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1 Covering theory

1.1 Paths and path components

We let I :=[0,1] C R denote the standard interval with its induced topology.

Let Y be a topological space and yg,y; € Y be two points. A path in Y from y, to y; is
amap v : I — Y such that v(0) = yo and v(1) = y;.

We consider three points yg, y1,y2 € Y. If v is a path from yy to y; and p is a path from
Y1 to Y2, then we can define a new path p o~y from yg to y; called the concatenation of
~v and p. It is given by

. (2t) tel0,1/2)
(moy)(t) := { M&t_ 1) tell/21]

We say that 1y and y; belong to the same path component of Y if there exists a path
from yy to y;. The relation between points yo and y; of YV

Yo and y; belong to the same path component of Y

is an equivalence relation on Y.

Problem 1.1. Show this assertion.

The equivalence classes with respect to this equivalence relation are called the path
components of Y. The set of path components will be denoted by m(Y"). The symbol [y]
denotes the path component of Y which contains y. A space Y is called path-connected,
if mo(Y') has at most one element.

Example 1.2. The standard interval I is path-connected.
Example 1.3. The space R” is path connected.

Example 1.4. More generally, a manifold M is path connected if and only if the following
cohomological condition is satisfied:

dimg H)5(M) <1 .
Problem 1.5. Show this assertion.

Problem 1.6. Show that for general topological spaces the condition of being path con-
nected is strictly stronger than the condition of being connected.



Example 1.7. The subset Q C R with the induced topology is not path-connected.
Every path in Q is constant. In fact, Q 3 ¢ — [q] € m(Q) is a bijection.

Example 1.8. Let p € N be a prime. Then the space of p-adic numbers Z, is not
path-connected. Again, every path in Z, is constant and Z, > = — [z] € m(Z,) is a
bijection.

Example 1.9. If G is a topological group, then my(G) is a group with operations defined
on representatives by

gl[h] == [gh], g¢,heG.

For example,
mo(GL(n,R)) = Z/2Z

where the isomorphism is given by the sign of the determinant.

Problem 1.10. Show this assertion

1.2 Lifting properties

We consider the following diagram of topological spaces:

A—X

{ '
[T
B—Y
We understand the bold part as given data.

If the dotted arrow exists for all choices of horizontal arrows, then we say that f has the
right lifting property (RLP) with respect to i or, equivalently, 7 has the left lifting
property (RLP) with respect to f. We add the adjective unique if the dotted arrow is
unique and abbreviate this by ULLP or URRP, respectively.

We now consider the lifting of paths.

Definition 1.11. A map of spaces f : X — Y has the (unique) path lifting property,
if it has the RLP (URLP) with respect to the inclusion of the beginning {0} — I of the
interval.

We spell this out. We consider the diagram

{0}%){ .
|l
I

5
— >V
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In this situation the path 7 is called a lift of v with beginning in x5 € X.

The map f: X — Y has the (unique) path lifting property, if for every datum (v, z¢) as
above a (unique) lift 4 exists.

Example 1.12. Let X — Y be a real vector bundle over a smooth manifold Y. Then
X — Y has the path lifting property.

If the path is smooth, then a lift can be found using differential geometry. Indeed, one
can choose a connection and define 7 using the parallel transport along ~.

For continuous path we use Lemma [1.14]

Example 1.13. If f: X — Y is a smooth proper submersion between manifolds, then f
has the path lifting property.

For smooth paths the argument is similar as in Example using a (non-linear) con-
nection. In order to lift continuous paths we observe that f : X — Y is a locally trivial
fibre bundle and apply Lemma [1.14]

The condition that f is proper can not be dropped. As a counterexample let f :
(—=1,1/2) — (—1,2) be the inclusion. The path v : I — (—1,2) given by the obvious
inclusion has no lift with beginning in 0.

Lemma 1.14. A locally trivial fibre bundle f : X — Y has the path lifting property.

Proof. Let a diagram

{0} ==X
|27

I ——
be given. Then the image v can be covered by a finite number of open subsets over which
the bundle is trivial. We can write the path + as a multiple concatenation of paths which
are contained in such open subsets. Since we can concatenate the lifts as well, we can

reduce the problem to the case of a trivial bundle. We assume that X =Y x F' and write
zo = (7(0), fo). Then can define a lift by t — F(t) := (v(t), fo). O

If ¢ is a path in F' starting in fp, then we can consider the lift ¢ — (v(¢), ¢(¢)). This
accounts for the non-uniqueness of the lift.

Definition 1.15. A locally trivial fibre bundle with discrete fibres is called a covering.

Example 1.16. Let X be a topological space an G be a group which acts freely and
properly on X. Then the projection X — X/G is a covering. More concrete examples of
coverings are



1. R" = T" o R /7"
2. 8% = L(p,q) & S?/ZF (L(p, q) is the lense space)
3. S RP" = §"/(7,/27)

Lemma 1.17. If f : X — Y s a covering, then f has the unique path lifting property.

Proof.
{0} 2= x
- 7

b

A
be given. As in the proof of Lemma we can reduce to the case where the cover-
ing is trivial X = Y x FF — Y for a discrete space F. The only way to lift v is as

7)== (v(t), fo)- 0

Remark 1.18. Note that the argument works if the fibre of f just has the property that
every path in it is necessarily constant. An example is Y x Z, — Y. Hence the unique
path lifting property does not imply that our map is a covering.

For a space A we consider URLP for the inclusion ig : A — I x A induced by 0 € I. A
map f : X — Y which has the URLP with respect to this map is said to have the unique
homotopy lifting property for A.

Lemma 1.19. A covering has the unique homotopy lifting property for all spaces.

Proof. We consider a diagram

ho

A - X
iol h lf
Ix AL sy

For every a € A we can define l~1| Ix{a} Using the unique path lifting property. It remains

to check that A is continuous. This can be done locally. Using concatenation we reduce
to the case that f : Y x F' — Y is the projection. But then h(t,a) = (h(t,a), prpho(a)).
This map is obviously continuous. O



1.3 The fundamental groupoid

We consider a space X and a pair of points xg,z; € X. By Py, ., (X) we denote the set
of all paths from xy to x;. We say that two paths 79,71 € Py, ., (X) are homotopic if
there exists a homotopy h filling the diagram

olUy1)U(zoUz1)

mJ}xfufiizfi///////gx.

I xI

Here the right vertical map is the inclusion of the boundary of the square (I x I) — I x I
and the upper arrow fixes the restriction of h at the boundary as indicated. In other words,
we have

for i € {0,1} and s,t € I.

Being homotopic is an equivalence relation on Py, 4, (X).

Problem 1.20. Show this assertion.

We let 11, ., (X) denote the set of equivalence classes [v] of paths v € Py, ., (X).

Given paths v € Py, ., (X) and p € Py, ,,,(X) we have the concatenation poy € Py ., (X).
This path is obtained by running first through ~ and then through g, in double speed.
The concatenation induces a well-defined operation

I e G § P | P

Problem 1.21. Show this assertion.

Let v € P,, .,(X) be a third path. The concatenation is not associative since in general

vo(uoy) # (vou)ory.

Indeed, on the left v is run through in fourfold speed, while on the right it is run through in
double speed. But the parametrizations of the sides are homotopic. Hence concatenation
is associative on the level of homotopy classes:

[vo(uoy)=[rvou)or].

Problem 1.22. Show this assertion.



If v~!' € P, 4, (X) denotes the path v run in the opposite direction, and ¢, € P.(X)
denotes the constant path at x, then we have the relations

el =lewl, Dloh™=leal, ol =0H=leloN].

Problem 1.23. Verify these equalities.

Recall that a groupoid is a small category in which all morphisms are invertible. The
upshot of the discussion above is that we have a groupoid, denoted by II(X), whose
objects are the points of X, with set morphisms I, ., (X) from zy to z;, and with the
composition and identities given by concatenation of paths and the classes of constant
paths [c,].

Problem 1.24. Show this assertion.

Definition 1.25. The groupoid 11(X) is called the fundamental groupoid of X .

We have a category Groupoids whose objects are groupoids, and whose morphisms are
functors between groupoids. A map f : X — Y between topological spaces induces a
morphism of groupoids as follows:

H(f) - X)) = 1Y), T(f) () = fz) . T = [fenl .

Problem 1.26. Show this assertion.

Let Top denote the category of topological spaces and continuous maps. We thus get a
functor

IT: Top — Groupoids , X — II(X) .
Problem 1.27. Show this assertion.

Remark 1.28. The set of isomorphism classes of I1(X) can naturally be identified with
mo(X). We thus get a functor
o : Top — Set .



The category of groupoids is actually a 2-category. Namely, if C| D are groupoids,
then the set Fun(C, D) is the set of objects of the category of functors from C' to D. The
morphisms in this category are natural isomorphism between functors. Besides the notion
of isomorphism of groupoids (a categorical concept of the 1-category of groupoids) we have
the 2-categorical concept of an equivalence between groupoids. A functor f : C' — D is

an equivalence, if there exists a functor g : D — C such that f o g is isomorphic to idp
in Fun(D, D), and g o f is isomorphic to id¢ in Fun(C, C).

Let fo, f1: X = Y bemaps and H : I x X — Y be a homotopy, i.e. a map fitting in the
diagram

0,1} x X 2L x|

|,

IxX-"—y
Then H induces a natural isomorphism II(H) : TI( fo) — II(f1) by

H(H)(x) = [H gy - T(fo)(z) = T(f)(x) , 2 e I(X).

If f: X — X is homotopic to the identity, then II(f) is isomorphic to the identity.
Consequently, II maps homotopy equivalences between topological spaces to equivalences
between groupoids.

Proposition 1.29. Fill in the missing arguments.

Remark 1.30. In fact, one can refine the category Top to a 2-category where the objects
of the category of morphisms X — Y are continuous maps, and morphisms in this category
are homotopies. Then II refines to a functor between 2-categories.

1.4 The fundamental group

Let X be a space and = € X. We call the pair (X, z) a pointed space.

Definition 1.31. The fundamental group of (X, z) is the group of automorphisms of
x in I(X), ie.
m (X, z) =11, ,(X) .

A map of pointed spaces f : (X,z) — (Y,y) is a map of spaces such that f(z) = y. It
induces a homomorphism of groups

m(f): m(X,z2) = m(Y,y)



by restriction of II. Let Top, denote the category of pointed spaces and maps between
pointed spaces. We thus get a functor

m : Top, — Groups , (X,z)+— m(X,z) .

Problem 1.32. Leti: X, C X be the inclusion of the path component of x. Show that
m1(7) : m( Xy, ) = m (X, x)

s an isomorphism.

The conjugation by a class [u] € II,, ., (X) induces an isomorphism of groups

m(X,z0) = m(X,z1), [~ [Wh]k].

Therefore, if xy and x; belong to the same path component of X, then (X, x¢) and
(X, x1) are isomorphic as groups, but the isomorphism may depend on the choice of a
homotopy class paths from zy to x;. The isomorphism is ungiue up to an inner automor-
phism.

Corollary 1.33. If X is path-connected, then the group m (X, x) is independent of the
choice of the base point x up to an inner automorphism.

A path connected space X is called simply connected, if 7 (X,z) = 0 for one, and
hence for every choice of a base point = € X.

Remark 1.34. In terms of the fundamental groupoid one can say that a space X is
connected iff II(X) is empty or has only one isomorphism class of objects. In the latter
case we also say that II(X) is connected. Furthermore, the space X is simply connected,
iff I1(X) is equivalent to the empty groupid or the final groupoid.

A space is called contractible, if there exists a point x € X and a homotopy of maps
X — X from idy to the constant map with value x.

Problem 1.35. Show that a contractible space is simply connected.

Example 1.36. The space R" is contractible and hence simply connected.
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Example 1.37. We consider the manifold S'. We observe that any class [y] can be
represented by a smooth path 7, and that any two smooth representatives are homotopic
via a smooth homotopy. This is shown by smoothing the continuous paths or homotopies.

Let a € Q'(S') be the normalized volume form and [a] € H},(S') be its de Rham
cohomology class. Since de Rham cohomology is homotopy invariant, the following ho-
momorphism is well-defined:

m(SL1) = Z, [~ Slv*[a]-

The integral yields an integer, since it computes the mapping degree of v : ST — S*. This
map is actually an isomorphism. We will show this fact later.

1.5 Coverings and representations of the fundamental groupoid

For a space Y we let Cov(Y') denote the category of coverings of Y. The objects of
Cov(Y) are coverings (f : X — Y). A morphism of coverings

(f: X=Y)=(f:X'=Y)
is given by a map ¢ : X — X’ which preserves fibres, i.e. the diagram

g

N

Y

X

XI

commutes. The goal of this subsection is to construct a functor
¢ : Cov(Y) — Fun(II(Y), Set)

and to analyze when it is an equivalence of categories. We will call Fun(II(Y'), Set) the
category of representations of the groupoid II(Y).

We start with the construction of the functor . Let f : X — Y be a covering. Then
O(f) : II(Y) — Set is the representation which sends the object y € II(Y') (i.e. a point
y € Y) to the set ®(f)(y) := f~'(y), i.e. the fibre of f at y. Let now [y] € II,,,, (V)
be a morphism. Then TI([v]) : f~(yo) — f~'(y1) sends the point 2y € f~*(yo) to the
endpoint of the unique lift of v with beginning in xy. Since a covering has the unique
homotopy lifting property, this endpoint is well-defined independently of the choice of the
representative of the homotopy class [7v].

Problem 1.38. Check that ®(f) is a representation. Further check, that ® is a functor.

11



Under certain conditions we can reconstruct the covering f : X — Y. We assume that
Y is locally simply connected. This means, that every point y € Y has a basis of
simply-connected neighborhoods. Under this assumption we construct a functor

U : Fun(II(Y'), Set) — Cov(Y) .
Let C' € Fun(II(Y'), Set) be a representation of II(Y"). Then we define the set

X=|]|cw.

yey

This is the candidate for the total space of the covering. It has a natural map f: X — Y.
It remains to define an appropriate topology on X so that this map becomes a covering.

For y € Y let U, be a simply-connected neighborhood. For every y' € U, we have a
canonical isomorphism C(y') — C(y) induced by a the unique homotopy class paths from
y' to y in U,. We get a bijection

fHU,) =2 U, x Cy) .

We equip X with the minimal topology such that the bijections f~(U,) — U, x C(y) are
continuous for all choices of y € Y and U, C Y as above. In order to show that X — Y is
a covering we must show that these bijections are homeomorphisms. They are continuous
by definition. We must check that the inverses are continuous as well. To this end we
show that the transition maps are given by a locally constant cocycle. For two points
Yo, Y1 We get a transition map

(Uyo NUy,) x C(yo) = fﬁl<Uyo NUy,) = (Uy MUy, ) x C(y1)

of the form
(y,a) = (v, ¢(y,a)) -

Observe that ¢ = C([u~!] o [7]), where [7] is the unique homotopy class of paths from
to y in Uy, and [p] is the unique homotopy class of paths from y; to y in Uy,. It is easy
to check that this homotopy class [™] o [y] € TI(Y), .4, is locally constant in y.

Problem 1.39. Give the details.

Consequently we get a locally trivial fibre bundle with discrete fibres.
We let W(C') be the covering constructed above.

Problem 1.40. Extend the construction of ¥ to morphisms.
Problem 1.41. Show that ® and ¥V are inverse to each other equivalences of categories.

12



The upshot of this discussion is:

Proposition 1.42. IfY is a locally simply-connected space, then ® induces an equivalence
of categories
Cov(Y) ~ Fun(II(Y), Set) .

Problem 1.43. Show that a map [ :Y' — Y induces a functor
Cov(f): Cov(Y) = Cov(Y'), (X =Y)— (Y xy X =Y").

If f is a homotopy equivalence between locally simply-connected spaces, then Cov(f) is an
equivalence.

Example 1.44. The identity map ¥ — Y is a covering. The corresponding functor
II(Y) — Set is the constant functor which sends every point of Y to a point and every
morphism to the identity.

More generally, let F' be a set and consider the trivial covering ¥ x I — Y. The
corresponding functor II(Y) — Set is the constant functor which sends every point of YV
to F' and every morphism to the identity of F.

Assume that Y is locally simply-connected. Given a representation C' € Fun(II(Y'), Set)
we consider a covering ¥(C') € Cov(Y). It is then a natural problem to describe the
fundamental groupoid II(¥(C')) in terms of C.

To this end we introduce the transport category 7'(C') of a representation C' : G — Set
of a groupoid G. The set of objects of T'(C) is given by | |, C(g). Let go,91 € G and
x; € C(g;) for i = 0,1. Then xg, 21 are objects of T'(C'). The sets of morphisms from x
to xy is defined by

Homp(c) (20, 1) := {¢ € Homg (g0, 91) | C(d)(20) = 21}

The composition is induced by the composition in G.

Problem 1.45. Show that T(C) is a well-defined groupoid.

Proposition 1.46. Assume thatY is locally simply-connected. For C' € Fun(II(Y'), Set)
there is a natural isomorphism of groupoids

13



Proof. By construction of ¥ we have a canonical bijection between the sets of objects of
T'(C) and the points of U(C'). We extend this bijection to a functor A : T'(C) — II(¥(C)).
So we must define the action of this functor on morphisms. For i = 0,1 we consider
points y; € Y and z; € C(y;) € X. Let [y] : o0 — 21 be a morphism in T'(C'). Then
[v] € 11,4, (Y) is such that C([y])(zo) = x1. Since ® inverts ¥ we see that unique lift 4 of
v to ¥(C) with beginning in xy has the end-point z1. Therefore we have [§] € I1,, ., (X).
We set A(fy]) == 7]

This construction is compatible with the composition.

The inverse functor B : II(V(C)) — T(C) maps [7] € 1L, ., (X) to [7] € I, ,, (Y). To
this end we observe that the path v obtained by projecting 4 to Y really belongs to
Homy (¢ (20, 71).

Problem 1.47. Verify this.

1.6 Specialization to the fundamental group

If G is a groupoid, then we write my(G) for the set of isomorphism classes of G. Note

that an equivalence H =5 G of groupoids induces a bijection 7o(H) — mo(G) between the
sets of their isomorphism classes. A groupoid G is called connected if for every pair of
objects g, ¢’ € G the set Homg(g, ¢’) is not empty. Equivalently, the set my(G) has at most
one element.

Example 1.48. The fundamental groupoid II(Y') of a space Y is connected if and only

Y

if the space Y is path-connected. More generally we have a canonical bijection mo(Y") &
mo(I1(Y)).

We assume that G is a groupoid and g € G is an object. Then we can consider the group
Aut;(g) as a groupoid with one object g.

Lemma 1.49. If G is connected, then the natural morphism i : Autg(g) — G is an
equivalence of groupoids.

Proof. For every h € G we choose a morphism w;, : ¢ — h in G such that u, = id,.
These choices provide a functor j : G — Autg(g) which sends every object of G to the
unique object g of Autg(g), and every morphism ¢ : h — h’ between objects of G to
up o ¢pou;' € Autg(g). Then we have the equality j o i = idpyy(g). Furthermore, an
isomorphism idg — i o j is given by h > (u;' : h — g). O

14



For a group G we let GSet denote the category of sets with a (left)-action of G and
G-equivariant maps. The objects of GSet will be called G-sets. Viewing G as a groupoid
with one object we have canonical isomorphism of categories

GSet ~ Fun(G, Set) .

Problem 1.50. Show this assertion.

We shall now use the following fact. If a : H — G is an equivalence of groupoids, then

the restriction map
a* : Fun(G, Set) — Fun(H, Set)

is an equivalence of categories, too.

Problem 1.51. Show this assertion.

Assume that a : H — G is a morphism between groupoids. If C' € Fun(H, Set) is a
representation of H, then we shall define a functor between the transport categories

a:T(@C)—=T(C).

An object of T'(a*C) is given by an element x € C(a(h)) for some h € H. The functor
a maps this object to the same element x which is now considered as an object of T'(C')
over a(h). Let now z; € C(a(h;)) for i = 0,1 be two objects of T'(a*C') and ¢ : g — x;
be a morphism in 7'(a*C'). Then by definition ¢ : hy — hy is a morphism in H is such
that C(a(¢))(z9) = z1. The functor @ maps ¢ to a(¢).

Problem 1.52. Show that a is a functor. Further show that for a second morphism
b: K — H between groupoids we have an isomorphism aob = aob: T ((acb)*C) — T(C).

Let a,b : H — G be two morphisms and p : @ — b be a natural transformation. Note that
p associates to every h € H a morphism p(h) : a(h) — b(h) in G. Then we get a natural
isomorphism p : T(a*C) — T(b*C) as follows. This transformation maps the object
x € C(a(h)) of T'(a*C) to the object C(p(h))(z) € C(b(h)) of T(b*C'). On morphisms /5
is given by the identity.

Problem 1.53. Check details.

Problem 1.54. Conclude that an equivalence of groupoids a : H — G induces an equiv-
alence of transport categories a : T'(a*C) — T'(C).

15



From now on we consider a path-connected and locally simply-connected space Y with
basepoint y. In order to save notation we write 7w := m (Y, y).

Corollary 1.55. If Y is a path-connected and locally simply-connected space, then we
have an equivalence
®, : Cov(Y) — 7Set .

Proof. We compose the equivalences
Cov(Y) = Fun(II(Y), Set) = Fun(x, Set) 2 nSet

given by ®, restriction along 7 — II(Y") and the canonical identification. O

We explain the functor
P, : Cov(Y) — mSet

explicitly. It sends the covering f : X — Y to the set ®,(f) := f~'(y). The action of
[v] € m1(Y,y) on this set sends x € f~1(y) to the endpoint of the lift of v with beginning
in . On morphism this functor is defined in the obvious way.

1.7 Properties of coverings

In this subsection we translate properties of coverings to algebraic properties of the cor-
responding G-sets. Our standing hypothesis is that Y is a path-connected, locally-simply
connected space and y € Y is a base-point. We abbreviate 7 := m (Y, y).

Let S € nSet and f : X — Y be the corresponding covering. By Problem the
path groupoid of X is equivalent the transport category of the representation 7 — Set
corresponding to the m-set S. The objects of the latter transport category are just the
elements of S. The morphisms s — s’ are the elements g € 7 such that gs = s’. Note
that we can identify f~!(y) = S. We write 7, C 7 for the stabilizer subgroup of s. We
immediately conclude:

Corollary 1.56. Assume that f: X — Y is a covering associated to the w-set S.

1. We have a natural bijection w\S = 7o(X) which sends the orbit of s € S to the
path-component of the point s € X.

2. We have an isomorphism m (X, s) = ;.
Proof. Indeed, my(X) is in bijection with the connected components of the translation
groupoid of the representation S of 7. This is just the set of m-orbits.

The fundamental group of X at the base point s is the automorphism of the point s con-
sidered as an object of the fundamental groupoid of X, hence of the translation groupoid
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of the representation S of m. The latter is exactly the stabilizer of the point s. O

Note that 7 with the left-multiplication is a free and transitive m-set. Up to isomorphism
there is a unique transitive and free m-set. Such a 7-set is also called a (left) m-torsor.
Indeed, if S is a m-torsor, then we fix a point s € S and obtain an isomorphism of 7-sets
T=Sbynms g~ gs€.S. The group of automorphisms of the m-set 7 is isomorphic to
7 acting via right-multiplication.

Corollary 1.57. Up to isomorphism there is a unique connected and simply-connected
covering of Y. Its group of automorphisms is isomorphic to 7.

We will call such a covering a universal covering of Y. The action of the automorphisms
of the universal covering will be conidered as a right-action of .

We choose a universal covering Y — Y. We can then construct a functor
Uy : mSet — Cov(X)
which associates to a m-set S the covering
Y x, S —>Y.

On morphisms the functor is defined in the obvious way.

Lemma 1.58. The functor Uy : 1Set — Cov(Y') realizes an inverse equivalence to ®,,.

Proof. Let S be a m-set. We consider the m-set m x .S on which 7 acts only on the left
factor by left-multiplication. The group = then also acts on this m-set by automorphisms
via the right-action on 7 and the left-action on S. There is a natural isomorphism of
m-sets ™ X S — S given by [g, s] — gs.

By Example the covering associated to the m-set 7 x S is the covering ¥ x S — Y
given by the projection to the first factor composed with the map Y — Y. The group =
then acts on this covering by automorphisms via the right-action on ¥ and the left action
on S. Since an equivalence of categories preserves quotients by actions by automorphisms
it is clear that the covering Y X, S — Y corresponds to the m-set m x, S. O

Let G be a group acting freely and properly from the right on a simply-connected and
locally simply-connected space X. We set Y := X/G. Then the natural projection
X — Y is a covering. Note that Y is connected, since it the image of a connected space.
Furthermore, since X is locally simply-connected and X — Y is a local homeomorphism,
Y is locally simply-connected, too.

Let y e Y.
Corollary 1.59. The choice of a base-point x € X over y determines an isomorphism

1 (Y7 y) =G
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Proof. Let f: X — Y be the projection and note that this is a universal covering of Y.
The fibre f~!(y) is a torsor over the groups G and (Y, y). The choice of a base-point
r € f~1(y) provides a trivialization of torsors and hence a bijection G = f~1(y) = 7, (Y, y)
which maps g € G to [y] € m(Y,y) such that xg = z[y]. One can check that this is a
homomorphism.

Problem 1.60. Fill in the details.

Corollary allows to calculate the fundamental groups of some spaces.

Example 1.61. Note that R" is simply-connected and locally simply-connected. The
group Z" acts freely and properly by translations and the quotient 7" = R"/Z" is the
n-dimensional torus. Hence m (7", 0) = Z™.

Example 1.62. We will see later (Example [1.71]), that the n-dimensional sphere S™ is
simply connected for n > 2. The group Z/27Z acts freely on S™ by the antipodal reflection.
The quotient RP" = S™/(Z/27) is the real projective space. Hence m(RP", xy) = Z/2Z.

Example 1.63. We fix two two integers p, ¢ such that (p,q) = 1. The group Z/pZ acts
on C? by ‘ .
[n](21, 20) — (€0 21,e”™ 7 25) .

Y

This restricts to a free action on the unit sphere S* C C2?. The quotient L(p,q) =
S3/(Z/pZ) is called a lens space. Hence 7 (L(p,q)) = Z/pZ.

Example 1.64. Let G be a semi-simple Lie group of non-compact type, e.g. SO(p,q)
for p,¢g > 1 and K C G be a maximal compact subgroup. The quotient X := G/K is
called the symmetric space of G. It is a left G-manifold. Let g = € & p be the Cartan
decomposition of the Lie algebra of g. Then it is known that the exponential map of G
induces a diffeomorphism

p=EX, prrexp(p)k .

If I' C G is a torsion-free discrete subgroup, then I' acts properly and freely on X. The
quotient Y := '\ X is a locally symmetric space. We have m(Y,y) = I

Problem 1.65. Let M be a connected smooth manifold. Show that M admits a universal
covering M — M and that M has a unique smooth manifold structure such that M — M
18 smooth.
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Assume that X — Y is a covering on which a group G acts by automorphisms from the
right such that X/G =Y. Such a covering is called a Galois covering for the group G.

Example 1.66. The universal covering of Y is a Galois covering for the group .

Under the equivalence Cov(Y) ~ wSet Galois coverings for G correspond to right G-
torsors S with a left action of . An obvious example is given by a homomorphism
m — G where m acts on G via left-multiplication and the homomorphism, and G acts on
the right via right-multiplication.

Problem 1.67. Show that every G-torsor with an action mw is isomorphic to one of this
form.

Connected Galois coverings correspond to right G-torsors on which 7 acts transitively.
Note that transitive m-sets are of the form 7 /H for the subgroup H C 7. Let us calculate
the group of automorphisms of this m-set.

Let G be a group and H C G be a subgroup. Let Ng(H) denote the normalizer of H in
G.

Lemma 1.68. We have an isomorphism Autgset(G/H) = H\Ng(H).

Proof. An automorphism ¢ of the G-set G/H is fixed by the image ¢(H) of the class
H. So there exists g € G such that ¢(H) = gH. Since ¢ is a map of G-sets we have
gH = ¢(H) = ¢(kH) = k¢(H)) = kgH for all k € H. We get gH = HgH and hence
g € Ng(H). Note that the class gH = Hg is uniquely determined by ¢. The action of ¢
on G/H is best viewed as given by right-multiplication by the class Hg. O

It is now clear that H\Ng(H) acts transitively on G/H if and only if Ng(H) = G, i.e.
H is normal.

Corollary 1.69. Assume that Z —'Y is a connected Galois covering. Then it is of the
form Z =2 Y /H for a normal subgroup H C 7 and a universal coveringY — Y. In this
case H = m1(Z, 2) and the Galois group of the covering Z — 'Y is the quotient H\.

Proof. The connected Galois covering corresponds to a m-set 7/H with H = 71(Z, z) and
where H is normal. Then Aut,get(7/H) = H\7 is the Galois group. O
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1.8 The analogy with Galois theory

In order to avoid the discussion of topological Galois groups we consider a field k& whose
separable closure k is a finite extension of k.
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Covering theory

Galois theory

connected and locally simply connected space Y

field %

connected covering X — Y

separable field extension k£ — K

universal covering Y — Y

separable closure k — k

fundamental group (Y, y)

Galois group Gal(k|k)

non-connected covering
| |X; =Y
J

for a collection of connected coverings X; —

X

ring extension of the form
k— H K;
J

for a collection of field extensions & — K

correspondence between subgroups H C
m1(Y,y) and intermediate coverings

Y - X:=Y/H-Y

with m (X) &2 H

correspondence between subgroups H C
Gal(k|k) and intermediate fields

k— K=k =k

with Gal(k|K) = H

correspondence between normal subgroups
H C m(Y,y) and Galois coverings

X:=Y/H-Y
with

Autcom (X = Y) =m(Y,y)/H

correspondence between normal subgroups
H C Gal(k|k) and field extensions

k— K=k"

with
Gal(K|k) = H
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1.9 Van Kampen

The van Kampen theorem calculates the fundamental group of a pointed space in terms
of fundamental groups of the pieces of a decomposition into open subsets. It uses the
notion of a free product of a collection (G, )aer of groups . The free product

G = *aGIGa

is the coproduct of this collection of groups in the category Groups of groups. Therefore
it is a group together with homomorphisms GG, — G for all @ € I such that the restrictions
along these homomorphisms induce a bijection

HomGroups(Ga H) = H HomGroups(Gaa H)
acl

for every group H. The free product has the following explicit description in terms of
generators and relations. An element in G can be represented as a word g, . . . g1 for some
r € N, where g; € G, for a collection vy, ..., € I. If a; = a 41, then g, ... (giv19:) - - - 01
represents the same element of G. Moreover, if g; = 1, then g, ... g;x19i-1---91 = Gr .- - G1-
The group G can be considered as generated by the words as above subject to this type
of relations.

Let X be a topological space and x € X be a base point. We consider a decomposition
X = Uaer Ua into open subsets such that the multiple intersections Uy, U, N Ug, and
Us NUz N U, are path-connected for all a € I, (o, B) € I?, (o, 8,7) € I?, respectively.
For the base point we assume = € (), ; Ua-

Theorem 1.70 (van Kampen). The fundamental group m (X, x) is given as the quotient
of the free product *,crm(Uy, ) by the normal subgroup N generated by the elements
I49) f5(g) for all pairs (o, B) € I* and g € m(Uy N Ug,x), where fo : m(Uy N U, x) —
m1(Ua, ©) denotes the map induced by the inclusion U, N Uz — Ul,.

Proof. By the universal property of the free product the collection of homomorphisms
1 (Ua, ) = m (X, x) for all @ € I induces a homomorphism
b : kae1T1(Un, ) = m (X, 2) .
It is clear that 5 . .
o(f ' (9)f5(9)) = o(f1(9)) " o(fs(9)) = 1
since g € m (U, N Ug, x) is mapped to the same element under the two maps

UaﬁU5—>Ua—>X, UaﬂU5—>U5—>X.
Hence ¢ factorizes through the quotient by N:

¢
*aejﬂ'l(Ua,l’) 4>7T1(X, x) .

R

*aEIﬂ-l(Ucwx)/N
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We show that ¢ is surjective. Let [y] € m1(X, z). Then we can write the path + as a finite
concatenation «, o-- -0~ of paths such that ~; is a path in U,,. We choose paths o; from
x to the endpoint of v; for e =1,...,7 — 1. We let g9 and o, be the constant paths at x.
We get loops k; := ai’l 07; 00,1 in U,,. Then ~ is homotopic to k, o --- o k1. Here we
use that the loop ;0 0y ! is homotopic to the constant path at the endpoint of ~,. Hence
V] = o([kr]) 0+ 0 O([sa]).

It remains to show that ¢ is injective.

An general element ¢ in *qc;m(Uy, x)/N is represented by a word g, o --- o g; with
gi € m(Uy,, ) for a given sequence aq, ..., «,. We call this a factorization of g. We call
another factorization of g related, if one of the following holds:

1. There is an index i such that a; = ;11 and the other factorization is given by

Gro---0(gi+19;)0---00q1 ,

2. There is an index ¢ and h € m(U,, N U, x) such that g; = f,,(h) and the other
factorization is obtained by replacing g; by fz(h) and a; by .

We consider the equivalence relation on factorizations generated by the relation related.
One easily checks that the first sort of relation accounts for the relation of factorizations
in the free product, and the second sort accounts for the quotient by N. In other words,
*ae1T1(Uq, ) /N is in bijection with the set of equivalence classes of factorizations.

We now consider two factorizations [y] = [v.] o ...[11] and [y'] = [.] o...[y{] such that
o([7]) = #([7']). Then there exists a homotopy h : I x I — X such that h(0,t) = (),
h(1,t) = +'. We can choose a partition 0 = sy < s1--+ < s,, = 1 of I, for every
j=0,...,m—1apartition 0 =t < #]--- < tij =1, and «;; € I such that the rectangle
Rj; with corners (s;,]), (sj,t],1), (8j41,t}1), (8j41,t]) is mapped to Ua;;» and such that
the induced factorization of k(g7 is the factorization of 7y, and the factorization of A1y s
is the factorization of +'. We can further arrange by shifting the tf slightly that every
corner belongs to at most three rectangles. For every corner (sj,tg ) we choose a path
from h(s;, ) to x inside the intersection of the at most three of sets Ua,,, which contain
the rectangles containing the corner. We use these paths to extend the restriction of h to
boundary faces of the rectangles to loops.

We count the rectangles lexicographically. We let u; be the factorized path in I? from
(0,0) to (1,1) which separates the first k rectangles Ry, ..., Ry from the remaining. Then
hju, gives (after completing the interior pieces to loops) the factorization of v, and hy,,
for sufficiently large k is the factorization of +’. The path wu; presents a factorization of
[v] which depends on the choice of a suitable o € T for every segment.

The transition from wug to ug,1 is given by sliding over Ri,; On can check that this
transition replaces the factorizations by an equivalent one. First one replaces the choices
open subsets U, for the boundary segments of the rectangle by an § € I such that
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h(Ry+41) C Ug. Using the second type of generators of the relation twice (for the horizon-
tal and the vertical boundary component) we check that we stay in the equivalence class
of factorization. Then we use the first type of generators relation in order to check that
sliding over fixes the equivalence class. O

Example 1.71. We assume that n > 2. We cover S™ by the complements U and V' of the
north- and south pole. We pick a base point in the equator S"~'. Then UNV is homotopy
equivalent to S®!, and U and V are contractible. Since S™~! is path-connected we can
apply van Kampen’s Theorem. We conclude that 7;(S™) = {1} #. (sn1) {1} = {*}. In
other words, S™ is simply connected for n > 2.

Example 1.72. For g,/ € N we let 3, be an oriented surface of genus g and ¢ boundary
circles. In particular, 3, is the complement of a closed disc in the two-torus T2, i.e.
Y11 X T2\ D2 If we represent T? as a square with sides identified appropriately and the
disc in the interior of the square, then we easily see that 72\ D? is homotopy equivalent
to the space obtained by removing the whole interior of the square. This is a wedge
of two circles S' v, S'. They contribute generators a,b to the fundamental group. By
van Kampen 7;(S? vy S, 1) 2 (X 1, %) is the free group in these two generators. The
boundary circle of 3, is the commutator [a,b] := aba™'b~".

The free group in n generators will be denoted by F,,. Furthermore we use the notation

<CL1,...,CLS|R1,...,R7«>

for the group generated by aq,...,as with the relations Ry,..., R,, where R; are words
in the generators.

Example 1.73. For example

Fy 2 {(a,b,c|[a,blc) , 7Z*={a,b]]a,b])

Example 1.74. We now calculate the fundamental groups of ¥ , for all g,/ € N. We
start with ¥y ,. This is a closed disc with ¢ — 1 small open discs removed. It is obviously
homotopy equivalent to a wedge of the ¢ — 1 boundary circles of the interior discs. We
let ¢; for i = 2, ..., ¢ be the interior boundary circles run counter-clockwise, and ¢; be the
exterior circle run clockwise. It follows that m(Xg,) is generated by ¢y, ..., ¢, with the
relation ¢;...c; = 1. We claim that by induction that

T (Xg0) = {ar, ... ag,b1,...,bg 1. ¢ | [ar, b1] .. Jag, bylee. .. c1) -
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Aslong as ¢ > 1, this group is free in a;, b; and ¢, . .., ¢,—1. Indeed if we glue in ¥ ; to £,
along the ¢’th boundary circle, then we get ¥, ,_1. In this process we add generators
ag+1, bg41 and the relation ¢, = [ag41, bgy1]-

If £ = 0, then
7T1(2970> = <CL1, PN ,(lg,bh .. .,bg | [al,bl] c. [ag,bg]> .

This group is not free.

The fundamental groupoid and the fundamental groups behave well with respect to prod-
ucts. The isomorphisms below are induced by the the projection to the functors.

Problem 1.75. We have an isomorphism II(X x Y) = II(X) x II(Y).

Problem 1.76. We have an isomorphism m(X X Y, (z,y)) = m (X, z) x m (Y, ).

Example 1.77. For ¢,¢' € N\ {0} we have
71'1(207@ X ngg/) = ]Fg X Fg/ .

This group is not free.

1.10 Flat vector bundles

We first recall some facts from the theory of vector bundles and connections. We consider
a smooth manifold M and a real vector bundle V' — M. Let us fix a connection V on V.
If v is a smooth path, then we have a parallel transport along v, a linear isomorphism

Py Vi) = Vi)

from the fibre of V' over v(0) to the fibre of V' over y(1). Assume that p is a second
smooth path starting in (1) which is such that the concatenation p o~y is smooth. Then
we have the identity

Pyy=P,0P,.

If the connection is flat (i.e. its curvature RY := V? vanishes), then the parallel transport
P, only depends on the smooth homotopy class of 7.

We let I1°°(M) be the version of the fundamental groupoid based on smooth paths which
are constant near the endpoints in order to have a smooth concatenation and smooth
homotopies. Then there is a natural morphism

(M) — TI(M) .
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Fact 1.78. This morphism is an isomorphism.

Proof. To this end we must show that every continuous path is homotopic to a smooth
path which is constant near the endpoints, and that every continuous homotopy between
smooth paths can be replaced by a smooth homotopy. The arguments belong to the field
of differential topology and will not be given here. O

In the following we will always assume that ~ is a smooth representative of the morphism
[y] € II(M)

A vector bundle with a flat connection will be called a flat vector bundle and denoted
by (V, V). A morphism of flat vector bundles (V, V") — (W, V") is a morphism of vector
bundles ¢ : V — W which preserves the connections. Note that the two connections V"
and V" induce a connection V#™":W) on the bundle Hom(V, W) — M. The condition
that ¢ preserves the connections is equivalent to V#™V'"W)¢ = 0. We form the category
Bun'* (M) of flat vector bundles on M and connection preserving bundle morphisms.

Let Vect]{;m be the category of finite-dimensional real vector spaces.

Corollary 1.79. A flat vector bundle induces a representation
O(V,VY) : (M) — Vectl™ , m—V,, [y]—P,.

This construction provides a functor

@ : Bun'*(M) — Fun(II(M), Vect™) .

Problem 1.80. Verify the details.

Problem 1.81. If N — M is a smooth map, then we have a functor
f*: Bunf* (M) — Bun{“(N) .
Show that there is a natural equivalence between the two compositions in

f*

Bunl'™ (M) Bunl'™(N)

o o

Fun(TI(M), Vect!™) L Fun(TI(NV), Vect!™)
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Lemma 1.82. The functor
& : Bunf'*(M) — Fun(II(M), Vect]™) .
s an equivalence of categories.

Proof. We construct the inverse equivalence W. It is similar to the construction of ¥ in
Subsection . Let C : II(M) — Vect]{;m be given. Then the underlying set of the total
space of the bundle W(C) — M is | |,,c,; C(m). This set has a projection to M whose
fibres are real vector spaces C'(m), m € M. In order to define the manifold structure
we use the local trivializations as in Subsection They are compatible with the R-
vector space structures on the fibres. The transition functions (y, a) — ¢(y, a) are locally
constant, and (a — ¢(y,a)) € AutVectﬂém(C(y)). Hence we get a real vector bundle. It
has a unique connection which becomes the trivial connection in the trivializations used
in the constructions.

Problem 1.83. Complete the construction of ¥ and show that it can be used as an inverse
equivalence to P.

Let G be a group. Then Repﬁm(G) denotes the category of representations of G on

finite-dimensional real vector spaces. We have an isomorphism of categories

Repl™(G) = Fun(G, Vect™) .

We now assume that M is connected and that m € M is a base point. Then we get the
chain of equivalences

Bun!'™ (M) ~ Fun(II(M), Vect]™) ~ Fun(r, (M, m), Vect") = Repl™ (m, (M, m)) .

Corollary 1.84. If M 1is a connected manifold and m € M is a base point, then we have
an equivalence ‘
@, : Bunl'™(M) 5 Repl"™ (1 (M, m))

which associates to a flat vector bundle (V, V) the representation of m (M, m) on the fibre
Vi induced by the parallel transport called the holonomy representation.

We now describe the inverse equivalence W, which depends on the choice of a universal
covering M — M. Note that the universal covering is a manifold by Problem m
Let (p,U) be a representation of 7 := (M, m) on a finite-dimensional vector space U.
Then we define the vector bundle V := M X U — M. The trivial connection on the
bundle M x U — M is w-invariant and descends to the flat connection VV on V. We set
(p,U) = (V,VY).
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Problem 1.85. Fill in the missing details to show that W is an inverse equivalence to
)

Y-

Example 1.86. We get a classification of flat vector bundles on S!. Note that m(S1,1) =
Z. A representation p on a vector space U is uniquely determined by p(1). A representa-
tion p’ on the same vector space is isomorphic to p, if there exists g € Aut U) such

that gp(1)g~" = p'(1).

For a group G we let C(G) denote the set of conjugacy classes in G. We conclude that
there is a bijection

Vectﬂém (

Bun//*(S?) /iso = |_| C(GL(n,R)) .

neN

For example, one-dimensional flat bundles are classified by the set R* = C(GI(1,R)).

Example 1.87. Note that for £ > 1 we have
Wl(zg,e) = ]F2g+€—1 .
Therefore flat n-dimensional vector bundles on a surface X, , are classified by the set
Gl(n,R)*¥ 1 /Gl(n,R) ,
where Gl(n,R) acts diagonally by conjugation.
The set of flat n-dimensional vector bundles on X is classified by
{(a1,...,a4,b1,...,b,) € GL(n,R)* | [a1,b1] ... |a,, b,] = 1}/Gl(n,R) ,

where Gl(n,R) again acts by conjugation on all factors.
For g = 1 this is the set of conjugacy class of pairs of commuting elements in Gi(n,R).

These sets have additional structures (topological spaces, singular varieties) and are very
interesting mathematical objects.

Problem 1.88. Let GL(n,R)° be the group GL(n,R) equipped with the discrete topology.
Show that flat n-dimensional real vector bundles on M correspond to Galois coverings of
M for the group GL(n,R)’.
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1.11 Lifting of maps

In this subsection we consider the following problem. Assume that we are given bold part
of the diagram

{z} —x
l gg lf
Z Y

where XY, Z are path-connected and f is a covering. We are interested whether a lift g
exists.

Let x € X be the image of the point z in X, and y := f(x) = g(z). If a lift exists, then
we have

mi(g) = m(f) om(g) : m(Z, 2) = m(Y.y) .
Hence a necessary condition for the existence of a lift g is that

m(9)(m(Z,2)) € m(f)(m (X)) . (1)

Proposition 1.89. We assume that Z is locally path-connected. Then the lift § exists if
and only if the condition is satisfied. Furthermore, it is unique.

Proof. Let z; € Z. Since Z is path-connected we can choose a path v in Z from z to 2;.
We are forced to define 1 := g(z;1) as the endpoint of the unique lift of the path f o~
with beginning in x. So uniqueness is clear. We must check that g(z;) is well-defined. We
choose a second path 7 and obtain the endpoint z}. Then ¢ := 7"~ o~ is a loop at z
and x| = [g o o](z1). By assumption [g o o] € im(m(f)). But then the unique lift of go o
with beginning in z is closed, hence z; = 2.

We now must show that the map ¢ is continuous. It suffices to show continuity near
each point of Z. Because of uniqueness of the lift we can thus assume that we consider
the point z. Since f is a covering we can find a neighborhood U, C Y of y such that
1 (U,) 2 U, x F for a discrete set F'. We let f € F be such that © = (y, f) under this
homeomorphism. Since Z is locally path-connected we can now find a path-connected
neighourhood U, C Z of z such that g(U,) C U,. Then the restriction of § to U, is given
by §(2') = (g(2'), f) for all 2’ € U,. This map is obviously continuous. O

Example 1.90. If Z is a path-connected and locally simply-connected space, then the
lifting problem has a unique solution. For example, for n > 2 the lifting problem

(v} x

l & lf

g

St——Y

has a unique solution for every covering f.
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Problem 1.91. Show that if the data of the lifting problem consists of smooth manifolds
and smooth maps, then the lift is smooth as well.

Example 1.92. We consider a path-connected and locally simply-connected topological
group G, e.g. a connected Lie group. Then the total space of its universal covering G—>G
is a group. To this end we fix a base point e € G over 1 € G. This will be the identity of
the group structure. In order to define the multiplication we consider the diagram

Since the product G x G is path-connected and locally simply-connected, the map g exists
and is unique.

Problem 1.93. Show that § defines a group multiplication (verify associativity and the

existence of inverses).

If we apply this construction to the group SO(n) for n > 3, then we obtain the spin group
Spin(n). It is known that m (SO(n)) = Z/2Z for n > 3. Consequently, Spin(n) — SO(n)
is a two-sheeted covering. Using Problem and Problem we see that Spin(n) is
a Lie group in a natural way.

2 Die Homotopiekategorie

2.1 Basic constructions
We let Top denote the category of topological spaces. Its objects are topological spaces.
The morphisms in Top are continuous maps.

The category Top has a cartesian product. The cartesian product of two topological
spaces X,Y € Top is usually represented by the space X x Y whose underlying set is
the cartesian product of the underlying sets of X and Y, and the topology is the smallest
topology such that the projections to the factors are continuous.

The coproduct of two topological spaces X and Y is the disjoint union X 'Y of topo-
logical spaces.

Problem 2.1. Check that these descriptions of products and coproducts are correct.

30



The cartesian product and the coproduct are symmetric monoidal structures on Top.

We now assume that Y is a locally compact and Hausdorff topological space.

Remark 2.2. By definition, a space Y is locally compact, if every point y € Y has a
compact neighborhood. If Y is in addition Hausdorff, then every point has a basis of
compact neighborhoods.

For a second topological space Z we can define a mapping space
Map(Y, Z) € Top .

Its underlying set is the set Homrop (Y, Z) of continuous maps from Y to Z. Its topology is
the compact-open topology. A sub-basis {V (K, U)}x vy for compact-open topology
is indexed by pairs (K,U) of compact subsets K C Y and open subsets U C Z. The
corresponding subset of Homrep (Y, Z) is given by

V(K,U) = {¢ € Hompop(Y, Z) | $(K) C U} .

Remark 2.3. We must convince ourselves that the subsets V (K, U) cover Hompep(Y, Z).
Thus let g € Hompop(Y, Z), y € Y and U C Z be an open neighborhood of ¢(y). Then
g 1 (U) is an open neighborhood of y. Since we assume that Y is locally compact and
Hausdorff, there exists a compact neighborhood K of y such that K C ¢g~!'(U). Then
ge V(K,U).

Lemma 2.4 (Exponential law). For topological spaces X,Y,Z such that Y is locally
compact and Hausdorff we have a natural bijection

Hompop (X X Y, Z) = Homrop (X, Map(Y, 2)) .

More precisely, we have an adjunction of functors
-+ xY :Top & Top : Map(Y,...) (2)
which is in addition natural in Y.

Proof. Just considering the underlying sets we have a bijection between the sets ZX*Y
and (ZY)* which sends f: X x Y — Z to the map

g: X22— Y23y f(z,y) €2).

We must show that f is continuous if and only if g takes values in the set of continuous
maps from Y to Z and is continuous as a map from X this mapping space.
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Let us first assume that f is continuous. Then g(x) = f(z,...) : Y — Z is continuous
for every x € X. We fix a compact K C Y and an open U C Z. Then we must show that
g "(V(K,U)) C X is open. Now

g V(K U) ={re X|f({z} x K) CU} .

Let z € g7 (V(K,U)). We must show that there exists an open neighborhood Q@ C X
of x such that Q C g~ '(V(K,U)). Since f is continuous, for every k € K we find open
neighborhoods Wy, C Y of k and @, C X of x such that f(Qr x W) C U. Since K is
compact, there is a finite subset I C K such that K C |J,c; Wi. Then Q := (., Qk is
an open neighbourhood of z and f(Q x K) C U. Hence Q C ¢~ (V(K,U)). We conclude
that ¢~ *(V(K,U)) is open.

Let us now assume that g takes values in continuous maps and is continuous. We must
show that f is continuous. We fix an open U C Z. We fix (z,y) € X X Y such that
f(z,y) € U. We must find an open neighborhood @ x R C X x Y of (z,y) such
that f(Q x R) € U. We can choose a compact neighborhood K C Y of y such that
g(x) € V(K,U), see Remark 2.3 Since g is continuous, there exists an open neighour-
hood @ C X of z such that ¢(Q) C V(K,U), in other words, f(Q x K) C U. We can
now choose an open neighborhood R C K of y. O

Remark 2.5. In the proof above we have used that Y is locally compact and Hausdorff
in an essential way. Because of this restriction we can not say that Top is a closed
symmetric monoidal category. It is no solution to restrict the considerations to locally
compact Hausdorff spaces since e.g. the mapping space Map(/, I) between two compact
spaces is not locally compact. The solution is to consider the so-called convenient
category of compactly generated Hausdorff topological spaces Top®.

Problem 2.6. Assume that X and Y are Hausdorff and locally compact. Show that we
have a natural (in X,Y,Z) homeomorphism

Map(X,Map(Y, Z)) ¥ Map(X x Y, Z) . (3)

This uses the associativity of the cartesian product.

Problem 2.7. If Y is a locally compact Hausdorff space and Z is a topological space,
then the evaluation map

ev:Y xMap(Y,Z) = Z

is continuous. Again deduce this from the exponential law formally.
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Problem 2.8. If X and Y are locally compact Hausdorff spaces and Z s a topological
space, then the composition

Map(Y, Z) x Map(X,Y) — Map(X, Z)

1S continuous.

Example 2.9. The free loop space LX of a space X is defined by
LX :=Map(S*, X) .

Every collection of points ¢ := (t4)acs in S gives an evaluation ev;, : LX — X!. The
group St acts on LX by

S'XLX = X, (s,7) = (t—=y(t—s).

In order to see that this is continuous it is useful to write the action using the formal
properties of the mapping space. We start with the action of S! on itself

a:S'x St =St (st)—t—s.
It induces the action map via

idsl xa*

St xMap(St, X) —— S xMap(S' x S*, X) = S xMap(S*, Map(S*, X)) =5 Map(S*, X)

We have an inclusion 7 : X — LX which sends a point x € X to the constant loop at x.
Its image is the set of fixed points of the action of S*.

The free loop space is an important object of study. In string theory for example, it
models the configurations of a string in X. The movement of a string in X is a path in
LX.

2.2 Pairs and pointed spaces

A pair of topological spaces (X, A) is a pair of a space X and a subspace A C X. A
morphism between pairs (X, A) — (Y, B) is a continuous map f : X — Y such that
f(A) C B. We let Top? denote the category of pairs of topological spaces.

In particular, if A is just a point {x}, then we call (X, {z}) a pointed space and write
(X, z), or sometimes X, if the base point is understood implicitly. We let Top, denote
the category of pointed spaces. We have a functor

Top® — Top, , (X,A)— X/A,
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where X /A is defined as the colimit of the diagram

A—X .

|

{x}
Its base point is the image of .

In the following we concentrate on the pointed case.

The cartesian product in the pointed case can be represented by
(X,2) x (Y.y) = (X x Y, (2,9)) .

The coproduct of pointed spaces (X, z) and (Y, y) is given by the wedge product. It is

the space
Xuy

(X.)V (Vo) = =5

obtained from the disjoint union of X and Y by identifying the two base points z and y
to the new base point.

Problem 2.10. Check these assertions.

We consider pointed spaces. We discuss the process of taking quotients in stages. For
a morphism f : X — Y we use the notation Y/f(X) for the colimit of the push-out
diagram

xtoy.

{+}
The following is an example. We will encounter similar situations occasionally. Let

t:A— X and j : B — X be morphisms between pointed spaces. Then we get a map
iVj:AV B — X and an induced map p: X — X/i(A).

Lemma 2.11. We have an isomorphism

X _X/i(A)

(iViAVB)  (pej)(B)
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Proof. We consider the diagram

B

ivj

—AVDEB

X

¥ h<— %

et
|

* Z/k(B)

We define Z by the condition that the middle right square is a push-out square. We ob-
serve that the middle left square is a push-out square, too. For this it is helpful to consider
the composition with the upper left square. The composition of the two middle push-out
squares is again a push-out square. Hence we can identify Z = X/i(A) and ¢ with the
projection map p. With this identification, k = po j and the lower right corner is isomor-
phic to (X/i(A))/(poj)(B). The composition of the two right push-out squares is again a
push-out square. Hence we can identify the lower right corner also with X/(iVj)(AVB). O

We now assume that Y is locally compact and Hausdorff. We define
Map((Y,y),(Z,z)) € Top,

to be the subspace of Map(Y, Z) of maps which preserve the base point. The base point
of the mapping space is the constant map with value z.

We want that for locally compact and Hausdorff spaces Y the mapping space functor
Map((Y,y),...) has a left-adjoint similarly as in the unpointed case (2). To this end
we observe that if ¢ € Hompop ((X,2),Map((Y,y),(Z,2)), then g(2’)(y') = 2 provided
(',y) € X x{y} U{z} x Y. We are led to define the smash product between pointed
spaces by

X xY
(Xoa) A Yoy = S T < v

Lemma 2.12. IfY is locally compact and Hausdorff, then we have an adjunction
which is natural in'Y .

Proof. Exercise. O
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Problem 2.13. Let (X, A) and (Z,C) be pairs of topological spaces. Assume that Z
is Hausdorff and locally compact and that C is a closed subspace. Then we have an
1somorphism

(X x2)/(AxZUX xC)=2(X/A) A (Z/C)

in Top,. This can formally be deduced from Lemma[2.13

Lemma 2.14. The smash product induces a symmetric monoidal structure on Top,.

Proof. Exercise. O

Remark 2.15. The symmetric monoidal structure A on Top, should not be confused
with the cartesian symmetric monoidal structure.

We have an adjunction
(...)y : Top & Top, : F,

where the functor (...), adds a disjoint base point, while the right adjoint F just forgets
the base point. The left adjoint functor is symmetric monoidal:

X AY, 2 (X xY), .

The right-adjoint is only lax-symmetric monoidal (where we take A on the target):
There is a natural map

F(X,2) x F(Y,y) = F((X,2) A (Y, y)) -
In general, it is not an isomorphism.

Of course, as a right-adjoint, the functor F preserves the cartesian products, i.e. it is
symmetric monoidal if we take the cartesian structure on the target.

Example 2.16. For every n € N we consider the sphere S]' as based space by distin-
guishing the north pole. It is actually not important which point we choose as a base
point.

Problem 2.17. Show that for every two points x,y € S™ there exists an isomorphism
(S™, z) = (S™,y) in Top,.

For every n > 1 we have an isomorphism
I"/or = Sy (4)

in Top,.

Problem 2.18. Write down such an isomorphism explicitly.
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2.3 Suspension and loops

Let S} be the circle with base point {1} € S' C C. We define the suspension functor
Y. : Top, — Top, by
X—=YX =S'AX .
We further define the loop space functor
Q2 : Top, — Top,

by
QX = Map(S!, X) .

Lemma implies:
Corollary 2.19. We have an adjunction

> : Top, = Top, : ().

Lemma 2.20. For every n > 1 we have an isomorphism
S = ZSf_l
in Top,.

Proof. In this proof we use the isomorphisms ().

Using S! = I/0I we can represent the underlying space of X as
I xX
= . (5)
Ol x X UI x {z}
Remark 2.21. Using the presentation we can present points in XX by pairs (¢, z'),
with ¢t € [ and 2’ € X.

XX

We now observe, again using Problem [2.13] that by induction

I x 1
NI Yo Y =2 1/oI AT/ >~ /oI .
(= ) / / OI x I"=1U [ x 9I"1 /

Indeed,
OI" =29l x I" YUl xoI" .

Problem 2.22. If G is a locally compact topological group, then we have a homeomor-
phism
LX Z2QG x G .
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2.4 The homotopy category

For spaces X,Y € Top we consider the following equivalence relation between morphisms
f,9 € Homrpop (X, Y):

f ~g- fund g are homotopic.

In detail, f and g are homotopic, if there exists a map H : I x X — Y such that
Hjjoyxx = f and Hijjyxx = g-

Lemma 2.23. Homotopy is an equivalence relation.

Proof. Exercise. O

Remark 2.24. If X is locally compact and Hausdorff, then we can consider f, g as points
in Map(X,Y). In this case f ~ g if an only if f and g can be connected by a path of maps.O

We write [X, Y] for the set of equivalence classes of maps from X — Y. The composition
of maps preserves the equivalence relation so that we get a well-defined composition

Y, Z] x [X,Y] — [X,Z] .

We form the homotopy category hTop whose objects are the objects of Top, and
whose morphism sets are given by Homprop(X,Y) := [X,Y]. We have a natural functor

Top — hTop, X +— X, Hompep(X,Y) 3 f—[f] €[X,Y] = Hompmop(X,Y) .

Problem 2.25. Verify this assertion.

The homotopy category has a cartesian product. In fact the cartesian product of spaces
X,Y € hTop is represented by the product in Top. In particular, the functor Top —
hTop preserves cartesian products. A similar assertion holds true for coproducts.

Problem 2.26. Check these assertions.

A map X — Y is called a homotopy equivalence, if it represents an isomorphism in
hTop. If there exists a homotopy equivalence between X and Y, then X and Y are called
homotopy equivalent. We write X ~ Y for the relation of being homotopy equivalence.
A homotopy type is an isomorphism class in hTop.
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We adopt similar notions for pointed spaces. A homotopy between maps f, g : (X, z) —
(Y,y) is a map
H: I, NX =Y,

which restricts to f and g at the endpoints of I, respectively.

Let C be any category. A functor F' : Top — C is called homotopy invariant if
for any two morphisms f,¢g : X — Y in Top the relation f ~ g implies that F(f) =
F(g) € Homg(F(X), F(Y)). If F' is a homotopy invariant functor, then it has a canonical
factorization

i 7
hToIS

which will usually also denoted by F'.
A similar remark applies to the pointed case.

Example 2.27. The functor 7y : Top — Set is homotopy invariant and hence factorizes
as

Top L Set .
l - 7
hToﬁ

Similarly, the functor 7 : Top, — Groups is homotopy invariant and hence factorizes
as
Top, ——> Groups .

\L 7
hTop,
Lemma 2.28. IfY is a space, then the functor --- A'Y descends to a functor

---ANY : hTop, — hTop, .

Similarly, if Y is locally compact and Hausdorff, then the functor Map(Y,...) descends to
a functor
Map(Y,...): hTop, — hTop, .

Proof. We show that the functors

Map(Y,...
(_> )

Top, & Top, — hTop, , Top Top, — hTop,

*

are homotopy invariant. We then get the required descended functors as canonical fac-
torizations.
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To this end it suffices to show that for homotopic maps f,g : X — Z we have fAY ~ g\Y
and Map(Y, f) ~ Map(Y, g), respectively. Let H : I, A X — Z be a homotopy. Then for
the first case HAY : [ A X NY — Z AY is the required homotopy. For the second case
we use the homotopy

Iy AMap(Y, X) = Map(Y, I, A X) D3 Map(Y, Z) .

Here the first map in this composition sends (¢, ¢) to the map y — (¢, ¢(y)). O

Lemma 2.29. If the pointed space Y is locally compact Hausdorff, then we have an
adjunction
-+ A\Y : hTop, <= hTop, : Map(Y,...) .

Proof. For pointed spaces X, Z we have a bijection
Homrop_ (X AY, Z) = Hompop_ (X, Map(Y, Z)) .

We must show that this bijection preserves the coondition of being homotopic. In-
deed, a homotopy H € Homrop, (I+ A X AY,Z) corresponds bijectively to a homotopy
H € Homyep_(I4 A X,Map(Y, Z)). Therefore we have a natural bijection [X x Y, Z] =
[X, Map(Y, Z)]. O

Note that similar statements hold true for the unpointed case.

Corollary 2.30. We have an adjunction

3 : hTop, = hTop, : Q) .

2.5 H and co-H-spaces

The main problem of homotopy theory is the calculation of the set [X,Y] for spaces
X,Y € Top, or the similar problem in the pointed case. In general, these sets are
extremely difficult to describe and the presence of some algebraic structures is very helpful.
In this subsection we discuss structures on X or Y which induce group structures on [ X, Y].

Example 2.31. If H is a topological group, then the set [X, H] has the structure of a
group with multiplication induced by pointwise multiplication of representatives. In order
to define a group structure on [X, H| we do not really need a topological group structure
on H, but a much weaker structure which we will discuss next.

Definition 2.32. An H-space is a pointed space (H,*) together with a multiplication map
w: Hx H— H which turns ((H,x*),[u]) into a monoid object in hTop,.
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Remark 2.33. In detail, this means that we have the associativity relation

p(id x p) ~ p(p x id)

and the unit relation
p(,.0) ~idg ~ p(..., %) .

A pointed space H represents a functor
[...,H]: hTopy — Set, X — [X, H].
Similarly, an H-space H represents a functor
[...,H] : h'Top? — Monoids .
The underlying set-valued functor is defined as above. The multiplication is given by
[X,H] x [X,H] =~ [X,H x H 5 [XH] .

Finally, the unit of the monoid structure on [X, H| is induced by the base point x =
[X, %] — [X, H] of the H-space.

An H-space is called group like if the functor [..., H] takes values in groups. It is called
commutative, if [... H] takes values in commutative monoids.

Example 2.34. A topological group is naturally a group-like H-space.

A morphism between H-spaces is a map between pointed spaces which induces a natural
transformation of monoid-valued functors. We get a category of H-spaces. In partic-
ular we have a notion of an isomorphism of H-spaces. We say that two H-spaces a
equivalent if the are isomorphic monoid objects in h'Top.

Problem 2.35. Verify the following assertions: Up to isomorphism, to give an H-space
structure on a space H is the same as to give a group structure on the functor |..., H].

Lemma 2.36. For X € Top, the loop space Q0X is a group-like H -space with the operation
given by concatenation of loops.
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Proof. Exercise. O

For a pointed space X we can consider the double loop space Q2X. It has two H-space
structures + and *. The first one is the structure on the loop space Q(QX). The second
one is given by

02(X) x Q%(X) = QX)) x QX)) Z 02(X) .

For the first equivalence we use that 2 commutes with products since it is a right-adjoint.

Lemma 2.37. The two H-space structures are isomorphic. Furthermore, they are both
abelian.

Proof. We use the identification Q?X = Map(I?/01?, X) and represents elements in QX
by maps I? — X mapping the boundary to the base point. Given elements a,b, c,d € Q*X
we can define a map I%2/01* — X described by

b

C

The two H-spaces structures + and = are the horizontal and vertical composition. We
immediately read off:

(axb)+ (cxd)=(a+c)x(b+d) . (6)
The Eckmann-Hilton argument gives + = *, and that both structures a commutative.
O

Remark 2.38. On could ask if every group-like H-space is equivalent to a loop space.
This is not the case. The H-space structure of a loop space is not just associative up to
homotopy, but these homotopies satisfy an infinite chain of higher coherence conditions.

If H is an H-space with these additional higher homotopies given, then we can construct
a so-called a classifying space BH together with a map of H-spaces H — QBH. If H is
group-like then this morphism is an equivalence of H-spaces. O

Let X,Y be a pointed spaces. By Corollary we have the natural bijection
EX,Y] 2 [X,QY].
Therefore the suspension XX represents a functor

[XX,...]: Top, — Groups .
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The multiplication must be (see Problem for the dual statement) corepresented by a
comultiplication map
0: XX - XX VYX.

Indeed, we have a map
EXVEX,SX VEX]| ¥ [EX, XX VIEX] X [EX,2X VIX] - EX XX VEX],

where the first given by the universal property of the coproduct V in pointed spaces, and
the second is the multiplication. The comultiplication map ¢ is the image of idsxvsx
under this composition. This is a co-H-space structure.

Definition 2.39. A co-H-space is a pointed space (H,*) together with a comultiplication
map 6 : H — H N H which turns ((H,*),[d]) into a comonoid object in Top,.

Remark 2.40. In detail, this means that we have the associativity relation
(1dV d)d ~ (6 VvV id)d ,
the unit relation
prood ~ idy ~ pryo0d .
A pointed space H corepresents a functor
H,...]: hTop, — Set, , X — [H, X] .
Similarly, a co-H-space corepresents a functor
[H,...]: hTop, — Monoids .
The operation on [H, X] is given by

[H,X] x [H,X]|~[HVH X5 [HX].

A morphism between co-H-spaces is a map of pointed spaces which induces a morphism
of comonoids in the homotopy category. We again get a category of co-H-spaces and a
corresponding notion of isomorphism. Similarly as in Problem [2.35] up to isomorphism, a
co- H-space structure on a pointed spaces H is determined by a monoid structure on the
functor [H,...]: h'Top, — Monoids.
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Example 2.41. For a pointed space we already know that XX has a co-h-space which
is uniquely determined up to isomorphism

We represent points in 3X by pairs (t,z) € I x X. Explicitly, the coproduct is given by

(t2) (2t, x) left copy of the wedge  t €10,1/2)
& (2t —1,x) right copy of the wedge t € [1/2,1]

A co-H-space is called cogroup like if the functor [H,...] takes values in groups. It is
called cocommutative, if [H, .. .| takes values in commutative monoids.

Example 2.42. For a pointed space X the co-H-space XX is cogroup like.

For a space X we can consider the double suspension ¥2X. It has two co-H-space struc-
tures.

Lemma 2.43. The two co-H -space structures are equivalent. Furthermore, they are both
abelian.

Proof. This is similar as Lemma, [2.37] O

Definition 2.44. Let (X, z) € Top,. Forn € N we define the set

with the following structures:
1. n=0: mo(X, x) is a pointed set with base point represented by the constant map.

2. n=1: m(X,x) is a group with structure induced via
[S., X] = [287, X] .

and the co-H -space structure on $.SY.

3. n>2: m,(X,x) is an abelian group with structure induced via
7, X) = [£2572, X]

and the co-H-space structure on S™2.

For i > 2 the abelian groups m;(X, z) are called the higher homotopy groups of X.
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We get induced functors

Set, 1=0
m; : hTop, — ¢ Groups =1
Ab 1>2

Note that by Lemma [2.20[ and Corollary we have
ma(X, x) =[S, X] = [2"8), X] = [S], Q" X]

and that we can induce the group structures from the H-space structures on Q" .X.

Definition 2.45. A map f : X — Y between spaces is called a weak equivalence if it
induces isomorphisms after applying m;(X,x) — m (Y, f(z)) for alli € N and x € X .

If X — Y is a homotopy equivalence, then clearly it is a weak equivalence.

Problem 2.46. Check this assertion.

Remark 2.47. The converse is not true. To this end we introduce a class of nice spaces
called CW-complexes. It will turn out that if we restrict to the class of CW-complexes,
then weak homotopy equivalence is a homotopy equivalence.

3 Cofibre sequences

3.1 The mapping cone

Let f: X — Y a map between spaces. We define the quotient Y/ f(X) by the push-out

—Y/f(X)

In general, the homotopy type of Y/ f(X) is not an invariant of the homotopy class of the
map f.

Example 3.1. The inclusion of f; : S° — [0, 1] as boundary is homotopic to the constant

0,1]
map f; : SY — [0, 1] with value {0}. But [0,1]/fo(S°) = S while [0,1]/f1(S°) = [0,1]
and ST [0, 1].

45



The mapping cone C(f) of f is a homotopy invariant replacement of the quotient Y/ f(X).
In good cases it will be homotopy equivalent to this space.

Definition 3.2. The mapping cone C(f) of f is defined as the push-out

(0} x X U {1} < B Ly

Lk

0,1] x X —2 C(f)

Here p : {0} x X — * is the canonical map. The mapping cone has a base point given by
the image of *. It comes with an inclusion i : Y — C(f).

Remark 3.3. A description of the mapping cone of f in words is as follows. One first
attaches Y to [0,1] x X by identifying the points (1,z), x € X with f(z) € Y. The
resulting space is also called the mapping cylinder Z(f) of f. Then one contracts the
subset {0} x X C Z(f) to the base point.

In the pointed category we adopt a similar definition using the corresponding notions of
products and coproducts. Using the smash product we get a simplified formula

X T Ly

.

0,1]AX 2 —~0C(f)

Here 0 € [0, 1] is the base point.

Example 3.4. The mapping cone of the identity C'(X) := C(idy) (in the unpointed
case) is homeomorphic to [0, 1] x X/{0} x X. It is a contractible space called the cone
over X. A contraction to the base point is given by

[0,1] x C(X) 2 (s, [t,x]) = [(1 = s)t,z] € C(X) .

In terms of the cone over X we can describe the mapping cone of a map f: X — Y as
the push-out

x—21.y
b
C(X) —=C(f)

We use this description in order to denote points in C(f) by [t,z] € C(X) with ¢t € I and
reXandyeVY.
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Example 3.5. In the pointed case the mapping cone of the inclusion of the base point
x — X is homeomorphic to X.

Remark 3.6. For a map f : X — Y between based spaces the quotient Y/f(X) is
characterized by the following universal property: For every based test space T to give a
map ¢ : Y/f(X) — T is the same as to give a map ¢ : Y — T such that the composition
h o f is the constant map.

The mapping cone has a similar universal property: For every test space T' to give a
map ¢ : C(f) — T is the same as to give a map oY =T together with a homotopy
h:[0,1] x X — T from the constant map to the composition f o ¢. For an argument see
also the proof of Lemma below. O

Let f: X — Y be an embedding of a subspace. We consider Y/X :=Y/f(X) as a based
space. Then we have a natural map of pointed spaces

p:C() > Y/X | {“?;”i or oo

(7)

We ask when this map is a homotopy equivalence.

Definition 3.7. We call a subspace f : X — Y a neighbourhood deformation re-
tract (NDR) if there exist the following data:

1. a neighbourhood f: U =Y together with a retraction v : U — X (i.e. 7 x = idx),
2. a homotopy H : I x U — U from for to idy,
3. a function x € C(Y') such that x|x = 0 and xjy,u = 1.

Lemma 3.8. If f : X < Y is a NDR , then the canonical projection p : C(f) = Y/X is
a homotopy equivalence.

Proof. We define a homotopy inverse ¢ : Y/X — C(f) as follows:
2x(y),r(y)] in C(X) yeU, x(y) <1/2

q([y]) =9 H2x(y) —Ly) nY yeU, x(y) >1/2
y inY yeY\U
Then we have
[y] yeY\U
poq(y]) =9 [H2x(y) —Ly)] yeUx(y) =1/2
* yeU, x(y) <1/2
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A homotopy from the identity to p o ¢ is given by

] yeY\U
[H(s2x(y) -1+ (1 —s)y)] yeU,

where we define H(s,y) := r(y) for s < 0.

@MDH{

Here is the description of the homotopy from ¢ o p to the identity. We distinguish four
types of points.

1. y for y € Y\ U: The homotopy fixes these points.

2. y fory € U and x(y) > 1/2: The homotopy is the path s — H((1—s)(2x(y)—1)+
s,y) inY.

3.y for y € U and x(y) < 1/2: The homotopy is the concatenation of the path
s+ [(1—=5)2x(y)+s,r(y)] in C(X) and the path s — H(s,y) in Y. Here we rescale
the paths such that for the first part we need the time 2(1/2 — x(y)) and the rest
of the time is used for the second part.

4. [t,z] in C(X): The homotopy is the path [ts,z] in C(X).
Problem 3.9. Show that this really defines the desired homotopy.

Example 3.10. Let X be a space and Y := X Ugn—1 D™ be obtained by attaching an
n-cell along the boundary. More precisely, Y is defined as the push-out

Sn—l — D" .

L

X Y

Then the embedding X — Y is an NDR, see Definition [3.7]

Indeed, X is a deformation retract of the neighbourhood U := X Ugn-1 (D™ \ {0}). The
retraction is induced by the map

D™\ {0} — S ur—>HZ—H.

The homotopy is induced by [0,1] x (D" \ {0}) > (¢, u) = tu+ (1 — ).

The function x : Y — [0, 1] is induced by the universal property of the push-out by the
functions u — 1 — ||lu|| on D™ and 0 on X.

Note that Y/X = D"/S"~! = 8" So in this case C'(X — Y) ~ S".
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3.2 The mapping cone sequence

We call

the mapping cone sequence of f.

Definition 3.11. A sequence of maps between pointed sets
(4.0) % (B,b) % (C,0)
is called exact if v~ (c) = ¢(A).

Let (Z, z) be a pointed space. For any space X the set [ X, Z] of homotopy classes of maps
from X to Z is pointed by the constant map to the base point.

Lemma 3.12. The mapping cone sequence
x5y 4o
induces an exact sequence of maps between pointed sets

(C(f),%),(Z,2)] 5,21 5 X, 2]

Proof. Let [u] € [Y,Z]. The condition that f*[u] € [X, Z] is the base point is equivalent
to the existence of map H : [0,1] x X — Z such that Hjj13xx = uo f and Hygyxx is the
constant map to z. The datum of H and u together, by the universal property of the
push-out, is equivalent to a map of based spaces h : (C(f),*) — Z such that hoi = u
and hoj = H. So in particular [u] = i*[h].

On the other hand, if [h] € [(C(f),*),(Z,2)], then H :== hoj : [0,1]] x X — Z is a
homotopy from the constant map with value z to the composition hoio f. This implies
that f*i*[h] is the base point of [X, Z].

O

There is an analog of this Lemma in the based case. Assume that f: (X, z) — (Y,y) is
a map of based spaces.

Lemma 3.13. The mapping cone sequence
f i
(X, z) = (Y,2) = (C(f), %)
induces an exact sequence of maps between pointed sets

(C(f), %), (Z,2)] D (Vo) (Z,2)] B [(X,2),(Z,2)] .
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3.3 Functoriality properties of the mapping cone

We consider the category A' := (e — @). For any category C we let
C*' := Fun(A', Q)

be the category of morphisms in C. In explicit terms, its objects are morphisms
f X — Y between objects of C, and its morphisms

(D, 0): (f: X =Y)=(f: X' =Y

are commutative squares

x oy

bl

X/ > Y/

Let (f: X =Y) € Top®' be a morphism in Top. We consider the map i : Y — C(f) as
an object of TopAl.

Lemma 3.14. The mapping cone construction can be considered as a functors

C: TopAl — TopAl , C: Top*Al — Top*Al :
Proof. Exercise. O
In the following we consider the unpointed and pointed cases simultaneously. Let Z be

a space. If f: X — Y is a morphism, then we can form Z x f : Z x X — Z x Y, or
ZNf:ZNX — ZAY in the pointed case.

Lemma 3.15. There a natural isomorphisms
C(Zx )= Z NC(f), CUZNZZNC().

Proof. Exercise. O

Al

T

There is a natural notion of a homotopy between morphisms in TopAl or Top

Corollary 3.16. On morphisms the cone functor preserves homotopies.
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We consider again a square
XLy .
o, b
x Ly

We say, that it commutes up to a distinguished homotopy H if we are given a
homotopy H : f' o ¢ ~ 1o f. We consider the datum (¢, 1, H) as a sort of generalized
morphism from f to f’.

For a commuting square we can take the constant homotopy.

Lemma 3.17. Assume
(¢, H): X 1>y

P,k
X/ LY/

1s a generalized homomorphism. Then we get a canonical commutative diagram

Yy —C(f) . (8)
lw iC(dmlf,H)
Y —=C(f)

Proof. Let H : [0,1] x X — Y’ be the homotopy f' o ¢ ~ 1 o f. We define a map

C(¢,9, H) : C(f) = C(f)

by
[2t,¢(z)] in C(X') te€]0,1/2]

aMEMﬂH{ m%—an’temquEOW)

and

Yoym—iY(y) inY’.

Lemma 3.18. The functor map (¢,1, H) — C(¢, 1, H) preserves homotopies.

Proof. Exercise. O
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There is a natural way to compose generalized morphisms (¢,¢, H) : f — f’ and
(¢, ' H") : f' — f" between maps by putting one square on top of the other and
concatenating (we use the symbol #) the homotopies to the new homotopy

(H'o ¢)i(¢' o H)

Lemma 3.19. The maps C(¢,¢,H) o C(¢', ', H") and C(p o ¢',¢p o', H o H') are
homotopic.

Proof. Exercise. O

A generalized morphism
(0,0, H): (f: X =Y)=(f: X' =Y
is a homotopy equivalence if there exist a morphism
(W H): X' =>Y)=>(f: X =>Y)

such that the two obvious compositions are homotopic to the identity morphisms.

Corollary 3.20. If (¢,v, H) is a homotopy equivalence, then C(p, ¢, H) is a homotopy
equivalence.

The following Lemma shows that for a generalized morphism (¢, v, H) the condition of
beeing a homotopy equivalence only depends on ¢ and v, but not on the homotopy H.

Lemma 3.21. Consider a square

oy

P,k

X' —Y’

which commutes up to the distinguished homotopy H and assume that ¢ and 1 are homo-
topy equivalences. Then C(¢p,1, H) is a homotopy equivalence.

Proof. We can choose homotopy inverses ¢’ and ¢’. Then the square



commutes up to some homotopy H’. In order to define H' we first choose homotopies
idy ~ ¢’ o and ¢ o ¢’ ~ idx. Then we get the desired homotopy H’ as the following
concatenation of homotopies between maps X' — Y

fod ~povofod afofopog ~yfof .

Problem 3.22. We leave it as an exercise to check that the square (¢',%', H') is a ho-
motopy inverse of (¢,1, H).

3.4 The long mapping cone sequence

We now restrict to the pointed case. If we consider the mapping cone construction C' as
1

an endofunctor of Top*A then we can iterate it. Given a map between pointed spaces

f:X — Y we define f®) := C*(f). We get a sequence of pointed spaces

P x5y B ooy B ogmy 5

It will also be called the long mapping cone sequence or Puppe sequence. For a pointed
space (Z, z) we get a long exact sequence of sets

[P(f): (%, 2)] .

At a first glance the iterated mapping cones seem to become increasingly more compli-
cated. But the opposite is the case as we shall see now.

We can extend the mapping cone sequence of f by
xLyLowson.

There exists a natural map
q:C(f) = XX

which is induced by the map of push-out diagrams

x—71-y = x— o
il ) J{l ) \Lz
C(X) —=C(f) C(X) —=3X
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Lemma 3.23. There exists a homotopy equivalence a : C (i) = X such that
C(f) == C(i)
C(f) ——=1xX

commutes.

Proof. In order to understand C'(i) we recall its definition

Yy —>C(f) .

.
cly)—C()
A good way to imagine C(7) is as the space obtained by glueing a cone over X with a

cone over Y along their bases using the map f, i.e. C(i) = C(X) Up.xoy C(Y). We call
these subspaces the left and right summands.

We write points in C'(i) as [¢,z] (in the left summand) or [t

,y] (in the right summand)
with ¢ € [0,1] and z € X and y € Y such that [1,z] = [1, f(z)].

We define the map
a:C(i) - XX

such that it is the projection C(X) — XX on the left summand and the projection
C(Y) — * on the right summand.

An inverse map is given by

2t, 2] left summand te0,1/2]

b: XX =), [ta]m { [2 —2t, f(x)] right summand ¢ € [1/2,1] ° 9)
Then the composition a o b: XX — XX is given by

2t x] te0,1/2]

aob:zXa[tw]H{ | x  tell1/2,1]

Hence a o b is homotopic to the identity. We describe how the homotopy moves the point
[t,z] € ¥X. We consider two cases:

1. t <1/2: The homotopy applied to [t, z] is the path [(1 — s)2t + st, z].

2. t > 1/2: The homotopy is the path [st + (1 — s), z].
We further see that the composition boa : C(i) — C(i) is given by

2t,a]  tel0,1/2
t, 2] = { 22t f(@)] te(1/21

We now describe the homotopy to the identity

]] . [ty e o
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1. [t,z] for t < 1/2: The homotopy is the path [(1 — s)2t + st, z].

2. [t,z] for t > 1/2: The homotopy is the concatenation of the paths s +— [(1 — $)(2 —
2t), f(x)] and s — [(1 — s) + st, xz]. Here we rescale the path such that the first path
is run through in the time (2 — 2t) and the rest of the time is used for the second
piece.

3. [t,y]: The homotopy is the path [(1 — s) + st,y].

We now get a natural commutative diagram

(0) (1) (2) )
Xfﬂyﬂfg )gc(f(1>) L o)

A

XHYHC S X Cla) =)

The square (4,0) is obtained from the functoriality of C'(f) applied to the square (3,0).

For a space X we consider the involution
—: XX - ¥X, [t,z] —[1—t x].

For amap f: X — Y we write —Xf for the composition of ¥ with this involution.

Lemma 3.24. Up to homotopy we have 7 ~ =% f.

Proof. We identify the map ? using the homotopy inverse b of a. In view of @D the
composition a™™ o f&) o b is given by

. [t €0,1/2]
[t,2] = { 2—2t,y] te(1/2,1]

Corollary 3.25. We get equivalences

SC(f) = C(-£f) .

Furthermore, the long mapping cone sequence is equivalent to

x4y hopSesx ey Fxog) F ey ey ko
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Corollary 3.26. If Z is a pointed space, then we get a long exact sequence of pointed sets

/
[22C(f) — 22X, 7]
/
/

[C(f) 2]

[SC(f — - [2X, 7]

From the second line on we have an exact sequence of groups which are abelian from the
third line on. The group [XX] acts simply-transitively on the fibre of the map [C(f), Z] —
Y, Z].

4 Cohomology

4.1 Spectra

A spectrum E = ((E};)icz, (0i)icz) is a sequence of pointed spaces (E;);cz together with
structure maps
o; By — QEH—l

for all ¢+ € Z which are assumed to be homotopy equivalences.

Remark 4.1. At the moment we do not have the means to construct an example of a
spectrum. So we shall just assume that spectra exist. As we will see shortly, a spectrum
gives rise to a cohomology theory. If one represents a cohomology theory by a spectrum,
then the basic structures follow in an easy manner. As the reader might know, there are
other ways to construct cohomology theories. Here the verification of the properties are
more involved. So by the principle of preservation of difficulty the construction of a
spectrum should be a non-trivial matter.

We fix a spectrum E. If X is a pointed space, then [ X, E;] is a pointed set. The structure
of the spectrum E provides isomorphisms of pointed sets

(X, B 2 [X,QF 1] =2 [X,0%E;,,] .
Using these isomorphisms we equip the pointed set [ X, E;] with an abelian group structure.

Definition 4.2. We define the (reduced) cohomology of a pointed space X with coef-
ficients in E to be the Z-graded abelian group H*(X;E) whose degree-i-component is

H(X;E):=[X,E] .
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If X un-pointed, then define the cohomology of X with coefficients in E by

H(X;E):=H" (X E) .

If f: X — Y is amap of spaces, then the induced map
fFH(Y;E) - H (X;E)

is a homomorphism of Z-graded abelian groups. The homomorphism f* only depends on
the homotopy class of f, and for composeable maps we have the relation (go f)* = f*og*.
We let Aby_,, denote the category of Z-graded abelian groups.

Corollary 4.3. A spectrum E induces functors
H*(...;E): hTop? — Aby_,. , H*(...;E): hTop” — Aby_,

Lemma 4.4. For every pointed space X and integer i € 7 we have the natural suspen-

ston tsomorphism ‘ ‘
H(X;E) = H(X;E) .

Proof. The suspension isomorphism is given by the chain of natural isomorphisms

HT (SX;E) & [2X, B4 & [X,QF 1] = [X, B = H(X;E) .

The cohomology with coefficients satisfies the wegde axiom:

Lemma 4.5. Assume that X =\/ ., X,. Then for every i € Z we have an isomorphism

H'(X:E) — [[ H'(X.:E)

ael

induced by the natural map.

Proof. The relation X ~ \/_ _; X, holds true in the homotopy category. Mapping out
turns coproducts into products. O

Definition 4.6. For a map f: X — Y between pointed spaces we define the cohomology

of | by , .
H'(f;E) = H'(C(f);E) .

If f is the inclusion of a subspace, then one often uses the notation
H'(Y, XE) = H'(f;E)

and calls this the cohomology of the pair (Y, X).
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Lemma 4.7. For a map f : X — Y between pointed spaces we have a long exact
cohomology sequence

S HYX,E) S H(AE) S H(YV,E) D H(X,E) — ...
Proof. By Corollary we have an exact sequence
— H(SX,E) S HI(C(f),E) S H(Y,E) L HI(X;E) > ...

and now use the suspension isomorphism at the first entry. O

The Z-graded abelian group
E*:= H*(S%;E)
is called the coefficients of the cohomology theory. Note that
(0, B) = H""(5):B)
for all n € N.

Remark 4.8. In the axiomatic approach to reduced cohomology theories these
properties are the axioms. Here a reduced cohomology theory is a functor

h* : Top, — Abz_,,
with the following properties and additional structures:
1. It is homotopy invariant.
2. It satisfies the wedge axiom.

3. It has the additional structure of natural suspension isomorphisms h**1(XX) =
h*(X).

4. For every f : X — Y the sequence h*(C(f)) — h*(Y) — h*(X) is exact in the
middle.

The groups h*(S?) are called the coefficients of the cohomology theory.
Example 4.9. If (E,)qcs is a family of spectra, then we can define their product

E:=]]E.
ael
such that E; := [[,c; Fa,i- The structure maps of the product specrum are given by
E =[] Eai = [ QBoin1 = Q][ Baicr = QB -
acl acl acl

Here we use that € is a right-adjoint and therefore preserves products. For every k € Z
we have an isomorphism

HYX:E) > [[ H*(X;E.) .

ael
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Example 4.10. If E is a spectrum and k& € Z, then we can define the shift ¥*E by
(X*E); := E; 1. The structure maps of the shift are given by

(S*E)i = Eipk = QEip1 = QXE)ip
We have a natural isomorphsm
HY(X;Y'E) = H"(X;E) .

Example 4.11. At the moment we shall accept that for every abelian group A there
exists a spectrum HA with

A k=0

k(QO. ~
s = {0

This spectrum is called the Eilenberg-MacLane spectrum of A. In order to construct
such a spectrum we must construct for every n € N a so-called Eilenberg-MacLane
space K(A,n) and homotopy equivalences

K(A,n)— QK(An+1).

The Eilenberg-MacLane space K (A, n) is characterized by the property that 7, (K (A,n)) =
A is its only non-trivial homotopy group. If we had K (A, n), then we could simply define
K(A,m) := Q" "™K(A,n) for m < n. Unfortunately, there is no largest integer to start
with.

A construction of the Eilenberg-MacLane spectrum HA will be given in Corollary [7.72]
More generally, if A is a Z-graded group, then we can consider
HA:=[[S"HA, .
keZ
This is the Eilenberg-MacLane spectrum with coefficients in the Z-graded group A.

The cohomology theory
X = H(X;A):= H(X;HA)

is called the ordinary cohomology of X with coefficients in A.

In the following we discuss two features of the cohomology of unpointed spaces, namely
excision and the Mayer-Vietoris sequence. For excision we consider a sequence of sub-
spaces

UCACX.
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Lemma 4.12. If we assume that A C X is a NDR (see Definition[3.7) and that U C A
15 open, then the natural map induces the excision isomorphism

H"(X,A,E) = H*(X \U,A\ U;E) .
Proof. Note that A\ U — X \ U is again a NDR and the natural bijection
(X\U)/(AN\U) = X/A
is a homeomorphism.

Problem 4.13. Check this assertion.

Using Lemma [3.8] twice we get the isomorphism

H*(X,A;E) = H*(X/A;E) = H* (X \U)/(A\U):E) 2 H*(X \U, A\ U;E) .

We now consider a decomposed space X = UUV. Leti: U — X and j: V — X,
a:UNV —-Uandb: UNV — V denote the inclusions.

Lemma 4.14. IfV C X is a NDR and U 1is closed, then we have a long exact Mayer-
Vietoris sequence

s HY N S B Y BN O e HYV) S BN UNV) =

Proof. We combine the long exact sequences of the pairs (U,U N V) and (X,V) and
excision for (X \ U) C V C X by Lemma [4.12] We get the commuting diagram

H=YUNV)— HYU,UNV)— H*U) —% H*U N V)

HEY(V) HH (X, V) ——= HA(X) —— H*(V)

*

which defines ¢ as the obvious composition. Form this we derive exactness of the sequence
HYUnv)S X)) Y B U) e HY() " B (U NY)

by a diagram chase.

Problem 4.15. Work out the details of this argument.
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Problem 4.16. Let X be a pointed space. Then we have an isomorphism

2t,a]  t<1/2

YX ¥ C(X)Ux C(X), [W]H{ [2—2t2] t>1/2

Find the precise relation between the suspension isomorphism and the boundary operator
in the Mayer-Vietoris sequence associated to this decomposition

Problem 4.17. Calculate the cohomology H*(X,;Z) for an oriented surface ¥, of
genus g with k boundary components. Use the presentation of X4 by glueing g cylinders
over St to a two-sphere with 2g + k holes and the Mayer-Vietoris sequence.

4.2 CW-complexes and the AHSS

Assume that we have a filtered space
XoCX;C Xy CX .
Then the cohomology has a natural decreasing filtration
FPH*(X;E) :=ker(H*(X;E) - H(X,-1;E)) .
For every 7 € N we get a long exact sequence
o= H'(Xj41, X;5E) - H'(Xj4E) - H(X;E) » HT (X400, X;5E) —

These long exact sequences fit together in an exact couple

@jH*(Xj;E) @jH*(Xj;E> .

\/

D, H (X1, X;; E)
We thus get a spectral sequence in the right half space (p,q) € N x Z with
EP = HM(X,, X, 1;E) .
If the filtration is finite, then the associated spectral sequence converges to

EP >~ GrP HP(X:E) .

This spectral sequence is useful if one can calculate E7?. This is possible for CW-
complexes.

Definition 4.18. A relative CW -complex (X, Xy) is a topological space X with addi-
tional structure:
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1. An increasing filtration
XoCX1CXp---CX

indexed by N.
2. For every j € N a collection of attaching maps (ka)acr;.; Ka ST — X;.

3. A presentation of the inclusion X; — X;11as a pushout

|_|a€Ij+1 SJI—% Xj : (]‘0)

|

J+1 uaea
|—|aelj+1 D XJ+1

4. A homeomorphism X = colim;X;.

If Xy is a discrete space, then we call X a CW -complex.

Let X be a CW-complex. Then we call X; the j-skeleton of X. For j € N and
« € [;;1 the map ko : S7 — X is called the attaching map of the cell with index
o, and e, : D't — X, is the characteristic map of the same cell. The spectral
sequence associated to the filtration of a CW-complex by its skeleta is called the Atiyah-

Hirzebruch spectral sequence (AHSS). If the filtration is finite, then it converges to
GrH*(X;E).

If X is a CW-complex, then the inclusion X; — X, is a NDR, see Example [3.10]
Consequently
H*(Xj41, Xj: E) = HY (X1 / X5 E)

Moreover, the presentation (10)) induces a homeomorphism
\/ sitte ) DTS S XX
a€Ij+1 a€lj+1

We therefore get, using the wedge axiom and the suspension isomorphism,

H'(Xj/X;E) =2 H(\/ SITE) = [ B (S0 EB) = [ B2/

aeIJJrl 016174,1 OLGIJ+1

Putting these isomorphism together we get the first page of the AHSS

EPe = HPY(X,, X, ;E) = [] E*.

acly
Our next task is to describe the differential
dy: EY — EPTH
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In view of the above isomorphism we must describe homomorphism

12— ] B

a€cl), a€lyi

Let o € I,, and 8 € I,,1;. Then it suffices to give the composition
$po: ' [ B2— ] E*— E,
O/EIP B/elp+1

where the first map is the natural inclusion of the factor with index o and the last map is
the projection to the factor with index . The following exercise shows that the collections
of maps (¢g,) really defines a morphisms between the products.

Problem 4.19. Check that for every € I, the set
{a €l | dpa # 0}
s finite.
If we follow through the definitions ¢4, is given by the composition

Ky

EY =~ HP9(S%E) 8 H"M(X,/X, 1;E) = H"(X,;E) — H" (X, /X, B) -

iﬁ_’; Hp+q+1(5q+1;E) ~ R4

Here
X X

p p gsp
*

-
Xp—l Xp—l U Ua’elp\{a} ea'(Dp>

is the natural projection where the last homeomorphism is induced by e,. Furthermore,

Ty

ig: Sl priljsr Rx /X,
The following square commutes
HP (X, E) —= H771 (X1 /X, E)

6,8*
Hp+q+1 (Dp+1/Sp; E)
Hprtatl (Sf+1; E)
| suspenston

HP*(SPE)

*
Re

HPH(X); E)

63



Problem 4.20. Check this assertion.

It follows that ¢g, is induced by the composition

Ta O kg1 SY — ST .

We first consider this map in ordinary cohomology with coefficients in Z. Let f : SP — SP
be a map. It induces a homomorphism

7= HP(S";7) — HP(S":Z) 2 7

and is hence given by multiplication by a uniquely determined number deg(f) € Z.
Definition 4.21. We call deg(f) € Z the degree of f.

We conclude that in this case ¢g, : EP — E? is multiplication with the degree deg(m, o
/fﬁ) S/

Remark 4.22. It is known that the degree induces a bijection
BHEYA

We have not yet developed the techniques to show this assertion, but see Theorem [6.106]
below. For p > 1 the bijection is an isomorphism of rings when consider S? as a co- H-space
for p > 1 for the additive structure, and the composition of maps for the multiplication

on [S%, St].

Remark 4.23. For applications we must be able to calculate the degree of a map. Let
f :SP — SP be given. Up to homotopy we can assume that there exists a point & € SP
and a small embedded p-ball £ € B C SP such that f is smooth on the preimage f~!(B).
We can further assume that ¢ is regular. After shrinking the balls we can now assume
that fi;-1(p) is a covering. We can now deform f (keeping its restriction to f~'(1/2B)
fixed) by expanding it on B\ 1/2B to a map

VA o
IRG

where the restriction f, of f to the summand with index z is a diffeomorphism. Here the
first map is an iteration of the coproduct ¢ : SP — SP Vv SP. We get

deg(f) = Y deg(fs) -
€

zef-1

The degree of a diffeomorphism must be a unit in Z, i.e. deg(f,) € {1,—1}. The degree
of the identity is 1. One can now check that the degree of an orientation reversing map
is —1. One can e.g. produce a homotopy from (idV —id)od : S? — SP vV .SP — SP to the
constant map.
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Problem 4.24. Give the details.

Proposition 4.25. The differential d, : E"* — EP™ of the first page of the AHSS
is given by the collection multiplication operators ¢g, = deg(my o Kkg) for B € 1,11 and
a€ I,

Proof. We have checked this in the case of ordinary cohomology with coefficients in Z.
The general case would require more theory which we have not developed so far. O

Let us specialize the AHSS to the case E = HA for an abelian group A. In this case the
whole spectral sequence is concentrated in the zero line, i.e. we have EP9 = (0 for ¢ > 1.
We define the cochain complex

CP(X;A)=EM= [ A, di=d:C"X;A) = C"(X;A) . (11)

a€clp

This is the cochain complex of the CW-complex X with coefficients in A. Note
that the notation is sloppy since the chain complex depends on the cell decomposition
of X. If the filtration is finite (this condition is actually not necessary), then we get an
isomorphism

HP(X; A) = GrPHP(X, A) = PP = (P = HP(C*(X, A),d) .

Note that H*(X; A) does not depend on the C'W-structure.

Remark 4.26. By Proposition (the unproven part), in the general case, the second
page of the Atiyah-Hirzebruch spectral sequence of a CW-complex can be expressed in
terms of ordinary cohomology:

EYT = HP(X; ) .

From the second page on it does not depend on the CW-structure. In general there is
now space for higher differentials which are usually difficult to determine.

4.3 Calculations of cohomology

Example 4.27. We consider the complex projective space CP". We have a filtration
*x CCP'cCP?C---CcCP"!cCP".

We identify C" = CP"\ CP"! such that z € C" corresponds to the line [1 : z] € CP". The
projection map C"\ {0} — CP"!, z — [2], extends to the compactification of C" — D"
with the sphere at infinity. Hence we get a presentation

CP" = CP"! Ug2n-1 D* .

65



This equips the complex projective space CP" with a C'W-structure with one cell in every
even dimension between 0 and 2n.

The cellular cochain complex C*(CP™; Z) is now given by
Z—-0—-2Z—=-0—---—=0—=%Z,

where the last Z is in degree 2n. We read off the cohomology:

7 k=2, i€{0,1,...,n}

0 else

H"(CP";Z) = {
For an arbitrary group A we get the same picture:

e Ay = { A k=20 1€{01,n}
0 else
Example 4.28. The real projective space RP" has a similar filtration
* CRP' C--- C RP"' C RP".

This gives a C'W-structure with one cell in every dimension between 0 and n.

The cellular cochain complex C*(RP™; Z) is given by
727 —7—- - —>1—17,

where the last Z is in degree n. It is now important to determine the differential. To this
end we must study the map

¢S — RP! — RP//RP/ =2 7
It is given on the open dense subset {{, # 0} by
So&m [ =gl 2 €/oeR C S

The first map sends a point in the sphere to the line determined by this point. The second
map identifies all points of the form [0 : z] to one point. On this subset it is a two-fold
covering, orientation preserving on the sheet {; > 0 and orientation preserving (reversing)
on the sheet & < 0 of j is even (odd). From this we deduce

2 j even
deg(¢) = { 0 ]] odd

Hence, the cochain complex is more precisely



We now read off the cohomology.

7 k=20
& n N 2)27 k=2, ie{l,2,...,[n/2]}
H*(RP™ Z) = 7 nodd and k=n
0 else

In is interesting to consider the cohomology with coefficients in Z/2Z. In this case mul-
tiplication by 2 is 0 and the complex is given by

Z)27. > 7.)27. % )27 > )27 5 . L)27 > 727 .

We conclude that

7)27 k=i, i€{0,1,...,n}

H*(RP";Z/27) = { 0 ose

5 Fibre sequences

5.1 The homotopy fibre

We consider based spaces (X, z) and (Y,y) and a morphism between based spaces f :
X — Y. The fibre of f is the subspace f~!(y) C X with the base point z.

We can write the fibre as a pull-back

flly) —x .
i i Yf

The fibre has a similar problem as the quotient. It is not homotopy invariant. The
following example should be compared with Example [3.1]

Example 5.1. The constant map const; : S' — S! with image 1 € S! is homotopic to
amap f:S*— S! which is a two-fold covering near 1.

Problem 5.2. Find such a map.

The fibre of the first is S*, while the fibre of the second is a two-point space. These two
spaces are not homotopy equivalent.
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The fibre f~1(y) is characterized by the following universal property. For every based
space T' to give a map ¢ : T — f~Y(y) is equivalent to give a map ¢ : T'— X such that
the composition f o ¢ is constant.

In analogy with Remark [3.6) we want to define a space, called the homotopy fibre Fib(f)
of f, with the universal property that to give a map ¢ : T" — Fib(f) is the same as to
give a map ¢ : T — X together with a homotopy h : [0,1] x T — Y from the constant
map to the composition f o (5

We let [0, 1] be a based space with base point 0 and consider the path space
PY :=Map([0,1],Y) .

We have an evaluation e : PY — Y given by e(y) := 7(1). The path space PY is
contractible. A contraction is given by

(s,7) = (t = y((1 = s)t)) -

To give amap T' — P is, by the exponential law, equivalent to give a map T' — Y together
with a homotopy of this map to the constant map.

Definition 5.3. We define the homotopy fibre Fib(f) of a map f : X — Y between
pointed spaces to be the based space given by the pull-back

Fib(f) ~—— X

PLb

PY ——Y

Thus a point in Fib(f) is a pair (v, z) of a point 2’ € X and a path « in Y from the base
point y to f(x).

Problem 5.4. Show that to give a map T — Fib(f) is the same as to give a map T — X
together with a homotopy from the constant map to foT.

There is a natural map (the analog of (7))
p: fHy) = Fib(f), 2’ — (const,,a’).
We can again ask under which conditions this map is a homotopy equivalence.

Recall that a map f has the homotopy lifting property for a space A of the lift h in

A%X

J

IxA sy

for every choice of h, hy. We call f a fibration if it has the homotopy lifting property for
every space A.
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Proposition 5.5. If f is a fibration, then the map p : f~(y) — Fib(f) is a homotopy
equivalence.

Proof. We must construct a homotopy inverse ¢ for p. To this end we consider

Fib(f) —— X

I x Fib(f)"—y
where h is gien by
h(s, (v,2')) =7(1 =) .
We define ~
q = hyyxrine)  Fib(f) = f' () -

Then .
I x X > (s,2') — h(s,(const,,z')) € X

is a homotopy from idx to g o p. Similarly,

(5, (7,2")) = (¢ = (L = 8)1)), (s, (7, 2")))

is a homotopy from idgj,(s) to pog. O

Lemma 5.6. We can consider the Fib as a functor
Fib : Top® — Top®' , (f:X = Y)~ (i: Fib(f) = X) .

Proof. Exercise. O

Assume that the square

x—L-y

kol

XLy
commutes up to distinguished homotopy H, i.e. is a generalized morphism (¢,v, H) :
f=r.
Lemma 5.7. A generalized morphism (¢,v0, H) : f — f' determines commutative dia-
gram

Fib(f) —— . (12)
lFib(w,H) lqﬁ
Fib(f") — X’
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Proof. We define
Fib(¢, v, H)(7,2") := (1, ¥ (f(2))

where p is the concatenation of paths
t=o(y(t), t— H(t,z) .

O

Lemma 5.8. Given two composeable generalized morphisms (¢,, H), (¢', 4, H') we have
Fib(¢ o ¢/, 0, H o H') ~ Fib(¢, 1, H) o Fib(¢',¢', H') .

Proof. Exercise. O

Lemma 5.9. We have a homeomorphism I x Fib(f) = Fib(I x f)

Proof. Tt is given by

(£, (7, 2")) = ((t = (£,7(1)), (¢, f(2)) -

Corollary 5.10. The map (¢,1, H) — Fib(¢, 1, H) preserves homotopies.

The following corollary in connection with Proposition [5.5] explains why Fib is the homo-
topy invariant way to take the fibre of a map.

Corollary 5.11. If (¢,%, H) is a homotopy equivalence, then so is Fib(¢, 1, H).

5.2 The fibre sequence
If f: X — Y is amap between pointed spaces, then we call
Fib(f) 5 X LY

the associated fibre sequence.

Lemma 5.12. For a pointed space Z the sequence of pointed sets
(2. Fib(f)] 5 [2.X] % [2,Y]

18 exact.
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Proof. To give a map u : Z — Fib(f) is equivalent to give a map v : Z — Y and homo-
topy from the constant map to f owv. If we start with u, then v = 7 o u and therefore
foiou ~ const. Vice versa, given v such that v ~ const, then the choice of a homotopy
defines a preimage u such that i ou = v. O

The following is completely analogous to Section[3.4 We can iterate the fibre construction
and get the long fibre sequence

F( s B RGO SR By B x

Then
12, F(f)]

is a long exact sequence of sets.

We now discuss the first iteration in detail

Fib(i) & Fib(f) &+ X LV .

There is a natural map
q: QY - Fib(f), v—(7,2).

An point in Fib(i) is a tuple (u, (v, 2’)) where p is a path in X from the base point to 2’
and ~ is a path in Y from the base point to f(z’). We define a canonical map

a:QY — Fib(i), ~+ (const, (v,2)) .

Lemma 5.13. We have a commutative diagram

QY —=Fib(f)
Fib(i) —= Fib(f)
and a 1s a homotopy equivalence.

Proof. We give the inverse equivalence
b:Fib(i) = QY , (4, (y,2") = fou 'ty .
The composition a o b is given by

(i, (7,2")) = (const, (fopu 'y, x)) .

Let us be the path p up to time s. The a homotopy from a o b to the identity is given by

(s, (1, (7, 2))) = (s, (f © g ', p1(s)))
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Similarly, b o a is given by
v +— foconstly .

This is obviously homotopic to the identity. O

We now verify the dual of Lemma [3.24]

We have a diagram

QX

,
QY

~<F1b(q) Qy —¢ Flb ) x Loy

|

Fib(k) —> Fib(i) —> Flb L XY

Lemma 5.14. The map ? is homotopic to —Q(f).

Proof. Exercise. O

Corollary 5.15. We have equivalences QFib(f) ~ Fib(—Qf).

This is the analog of Corollary |3.25]

Corollary 5.16. If f : X — Y is a map of pointed spaces, then the long fibre sequence
15 equivalent to

s Fb() Y 2x Y 2y T4 orin) " ax W ay L) S x by

Corollary 5.17. If Z is a pointed space, then we have a long exact sequence

/ . (13)

12, Q2Fib(f)] — 2, 02 X] — [Z, Q%Y

12, QFib(f)] — 2, QX] — [Z,QY]

[Z, Fib(f)] 1Z, X] 1Z,Y]

The lowest line consists of sets, the first line of groups, and all higher lines of abelian
groups.
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Remark 5.18. There is a right action of the group [Z, QY] on [Z,Fib(f)]. It is induced
by the map

QY x Fib(f) = Fib(f) . (v, (v’ 2)) = (V7. 2') -
The action is simply transitive on the fibre of [Z, QY| — [Z,QX] over the base point.

5.3 The long exact homotopy sequence

We consider a sequence of maps F' 9y X L ¥ such that foj is homotopic to the constant
map. A choice of a homotopy provides a lift in the diagram

F % Fib(f)
P
X=——=X

f f
Y Y

The sequence is called a fibre sequence if ¢ is a homotopy equivalence. It is called a
quasi-fibration of c is a weak equivalence.

Example 5.19. If the map f: X — Y is a fibration and F' — X is the inclusion of the
fibre over the base point, then FF — X — Y is a fibration sequence.

We consider a pull-back diagram
X —X

Il
Y —Y
Lemma 5.20. If f is a fibration, then [’ is a fibration.

Proof. Exercise. O

Proposition 5.21. If FF — X — Y s a quasi-fibration, then we have a long ezxact
sequence of homotopy groups/sets.

e — 7T2(F) — 7T2(X) — 7T2(X) — 771(F) — 7T1(X) — 7T1(Y) — 7T0(F) — 7T0(X) — WQ(Y) .

Proof. We apply to Z = S%. We can replace Fib(f) by F. Finally we use that
(S, QFA] = 1 (A). O

We should provide the example that a locally trivial fibre bundle is a fibration sequence.
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Theorem 5.22. If 7 : W — B is a locally trivial fibre bundle over a paracompact Haus-
dorff space, then it is a fibration.

Proof. For the very technical proof we refer to [Spa81], Cor. 2.7.14] O

6 Homotopy groups

6.1 Calculation of homotopy groups

Example 6.1. We have
Wl(Sn):O, 1§z<n

To see this consider a base-point preserving map f : S — S”. We can deform f to a
smooth map. By Sard’s theorem its set of regular values has full measure and is therefore
not empty. If £ € S™ is a regular value, then because of i = dim(S*) < dim(S™) we have
7€) = 0. We indentify S™ with the compactification of R™ at oo such that oo = &.
Then we can deform f to a constant map inside R"™.

On the other hand we have seen in Subsection [£.2] that 7, (S™) # 0.

Lemma 6.2. If f : X — Y is a covering of pointed spaces, then f, : m(X) — m(Y) is
an isomorphism for i > 2 and injective for i = 1.

Proof. A covering is a locally trivial fibre bundle with a discrete fibre which we will denote
by F. We have m;(F) = 0 for all « > 1. It now follows from the long exact homotopy
sequence that f, is an isomorphism between homotopy groups in degree > 2 and injective
for i = 1. O

Example 6.3. For n € N, n > 1, we have a convering R” — T™. Since R" is contractible
we can conclude that m;(7") = 0 for ¢ > 2. We have already seen that m(7") = Z".
Hence T" is a model for the Eilenberg-MacLane space K(Z", 1), see see Example m

More generally, if ET is a contractible space on which a discrete group I' acts freely and
properly, then BT := ET'/T has the homotopy type of K(T',1), i.e.

aipry={ 0171

Such a space BT is also called a classifying space for I'.

Let f: W — B be a locally trivial fibre bundle with fibre S*. Since m;(S') = 0 for i > 2
we have isomorphisms

fo:m(W - m(B), i>3,
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and an exact sequence
0= m(W)—=m(B) > Z— m(W)—m(B)—0.

Example 6.4. We can apply this to the Hopf bundle S?"*! — CP". We conclude that

m;(CP") = 1,(S*" ) i >3,
In particular,

m(CP") =0, 3<i<2n.
We further note that

WQ(CP”) =7 y Wl(CPn) =0.
There are natural inclusions CP* — CP"*!'. We define

CP* := colim,,_,,,CP" .

Then
o [0 iA2
mi(CP )—{ 7 i=2
Hence CP* is a model for the Eilenberg-MacLane space K (Z,2), see Example [4.11}

Let f: X — Y be a map between spaces. For a choice of a base point in X we can define

mi(f) = m_1(Fib(f)), i€N

and get a corresponding long exact sequence. In particular, if f is the inclusion of a
subspace, then we write
(Y, X) :=mi(f)

and call them the relative homotopy groups (or sets in the case i = 1). We therefore
have a long exact sequence of the pair (X,Y)

oo m(Y) 5 m(XY) 5 m(X) 5 (YY) > m((Y, X) = mo(X) = m(Y) .
We say that the map f is g-connected if and mo(X) — mo(Y) is surjective and m;(f) =0
for all 1 <1 < ¢ for all choices of a base point in X.
Remark 6.5. The condition that f is g-connected is equivalent to the condition that
1. m(X) — m(Y) is bijective for i < ¢ and
2. mi(X) = m(Y) is surjective for i = q.

More generally, if f : A — B is a map between Z-graded abelian groups, then we call it n-
connected, if it induces an isomorphism in the components of degree < n and a surjection
in degree n.
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Remark 6.6. We now give an explicit description of relative homotopy classes.

To give a map S™ — Fib(f) is equivalent to give based maps a : S — Y and b: S® — X
such that evy oa = f ob. The map a is the same data as a map a : I x " — Y such
that a(0,£) = y, i.e. a map a : D" = C(S") — Y. This map must further satisfy
ajsn = fob.

We conclude:

Corollary 6.7. For n € N the group (or set if n = 0) m,41(f) is the group (set) of
homotopy classes of pairs of maps (a,b) where a : D" — Y and b : S — X are such
that ajsn = f.

In the special case where f is the inclusion of a subset we have

a1 (f) = (D", 8), (Y, X)] .

We can further describe the natural transformations

Tpt1(f) = m(X) , T (V) = moga (f)

explicitly. The first sends the class of (a,b) to the class of b. The second sends the class
of a map h: S™! = Y to the pair (a, const), where a : D" — Dn+l/gn o gntl by

Example 6.8. We let D C S? be the upper hemisphere and n € D be the northpole.
We choose the southpole s as the base point. The inclusion of the lower hemisphere is a
homotopy equivalence

(D?,8Y) = (S*\ {n}, D\ {n}) .
The long exact sequence of the pair (D?, S) gives (since my(D?,s) 2 0 and 7,(D?, s) = 0)

mo(D? SY) 21 (SH 27 .
On the other hand we have a homotopy equivalence
(S%,5) = (S%, D) .
We conclude that (for the same reasons as above)
m3(S%, 5) & m(S?, D) .
Combining these two calculations we get

7T3(SQ, S) =7 .

We see that for a manifold M the group m;(M) can be non-trivial also for i > dim(M).
Moreover, excision for homotopy is wrong;:

Z = my(S2, D) # m3(S2\ {n}, D\ {n}) 2 m3(D?, S1) = my(SH) 20 .
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6.2 The Blakers-Massey theorem and applications

Let Y = Y; UY, be a decomposition of a space Y into a union of open subspaces with
non-empty intersection Yy := Y7 N Ys.

Theorem 6.9 (Blakers-Massey theorem). We assume that for p,q > 1
1. (Y1,Yy) is p-connected
2. (Ys,Y0) is q-connected.

Then the exision map (Ya,Yy) — (Y, Y1) is p + q-connected.

Proof. The proof will be given later. O

Remark 6.10. Note that the stament, that (Ys,Yy) — (Y, Y1) is p + g-connected means,
that 7, (Y2, Yy) — 7, (Y, Y1) is

surjective for n=p+q
bijective for 1<n<p+gq-—1

Remark 6.11. We consider the decomposition S™ = D" Ugn-1 D" with the base point
in the equator. In order to apply the Blakers-Massey theorem we replace these subsets
by homotopy equivalent open neighbourhoods.

We consider the commuting square
mi(S") ———> i (S"Y)
o
T (DM S™) — 5> 7y (S™FL, DY
(defining E') and the following statements:

N(n): S™isn — l-connected
E(n): ¢is 2n — 1-connected.
Remark 6.12. Note that we have shown N(n) in Example [6.1] for all n using methods

of differential topology. We will reprove this here as a consequence of the Blakers-Massey
theorem.

Proposition 6.13. The statements N(n) and E(n) hold for every n € N.
Proof. We prove the proposition by induction on n. We have N(1) = true since S* is
connected. We apply Blakers-Massey to

(Y, Y1, Ys,Yp) = (8", DY, DRFt s

(see Remark [6.11]) for p = ¢ = n. The assumptions are verifed using N(n) by the following
Lemma:
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Lemma 6.14. For every i > 0 and n > 0 we have the isomorphisms
O i (D™ S™) — m(S™) ;v m(S™TY) = m(S™T, DY)

Proof. The first follows from the long exact pair sequence and the fact that D™*! is con-
tractible. The second follows from the fact that the map of pairs (S™*!, %) — (S"+, D)
is a homotopy equivalence of pairs. O

Blakers-Massey gives F/(n). The surjectivity statement now also implies N(n + 1). O

The homomorphism FE' is given by suspension. In general, for pointed spaces X,Y we
define
Y XY - EX XY, feidaAf.

Theorem 6.15 (Freudenthal’s Suspension Theorem). The suspension map
X Wi(Sn) — 7Ti+1(Sn+1)
s 2n — 1-connected.

Proof. This is assertion E(n).

We can now finally calculate 7, (S™) for n > 1.

Theorem 6.16. For n > 1 we have an isomorphism
deg : 0 (S") S Z .

The inverse of this isomorphism is given by

n—1

Z=m(SY) " m(S™)
Proof. Follows from Theorem [6.15 O

Recall the discussion of the degree in Remark [4.23]

Example 6.17. If
f:8"=8", ¢g:5M"—=>8"

are maps between the pointed spheres, then we have the identity

deg(f A g) = deg(f)deg(g) .

Let p = n + m and consider the composition
h:SPegn S gm g gne gr
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Then we have
deg(h) = (~1)™ .

The verification of these facts is an exercise.
Example 6.18. In Example we have seen that 73(S5?) = Z. By Freudenthal for n = 2
we get a sequence of maps for p > 3

m3(5%) = ma(S%) = 741 (S7)
where the first map is surjective. It is known that the image of the first map is Z/2Z. At
the moment we can not show this fact.

Example 6.19. Recall that by the Banach fixed point theorem a contractive map f :
D" — D™ has a fixed point. The Brouwer fixed point theorem shows that one can omit
the assumption that f is contractive.

Theorem 6.20 (Brouwer fixed point theorem). A continuous map f : D™ — D" has a
fixed point.

Proof. We argue by contradiction. If f has no fixed point then we can define a family of

maps
z —tf(z)
|z —tf (@)
parametrized by ¢ € [0, 1]. Note that gy = idgn—1 and g; extends to D". It follows that

g gn—t y gn—l , x>

0 = deg(g1) = deg(go) = 1.

This is false. O

6.3 Homotopy of classical groups

For every n we have a locally trivial fibre bundle
Un) = U(n+1) — ¥t

We consider the long exact sequence in homotopy. We get
1. m(U(n)) = m(U(n+ 1)) is an isomorphism for ¢ < 2n — 1.

2. We have a sequence

Ton1 (UM + 1)) = Z = 79,11 (S* ) — 70, (U(n)) = mon(U(n +1)) = 0.
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In particular, the map U(n) — U(n + 1) is 2n-connected.

We have U(1) = S'. The inclusion U(1) — U(n) induces an isomorphism
Z=m(U(1)) = m(U(n))

for all n € N. We have U(2) 2 U(1) x S? as spaces.

Problem 6.21. Show this assertion.

Hence,
0=my(U(2)) = m(U(n))

for all n € N with n > 2. Moreover,
Z = m3(U(2)) = m3(U(n))
for all n € N with n > 2.
For the groups SO(n) we can use the sequences
SO(n) - SO(n+1) — S™.

We leave it to the reader to work out the consequences.

6.4 Quotients

Let (X, A) be a pair of spaces and f : A — B be a map. We consider a push-out diagram

A-l-p

J J

) v

defining the pair (Y, B).
Proposition 6.22. If (X, A) is p-connected and f is q-connected, then

(X, A) = m(Y, B)
1S p + q-connected.
Proof. We consider the mapping cylinder of f given by
Z(f) = x A) Uo,a)~fa) B -

Note that we reverse the direction of the cylinder and attach B in the unususal manner at
the bottom. It comes with an inclusion k : A — Z(f), k(a) := (1, a), which is a cofibration
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and a projection p : Z(f) — B which is a homotopy equivalence. The mapping cylinder
Z(f) fits into the diagram

A—l-z2(H2>B
i lL J
X2z .y

Here the left square defines the space Z as a push-out. The right square is the a push-out,
too. Note that
=X an(l,a) Z(f) :

The map P is obtained from the universal property of the push-out.

The map L is a push-out of the cofibration j and therefore itself a cofibration. The map
P is a push-out of a homotopy equivalence p along the cofibration L and therefore again
a homotopy equivalence. It follows that (p, P) is a homotopy equivalence between the
morphisms L and J. Hence it suffices to show that the map m;(X,A) — m(Z, Z(f))
induced by (k, K) is p + g-connected.

We write (k, K) as composition
(X, A) = ((0,1] Xx AU@,0)~a X, (0,1] x A) S(Z,Z(f)) ,
where the first map sends x — x and the second map ¢ is determined by
(t,a) — (t,a) € Z(f), xw— x.
The first map is a homotopy equivalence. We must show that ¢ is p 4+ g-connected.

We consider the diagram

((0,1] X AUq gy X, (0,1) x A) X (Z,]0,1) X AU(g.a)~f(a) B)

l |

((07 1] X A U1,a)~a X, (07 1] X A) : (Za Z(f))

The vertical maps are homotopy equivalences. It suffices to show that ¢’ is p+¢-connected.
To this end we apply the Blakers-Massey Theorem to

1. Y =27

2. Y1 :=1[0,1) x AU a)~fa) B

3. Y5 :=(0,1] x AU(1,0)ma X

4. Yo :=(0,1) x A.
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By homotopy invariance m,(X, A) = m,.(Y2,Yy) and m.(f) = m.(Y1, Yo). O

We consider a pair of spaces A C X and the map (X, A) — (X/A, ). In the following
theorem we assume that A is connected and that the inclusion A — X is a cofibration.

Theorem 6.23. If for p,q > 1 the pair (C(A),A) is p-connected and (X,A) is q-
connected, then

mi(X, A) = m(X/A)
1S p + q-connected.
Proof. We apply Proposition to the map
(X, 4) = (XU C(4),C(4))

and conclude that it is p + ¢g-connected. Since C(A) — X U C(A) is a cofibration and
C(A) is contractible the projection

X UC(A) = X UC(A)/C(A) = X/A

is a homotopy equivalence. O

We now consider a well-pointed space (X, ), i.e. the inclusion * — X is a cofibration.

Theorem 6.24 (generalized Freudenthal). If (X, %) is n-connected, then the suspension
map
X WZ(X) — 7TZ'+1(EX)

in homotopy 1s 2n + 1-connected.

Proof. We have a push-out diagram
{0} x X)VIX {x}——=X

| |

IxX C(X)

Since the left vertical map is a cofibration we conclude that the right vertical map is a
cofibration, too. The suspension map is the conmposition

7(X) < 10 (C(X), X) B 744 (5X)

where p : (C(X), X) — (XX, ) is the natural projection. By assumption, Since (X, *) is
n-connected the pair (C'(X), X) is n-connected. We now apply Theorem and con-

clude that m,41(C(X), X) 5 m,41(2X) is 2n-connected. This implies the assertion after
degree-shift by one. O
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Lemma 6.25. For every k > 0 the space X*X is k — 1-connected.

Proof. We argue by induction on k. The case k = 0 is trivial. Let us now assume for
k > 0 that ¥*X is k — 1-connected. Then 0 = m;,_;(X*X) — m(3F1X) is an isomor-
phism since k —1 < 2(k—1) + 1. O

Example 6.26. For a pointed space X and n € N we have a sequence of maps

Te(X) 2 Mt (BX) D mpa(32X) S ..

We define the stable homotopy groups of X by

78 (X) := colimy_,eopirn(X7X) .

n

Using Lemma and the generalized Freudenthal theorem we see that 7, (3 X) —
Tniks1(EFT1X) is an isomorphism if & > n + 1. We conclude that

Tongp1 (X" X) =2 78 (X) .

Hence the colimit defining the nth stable homotopy group stabilizes from £ =n + 1 on.

6.5 Proof of the Blakers-Massey theorem

We follow the presentation of tom Dieck [tDO08, Ch. 6.9].

Forn € Nlet I" := [0, 1]™ C R" denote the standard cube. A good embedding R? — R"
is a composition
scaling o translation o i |

where 7 : RP — R is an embedding which maps the standard basis of R” to a subset of
the standard basis of R”. A cube W of dimension dim(W) = p in R™ is the image of
I? C R? under a good embedding. The boundary 0W is the image of the boundary OI”.
It is the union of (closed) boundary faces which are again cubes of dimension < p.

Finally we define for a p-dimensional cube W

K,(W) := imageof {x € I" [t(i € {1,...,p} |2 < 1/2) > ¢}
G,(W) := imageof {z € IP|t(i e {l,...,p}|z; <1/2) > ¢}

Let W be a cube.

Lemma 6.27. We consider a map f: W — Y and a subset A C'Y. We assume that for
p < dim(W) we have
fHA)NW C K,(W)
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for all faces of W' in OW . Then there exists a map g : W — Y such that f ~ g (rel OW)
and
97 (A) C Ky(W) .

A similar statement holds for G,(W) in place of K,(W).

Proof. Let n = dim(W) and assume that W = I". We consider the point z = (1,..., 7).
A ray y starting at x meets 9(1/21") in the point P(y) and 01" in the point Q(y). The

map ¢ is defined be the following prescription:

1. It sends the segment P(y)Q(y) to Q(y).

2. Tt sends the segment xP(y) affinely to yQ(y).

Then h ~ idm (rel OI™). We define g := f o h. One verifies that g does the job.
Assume that z € I™ and g(2) € A. We must show that = € K,(W). Note that
1/21" C K,(W). If z ¢ 1/21", then h(z) € 0I™ and therefore is contained in some bound-
ary face W’. Consequently f(h(z)) € A and therefore by assumption h(z) € K,(W'). Let
(h(2)1, - s (2)aimwr) € 19 be the coordinates of W’. Then £(j | h(z); < 1/2) > p.
Note h(z); = 1/4 4+ t(z; — 1/4) for some ¢t > 1. Hence £(i | z; < 1/2) > p. This implies
z e Ky(W). O

We assume now that Y = Y; UYj; is a decomposition of a space into open subsets with
Yo:=Y1NY, Let f:I" — Y be given. We can choose a subdivision of /™ into cubes
such that either f(W) C Y] or f(W) C Y5 for all cubes W of the subdivision.

Proposition 6.28. We assume that for p,q > 0 the pair (Y1,Yy) is p-connected and
(Y2,Yy) is g-connected. Then there exists a homotopy f; from f to fi such that the
following holds:

1. If f(W) CY;, then fi(Y;) CY; for allt € ]0,1].

2. If f(W) C Yo, then f; is constant on W.

8. If f(W) C Yy, then fi ' (YA \Yo)NW C K, (W).

4o If F(W) C Ya, then T (Ya\ Yo) VW C Gopa (W),
Proof. Let C) be the union of all cubes W of dimension dim(W) < k. We perform
inductively on k the following construction steps.

1. We assume that a homotopy f; is constructed such that 1. to 2. hold true and 3.
and 4. hold true for the restriction of the homotopy to Cj.

2. For every cube W of dimension k + 1 we construct a homotopy of (f;)w relative to
the boundary such that 3. and 4. holds.
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3. Using the fact that the inclusion C};; — I™ has the homotopy extension property
these homotopies together with the constant homotopy on C} can be extended to
a homotopy of f; on all of I" respecting 1. and 2. As long as k < p we assume for
the cubes with f; (W) C Y that f1(0W) C Y.

4. We concatenate this homotopy with f; and call the result again f;.
5. We increase k by one and start again.

We can start the iteration at k = —1. Then C'_; = () and f; is the constant homotopy of
f. The iteration finishes at k = n.

We now argue that we can perform the step 2. Let W be a cube of dimension k.
1. If f1(W) C Yy, then we use the constant homotopy.

2. If (W) C Yy, fi(W) ¢ Yy, and k < p, then since (Y3,Y)) is p-connected and
f1(OW) C Yy there exists a homotopy f}" of (fi)w which is constant on OW and
such that fIV(W) C Y.

3. If fi(W) C Yy, filW) ¢ Yy, and k > p+ 1, then we find a homotopy f}¥ of (f1)w
by Lemma [6.27

O

We consider the space F(Y1,Y,Ys) defined by the pull-back

F(}/hY?YvZ);)YI

i \L(evo,evl)

Y x Y, Y xY

Proposition 6.29. We assume that for p,q > 0 the pair (Y1,Yy) is p-connected and the
pair (Ys,Yy) is q-connected. Then the natural inclusion

F(Y1,Y1,Yp) = F(11,Y.Y3)
18 p + q — 1-connected.
Proof. Let n < p+q¢g—1 and a map
¢ (I",0I") — (F(V1,Y,Y2), F(Y1,Y1,Y0))

be given. We must show that ¢ can be deformed as a map of pairs to a map which sends
I to F(Y1,Y3,Y).

By adjunction, ¢ corresponds to a map ® : I x [ — Y with
1. ®(z,0) € Y; for x € I"™.
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2. ®(x,1) € Y, for z € I™.
3. ®(y,t) €Yy fory € 0" and t € I.

Let us call maps with this property admissible. We must show that we can deform &
inside admissible maps to a map which takes values in Y;. We first apply Propostion [6.28
and get a map V. Let 7w : I"™ x I — I™ be the projection.

We claim that
T(@THYA\Y)) Na(P (Y \Y2) =0.
)

Let y by a point in this intersection. Assume that y = 7(2) for z € U"HY \ Yo) N W
for some cube of the subdivision. Then z € K, (W) and y = 7(z) has at least p large
coordinates. Similarly, if y = 7(z)’ for 2/ € (Y \ Y;) N W’ we conclude that y has at
least ¢ small coordinates. If n < p + ¢, then such a point can not exist. This shows the
claim.

We have
(Y \Y))NnoI" =0

since W(0I™ x I) CY;. We choose a function 7 : I"™ — I such that
L.7=0on7(v 1Y\ 1))
2.7=1on dI"Um(T1(Y \Yy)) .
Then we define the homotopy
(s, (x,t)) — ¥(z, (1 — s)t+ str(x)) .

It stays inside admissible maps and takes values in Y; for s = 1. O

We can now finish the proof of the Blaker-Massey theorem We consider the path
fibration sequence
F(x,Y,Yy) = F(Y,Y,Yy) Y .

Since the pull-back along Y7 — Y of this fibration sequence is again a fibration sequence
(Lemma [5.20)) we get the map of fibration sequences

F(*,Yl,YO)LF(*,Y:Yz)

l |

Y Y

We have seen in Proposition that a is p + ¢ — 1-connected. It follows by a diagram
chase in the map of associated long exact homotopy sequences that (3 is p+¢— 1-connected,
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too. Finally we note that

T (F(%, Y1, Y0)) = Tt (Y1, Y0) ;- mu(F (5, Y, Y2)) = (V) Y2)

7 Diverse Constructions

7.1 The 2°°}*°-construction

In Section we have seen that a spectrum gives rise to a cohomology theory. In this
section we describe the construction of suspension spectra.

A prespectrum E is a pair ((E,)nen, (0n)nen) consisting of a sequence of pointed spaces
(En)nen and maps o, : XFE, — FE,.; for all n € N. In contrast to spectra we do not
require that the adjoint maps F,, — Q0E, 11 are homotopy equivalences. Furthermore we
only consider sequences indexed by N instead of Z.

Example 7.1. Given a pointed space X we can construct the suspension prespectrum
Y X simply by setting (X*°X),, := "X and 0, := idgn+1x.

We now describe a construction which associates to a prespectrum E a spectrum R(E).
We use the unit u : id — QY of the adjunction (X,€2). For a pointed space X the map
u: X — QXX is the morphism corresponding to idyxx under the bijection

Hom(X X, > X) = Hom(X, QX X) .
The data of a prespectrum provide maps
Q"B 5 QP8 E, o S QM B,
for all £ € N and n € Z satisfying n > —k. We define
R(E),, := colimgent>—n QL0 S (14)

Since S! is compact the loop space functor € commutes with filtered colimits. For every
n € Z we get a sequence of homeomorphisms

QR<E>'H,+1 = QCOlimkEN,kZ—n—leEn—‘rl—i-k

: k+1
colimpen k> —n—182"" Epyiyk

I

I

colimpen j>—n2" Bt
R(E), .

I
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The adjoint of this homeomorphism is the structure map
YR(E),—1 — R(E),
of the spectrum R(E).

Definition 7.2. We call R(E) the associated spectrum of E. For a pointed space X the
spectrum R(X°X) is called the suspension spectrum of X .

Example 7.3. The sphere spectrum S is defined as the suspension spectrum S :=
R(X>*8Y). The cohomology theory represented by S is the stable cohomotopy theory
(or framed bordism theory). It is in a certain sense the simplest spectrum to define, but

a very complicated cohomology theory. Its coefficients
m(S) ;== H°(S™; S)

n

are called the stable homotopy groups of the sphere. They are calculated in small
dimensions, say n < 55.

Problem 7.4. Let X be compact and
YooY =2 Y, — ...
a sequence of inclusions indexed by N. Show that the natural map
colim,en[X, Y] — [X, colim,enYy) (15)

1s a bijection.

If E is a prespectrum, then for every n, k € N we have natural maps
[Xa En] E} [EXa EEn] 04 [ZX, En—i—l] :

We can express the cohomology of a space X with coefficients in a the associated spectrum
of a prespectrum E in terms of the prespectrum as follows:

Lemma 7.5. If E is a prespectrum such that its structure maps are inclusions, then for
a compact pointed space X we have

H*(X; R(E)) 2 colimpen >[5 X, Epii] - (16)

Proof. Note that the unit v : ¥ — QXY is always an inclusion of subspaces. The
assumption on E implies that the connecting maps Q¥E,, ., — Q1 E, ;.1 in the colimit
defining R(E),, are inclusions of subspaces. We calculate

HYX;R(E)) = [X,R(E),]
[Xa COIimkEN,k’Z—anEn—i—k]

=11

colimpen ps—n[X, Q" Epip]

I

colimpenps—n[SF X, Enir]

We use the compactness of X at the marked isomorphism (see Problem [7.4]). O
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Remark 7.6. In the remark we comment on the condition that the structure maps of
E are inclusions. In general we want that the cohomology of a spectrum associated to a
prespectrum E is given by the right-hand side of . If the structure maps of E are not
inclusions, then the spectrum R(E) might be the wrong choice. In this case one would first
modify the prespectrum such that the structure map become inclusions without changeing
the right-hand side of and then apply the construction of an associated spectrum.

Example 7.7. For a space X we have
H°(S™ R(X*°X)) = colimyen[S™TF, ¥FX] .
By Example we know that
HO(S™ R(¥*X)) = [$*+ 5" X]

Example 7.8. Assume that we are given a pointed space X with a map 5 : ‘X — X
for some ¢ € N, £ > 0. Then using the unit u k times we get maps

"X = QHEIX - QX
We can define a spectrum $*° X [37!] whose n space is

Y X[, = colim Q"X

7.2 Simplicial sets, singular complex and geometric realization

Simplicial sets provide a combinatoral way to describe topological spaces. By [n] we
denote the poset {0, 1,...,n} with the natural order. We consider the category A whose
objects are the posets [n]| for n € N and whose morphisms are order preserving maps.

The following maps play a particular role:

1. 0; : [n] » [n+1] for i = 0,...,n + 1 is the injective map whose image does not
contain 7. It is called the ith boundary face map.

2. 0;:[n+1] — [n] for i = 0,n + 1 is the surjective map which sends i and 7 + 1 to 1.
It is called the ith degeneration.

Definition 7.9. For a category C we define the category of simplicial objects sC in
C to be the functor category
sC := Fun(A”?, () .

Similarly, the category
cC := Fun(A,C)

15 the category of cosimplicial objects in C.
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So one can consider sC as the category of presheaves with values in C on A.

Remark 7.10. One can check that every morphism in A can be written as a composition
of a collection of boundary face maps followed collection of degenerations. Hence in order
to present a simplicial or cosimplicial object in C it suffices to provide a sequence of objects
(X [n])nen and to describe the action of the boundary face maps and of the degenerations.

Example 7.11. Assume that the category C has fibre products and X — Y is a morphism
in C. Then we can form the simplicial object E(X — Y') given by

E(X—>Y)[n} I:,\)(Xy"'Xy)(J .

n+1

If f:[n] — [m] is a morphism in A, then the induced map
E(X - Y)m] - E(X —-Y)[n]

is given by
(@05 - - Tm) = (Tf(0), - - T(m)) -

We will in particular deal with the categories of simplicial sets sSet and simplicial topo-
logical spaces sTop.

Example 7.12. We define the cosimplicial topological space

Atop

: A — Top

as follows:

1. Af,, is the space of probablity measures on the underlying set [n]. Let d; be the point
measure on ¢ € [n]. Then we can write every point in A in the form )", ;6;. In

top
this way we have coordinates x = (xg,...,x,) on A . Via these coordinates A7
0 ) top

top
can be considered as the subset of R"*! determined by the conditions that z; > 0

for all i € {0,...,n} and > jx; =1.

2. The functor A,,, sends a map f : [n] — [m] to the push-forward map Ay, (f) := f.

of measures. In coordinates the push-forward is given by (fi(2)); = > ;c;-1(;) Ti-

Remark 7.13. The point of the description in terms of measures is to formulate the
functoriality in a condensed way.
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The space Af,, is called the n-dimensional topological simplex. The topological simplex

AJ,, has the structure of an n-dimensional manifold with corners. The map
: 1
AtOp(ai) : A?op — A?o—;

is the inclusion of the ith boundary face. In coordinates it is given by
x> (xo,. oy x21,0,m4, . 1p)

The degeneration

Atop(0y) AL AR

top top

is a linear projection to the ith boundary face {x; = 0} from the i’th corner {z; = 1}
opposite to that boundary. In coordinates,

T (Lo, T+ Tig1, - Tpgr) -

The topological simplex Af,  is homemeomorphic to D".

Problem 7.14. Write out an explicit formula for the homeomorphism.

Restricting the homemorphism to the boundary A}, we get a decomposition of St

into the images of the boundary faces. This is a triangulation of S"~!, a special form of
a cell decomposition.

We now consider constructions of simpicial sets.
1. The Yoneda embedding A~ : A — sSet is given by [n] — A" := Homa(. . ., [n]).
2. The Yoneda embeddig for Top is a functor

Top — Fun(Top®,Set) , X — Hompop(—, X) .

The restriction of this functor along A A — Top yields a functor

top °
sing : Top — sSet .

It associates to a topological space the simplicial set

sing(X)(—) := Hompop(A,,,, X) .

top>

Since A, : A — Top is covariant, this functor is indeed contravariant from A —
Set. The simplicial set sing(X) is called the singular complex of X.
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3. We have a Yoneda embedding embedding
Cat — Fun(Cat,Set) , C+— ObFun(—,C) ,

where Ob indicates that we take the set of objects of the functor category. Consid-
ering posets as categories we get a functor

A — Cat, [n]—[n].
Restricting the Yoneda embedding along this functor we get the nerve functor
N : Cat — sSet .
We have
N(C)[n] = ObFun([n],C) .
Problem 7.15. Describe the simplicial set N(C) ezplicitly.

4. If G is a group, then we can form the category BG with one object and morphism
set (G, and whose composition is given by the group multiplication. Its nerve is the
simplicial set

BG = N(BG) .

5. We can consider G as a set and form the simplicial set EG := E(G — x). The

group G acts on this simplicial set. The quotient can be identified with BG.

Problem 7.16. Give an explicit description of the sets BG and EG and show that
EG/G = BG and of the action of the boundary and face maps.

Simplicial sets are used as combinatorial models of spaces. To this end we define a functor
| — | : sSet — Top

as the left Kan-extension of A, : A — Top along the Yoneda embedding A~ : A —

sSet discussed above:
Ato
A o Top .

N

sSet

It is called the geometric realization functor.

Lemma 7.17. We have an adjunction

| — | : sSet = Top : sing .
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Proof. This is a formal consequence of the definition of sing. Indeed, using the objectwise
formula

| X| = colima_x Atop

for the left Kan extension and the general facts
X Zcolima-,xA™ , X = Homgges (A, X)

for X € sSet (true for every category of presheaves of sets) we get for every topological
space Y the following equivalence:

I

Homrop (| X, Y) Homrop(colima- x4, Y)

2

= llmA—HXHomTop(Atopﬂy)
lima- -, xsing(Y)(-)

lima- -, xHomgget (A7, sing(Y))
Homgget (colima-_xA™, sing(Y))

Homgget (X, sing(Y))

1 1R

I

An n-simplex in a simplicial set X is a morphism A" — X. By Yoneda, there is a
bijection between X [n] and the set of n-simplices of X. This bijection maps o : A" — X
to the point o, (idp,).

Explicitly, we can write |X| as a the space obtained from the disjoint union of topolog-
ical simplices, an n-dimensional one for every n-simplex of X, by identifying simplices
according to the morphisms in A (face and degeneracy relations),

X[ = [ X[n] x Awgplnl/ ~ (17)

neN

Here (7, s) € X[n]x A}, is identified with (y,t) € X[m]xAp

top» if there exists f @ [n] — [m]
such that X (f)(y) =z and A, (f)(s) =t.

A simplex x € X|n] is called degenerate if there exist i € {0,...,n} such that z = o;(y)
for some y € X[n — 1]. Let X™¥[n] C X|[n] be the set of non-degenerate simplices.

Problem 7.18. Show that
X[ = [] X[ x A,/ ~

neN

where (x,s) € X"n] x Ay is identified with (y,s) € X™[n + 1] x A
i €{0,...,n+ 1} such that X(0;)(y) = & and DN,p(0;)(s) = t.

Lemma 7.19. |X| is a CW-complez.

tops Uf there exists
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Proof. We use the homeomorphism of pairs

(Dn’Sn—l) ~ (An

top?

8A?Op) )
We consider the filtration
D=IX|2CXCIXi|C---C|X],

where
‘X|k = H X[n]nd X A?op/ ~

ne{0,....k}

The relations are the same as in Problem [7.17, Then by construction X = colim,|X]|,.
We now observe that
X"+ 1] x OALY — | X,

top

| |

X 41] x Afght —— | X1

is a push-out diagram. The attaching map  sends a point (z,9;(t)) € X" n+1] x DAL

top

with ¢t € AL to the point (X (9;)(z),t). One must check that this well-defined since the

top
same point may have a different presentations of this form. O

Example 7.20. We have |A"| = A}

top- This is clear from the definition, but can also be
seen from the formula.

Example 7.21. We define 0A™ C A™ to be the simplicial set such that OA"[m] is the
set set of all m-simplices which are in the image of some boundary map. Then one can
check that

[0A"| 2= 57 AT JOA™ = 5™

Example 7.22. For a small category C the space |N(C)| is called the classifying space
of C. It is known that every homotopy equivalence class of CW-complexes can be repre-
sented in the form |[N(C)| for a suitable category.

Example 7.23. The unit of the adjunction (| — |, sing) provides an natural map
|sing(X)| — X .

It sends the equivalence class of (z,t) € X[n] x A} to Asy(z)(t), where we interpret =

as a map of simplicial sets A™ — X. It is known that if X is a CW-complex, then this
map is a homotopy equivalence. It always induces an isomorphism in homotopy groups.
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Example 7.24. If G is a group, then BG := |BG]| is called the classifying space of G.
Since | — | is a left-adjoint it commutes with quotients. Since BG = EG/G we conclude
that BG = EG/G, where EG := |EG|. One can show that FG is contractible, that
EG — BG is a locally trivial bundle, and that consequently BG ~ K(G,1). We will
actually verify this in the more general context where G is a topological group.

7.3 Simplicial spaces and classifying spaces of topological groups

If G is a topological group, then the simplicial sets EG and BG defined after forgetting
the topology on G are not the appropriate objects. The categories EG and BG inherit
topological structures from G. In order to capture these structures we will consider
category objects in Top, i.e. categories internal to Top which we call shortly topological
categories. A topological category C has in particular topological spaces of objects Ob(C)
and morphisms Mor(C). These spaces are connected by maps s,¢ : Mor(C) — 0Ob(C)
which determine source and target of a morphism, and a map 0b(C) — Mor(C) realizing
the identities.

Example 7.25. A category is a topological category with discrete spaces of objects and
morphisms. A topologically enriched category is a topological category with a discrete
space of objects.

Example 7.26. The category of vector subspaces of R" is a topological category. Its
space of objects is the disjoint union of Grassmannians

B := |i| Gr(i,R") .
i=0

Let & — Gr(i,R") be the tautological bundle. Then we define the bundle £ :=| | & —
B. Then the space of morphisms in this topological category is given by the total space
of the vector bundle

Hom(pri&,pryl) - B x B .

Source and target are the projections to the first and second factors.

Example 7.27. The category of locally compact topological spaces Top,,. is enriched
over Top and therefore a topological category.
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Example 7.28. For a topological group G we can consider BG as a topological category.
Its space of objects is has one point, and its space of morphisms is the group G. The
composition is induced by the group structure of G and the identity section is the inclusion
of the identity element.

The category EG is the topological category with space of objects G and space of mor-
phisms G x GG. The source and target maps are given by s : (g,h) — g and t : (g, h) — gh.
The composition sends the pair of composeable morphisms ((g, h), (gh, k) to (g, ghk). The
identity section is the diagonal G — G x G.

If C is a topological category, then Fun([n], C) is again a topological category.

Problem 7.29. Show that for a topological category D whose spaces of morphisms and
objects are locally compact Hausdorff spaces the category Fun(D, C) is naturally a topo-
logical category.

For a topological category we can refine the simplicial set
N(C) = 0bFun([n], C)

to a topological space. Indeed, we can write the space of m-simplices as an iterated
fibre-product
N(C)[n] = Mor(C) X gp(c)t - - Xs,00(C)t Mor(C) .

N

-~

n+1
Therefore the nerve of a topological category C is a simplicial space, i.e. N(C) € sTop.

Example 7.30. For a topological group G we get the simplicial spaces BG := N(BG)
and EG = N(EG).

Example 7.31. Note that A}, is locally compact and Hausdorff. For a topological space
X we can thus refine the simplicial set sing(X) to a simplicial space sing'”(X) € sTop
by setting

sing'”(X)[n] = Map(A}

top?

X) .
Lemma 7.32. We have an adjunction

| — | : sTop <= Top : sing'” .

Proof. This is formal as in Lemma [7.16] O

For the following Lemma we work in the category of compactly generated weak Hausdorff
spaces Top,. The advantage of this category is that it is cartesian closed. So the functor
of taking the cartesian product with a space X is the left-adjoint in the adjunction

— x X : Top,, < Top,, : Map(X, —) .
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Being a left-adjoint the functor — x X commutes with colimits. In general, if we take the
cartesian product in Top of two objects of Top,, the the result will not be compactly
generated. The cartesian product in Top, is obtained from the product in Top by
modifying the topology.

The geometric realization in this context is still defined by an adjunction
| — | : sTop, < Top,, : sing'®”

and explicitly given by the formula .

Lemma 7.33. The geometric realization | — | : sTop, — Top, preserves finite products.

Proof. Let X,Y be simplicial spaces. By functoriality the projections
X+~ XxY =Y

induce maps
| X|+ | X xY]|—|Y]
and therefore a map
C X xY| = |X|x]|Y].

We show that ( is a homeomorphism. To this end we construct an inverse (. For a
simplicial space X we set
X =[] Xl x AL

top
neN

We let X,, be the component with index n. Then we have a quotient map
X —|X].

We first define a map S
E:X XY = | X xXY|
and then observe that it factorizes over the quotient | X| x |Y.

Let o
((x,t), (y,8)) € X\, X Y, .

Here v € X[n|, y € Y[m] and t € A}, |, s € A} . We define numbers in [0, 1] by
k
uk:Zti, k=0,....,n—1

and



Then we let
OSwOS"'Swnerfl Sl

be obtained by ordering the numbers u; and v;. In addition we set w_; := 0 and w4, :=
1. We now define
rii=w;— w1, t=0,...,n4+m.

n+m

We consider r as a point in Az ™.

Let
Z.1<"'<Z.n7 j1<<Jm

be the disjoint sequences such that
w;, € {ug} ,Vr, w,; €{u}, Vs.

Then
t= Atop(ajl) e Atop(ajm)r y §= Atop(%) e Atop(Uz'n)T )

Then we define
(1), (y,5)) = [(X(0,,) ... X(05)(2), Y (03,) ... Y (03,) (), w] € |X x Y.
This map is continuous and preserves the relations for the quotient
X xY = |X|x|Y]|.
Problem 7.34. Check this assertion.
We thus get a diagram

//i\

Y — (X x 7)/~*>|X><Y|

X

[ X % \Y\

X

In order to obtain the dotted arrow we must invert the dashed one. In general, this is not
a homeomorphism since finite products do not commute with quotients. But this is true
if we work in a convenient category of compactly generated weak Hausdorff spaces Top;,.

O

From now we work in the category Top, without further notice. A functor between
topological categories is a functor between the underlying categories with the additional
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property that the maps induced by the functor between the spaces of objects and mor-
phisms are continuous. Similarly, a natural transformation between functors C — D
between topological categories is a natural transformation between the functors on the
underlying categories with the additional property that the map 0b(C) — Mor(D) is
continuous.

For a topological category C we use the abbreviation
|C| = N(C)]|
for the classifying space.

Lemma 7.35. The following data are equivalent:

1. a natural transformation h : Fy — Fy between functors F; : C — D between topo-
logical categories

2. a functor
H:[1]xC—=D

between topological categories such that Hygyxc = Fi.

Proof. We describe the functor H determined by h. On objects we define
H((0,0)) := Fo(C), H((1,0)) := F(C) .

On morphisms we set

H(idhf)::Fi(f)v i=0,1

and
H(O — 1,idc) = hC .

One checks that this prescription determines H uniquely. Vice versa, from these formulas
we see how to read off h from H. O

There is a natural definition of the notion of an equivalence between topological categories.
Lemma 7.36. If ' : C — D be an equivalence between topological categories, then
|F| . |C| — |D| is a homotopy equivalence.

Proof. Let G : D — C be a functor and ¢ : idc — G o F' and idp — F' o GG be natural
isomorphisms. Using Lemma from ¢ we get a functor H : [1] x C — C which restrict

to idg and G o F' at 0 and 1. Note that |[1]| = [0,1]. Using Lemma and the fact
that N preserves products we get a homotopy

[H| [0, 1]] x |C] = C]

from idic| to |G| o |F|. We argue similarly for |F| o |G]. O
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For a topological group we now consider the spaces EG := |BG| and BG = |BG|.

We call a space X locally contractible if every point x € X admits a basis of neigh-
bourhoods which are contractible to the point x. For example, a manifold is locally
contractible. If G is a group, then it suffices to show that the identity element admits a
basis of neighbourhoods which can be contracted to this element.

Lemma 7.37. 1. EG is a contractible space.
2. G acts freely and properly on EG with quotient BG
3. If G is locally contractible, then EG — BG is a locally trivial bundle with fibre G.

Proof. The space EG is the classifying space of the topological category described in
Example [7.27] Let % be the terminal category. Let A : * — EG be the functor which
sends the unique object of x to 1 € G. We define B : EG — % in the canonical way. Then
Bo A = id,. We construct a natural transformation

h:AoB —idge, h:G—GxG, h(g):=Ieqg).

Problem 7.38. Check the details.

We see that |A| : EG — % and |B| : *x — EG are inverse to each other homotopy
equivalences. This implies that EG is contractible.

We consider the group G as a group G in sTop by setting G[n]| := G for all n € N and
defining all structure maps to be the identity. Thus G is the constant simplicial space
on G. The group G acts on EG as follows:

EGn| x G[n] — EG[n] ,  ((g0,---,9n), k) — (goh,...,gnh) .
We define a map EG — BG by

(90s -+ 9n) = (90919192 5+ Gn10n ) -
Problem 7.39. Check that this map is well-defined.

We argue that this map presents BG as the quotient EG/G. For every n € N we have
an isomorphism of G-spaces BG[n| x G — EG[n] over BG[n] which sends

((g1s---s9n),h) = (hygr hog3 tgrthy g0t g th) (18)

Note that this morphism is not compactible with the simplicial structures.

Let X be a simplicial space and EG — X a G-invariant morphism. Then for every
n € N we have the G-invariant continuous map EG[n] — X|n|. By the discussion above
it determines a unique map BG[n| — X. It follows from the uniqueness assertion that
the collection of these factorizations for all n € N together give a morphism of simplicial
spaces BG — X which is unique.
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We now observe that G = |G| since in the constant simplicial group G all higher simplices
are degenerated. Since | — | preserves products it sends the action of G on EG to the
action of G on EG. Since the action of G on BG|[n] is proper and free one checks that
the action of G on EG is proper and free, too.

As a left-adjoint the geometric realization functor | — | preserves colimits, so in particular
coequalizers. We conclude that BG = EG/G.

It remains to construct local sections. We use the filtration
@ZBGflgBGggBGlggBG,
where BG,, is the image of

top

| | BGIK] x A;
k=0

Let x € BG. Then there exists a smalles kg such that © € BGy,. Then x = [a, t], where
a € BGlk| and t € Int(A¥ ). For every k € N the pull-back

top

(BGk] x A},) xpe EG — BG[k] x A}
is trivial (use[L8)). Hence we can find a section over the open subset
BGlko] x Int(A}3,) C BGy, .

We now extend this section inductively. We decompose the space of k-simplices into the
degenerated and non-degeneted part:

BGIk]| := BG[k]" LUBG[k]? .
Here BG[k]? is the subspace of all tuples (gi,...,gx) € BG[k] where g; = 1 for at least
one index i € {1,...,k}. Then we have
BGk — BGk_l UBG[k]dXAk

top

UBG[K]"dx0Ak, BG[k] x A}

top

We now assume that we have a section defined on an open neighbourhood V' C BGj,_; of
a point x € BG_;. Then we must extend it to an open neighbourhood of x considered
as a point in BGy. Using the trivialization of the pull-back of the bundle to BG[k] x A},
we can identify the data of the section with a map

BG[k]? x A}, UBGK]" x 0A}, DV = G .
We now use that
BG[k]? x AF UBGIE]™ x 0AF < BG[E] x AF

top top top

is a neighbourhood deformation retract.

Problem 7.40. Deduce this fact from the property that G is locally contractible.

Hence we can extend the section as required. O
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7.4 Classification of principal bundles

Let G be a topological group.

Definition 7.41. A G-principal bundle is a locally trivial bundle E — B where E
admits a fibrewise right action such that the natural map

EXG—)EXBE,<€ag)'_>(€aeg)

1s a homeomorphism.

Problem 7.42. Let E — B be a map between topological spaces admitting local sections
and assume that G acts fibrewise on E such that E x G — E xg F is a homeomorphism.
Then E — B is a G-principal bundle.

The problem thus consists in translating the condition of being local trivial in the condition
of having local sections.

Assume that F — B is trivial. Then choosing a section s we get a G-equivariant homeo-
morphism
BxG—=E, (bg) — s()g

over B. So we see that the fibre of a G-principal bundle is isomorphic to G as a right
G-space.

Example 7.43. For every spaces B and group G we have the trivial G-principal bundle
B xG— B.

Example 7.44. The map EG — BG is a G-principal bundle. It is often called the
universal G-principal bundle. We shall see below, why.

Example 7.45. If V — B is an n-dimensional vector bundle, then we can form the
space Fr(V) of pairs (b, ¢), where b € B and ¢ : R” — V}, is an isomorphism. The group
GL(n,R) acts on Fr(V) from the right by (b,¢)g := (b,¢ o g). We have a projection
Fr(V) — B which sends (b, ¢) to b. This describes a GL(n,R)-principal bundle called the
frame bundle of V — B.

Example 7.46. Let F be a locally compact Hausdorff space. Then we have a topological
group Aut(F') C Map(F, F). If E — B is a locally trivial fibre bundle with fibre F', then
we can generalize the construction of the frame bundle. We let Fr(E) be the space of
pairs (b, ¢), where b € B and ¢ : F' — E}, is a homeomorphism. The action of Aut(F') on
E is given by (b, ¢)g := (b, ¢ 0 g). Then Fr(E) — B is a Aut(F')-principal bundle.
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Example 7.47. Let X — X be a Galois covering with group T', see Subsection . This
is a ['-principal bundle.

Let E — B be a G-principal bundle and f : A — B be a continuous map. Then
pry: AxgE — A

is again a G-principal bundle. It is called the pull-back and is often denoted by f*E — A.

An isomorphism between G-principal bundles £ — B and F' — B over the same space
B is a G-invariant map over B.

Problem 7.48. Show that such a map is automatically invertible.

So we do not have to require invertibility explicitly.

Let F — B and E' — B’ be G-principal bundles.
Lemma 7.49. A square
E/ L E
Ji’ S Ll;

where F is G-equivariant is a pull-back square.

Proof. We have a canonical map E' — B’ xg F which is G-equivariant and over B’ and
hence a homeomorphism. O

Let F' be a right G-space and £ — G be a G-principal bundle. Then we form the map
T:(ExXF)/G— B.

The map 7 is the projection of a locally trivial fibre bundle with fibre F'. It is called the
associated fibre bundle to the G-principal bundle ¥ — B and the G-space F'.

Lemma 7.50. There is a bijection between sections of the associated fibre bundle ™ and

G-equivariant maps £ — F.

Proof. Let s be a section of m. Then we define the G-equivariant map o : E — F' by
o(e) := f, where f € F is uniquely determined by the condition that s(b) = [e, f]. It is
obvious from this definition that o(eg) = fg.

If 0 : E — F is a G-equivariant map, then we define the section s by s(b) := [e, o(e)] for
any choice of e € E,. The value s(b) is well-defined. Indeed, if we would chose eg instead
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of e, then [eg,o(eg)] = [eg,o(e)g] = [e, a(e)]. O

Let F — B be a G-principal bundle.

Lemma 7.51. There is a bijection between the sets of trivializations of the bundle and of
sections.

Proof. Given a trivialization ¢ : E = B x G we have the section b — ¢~((b,1)). Given
a section s we define a trivialization by ¢(e) := (w(b),e 1 (¢)s(m(e))). Here for points
e, [ € Ey we let e7'f € G be defined such that e(e™' f) = f. 0

Example 7.52. Let 7 : E — B be a G-principal bundle. Then F xg E — FE has a
canonical trivialization. It corresponds to the section diag: ' — E xp E.

We now fix a topological group. We consider the functor
Pg : Top” — Set

which sends the space B € Top to the set Pg(B) of isomorphism classes of G-principal
bundles [E — B] on B and a continuous map f : A — B to the map

f*:Pg(B) = Pg(A), [E— Bl—[AxpFE — A].

Remark 7.53. If E — B is a G-principal bundle, then B = E/G.

In the following we repeatedly assume that base spaces are paracompact Hausdorff. The
reason is that this assumption appears in Theorem We need the fact, that a locally
trivial bundle over a paracompact Hausdorff space is a fibration. In particular we will use
the homotopy extension property for sections.

Alternatively we can assume that the base spaces are C'W-complexes. Then the proof of
the homotopy extension property for sections is easier.

Let Top,;, C Top denote the subcategory of paracompact Hausdorff spaces.

Lemma 7.54. Assume that G' € Top,,. Then the restriction of the functor Pg to Top,,,
18 homotopy invariant.
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Proof. Let E — I x B be a G-principal bundle over B € Top,,,. We must show that there
is an isomorphism FE, = FE; of G-principal bundles, where E; — B denote the restrictions
to the endpoints of the interval for ¢ = 0, 1.

We consider the bundle
7 (ExEy)/G—1xB.

The identity of Ej is a section of m over {0} x B. Since 7 is a fibration this section extends
to a section s defined on all of I x B. It corresponds to a G-equivariant map E — Ej
over an induced map H : I X B — B obtained by passing to quotients. Let s; := s{1yxp.
We now consider the lifting problem

{1} x BJ>(E1 x Fy)/G .

I

I xB B

The lift exists again since p is a fibration. Note that Hjoyxp = idp. The evaluation of
the lift at {0} x B is a section which corresponds to a G-equivariant map E; — FEjy over
B, i.e an isomorphism of G-principal bundles F; = Ej,. O

O

We have a natural transformation of functors Top — Set
¢:[-,BG]| = Ps(—), ®p:[f:B— BG)— [f"EG — B].
Proposition 7.55. If B € Top,,,, then the map ®p is a bijection.

Proof. We first show that & is surjective. Let ' — B be a G-principal bundle. We must
find a map f: B — BG such that ®5([f]) = [E — B]. We consider the associated fibre
bundle 7 : (E x EG)/G — B for the G-space EG. This is a locally trivial fibre bundle
with fibre EG. Since we assume that B € Top,, the map 7 is a fibration. A fibration
with a contractible fibre is a homotopy equivalence. Let sy : B — (F X EG)/G be an
inverse up to homotopy. Again using the fibration property we can modify this map by
a homotopy such that it becomes a section s. It may be obtained as the evaluation at
{1} x B of a lifting in
{3 xB2~p |

|

I xB——B

where the lower horizontal map is the homotopy from m o sq to idg. The section s is by
Lemma [7.49] equivalent to a G-equivariant map £ — E x EG. Its second component is
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a G-equivariant map E — EG. By passing to quotients we get a map f: B — BG. We
now apply Lemma to deduce that the resulting square

E—EG

L

B— BG
is a pull-back square. Therefore [E — B] = ®([f]). This shows the surjectivity of .

We now show injectivity. We consider two maps f,g : B — BG and assume that
O5([f]) = P5([g]). We must show that then f and g are homotopic. By assumption
we have an isomorphism of G-principal bundles ¢ : f*EG — ¢g*EG. We define the total
space of a G-principal bundle £ — [ x B as the push-out

(—1/2,1/2) x f*EG"2% (~1/2,1] x ¢*EG .

linclxid l

[—~1,1/2) x f*EG E

We now consider the associated bundle (F x EG)/G — I x B. The canonical map
f*EG — EG induces a section of this associated bundle restricted to {—1} x B. Similarly
we get a section over {1} x B from g*E — EG. Since the fibre of the bundle is contractible,
we can solve the lifting problem in

{0,1} x B——(E x EG)/G .
IxB———1xB
Here we proceed in two steps. In the first
The lift can be interpreted as a G-equivariant map F — EG.
By passing to quotients we get the homotopy H : I x B — BG from f to g. O

Remark 7.56. Observe that in this argument we have only used that EG — BG is a
G-principal bundle such that EG is contractible. Let E — B a G-principal bundle over
a space B € Top,, such that E is contractible. Then we get an isomorphism of functors
[—, B] = [—, BG]. From this we conclude that B and BG are homotopy equivalent.

A G-principal bundle E' — B over a base space B € Top,,, with contractible total space
E is called a universal G-bundle. The base space of a universal GG-bundle is homotopy
equivalent to BG.

From the long exact sequence in homotopy we get isomorphisms

Tr1(BG) =, (G) (19)
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for all n > 0.

Example 7.57. We consider the U(1)-principal bundles S?"~! — CP". There are inclu-
sions
§2n-1 — > g2(n+1)-1

L]

CPp» cpr+t
If we form the colimit, then we get a U(1)-bundle

S — CP*> .
Problem 7.58. Verify that this bundle has local sections.

Since S is contractible, this is the universal U(1)-bundle.

Problem 7.59. Show that S := colim,enS"™ is contractible.

Example 7.60. We consider the group Z" acting on R" with quotient 7". Then R® — T™
is a Z"-principal bundle. Since R™ we see that T™ ~ BZ".

Example 7.61. We have a bijection between isomorphism classes of n-dimensional real
vector bundles on a space B and GL(n,R)-principal bundles. This bijection is given as
follows:

1. If V — B is an n-dimensional real vector bundle, then the corresponding GL(n,R)-
principal bundle is the frame bundle Fr(V') — B, see Example [7.44]

2. It E — B is a G-principal bundle, then we let V' := E Xgrmr) R® — B be the
associated vector bundle.

We have the isomorphisms
Fr(V) Xermm R =V, ((b,9),2) = ¢()

and
E = Fr(E xXgrmr R") , e (n(e), (v [e,z])) .

Hence, for B € Top,;, we can identify the set [B, BGL(n,R)] also with the set of isomor-
phism classes of n-dimensional real vector bundles over B.
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7.5 Topological abelian groups

For a based space B we consider the path fibration defined by the pull-back

PB B!

l l(evo,ev1)
B22Ba x BG

Lemma 7.62. The space PB 1is contractible.

Proof. A point in PB is a path (¢t — 7(¢)) such that v(0) = x. The base point *pg of
PB is the constant path with value xg. Using this notation the contraction is given by

Hpp : I x PB — PB | (s,(t — (1)) — (t = ~(st)) .

Let now f : E — B be a fibration such that E is contractible and F := f~!(xp) be the
fibre over the base point of B.

Lemma 7.63. We have a homotopy equivalence F ~ QB.

Proof. We consider a diagram

T VVVVVVVV > Qf
E-*~PB
T
B=——38

The choice of a contracting homotopy of H : [ x EZ — E from id to const,, induces the
map k by

k(e) = (t — H(t,e)) .
The map k is obtained from k by restriction to the fibre.

We now show that « is a homotopy equivalence. We solve the homotopy extension problem

for sections
const*E

{0} x PE=*~FE

|on lf

I % pEEE . p

The restriction of the lift to {1} x PB yields a fibrewise map ¢ : PB — E. We now show
that the restriction A : QB — F of £ is a homotopy inverse of .

108



We clearly have a homotopy h: [ x E — E from {ok to idg, but which is not necessarily
fibrewise. We consider a map

({0,1} x ITUIx{1})x E— B

which is the composition of the projection to £ with f on {0,1} x I x E and equal to the
loop v : (t,e) — f(h(t,e)) on I x{1} x E. We can extend this map toamap I x I xE — B
which is the composition of the projection to E with f on I x {0} x E. To see this let
Hg : I x E — FE be a contracting homotopy of £ and consider

S'x I x E>(ts,e)— f(h(t,Hg(s,e))) € B .

We have
f(h(t, He(1,€))) =~(t,e) .

The loop (¢t — h(t, Hg(0,€))) is independent of e. Since E is contractible we can extend
the restriction of the above map to S* x {0} x E over D* x E. We now identify (S! x
I) Ugixqoy D* = D? (we fill an annulus by a disc).

Using the claim we can consider the homotopy extension problem for a lift

({O,l}xIUIx{l})in%;E ,

| ]

2x F- B

where

h(0,t,e) :=(Aok)(e), h(l,t,e):=e, h(s,1,e):=h(s,e).
The evaluation of the lift at I x {0} is the required homotopy between A o k and idp.

The argument for x o A is similar. O

Remark 7.64. This Lemma is a standard method to identify a space F with the loop
space of another space B. To this end must embed into a fibration & — B with con-
tractible total space E.

Corollary 7.65. Assume that E — B is a universal G-principal bundle. Then we have
a homotopy equivalence

G~ 0OG .
In particular, G ~ QBG.
Proof. Apply Lemma to the fibration £G — BG. O

Problem 7.66. Study the compatibility of the group structures.
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Lemma 7.67. If G is an abelian topological group, then BG is an abelian group in sTop
and hence BG is an abelian topological group.

Proof. We observe that BG is an abelian group in sTop. The operation BG x BG — BG
is given on the level of n-simplices given by

(gl)"'agn)+(h17"'7hn) = (gl+h17"'7gn+hn) :
Problem 7.68. Analyse where the condition that G is abelian is important.-
Since the geometric realization preserves products | — | we conclude that BG = |BG]| is
an abelian group in Top.

Remark 7.69. For example, the product in BG is given by
BG x BG = [BG| x |BG| = |BG x BG| 5 |BG| = BG .

We interpret the unit of G' as a homomorphism 1 — G, where 1 is thre trivial group.
Then we get a map B1 — BG. Using that B1 = |B1| = % we get a map

x* = Bl - BG
which represents the unit of BG.

Remark 7.70. More formally we can observe that the topological category BG is sym-
metric monoidal where the tensor product of morphisms is given by the sum. Thus BG
is an abelian group object in topological catgeories and therefore BG' an abelian group
object in sTop. Finally we get the topological abelian group BG.

If G is a topological abelian group, then BG is again a topological abelian group. There-
fore we can iterate the construction of the classifying space.

Definition 7.71. Let G be a topological abelian group. For n € N we define inductively
B"G := B(B"'G).

Let G be a discrete group.

Lemma 7.72. The space B"G has the weak homotopy type of K(G,n).

G i=n
0 else

Proof. ITterating we get

WZ(BHG) = Wi_n(G)

2

Corollary implies inductively that
B"G — QB""'@

is a homotopy equivalence.
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Corollary 7.73. For every topological abelian group G we get a spectrum

E = ((En)nez, (On)nez) -

Forn € N we set
E,=B"G, B"G— QOB"M@G .

Forn € Z and n < 0 we set E,, := Q" Ey und use the canonical structure maps.

If we apply this construction to the discrete abelian group A, then we get the Eilenberg-
MacLane spectrum HA.

7.6 Homology

Let
E = ((En)nezs (On)nez)

be a spectrum. The cohomology H*(X;E) of a pointed space X with coefficients in E
has been defined in Definition [4.2] In particular the homotopy groups of the spectrum E
are defined by

m(E):=E":=H(S“E), ncZ (20)

n

In this section we consider the dual theory, the homology H.(X;E) of a pointed space X
with coefficients in E.

In order to define the homology as a functor we must consider a category of spectra. A
morphism between spectra f : E — F is a family of maps f, : B, — F, foralln € Z
which preserve the structure maps, i.e. the diagrams

Xfn
SE, v R
oF oF
fn+1

En+1 > Fn+1

commute. A morphism between prespectra is defined similarly. In Definition we have
defined the spectrum R(E) associated to a prespectrum E. This construction provides a
functor

R : prespectra — spectra . (21)

Given a prespectrum E now define a functor from pointed spaces to prespectra
Top, — prespectra (22)
by the following description: It sends the pointed space X to the prespectrum

idx Aon

Non—s XAE,, S(XANE)XXALE, 5 X AE,., .
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On morphisms this functor is defined in the obvious way. We now obtain a functor
— ANE: Top, — spectra

from pointed spaces to spectra by post-composing the functor (22)) with the associated
spectrum construction (21). Recall 7§(—) from (20).

Definition 7.74. We define the homology of X with coefficients in E by

Hy(X;E) =m(XANE), keZ

By Lemma we can express the homology of X with coefficients in E directly in terms
of X and the constituents E,, of E. If X is compact, then we have

Hy(X;E) = colim,m, (X A E,_y) . (23)

In the following we state the obvious properties of homology:

1. The construction X — X A E preserves colimits. So in particular, if (X,) is a
diagram of compact spaces, then

Hi(colim, X,; E) — colim, Hi(X,; E)
is an isomorphism. We see that holds true for general spaces whose topology
is compactly generated.

2. X — Hi(X;E) is a homotopy invariant functor from Top? to abelian groups. On
compactly generated spaces this is most easily seen from since the functors
X — m,(X A E,_) are homotopy invariant for all n € N and take values in abelian
groups form n > 2.

3. Homology has a suspension isomorphism
Hy,(XX;E) 2 H, 1(X;E) .

Indeed, again using , we calculate

2

Hy (XX E) colim,m, (XX A E,_)
colim,m,(X A B, gi1)

Hi1 (X E)

I

I

4. The homology of spheres is given by

Hk(Sn,E) = 7Tk+n(E) .
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Next we consider the long exact sequence of a pair and its generalization. Compared with
the same feature for cohomology the case of homology is more complicated. For a map
[+ A— X we consider the mapping cone sequence Cor. [3.25]in pointed spaces

A X—=C0(f) 2 X2A-3X — ... . (24)

It immediately follows from the construction of R(—) that
SXAE~Y(X AE),

see Example for the definition of the shift of a spectrum. We get an induced sequence
of maps spectra
ANE - XANE—-C(f)NE—X(AANE) . (25)

Since . is an isomorphism this sequence can be prolonged to the left and right.

Proposition 7.75. The sequence induces a long exact sequence in homology
o= Hy (A E) —» Hy(XGE) —» H(C(f);E) » He 1 (A E) — ..
Proof. We use the suspension isomorphism for ¢ > 0
Hy(X;E) & Hy (S XGE)
The pair of pointed spaces (ZL}X AEy o, SPAN E,_k_¢) gives rise to an exact sequence
Tn(SCANE, 4 0) = (S X ANEy 1 y) = TS X AE, 1, S ANE, 4 y)

of homotopy groups. An (-fold suspension of a space is £ — 1-connected by Lemma [6.25]
We further use the identity (XX) AY = 3(X AY). From Theorem we get the

isomorphism
TS X ANEy 1, S ANE, 1) 2 1, (BC(f) A Bnie)

for all n < 2¢ — 3. We define £(n) to be the smallest integer greater ”TJF?’ Then by
we have
Hi(X;E) 2 colim,m, (S X A By ymy) -

The exactness of

Ta(B AN By ki) = Tn(Z VX A By ki) = Tn(ZC(F) A Briem)

implies that
H(AE) — Hy(X;E) — Hiy(C(f); E)

is exact. It extends further to a long exact sequence using Corollary |3.25] O
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Remark 7.76. We consider a sequence of maps between spectra
E—-F—-G-—XE. (26)

The choice of a homotopy of the composition F,, — G, — E,.1 to a constant map is
equivalent to the data of the following diagram

En QEn+1 (27)

F, —=Fib(G,, = Eny1)

G, —=G,

Epiy=—=FEwn

(see |5.3| for a Definition of the homotopy fibre).

Definition 7.77. We say that the sequence of maps between spectra s a fibre se-
quence, if the sequences of spaces

for all n € N fit into diagrams in which the horizontal maps are homotopy equiva-
lences and the upper horizontal map E,, — QFE, .1 1s homotopic to the structure map of

E.
Lemma 7.78. If 1s a fibre sequence of spectra, then we have a long exact sequence

o= (E) = (F) =m0 (G) — 7

n—1

(E) — ...

in homotopy.

Proof. The sequence in question can be written as
o= Tk (LB 1) = Tk (Fr) = ok (Gr) = T (Brer) — -

for k > n+ 2. It is an exact sequence of abelian groups by Proposition [5.21 O

Proposition 7.79. For a map f: A — X between pointed spaces the sequence s a
fibre sequence of spectra.

Proof. We will not give the details. One first introduces a notion of a cofibre sequence of
prespectra based on mapping cones. Then one observes that the mapping cone sequence
(24) induces a cofibre sequence of prespectra. Finally one observes that the associated
spectrum construction R(—) turns cofibre sequences in spectra into fibre sequences. O
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In order to simplify the notation we define

H*(f;E) :== H*(C(f); E)
and for an inclusion of a subspace f: A C X we set

H*(X, A;E) .= H*(f,E) .
Corollary 7.80. For a map f: A — X we have a long exact homology sequence

o= H{(AE) - H (XGE) —» H (L E) - Hi 1 (A E) — ..
Assume that
P=X,1CXoCX;C---CX
is an increasing filtration of a space. We get an increasing filtration of the homology by
F,H,(X;E) = in(H.(X,; E) - H.(X;E))

for all p € Z. The associated graded groups can be calculated by a spectral sequence.

In order to obtain the usual grading conventions for spectral sequences it us useful to
consider the decreasing filtration and a cohomological grading of homology

FPHYX;E) = F,H/(X;E), pqeZ.

Then we can put the long exact pair sequences of the pairs (X, X,,_1) together and obtain
an exact couple

@j H* (X E) @j H' (X E) .

\/

D, H(Xj+1, X;; E)

This exact couple induces a spectral sequence. The spectral sequence resides in the left
half-plane. If it converges (e.g. if the filtration is finite), then we have

EPi=GrPH_, (X;E).
If X is a CW complex and the filtration is by its skeleta, the the spectral sequence is
called the Atiyah-Hirzebruch spectral sequence. Its second page is
EY*~H ,(X;E7).
If E = HZ, then the spectral sequence lives in the zero line. In this case the Ej-term

BP0 @ 7

p—cells

is called the cellular chain complex (C.(X),0) of X, where 0 = d;. Its differentials 0
can be determined using the following Lemma:
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Lemma 7.81. The cellular cochain complex C*(X; A) of X 15 obtained by applying
Hom(—, A) to the cellular chain complex (C(X),0).

Proof. Excercise.

Example 7.82. We have

Here we use that CP" has cells in even dimensions 0,2, ...,2n. The complex is

L0472+ 0«2+ 7.

Z x=0,2k—1
H,(RP*~17)={ 7/27Z *=1,3,...,2k—3
0 else

Here the chain complex has the form
7287287287287+ ...27,
where the last Z is in degree 2k — 1.

The relation between complexes
C*(X,A) 2 Hom(C\(X),Z)

is reflected in cohomology/homology by the universal coefficient theorem UCT. We
start with the algebraic fact.

Lemma 7.83. Let C, be a chain complex consisting of free Z-modules, A be some abelian
group and define C* := Hom(C, A). Then we have a short exact sequence

0 — Ext(H_1(C,), A) — H*(C*) — Hom(H}(C,), A) — 0 .

Proof. The chain complex C gives rise to a short exact sequence of chain complexes

0 8 0
0 Zy, Ck %> By 0
0 P 0
P
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Using that the Z, are free we can take Hom(—, A) and get a short exact sequence of cochain
complexes

0 2y Ck-1 TBZ—Z%O
0 d 0

0 Zy, Ck<——DBr 1<=—0
0 d 0

where E* = Hom(F, A). We now consider the long exact sequence in cohomology which
gives
Zi_y — Bi_y = H*(C*) = Z; — By . (28)

We have
0— By — Z — Hi(C,) - 0.

Applying Hom(—, A) and using that By, is free we get
0 — Hom(Hy(C.), A) = Z; — By — Ext(Hg(Cy),A) = 0.

This sequence describe the kernel and cokernel of the maps Z; — B} and Z;_, — B;_;
in (28). We conclude that

0 — Ext(H,_1(C,), A) — H"(C*) — Hom(H}(C,), A) — 0

1s exact. O

We get the universal coefficient theorem

Corollary 7.84. If X is a pointed space, then for each k € N we have a (functorial)
short exact sequence

0 — Ext(H,_1(X;Z),A) = H*(X; A) — Hom(H(X;Z), A) = 0 .
Example 7.85. We consider the case RIP3. Since
Hy(RP*Z) =0, H (RP*Z)=7Z/27Z

we have
H*(RP?,Z) = Ext(Z/27,7) = 7./27

as expected.
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7.7 Hurewicz

We will first construct a morphism of spectra
€:S— HZ .

Here HZ consists of the spaces HZ, = K(n,Z) for n > 0 and % for n < 0. Note
that K(Z,0) = Z. For simplicity we use a version where QK (Z,n + 1) = K(Z,n) (a
homeomorphism and not just a homotopy equivalence).

Let S° — K(Z,0) be the map which sends to non-base point to 1. Using the structure
map of the Eilenberg-MacLane spectrum HZ this map induces a map

DI RN Y"K(Z,0) - K(Z,n)
for all n € N. For 0 < k <n we get an induced map
Qkyng0 o ORK(Z,n) ~ K(Z,k) .

These maps are compatible in the sense that the squares

Qn—anSO K(Z7 k)

)

Qrtl-kyn+160 — > QK (Z, k + 1)
commute. We get a collection of maps
Sp := colim, Q" *¥"S° —» K(Z,k), keN

where S, are the constituents of the sphere spectrum S. The collection of these maps is
compatible with the structure maps and therefore provide a map between spectra

€:S— HZ .
In induces a natural transformation between the homology theories
€e: H(—S) — H.(—Z) .

The stable homotopy homology theory H,.(—;S) gives quite strong information about
spaces but is very difficult to compute since even its coefficients are not known. On
the other hand, the ordinary integral homology H,.(—;Z) is easy to compute using e.g.
the cellular chain complex but loses more information. The strongest information about
spaces are the (unstabilized) homotopy groups. They detect homotopy equivalences be-
tween C'W-complexes. But they even more difficult to compute since they are not graded
components of a homology theory.
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The Hurewicz homomorphism compares homotopy and homology. We have a stabilization
map
s mE(X) = colim,myy, (X" X) = Hp(X;S) = mi(X) .

It is an a sense the best approximation of homotopy by a homology theory. The compo-
sition

h:m(X) S Hiy(X;8) S Hy(X;Z)
is called the Hurewicz homomorphism. It is natural in X.

Theorem 7.86. If X is n — 1-connected, then
Hy(X;Z2)=0, k<n

and
h:m(X)— H,(X;Z)

is an isomorphism (abelianization for k =1).
Proof. We have
Hy(X;Z) = colim,m, (X A K(m — k;Z)) .

Since K(m — k;Z) is m — k — 1-connected and X is n — 1-connected, by Proposition m
the product X A K(m — k;Z) is n + m — k-connected for sufficiently large m. Hence
Tm(X A K(m —Fk;Z)) =0 for k <n—1 and large m.

Assume that X is a CW-complex. We get a morphism of Atiyah-Hirzebruch spectral
sequences
SE, — HZ°E, .

Since SY = HZ" = 7 and both spectra have no negative homotopy the only term which
contributes to H,(X;—) is E; "0 No differential can end there since the spectra sequence
lives in the lower left quadrant. No differential can start there since the lower homology
of X (even with coefficients in 7$(S)) vanishes. Since 7§(S) = Z we have

SE,™ =~ H,(X;Z) .
From the comparison of spectral sequences we thus get an isomorphism
e: H,(X;S) = H,(X;HZ) .
It remains to study the stabilization map
To(X) = 75(X) = colimym, x(2FX) .

If n > 1, the Freudenthal’s theorem Theorem [6.24] applies and implies that this map is
an isomorphism, too.

It remains to study the case n = 1 and the map

7T1(X) — WQ(EX)
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for a connected space. By Theorem this map is surjective and since the target is
abelian we get a surjective map

7 (X) = 1 (X)) — m(EX) .

We refer to [ED08, Thm. 9.2.1] for an argument that m (X)® — m5(X) is an isomorphism.

8 Aufgaben

1. Show that a covering has the unique homotopy lifting property for every space.

2. Show that the concatenation of homotopy classes of paths is an associative operation.

3. Let ® : ¢ — D be an equivalence of categories. Show that the functor ®* :
Fun(D, Set) — Fun(C, Set) given by precomposition is an equivalence of categories.

4. Verify in detail, that the functor
¢ : Cov(Y) — Fun(II(Y), Set)
is well-defined.

5. Let a : H — G be an equivalence of groupoids and C' : G — Set be a representation.
Show that the natural morphism a : T'(a*C') — T'(C') between transport categories is an
equivalence.

6. Let m and G be groups. Show that a w-Set S with a right G-action G — Aut,get(S)
such that S is a right-G-torsor is isomorphic to one obtained from a homomorphism
™ — G.

7. Let STV S! be the wegde of two circles (obtained from the disjoint union S L S by
identifying distinguished points in each copy. Let a,b € 7(S* vV St %) be the elements
represented by the two circles. Show that m;(S* Vv S1, %) is freely generated by a, b.

Hint: Describe first explicitly a universal covering.

8. Let (X, z) and (Y, y) be pointed space. Then we form the pointed space (X XY, (z,v)).
Show that the natural map

(X XY, (2,9)) = m(X,2) xm(Y,y)

induced by the projections to the factors induces an isomorphism of groups.

120



9. Show that CP" is simply connected for every n > 1.
10. Let S' — S? be a smooth embedding. Show that 53\ S is not simply connected.

11. Let w be a closed one-form on a connected manifold M and m € M. On the set of
smooth paths starting in m we define the relation

P /f":/f’ and (1) = p(1) |

Show that this is an equivalence relation. Let X denote the set of equivalence classes of
such paths and f : X — M be the the map [y] — ~(1). Show that X has a natural
manifold structure such that f is a covering and f*w is exact.

12. We continue the previous exercise. Let g : Z — M be a smooth map such that ¢g*w
is exact. Show that there exists a smooth lift h in

13. A flat vector bundle is called irreducible if it does not contain a non-trivial proper
flat subbundle. Describe the set of isomorphism classes of flat two-dimensional real vector
bundles on T2 explicitly.

14. Let G be a topological group. On m1(G, 1) we consider the two group structures:
1. [y] o [u] := [y o p] given by concatenation of paths,
2. [v] * [u] := [yu] given by pointwise multiplication of paths.
Show that * = o and that m (G, 1) is abelian.

15. Let X and Y be locally compact Hausdorff spaces and Z be any topological space.
Show that there is a natural homeomorphism

Map(X X Y, Z) = Map(X,Map(Y, 7)) .
Further the composition
Map(X,Y) x Map(Y, Z) — Map(X, Z)

1s continuous.
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16. Let GG be a group which acts on a topological space X. Then we can form the quotient
X/G by the usual universal property. If Y is a locally compact Hausdorff space, then we
let G act on X x Y via its action on the first factor. Show that have a homeomorphism

(X xY)/G=(X/G)xY .

17. Let G be a topological group and LG be its loop group. Their base points are the
identity elements, respectively. Show that for every n € N we have an isomorphism of
groups m,(LG) = m,(G) X m41(G).

18. Let X be a pointed space and [..., X] : h'Top” — Set. be the pointed set valued
functor represented by X. Show that a refinement of this functor to a monoid valued
functor determines an H-space structure on X which is unique up to isomorphism.

19. We let Zg and Z, denote the sets of p-adic numbers with the discrete, and with
usual locally compact topology, respectively. Show that the map idz, : Zg — 2y, is a
weak equivalence, but not a homotopy equivalence.

20. Let f: X — Y be a morphism of co-H-spaces. Show that C'(f) has a naturally
induced co-H-space structure.

21. Amapi: A— X is called a cofibration if it has the homotopy extension property
for all spaces Y, i.e. if for every diagram (the bold part given)

H
Ix AU{0} x X =y

I xX

the extension H exists. Show that if 7 is a neighbourhood deformation retract, then it is
a cofibration.

22. Recall that the mapping cylinder Z(f) of amap f: X — Y is defined by I x X U;Y’,
where we identify [1,2] € [ x X with f(z) € Y. We consider the inclusion i : X =
{0} x X — Z(f) .

1. Show that f: X — Y is homotopy equivalent to i : X — Z(f) in Top?'.
2. Show that i : X — Z(f) is a neighbourhood deformation retract.
3. Show that the inclusion i : X — Z(f) is a cofibration (see Aufgabe 1).
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23. Show that if i : A — X is a cofibration (see Aufgabe 1), then the canonical map
C(i) — X/A is a homotopy equivalence.

24. We consider pointed spaces X and Y.
1. Show that for amap f: X — Y the map ¥f : X — Y is a map of co-H-spaces.
2. Show that the involution — : XX — Y X represents the co-inverse.

3. Show that a map XX — XY may not be a map of co-H-spaces.

25. Let f: X — Y be a fibration and y, and y; two points. Show that f~*(y,) and
f~Yy1) are homotopy equivalent provided that 3y and 3; belong to the same connected
component.

26. Show that
fTR=R, f(x):=2?

is not a fibration.
27. We consider a pull-back square in Top

X —X

e

Y —Y
Show that if f is a fibration, then f’ is a fibration.

28. Let f: X — Y be a fibration and T" be locally compact. Show that then the induced
map Map(7, X) — Map(T,Y) is a fibration.

29. Read Theorem 7.1 in Husemoller’s book [Hus94] on fibre bundles. Conclude that a
locally trivial fibre bundle is a quasi-fibration.

30. Let f,g:S™ — S™ be continuous maps. Show that

deg(f)deg(g) = deg(f A g) .

Further show in the case that n = m that

deg(f o g) = deg(f)deg(g) -
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31. Calculate the homotoyp groups m,(RP"). Conclude that

RP* := colim,RP" ~ K(Z/27,1) .

32. Let f: D" — R" be such that fjgn-1 = idgn-1. Show that then D™ C im(f).

33. Let I be a small category and X € Top! be an I-diagram of topological spaces.
Analyse under which conditions

Tp(colim X) = colimym, (X))

and
Tn(1im X)) = limymr, (X)) .

34. Construct a non-trivial action of m(X) on 7,(X) which is natural on X.

35. Let X be a C'W-complex and X,, C X be its n-skeleton. Show that the inclusion
X,, — X is n-connected.

36. Show that m3(SO(n)) is infinite for n > 3.

37. For n € N consider the simplicial set JA™ € sSet given as a union of the images of
A(9;) : A1 — A™ for all 4. Show that |0A"| = S~ 1.

38. Determine the non-degenerated simplices of A! x Al. Verify explicitly, that |A! x
Al =2 |AY x |AL.

39. Describe a simplicial set X such that |X| = T2

40. Let G be a topological group. Show that [sing®(G)| is again a topological group
which comes with a canonical homomorphism to G.
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