw: W — Y,
and Ho(VNW) — H, (V) ® Ho (W) is (evs,—ews), where ey, and ey, are given by
composition with the inclusions ev: VAW — V and ey : VAW — W.) The sequence is
called the homology Mayer-Vietoris sequence of Y and V;W.

THEOREM 6.2.3. The homology Mayer-Vietoris sequence of Y and V,W is exact.!

Terminology for the proof. Let X and Q be topological spaces and let h: X x I — Q be
a map or mapping cycle (which we think of as a homotopy). Let p: X x I — X be the
projection and let tg,11: X — X x I be the maps given by x — (x,0) and x — (x,1),
respectively. We say that h is stationary near X x {0, 1} if there exist open neighborhoods
Up and Uy of X x {0} and X x {1}, respectively, in X x I such that h agrees with hotyop
on Up and with hoty op on U;.

PROOF. (i) Exactness of the pieces Hn (VNW) — Hp (V) @ Hy (W) — Hp(Y) follows
from corollary 6.1.2, for all n € Z. (It is more convenient to use the standard definition
of H,, at this point.) More precisely, we have exactness of

(™, VW] — [[S™, VIl & [[S™", WI] — [[S™, Y]]
by corollary 6.1.2, and we have exactness of
[, VA WII = [, VIl @ [[x, W1 — [[x, Y]]

by corollary 6.1.2. Note also that [[x, V]] ® [[x, W]] — [[*, Y]] is surjective. Then it follows

easily that
[(sHvnwi [[SY, Ve ls*,w] [S"Y]

GoVaWl o VIG W [ Y]

is exact.
(ii) Next we look at pieces of the form

Ha (V) @ Ho (W) —— Ho(Y) —2— Ho g (VW) |

The cases n < 0 are trivial. In the case n = 0, the claim is that the homomorphism
Ho (V)@ Ho(W) — Ho(Y) is surjective. This is a pleasant exercise. Now assume n > 0. It
is clear from the definition of @ that the composition of the two homomorphisms is zero.
Suppose then that [y] € Hn,(Y) is in the kernel of 0, where v : I™ — Y vanishes on a
neighborhood of 9I™. We must show that [y] is in the image of H,, (V)®H, (W) — H, (Y).
As above, we think of v as a homotopy, I"~" x I — Y, which we decompose, vy =y +yW
as in theorem 6.1.1, where Y and YW vanish on a neighborhood of 91"~ x I. We can
also arrange that the homotopies vV and yW are stationary near I~ ' x {0,1}. The
assumption 0[y] = 0 then means that the zero map

™' Ssvnw

is homotopic to y¥v by a homotopy A : I"~' xI — VNW which vanishes on a neighborhood
of I~ ! x I. We can arrange that A is stationary near I"~! x {0,1}. Then vV + A and
YW — X are mapping cycles from "' x I =I™ to V and W, respectively. Both vanish
on a neighborhood of 0I™. Hence they represent elements in H,, (V) and H,, (W) whose

1If you wish, view this as a sequence of abelian groups and homomorphisms indexed by the integers,
by setting for example Az, = Hn(Y) for n >0, Aznr1 = Ho(V)@®HR (W) for n >0, Azni2 = Ha(VNW)
for n >0, and A =0 for all m <0.
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images in H,(Y) add up to [y].
(iii) We show that the composition

Hp1 (V) —2— Ha (VW) —— Hy (V) @ Ho (W) .

is zero. We can assume n > 0. Represent an element in H, (Y) by a mapping cycle
v :I" x I =Y, vanishing on a neighborhood of the entire boundary; decompose as usual,
and obtain d[y] = [y}V]. Now y}V = —yY viewed as a mapping cycle I — V is homotopic
to zero by the homotopy —y" vanishing on a neighborhood of 9I™~' x I. Therefore 9[y]
maps to zero in Hy (V). A similar calculation shows that it maps to zero in H, (W).

(iv) Finally let ¢ : I™ — VN W be a mapping cycle which vanishes on a neighborhood of
oI™, and suppose that [@] € H,,(V N W) is in the kernel of the homomorphism H, (VN
W) — H, (V) @ Hy(W). Choose a homotopy yY : I x I — V from zero to —¢, and
another homotopy y¥W : I™ x I — W from zero to ¢, both vanishing on a neighborhood of
0I™ x I, and both stationary near I"™ x {0,1}. Then vy :=vY +y" vanishes on the entire
boundary of I™ x I, hence represents a class [y] € Hy,11(Y). It is clear that 0[y] = [@]. O

REMARK 6.2.4. The Mayer-Vietoris sequence has a naturality property. The statement is
complicated. Suppose that Y and Y’ are topological spaces, g: Y — Y’ is a continuous
map, Y =VUW where V and W are open subsets, Y = V' UW’ where V' and W' are
open subsets, g(V) C V/ and g(W) C W’. Then the Mayer-Vietoris sequences for Y, V; W
and Y, V/,W’ can be arranged in a ladder-shaped diagram

g«

Hn+1 (Y/)

Ha (VN W) & H. (V' AW

This diagram is commutative; that is the naturality statement. The proof is not compli-
cated (it is by inspection).

Often this can be usefully combined with the following observation: if, in the Mayer-
Vietoris sequence for Y and V; W we interchange the roles (order) of V and W, then the
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homomorphisms 9 and H, (VNW) — H,, (V) ® H,, (W) change sign. To be more precise,
we set up a diagram

Hn1 (Y) = Hn1(Y)
5 |
H,(VNW) = H,(WNYV)

| |

Hn (V) @ Ho (W) — Ho (W) @ Hy (V)
where the columns are bits from the Mayer-Vietoris sequence of Y, VW and Y,W,V,
respectively. The diagram is not (always) commutative; instead each of the small squares
in it commutes up to a factor (—1). The proof is by inspection.



CHAPTER 7

Homology of spheres and applications

7.1. Homology of spheres

PROPOSITION 7.1.1. The homology groups of S' are Ho(S') = Z, Hi(S") = Z and
Hy(S") =0 for all k #0,1.

PRrOOF. Choose two distinct points p and q in S'. Let V C S! be the complement
of p and let W C S' be the complement of q. Then VUW = S'. Clearly V is homotopy
equivalent to a point, W is homotopy equivalent to a point and V N W is homotopy
equivalent to a discrete space with two points. Therefore Hy (V) = H (W) = Z for k=0
and Hy (V) = H (W) = 0 for all k # 0. Similarly H(VNW) = Z @ Z for k =0 and
Hi (VN W) =0 for all k # 0. The exactness of the Mayer-Vietoris sequence associated
with the open covering of ST by V and W implies immediately that Hy(S') = 0 for
k £ 0,1. The part of the Mayer-Vietoris sequence which remains interesting after this
observation is

00— Hy(s") =2

7.7 Z@ZHH()(S])HO

Since S' is path-connected, the group Ho(S') is isomorphic to Z. The homomorphism
from Z @® Z to Ho(S') is onto by exactness, so its kernel is isomorphic to Z. Hence the
image of the homomorphism Z & Z — Z & Z is isomorphic to Z, so its kernel is again
isomorphic to Z. Now exactness at Hy(S') leads to the conclusion that Hq(S") =Z. O

THEOREM 7.1.2. The homology groups of S™ (for n > 0) are
Z ifk=n
H(SM) ={ Z ifk=0
0 otherwise.

PROOF. We proceed by induction on n. The induction beginning is the case n = 1
which we have already dealt with separately in proposition 7.1.1. For the induction step,
suppose that n > 1. We use the Mayer-Vietoris sequence for S™ and the open covering
{VW} with V = S™ \ {p} and W = S™ \ {q} where p,q € S™ are the north and south
pole, respectively. We will also use the homotopy invariance of homology. This gives us

- | Z k=0
Hi(V) = Hi (W) = { 0 otherwise
because V and W are homotopy equivalent to a point. Also we get
Z ifk=n-—1
H (VNw)=< Z ifk=0
0 otherwise.

by the induction hypothesis, since V N’ W is homotopy equivalent to S™~'. Furthermore
it is clear what the inclusion maps VAW — V and VNW — W induce in homology:
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an isomorphism in Ho and (necessarily) the zero map in Hy for all k # 0. Thus the
homomorphism
Hi (VN W) — Hi (V) @ He (W)

from the Mayer-Vietoris sequence takes the form
72 —— LZ

when k =0, and
7Z —— 0
when k = n — 1. In all other cases, its source and target are both zero. Therefore the

exactness of the Mayer-Vietoris sequence implies that Ho(S™) and H,,(S™) are isomorphic
to Z, while Hy (S™) =0 for all other k € Z. O

THEOREM 7.1.3. Let f: S™ — S™ be the antipodal map. The induced homomorphism
for Ha(S™) — Ha(S™) is multiplication by (—1)™*1.

PRrROOF. We proceed by induction again. For the induction beginning, we take n = 1.
The antipodal map f: S" — S is homotopic to the identity, so that f* : Hy(S') — H;(S")
has to be the identity, too. For the induction step, we use the setup and notation from the
previous proof. Exactness of the Mayer-Vietoris sequence for S™ and the open covering
{V, W} shows that

0:Hn(S") — Hh g (VNW)

is an isomorphism. The diagram

Hn(S™) —2— Hy 1 (VAW)

f*l f*l
Hn(S") —2— Hy 1 (WNV)
is meaningful because f takes VNW to VNW = WnNYV. But the diagram is not
commutative (i.e., it is not true that f,00 equals 0of,). The reason is that f interchanges
V and W, and it does matter in the Mayer-Vietoris sequence which of the two comes first.
Therefore we have instead
f,00=—00of,
in the above square. By the inductive hypothesis, the f, in the left-hand column of the

square is multiplication by (—1)™, and therefore the f* in the right-hand column of the
square must be multiplication by (—1)"+7. O

7.2. The usual applications

THEOREM 7.2.1. (Brouwer’s fixed point theorem). Let f: D™ — D™ be a continuous map,
where 1 > 1. Then f has a fized point, i.e., there exists y € D™ such that f(y) =y.

PRrROOF. Suppose for a contradiction that f does not have a fixed point. For x € D™ |
let g(x) be the point where the ray (half-line) from f(x) to x intersects the boundary S™!
of the disk D™. Then g is a smooth map from D™ to S™ ', and we have g|S™! = idgn 1.
Summarizing, we have

gn—1 j D™ 9 gn—1
where j is the inclusion, g o j =idgn—1. Therefore we get

Hp_1(S™ 1) — 5 Hy g (D™) —2 Hy_y(S™1)
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where g,j. = id. Thus the abelian group H,_1(S™") is isomorphic to a direct summand
of H,_1(D™). But from our calculations above, we know that this is not true. If n > 1 we
have Hn_7(D™) = 0 while Hn_7(S™ ") is not trivial. If n = 1 we have Hy_;(D™) = Z
while Hh_1(S™ ) 2 Z @ Z. O

Let f: S™ — S™ be any continuous map, n > 0. The induced homomorphism f, from
Hn (S™) to Hyy (S™) is multiplication by some number ng € Z, since Hy, (S™) is isomorphic
to Z.

DEFINITION 7.2.2. The number n¢ is the degree of f.

Remark. The degree n¢ of f: S™ — S™ is clearly an invariant of the homotopy class of f.

Remark. In the case n = 1, the definition of degree as given just above agrees with the
definition of degree given in section 1. See exercises.

EXAMPLE 7.2.3. According to theorem 7.1.3, the degree of the antipodal map S™ — S™
is (=1t

PROPOSITION 7.2.4. Let f: S™ — S™ be a continuous map. If f(x) # x for all x € S™,
then f is homotopic to the antipodal map, and so has degree (—1)"+1. If f(x) # —x for
all x € S™, then f is homotopic to the identity map, and so has degree 1.

PROOF. Let g: S™ — S™ be the antipodal map, g(x) = —x for all x. Assuming that
f(x) # x for all x, we show that f is homotopic to g. We think of S™ as the unit sphere in
R™*+1 | with the usual notion of distance. We can make a homotopy (hy : S™ — S™)ero,n
from f to g by “sliding” along the unique minimal geodesic arc from f(x) to g(x), for
every x € S™. In other words, h¢(x) € S™ is situated t- 100 percent of the way from f(x)
to g(x) along the minimal geodesic arc from f(x) to g(x). (The important thing here is
that f(x) and g(x) are not antipodes of each other, by our assumptions. Therefore that
minimal geodesic arc is unique.)

Next, assume f(x) # —x for all x € S™. Then, for every x, there is a unique minimal
geodesic from x to f(x), and we can use that to make a homotopy from the identity map
to f. O

COROLLARY 7.2.5. (Hairy ball theorem). Let & be a tangent vector field (explanations
follow) on S™. If &(z) # 0 for every z € S™, then 1 is odd.

Comments. A tangent vector field on S™ C R™*1 can be defined as a continuous map £
from S™ to the vector space R™*! such that &(x) is perpendicular to (the position vector
of) x, for every x € S™. We say that vectors in R™*! which are perpendicular to x € S™
are tangent to S™ at x because they are the velocity vectors of smooth curves in S™ C R™
as the pass through x.

PROOF. Define f: S™ — S™ by f(x) = &(x)/[|&(x)]|. Then f(x) # x and f(x) # —x
for all x € S™, since f(x) is always perpendicular to x. Therefore f is homotopic to the
antipodal map, and also homotopic to the identity. It follows that the antipodal map is
homotopic to the identity. Therefore n is odd by theorem 7.1.3. O

REMARK 7.2.6. Theorem 7.1.3 has an easy generalization which says that the degree of
the map f: S™ — S™ given by

(X1)X2>-'-)Xn+1) — (Xh---»Xk)_XkJr])---)_XnJr])
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is (—1)"*1=%_ Here we assume n > 1 as usual. The proof can be given by induction
on n+ 1 —k. The induction step is now routine, but the induction beginning must
cover all cases where n = 1. This leaves the three possibilities k = 0,1,2. One of these
gives the identity map S' — S', and another gives the antipodal map S' — S' which
is homotopic to the identity. The interesting case which remains is the map f: S' — S!
given by f(x1,%x2) = (x1,—x2). We need to show that it has degree —1, in the sense of
definition 7.2.2. One way to do this is to use the following diagram

i

Hi(S) Hi(s1)

I E
Ho(VAW) —“ > Ho(WN V)

where V =S~ {(0,1)} and W = ST~ {(0,—1)}. We know from the previous chapter that it
commutes up to a factor (—1). In the lower row, we have the identity homomorphism Z®
Z — Z.&Z. The vertical arrows are injective (seen earlier in the proof of proposition 7.1.1).
Therefore the upper horizontal arrow is multiplication by —1.

To state this result in a more satisfying manner, let us note that the orthogonal group
O(n + 1) (the group of orthogonal (n + 1) x (n 4 1)-matrices with real entries) is a
topological group which has two path components. The two path components are the
preimages of +1 and —1 under the homomorphism

det: O(n+1) = {—1,+1}.

Let f: S™ — S™ be given by f(z) = Az for some A € O(n+ 1). Because deg(f) depends
only on the homotopy class of f, it follows that deg(f) depends only on the path component
of A in O(n+1), and hence only on det(A). What we have just shown means that deg(f)
is equal to det(A).



CHAPTER 8

Proving the homotopy decomposition theorem

8.1. Reductions
Here we reduce the proof of the homotopy decomposition theorem to the following lemmas.

LEMMA 8.1.1. Let Z be a paracompact topological space, Y any topological space. Let
B:Zx[0,1] =Y be a mapping cycle. Write o, 11: Z — Z x [0,1] for the maps given by
(z) = (2,0) and v1(z) = (z,1). If there exists a decomposition

Boto =Py + By
where [3(\)/ and BXV are mapping cycles from Z to V and W, respectively, then there exists
a decomposition o = BY + BYV.

LEMMA 8.1.2. In the situation of lemma 8.1.1, every element of Z has an open neighbor-
hood U such that the restriction Buxio,11 of B to U x [0,1] admits a decomposition

\% w
Busxio,11 = Blixio,11 + Buxio,1]
where Bxx[o,n and BYJVX 0,1] 4re mapping cycles from Ux[0,1] to V and W, respectively.

SHOWING THAT LEMMA 8.1.2 IMPLIES LEMMA 8.1.1. In the situation of lemma 8.1.1,
choose an open cover (Uy)kea such that the restriction B of B to Uy x [0,1] admits
a decomposition

B =B + By -
Such an open cover exists by lemma 8.1.2. Since Z is paracompact, there is no loss
of generality in assuming that the open cover is locally finite. Moreover, there exists a
partition of unity (@i)kea subordinate to the cover (Uy)kea. Choose a total ordering
of A. If A is finite, we can proceed as follows. We may assume that A is {1,2,3,...,m}
for some m, with the standard ordering. For k € {0,1,..., m} let

fr: Z — Z x[0,1]

be the function z — (Z,Z];:1 @¢). Then fy = v and f,, = 1; in the notation of
lemma 8.1.1. By induction on k we define a decomposition

Bofi=(Bofi)V+(Bofi)™.

For k = 0 this decomposition (of o fy = o y) is already given to us. If we have
constructed the decomposition for (3 o fy_7, where 0 < k < m, we define it for 3 o fi in
such a way that

(Bofi) =(Bofi1)V+ B?{q ofy— B?l/d ofr_1
on Ux € Z and (Bofi)Y = (B ofr_1)Y outside the support of @y . Similarly, define
(Bofi)™ = (Bofie1)™ + Bl o fi — Bl © fic1
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on Uy and (B o i)W = (B o fr_1)" outside the support of @x. Then on Uy we have
(Bofi)+(Bofi) =Bofi1+Bofu—Pofit=pofk
and outside the support of @k we have
(Bofi)V +(Bofi) =(Bofi1) +(Bofi) =Bofiq=pofi.

Therefore (Bofi)Y +(Bofi)W = Bofy as required. The case k = m is the decomposition
of oty =pof, that we are after.

If A is not finite, we can proceed as follows. Choose z € Z and an open neighborhood Q
of z in Z such that the set

J={keA|QNUy#0)

is finite. Now ] is a finite set with a total ordering, and the ¢; where j € | constitute a
partition of unity for Q, subordinate to the open cover (Ux N Q)xey of Q. Use this as
above to find a decomposition of oty , restricted to Q, into summands which are mapping
cycles from Q to V and W, respectively. Do this for every z and open neighborhood Q.
The decompositions obtained match on overlaps, and so define a decomposition of 3 o 13
of the required sort. O

SHOWING THAT LEMMA 8.1.1 IMPLIES THE HOMOTOPY DECOMPOSITION THEOREM.
Given X,Y and a mapping cycle y: X x [0,1] — Y, we look for a decomposition y =
vV +vyW where vV and yW are mapping cycles from X x [0,1] to V and W, respectively.
There is an additional condition to be satisfied. Namely, 'y is zero on an open neighbor-
hood U of (X x{0}) U (Cx[0,1]) in X x [0,1], and we want vV,y" to be zero on some
(perhaps smaller) open neighborhood U’ of (X x {0}) U (C x [0,1]) in X x [0, 1].

Put Z =X x [0,1]. Since X was assumed to be paracompact, Z is also paracompact; it is
a general topology fact that the product of a paracompact space with a compact Hausdorff
space is paracompact. We have a map

h:Zx[0,1] = Z

defined by h((x,s),t)) = (x,st) for (x,t) € Xx[0,1]=Z and t € [0,1]. Now B:=voh
is a mapping cycle from Z x [0,1] to Y. In the notation of lemma 8.1.1, we have

Bou=v, Bow=0.
There exists a decomposition By = [SX + [SXV because we can take [5(\)/ =0 and BXV =0.
Therefore, by lemma 8.1.1, there exists a decomposition B oty = BY + B}V, and we can
write that in the form

y =87 +B7".

This is a decomposition of the kind that we are looking for. Unfortunately there is no
reason to expect that Y, B}V are zero on (X x {0}) U (C x [0,1]), or on a neighborhood
of that in X x [0, 1].
But it is easy to construct a continuous map P : Xx [0, 1] — X x [0, 1] such that Pp(Xx[0,1])
is contained in the open set U specified above, and such that 1\ agrees with the identity
on some open neighborhood U’ of (X x {0}) U (C x [0,1]) in X x [0,1]. Then obviously
U’ c U. Now let

Y=Y —(BY o), ¥V =BT~ (B o).
Then vV +vW = (BY + BY) — (BY + BY) o =y —y o . Furthermore y o is zero

because v is zero on U and the image of 1 is contained in U. So yY +yW =1vy. Also
vV and YW are zero on U’ by construction, since 1 agrees with the identity on U’. O
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8.2. Local homotopy decomposition

PROOF OF LEMMA 8.1.2. Call an open subset P of Z x [0,1] good if the mapping
cycle Bp from P to Y can be written as the sum of a mapping cycle from P to V and
a mapping cycle from P to W. The goal is to show that every z € Z has an open
neighborhood U such that U x [0, 1] is good.

The proof is based on two observations.

e Every element of Z x [0,1] admits a good open neighborhood.
e If U is open in Z and A,B are open subsets of [0,1] which are also intervals,
and if U x A and U x B are both good, then U x (A UB) is good.

To prove the first observation, fix (z,t) € Z x [0,1] and choose an open neighborhood Q
of that in Z x [0,1] such that | can be written as a formal linear combination, with
coefficients in Z, of continuous maps from Q to Y. Such a Q exists by the definition of
mapping cycle. Making Q smaller if necessary, we can arrange that each of the (finitely
many) continuous maps which appear in that formal linear combination is either a map
from Q to V or a map from Q to W. It follows immediately that Q is good.

In proving the second observation, we can easily reduce to a situation where ANB contains
an element to, where 0 < tg < 1, and A UB is the union of A N[0, te] and B N [ty, 1].
Choose a continuous map : B — BN A such that {(s) =s for all s € BN[0,te]. Since
P:=U x A is good by assumption, we can write

B\P — BV,P + (5W,P
where the summands in the right-hand side are mapping cycles from P to V and from P
to W, respectively. Similarly, letting Q := U x B we can write

Blo = BV + BQ.

Let @: Q — PN Q be given by ¢@(z,t) = (z,1(t)). Define ¥V a mapping cycle from
PUQ to V, as follows:
Bv,puq:{ SN " on P (U x [0,tol)

BV —(BYRo@)+ (¥ o) on Q.
This is well defined because the two formulas agree on the intersection of Q and U x [0, tol,
where @ agrees with the identity. Similarly, define p¥'PYQ | a mapping cycle from P U Q
to W, as follows:

pW:PUQ pYP on PN (UxI[0tol)

pWQ — (B Qo)+ (BMP o) on Q.
An easy calculation shows that pY"PYQ 4 gW-PUQ —= g, . Therefore PUQ = U x (AUB)
is good. The second observation is established.
Now fix zg € Z. By the first of the observations, it is possible to choose for each t € [0, 1]
a good open neighborhood Qi of (zp,t) in Z x [0,1]. By a little exercise, there exists an
open neighborhood U of zp in Z and a small number 6 = 1/n (where n is a positive
integer) such that each of the open sets

U x [0,28[, WUx]14,38[, Ux]26,45[, ...,
Ux]T—38,1—15[, Ux]1—26,1]
in Z x [0,1] is contained in Q¢ for some t € [0,1]. Therefore these open sets

U x [0,268[, Ux]15,308[, ...
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are also good. By the second of the two observations, applied (n —2) times, their union,
which is U x [0, 1], is also good. O

8.3. Relationship with fiber bundles

The proof of the homotopy decomposition theorem as given above has many surprising
similarities with proofs in section 3 related to fiber bundles (theorem 3.4, corollaries 3.7
and 3.8., and improvements in section 3.4). I cannot resist the temptation to explain these
similarities now, after the proof.

Let E and B be topological spaces and let p: E — B be a fiber bundle. We need to be a
little more precise by requiring that p: E — B be a fiber bundle with fiber F, for a fixed
topological space F. This is supposed to mean that every fiber of p is homeomorphic to
F in some way. (We learned in section 2 that every fiber bundle over a path connected
space is a fiber bundle with fiber F, for some F.) With this situation we can associate two
presheaves J and Hr on B.
- For an open set U in B, let Hp(U) be the group of homeomorphisms h from
U x F to U x F respecting the projection to U.
- For an open set U in B let T(U) be the set of trivializations of the fiber bundle
Eju — U, that is, the set of all homeomorphisms p~! — U x F respecting the
projections to U.
- An inclusion of open sets Uy < U; in B induces maps

He(Ur) — He(Uo)y,  T(Uq) — sT(Uo)
by restriction of homeomorphisms.
In fact it is clear that T and Hr are sheaves. Clearly Hr is a sheaf of groups, that is, each
set Hg(U) comes with a group structure and the restriction maps Hg(Uq) — He(Up) are

group homomorphisms. By contrast T is not a sheaf of groups in any obvious way. But
there is an action of the group H¢(U) on the set T(U) given by

(h,g) = hog

(composition of homeomorphisms, where h € Hg(U) and g € T(U)). This is compatible
with restriction maps (reader, make this precise). Moreover:
(1) for any g € T(U), the map H¢(U) — T(U) given by h+— ho g is a bijection;
(2) every z € B has an open neighborhood U such that T(U) # 0.
(Of course, despite (1), it can happen that T(U) is empty for some open subsets U of
B, for example, U = B.) The proof of (1) is easy and by inspection; (2) holds by the
definition of fiber bundle. There are words and expressions to describe this situation: we
can say that Hr is a sheaf of groups on B and 7T is an Hy -torsor.
This reasoning shows that a fiber bundle on B with fiber F determines an Hg-torsor on
B. It is also true (and useful, and not very hard to prove, though it will not be explained
here) that the process can be reversed: every Hg-torsor on B determines a fiber bundle
with fiber F on B. So it transpires that section 3 about fiber bundles could alternatively
have been written in the language of sheaves (of sets or groups) and torsors. Note that we
are often interested in questions like this one: is T(B) nonempty? This amounts to asking
whether the fiber bundle p is a trivial fiber bundle.

REMARK 8.3.1. For the sake of honesty it should be pointed out that JHr is a sheaf on all
topological spaces simultaneously, and this would become important if we really wanted to
rewrite section 3 in sheaf language. In more detail:



8.3. RELATIONSHIP WITH FIBER BUNDLES 59

- We can view Hp as a contravariant functor from topological spaces to groups.
Indeed, for a topological space X let Hg(X) be the group of homeomorphisms
from X x F to X x F respecting the projection to X. A continuous map Xo — X;
induces a map Hg(X7) — Hg(Xo) which is a group homomorphism.

- If we evaluate this functor only on open subsets of a fixed space X, and on
inclusion maps Ug — U; of open subsets of X, then the resulting presheaf on X
is in fact a sheaf on X.

There are also words and expressions for this; to keep it short, I will just say that Hr is
a big sheaf.

Now try to forget fiber bundles for a while. We return to the homotopy decomposition
theorem. Assume that Y = VU W as in the homotopy decomposition theorem. Let Z
be any topological space and fix «, a mapping cycle from Z to Y. We introduce two
presheaves ¥ and G on Z.

- For an open set U in Z, let G(U) be the abelian group of mapping cycles from
UtoVnw.

- For open U in Z let F(U) be the set of mapping cycles  from U to V such
that oy — B is a mapping cycle from U to W. To put it differently: an element
B of F(U) is, or amounts to, a sum decomposition

oy =B+ (qu — B)

where the two summands $ and oqy — B are mapping cycles from U to V and
from U to W, respectively.
- An inclusion of open sets Uy < Uy in Z induces maps

G(U) — G(Uo), F(Uy) — sF(Up)

by restriction of mapping cycles.

It is easy to see that F and G are sheaves, and G is even a sheaf of abelian groups on Z.
By contrast F is not in an obvious way a sheaf of abelian groups. But there is an action
of the group G(U) on the set F(U) given by

ANB)—A+B.

(In this formula, A € G(U) and B € F(U); then A+  can be viewed as a mapping cycle
from U to V and it turns out to be an element of F(U).) Moreover:
(1) for any B € F(U), the map G(U) — F(U) given by A — A+  is a bijection;
(2) every z € Z has an open neighborhood U such that F(U) # (.
(Of course it is quite possible, despite (1), that F(U) is empty for some open subsets U of
Z, for example, U = Z.) The proof of (1) is easy and by inspection; the proof of (2) was
given in a special case earlier, but it can be repeated. Choose a neighborhood U of z such
that oqy can be represented by a formal linear combination, with integer coefficients, of
continuous maps from U to Y. Making U smaller if necessary, we can assume that each
of the (finitely many) continuous maps which appear in that formal linear combination is
either a map from U to V or a map from U to W. Then it is clear that oy can be
written as a sum of two mapping cycles, one from U to V and the other from U to W.
So F(U) is nonempty.
So we see that G is a sheaf of abelian groups on Z and JF is a G-torsor. Again we are
interested in questions like this one: is F(Z) nonempty? This is equivalent to asking
whether our fixed mapping cycle « from Z to Y can be written as a sum of two mapping
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cycles, one from Z to V and one from Z to W. And again, for the sake of honesty, it
should be noted that G is a big sheaf of abelian groups. (If we wanted to rewrite the proof
of the homotopy decomposition theorem in sheaf and torsor language, that would have to
be used.)



CHAPTER 9

Combinatorial description of some spaces

9.1. Vertex schemes and simplicial complexes

DEFINITION 9.1.1. A wertex scheme consists of a set V and a subset § of the power set
P(V), subject to the following conditions: every T € 8§ is finite and nonempty, every subset
of V which has exactly one element belongs to 8, and if T’ is a nonempty subset of some
Te8,then T’ €8.

The elements of V are called vertices (singular: vertez) of the vertex scheme. The elements
of § are called distinguished subsets of V.

ExXAMPLE 9.1.2. The following are examples of vertex schemes:

(i) Let V ={1,2,3,...,10}. Define 8 C P(V) so that the elements of 8 are the
following subsets of V: all the singletons, that is to say {1},{2},...,{10}, and
{1,2}, {2,3}, ..., {9,10} as well as {10, 1}.

(ii) Let V ={1,2,3,4} and define 8§ C P(V) so that the elements of § are exactly
the subsets of V which are nonempty and not equal to V.

(iii) Let V be any set and define 8 so that the elements of § are exactly the nonempty
finite subsets of V.

(iv) Take a regular icosahedron. Let V be the set of its vertices (which has 12 ele-
ments). Define 8§ C P(V) in such a way that the elements of 8 are all singletons,
all doubletons which are connected by an edge, and all tripletons which make up
a triangular face of the icosahedron. (There are twenty such tripletons, which is
supposed to explain the name icosahedron.)

The simplicial complex determined by a vertex scheme (V,8) is a topological space X =
[V|s. We describe it first as a set. An element of X is a function f: V — [0, 1] such that

D fv) =1

vev

and the set {v € V| f(v) > 0} is an element of §.

It should be clear that X is the union of certain subsets A(T), where T € §. Namely, A(T)
consists of all the functions f: V — [0,1] for which } .\ f(v) =1 and f(v)=0if v¢T.
The subsets A(T) of X are not always disjoint. Instead we have A(T)NA(T) =A(TNT’)
if TNT’ is nonempty; also, if T C T’ then A(T) C A(T’).

The subsets A(T) of X, for T € 8, come equipped with a preferred topology. Namely,
A(T) is (identified with) a subset of a finite dimensional real vector space, the vector space
of all functions from T to R, and as such gets a subspace topology. (For example, A(T)
is a single point if T has one element; it is homeomorphic to an edge or closed interval if
T has two elements; it looks like a compact triangle if T has three elements; etc. We say
that A(T) is a simplex of dimension m if T has cardinality m+ 1.) These topologies are
compatible in the following sense: if T C T’, then the inclusion A(T) — A(T’) makes a

61
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homeomorphism of A(T) with a subspace of A(T’).

We decree that a subset W of X shall be open if and only if W N A(T) is open in A(T),
for every T in 8. Equivalently, and perhaps more usefully: a map g from X to another
topological space Y is continuous if and only if the restriction of g to A(T) is a continuous
from A(T) to Y, for every T € 8.

ExAMPLE 9.1.3. The simplicial complex associated to the vertex scheme (i) in exam-
ple 9.1.2 is homeomorphic to S'. In (ii) and (iv) of example 9.1.2, the associated simplicial
complex is homeomorphic to S2.

EXAMPLE 9.1.4. The simplicial complex associated to the vertex scheme (V,8) where
V ={1,2,3,4,5,6,7,8} and

S — { {15, {2},{3}, {4}, {51,{6}, {7},{8},{1, 3},{2, 3},{3, 4}, }
{3,5},13,6}1,{4,54{5,6},{5,7}1,{7, 8},{3,4, 5}, {3, 5, 6}

looks like this:

LEMMA 9.1.5. The simplicial complex X = |V|g associated with a vertexr scheme (V,8) is
a Hausdorff space.

PROOF. Let f and g be distinct elements of X. Keep in mind that f and g are
functions from V to [0,1]. Choose vo € V such that f(vy) # g(vo). Let ¢ = [f(vo)—g(vo)l.
Let Us be the set of all h € X such that [h(vo) — f(vo)| < e/2. Let Ug be the set of
all h € X such that |h(vo) — g(vo)| < €/2. From the definition of the topology on
X, the sets Uy and Uy are open. They are also disjoint, for if h € Us N Uy then
[f(vo) — g(vo)l < If(vo) — h(vo)l + [h(vo) — g(vo)l < €, contradiction. Therefore f and g
have disjoint neighborhoods in X. O

LEMMA 9.1.6. Let (V,8) be a vertex scheme and (W,T) a vertex sub-scheme, that is,
WcCV and TC8NPW). Then the evident map v: |W|y — |Vl|s is a closed, continuous
and injective map and therefore a homeomorphism onto its image.

PROOF. The map t is obtained by viewing functions from W to [0,1] as functions
from V to [0,1] by defining the values on elements of VW to be 0. A subset A of [V|g
is closed if and only if A NA(T) is closed for the standard topology on A(T), for every
T € 8. Therefore, if A is a closed subset of [V|s, then 17'(A) is a closed subset of [W/|g;
and if C is a closed subset of |W]|s, then ((C) is closed in |V]s. O

REMARK 9.1.7. The notion of a simplicial complex is old. Related vocabulary comes in
many dialects. I have taken the expression vertexr scheme from Dold’s book Lectures on
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algebraic topology with only a small change (for me, ) ¢ §). It is in my opinion a good
choice of words, but the traditional expression for that appears to be abstract simplicial
complez. Most authors agree that a simplicial complexr (non-abstract) is a topological
space with additional data. For me, a simplicial complex is a space of the form |V|g for
some vertex scheme (V,8); other authors prefer to write, in so many formulations, that
a simplicial complex is a topological space X together with a homeomorphism |V|g — X,
for some vertex scheme (V,8).

9.2. Semi-simplicial sets and their geometric realizations

Semi-simplicial sets are closely related to vertex schemes. A semi-simplicial set has a
geometric realization, which is a topological space; this is similar to the way in which a
vertex scheme determines a simplicial complex.

DEFINITION 9.2.1. A semi-simplicial set Y consists of a sequence of sets
(Yo,Y1,Y2,Y3,...)
(each Yy is a set) and, for each injective order-preserving map
f:{0,1,2,...,k} —{0,1,2,...,¢}

where k,{ > 0, a map f*: Yg — Yx. The maps f* are called face operators and they are
subject to conditions:
e if f is the identity map from {0,1,2,...,k} to {0,1,2,...,k} then f* is the
identity map from Yy to Yi.
e (gof)* =f"og* when gof is defined (so f:{0,1,...,k} — {0,1,...,¢} and
g:{0,1,...,84 = {0,1,...,m}).
Elements of Yy are often called k-simplices of Y. If x € Yy has the form f*(y) for some
Yy € Y, then we may say that x is a face of y corresponding to face operator f*.

REMARK 9.2.2. The definition of a semi-simplicial set can be reformulated in category
language as follows. There is a category € whose objects are the sets [n] ={0,1,...,n},
where 1 can be any non-negative integer. A morphism in € from [m] to [n] is an order-
preserving injective map from the set [m] to the set [n]. Composition of morphisms is,
by definition, composition of such order-preserving injective maps.

A semi-simplicial set is a contravariant functor Y from € to the category of sets. We like
to write Y, when we ought to write Y([n]). We like to write f*: Y, — Y;, when we ought
to write Y(f): Y([n]) — Y([m]), for a morphism f: [m] — [n] in €.

Nota bene: if you wish to define (invent) a semi-simplicial set Y, you need to invent
sets Yo,Y1,Y2,... (one set Y, for each integer n > 0) and you need to invent maps
f*: Yn — Y, one for each order-preserving injective map f: [m] — [n]. Then you need
to convince yourself that (g o f)* = f* o g* whenever f: [k] — [{] and g: [{] — [m] are
order-preserving injective maps.

EXAMPLE 9.2.3. Let (V,;8) be a vertex scheme as in the preceding (sub)section. Choose
a total ordering of V. From these data we can make a semi-simplicial set Y as follows.

e Y, is the set of all order-preserving injective maps f from {0, 1,...,n} such that
im(B) € 8. Note that for each T € 8§ of cardinality n 4 1, there is exactly one
such 3.

e For an order-preserving injective f: {0,1,...,m} — {0,1,...,n} and B € Y, ,

define f*(B) =B of € Y.
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In order to warm up for geometric realization, we introduce a (covariant) functor from the
category C in remark 9.2.2 to the category of topological spaces. On objects, the functor
is given by

{0,1,2,...,m}— A™

where A™ is the space of functions u from {0,1,..., m} to R which satisfy the condition
Z]-TZO u(j) = 1. (As usual we view this as a subspace of the finite-dimensional real vector
space of all functions from {0,1,...,n} to R. It is often convenient to think of u € A™ as
a vector, (Ug,Ui,...,Un), where all coordinates are > 0 and their sum is 1.) Here is a
picture of A? as a subspace of R? (with basis vectors eg, e, ez ):

For a morphism f, meaning an order-preserving injective map
f:{0,1,2,...,m} —{0,1,2,...,n},

we want to see an induced map

o A™ — AT
This is easy: for u = (ugp,uy,...,Uy) € A™ we define
fo(u) =v=(vo,Viy...,vn) € A"

where v; =u; if j =f(i) and v; =0 if j & im(f).

(Keep the following conventions in mind. For a covariant functor G from a category
A to a category B, and a morphism f: x — y in A, we often write f.: G(x) — G(y)
instead of G(f): G(x) — G(y). For a contravariant functor G from a category A to a
category B, and a morphism f: x — y in A, we often write f*: G(y) — G(x) instead of
G(f): G(y) = G(x).)

The geometric realization [Y| of a semi-simplicial set Y is a topological space defined as
follows. Our goal is to have, for each n > 0 and y € Y,, , a preferred continuous map
cy: A" = Y]

(the characteristic map associated with the simplex y € Yy ). These maps should match
in the sense that whenever we have an injective order-preserving

f:{0,1,...,m} —{0,1,...,n}
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and y € Yy , so that f*y € Yy, , then the diagram

AM 2y

1
Am STy

is commutative. There is a “most efficient” way to achieve this. As a set, let |Y| be the set
of all symbols ¢, (u) where y € Y;, for some n > 0 and u € A™, modulo the relations’

Cy (fie(u)) ~ Cery (u)

(notation and assumptions as in that diagram). This ensures that we have maps ¢, from
A™ to |Y], for each y € Y;,, given in the best tautological manner by

cy(u) := equivalence class of ¢y(u) .

Also, those little squares which we wanted to be commutative are now commutative be-
cause we enforced it. Finally, we say that a subset U of |Y| shall be open (definition
coming) if and only if c;] (U) is open in A™ for each characteristic map cy: A™ — [Y].

A slightly different way (shorter but possibly less intelligible) to say the same thing is as
follows:

Y= | ] Yo x A" /~

n>0

where ~ is a certain equivalence relation on | [,, Yn X A™. It is the smallest equivalence re-
lation which has (y,f.(u)) equivalent to (f*y,u) whenever f: {0,1,...,m} — {0,1,...,n}
is injective order-preserving and y € Y, , u € A™. Note that, where it says Y, x A™ |
the set Y;, is regarded as a topological space with the discrete topology, so that Y, x A™
has meaning; we could also have written ]—[ern A™ instead of Y x A™ .

This new formula for |Y| emphasizes the fact that |Y| is a quotient space of a topological
disjoint union of many standard simplices A™ (one simplex for every pair (n,y) where
Yy € Yn ). Go ye forth and look up quotient space or identification topology in your favorite
book on point set topology.— To match the second description of Y| with the first one, let
the element of |Y| represented by (y,u) € Y,, x A™ in the second description correspond
to the element which we called c¢y(u) in the first description of |Y].

EXAMPLE 9.2.4. Fix an integer n > 0. We might like to invent a semi-simplicial set
Y=A"

such that |Y| is homeomorphic to A™. The easiest way to achieve that is as follows. Define
Y to be the set of all order-preserving injective maps from {0, 1,...,k} to {0,1,...,n}. So
Yk has (Eﬂ) elements (which implies Yy = ) if k > n). For an injective order-preserving
map

g:{0,1,...,k} —={0,1,..., 4},
define the face operator g*: Yy — Yy by ¢g*(f) = f o g. This makes sense because f € Y,
is an order-preserving injective map from {0,1,...,¢} to {0,1,...,n}. There is a unique

1 Modulo the relations is short for the following process: form the smallest equivalence relation on
the set of all those symbols €y(u) which contains the stated relation. Then pass to the set of equivalence
classes for that equivalence relation. That set of equivalence classes is [Y].
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element y € Y, , corresponding to the identity map of {0,1,...,n}. It is an exercise to
verify that the characteristic map cy: A™ — [Y] is a homeomorphism.

ExAMPLE 9.2.5. Up to relabeling there is a unique semi-simplicial set Y such that Yy
has exactly one element, Y; has exactly one element, and Y, = () for n > 1. Then
Y| is homeomorphic to S'. More precisely, let z € Y; be the unique element; then the
characteristic map

et AT — Y|
is an identification map. (Translation: it is surjective and a subset of the target is open in

the target if and only if its preimage is open in the source.) The only identification taking
place is c,(a) = c,(b), where a and b are the two boundary points of A'.

9.3. Technical remarks concerning the geometric realization

Let Y be a semi-simplicial set. We reformulate the definition of the geometric realization
[Y| once again.

From the semi-simplicial set Y, we make a category Cy as follows. An object is a pair
(n,z) where n is a non-negative integer and z € Y;;. A morphism from (m,y) to (n,z) is,
by definition, an order-preserving injective map g:{0,1,2,...,m} to {0,1,2,...,n} which
has the property g*(z) =y (where g*: Y;; — Y, is the face operator determined by g).
We define a covariant functor Fy from Cy to the category of topological spaces as follows.
The definition of Fy on objects is simply

Fy(n,z) =A™

where A™ is the standard n-simplex. (Recall that this is the space of all functions u from
{0,1,...,n} to [0,1] which satisfy Zj u(j) = 1, viewed as a subspace of the real vector
space of all functions from {),1,...,n} to R.) If we have a morphism from (m,y) to
(n,z) given by an an order-preserving injective map g: {0,1,2,...,m} to {0,1,2,...,n},
then we define

Fy(f) = g«: A™ — A,

that is to say, Fy(f)(u1,...,um) = (v1,...,vn) where vi =u; if i =g(j) and vi =0 if i
is not of the form ¢(j). Note that I have written w; instead of u(i) etc. ; strictly speaking
u(i) is correct because we said that u is a function from {0,1,...,m} to [0,1].
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Now the definition of |Y| can be recast as follows:

¥i= ([T Fma )/~
(n,z)

where ~ is the equivalence relation generated by

Fy(m,y) > (w,...,um) ~Fy(g)(u1,...,um) € Fy(n,z)
whenever ¢ is a morphism from (m,y) to (n,z); in other words g is an order-preserving
injective map from {0,1,2,...,m} to {0,1,2,...,n} which has ¢g*(z) = y. It may look
as if the formula defines |Y| only as a set, but we want to view it as a formula defining

a topology on |Y| as well, namely, the quotient topology. Therefore, a subset of [Y| is
considered to be open (definition) if and only if its preimage in ]_[(n‘Z] Fy(n,z) is open.

Warning: do not read these 215 lines unless you are somewhat familiar with category
theory. You will notice that |Y| has been defined to be the direct limit (also called colimit)
of the functor Fy.

ExaMmPLE 9.3.1. Let (V,8) be a vertex scheme, choose a total ordering on V, and let Y
be the associated semi-simplicial set, as in example 9.2.3. We are going to show that the
geometric realization |Y| is homeomorphic to the simplicial complex [V]g.

An element of Y, is an order-preserving injective map from {0,1,...,n} to V. This is
determined by its image T, a distinguished subset of V (where distinguished means that
T € 8). So we can pretend that Yy is simply the set of all distinguished subsets of V' that
have exactly n + 1 elements. Furthermore, if T € Y, and T € Y,, , then there exists
at most one morphism from T’ to T in the category Cy. It exists if and only if T C T.
Therefore we may say that Cy is the category whose objects are the distinguished subsets

TT',... of V, with exactly one morphism from T’ to T if T C T, and no morphism from
T’ to T otherwise. In this description, the functor Fy is given on objects by
Fy(T) = A(T)

where A(T) replaces A™ (assuming that T has exactly n + 1 elements) and means: the
space of functions u from T to [0,1] that satisfy Z]-GT u(j) =1. For T C T we have
exactly one morphism from T’ to T, and the induced map Fy(T’) = A(T’) — A(T) = Fy(T)
is given by w— v where v(t) = u(t) if t € S’ and v(t) =0 if t € S \\S’. Therefore

vi=(]Tam)/~
TeS

where the equivalence relation is generated by u € A(T’) ~v € A(T) if T" C T and
v(it)=u(t) for te T, v(t)=0for te T\ T’.
There is a map of sets

[TAm — Vs

Tes
which is equal to the inclusion A(T) — |V|s on each A(T). That map clearly determines

a bijective map
vi=(IJam)/~ — V.

Tes
By our definition of the topology on |V]s , a subset of |V|s is open if and only if its preimage
in [J+.g A(S) is open; and by our definition of the topology in Y], that happens if and only
if its preimage in |Y] is open. So that bijective map from |Y| to |V|g is a homeomorphism.
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LEMMA 9.3.2. Let Y be any semi-simplicial set. For every element a of |Y| there exist
uniqgue m > 0 and (z,w) € Yi X A™ such that a = c,(wW) and w is in the “interior” of
A™ | that is, the coordinates Wo,W1,...,Wm are all strictly positive.

Furthermore, if a = c,(u) for some (x,u) € Yy x A¥, then there is a unique order-
preserving injective £:{0,1,...,m} — {0,1,2,...,k} such that f*(x) =z and f.(w) =u,
for the above-mentioned (z,w) € Yy X A™ with wo,W1,..., Wy > 0.

PrOOF. Let us call such a pair (z,w) with a = c,(w) a reduced presentation of a;
the condition is that all coordinates of w must be positive. More generally we say that
(x,u) is a presentation of a if (x,u) € Yy x A¥ for some k > 0 and a = cy(u). First we
show that a admits a reduced presentation and then we show uniqueness.

We know that a = cy(u) for some (x,u) € Yy x A*. Some of the coordinates g, ..., U,
can be zero (not all, since their sum is 1). Suppose that m + 1 of them are nonzero.
Let f: {0,1,...,m} —{0,1,...,k} be the unique order-preserving map such that we) # 0
for j =0,1,2,...,m. Then a = c,(w) where z = f*(x) and w € A™ with coordinates
wj = ug(j). (Note that f.(w)=1u.) So (z,w) is a reduced presentation of a.

We have also shown that any presentation (x,u) of a (whether reduced or not) determines
areduced presentation. Namely, there exist unique m, f and w € A™ such that v = f,(w)
for some w € A™ with all w; > 0; then (f*(x),w) is a reduced presentation of a.

It remains to show that if a has two presentations, say (x,u) € Yy x A¥ and (y,v) €
Y x A, then they determine the same reduced representation of a. If indeed a = cy(u) =
cy(v) then ¢y (u) and ¢y (v) are equivalent, and so (recalling how that equivalence relation
was defined) we find that there is no loss of generality in assuming that x = g*(y) and v =
g«(u) for some order-preserving injective g: {0,1,...,k} — {0,1,...,¢}. Now determine
the unique m and order-preserving injective f:{0,1,...,m} — {0,1,...,k} such that
u = f,(w) where w € A™ and all w; > 0. Then we also have v = g, (u) = g«(f.(w)) =
(gof)«(w) and it follows that we get the same reduced presentation, (f*(x),w) = ((go
f)*(y),w), in both cases. O

COROLLARY 9.3.3. The space |Y| is a Hausdorff space.

PRrROOF. For a € Y with reduced presentation (z,w) € Y, x A™ and ¢ > 0, define
N(a,¢) C |Y] as follows. It consists of all b € |Y| with reduced presentation (x,1) € Y x A*
such that there exists an order-preserving injective f: {0,1,...,m} — {0, 1,...,k} for which
f*(x) =z and f,(w) is e-close to u, that is, the maximum of the numbers [w¢;) — ;| is
< ¢. From the definitions, N(a, ¢) is open in |Y]|; so it is a neighborhood of a.

Let a’ € [Y] be another element, with reduced presentation (y,v) € Y, x A™. We assume
a # a’ and proceed to show that N(a’,e) N N(a,e) = @ if ¢ is small enough. More
precisely, we take ¢ to be less than half the minimum of the coordinates of v and w;
and if it should happen that m = n and y = z, then we know v,w € A™ but v # w,
and we take ¢ to be less than half the maximum of the [v; —wj| as well. Now suppose
for a contradiction that b € N(a,e) N N(a’,e) and that b has reduced presentation
(x,1) € Y x A*. Then there exist order-preserving injective f: {0,1,...,m} — {0,1,...,k}
and g:{0,1,...,n} = {0,1,...,k} such that f*(x) =z, g*(x) =y and f.(w), g.(v) are
both e-close to w in A*. Then f,(w) is 2e-close to g.(v) in A¥, and now we can deduce
that m =n and f = g. (Otherwise there is some j € {0, 1,...,k} which is in the image of
g but not in the image of f, or vice versa, and then the j-th coordinate of g.(w) differs
by more than 2¢ from the j-th coordinate of f.(v).) Therefore z = f*(x) = g*(x) =y
and so a has reduced presentation (z,w) while a’ has reduced presentation (z,v), with
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v,w € A™ and the same z € Yy,,. It follows that v and w are already 2¢-close in A™.
This contradicts our choice of . O

REMARK 9.3.4. In the proof above, and in a similar proof in the previous section, argu-
ments involving distances make an appearance, suggesting that we have a metrizable situ-
ation. To explain what is going on let me return to the situation of a vertex scheme (V,8)
with simplicial complex |V|g, which is easier to understand. A metric on the set [V|g can
be introduced for example by d(f,g) = (3, (f(v)—g(v))?)"/2 or d(f,g) = 3, If(v)—g(V)I.
Here we insist/remember that elements of [V|g are functions f,g,...: V — [0, 1] subject
to some conditions. The sums in the formulas for d(f,g) are finite, even though V might
not be a finite set. It is not hard to show that the two formulas for d(f, g), although differ-
ent as metrics, determine the same topology. However the topology on |V|s that we have
previously decreed (let me call it the weak topology) is not in all cases the same as that
metric topology. Every subset of [V|s which is open in the metric topology is also open in
the weak topology. But the weak topology can have more open sets. (We reasoned that
the weak topology is Hausdorff because it has all the open sets that the metric topology
has, and perhaps a few more, and the metric topology is certainly Hausdorff.) In the case
where V is finite, weak topology and metric topology on [V|g coincide. (Exercise.)

9.4. A more economical but less conceptual definition of semi-simplicial set

Every injective order-preserving map from [k] = {0,1,...,k} to [{] = {0,1,...,£} is a
composition of £ — k injective order preserving maps

(m—1] — [m]

where k < m < £. It is easy to list the injective order-preserving maps from [m — 1] to
[m]; there is one such map f; for every i € [m], characterized by the property that the
image of fj is

m] < {i}.

(This f; really depends on two parameters, m and i. Perhaps we ought to write f, i ,
but it is often practical to suppress the m subscript.) We have the important relations

(9.4.1) fif]' = fjfi_1 lf] <1

(You are allowed to read this from left to right or from right to left! It is therefore a formal
consequence that fifj = fj1f; when j > i.) These generators and relations suffice to
describe the category € (lecture notes week 11) whose objects are the sets [k] ={0,1,...,k}
for k > 0 and whose morphisms are the order-preserving injective maps between those
sets. In other words, the structure of € as a category is pinned down if we say that it
has objects [k] for k > 0 and that, for every k > 0 and i €{0,1,...,k}, there are certain
morphisms f;i: [k — 1] — [k] which, under composition when it is applicable, satisfy the
relations (9.4.1). Prove it!

Consequently a semi-simplicial set Y, which is a contravariant functor from € to spaces,
can also be described as a sequence of sets Yo, Y1, Y2,... and maps

di: Yk — Yk_1
which are subject to the relations

(942) dj di =di d)' lf] <i
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Here di: Yk — Yx_1 denotes the map induced by fi: [k — 1] — [k], whenever 0 <1 < k.
Because of contravariance, we have had to reverse the order of composition in translating
relations (9.4.1) to obtain relations (9.4.2).



CHAPTER 10

Chain complexes and their homology groups

10.1. Chain complexes

DEFINITION 10.1.1. A chain complex C consists a sequence of abelian groups Co, Cq, Ca,...
and homomorphisms 0,,: C;; — C;,_1 for n > 0 such that

Ono0n_1=0

for all n > 1. We say that C, is the n-th chain group of the chain complex C. The
homomorphisms 9, are called differentials or (sometimes) boundary operators.

Think of a chain complex as a diagram

9 22 03 04 95

CO Cl CZ C3 C4

where the composition of any two consecutive arrows is zero. It is very common to drop
the subscript n in 9,,. So a more standard picture of a chain complex looks like

[¢] [¢] [¢] (¢] [¢]

Co C] Cz C3 C4 RS}

and we just write 00 = 0 instead of writing 0, 00,1 =0 for all n > 1.

Unsurprisingly, chain complexes are the objects of a category. The morphisms in that
category are called chain maps. A chain map from a chain complex C to a chain complex
D is a sequence of homomorphisms

fn: Ch — Dp
(for n > 0) making the diagram
Co= Cy=2 (C,<% (i< , =<2
(10.1.2) J/fo iﬁ ifz lfg lu
Do<2-D; <2 D,<%2 D;<% D,

commutative; in other words 0 o f, = f,,_1 00 for all n > 0. The preferred shorthand
notation for such a morphism is f: C — D.

REMARK 10.1.3. Some would say that what has been defined above is a chain complex
graded over the non-negative integers. There are also chain complexes graded over the
integers, which look like

9 - d_4 do d; 9> 93 d4 95
C., C_4 u

C0 C] CZ C3 C4

If a chain complex C comes along being graded over the non-negative integers, then it is
often a good idea to view it as a chain complex graded over the integers by setting C,, =0
for n < 0.

71
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DEFINITION 10.1.4. For n > 0, the n-th homology group H,(C) of a chain complex C is
the (group-theoretic) quotient
ker[0,,: Cr, — Cr1]

Hn = .
(© im[an+1 i Chgr — Cn]

Note that the kernel of 9,, and the image of 0,,.1 are both subgroups of C;, and the

kernel of 0,, contains the image of 0,41

When n = 0, we need to make sense of ker[dp: Co — C_1]. In agreement with the

convention that chain complexes graded over the non-negative integers can be viewed as

chain complexes graded over the integers, we take the view that this is all of Cy and so
Co

im[07: C; — Co]

REMARK 10.1.5. For fixed n the rule C — Hy,(C) is a (covariant) functor from the

category of chain complexes to the category of abelian groups. Let f: C — D be a

chain map, consisting of homomorphisms f,,: C;, — D;,, for n > 0. Then f, takes

ker[0n: Ch — Cyq] to ker[d0n: Dy — Dp1], and takes im[0,,.7: Chi1 — Cynl to

im[0n11: Chs1 — Cul, and so determines a homomorphism

H,(C) — Ha(D) .

Ho(C) =

10.2. The combinatorial chain complex of a semi-simplicial set

A semi-simplicial set Y determines a chain complex C(Y), the combinatorial chain complex
of Y, in the following way.
The chain group C(Y),, is defined to be the direct sum of copies of Z, one copy for each
z € Y. We can write

Vin=z.

z€Yn
(It is also customary to say that C(Y), is the free abelian group generated by the set Yy .)
If we agree to denote the element “1” in the summand corresponding to z € Y, by (z),
then we can describe elements of C(Y),, as linear combinations

Z az - <Z>
zEY

where the coefficients a, are integers (and the sum is understood to be finite, that is,
a, # 0 for only finitely many z € Y;,.) The differential or boundary operator

On: C(Y)n — C(Y)n—1
is defined by

(z) Z z) € C(Y)n_

where dj: Y, — Yn_1 is the face operator discussed previously, corresponding to the
unique monotone injective map from {0,1,...,n — 1} to {0,1,...,n} which has image
{0,1,...,n}~{j}.

Now we need to show that 0,,_10,, = 0 for all n > 1. This is a straightforward calculation
based on the relations (9.4.2).

—_

n

In-1(0n((2))) = > (=1 (djdiz)

j i=0

I
)
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The double sum can be split into two parts, one part comprising the terms (—1)"(d;d;z)
where i < j and the other comprising the terms (—1)'"J(d;diz) where i > j. Each
summand (—1)%%(d,dyz) in the first part part cancels exactly one in the other part,
(=1)4k=1(dy_1d,z) , where we are using (9.4.2).

EXAMPLE 10.2.1. The projective plane RP? can be described as |Y| for a semi-simplicial set
Y. To construct this we start with a simplicial complex or vertex scheme (V,8) describing
the upper hemisphere of S%. Picture:

2

1

Therefore V ={1,2,3,4} and
8§ ={ {1,3,4},{2,3,4},{1,3},{1,4},{2,3},{2,4},{3,4}, {1}, {2}, 3}, 4} }.

The vertex set V is already ordered and we can immediately pass to a semi-simplicial set
X where

X2 ={(134), (234)}

X1 ={(13), (14), (23), (24), (34)}

Xo ={(1),(2), (3), (4)}.
(To clarify the improvised notation: X, has two elements, X; has five elements and Xp
has four elements.) For n > 2 we set X;; = ). The operators d; are defined by omitting
the digit in position i (but we label the positions with integers from 0 upwards), so that
for example

do(134) = (34), d1(134) = (14), d2(134) = (13), do(13) = (3).

By a certain proposition we have |X| = |V|s, which we think of as the upper hemisphere
of S2, but now we want to identify opposite points on the boundary (=equator). In the
semi-simplicial set code, this means that we enforce

(14)~(23), (3)~(24), (M~@2), B)~4.

(NB: it seems to me that I had to think fairly hard to get the numbering of vertices right,
so that by making these identifications we do in fact identify opposite points on the equator
when we pass to geometric realizations.) In this way we get a new semi-simplicial set Y
where

Y2, ={(134), (234)}

Y1 ={(13) = (24), (14) = (23), (34)}

Yo ={(1)=(2),(3) = (4)}.
(To clarify the very improvised notation: Y, has two elements, Y; has three elements and
Yo has two elements.) For n > 2 we still have Y,, > 0. The operators d; are defined by
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omitting the digit in position i (but we label the positions with integers from 0 upwards).
Now we are ready to follow instructions above to make the chain complex C(Y):

22— 73 72— 00 -

The boundary operators can be described as matrices with integer entries: a 2 x 3 matrix
for 07 and a 3 x 2 matrix for 9. (For the matrix descriptions we need and we have
ordered bases: so the columns for example in the 2 x 3 matrix are labeled with the three
elements of Yp, in the order in which they are listed above.) The differential 97 is given
by

(13)=B)—=(1), (4)—=M@A-1=0B)—(1), BH—4-03)=0

which in matrix form is

The differential 0, is given by
(134) — (34) — (14) + (13), (234) = (34) — (24)+ (23) = (34) — (13) + (14)

which in matrix form is
1 -1
-1 1
1 1

Note that the product of the two matrices (in the correct order) is zero, confirming that
0102 = 0, as it should be. It is easy to see using the matrix description that the image
of 97 consists of all elements in Z? which have coordinate sum equal to 0, and it follows
immediately that

Ho(C(Y)) = coker[04] = Z .

Determining Hq(C(Y)) is not straightforward. The kernel of 91 consists of all elements of
73 which are perpendicular to the row vector [1 1 O] , and so ker[01] has a complement
in Z3, the subgroup A of Z3 spanned by the element

1
0
0

Therefore
ker[04] 73 /A
Hq(C(Y) = ~
1(CY) im[0;]  im[p o d;]
where p: Z3 — Z3/A is the projection. We can identify Z3/A with Z? in the obvious
manner. Then we can describe p o0 9> as a homomorphism from Z? to Z? by a square

matrix

-1 1

o
obtained by deleting the top row in the matrix description of 9, . This 2 X 2 matrix has
determinant —2 and so the cokernel of the homomorphism Z? — Z? which it describes
has order | — 2| = 2. It must be cyclic of order 2. Similar reasoning shows that 9 is

injective. Indeed p o 9, is injective, because you can use Kramer’s rule and the nonzero
determinant to recover elements in the source from their values in the target. Therefore

Hi(C(Y)) =Z/2,  H(C(Y)) =0
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and clearly Hy (C(Y)) =0 for all n > 2 as well.
Let’s not fail to observe that the groups Hy, (C(Y)) coincide with the groups H, (RP?) =
H. (]Y]), for every n > 0. This is not an accident, as we shall see in the next section.



CHAPTER 11

Homology of the geometric realization

11.1. A formula

THEOREM 11.1.1. For every semi-simplicial set Y and every n > 0, there is an isomor-
phism of the n-th homology group of the chain complex C(Y) with the n-th homology
group of [Y|:

Hn (C(Y)) = Hn([Y]) .

This can be stated in a slightly more precise way: ... for every n > 0 there is a natural
isomorphism

Hn (C(Y)) —= Hn (IY]).

For this stronger form of the statement, we need to be aware that semi-simplicial sets form
a category and that the rule Y — C(Y) is a functor. How do semi-simplicial sets form
a category? One of several definitions of semi-simplicial set said that such a thing is a
contravariant functor from a certain category € (with objects [k] ={0,1,...,k} for k >0
and with injective order-preserving maps as morphisms) to the category of sets. Therefore
it is very reasonable to say that a morphism from one simplicial set X to another, Y, is a
natural transformation X = Y between such contravariant functors. In detail, this means
that a morphism o: X — Y is given by a sequence (o)k>o where each ouc: Xk — Yi
is a map (of sets). The maps oy are together subject to a strong condition: for each
order-preserving injective map g: [k] — [{] the diagram

X[LYe

o

Xy i)yk

is commutative, g*oy = o g*. (It is enough to verify this when k =€ — 1, in which case
the custom is to write d; for g*, where 1 is the element of [¢] not in the image ofg. Then
the condition becomes dioy = o¢—1di: Xg = Ye—1.)

How is the rule Y — C(Y) a functor from the category of semi-simplicial sets to the
category of chain complexes? This is now clear: a morphism o«: X — Y of simplicial sets
defines a chain map C(w): C(X) — C(Y) given by homomorphisms

Clouc): C(Xhe — C(Y)i

defined by (x) — (ouc(x)), where (x) is the generator corresponding to an element x € Xj.
The condition for a chain map, 0xoC(o) = C(ox_1)00k, is satisfied because 0y is defined
in terms of the d; , which « respects.
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11.2. Skeletons

The naturality part of theorem 11.1.1 is important because it will help us to prove the
theorem. The proof occupies most of this chapter. We are going to proceed by induction
on skeletons.

DEFINITION 11.2.1. The n-skeleton of a semi-simplicial set Y is the semi-simplicial set
Y=" defined by
an_{ Yk 1fk§n
L 0 ifk>n

and face operators YeSTL — YE“ defined like the corresponding ones in Y if k,£ < n.
(Thus YS™ is a semi-simplicial subset of Y. For induction purposes it is useful to allow
n=—1; we define Y=~ ' =0 for all k.)

LEMMA 11.2.2. Let X be a semi-simplicial subset of Y, so that X;, C Y for all n > 0
and the face operators f*: Yy — Yy take X¢ to Xx. Then the map |X| — |Y| induced by
the inclusion X — Y has closed image and is a homeomorphism onto its image (so that it
can be viewed as the inclusion of a closed subspace). In particular, [Y<™| can be identified
with a closed subspace of |Y].

ProOOF. It follows from lemma 9.2 for example that |X| — |Y]| is injective. The image
is a closed subspace of [Y| by the definition of the topology in [Y|. (This is easier to see
if we reformulate that definition as follows: a subset A of |Y| is closed if its preimage
under each of the characteristic maps cy: A* — Y| is closed in A*, where y € Yy.. When
A = |X|, the preimage of A under ¢, is the union of some faces of A*. This is obviously
a closed subset of A¥.) By the same reasoning, applied to |X| and to |Y|, we see that a
subset of [X]| is closed if and only if its image in |Y] is closed. O

LEMMA 11.2.3. Let X and Y be spaces, X compact Hausdorff. For any mapping cycle «
from X to Y, there exists a compact subspace K CY such that o factors through K.

PrOOF. Choose a finite open cover (U;)i—1,2,... x of X such that o restricted to any
U; can be written as a formal linear combination, with integer coefficients, of (finitely
many) continuous maps: Zj aijfiy; where ai; € Z and the f;: Uy — Y are continuous
maps. Choose another finite open cover (V;i)i—12,. . x of X such that the closure V; of V;
in X is contained in U;. (This is possible because X is compact Hausdorff.) Let K C Y

be the union of the finitely many compact sets fi;(Vi). O

LEMMA 11.2.4. Let Y be a semi-simplicial set. For any compact subset K of |Y|, there
exists a finite semi-simplicial subset X of Y such that X C |X| C |Y].

PROOF. Suppose that K is not contained in any subspace of the form [X|, where X is
a finite semi-simplicial subset of Y. Then it must be possible to choose elements z; € K
for j =1,2,3,4,... (infinitely many) such that z; has reduced presentation of the form
cy; (1), where the y; € Yy, are all distinct (and cy;: A™ — [Y| is the characteristic map
associated with yj, and we are assuming that u € A™ does not belong to the boundary).
Let

Wi = |Y| \{Zi,Zi+],--.} .

By construction and by the definition of the topology in [Y|, the sets W; are open in
[Y|. Clearly Wi C Wiy1 and J; Wi = [Y]. Therefore the union of all the sets W; N K
is all of K. We have found an open covering of K which does not have a finite subcover;
contradiction. g
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COROLLARY 11.2.5. For every element w of Hy(|Y|), there exists a finite semi-simplicial
subset X of Y such that w is in the image of the inclusion-induced homomorphism

Hi (X)) = Hie([Y]).

If X and X' are finite semi-simplicial subsets of Y and v € Hi(IX]), w € Hi(IX']) have
the same image in Hy([Y]), then there exists another finite semi-simplicial subset X" of
Y such that X € X", X' € X" and v,w have the same image in Hy (|X"]).

PRrROOF. Given u € Hy(]Y]), represent it by a mapping cycle from S* to |Y|. By
lemmas 11.2.3 and 11.2.4, that mapping cycle factors through |X| for some finite semi-
simplicial subset X of Y. This proves the first part. Now suppose that v € Hy(|X])
and w € Hy(]X']) have the same image in Hy(|Y|), for finite semi-simplicial subsets X
and X’ of Y. Recall that Hi(|X|) can be defined as the cokernel of [[x,|X[]] — [[S®,|X]]]
or alternatively as the kernel of [[S¥,|X[]] — [[*,|X|]], where the first homomorphism is
induced by the projection S* — x and the other is induced by the inclusion of the base
point in the sphere, x — S¥. Here the second definition is more useful, so we represent v
by a mapping cycle a: S* — |X| such that the composition of & with + — S* is homotopic
to 0 as a mapping cycle. In the same way, we represent w by a mapping cycle f: S* — [X/|
such that the composition of B with x — S* is homotopic to 0 as a mapping cycle. Since
v and w have the same image in Hy (|Y]), there exists a suitable homotopy, i.e., a mapping
cycle y: S* x [0,1] — |Y| which restricts to « on S* x {0} = S¥ and to B on S¥ x {1} = Sk.
By lemma 11.2.3 and 11.2.4, that mapping cycle y factors through [X”| for some finite
semi-simplicial subset X" of Y, and we can enlarge X if necessary to ensure X” O X and
X" > X'. Then clearly v and w have the same image in Hy (]X"|). O

LEMMA 11.2.6. For every element w of Hy(|Y|), there exists n > 0 such that u is in
the image of the inclusion-induced homomorphism from Hy ([YS™|) to Hi(]Y]). Moreover,
if v € Hi(IYS™), w € Hi([YS™Y) have the same image in Hy(Y|), then there exists
> m,n such that v and W have the same image already in Hy ([YSY).

This can be deduced from corollary 11.2.5, or proved in the same way. — Let’s now ask
how H.([Y=S""T)) is related to H,([Y=™).

LEMMA 11.2.7. The homomorphism
Fhe(IY="7T) = Hi(Iv=")

induced by the inclusion of [YS™1| in [YS™| is an isomorphism for k < n — 1, whereas
Hi([YS 1) =0 for k >n —1. For k =n—1 this homomorphism is part of an exact
sequence

0 — Ha (V=) 22 @ 2 Ho (VS )) —— Hy g (IVS) — 0
XEYn

PROOF. We can assume n > 1. Let W = |[YS"| ~ [YS" 1|, In other words, W
consists of all points which can be written in the form cy(u) for some y € Y, (with
characteristic map cy: A™ — [Y<™|) and some u € A™ whose barycentric coordinates

are all nonzero: g,...,un > 0. Let V be the subset of [YS™| obtained by taking out
all points of the form cy(b) where y € Y, and b € A™ is the barycenter, that is,
bo=b;=---=b,=1/(n+1). Then V and W are open subsets and VUW = [Y="|.

Clearly W is homeomorphic to a disjoint union of copies of R™, one copy for each y € Y, .
Therefore clearly VNW (viewed as a subspace of W, if you wish) is homeomorphic to a
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disjoint union of copies of R™ ~\ {0}, and consequently homotopy equivalent to a disjoint

union of copies of S™', one copy for each y € Y,,. This means that we know the homology

groups of W and of VN W.

Regarding V, we show that the inclusion t: [YS"~1| = V is a homotopy equivalence. A

map in the opposite direction, r: V — [YS™ 1| is given by r(z) =z if r ¢ VN W and
T(cy(u)) = cy(p(u))

where we assume y € Y, and u € A™ not equal to the barycenter b , and p(u) is the
point in the boundary of A™ where the straight line through b and u meets the boundary.
Then the composition Tot is the identity on [YS™ 1|, and tor is homotopic to the identity
on V.

Now we are in a good position to understand the Mayer-Vietoris sequence:

= Hxk(VNW) — Hy (V) @ Hi (W) = H (VU W) = Hy 1 (VW) —

Since VNW is homotopy equivalent to a disjoint union of copies of S*~', the homology
groups Hy(V N'W) are nonzero only for k = n—1 and k = 0. The homology groups
Hy (W) are nonzero only for k = 0. It is routine to make the following deduction from
the exactness of the Mayer-Vietoris sequence:

The inclusion V — VU W induces an isomorphism
Hy (V) = H (VU W)

when k < n—1. (This is trivially true when n = 1. In the cases n > 1, the
inclusion VNW — W induces an isomorphism from Ho(VNW) to Ho(W), and
this should be used, t00.)

Exactness of the Mayer-Vietoris sequence also permits us to show by induction on n that
Hi (IYS™)) = Hi (VU W) s zero for k > n.
Therefore, if 1 > 1, the interesting part of the Mayer-Vietoris sequence (where k is close
to n) is an exact sequence
0= Ha(VUW) = €D Z — Hna (V) = Ha g (VUW) =0
XEYn
where the 0 on the right is justified as the kernel of the (injective) homomorphism
Hh >(VNW) = H, >(V)®H.2(W). If n =1 we have instead an exact sequence
0= HI(VUW) = P (ZaZ) - Ho(V) & €D Z — Ho(VUW) —0.
XEYn XEYn

Here the composite homomorphism

B (Z6Z) —H(V) e D 2% @ 7

is onto by inspection and its kernel is the antidiagonal €, Z , where Zy C Z®Z consists
of all pairs of integers of the form (r,—1). Therefore we can remove some terms and obtain
an exact sequence

0= Hi(VUW) = € Z — Ho(V) = Ho(VUW) — 0
XEYn

in the case n =1, too. Finally, using that VUW = |[Y="| and V ~ |[YS™" 1|, we have the
exact sequence that we wanted. O
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COROLLARY 11.2.8. The inclusion |YS™ — |Y| induces an isomorphism in Hy for k <mn,
and a surjection for k =n.

PRrROOF. We have a sequence of inclusion-induced homomorphisms
Hi(IYS™) = Hi(YS™M) = Hi ([YS2) — -

If k < n, all homomorphisms in the sequence are isomorphisms by lemma 11.2.7. Combine
this with lemma 11.2.6 to deduce that Hi ([YS™) — Hy(]Y]) is an isomorphism. If k =n,
the first homomorphism in the sequence is surjective, the others are isomorphisms. Again
combine his with lemma 11.2.6 to deduce that Hy (J[YS™]) — Hy(]Y]) is surjective.

COROLLARY 11.2.9. Hy(Y) = Hy(D(Y)) where D(Y) is the chain complex defined as
follows:
DYVn=CV)n= (P 2
XEYn
for n > 0 and the differential D(Y), — D(Y)n_1 18 Yn_1 © Pn with notation as in
lemma 11.2.7.

(We take the view that vy, is defined and is an isomorphism from Ho(|Y<°]) to @U evy L.
This is in good agreement with lemma 11.2.7. Note also that
(Yn-10oBn)o(ynoPBns1) =0

because already (n oyn is zero, as can be seen in lemma 11.2.7. Therefore D(Y) is indeed
a chain complex.)

PRrROOF. From lemma 11.2.7 we obtain

Han ([Y=") ~a ker(Bn) _b ker(yn—1 0 Bn)
im(Bne1)  im(yn o Pnir) B im(yn o Bni1)

if n > 0. The isomorphism with superscript a is obtained by using the injective ho-

momorphism v, to identify Hy(][YS™|) with the subgroup ker(fn) of @ern Z. The
equality with superscript b is based on the observation that y,_1 is injective. For n =0

we get
Ho(lV=) Lo Dyev, 2

im(B1) im(yo o B1)
which is again exactly what we want. O

Ha ([Y]) = H ([YS")) =

Ho (Y1) = Ho(JY="]) =

11.3. Naturality considerations

To finish the proof of theorem 11.1.1 we need to show that the chain complexes D(Y)
and C(Y) are the same, or at least isomorphic. We already have C(Y),, = D(Y)n. by
construction. It would be wonderful to know that the boundary homomorphism

Yn-10Bn:D(Y)n = D(Y)n_1

agrees with the boundary homomorphism C(Y),, — C(Y)n_1 from the definition of the
chain complex C(Y).

LEMMA 11.3.1. These two boundary homomorphisms agree up to a sign; in other words

(Yn-10Bn)(x) =% ) (=1)"{dix)
i=0
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for x € Yy, with corresponding basis element (x) € D(Y)y,. The sign £ depends on n, but
noton Y or x € Yn.

PRrROOF. We begin with the important observation that the construction of y,,_10pn
was natural. To be more explicit, a morphism f: X — Y of semi-simplicial sets determines
(for any fixed n > 0) a homomorphism from D(X);, to D(Y),, given by (x) — (f(x)) for
x € Xn , and the resulting diagram

Yn—19Bn

(11.3.2) D(X)n

D(Y)n

is commutative. (So Y — D(Y)n and Y — D(Y)n—1 are functors, rather obviously, and
now yYn—1 o B is claimed to be a natural transformation from one to the other.) The
reason for this is that

D(X)n—l

Yn—19Bn

D(Y)n—1

e f: X — Y determines a map [f<¥|: [XS¥| — [Y=K| for every k;
e the preimages under the map [f<¥| of certain open subsets V = Vyx and W =
Wy of |[YSK| which we used to set up a Mayer-Vietoris sequence and so to
construct By and yy are precisely Vx x and Wx i, open subsets of [X=¥|.
Therefore naturality of the Mayer-Vietoris sequence (remark 6.2.4) applies, and we get the
commutativity of (11.3.2). — It follows almost immediately that it suffices to prove our
formula

(Yn-10B)(x) =% ) (=1){(dix)
i=0

in the very special case where Y = A™ as in example 9.2.4, and x is the unique element in
Yy . Indeed, if Z is any other semi-simplicial set and x” € Z,, and we wish to know what
Yn—10 Bn does to (x'), then we observe that there is precisely one morphism

Y=A"—Z

which takes the unique x € Y, to x’ € Z,,. So we know what yn_7 o B, does to (x') if
we know what it does to (x), by the commutativity of (11.3.2).
Having made the observation, we proceed by induction on n. The case n = 1 is the
induction start. It is not completely trivial. There are exactly two distinct morphisms
A° — A! of semi-simplicial sets. We know that they induce the same homomorphism
HO(IAOU — Ho(\é1 |). Tt follows with lemma 11.2.7 that they induce the same homomor-
phism
Ho(D(A%) — Ho(D(A")).
Therefore (dox) — (d1x) represents zero in Ho(D(A'")), and so it must be in the image of
YooPBi: DA =Z — DA =28 Z.
That can only happen if the generator (x) of D(A"); = Z is taken to
+((dox) — (d1x))

by vo o 1. This takes care of the case n = 1.
For the induction step we assume n > 1. The inductive assumption tells us what

Yn—20Pn-1: D(An)n71 — D(én)n72

D
A]
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is, up to sign. It follows by direct computation that the element

n

D (=1)Hdix) € D(A™M)n

i=0
is in the kernel of yn,_2 o Bn_1. Therefore it is in the image of yn_1 o Bn , since
Hn_1(D(A™) = H,_1(|JA™) = 0 by lemma 11.2.7. But this can only happen if the
generator (x) of D(A™),, = Z is taken to £(> " ,(—1)"(dix)) by Yn—_10Bn. O

PROOF OF THEOREM 11.1.1. Write 9, for the differentials in C(Y), and 9;, for the
differentials in D(Y). By lemma 11.3.1, we have 0/, = a, - 0, where an € {—1,+1}. This
is meaningful because D(Y),, = C(Y),, for all n. An isomorphism u of chain complexes
from C(Y) to D(Y) can be defined by upy =id: C(Y)o — D(Y)o and

Up = Andn_1---a2aq -id: C(Y)n — D(Y)n
for n > 0. O

Remark. The undetermined sign in lemma 11.3.1 is slightly annoying. It can be determined
with more work (to me, more annoying). Without a doubt it is also possible to re-set some
basic definitions in such a way that the undetermined sign turns out to be always +. There
are a few places where we had a choice of sign: notably in defining the boundary operator
of the Mayer-Vietoris sequence, but also in choosing the order of V and W in the proof
of lemma 11.2.7.

11.4. Semi-simplicial sets and the foundations of homology theory

There is a construction (a functor) which to a topological space X associates a semi-
simplicial set SX. This is quite important in the more standard treatments of homology
theory, even though in some of those standard treatments it does not appear explicitly.

DEFINITION 11.4.1. The semi-simplicial set SX has
SXn = set of continuous maps from A™ to X
for n > 0. Face operators are given by composition. More precisely, if
f:{0,1,...,m} —{0,1,...,n}

is monotone injective, and o € SX;; , meaning that o: A™ — X is a continuous map, then
we let f*o:= oo f, € SX;n, where f,: A™ — A™ is the “linear” map determined by f.

In most cases SX is huge. For example, if X = ST, then clearly each of the sets SX,, is
uncountable. But for every X there is a comparison map

K: |SX] — X

It is defined in such a way that for every o € SX,, , the composition of characteristic map
Co: An — |SX| with k: |SX| — X agrees with the map o: A™ — X itself. In many cases
the map «: [SX| — X is a homotopy equivalence. (It is not a homotopy equivalence in all
cases because there are topological spaces which are not at all homotopy equivalent to the
geometric realization of any semi-simplicial set. In fact this is the only source of trouble.
If X is homotopy equivalent to the geometric realization of some semi-simplicial set, then
k: |SX| — X is a homotopy equivalence. But the proof will not be given here.)

Even though «: |SX| — X is not a homotopy equivalence in all cases, it can be shown that
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the homomorphism H,, (|SX|) — Hn(X) induced by « is always an isomorphism, for all
n > 0. (That proof will not be given here either.) Therefore

Hn(X) = Hn (ISX]) = Hn (C(SX))

using theorem 11.1.1. The right-hand expression, H,, (C(SX)), is the definition of the
n-th homology group of X given in many standard treatments. This means that chain
complexes and their homology are prominent from the very beginning in those treatments.
The standard simplices and the maps f.: A™ — A™ are also prominent from the start.
Semi-simplicial sets need not make an explicit appearance, because it is easy to describe
the chain complex C(SX) is without explaining what a semi-simplicial set is.



