INTRODUCTION TO ALGEBRAIC TOPOLOGY

GEOFFREY POWELL

1. GENERAL TOPOLOGY
1.1. Topological spaces.

Notation 1.1. For X a set, #(X) denotes the power set of X (the set of subsets of
X).

Definition 1.2.

(1) A topological space (X, %) is a set X equipped with a topology % C Z(X)
such that (), X € % and % is closed under finite intersections and arbitrary
unions.

(2) A subset A C X is open for the topology % if and only if it belongs to %
and is closed if the complement X\ A is open.

(3) A neighbourhood of a point € X is a subset B C X containing x such that
U € % suchthatz € U C B.

(4) A subset # C % is a basis for the topology % if every element of % can be
expressed as the union of elements of %.

(5) A subset . C % is a sub-basis for the topology % if the set of finite inter-
sections of elements of .# is a basis for % .

If the topology % is clear from the context, a topological space (X, %) may be
denoted simply by X.

Remark 1.3. A given set X can have many different topologies; for example the
coarse topology on X i Zeoarse := {0, X} and the discrete topology is Zaiiscrete =
Z(X). In the coarse topology, the only open sets are () and X whereas, in the
discrete topology, every subset is both open and closed.

More generally, a topology # on X is finer than % (or % is coarser than 7))
if % C ¥; this defines a partial order on the set of topologies on X. The coarse
topology is the minimal element and the discrete topology the maximal element
for this partial order.

Recall that a metric on a set X is a real-valued function d : X x X — R such that,
forall z,y,z € X:
(1) d(z,y) > 0 with equality iff z = y;
() d(z,y) = d(y,z);
(B) d(z,z) <d(z,y) + d(y, z) (the triangle inequality).
A metric space is a pair (X, d) with d a metricon X. For0 < ¢ € Rand z € X the
open ball of radius ¢ centred at z is

Be(z) = {y € X|d(z,y) <e}.
Definition 1.4. For (X, d) a metric space, the underlying topological space (X, %) is
the topology with basis:
{B:(z)|lx € X, 0 < e €R}.
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Equivalently, a subset U C X is open (belongs to %) if and only if, Vu € U, 3¢ > 0
such that B.(u) C U.

Example 1.5. Metric spaces give a source of examples of topological spaces; for
example, for n € N, R" equipped with the usual Euclidean metric is a metric space;
this defines the “usual” topology on R™.

In general a subset A C X of a topological space (X, %) is neither open nor
closed.

Definition 1.6. For A C X a subset of a topological space (X, %), the

(1) interior A° C A is the largest open subset contained in A, so that A° :=
U CAUew U; .

(2) closure A O A is the smallest closed subset containing A, so that A :=
ﬂAcZ,X\Ze% {/’

(8) frontier 0A := A\ A°.

Remark 1.7.

(1) If A C X is closed, then the frontier 0A is the usual notion of boundary of
A.

(2) The interior (respectively closure) of A can be very different from A; for

example, for the coarse topology (X, Zoarse), if A is not open, then A° = ()
and 4 = X, so that 04 = X.

Definition 1.8. A subset A C X isdenseif A = X.
The notion of covering of a topological space is fundamental.

Definition 1.9. A covering of a topological space X is a family of subsets { A4;|i € .#}
such that ;. , Ai = X. The covering is open (or an open cover) if each subset
A; C X is open.

A subcovering of {A;|i € '} is a covering {Bj|j € 7} such that # C .# and,
Vje #,Bj=Aj.

Remark 1.10. Intuitively, a topological space X is constructed by gluing together
spaces of an open cover.

1.2. Continuous maps.

Definition 1.11. For topological spaces (X, %), (Y,7),amap f : X — Y is contin-
uous (or f is a continuous map) if VV € ¥ open in Y, the preimage f~*(V) € % is
openin X.

Exercise 1.12. For X,Y metric spaces equipped with the underlying topology, show
that f : X — Y is continuous if and only if Vo € X,V0 < e € R, 30 < § € Rsuch
that f(B;(z)) C Bo(f(z)). (This is the usual € — § definition of continuity.)

Proposition 1.13. For topological spaces (X, % ), (Y, V), (Z,¥'),

(1) the identity map Idx is continuous;

(2) the composite g o f of continuous maps f : X =Y, g:Y — Z is a continuous

mapgo f: X — Z;

(B) if (Y, V) is the coarse topology, then every set map f : X — Y is continuous;

(4) if (X, ) is the discrete topology, then every set map f : X — Y is continuous.
Proof. Exercise. O
Exercise 1.14. When is the identity map (X, %) — (X, ¥') continuous?

Remark 1.15. Topological spaces and continuous maps form a category Top, with
> objects: topological spaces (these form a class rather than a set);
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> morphisms: continuous maps, equipped with composition of continuous
maps. Explicitly Homs,, (X,Y) is the set of continuous maps from X to Y’
and composition is a set map

o : Homa,p (Y, Z) x Home,y (X,Y) — Home,p, (X, Z).

These satisfy the Axioms of a category: the existence and properties of identity
morphisms Idx € Homx,, (X, X) and associativity of composition of morphisms.

Example 1.16. Further examples of categories which are important here are:

(1) the category Get of sets and all maps;

(2) the category &roup of groups and group homomorphisms;

(3) the category 2Ab of abelian (or commutative) groups and group homomor-
phisms.

As in any category, there is a natural notion of isomorphism of topological spaces:

Definition 1.17. For (X, %), (Y, V') topological spaces,
(1) a continuous map f : X — Y is a homeomorphism if there exists a continu-
ousmap ¢g: Y — X such thatgo f = Idx and f o g = Idy. (If g exists, then
g is unique, namely the inverse of f; moreover g is a homeomorphism.)
(2) Two spaces X,Y are homeomorphic if there exists a homeomorphism f :
X =Y.

Remark 1.18. Homeomorphic spaces are considered as being equivalent. A topolog-
ical space X usually admits many interesting self-homeomorphisms.

Definition 1.19. A continuous map f : X — Y is open (respectively closed) if f(A)
is open (resp. closed) for every open (resp. closed) subset A C X.

Remark 1.20. Let f : X — Y be a continuous map which is a bijection of sets.

(1) In general f is not a homeomorphism. (Give an example.)

(2) The map f is open if and only if it is closed. (Prove this.)

(3) The map f is a homeomorphism if and only if it is open (and closed).
(Prove this.)

1.3. The subspace topology.

Definition 1.21. For (X, % ) a topological space and A C X, the subspace topology
(A, %4) is given by %4 := {ANU|U € %}. Thus a subset V' C A is open if and
only if there exists U € % suchthat ANU = V.

Exercise 1.22. For A, X as above, show that

(1) theinclusion i : A — X is continuous for the subspace topology (A4, Za4);

(2) the subspace topology is the coarsest topology on A for which i : A — X is
continuous;

(3) amap g : W — Ais continuous if and only if the compositeio g : W — X
is continuous.

The subspace topology provides many more examples of topological spaces.

Example 1.23.

(1) The usual topology on the interval I := [0, 1] C R is the subspace topology.
(2) The set of rational numbers Q C R can be equipped with the subspace

topology (show that this is not homeomorphic to the discrete topology).
(3) The sphere S™ is the subspace S™ C R""! of points of norm one.

Remark 1.24. For f : X — Y a map between topological spaces, the image f(X) C
Y of fis a subset of Y, which can be equipped with the subspace topology. Then
the map f is continuous if and only if the induced map f : X — f(X) is continu-
ous.

V14/09/13
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1.4. New spaces from old.

Definition 1.25. For topological spaces (X, %), (Y, V), the disjoint union X I1'Y is
the topological space with underlying set the disjoint union and with basis for the
topology given by % 11 ¥ (interpreted via #(X), Z(Y) C (X 1IY)).

This is equipped with continuous inclusions

XS Xy <O
The space X IT1Y has a universal property (in the terminology of categories, it is
a coproduct):

Proposition 1.26. For fx : X — Zand fy : Y — Z be continuous maps, there is a
unique continuous map f : X Y — Z such that fx = foix and fy = foiy.

Proof. Exercise. O

Definition 1.27. For topological spaces (X, %), (Y, V), the product X x Y is the
topological space with underlying set the product X xY and with topology defined
by the basis {U x VU € %,V € V'}.
The projections
X< XxY sy

are continuous surjections.
The product space X x Y also has a universal property (it is a categorical product):

Proposition 1.28. For gx : Z — X and gy : Z — Y continuous maps, there is a unique
continuous map g : Z — X x Y such that px o g = gx and py o g = gy

Proof. It suffices to show that the set map defined by g(z) = (gx(2), gv(2)) is con-
tinuous. (Exercise.) O

Exercise 1.29. For X,Y topological spaces, show that the projections px : X xY —
X and py : X XY — Y are open maps.

Proposition 1.30. For continuous maps f : X1 — Xoand g : Y1 — Ya, the maps
fxIdy : XixY —=>XoxY
Idy xg : XxY1 =>XxYs

are continuous.

Proof. Exercise. O

Example 1.31. Letn € N be a natural number.

(1) The product topology on R™ = (R)*" is equivalent to the topology associ-
ated to the Euclidean metric on R". (Prove this.)

(2) The n-dimensional solid cube is the product space I*"; this is equivalent
to the subspace topology associated to the inclusion *" C R*"™ = R™.

(3) The torus T is defined as a topological space as T' := S' x S*.

(4) The cylinder on a topological space X is, by definition the space X x I. Itis
equipped with the inclusions ¢, i1 : X = X x I induced by the inclusions
of subspaces {0}, {1} C I.

Definition 1.32. Let X % B < Y be continuous maps of topological spaces. The
fibre product X xp Y is the subspace of the product space X x Y formed by the
subspace of elements (z,y) € X x Y such that p(x) = ¢(y) in B.

Remark 1.33. If * is the singleton topological space (which has a unique topology),

there are unique continuous maps X % % <~ Y and X x,Y = X x Y is the product
space.
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Exercise 1.34. Formulate a universal property for the fibre product.

The product of topological spaces allows the introduction of the notion of a
topological group.

Definition 1.35. A topological group is a group G equipped with a topology such
that the structure maps:

v GxG—=G
x : G—=G

are continuous maps, where p is the multiplication p(g, h) = gh and x the inverse
x(g) =g7".
A homomorphism ¢ : G — H between topological groups is a group homo-

morphism which is continuous as a map of topological spaces.
Remark 1.36. If G is a group, then (G, Zdiscrete) 1S a topological group.

Example 1.37. The circle S! is a subspace of C* := C\{0} C C. The multiplication
of C provides S! with the structure of a topological group.

Definition 1.38. For G a topological group, a (left) G-space is a topological space
X equipped with a (left) G-action such that the structure map v : G x X — X is
continuous. (Recall that the axioms of a G-action require that v is associative (ie
v(g,v(h,z)) = v(u(g, h), z)) and the identity element e € G acts trivially (v(e, z) =

A morphism of left G-spaces is a continuous map f : X — Y which is compati-
ble with the respective G-actions.

Example 1.39. The discrete group Z/2 = {1, —1} acts on the sphere S™ C R"*! by
the antipodal action (—1)z = —=.

Exercise 1.40. For X a G-space and g € G, show that the map v(g,—) : X — X isa
homeomorphism.

1.5. The quotient topology. Recall that, to give a surjective map of setsp : X — Y’
is equivalent to defining an equivalence relation R on X together with a bijection
X/ ~r2 Y. Explicitly, the relation associated to p is given by z ~ y if and only if
p(z) = p(y). The fibres p~*(y) of p are precisely the equivalence classes of R.

Definition 1.41. For (X, % ) a topological space and p : X — Y a surjective map
of sets, the quotient topology (Y, %,) on Y is the finest topology on Y for which p is
a continuous map. Explicitly: V C Y is open in Y if and only if p~ (V) € %.

(Terminology: a continuous surjection p : X — Y is a quotient map if Y has the
quotient topology.)

Proposition 1.42. For X, Z topological spaces and p : X — Y a surjective map of sets,
with Y equipped with the quotient topology, a map g : Y — Z is continuous if and only if
the composite g o p : X — Z is continuous.

Proof. Exercise. O

Exercise 1.43. Letp: X - Y and ¢ : Y — Z be continuous surjections such that p
is a quotient map. Show that ¢ is a quotient map if and only if ¢ o p is a quotient
map.

Example 1.44. Consider the antipodal action of Z/2 = {1, —1} on the sphere S™.
Real projective space of dimension n is the quotient space

RP™:= 85"/ ~
where the equivalence relation collapses orbits: = ~ —zx.

(Observation: S™ is a smooth manifold; the action of Z/2 is free, hence the
smooth structure passes to RP".)
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Remark 1.45. More generally, if X is a left G-space, then the space X /G (the space
of G-orbits) is the quotient of X by the relation z ~ v(g,z) Vg € G,z € X.
Example 1.46. The Mdbius band M is the quotient

M:=IxI/~

where (5,0) ~ (1 — s,1) Vs € I, which can be embedded in R? as a band with a
twist.

The projection onto the second factor p, : I x I — I induces a projection M —»
S*, which locally is a projection from a product.

Example 1.47. The Klein bottle K is the quotient
K:=(S"x 1)/~

where the relation identifies the ends of the cylinder by (0, z) ~ (1, —z), using the
antipodal action on S*.

The projection map S*! x I — I induces a projection K — S*, which locally is a
projection from a product.

Remark 1.48. The projections M — S' and K — S* are examples of fibre bundles.

The quotient topology allows the definition of the cone and the suspension of a
space.

Definition 1.49. For X a topological space,
(1) the (unreduced) cone on X is the quotient space
CX =(XxI)/~
where ~ is the equivalence relation (z,1) ~ (2/,1), Vz,2’ € X, equipped
with the continuous map i : X — CX induced by ig : X — X x I;
(2) the (unreduced) suspension of X is the quotient space
SX = (X xI)/ ~,
where ~' is the equivalence relation (z,¢) ~' (2/,¢), Yz, 2’ € X, e € {0,1}.
Remark 1.50. By construction, there are continuous maps X < CX — ©X and the
composite sends X to a point. (More precisely, X C CX is the fibre of CX — XX
over this point.)
Exercise 1.51. For f : X — Y a continuous map, show that

(1) the continuous map f x I : X x I — Y x I induces a continuous map
Cf:CX — CY which fits into the commutative diagram

XXI&YXI

L

cX CY;

cf
(2) C(ldx) =Idox;
(3) if g : Y — Zis continuous, then C(go f) = C(g)oC(f)asamap CX — CZ.

(These properties correspond to the fact that the cone is a functor from Top to Top;
this is denoted by C' : Top — Top.)
Establish the analogous properties for ¥ : Top — Top.

The quotient topology provides ways of constructing new topological spaces
from old; in particular it is used for gluing topological spaces.
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Definition 1.52. For continuous maps of topological spaces X L ALy, the
topological space X |J, Y is the quotient X ITY/ ~ by the relation i(a) ~ j(a)
(understood via the inclusions ix, iy).

Remark 1.53. When A =0, X Up Y X X 1Y

Exercise 1.54. Formulate a universal property of X Ua Y.

2. BASIC PROPERTIES OF TOPOLOGICAL SPACES
2.1. Connectivity.

Definition 2.1. A topological space X is connected if the only subsets of X which
are both open and closed are (), X. Equivalently, if X = U UV, with U, V open and
non-empty, then U NV # 0.

Example 2.2. The space R is connected (prove this!). However, the subspace Q C R
is not connected.

Proposition 2.3.

(1) The continuous image of a connected space is connected.
(2) If X and Y are homeomorphic, then X is connected if and only if Y is connected.

Proposition 2.4. Let Z be a connected subset of a topological space X ; then the closure Z
is connected.

Proof. Let A be a closed and open subset of Z, then AN Z is open and closed in Z;
since Z is connected, A N Z is either Z or (. Since Z is dense in Z,ANZ # 0, so
ANZ = Z, or equivalently Z C A; it follows that Z = A, since Aisclosedin Z. O

Theorem 2.5. A topological space X can be written as a disjoint union
X = Mier(x)Xi

of connected components, where each X; is a maximal connected subspace of X, in partic-
ular is closed in X; w(X) is the set of connected components of X.

Example 2.6. For Q C R, equipped with the subspace topology, the connected
components are precisely the points of Q: the space Q is totally disconnected. More-
over, the set 7(X) is in bijection with Q and hence inherits a topology.

This example shows that the connected components of a space are not in general
open.

Remark 2.7. The set m(X) of connected components of a topological space is a
homeomorphism invariant of a space. For example, X is connected if and only
if |7(X)| = 1.

Proposition 2.8. For connected topological spaces X, Y, the product X x Y is connected.
Proof. Exercise. O

2.2. Separation. The notion of separation highlights one of the standard properties
of metric spaces.

Definition 2.9. A topological space X is Hausdorff (or separated or T5) if, Vo # y €
X,Jopensetsz € U,y € VsuchthatUNnV =0.

Example 2.10.

(1) The coarse topology on a set X is separated if and only if | X| < 1.
(2) The set of real numbers R with the finite complement topology (a non-empty
subset U is open if and only if R\U is a finite set) is not separated.

Exercise 2.11. For X,Y homeomorphic topological spaces, show that X is Haus-
dorff if and only if Y is Hausdorff.



8 GEOFFREY POWELL
Proposition 2.12. A topological space X is Hausdorff if and only if the diagonal subset
A C X x X (of elements of the form (x, x)) is closed.

Proof. Exercise. O

Proposition 2.13. For X,Y non-empty topological spaces, the product X x Y is Haus-
dorff if and only if X and Y are both Hausdorff.

Proof. Exercise. O

Exercise 2.14. Show that the subspace A C X of a Hausdorff topological space X
is Hausdorff.

Passage to a quotient space does not in general preserve separation.

Example 2.15. Let R® denote the quotient of R IT R which identifies the two sub-
spaces R\{0}; thus the underlying set of R® identifies with RIT{0}; this is the space
of real numbers with two origins 01, 02. The space R® is not Hausdorff, since open
neighbourhoods of the distinct points 01, 02 always intersect.

2.3. Compact spaces.

Definition 2.16. A topological space X is compact if every open cover admits a
finite subcover

Remark 2.17. @In the French literature, this property is called quasi-compact; the
space is compact if it is also separated.

Example 2.18. The interval I = [0, 1] is compact (this is the Heine-Borel theorem),
whereas R is not compact. Similarly, the open interval (0,1) C I is not compact;
this shows that a subspace of a compact space need not be compact.

Proposition 2.19. For X,Y homeomorphic topological spaces, X is compact if and only
if Y is compact.

Proof. Exercise. O

Proposition 2.20.
(1) A closed subset of a compact space is compact.
(2) The continuous image of a compact space is compact.

Proof. Exercise. O
In presence of a separation hypothesis, the first property has a converse:
Proposition 2.21. A compact subspace of a Hausdorff topological space is closed.

Proof. Exercise. O

Proposition 2.22. Let p : X — Y be a continuous map which is surjective. If X is
compact and Y is separated then Y has the quotient topology.
In particular, if p is a bijection of sets, then p is a homeomorphism.

Proof. 1t suffices to show that a subset A C Y such that f~!(A) is closed, is closed
inY.

Proposition 220l implies that the closed subspace f~!(A) is compact in X, since
X is compact; moreover, by Proposition the image f(f~'(4)) = Ais com-
pact. Since Y is Hausdorff, the compact space A is closed by Proposition 2.21] as
required. O

Example 2.23.
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(1) The surjection I = [0,1] — S* C C defined by t +— > is continuous and
I is compact and S Lis separated, hence
St=71/0~1.
(2) The analogous argument shows that the torus S! x S! is homeomorphic to
the quotient space of I x I which identifies (0, s) ~ (1, s) and (¢,0) ~ (¢,1).
(3) Real projective space RP" is homeomorphic to the quotient of R\ {0}
by the group action of R\ {0} given by
v(A (zoy ... xn)) = (Ao, .., Axy,).
The orbit of (o, ..., x,) is usually denoted by [z : ... : xy].
2.4. Locally compact spaces.

Definition 2.24. A topological space X is locally compact if each point has a compact
neighbourhood.
Exercise 2.25. Show that

(1) a compact space is locally compact;

(2) aclosed subset of a locally compact space is locally compact.
2.5. Paths. A point z € X of a topological space is equivalent to a (continuous)
map * — X; we consider deforming points along paths.

Definition 2.26.
(1) A path ~ in a topological space X is a continuous map I = [0,1] 2 X; this
is also referred to as a path from v(0) to y(1).
(2) The inverse path v~=! : I — X is the path v~ (¢) = y(1 — ¢).
(3) If A : I — X is a path with A(0) = (1), the composite path v- X : I — X is

given by
[ 20 0<2<1
7'A(t){)\(%—n 1<2t<2.

Exercise 2.27. Verify that y~! and ~ - \ are paths.

Proposition 2.28. For v : I — X apathin X and f : X — Y a continuous map, the
composite map fo~y: 1 — Y isapathinY from f(v(0)) to f(y(1)).

Proof. Exercise. O

Definition 2.29. Let X be a topological space,

(1) X is path connected if, Vz,y € X, 3y a path from z to y.
(2) X is locally path connected if, Vo € X and for every neighbourhood z € A C
X, there exists an path connected open subspace z € V' C A.

Remark 2.30. @A path connected space is not necessarily locally path connected.
(Give an example.)
Proposition 2.31. For X a topological space,
(1) if X is path connected, then X is connected;
(2) if X is locally path connected and connected, then X is path connected.
Proof. Exercise. O

Exercise 2.32. Give an example of a space which is connected but not path con-
nected.

The relation on points of X given by 2 ~ y if and only if 3 a path from z to y
is an equivalence relation (exercise), hence a topological space decomposes as the
disjoint union of path-connected components.

V'14/09/13
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Definition 2.33. For X a topological space, mo(X) denotes the set of path-connected
components of X.

Proposition 2.34. A continuous map f : X — Y induces a map of sets mo(f) : mo(X) —
mo(Y'); the association f — mo(f) has the following properties:

(1) mo(ldx) = Idg,(x),
(2) if X Ly % Zare composable continuous maps, then mo(go f) = mo(g) omo(f).
Proof. Exercise. O

Remark 2.35. This is an example of a functor from the category Top of topological
spaces to the category Set of sets.

2.6. Mappingspaces. The set of paths in a topological space X has a natural topol-
ogy, which is a particular case of the following:

Definition 2.36. For topological spaces X,Y, let Map(X,Y) (sometimes written
Y ¥) denote the set of continuous maps from X to Y equipped with the compact-
open topology, which is defined by the sub-basis of subsets (K,U) for K C X com-
pactand U C Y open, where

(K, Uy ={f: X =>Y|f(K)CU}.
The path space of X is the space Map(I, X) (or X7).

Proposition 2.37. Restriction to the endpoints 0,1 € I induces continuous surjections:

X —=x
=3
1

Proof. Exercise. O
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3. HoMOTOPY

3.1. Motivation. The category of topological spaces and continuous maps is very
rigid. This is illustrated by considering the paths of a topological space X.

Suppose that A, i, v are three paths I — X which are composable (A\(1) = 1(0)
and u(1) = v(0)). Then there there are two a priori different composite paths from
A(0) to v(1)

M) v, e (p-v): I = X;

namely, the composition of paths is not associative. (Exercise: give a simple example
where these paths are different.)

The problem arises from the fact that the composites are defined using two dif-
ferent homeomorphisms

I1 Ut 0, 12 Uy, I3 211,

where 11, I, I3 are copies of the interval. (Explicitly, the two composites rely on
the decompositions [0,1] = [0,1] U [+, 2] U [3,1]and [0,1] = [0, 3] U [3, 2] U [3,1],
together with the linear homeomorphisms between the sub-intervals and [0, 1].)

Similarly, the composite A - A~! is a path from A(0) to A(0) which retraces its
steps. One would like to consider this as being ‘equivalent’ to the constant path
cao) © I — X, (defined by cy0)(t) = A(0)); however, these are not equal as paths,
unless ) is itself a constant path.

To get around these problems, one reparametrizes paths; this uses the notion of

continuous deformation or homotopy.

3.2. Homotopy. The notion of homotopy formalizes the idea of continuous defor-
mation corresponding to a continuous family of continuous maps f;, indexed by
teR.

Definition 3.1. Let f,g : X = Y be two continuous maps.

(1) A homotopy from f to g is a continuous map H : X x I — Y which makes
the following diagram commute

i1

X% X xT
\lH/
f g
Y.

(2) The maps f, g are homotopic if there exists a homotopy from f to g; this will
be denoted by f ~ g.

Example 3.2. If X = {x}, then continuous maps f,g : X = Y correspond to
points f(x), g(*) of Y. A homotopy from f to g is a path from f(x) to g(x). In
the general case, for each point = € X, the restriction H(z,—) : I — Y is a path
from f(z) to g(x) in Y; the definition of homotopy requires that the set of paths
{H(z,—)|x € X} forms a continuous family.

Remark 3.3. The homotopy H from f to g is not unique; for example, if o : I — I is
any continuous map such that sy is the identity (ie the endpoints of the interval
are fixed), then H, := H o (Idx X «) is a homotopy from f to g. The map «
reparametrizes the homotopy.

When considering homotopies between paths in X from z; to z3, one wants
to consider continuous families of paths from z; to z,. This imposes a restriction
on the homotopy in terms of the values on the endpoints 9I = {0,1} C I. This
corresponds to the general notion of homotopy relative to a subset A C X.

Definition 3.4. For A C X and maps f,¢g: X = Y suchthat fla=gla: A=Y,
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(1) a homotopy relative to A from f to g is a homotopy H : X x I — Y from f to
g such that H(a,t) = f(a) = g(a)Va € At € I;

(2) f and g are homotopic rel A if there exists a relative homotopy (rel A) from
f to g (thisis denoted f ~ grel Aor f ~ye1 4 9)-

Example 3.5. For 7,71 : I = Y two paths in Y such that 7,(0) = 71(0) and
(1) = 71(1), a homotopy rel 91 from 7, to 1 is a continuous family of paths
{1t € I} from ~0(0) to vo(1).

Remark 3.6. The notion of relative homotopy rel () coincides with the absolute ver-
sion given in Definition Bl

3.3. First properties of homotopy. The notion of homotopy leads to a weaker no-
tion of equivalence between topological spaces than homeomorphism: spaces can
be deformed continuously. For surfaces, this is often referred to as rubber sheet geom-
etry.

Notation 3.7. For topological spaces X,Y, A C X asubspaceand ¢) : A — Y a
continuous map, let

Homs,op (X, YY)y C Homgep(X,Y)
denote the set of continuous maps f : X — Y such that fla =¢: A - Y.

Proposition 3.8. In the situation of Notation [3.7] the relation ~e1 a is an equivalence
relation on Homz,p (X,Y)y.

Proof.

> reflexivity: for f € Homx,, (X,Y)y, it suffices to take the homotopy H (x,t) =
f(z) (this is a constant family);

> symmetry: if H is a relative homotopy from f to g, then H’ defined by
H'(z,t) := H(x,1 — t) is a relative homotopy from g to f;

> transitivity: this corresponds to gluing homotopies, which generalizes the
composition of paths; if H; is a homotopy rel A from f to g and H; is a
homotopy rel A from g to h, then H : X x I — Y defined by

[ Hiy(x,2t) 0<t<3
Hiz,t) := { Hy(z,2t — 1)

is a homotopy rel A from f to h.
a

Remark 3.9. It can be useful to represent a homotopy H from f to g by a diagram

Then, the transitivity homotopy H corresponds to the vertical composition of H;
and H» in the following diagram:

TN

g——=Y.

N

h

X

Use of such diagrams is formalized by the theory of 2-categories; this theory will
not be used here!

Homotopy behaves well with respect to composing maps:
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Proposition 3.10. For continuous mapso.: U — X, f,g: X =2 Yandw : Y — Z, if
f ~ g are homotopic then
(wofoa)~(wogoa).

Proof. Let H be a homotopy from f to g; the required homotopy is represented by
the following diagram
!
T
U—=x_|ny—>2z
N A
g

(Exercise: write down this homotopy explicitly.) O

Exercise 3.11.
(1) Suppose that B C U such that a(B) C A; formulate and prove a version of
Proposition for relative homotopy.
(2) For continuous maps f,¢g: X = Y and w,( : Y =2 Z such that f ~ g and
w ~ (, show that the composites w o f, ( 0 g : X = Z are homotopic.
More precisely, given homotopies represented by the diagram

give an explicit homotopy from w o f to { o g by using transitivity from
Proposition and Proposition [3.101 (The form of the diagram should
suggest how to do this.)

Since the homotopy relation ~ is an equivalence relation (by Proposition [3.8),
one can pass to homotopy classes.

Notation 3.12. For topological spaces X, Y, write

[X,Y] := Homgop(X,Y)/ ~
for the set of homotopy classes of continuous maps from X to Y. The homotopy
class of a continuous map f : X — Y will be denoted [f].

Proposition 3.13. For topological spaces X,Y, Z, the composition of continuous maps
induces a composition law:

Y, Z] x [X,) Y] —=[X, Z]

g, [fl ———=1g o f].

The class [Idx] € [X,X] acts as the identity for this composition and composition is
associative.

Proof. Exercise (use Proposition and Exercise 3.17). a

Remark 3.14. Proposition [3.13] gives a category with objects topological spaces and
morphisms homotopy classes of continuous maps. (Exercise: check the axioms of
a category - see Section[A.]l)

@This is not the homotopy category of topological spaces which is usually studied
in algebraic topology. This is given by restricting to a well-behaved class of topo-
logical spaces (CW-complexes); most spaces arising naturally in geometry can be
given the structure of a CW-complex, so this is not a serious restriction.
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3.4. Homotopy equivalence. The notion of homotopy leads naturally to that of
homotopy equivalence:

Definition 3.15.

(1) A continuous map f : X — Y is a homotopy equivalence if there exists a
homotopy inverse g : Y — X (namely a continuous map such that go f ~ Idx
and f o g~ Idy).

(2) Topological spaces X,Y are homotopy equivalent (or have the same homotopy
type) if there exists a homotopy equivalence f : X — Y; write X ~ Y in
this case.

Remark 3.16.

(1) The simplest topological space is (); however there is 70 map of sets X — 0
unless X = (), in which case the only map is Idy (which is continuous!).
Thus the only topological space homotopy equivalent to 0 is () itself.

(The space () is in fact the initial object of the category of topological
spaces, Top, in the language of category theory. Namely, there is a unique
continuous map () — X to any topological space X.)

(2) The singleton set * has a unique topology (the discrete and coarse topolo-
gies coincide) and also plays a special r6le amongst topological spaces: for
any topological space, there is a unique (continuous) map X — *. This
means that * is the final object of Top.

A point € X corresponds to a continuous map « : * — X which is the
inclusion of the subspace {x}; the unique map X — * provides a retraction
of this inclusion.

It is natural to consider the topological spaces which are homotopically equiva-
lent to *.

Definition 3.17.

(1) A topological space X is contractible if X ~ x.
(2) A continuous map f : X — Y is homotopically trivial if it is homotopic to a
constant map.

Exercise 3.18. Show that a space X is contractible if and only if the identity map
Idx is homotopic to a constant map.

Example 3.19. The following spaces are contractible:

(1) the interval J;
(2) Euclidean space R", n € N;
(3) the closed ball e™ C R™.

For example, the continuous map H : I x I — I, (s,t) — st shows that the identity
map Id; is homotopic to the constant map on I with value 0 € [0, 1].

Proposition 3.20. Let X, Y be topological spaces.

(1) If X, Y are homeomorphic then X ~'Y have the same homotopy type.
(2) The relation ~ is an equivalence relation.

Proof. Exercise. O

Example 3.21. The spaces R?\{0} and S! have the same homotopy type. The
inclusion i : S' < R? admits a retract r : R*\{0} — S' which sends a point
(pcos, psinf) — (cos b, sin 0), where p > 0; the composite ior : R?\{0} — R*\{0}
is homotopic to the identity map (exercise!).

However, these spaces are not homeomorphic. One way of showing this is to
observe that, for any point x € S', the complement S'\{*} is homeomorphic to
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(0,1), which is contractible. The space R?\{0, *} is homotopy equivalent to a fig-
ure eight embedded in R?; we shall be able to show shortly that this space is not
contractible, hence neither is R?\ {0, x}.

Remark 3.22. The example shows that the relation ~~ is coarser than the relation
=; one of the aims of algebraic topology is to understand topological spaces up to
homotopy equivalence.

3.5. The cone and homotopically trivial maps. Recall that the cone C' X with base
a topological space X is the quotient X x I /X x {1} and that the inclusion ip : X —
X x I induces the inclusion 7 : X — CX of the base of the cone, which fits into the
commutative diagram

X x1I

.

The homotopical importance of the cone C'X on a space X is shown by the fol-
lowing result:

Proposition 3.23.
(1) The cone CX on a topological space X is contractible.
(2) A continuous map f : X — Y is homotopically trivial if and only if it extends to
a continuous map f : CX — Y making the following diagram commute:

X . ox

A

Y.

Proof. For the first point, define a continuous map H : (X x I) x [ — X x I by
((z,5),t) + (x,5(1 — t) +t). The map H is a homotopy between Idx; and the
projection to the top of the cylinder, (z, s) — (z, 1).

By construction, H((x,1),t) = (z,1), hence H induces a continuous map

H:CXxI—-CX

(this uses the defining property of the quotient map X x I — CX). Moreover, H is
a homotopy between Idcx and the constant map sending C'X to the point of the
cone, by construction of H. This proves that C'X is contractible.

For the second point, consider the commutative diagram

X x I

.

CcX

P

<
-
N
~

=

If f exists, then the composite X x [ — CX 1, ¥ defines a homotopy between f
and a constant map.

Conversely, let K : X xI — Y be a homotopy between the map f and a constant
map with value y € Y. The map f : CX — Y defined by f([z,t]) = K(z,t) is a
continuous map (well-defined since K (z,1) = y Vz € X). O
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3.6. Deformation retracts. A deformation retract is a special form of homotopy
equivalence.

Definition 3.24. Let A be a subspace of X equipped with the inclusion i : A — X.
(1) Aisaretract of X if there exists a refraction r : X — A, namely a continuous
map such that r o i = Idy;
(2) Ais a deformation retract of X if there exists a retraction r such that i or ~
Idx;
(3) A is a strong deformation retract of X if there exists a retraction r such that
1or ~pel 4 Idx.

Proposition 3.25. If A C X is a deformation retract with respect to the inclusion i and
the retraction r, then i, r are homotopy equivalences, in particular A and X have the same
homotopy type.

Proof. Exercise. O

Example 3.26. For any n € N, 5™ < R"*1\ {0}, S" is a strong deformation retract
of R 1\{0}.

Example 3.27. Consider the Mobius band M (recall that this is defined as the quo-
tient of I x I by the relation (s,0) ~ (1 — s, 1)). There are two natural embeddings
of the circle S! in M:

(1) The zero section (the terminology comes from the theory of vector bundles
and is not important for this example) which is induced by the continuous
map I — I x It~ (,1).

(2) The boundary OM = S*.

The projection M — S' induced by I x I — I, (s,t) ~ t is a retract of the zero
section, which is a strong deformation retract of M. However, the inclusion S* =
OM — M does not even admit a retract! We will shortly see how to prove this.

Example 3.28. Let X denote the subspace {0} U {2]|0 < n € N} C R. (Note that
the topology on X is not the discrete topology.) By Proposition[3.23] the space C X
is contractible.

Consider 0 € X C CX; {0} € CX is a deformation retract of CX but is not a
strong deformation retract of CX (equivalently, Idcx is not homotopic rel {0} to
the constant map at {0}). (Exercise: prove this assertion.) The problem arises from
the fact that, for any open neighbourhood of 0 in X, the inclusion {0} C U is not a
homeomorphism and is not even a homotopy equivalence.

Form the space Y := CX Ujp; CX by identifying the two respective points
0 € CX. Although each cone is contractible, the space Y is not. One cannot simply
first collapse one cone and then the other.

Proposition 3.29. The subspace Map(I,I)gr C Map(I,I) of continuous maps which
restrict to the identity on OI is contractible and the subspace {Id;} C Map(I,I)s; is a
strong deformation retract.

Proof. Define a homotopy H : Map(I, I)g; x I — Map(I,I)sr by
H(p,t) ={s— st+ (1 —t)p(s)}.
Thus H(p,0) = ¢ and H(p,1) = Id; is a homotopy between the identity map on

Map(I, I)s; and the constant map with value Id;; moreover H (Id;,t) = 1d; Vt € 1.
This homotopy exhibits {Id;} as a strong deformation retract of Map(I,I)s;. O

Remark 3.30. The space Map(I, I)sr acts as the space of reparametrizations of homo-
topies, via the evaluation map:

eval : I x Map(I,I) — 1
(s,0) = @(s).
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Namely, if H : X x I — Y is a homotopy, then the evaluation map induces the

composite:
Idx xeval

X x I xMap(I,1)o; 5 x x1 2y,
Fixing a reparametrization ¢ € Map(/,I)y;, this gives the homotopy H,, as in
Remark[3.3

3.7. Paths again. With the notion of relative homotopy in hand, we can resolve
the problems of Section 3.1}

Notation 3.31. For X a topological space and z € X, let ¢, : I — X denote the
constant path t — x.

Proposition 3.32. For X a topological space and composable paths X\, p,v : I — X:
(1) the composite paths (A - p) - v, A (u-v) : I — X are homotopic rel 0I;
(2) the composite path \- X' : I — X is homotopic rel O1 to the constant path cyq).

Proof. The results are proved by reparametrization. For example, consider the sec-
ond point.
The continuous map H : I x I — X defined by

A(2st) 0<s<i
H(Svt){ A2(1—s)t) L<s<i
A

is a homotopy rel 91 between the constant map ¢y ) and A - A~%.
(Exercise: prove the associativity property.) O

Q.

This leads to an important invariant of a topological space, the fundamental groupoid:

Definition 3.33. For X a topological space, the fundamental groupoid I1(X') of X is
the small category:

> Ob II(X) = X (the objects are the points of X);

> Homp(xy(2,y) = {(Y]lv: I = X,7(0) = 2,7(1) = y} is the set of homotopy

classes rel 01 of continuous paths from z to y;
with identity maps [c,] € Homp(x)(, 2) and composition induced by composition
of paths [u] o [A\] = [A - p].
The inverse of [)\] is [A\71].

Exercise 3.34. Prove that II(X) is a groupoid.

Remark 3.35. For each topological space X, we obtain the fundamental groupoid
II(X); this contains important information on the topological space X (as we shall
see). Moreover, if f : X — Y is a continuous map, the fundamental groupoids are
related by a morphism

(x) " (y).
This is an example of a functor from Top to groupoids. (See Section[A.2for the notion
of a functor.)

Exercise 3.36. Show that one can recover the set of path connected components
mo(X) of a topological space X from its fundamental groupoid I1(X).
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4. THE FUNDAMENTAL GROUP

4.1. Path connected components revisited. Recall that [X,Y] denotes the set of
homotopy classes of continuous maps from X to Y’; a homotopy class is denoted [f],
where f : X — Y is a continuous map, so that [f] = [¢] if and only if f is homotopic
to g.

Proposition 4.1. For X a topological space, my defines a functor mo : Top — Set. More-
over, there is a natural bijection of sets:

WO(X) = [*7X]

Proof. For X a topological space, we first establish the bijection of sets, by showing
that the respective definitions are equivalent.

A continuous map * — X is equivalent to a point x of X. For two points z,y €
X, a homotopy from « to y is a continuous map H : I = % x I — X such that
H(0) = z and H(1) = y; this is a continuous path from z to y. Hence z and y
(considered as maps to X) are homotopic if and only if  ~ y are connected by a
path.

If f: X — Y is a continuous map, the induced map of sets mo(f) : mo(X) —
7o(Y) is defined by

ro(f)la] = [f(@)].

This is equivalent to the composition
(X, Yo [%, X] = [+, Y]

defined on homotopy classes (see Proposition 3.13).
In any category ¢, for A an object of ¢, the association B +— Hom (A, B) de-
fines a representable functor with values in the category of sets:

Homg (A, —) : € — Get.

(Exercise: prove this assertion.) If follows immediately that 7 (.X) is a functor, by
taking for ¢ the category introduced in Proposition [3.13). a

Remark 4.2. The naturality in the statement of Proposition 4.1 corresponds to a nat-
ural equivalence in category theory (see Section [A3).

4.2. Groupoids and the fundamental groupoid revisited. A small groupoid is a
small category ¢4 (so that the objects form a set) in which every morphism is invert-
ible. Namely

> there is an associative composition law o;

> every object admits an identity morphism for this composition law;

> every morphism admits an inverse f — f~!, Homg (A, B) " Homg (B, A).

A morphism of groupoids ¢ : 4 — % is a functor from ¥; to %. This is

equivalent to

> a map of sets ¢ : Ob (¢%1) — Ob (%);

> for all pairs of objects A, B of ¢;, a set map

. : Homy, (A, B) — Home, (p(A), p(B))

which is compatible with composition and sends identity maps to identity
maps.

Remark 4.3. The behaviour of a morphism of groupoids on inverses follows auto-
matically (o(f~1) = ¢(f)™!), so this is not required in the definition.
Definition 4.4. Let Groupoid denote the category of small groupoids, with

> objects: small groupoids
> morphisms: morphisms of groupoids.
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This is a full subcategory of the category €2AT of small categories (see Definition

[A.3).

Example 4.5. A discrete group G is equivalent to a groupoid G with a single object

*, by taking Homg (%, *) = G, with composition induced by group multiplication

and inverse by group inverse. If 1, G2 are discrete groups, a morphism of the

associated groupoids G5 — G3 is equivalent to a group morphism G — Go.
Conversely, for any small groupoid ¢ and object A of 4, Homg (A, A) is a group.

Exercise 4.6. Show that the association G — G defines a fully faithful embedding
(see Definition[A.9) of the category of groups in the category of small groupoids
Broup — Broupoid.
Definition 4.7. For ¢ a small groupoid, define
(1) the equivalence relation ~ on Ob ¢ by A ~ B if and only if Homy (A, B) #

(2) m(¥4) :== Ob &/ ~, the set of connected components of ¥;
(3) ¥ is connected if |7o(¥4)| = 1.

Proposition 4.8. The connected component defines a functor
mo(—) : Broupoid — Set.
Proof. Exercise. O

Exercise 4.9. For ¢ a small groupoid and objects A, B € Ob ¢ such that A ~ B,
show that the groups Homg (A4, A) and Homy (B, B) are isomorphic.

Recall the definition of the fundamental groupoid of a space X:

Definition 4.10. For X a topological space, the fundamental groupoid II(X') has

> Ob II(X) = X, the set of points of X;

> Homp(xy(2,y) == {a: I — X |a(0) = z,a(1) = y}/ ~ rel 91, the set of
homotopy classes rel 91 of continuous paths from z to y;

> composition induced by composition of paths: [§] o [a] := [a - 5];

> inverse given by [a] 7! := [a7].

Remark 4.11. If a path in X from x to y is thought of as a homotopy between x,y :
* = X, the composite of paths a (from z to y) and § (from y to z) should be thought
of as a composite of homotopies:

«

x
)
ﬂa
z

using the diagrammatic representation of Remark[3.9

A homotopy rel 01 between paths o to ap in X isamap H : I x I — X where
the first coordinate corresponds to progression along the path and the second pro-
gression along the homotopy (H is a homotopy between homotopies).

This should now be represented by

x
(5] <%> 2
y.

There are two possible compositions:
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> vertical composition corresponds to composition of paths;
> horizontal composition corresponds to composition of homotopies rel 01.

Proposition 4.12. The fundamental groupoid defines a functor:
II(—) : Top — Groupoid.
Proof. We require to show that a continuous map f : X — Y induces a morphism
of groupoids II(f) such that
> VX, II(Id x ) is the identity morphism of ITI(X);
> for composable continuous maps X Ly % g,
(g o f) = Tl(g) o TI(f).
On the objects of X (that is the points z € X)), II(f) is the underlying map of sets
f: X — Y. On a morphism [a], represented by a continuous path o : I — X,
II(f)[e] = [f o . This defines a morphism of groupoids.
The morphism of groupoids II(Id x ) : II(X) — II(X) is clearly the identity and
behaviour on composites is easy to check. O

There are two notions of connected component associated to a topological space
X: the set of path-connected components 7 (X)) and the set of components of the
fundamental groupoid ITI(X). These coincide:

Proposition 4.13. The functors
mo(—) : Top — Get
mooll(=): Top — Get
are naturally isomorphic.

Proof. Exercise. (See Section[A.3 for the notion of natural equivalence.) O

Remark 4.14. Proposition 4.12lintroduces the morphism of groupoids II( f) associ-
ated to a continuous map f : X — Y. What happens for twomaps f,g: X = Y
which are homotopicvia H : X x [ — Y?

Consider a path o from z to y in X then there is a diagram of composable paths:

f@) L p(y)

H(r-,)ﬂ mﬂ H(y,—)"'

)
g(z) = 9(y),

where the square represents two paths from f(z) to f(y) in Y. The path corre-
sponding to the bottom of the square is obtained from g(«) by composing with
the path H(z, —) from f(z) to g(z) and the inverse of the path H(y, —) from f(y)
to g(y). The homotopy H induces a homotopy rel 0I between these two paths
(exercise).

For points z,y € X, define the map of sets

H:n,y : HomH(Y) (g(x)vg(y)) - HomH(Y) (f(IL'), f(y))

by [8] — [H(y,—)]"! o [8] o [H(x,—)], generalizing the construction used above.
This provides the compatibility between II(g) and II( f) which is given by the com-
mutative diagram

HOHlH(X)(L Y)
I(g) II(f)

Hompyy (9(x), 9(y)) — Homyyyy (f(2), f(y))-
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(Exercise: verify that H, , is a bijection.)
This could be made more conceptual by introducing the general notion of homo-
topy between morphisms of groupoids.

4.3. The fundamental group. If the topological space X is path connected, most
of the information encoded in the fundamental groupoid II(X) can be recovered
by fixing a point # € X and considering;:

HOIHH(X) (.T, l’)
which is a group (see Example L.5). Thus, we consider loops in X, which start and
end at x (loops based at x).

Definition 4.15. For X a topological space and = € X, the fundamental group
71 (X, ) is the group with
> elements {[a]|a(0) = a(1) = z}, the set of homotopy classes rel 0 of con-
tinuous paths starting and ending at x;
> group multiplication [«][5] = [a - 3];
> inverse [a] 7! = [a7!].

Remark 4.16. @The group multiplication is defined by the composition of paths.
This must not be confused with the group structure o on Homyy(x)(z, z) which is
given by [a] o [5] = [ - a; this is the opposite group structure.

Exercise 4.17. Show that the fundamental group 7 (X, z) depends only upon the
path-connected component of X containing «.

The fundamental group is defined in terms of pointed topological spaces.

Definition 4.18.
(1) A pointed topological space is a pair (X, z) where X is a topological space
equipped with a basepoint x € X.

(2) The category of pointed topological spaces, Top,, has:
> objects: pointed topological spaces (X, z)
> morphisms: Homg,p, ((X, ), (Y,y)) is the set of continuous maps f :

X — Y such that f(z) = y.
(3) For (X, z) and (Y, y) pointed topological spaces, let

(X, z), (Y, y)]‘zop.
denote the set of homotopy classes rel = of morphisms (X, z) — (Y, y).

Example 4.19. The circle S' is homeomorphic to the quotient space [0,1]/0 ~ 1,
which has a natural choice of basepoint, given by the image of 0. Write this pointed
space as (S, *).
Proposition 4.20. The fundamental group defines a functor:

m1(—) : Top, — Group.
Proof. (This can be deduced from Proposition &121) If f : (X,z) — (Y,y) is a
morphism of pointed spaces (so that f(x) = y), the morphism of groups

T (f) : m(X,z) = (Y, y)
is given by 1 (f)[a] = [f o a].

It is straightforward to check that 71 (f) is a morphism of groups and that this
defines a functor (exercise!). O
Exercise 4.21. Show that

(1) aloop based at z € X is equivalent to a morphism in Top,:

(S, %) — (X, 2);
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(2) there is a natural isomorphism (of sets)
m(X,x) 2 [($%, %), (X, 2)]<op, -
(3) How can one recover the group structure?

The dependency on the choice of basepoint (within a path-connected compo-
nent) is explained by the following.

Proposition 4.22. For X a topological space and ] € Homyyx)(w,y), there is an iso-
morphism of groups
(I)['Y] : 7T1(X,y) — 7'1'1()(7 .Z‘)
defined for o a loop based at y by ®(,j[a] = [y- -y~
Proof. Exercise (hint: draw a picture - compare also Exercise [4.9). O

Proposition 4.23. For H : X x I — Y a homotopy from f to g, where f,g: X =2 Y are
continuous map, and x € X a basepoint, the associated path H(x,—) : I — Y induces a
group isomorphism Pz, _y) which fits into the commutative diagram:

7T1(X,$)
m1(9) m1(f)

7T1(Y,g(l’)) (I)[H(:n,—)] 7T1(Y,f($)).

Proof. Exercise. (This corresponds to the discussion in Remark [4.14 for the fun-
damental groupoid; the proof is a good exercise in understanding based homo-
topies.) O

Corollary 4.24. For f : X — Y a homotopy equivalence, the induced map
m(f) s m(X,2) S m(Y. f(z)

is an isomorphism of groups.
In particular, if X is contractible, then w1 (X, x) = {e}, the trivial group.
Proof. Exercise. O

Remark 4.25. This shows that the fundamental group 71 (X, z) is a pointed homotopy
invariant of (X, x).

Remark 4.26. @There are many interesting path-connected spaces X such that
71 (X, z) = {e} but which are not contractible. For example, X = S2.

4.4. Interlude on groups. In order to motivate the constructions used in the fol-
lowing section, we recall the construction of the free product G » H of groups G, H
and, more generally, the pushout G xi H associated to the diagram of solid arrows:

H ........... >G*KH

Definition 4.27. Let .# : Get — Group denote the free group functor, which asso-
ciates to a set S the group freely generated by the elements of S.

Exercise 4.28. For S a set,

(1) give an explicit description of the free group .% (.9), in particular, show that
there is a natural inclusion of sets S — .7 (S) (which will be denoted here
by s [s]);



INTRODUCTION TO ALGEBRAIC TOPOLOGY 23

(2) show that .7 (S) satisfies the following universal property: VG € Ob Group,
there is a natural bijection

Homeroup (7 (5), G) =2 Home.(S, G),

where, on the right hand side, G is considered as a set;
(3) describe the natural morphism of groups .%# (G) — G corresponding to the
identity map (of sets!) of G.

Remark 4.29. To give a group G by a presentation by generators and relations is
equivalent to giving a set S of generators, which induces a surjective group mor-
phism
F(S) -G
and a set of relations, R C .#(S), which generate a normal subgroup N < % (S)
such that G = .7 (S)/N.
Another way of representing this is by the presentation

F(R) = Z(S) - G.

Note that the image of .#(R) in .# (S) is not in general a normal subgroup.

Example 4.30. Every group G has a canonical presentation, taking G as the set of
generators and the set of relations {[g1][g2][g192] "*[(g1,92) € G x G}. This involves
no arbitrary choices, hence a morphism of groups ¢ : G — H induces a commuta-
tive diagram:

Z (G x Q) F(Q) G
ﬂ(wxw)l l?(s@) L%"
F(H x H) F(H) H

This explains the adjective canonical.

Definition 4.31. For groups G, H, the free product of G and H is the group

G+ H = Z(G1 H)/N
where N is the normal subgroup N <1.% (G II H) generated by the following rela-
tions

(1) [91][g2][g192]~";
) [m][ho][h1ho] 7,
Vgl,gg € G and hl,hg c H.
Exercise 4.32. Using the notation of the definition, check that the relations imply

that [e¢] = e = [ey], where e, e and e are the respective identities of G, H, # (G1I
H). Show that [g7!] = [g] ' and [p"!] = [h] "' Vg € G,h € H.

Exercise 4.33. For groups G, H, show that the set maps G — #(G) C #(G 11 H)
and H — % (H) C #(G U H) induce group morphisms:
G—GxH<+ H.

Show that group morphisms ¢ : G = Q, v : H — @ induce a unique morphism of
groups: Gx H — Q.
Definition 4.34. For group morphisms H & K % G, let Gk H denote the quo-
tient of G x H by the normal subgroup generated by

[i(s)][5 (k)] " Vk € K.

Remark 4.35. Taking K = {e} (which is the initial object of the category of groups -
and also the final object), G x{oy H = G x H.

V01/10/13
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Exercise 4.36. Establish the universal property of G xx H: given morphisms ¢ : G —
Q, v : H — Q of groups which make the outer square commute,

K—" ->@

there is a unigue morphism of groups G xx H — @ (indicated by the dotted arrow)
which makes the diagram commute.

Exercise 4.37. For G a group, show that there exist sets Iz, S and a group homomor-
phism .#(R) — % (S) such that

G = () x5y {e}-

45. The Seifert-van Kampen theorem for the fundamental groupoid. We re-
quire techniques for calculating the fundamental group m; (X, z); for instance, sup-
pose that X = U |JV, where U and V are open subsets of X, how can we calculate
m (X, z) forx € UNV, from information given by U and V'? It turns out to be more
natural to consider the fundamental groupoid II(X). The key technical ingredient
is that I and I x I are compact metric spaces; this allows Lebesgue’s theorem to be
applied:

Proposition 4.38. For M a compact metric space and % = {U;|i € &} an open cover of
M, there exists a Lebesgue number 0 < ¢ € R such that, Vm € M Fi,,, € ¥ such that
B. (m) cU;

m*

Proof. Exercise. O

Proposition 4.38]is applied to the spaces I, I x I to decompose paths and homo-
topies between paths.

Corollary 4.39. Let ¥ = {V;|j € _#} be an open cover of a topological space X and
a: I —X,H:IxI— X becontinuous maps, then AN € N such that

(1) YO < a < N, 3j, € 7 such that o[£, %)) C Vj,;

(2) Y0 < a,b< N, 3jop € # such that H([%, <] x (L L]V .

Proof. Let €; be the Lebesgue number provided by Proposition for the open
cover { f~1(U;)} of I and e the Lebesgue number for the open cover { H ' (U;)}
of I x I. Set ¢ := min{es,erxr}, then taking 0 < N € N such that % < §, the result
follows. O

For simplicity, we now limit discussion to an open cover X = U |J V. The inclu-
sions of subspaces

v Jju

UP[U/%U

Ve——X
v
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induce a commutative diagram of morphisms of groupoids:

mw nv) " )

H(iv)l lH(JU)

(V) —- X,

Remark 4.40. @Although the underlying maps on objects are the inclusions, the

morphisms of groupoids are not in general injective on the morphisms. (Two paths
can become homotopic rel 01 in a larger space.)

The Seifert-van Kampen theorem shows that II(X) is obtained by gluing the
groupoids II(U) and II(V') together, building in compatibility via II(iy;) and II(iy ).
The starting point is the following observation:

Lemma 4.41. Let o : I — X be a path in X, then there exists a decomposition
[a] = [an]o...0a1]
in II(X) such that, ¥t,1 < t < N, one of the following holds:
1) [o] = H(jv)[a] or
2) [ou] = TI(Gv)[e}],
forsomeal : I - Uoral : 1 —V.
Proof. Animmediate consequence of Corollary[4.39] O
Definition 4.42. For an open cover X = U UV, let 1YV (X)) denote the groupoid
with
> objects: Ob IV (X) = X;
> morphisms: composable sequences generated by {[aY] € MorII(U)} and
{[a¥] € MorII(V)} subject to the following relations:
D) [of]o[af] = [af -af]
@) [ay]o[a}] = [} -oF]
@) [iv(@”V)] = [iv(a"™)]
forpathsal : I - U,aY : I - Vand "V : T 5 UNV.
Exercise 4.43. Check that I1Y"V (X) is a groupoid and that the inclusions U,V C X
induce a morphism of groupoids:
n¥v(X) — I(X)

which is the identity map on objects and which fits into the commutative diagram:

nw nv) 2 )
H(iV)l l M(ju)
(V) %V (X)

\\;
Gv) I(X)

Theorem 4.44. For U,V an open cover of X,
nv%v(x) - I(X)

is an isomorphism of groupoids.
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Proof. On the level of objects, the morphism is the identity and Lemma 4.4 shows
that it is surjective on morphisms: toa path o : I — X, one associates the morphism
of ITYV (X):

[lod] = [ax~To ... o [of"]
where Z; € {U,V}, as in the decomposition of Lemma K.41} by construction, this
maps to [a]. The compatibility with composition in U and V built into the defini-
tion of TV (X)) shows that the element [[a]] does not depend on N.

For injectivity on morphisms, suppose that [a] = [5] in II(X), we require to
show that [[a]] = [[8]] in 1YV (X). Hence fix a homotopy rel dI from « to 3 and
choose N € N as in Corollary in particular this value of N can be used to
construct [[a]] and [[3]]. Thus I x [ is subdivided into N? squares such that H
maps each small square either to U or to V; restricting to a small square, H induces
a homotopy between the composites corresponding to the edges.

The heart of the argument is to analyse what happens when adjacent squares
map to different opens; this means that, on their intersection, they map to U NV
For example, consider the following situation:

U BV

.L.ﬁ.
AN PN
NN

representing a diagram of composable paths and homotopies, where the super-
script V in " indicates a path I — V, for example; 7y is a path I — U NV, hence
can be considered as a path to both U and V.

The right hand square gives the identity in IIV>V (X):

Yol =[a" - 4¥]=[(v) - BY] = [8"] o [iv(7)]
and the left hand square :

i e[a”] =" (ivn)] = W7 - 87 = (8710 "],
Using the identity [i¢7 ()] = [iv (7)), it follows that
1o la¥To[a"] = (8]0 iv()] e [@”] = [8"] o iv()] o [@] = [8"] 0 [87] o [y"].
Thus, in IV (X), the composite around the top of the rectangle is equal to the
composite around the bottom.

The argument can be carried out for any choices of U, V' in the above diagram.
A straightforward recursive argument then shows that [[a]] = [[5]] as required. [

Remark 4.45. Working with the fundamental groupoid II(X) has the technical ad-
vantage that it is not necessary to impose any extra hypotheses on U,V and U N
V. The price to pay is the introduction (given here in an ad hoc manner) of the
groupoid II¥"V (X).
As an immediate application, we get our first non-trivial calculation:

Theorem 4.46. There is an isomorphism of groups

71 (St %) 2 Z.
Proof. Fix 0 < ¢ < 1 (to improve intuition, take ¢ very close to 0). Take the
open cover of S C R®by U := S'NR2. _and V := S'NR2__, so that U,V
are contractible (homeomorphic to open intervals) and U N V' is homeomorphic
to a disjoint union of two (small!) open intervals. Consider the calculation of

Hompy(g1)(*, %) using the Seifert-van Kampen theorem, where x = (0,1) € S*.
Choose distinguished paths vV : I — U and v : I — V so that Hompy(py (x, —*) =
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{(vY]} and Hompy(y(*, —%) = {[y"]} (exercise: why is this possible?). This gives
the loops [vY - (V)71 and [y" - (vY)~!] which are mutually inverse.

Using the relations in the definition of IV (S), because U NV is the dis-
joint union of two contractible spaces, it is straightforward to see that, for [o] €
Hompy(g1)(*, *), there is a unique integer n such that

o] = (V] e )™

(exercise: prove this assertion!). The result follows. O

Remark 4.47. @It is not possible to prove this result using the fundamental group
version of the Seifert-van Kampen theorem, (see Theorem [4.49below). Why?

Corollary 4.48. The circle S* is not contractible.

4.6. The Seifert-van Kampen theorem for the fundamental group. Consider U, V/
an open cover of X and choose a basepoint * € UNV (which also gives a basepoint
for U, V and X). The inclusions induce a commutative diagram of morphisms
between fundamental groups:

T (U NV, x) —m (U, )

l |

w1 (V, %) 1 (X, ).

This induces a unique group morphism (by Exercise £.36):
1 (U, %) %oy unv,s) T (V%) = w1 (X ).

Theorem 4.49. For U,V an open cover of X and basepoint x ¢ UNV,ifUNV, U, V are
all path-connected, then the group morphism 71 (U, *) %, (wnv,«) T1(V,*) = m1(X, *) is
an isomorphism.

Proof. This result is a consequence of the result for the fundamental groupoid, Theo-
remM.44] which did not require the path-connected hypothesis. It can be proved by
adapting the proof of Theorem .44l to use loops. (Exercise: prove this result!) [

Exercise 4.50. Calculate 71 (S* v S, %), where S* v S! is the wedge of two copies of
(S, %), obtained by identifying the basepoints.
As a consequence, calculate 71 (R?\{0, *}), ®), for any basepoint e.

Remark 4.51. Theorem admits the conceptual interpretation that 7 (—, —) pre-
serves pushouts. Namely, the open cover U, V allows X to be recovered by gluing
along U NV, which can be interpreted as saying that X is the pushout in pointed
topological spaces of the diagram V <~ U NV — U.

Similarly, the group 71 (U, %) %, wnv,s) 71(V,*) is the pushout of the diagram
w1 (V,*) <= m(U NV,%) — 71 (U, ) (this is the universal property established in

Exercise [4£.36).

@Note that the path-connected hypothesis has to be imposed on the spaces
uv,unv.

Example 4.52. The conclusion of Theorem is false for the open cover of the
circle S* used in Theorem [£46] (Exercise: check this.) The theorem is not violated,
however, since U NV is not path connected.
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4.7. First applications of the Seifert-van Kampen theorem.

Definition 4.53. A topological space X is simply connected if it is path connected
and, for any choice of basepoint, 71 (X, z) = {e}.

Proposition 4.54. For 2 < n € Z, the sphere S™ is simply connected.

Proof. The sphere S™ is path connected if n > 0; choose an open cover Ut, U~ of
S™ by the northern and southern hemispheres, so that U N U~ is homeomorphic
to S"~1 x (—e,¢e). Since n > 2, these spaces are all path connected.

Choosing a basepoint * € UT N U~. The spaces U', U™ are contractible, hence
the Seifert-van Kampen theorem implies that

m1 (8™, %) = {e} xn (sn-1,0) {€} = {e}
O

In the category of pointed topological spaces, Top,, one replaces disjoint union
I1 by the wedge product.

Definition 4.55. For (X, ), (Y,y) pointed topological spaces, the wedge X VY is
the quotient

XVY:=(XLIY)/z~y
which glues the basepoints together, pointed by the image of x and y.

Remark 4.56. @To ensure that basepoints behave well in homotopy theory, one re-
quires a hypothesis which ensures that there is a nice neighbourhood of the base-
point.

The following condition is introduced in [FT10]; it is slightly weaker than the
condition well pointed which is frequently used.

Definition 4.57. A pointed topological space (X, x) is correctly pointed if there is
an open neighbourhood = € V such that V' ~ z rel {z} (z is a strong deformation
retract of V - see Section[3.6).

Proposition 4.58. For (X, z), (Y, y) path-connected, correctly-pointed topological spaces,
7T1(X \ Ya *) = 7T1(X, $) *ﬂ_l(Yvy)'

Proof. Letx € V, C X and y € V}, C Y be open neighbourhoods which are strong

deformation retracts of the basepoint. Then Uy :=V, VY and Ux := X V V,, give

an open cover of X VY withUy ~Y,Ux ~ X and Uy NUx =V, VV, ~ . The
conclusion follows from Theorem [4.49] O

Example 4.59. Forn € N, m1(\/,, S, %) = Z*™ is the free group on n generators.
Exercise 4.60. Give an example of a wedge X VY for which the conclusion of Propo-
sition is false.

4.8. Attaching cells. A fundamental way of building topological spaces is by glu-
ing on cells. Here a cell of dimension n is e C R", the closed Euclidean ball,
which has boundary de™ = S"~1. The cell is glued to a topological space along its
boundary.

Notation 4.61. For f : 8™ — X a continuous map, let C'y denote the quotient space
Cr:= (XIe") /s~ f(s) € X,Vs € de" T
This is equipped with the natural inclusion X — CY.

Remark 4.62. The notation reflects the fact that this is a special case of the construc-
tion of the mapping cone of a continuous map (note that e"*! is homeomorphic to
the cone C'S™).
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Example 4.63. The projective plane RP? is homeomorphic to the mapping cone
Cly) of the continuous map S* gtz 22 (considering S* C C).

Proposition 4.64. For f : S™ — X a continuous map (withn > 1) and Cy the mapping
cone of f, pointed by x = f(x) € X C Cy, for x € S™:
(1) if n =1, the inclusion X — C'y induces an isomorphism
7T1(Cf,.1}) = 7"-1()(5‘%)/“(]
where [f] < m1 (X, x) is the normal subgroup generated by the image of w1 (f) :
(St %) 2 Z — m (X, x);
(2) ifn>1m(X,z) =2m(Cy,z).

Proof. We may assume that X is path connected, since the image of f lies in a single
path component of X.

By construction, Cy is a quotient of X 11 e"*!. Take an open cover Uy, U of e" 1
such that S* C Uy is homeomorphic to S™ x [0,1), U = (e"*1)° and Us N U
S™x (0,1). Write V for the image of X IIUy in Cy and U for the image of U. Hence,
by construction, U, V,U NV are path connected and U is contractible, U NV ~ S
and V ~ X (exercise: check this!).

Applying the Seifert-van Kampen theorem gives

m1(Cr,x) = (X, ) %7, (5m4) 1€

Forn > 2, m1(S™, %) = {e} and the result is clear. In the case n = 1, the right hand
side is, by construction, isomorphic to the stated quotient. O

n+1

Exercise 4.65. What happens when n = 0?

Example 4.66. Recall from Example that RP? is homeomorphic to the map-
ping cone Cpy of S* 2 1 Hence
T (RP?, %) = Z/2.
(RP? is path connected, hence the choice of basepoint is unimportant.)
Moreover, considering the wedge product:
71 (RP? VRP? ) 2 Z/2 % Z/2.

4.9. Products. The product of two topological spaces is a categorical product: to
give a continuous map to the product is equivalent to specifying the components.
This means that the calculation of the fundamental group of a product is straight-
forward.

Proposition 4.67. For (X, ), (Y,y) pointed topological spaces, the projections X %=
X x Y 25 Y induce an isomorphism of groups

X XY, (2,9) 5 m(Xow) x m(Yy),
Proof. The projections are pointed maps, hence induce morphisms of groups

m(X,2) ") (X % Y, () T8 m (Y y)

which induce the given morphism of groups.

Consider the based circle (S!, *) a loop based at (z,y) in X x Y is a continuous
pointed map « : (S',*) — (X x Y,(z,y)). This is equivalent to giving the two
component maps, which are loops px o o : (S, %) — (X,z) and py o v : (S1, %) —
Y, ).

Similarly, a based homotopy H : S* x I — X x Y between two loops based at
(z,y) is equivalent to giving the component based homotopies Hx : S* x I — X
and Hy : St x I — X.

It follows that the map [a] — ([px © a], [py © ] is a bijection, as required. O

v'10/10/13
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Example 4.68. The fundamental group of the torus S x S* is
m1(St x St (x,%)) = (St %) x (S, %)
7 X 7.,

1%

the free abelian group on two generators.

Remark 4.69. There is an alternative method for calculating 1 (S* x S, (x, %)) by
using Proposition B.64l The torus is a quotient I x I — S' x S* of the square.
Under this map, the boundary 9(I x I) is sent to S v S! and filling in the square
is equivalent to adding a two-cell, which is glued along an attaching mapping

f:0e2 =8t - stvst
The map f has class [f] € m(S' vV S1, %) = (a) x (B); this class identifies as

afa~tp~t, the commutator on the generators of the free group (prove this!).
Proposition 4.64 gives

T (ST x 8%, (%)) = (a) x (B)/(aBa”'B71)
which is isomorphic to the free abelian group on «;, 3.

Exercise 4.70. Calculate the fundamental group of the Klein bottle K (see Example
[L47). Deduce that the torus S x S! and K do not have the same homotopy type.

4.10. Groups as fundamental groups.

Theorem 4.71. For G a discrete group, there exists a pointed topological space (Xq, )
such that

m(Xg,z) 2 G.
Moreover, this construction is functorial: G — X is a functor

Group — Top,.

Proof. If G admits a finite presentation (finitely many generators and relations), the
existence of such a X¢; follows easily from Proposition4.64l (Exercise!)

However, the construction can be made functorial by using the canonical presen-
tation

F(GExG)— F(G)—» G

of Example[.30l Namely, X¢ is built from the (in general infinite) wedge \/ ., S*
by attaching, for each pair (g1, g2) € G'x G a two cell along the loop S* — /. S'
which is given by the path
Oé;llgw
where o, : ST — 4eG S is the inclusion of the circle indexed by g, which can
be interpreted as a loop. It is clear that this construction is functorial (no arbitrary
choices have been made).

The proof of Proposition generalizes to this setting, which shows that the
space X¢ has the required fundamental group. (Exercise: fill in the details.) O

Qg, * Ogy -+

Example 4.72. Carrying out this construction for the group Z/2, one has
z/2 = {0,1}
Z/2x7/2 = {(0,0),(0,1),(1,0),(1,1)}
so that X7, is built from S* Vv S* by attaching four 2-cells.

This space is homotopy equivalent to RP?; the cells and relations associated to
0 € Z/2 are redundant.

Remark 4.73. Theorem [4.7TIshows that algebraic topology contains group theory!
Remark 4.74. There is a better construction, which is given by the classifying space

of a group. This is a special case of the construction of the classifying space B% of a
small category €. See Example[6.42]and Remark[6.47]
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4.11. Addendum: mapping cylinders and mapping cones. The mapping cone is
a very important construction in homotopy theory; it was introduced in Section
[4.8lin the special case of attaching cells. To introduce the general construction, we
first consider the mapping cylinder.

Recall that the cylinder on a topological space X is the space X x I; the inclusion
X — X x I,z (z,0) gives the subspace Xy C X x I, which is a strong deforma-
tion retract of X x I (see Definition 3.24), with retract the projection X x I 3 X.
In particular, X and X x I have the same homotopy type. The same construction
works replacing I with the open subspaces [0, £), for example.

Definition 4.75. For f : X — Y a continuous map, the mapping cylinder M;y is the
quotient space of (X x I) 1Y

My = (X x ) Ugyopim) Y

which corresponds to gluing the end of the cylinder X x {1} to Y using the map f.
The inclusion Y < My and the retraction My — Y induced by the projection
X x I — X exhibits Y as a deformation retract of M and the inclusion Xy C X x I

. . . 2
provides an inclusion X — Mjy.

Lemma 4.76. For f : X — Y, the following diagram commutes:

X>—i>Mf

RN

Y.
Proof. Exercise. O

Remark 4.77. The mapping cylinder M has a standard open cover:

U o= Xx[O,g)
Vo= (Xx (31U Y

so that X is a deformation retract of U and V' ~ Y. The intersection U NV identifies

with the subspace X x (%, 2) of the cylinder, and has the homotopy type of X.
The factorization of f given by Lemma[d.76replaces f by the inclusion X < M}

followed by the homotopy equivalence M; = Y. The open neighbourhood U of

X means that the inclusion has good homotopical properties.

Definition 4.78. For f : X — Y a continuous map, the mapping cone Cy is the
quotient

Cy = Mj/(2,0) ~ (',0)
which collapses the subspace X x {0} of the attached cylinder to a point. This is
homeomorphic to the space obtained by attaching the cone C X to Y using the map
f to glue the base.

Remark 4.79. The open cover My = U UV induces an open cover U,V by passage

to the quotient. Here V is homeomorphicto VandUNV = X x (%, %) has the

homotopy type of X. However, the space U is contractible (it is a cone).
Remark 4.80. @There is a quotient map

Cy =2 CX Uy Y — Y/Imagef

given by collapsing the cone C'X to a point.
In general there spaces are not homotopy equivalent.

v'10/10/13
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Example 4.81.

(1) Consider f : X = {1,%2} — {*} =Y. The space Y/Imagef is simply {*},
whereas the cone Cy is homeomorphic to S*. These spaces do not have the
same homotopy type.

(2) Consider f,g: 0I =% I, where f is the constant map at 0 and g is the inclu-
sion of the boundary. Since I is contractible, f, g are homotopic. However:

I/Tmagef = T
I/Tmageg = S,
in particular, these two spaces do not have the same homotopy type. Hence

the quotient by the image of a map does not behave well in homotopy
theory.

Remark 4.82. The construction of the mapping cone is homotopy invariant: if f ~ g,
then C; ~ (.
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5. COVERING SPACES
5.1. Slice categories.

Definition 5.1. For ¢ a category and X € Ob €, let ¥ | X denote the category of
objects over X:
> objects: morphisms with range X in ¢ B X;

> a morphism from E L XtoE L Xisa morphism ¢ : E — E’ which
makes the following diagram commute:

Exercise 5.2. For €, X as above,

(1) check that ¥ | X is a category; if ¢ is small, show that ¢ | X is small;

(2) show that a morphism 5 : X — Y inducesa functor¢ | §: € | X =€ |
Y;

(3) deduce that, if ¢ is small, ¢ | — defines a functor ¥ — €AT to the category
of small categories.

Example 5.3. The case of interest here is where ¥ = Top is the category of topo-
logical spaces and continuous maps; the category Top | B is the category of topo-
logical spaces over B.

Definition 5.4. For B a topological space and E; £t B, E, 2 p

(1) the coproduct (E; et B) 11 (E, ELt B) in Top | B is the topological space

E, I B, equipped with the continuous map Fy I B, *—~ B;

(2) the fibre product in Top | B is the topological space Ey x g E» (the subspace
{(e1,e2) € E1 x Es|fi(e1) = fa(e2)}), equipped with the continuous map
E1 XB E2 — Binduced by (61, 62) — fl(el) = fg(eg).

Proposition 5.5. For A — B a continuous map, the fibre product — x g A induces the
base change functor

ToplB — Topl A
(E—-B) — (ExpA% A
where p 4 is induced by the projection E x A — A.

Proof. Exercise. O

Remark 5.6. Base change or pull back is a fundamental construction; frequently we

are interested in studying objects £ 4, B where f has specified properties which
are preserved under pullback.

5.2. Local homeomorphisms, locally trivial maps and covering maps. Covering
spaces arise naturally in algebraic topology. The first non-trivial examples occur in
considering the circle; here S! is considered as the subspace of C {z| |z| = 1}.

Example 5.7. Consider the following continuous maps

1) p:R—= St 2

(2) [n]: S* — S, for 0 #n € Z, given by z — 2".
Both p and [n] are surjective (this is why n = 0is excluded); for instance, the inverse
image p~!(1) is Z C R, whereas the inverse image [n]~!(1) is the multiplicative

v 07/11/13
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subgroup of nth roots of unity € C, which is isomorphic to Z/n. More is true:
there is nothing special about the choice of the point 1 € S* above.
Moreover, as remarked above, p(0) = 1; restricting the map p to the open inter-

val (—3, %), p defines a homeomorphism
11 =~
RD (—5, 5) p__> Sl\{—l} - St

from an open neighbourhood of 0 € R to an open neighbourhood of 1 € S*. Better
still everything can be shifted by an integer k. (Exercise: exhibit a similar property
of [n] : ST — St

The property indicated above is that of a local homeomorphism:

Definition 5.8. A continuous map f : X — Y is a local homeomorphism if, for every
point z € X, there exists an open neighbourhood = € U, C X such that f(U,) is

openinY and f|y, : Uy S (Ug) is a homeomorphism.

Example 5.9.

(1) Every homeomorphism is a local homeomorphism.

(2) The maps p, [n] : S' — S* (n # 0) are local homeomorphisms.

(3) The inclusion (0,1) < R is a local homeomorphism. In particular, an open
homeomorphism is not necessarily surjective.

(4) Recall (Example[ZI5) that R® is the real line with the origin doubled. Iden-
tifying the two origins gives a continuous surjection

q:R® > R.

This is a quotient map, which is a local homeomorphism. The inverse im-
age ¢~ 1(t), for t € R is a single point everywhere, except at t = 0.

Lemma 5.10. A local homeomorphism f : X — Y is an open map (for every open subset
UcX,f(U)isopeninY).

Proof. Exercise. O

Exercise 5.11. Give an example of an open map which is not a local homeomor-
phism.

Proposition 5.12. For X 1y % 7 continuous maps,

(1) if f, g are both local homeomorphisms, then so is g o f;
(2) if gand g o f are both local homeomorphisms, then so is f.

Proof. Suppose that f, g are local homeomorphisms, thus there exist open neigh-
bourhoods » € U, C X and f(z) € Vy(,) C Y which satisfy the conditions of Def-
inition 5.8l for f and g respectively. Then f(U,) N Vj(,) C Y is open and contains
f(x); the subset W,, := f~!(f(Us) N Vi) N U, C X is an open neighbourhood
of z. By construction, g o f(W,) is an open subset of g(V}(,)), hence is open in Z;
moreover, (g o f)|w, is a homeomorphism onto g o f(W,). This proves the first
point.

For the second point, since g o f is a local homeomorphism by hypothesis, Vx €
X there exists an open neighbourhood = € U, such that g o f(U,) is open in Z
and the restriction of g o f to U, is a homeomorphism. Similarly, there is an open
neighbourhood f(z) € Vj(,) as above. Consider the open subspace Ay ;) =
go f(U;)Ng(Viw)) C Z, which contains g o f(z). The inverse image of Ay ()
under the homeomorphism g o f|y: is the required open neighbourhood of z for
the continuous map f. O

Exercise 5.13. Give examples of continuous maps X 1y v % 7 such that
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(1) go fis alocal homeomorphism (such as the identity map!) but f (hence g
also) is not a local homeomorphism;

(2) f,gof arelocal homeomorphisms but ¢ is not. (Hint: f can be the inclusion
of an open subset.)

The local homeomorphisms of Example 5.7 have a further property: they are
locally trivial. The following is the general definition of local triviality.

Definition 5.14. A continuous map p: £ — Bis

(1) trivial (or a projection) if there exists a space F' and a homeomorphism E 5
F' x B which makes the following diagram commute:

E——FxB
l/ Prp
B

)

where pr is the projection onto B;
(2) locally trivial if there exists an open cover (a trivializing cover) % = {U;|i €
#} such that the restriction p=1(U;) — U, is trivial Vi € ..

Exercise 5.15. When is a locally trivial continuous map a local homeomorphism?

Remark 5.16. @Frequenﬂy when studying locally trivial maps, one imposes a con-
dition on how the spaces p~!(U;) can be glued together to form E. This is consid-
ered in the general theory of fibre bundles.

Definition 5.17. A continuous map p: E — Bis

(1) a covering (of B) if it is locally trivial and, Vb € B, the fibre p~'(b) is a
non-empty discrete topological subspace of E;

(2) a finite covering (of B) if, in addition, each |[p~1(b)| < oo Vb € B. If the
cardinality [p~!(b)| = n is constant, p is a covering with n-sheets (or leaves).

Remark 5.18. The non-empty hypothesis ensures that a covering map is surjective.

Example 5.19.

(1) If B is a topological space and K a set (considered as a topological space
with the discrete topology), the projection prz : K x B — B is a covering
map.

(2) Themap p : R — S*, ¢t — €™ is a covering map with fibre p~'(z) = Z,
Vz e St

(3) The map [n] : S* — S, 2+ 2™ (n # 0) is a finite covering with n sheets.

Proposition 5.20. If p : E — B is a covering, then p is a local homeomorphism.
Proof. Exercise. O

Exercise 5.21. Show that
(1) the inclusion of an open subspace U C X (which is a local homeomor-
phism) is a covering if and only if U = X;
(2) the quotient map R® — R is not a covering.
Proposition 5.22. For p : E — B a covering map, the map
B—N,b— |p~'(b)]

is continuous, where N is given the discrete topology. In particular, the cardinality of fibres
is constant on each connected component of B.
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Proof. By hypothesis, Vb € B there is an open neighbourhood b € U C B such
that p~'(U) = K x U, for some set K and the restriction p|,-1 (¢ identifies the
projection. In particular, the cardinality of the fibres is constant on U. O

Proposition 5.23. For py : By — B, py : B2 — B two covering maps,

(1) the map py I py : By 11 Ey — B is a covering, which is finite if and only if both
p1 and py are finite;

(2) the fibre product Ey x g Es, equipped with the induced map p : By xp Ey — B,
(e1,e2) — p1(e1) is a covering, which is finite if and only if both py and p, are
finite.

Proof. Exercise. O
5.3. Morphisms.

Definition 5.24. For p; : By — B, p» : E2 — B covering spaces, a morphism of
covering spaces (£, — B) — (E» — B) is a morphism in Top | B, namely a
continuous map f : £y — E5 which makes

Ey —>E2

NP

Remark 5.25. Proposition implies that the continuous map f : £y — E3 of
Definition [5.24lis a local homeomorphism.

commute.

Proposition 5.26. Covering spaces over B and morphisms of covering spaces over B form
a category Cover(B).

Proof. Exercise. O

Remark 5.27. Proposition [5.26limplies that there is a natural notion of isomorphism
of covering spaces; this is simply a morphism of covering spaces corresponding to
a homeomorphism f : £y — Es (as in Definition [5.24).

Example 5.28. For B a connected topological space and sets K, L (discrete topo-
logical spaces), consider a morphism between the trivial coverings

BxK—>B><L

N7

By commutativity of the diagram, f is of the form (b, k) — (b, g(b, k)) for a con-
tinuous map ¢g : B x K — L. In particular, for fixed k € K, g(—,k) : B — L
is continuous, hence is constant, since L is a discrete topological space and B is
connected, by hypothesis.

It follows that the morphism of coverings is equivalent to a set map f : K — L.
In particular f : B x K — B x L is a covering map if and only if f is surjective.

Proposition 5.29. For B a locally connected topological space and a morphism of covering
spaces

E1—>E2

N,
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(1) the image of f defines covering spaces Image(f) — B and E;\Image(f) — B
and the induced morphism E; — Image( f) is a morphism of covering spaces over
B;

(2) there is an isomorphism of covering spaces E; = Image(f) II (E2\Image(f))
over B;

(8) the morphism E1 — Image(f) is a covering.

In particular, if f is surjective (for instance if Eo is connected), then f : E1 — Esisa
covering.

Proof. The result is proved by reducing to the case where both p; and p, are trivial
coverings over a connected topological space; this case follows using the analysis
of Example

For the general case, for any b € B, there exists a connected open neighbour-
hood b € U C B such that p1, p2 are trivial when restricted to U, since B is locally
connected, by hypothesis. O

Proposition 5.30. Let p : E — B be a covering. Then the associated covering pl?!
E xp E — B is isomorphic to

(E— B)II (E'— B)
where E' C E x g E is the subspace of points (ey, e3) such that e; # eg and E — B the
diagonal subspace Egiay C E X p E of points (e, e).

Proof. As setsitis clear that E x g E = E'Il Egas; by considering local behaviour it
follows that this is a homeomorphism of topological spaces and that the projections
are coverings. O

Remark 5.31. If B is locally connected, one can deduce the result from Proposition
5.29 since the diagonal map induces a morphism of covering spaces:

EC———— s FExpkFE

N

Definition 5.32. For p : £ — B a covering and g : X — B a continuous map, a
lifting of g is a continuous map § : X — E which defines a morphism of Top/B, so
that the following diagram commutes:

5.4. Lifting maps.

E
T
g .-

X— B
g

Example 5.33. Liftings do not always exist; for example:

R

Sl > gt
Id

This can be proved using the fundamental group: the space R is contractible, hence
has m (R, *) = {e}, whereas m; (S, *) 2 Z. The group Z is not a retract of the trivial

group {e}.

Under a connectivity hypothesis, liftings (when they exist) are unique:
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Proposition 5.34. For p : E — B a covering and g : X — B a continuous map, where
X is connected, two liftings g1, g2 : X =2 E of g coincide if and only if 3z € X such that

g1(z) = ga2(z).

Proof. The liftings g1, o induce a continuous map G : X — E xp E, by z —
(g1(x), g2(z)) which fits into a commutative diagram

ExpE——> Egiag 1 E/

o

X———B,

where the isomorphism of coverings is provided by Proposition 5.301

The hypothesis that X is connected implies that, under the isomorphism, G
maps either to Egiag or to E’. In the first case 3 = g2 and in the second, Vz € X,
g1(z) # g2(). 0

Example 5.35. Recall that a covering map is a local homeomorphism. Unicity of
liftings does not hold in general for local homeomorphisms: for instance, consider
the quotient map
g:R° - R

which identifies the ‘two origins’ (see Example[2.15/for R®). As observed in Exam-
ple[59 this is a local homeomorphism. However, there are two sections of g (that
is lifts of the identity Idr), corresponding to which of the "two origins’ is chosen.
These coincide for all 0 # ¢t € R.

The behaviour of the morphism of fundamental groupoids Il(p) : II(E) — II(B)
associated to a covering p determines the covering under suitable hypotheses. The
key ingredient is the lifting of paths and homotopies.

Theorem 5.36. Forp: E — B acovering and o, 3 : I = B two paths such o ~ye1 51 8
via a homotopy H : I x [ — B,

(1) for any e € p~1((0)), there exist unique lifts é., B : I — E of o, B respectively
such that G, (0) = e = (.(0);

(2) there exists a unique lift H : I x I — B of H which is a homotopy rel I between
& and B; in particular, a(1) = B(1).

Proof. Consider the path o : I — B (the argument for J is identical) and take an
open cover % := {U;|i € #} which trivializes the covering, so that p~!(U;) = U; x
K;, for some discrete topological space K;. By Lebesgue’s theorem, Proposition
30 < N € Nsuch that V0 < s < N, 3i, € .# such that o([+, %] C Us,.

The lifting & is constructed inductively on s for each sub-interval of the form
[0, %]. To start the process, one takes &(0) = z. Suppose & constructed on [0, +7]
and consider the extension to [0, ££] = [0, £] U [£, &£2]. By hypothesis of the
trivializing cover, p~!(U;,) is a trivial covering, hence there exists a unigue lifting
of Oé|[%7s_j\»]1] to p~!(U;,) C E with value at % equal to a(%). By construction this
gives an extension to a continuous map & defined on [0, £1].

Consider the homotopy H : I x I — B; the lifting to H uses a generalization
of the previous argument. Lebesgue’s theorem provides a decomposition of I x I
into squares of edge + each of which maps to just one open of % . As before, one
constructs a lifting by adding the little squares; the unicity result of Proposition
B.34 implies that the individual lifts can be glued along the edges to define the
continuous map H.

It remains to show that H is a homotopy rel dI between & and 3. By construction

f[|{0}xl and f[|{1}xl are lifts of the respective constant maps at a(0) and «(1).
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By unicity of liftings (Proposition[5.34), these liftings are respectively the constant
maps at @(0) = = and at a(1).

Similarly, by uniqueness of liftings, H lrx{o} = & and H lix{1} = B. Tt follows,
since H l{11x 1 is constant at &(1), that (1) = B(1) and H is a relative homotopy, as
required. O

Corollary 5.37. Forp: E — B a covering,
(1) the groupoid morphism Il(p) : II(E) — II(B) is faithful (Vey,es € E, the map
Hompygy (€1, e2) — Hompyp)(p(e1), p(e2)) is injective);
(2) Ve € E, the group morphism m1(p) : m1(E, e) — m1(B, p(e)) is injective.

Proof. Consider two morphisms [a], [5] € Hompy(g)(e1, e2), represented by paths
&3 : I = E. IfT(p)[a] = II(p)[F], then o := p(&) and S := p(S) are homotopic
rel 1. By construction, & and J are lifts of a and § respectively, with the same
starting point, e;. By the lifting of homotopies, Theorem[5.36] it follows that & and
/3 are homotopic rel 91.

The second statement follows from the first. O

Theorem 5.38. For a coveringp : E — B and g : X — B a continuous map, where X
is connected and locally path connected, there exists a lifting

E
7
e
9

(where p(e) = g(x)) if and only if g.(m1 (X, x)) C Image{m,(E,e) % 71(B, g(x))}.

Proof. The condition on 7 is clearly necessary.

For the converse, the construction is carried out in two steps: first a map § is
constructed using path lifting and then the local path connectivity is used to show
that it is continuous. The hypotheses imply that X is path connected.

Fix € X and e € E such that p(e) = g(x); for a point y € X, define §(y) :=

g(),(1), where «vis any path from z to y in X. By Theorem[5.36, §(y) only depends
on [a] € Hompyx)(x,y).

Consider the hypothesis on 7; by lifting of homotopies (Theorem [5.36), this
implies that any composite pointed map (S!,*) — (X,z) — (B, g(x)) lifts to a
map (S',*) — (E,*). In particular, if o, 3 are two paths from = to y in X, the
composite path 37! o o defines a loop (S!,*) — (X, ) which lifts to a loop as
above. By construction this provides lifts g(«) and g(8) which compose to form a
loop - hence have the same endpoints, as required.

It remains to prove that g is continuous. The space E has a basis of open subsets
given by pairs (U, k) where U C B is open such that p~!}(U) 2 U x K is a trivial
covering and k € K. It suffices to show that ' (U, k) is open in X.

Consider y € g~'(U, k) C X; since X is locally path connected, there exists a
path connected open subset y € V' C X such that g(V) C U. By unicity of path
lifting and the fact that p~!(U) is a trivial cover, it follows that g maps V to (U, k).
This completes the proof. O

Recall from Definition the category Top, of pointed (or based) topological
spaces and the notation for the set of based homotopy classes [(X, z), (Y, y)]sop, of
based maps from X to Y.

Definition 5.39. For (X,x) a pointed topological space and 0 < n € N, the nth
homotopy group is
ﬂ-n(Xv .Z‘) = [(Sn7 *)a (Xa x)]TUD.
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where the addition of morphisms is induced by the pinch map S™ — S™ Vv S™ which
collapses the equator to a point. (Exercise: prove that 7, (X, z) is a group and that,
for n = 1, this recovers the fundamental group.)

Remark 5.40.
(1) The nth homotopy group defines a functor

(=) : Top, — Group.

(Exercise: check this.)
(2) Forn > 2, m,(X, x) is an abelian group. (Slightly harder exercise: why?)

Corollary 5.41. Forp : E — Ba covering, basepointsb € B,e € p~1(b)and2 < n €N,
the covering map p induces an isomorphism:

Tn(p) : T (E,€) = m,(B,b).

Proof. Forn > 1, S™ is connected and locally path connected and, for n > 2, Propo-
sition shows that m1(S™, %) = 0. Hence Theorem implies that any based
continuous map (S™, *) — (B, b) lifts to a continuous map (S™, *) — (E, e), which
shows surjectivity of 7, (p). To show injectivity, one uses the lifting of homotopies,
as in Theorem[5.36 (Exercise: provide the details.) O

Remark 5.42. One way of understanding this result is by the much more general the-
ory of fibrations, which is based on the lifting property of homotopies. In particular,
acovering p : E — Bis a fibration, with fibre F' := p~!(b) (in the case of coverings,
F is a discrete space). In general, a fibration ' — E — B gives a relationship
between the homotopy groups 7, (F'), 7, (E) and m, (B).

5.5. Morphisms between coverings and the universal cover. The general lifting
result, Theorem[5.38] has an immediate application to the study of the category of
coverings Cover(B) over B.

Proposition 5.43. For B a connected and locally path connected topological space and
two coverings p1 : E1 — B, py : Ey — B, where E; is connected, and points b € B,
e1 € pl_l(b), ey € pgl(b), there exists a morphism of coverings

ej—reg

Ey,———F
B
ifand Oﬂly if(pl)*ﬂ'l(El,el) C (pz)*ﬂl(Eg,eg) C 7T1(B,b).

Proof. An immediate consequence of Theorem [5.38] O

Recall from Definition [£.53] that a space X is simply connected if |mo(X)| = 1
and 7 (X, z) = {e}, for any choice of basepoint.

Corollary 5.44. For B a connected and locally path connected topological space and two
coverings py : E1 — B, py : B2 — Band pointsb € B, e; € pfl(b), e € pgl(b),
(1) if Ey is simply-connected, there is a unique morphism of coverings Ey — Es
which sends e; to ey;
(2) if Es is simply-connected and E; is connected but 7 (E1,e1) # {e} there is no
morphism of coverings from E; to Es;
() if Ey, Es are both simply-connected, then any morphism of coverings from E; to
E, is an isomorphism.

Proof. The first two statements are straightforward applications of Proposition[5.43|
The first statement and unicity of lifts implies the final statement. O

This shows the interest of the following definition:
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Definition 5.45. A universal cover of a topological space B is a coveringp : E — B
such that E is simply-connected.

Remark 5.46.

(1) @A universal cover need not exist.
(2) If B is connected and locally path connected, Corollary[5.44limplies that (if

it exists) a universal cover is unique up to isomorphism (@but not unique
isomorphism, in general). Thus one can talk about the universal cover,
without ambiguity; this is frequently denoted

p: B — B.
(3) If B admits a universal cover, B is path connected.

Example 5.47.
(1) The universal cover of the circle is the covering R — S'.
(2) The universal cover of the torus S' x St is R? — S! x S!, given by the
product of two copies of the universal covering of S*.
(3) The universal covering of RP? is the quotient map S? — RP?, associated
to the antipodal action (see Example[1.44])

To prove the existence of a universal cover, the following condition is introduced.

Definition 5.48. A topological space B is semi-locally simply-connected if, Vb € B,
db € U C B an open neighbourhood such that the inclusion U < B induces the
trivial group homomorphism

m(U,0) 9 r(B,b).
(Every loop in U based at b is based homotopic in B to the constant loop.)

This condition is necessary for the existence of a universal cover. Here it is not
necessary to assume that B is locally path connected (but see the discussion in

Remark[5.46).

Proposition 5.49. For B a topological space, if a universal cover p : B — B exists, then
B is semi-locally simply-connected.

Proof. For b € B, there exists an open neighbourhood b € U C B such that p~*(U)
is a trivial covering. This satisfies the required hypothesis, since a loop o in U
based at b lifts to a loop & in p~*(U) C B, since the open U trivializes the covering.
By hypothesis, the space B is simply-connected, hence the loop @ is based homo-
topic to a constant loop in B (not necessarily in 5~'(U)), by a homotopy H. The
based homotopy p o H shows that « is homotopic to the constant loop at b in B, as
required. O

Remarkably, this condition is also sufficient when B is connected and locally
path connected. The key point is the following Lemma.

Lemma 5.50. For B a topological space and U a neighbourhood of b in B such that

m1(U,b) e 71(B,b) is the trivial morphism, the image of [y] € Homyy)(u,b) in
Hompy(p) (u, b) depends only upon u € U.

Proof. Suppose that 71, 72 are two paths in U from u to b; then the composite path
Y207, ' isaloop in U based at b. By the hypothesis, this becomes based homotopi-
cally trivial in B; thus, in the fundamental groupoid I1(B):

(2] o ] ™! = 1ds.
This implies that [y1] = [2] in II(B), as required. O
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Theorem 5.51. For B a topological space which is connected and locally path connected,
B admits a universal cover if and only if B is semi-locally simply-connected.

Proof. (Sketch.) The condition is necessary, by Proposition Hence it suffices

to show existence, under the hypotheses.
Fix a basepoint * € B and define the underlying set of B to be

B = HbeBHomH(B)(b, *)

equipped with the projection § : B — B which sends [y] + 7(0). Thus, the fibre at
b € B is the set Homyy(p) (b, *).
It remains to
(1) define the topology on B, using the fact that each b € B admits a path-
connected open neighbourhood b € U such that 71 (U,b) — 71 (B, b) is the
trivial morphism (using Lemma 5.50);
(2) show that p is continuous;
(3) show that j is a covering;
(4) show that B is path connected and deduce that B is a universal cover.

O

5.6. Coverings from group actions. In general, if a group G acts continuously on
a topological space X, the quotient map
X - G\X
(which sends a point x to its G-orbit) is not a covering map.
Example 5.52. The action of Z/2 on R by ¢ — —t defines a quotient map
R — [0,00) C R
which is not a covering.

Definition 5.53. A left action of the (discrete) group G on a topological space X is
totally discontinuous if, Vo € X, 3z € U, an open neighbourhood such that gU, N
U, # 0 if and only if g = e.

Remark 5.54. A totally discontinuous action G x X — X is necessarily free.
Proposition 5.55. For a totally discontinuous action G x X — X of a discrete group on
the topological space X, the quotient map

X - G\X
is a covering, with fibre G.

Moreover, the left action of the group G on X is by automorphisms of the covering.

Proof. For a trivializing cover, take {U;|z € X}, where U,, is as in Definition [5.53
It is clear that the homeomorphism ¢g : X — X, for g € G, defined by the left
action of G, induces an automorphism of the covering. O

Example 5.56. The antipodal action of Z/2 on the sphere S is totally discontinu-
ous. The associated covering (Example[1.44) is

S™ — RP"™.
For n > 1, by Proposition .54 the sphere S™ is simply-connected and locally path
connected, so this is the universal cover.

Proposition 5.57. For p : B — B the universal cover of a connected and locally path con-
nected space B and b € B, the group m1(B, b) acts naturally on the left by automorphisms
of the covering p and the group action is totally discontinuous. The universal covering is
isomorphic to the quotient covering

B — m(B,b)\B.
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Proof. (Indication.) The result can be proved from the construction of the universal
cover indicated in the proof of Theorem[5.511 a

5.7. Monodromy and classification. The lifting of paths gives rise to the mon-
odromy action of the fundamental group on the fibre of a covering. Recall that, for
G a group, a right G-set is a set X equipped with an action:

XxG =+ X
(z,9) = xg
which is associative ((xg)h = x(gh)) and unital (ze = z).

Notation 5.58. For G a group, write Getg for the category of right G-sets and G-
equivariant morphisms and Getg for the full subcategory of non-empty right G-
sets.

Theorem 5.59. For p : E — B a covering and b € B, there exists a natural right action
of m1 (B, b) on the fibre p~1(b). This corresponds to a functor:

Cover(B) —  Getr,(py)
p = pHb)
Moreover,
(1) the stabilizer in m1(B,b) of a point e € p~1(b) is the subgroup p.(m1(E,e)) C

1 (37 b)/
(2) E is path connected if and only if the w1 (B, b) action is transitive.

Proof. Recall that, by definition of a covering, the fibre p~*(b) is non-empty.

Consider e € p~1(b) and a loop « based at b which defines an element [a] €
m1(B,b). Define:

ela] := ae(1),
where G is the lift of o with a.(0) = e. By Theorem[5.36} e[] depends only upon
the class [«].

It is straightforward to check that this defines a right action of 71 (B, b) on the
fibre p~1(b) (this is where the convention used in defining the group structure
of m1(B,b) intervenes). Moreover, the action is natural with respect to covering
spaces.

An element o] stabilizes e (that is e[a] = e) if and only if the lift satisfies G (1) =
e, so that &, is aloop based at e € E. Thus [¢] is in the image of the monomorphism
P« T (E,e) = w1 (B, ).

If E is path connected, for any two points e, es € p~1(b) of the fibre, there is a
path  from e; to ez in E. The projection p(7) is a loop in B based at b, which has
lift 4., = . It follows that e;[p(y)] = ez, thus the action is transitive.

It is straightforward to prove the converse: if the 7 (B, b)-action is transitive,
then E is path connected. (Exercise.) O

When B is connected and locally path connected and admits a universal cover,
the above provides an equivalence of categories. This shows the power of the
fundamental group.

Theorem 5.60. For B a connected and locally path connected space which admits a uni-
versal cover p : B — B, the functor
G—Qtﬂj (B,b)

Cover(B)
p p~ (D).

4)
’_)

is an equivalence of categories.
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Proof. (Indications.) For F' a non-empty right 7 (B, b)-set, define the topological
space

EF =F Xﬂ'l(B,b) B

using the left action of 7, (B, b) on B (see Proposition[5.57). This is the quotient of
the product space F x B by the relation

(vg,#) = (y, 9)
Yy € F,g € m1(B,b),x € B.
This construction is functorial in F, in particular the map F' — = of (B, b)-sets
induces }
pr Er — % X1 (B,b) B = B’
by Proposition[5.57] The continuous map pr is a covering map, with fibre F’ (exer-
cise: prove this!).
Thus, the above defines a functor:
G—th(B,b) — Q:UUQ'C(B).
F pr EF — B.
It is straightforward to show that the fibre pj.' (b) identifies with F with the given

71 (B, b)-action. Hence, to complete the proof, it suffices to show that there is a
natural isomorphism of coverings

Ep—l(b) i (p B — B)7
for any covering p. This is constructed by using the lifting result, Proposition [5.43
O

Remark 5.61.

(1) The universal cover corresponds to the free (B, b)-set m1 (B, b).

(2) The space Er is path connected if and only if F' is a transitive (B, b)-
set. The covering associated to a transitive 7 (B, b) set H\m1(B,b) (for H a
subgroup of 71 (B, b)) is:

H\B - B
where H\ B is the quotient of B by the action of H on B. In particular, the
universal covering map p factorizes as covering maps:
B—H\B — B.
It is essential to study examples in order to get a good understanding of cover-
ings.
Example 5.62. Theorem[5.60 applies to the wedge S* v S! of two circles, which is
usually pointed by the common point.
(ST St x) X ZAZ

is the free group on two generators. The category Gety,z is very rich.

Exercise 5.63.

(1) Describe the universal cover of S* v S!.
(2) Classify the two-sheeted covers of S! vV S! (up to isomorphism).
(3) Slightly harder: classify the three-sheeted covers of S v S*.

Theorem [5.60] means that, to understand coverings, one must understand the
category of G-sets.

Exercise 5.64. Let H, K < G be subgoups of the group G and consider the transitive
right G-sets H\G and K\G.

(1) Show that
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(a) to give a map of G-sets f : H\G — K\G, it suffices to specify the
element f(He) (the image of the coset of the identity e € G);
(b) there exists a map of G sets with f(He) = K+ if and only if, Vh € H,
vhy~l € K (or H <y 1K~).
(2) When are the G-sets H\G and K\G isomorphic?
(3) Describe the group of automorphisms of H\G.

5.8. Naturality. The conclusion of Theorem [5.6(lis natural in the base space B.

Lemma 5.65. A group morphism ¢ : G — H induces a functor

©*: Gety — Getg
by restriction along o, such that ¢* X has underlying set X with H action given by xg :=
2(p(9))-

Proof. Exercise. O

Proposition 5.66. For f : B — C a continuous map and basepoint b € B, the following
diagram commutes (up to natural isomorphism)

Sy
Cover(C) _poe” U0) Setr, (c. 1))

f*t J/m(f)*

Cover(B) ——— = Bel g,
(B) qa—q 1 (b) (B:9)

where f* denotes the pullback of coverings along f.

Proof. Consider the behaviour on objects: for a covering p : £ — C; the pullback
along f gives the commutative square of continuous maps

ExcBl—~E

¢=f"p lp

B 4f> C,
in which the vertical morphisms are coverings.

The fibre ¢~ (b) of q := f*p over b identifies with p~!(c) via f, hence it remains
to consider the action of the fundamental groups. Consider a based loop « in B,
based at b and an element x of the fibre ¢~!(b). The lift & of a such that &(0) = x
defines a lift f o & of f o o starting at f(z).

By the definition of the Monodromy action and unicity of path lifts, this shows
that the (B, b) action on ¢~ *(b) identifies with the restricted action 71 (f)* (p~' (f(b))).
To complete the proof, it remains to check that this identification is natural with re-
spect to morphisms of covering spaces (exercise). O

Corollary 5.67. Let B,C be connected and locally path connected spaces which admit
a universal cover. If f : B — C is a continuous map which induces an isomorphism

T (f) : (B, b) = w1 (C, f(b)) for b € B, then
7 Cover(C) — Cover(B)
is an equivalence of categories.

Proof. The result is a straightforward consequence of Proposition [5.66] O

Remark 5.68. This result shows that, in order to understand covering spaces (for
nice spaces, such as CW-complexes) it is sufficient to consider spaces which can be
built from cells of dimension at most two. Exercise: why?
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5.9. Galois coverings.

Notation 5.69. For p : E — B a covering, let Aut(p) denote the group of auto-
morphisms (in Cover(B)) of p. (Elements are homeomorphisms £ — E which
commute with p.)

Lemma 5.70. For p : E — B a covering and b € B, the group Aut(p) acts (on the left)
on the fibre p=1(b).
Moreover, for any e € p~*(b) the set map

Aut(p) — p~i(b)
g — 9o
is injective.
Proof. The first statement is clear and the second follows by unicity of liftings
(Proposition 5.34). a

Definition 5.71. A covering p : E — B is Galois if E is path connected and the
action of the automorphism group Aut(p) on the fibres is transitive.

Example 5.72. For X a path-connected topological space and a totally-discontinuous
action G x X — X, the associated covering (cf. Proposition [5.55)

X - G\X
is Galois.

The classification result, Theorem [5.60, means that the Galois condition can be
detected in terms of the associated 7 (B, b)-set.

Theorem 5.73. For B a connected, locally path connected space which admits a universal
cover p : B — B, the covering pr : Er — B is Galois if and only if F' is isomorphic to a
transitive right w1 (B, b)-set of the form

N\ﬂ'l (B, b),
where N <1 (B, b) is a normal subgroup.

Proof. (Indications.) The result can either be proved directly as a consequence of
Proposition 5.43|or as a Corollary of Theorem[5.60] (Cf. Exercise[5.64l) O

Corollary 5.74. For B a connected, locally path connected space which admits a universal
cover, if w1 (B, b) is abelian then every covering of B is Galois.

Proof. Exercise. O

Example 5.75. The circle S! is connected, locally path connected with universal
cover R — S* and fundamental group Z (thus abelian!). Hence every covering of
St is Galois.

Using Theorem[5.60] one shows that the examples of Example[5.7]give the set of
isomorphism classes of coverings of S'. (Exercise.)

Exercise 5.76. What can be said about coverings of the torus, S* x S1?

Exercise 5.77. Give an example of a covering which is not Galois.
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6. HOMOLOGY

We have seen that the fundamental group is a useful invariant of path-connected
spaces. However, simply connected spaces are invisible to the fundamental group
(by definition!); for example, m; cannot see the difference between the spheres S™
and S™ for m,n > 2.

The higher homotopy groups 7, (X, x) n > 2, are much more powerful - but are
very difficult to calculate. For n € N, the nth homology group H, (X)) of a space X is
an abelian group which provides useful invariants of the space. In particular

> homology (n € N) is a functor:
H, : Top — Ab

with values in abelian groups which satisfies the homotopy axiom: if f ~
g are homotopic continuous maps from X to Y, then H,(f) = H,(g) :
Ho(X) = H,(Y);

> the homology of a point is H,,(x) = 0 except for Ho(x) = 0; moreover,
homology satisfies the dimension axiom:

Z®Z n=t=0
H,(S)=!{ Z n=0<t
Z n=t>0;
in particular homology sees higher dimensional phenomena than the funda-
mental group;
> homology is calculable: for example
(1) the homology of a disjoint union is the direct sum: H,(X IIY) =
Hn(X)® H,(Y);
(2) if X admits a triangulation, H,(X) can be calculated in terms of the
combinatorial data defining the triangulation.

Remark 6.1. The homology groups of spheres are much simpler that the higher ho-
motopy groups, m(S™) (which, for n > 2, are unknown for ¢ > 0!). For example,
m3(5?) = Z, generated by the Hopf map n, which is represented by the Hopf fibra-
tion S% ~ C*\{0} — CP! ~ S2, which sends 0 # (z1,22) € C? + [21 : 29] € CPL.

As a first example of the usefulness of homology, consider the following:

Definition 6.2. The degree of a continuous map f : 5" — S™ (0 < n € N) is the
integer deg(f) which defines the morphism of abelian groups

H,(f) :Hy(S")=2Z — Z = H,(S").
(A morphism Z — Z is uniquely determined by the image of a chosen generator.)

Remark 6.3. It is a fundamental result (the Hurewicz theorem) that the degree of f
determines the homotopy class of f.

To construct homology, we need some knowledge of homological algebra.

6.1. Exact sequences. In this section, ./ denotes the category of modules over a
fixed commutative ring R. For example, taking R = Z, this is the category of
abelian groups.

Remark 6.4. More generally, o7 can be taken to be any abelian category. (See [Wei%4],
for example, for a definition.)
Recall the definition of the kernel and the image of a morphism f : M — N of &/:
> the kernel ker(f) :={m € M|f(m) =0} C M;
> the image image(f) := {n € N|3Im € Ms.t.f(m) =n} C N.
The important properties of 7 are the following;:
(1) « is an additive category:

V15/11/13
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(a) 0is both initial and final in </;

(b) Hom, (M, N) is an abelian group and composition is biadditive;

(¢) Homy (X, M & N) = Hom (X, M) @ Hom (X, N) and Hom, (M &
N, X)=Homy (M, X)®Homq (N, X) (in categorical language M & N
is both the product and the coproduct of M and N).

(d) The zero morphism from M to N is the trivial morphism M — 0 — N.

(2) For f: M — N amorphism of <7,
(a) there is a natural isomorphism

image(f) = M/ ker(f)

where M/ ker(f) is the quotient by the sub-object ker(f) C M;
(b) any morphism g : N — @ such that the composite g o f is zero factor-
izes canonically as

N —— N/image(f)
gl 3!“...
0 £

(in categorical language, N — N/image(f) is the cokernel coker(f) of
f)- Moreover, the kernel of N — N/image(f) is image(f).

Remark 6.5. @The category Group does not satisfy all these properties.

(1) The free product (coproduct) of groups * does not coincide with the product
X.

(2) The relationship between the cokernel and the image is more delicate; this
is why the notion of normal subgroup is important. Consider an inclusion
of groups H — G, then the cokernel is the quotient G/NgH, where No H
is the normalizer of H in G (the smallest normal subgroup containing H).
The kernel of G - G/NgH is NgH, which coincides with H if and only if
H is normal.

The following definition is fundamental:

Definition 6.6. Let M 5 N % () be morphisms of 7.

(1) g, f form a sequence if g o f = 0 (equivalently image(f) C ker(g));

(2) a sequence is exact (implicitly at N) if image(f) = ker(g).
A set of morphisms {f, : M, = Mu41|n € Z}, forms a sequence (respectively an
exact sequence) if and only if each

Mnfl f7:>1 Mn ﬁ) MnJrl

is a sequence (resp. exact sequence).

Remark 6.7. A set of morphisms {f, : M,, - My41jn € & C Z} indexed by a
subset .# C Z can always be completed to a set indexed by Z by replacing the
missing objects by 0 and the missing morphisms by zero. (Exercise: why?)

Definition 6.8. A short exact sequence in </ is an exact sequence of the form:

0-MEN%SQ 0.

Exercise 6.9. Check the following assertions.
(1) For A C Bin &, there is a short exact sequence:

0—+A—B—B/A—0.
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(2) For f: M — N a morphism of </, there are short exact sequences:
0 — ker(f) = M — image(f) — 0
0 — image(f) - N — coker(f) — 0.
(8) For M, N € Ob &, there is a short exact sequence
0—-M-—->Mo®&N—=N—=0.

(This is known as a split short exact sequence.)
(4) V0 # n € N, multiplication by n induces an exact sequence:

0-Z57Z—Z/n—0.

Exercise 6.10. For 0 — M 5 N % @@ — 0 a short exact sequence in </, show that
there exists a section s : () — N (a morphism of </ such that go s = Idg) if and only
if there exists an isomorphism making the following diagram commute:

]

0—>M——>N—7—>Q 0,

where the top row is the split short exact sequence of the previous exercise.
6.2. Chain complexes and homology.

Definition 6.11.
(1) A complex (or chain complex) in <7 is a sequence {d,, : C,, = C,—1|n € Z}
(equivalently d,, o d,,—; = 0 Vn). This will be denoted by (C,, d) or simply
C when no confusion is likely.
(2) A morphism of chain complexes ¢ : C — D is a set of morphisms {¢,, : C,, —
D, |n € Z} such that ¥n € Z the following diagram commutes:

dC
Cn — Cnfl

D n T o D n—1-
dy,
Remark 6.12. As in Remark one can consider chain complexes indexed by N
(by extending by zero).

Proposition 6.13. Chain complexes in </ form a category €h(</) which contains N-
graded chain complexes as a full subcategory €h ().

Proof. Exercise. O

Remark 6.14. More is true: the category €h(<7) is abelian. (Optional exercise: make
sense of this statement and prove it!)

The homology of a complex measures its failure to be exact. The terminology below
is inspired by the geometric origin of chain complexes, for instance from simplicial
homology.

Definition 6.15. For (C,, d) a chain complex and n € Z:

(1) the n-cycles Z,, C C,, is the subobject Z,, := ker(d,);

(2) the n-boundaries B, C Z, is the subobject image(d,,+1) : (which is con-
tained in ker(d,,), since d,, © d,,+1 = 0, by the hypothesis that C,, is a chain
complex);

(3) the nth homology is the quotient H,,(C,,d) := Z,,/B,,.
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Exercise 6.16. For (C,,d) a chain complex, show that C,,41 — C,, — C,,_1 is exact
if and only if H,,(C) = 0.

Proposition 6.17. For n € Z, the nth homology defines a functor:
H,(-):¢h() = .

Proof. For ¢ : C — D a morphism of chain complexes, the morphism ¢,, : C;, —
D,, restricts to morphisms forming a commutative diagram

B,(C)—— Z,(C)——=C,

R

B, (D)(—> Zn(D)(—> D,

since the morphisms ¢,, are compatible with the differentials. (Exercise: check
this).

The morphism H,(¢) : H,(C) — H,(D) sends an element [z] represented by
an n-cycle z € Z,(C) to [pn(2)] € Hn(D). By the left hand commutative square,
this is independent of the choice of z.

Exercise: check that this defines a functor. O

Definition 6.18. A morphism of chain complexes ¢ : C' — D is a quasi-isomorphism
(or homology equivalence) if H, () is an isomorphism Vn € Z.

Example 6.19. The chain complex of abelian groups with dy : Co = Z Bz=qc
and all other terms zero has homology H,,(C) = 0 Vn € Z. The unique morphism
of chain complexes 0 — C'is a quasi-isomorphism.

Remark 6.20. The derived category .o/ of <f is obtained from €h(<7) by inverting
the quasi-isomorphisms (the precise construction is slightly delicate). The category
D4 is very important, since it all of the information of €h(.<7) which can be seen
by homology.

6.3. Chain homotopy. There is a notion of homotopy for morphisms between chain
complexes in &7.

Definition 6.21. For f,g : C' = D morphisms of chain complexes in <7, a chain
homotopy from f to g is a set of morphisms {h,, : C,, = Dyp41|n € Z} such that
fo—9gn = d7?+1 o hy+ hn_1 Odg

Morphisms f, g are chain homotopic if there exists a chain homotopy from f to g,
denoted by f ~ g (or f ~}, g), if the homotopy is given.

Proposition 6.22.
(1) The chain homotopy relation ~ is an equivalence relation on morphism of chain

complexes € Homgy (o) (C, D).
(2) For morphisms of chain complexes

!
g9

if f ~pgthenvo fou ~yopoy VO gou.
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Proof. The relation ~ is reflexive (take h = 0) and symmetric (replace i by —h). For
transitivity, if o ~;, 8 and 8 ~y, v, then
Qp —Yn = (an - Bn) + (ﬁn - 'Yn)
= (d713+1 ohp+hp_10 dg) + (dﬁ)—i—l okp +kp—10 dg)
= dP o (hn+ k) + (hne1 + k1) 0 d
where the additivity of .7 is used. Hence {h,, + k,|n € Z} forms a chain homotopy
from « to .

The second statement is left as an exercise. (Use the fact that u,v are chain
maps.) O

This allows the usual notion of homotopy equivalence to be introduced:

Definition 6.23. Chain complexes C, D have the same chain homotopy type if there
exist morphisms ¢ : C — D and ¢ : D — C' of chain complexes such that i) o ¢ ~
Ide and @ o 9 ~ Idp; denote the associated relation C' ~ D.

A chain complex C'is homotopically trivial if C ~ 0.

Exercise 6.24. Show that ~ is an equivalence relation on the objects of €h(.«7).

Example 6.25. For 0 # d € N, consider the chain complexes C, D of Ab with C,, =
0=D,ifn ¢ {0,1} and

xd

Ci=2 Co=7%Z

Dlz()ﬁDO:Z/d.

Show that
(1) The morphism Z — Z/d induces a morphism of chain complexes C — D
which induces an isomorphism in homology.
(2) There is no non-zero morphism of chain complexes D — C.
Deduce that C, D do not have the same chain homotopy type.

Part of the interest of chain homotopy is through the following:

Proposition 6.26. If f,g : C = D are chain homotopic, then H,(f) = H,(g) :
H,(C) = H,(D),V¥n € Z.

Proof. Consider a homology class [z] € H,(C), represented by a cycle z € Z,(C)
(so that d5z = 0). By definition, H,,(f)[2] = [f.(2)] and H,.(9)[z] = [gn(2)]. Sup-
pose f ~p g,so that f,, — g, = dﬁ’ﬂ ohp+ hp_10 dg; applied to z, since dgz =0,
this gives

Fu(2) = gn(2) = diy1hn(2).
Thus, the cycles (of D,,) f,(z) and g, (z) differ by a boundary. Hence, their classes
in homology coincide. U

6.4. Simplicial objects. If one forgets the condition d* = 0, a chain complex in &/
can be viewed as a functor. Consider Z as a category Z, with objects {n|n € Z} and

Homs(a ) ={ § 43}

(This construction is general: a partially ordered set can be considered as a category
in which |Hom(a, b)| < 1 and Hom(a, b) # 0 if and only if a < b.)

Recall that the opposite category is obtained by ‘reversing’ the direction of the
arrows; thus the opposite category Z°P has objects {n|n € Z} and

* a>b

Homger (a,b) = { 0 a<b
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A functor from Z°P to </ is equivalent to a set of morphisms {d,, : C,, —
Cn—1|n € Z}. These functors form a category .o, with objects the natural trans-
formations of functors. Concretely, a morphism from (C,d%) to (D, d") is a set

of morphisms {f,, : C,, = Dy|n € Z} which make the squares commute as in
definition .11}

Remark 6.27. From this viewpoint, the category €h(.«/) of chain complexes is the
full subcategory of o7, of objects such that d,,—1 o d,, =0, Vn.

The above used the following general notation.

Notation 6.28. For .# a small category (the indexing category) and ¢ any category,
(1) the category of functors from .# to % is written €;
(2) the category of functors from .#°P to ¥ is written €.

The category .# should be visualized as the category of diagrams of shape .# in €.

Exercise 6.29. For .# the category with three objects and non-identity morphisms
e <~ e — o, give an explicit description of the objects and morphisms of the cate-
gories Top” and Top ;.

Exercise 6.30. (Optional.) If </ is an abelian category and .# is a small indexing
category, show that & # and &+ are abelian categories. (Note: since &y = &/ s
it suffices to treat one case.)

In the case .# = Z, show that €h(.<) is an abelian subcategory of .@Za.

Remark 6.31. Chain complexes are not suitable for general categories ¢":

(1) a zero morphism is required (the category 4 must be pointed) for the con-
dition d? = 0 to have a meaning;

(2) the notion of chain homotopy requires the addition and subtraction of mor-
phisms.

A more general approach is to use simplicial objects. These can again be defined as
functors; first we need to introduce the indexing category.
Definition 6.32.

(1) For n € N let [n] be the category associated to the partially ordered set

({0,...,n}, <).
(2) The ordinal category A is the full subcategory of CAT (the category of small
categories) with objects {[n]|n € N}.
Explicitly, A has objects {[n]|n € N} and a morphism from [m] to [n] is a
non-decreasing map f : {0,...m} = {0,...,n} (le. i < j= f(i) < f(4)).

The morphisms of A can be expressed as composites of the following generators:

Definition 6.33. For 0 < n € N,
(1) the coface maps¢; : [n — 1] — [n], 0 < i < n are given by:
P B 7 <t
51(”{ JH1 >
(the order-preserving inclusion for which i is not in the image);
(2) the codegeneracy mapso; : [n] - [n—1],0<i<n-—1:

i) ={1_; 15

=1 j7>1

(the order-preserving surjection with two elements mapping to j).
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Example 6.34. Consider the morphisms between [0] and [1] in A; [0] corresponds
to the one-point set {0} and [1] to {0, 1}, Hence, the morphisms are generated by:
£T0~

0] === [1].
This diagram is analogous to the diagram of continuous maps:
P~

pt. == I.
Exercise 6.35.

(1) Show that any morphism [m] — [n] of A factors uniquely as a composite
[m] — [i] = [n] of a surjective order-preserving map followed by an injec-
tive order-preserving map.

(2) Identify the sets of injections [n — 1] < [n] and of surjections [n] — [n — 1].
Deduce that any map can be written as a composite of morphisms of the
form ¢; and o;.

(3) Verity the cosimplicial identities:

(@) €je5 = €igj—1, % < j (this is essential);
(b) 040; = 00541, ) S j,’
€i0j—1 1<]
(¢) ojes =4¢ id i=j,i=j+1
gi—105; 1>j+ 1.

(4) Deduce that the category A is generated by the morphisms of the form ¢;
and o, subject to the cosimplicial relations. (This is analogous to the presen-
tation of a group by generators and relations.)

The coface and codegeneracy maps can be represented by the diagram:

a0
Lo £Rn £
_ — —So—=>
O =T =z R == 6

As in Example[6.34] this has a topological model.
Definition 6.36. For n € N, let AP denote the n-dimensional topological simplex:
AP = {(xg,...,2,) € R* sz =1, x; > 0Vi} C R**.

Thus AP is the convex hull of its set of vertices, {v;|0 < i < n}, where v; =
(0,...,0,1,0,...,0), with 1 in the (¢ 4+ 1)st coordinate. (The v; form the standard
basis of R**1.)

Proposition 6.37. The topological simplexes form a functor AL® : A — Top, where the
map f : [m] — [n] induces the continuous map AP — AP which is the restriction of
the linear map R™ 1 — R™"*! defined by v; — vy ;).

Proof. This is an exercise in using the definitions; since AP is the convex hull of its
vertices to define a map to AP, it suffices to specify the image of the vertices. [

The topological simplexes give a first example of a cosimplicial object.

Definition 6.38. For ¢ a category,
(1) the category of cosimplicial objects € is the category with objects functors
from A to ¢ and morphisms natural transformations;
(2) the category of simplicial objects €a is the category with objects functors from
A°P to ¢ and morphisms natural transformations (these are contravariant
functors from A to %).

In particular, the category of simplicial sets is the category Geta.
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Remark 6.39.

(1) A simplicial object X, of a category % is a sequence of objects { X,,|n € N}
of ¢ equipped (for 0 < n € N) with
(a) face maps 0; : X;, = Xn—1,0 <1 < n, induced by the ¢;;
(b) degeneracies s; : Xp,—1 = Xy, 0 < i < n —1,induced by the o,
which satisfy simplicial identities (dual to the cosimplicial identities).

A0 §§?§ 2523
_ <Qo—
(2) A morphism of simplicial objects f, : Xo — Y, is a sequence of morphisms
{fn: Xn = Yyn|n € N} such that, for0 < n € N,
(a) azfn = fn—lai Xy = Yo

(b) sjfr-1 = fnsj: Xn—1 = Y.
Example 6.40. For n € N, the object [n] of A defines a simplicial set
A, := Homa (—, [n]).
(Exercise: verify this assertion.)

Exercise 6.41. (Yoneda’s Lemma - for simplicial sets). For n € Nand X, a simplicial
set, prove that there is a natural isomorphism:

Homeein (An, X) 2 X,..
(Cf. Section[A4)

Example 6.42. The ordinal category A is, by definition, a full subcategory of CAT;
the inclusion defines a functor A — €T, so the categories [n] can be considered
as a cosimplicial category, or an object of CATA(!).

This observation leads to the definition of the nerve of a category. For ¢ a small
category, the nerve N¢ is the simplicial set with:

(N(g)n = HOmQQyz([TL], 55)

and with simplicial structure induced by the cosimplicial structure of A.

For example, (N%) is the set Ob € of objects of ¥ and (N%); the set Mor% of
morphisms of €. The simplicial structure maps are given by the identity morphism
map, and the source and target:

id—
(N%)o 3= (N© ).

For n > 1, the set (N%),, is given by the set of composable sequences of n mor-
phisms in ¢

An important example is when % is the category with one object associated to
a discrete group G. The nerve NG leads directly to the classifying space BG of the
group G; this is a path-connected space with 71 (BG, *) = G and 7, (BG) = 0 for
n > 0.

Exercise 6.43.

(1) For ¥ asmall category, describe the face and degeneracy maps (in general)
for the nerve N%.

(2) Show that the nerve defines a functor N : €AT — Geta with values in
simplicial sets.
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6.5. Singular simplices. The idea of singular simplices generalizes the considera-
tion of paths of a topological space, allowing the interval I = A}°” to be replaced
by the higher topological simplices AP,

Definition 6.44. For X a topological space, let Ging,(X) denote the singular sim-
plicial set with
Ging,, (X) := Homg,, (AP, X)

and with simplicial structure induced by the cosimplicial structure of ALP.

Example 6.45. For X a topological space, Ging,(X) is the underlying set of points
of X and Ging, (X) the set of paths in X. The simplicial structure maps

O
Singy(X) =—— Ging, (X)

correspond to the endpoints of a path and the constant path.

Proposition 6.46. The singular simplicial set defines a functor
Ging, : Top — Geta.
Proof. Exercise. O
Remark 6.47. There is an associated functor, geometric realization (in the language of
category theory, it is the left adjoint to Ging)
| —]: Seta — Top.

The idea of the definition of this functor is very simple: one extends the association
A, — AP, using the fact that any simplicial set can be built out of A,. (The

explicit definition is not difficult; see for example [G]J99].)
The importance of the functors

| —|: Geta =: Top : Sing,

is that they allow simplicial sets to be used as a combinatorial model for (nice) topo-
logical spaces. A model for the homotopy category of topological spaces can be given
using simplicial sets.

For example, the classifying space BG of a discrete group G (cf. Example[6.42]is,
by definition,

BG :=|NG|,

so that this defines a functor B(—) : Group — Top.
6.6. Simplicial chains. Simplicial abelian groups arise from simplicial sets by ap-
plying the following general result.

Proposition 6.48. A functor F' : ¢ — 2 induces functors
F& . @A 5948
Fan @ 6a— 9a
between the respective categories of cosimplicial objects and of simplicial objects.

Proof. The result is proved by unravelling definitions. For example, if (X,, 0, 5e)
is a simplicial object of &, then its image in Za is (F(X.), F(0), F(ss)). It is
straightforward to verify that this defines a functor (exercise!). O

Exercise 6.49. Prove the analogue of Proposition for any indexing category .#.
Namely, ' : ¢ — Z induces functors

F’ . ol 597
Fyg @ Cr—Dys.
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Example 6.50. The free abelian group functor Z[—] : Get — 2Ab induces a functor
Z[—]A : Geta — Aba

from the category of simplicial sets to simplicial abelian groups. This functor is fun-

damental in studying homology.

Recall that &7 denotes the category of modules over a fixed commutative ring
(or, more generally, an abelian category).

Definition 6.51. For M, € Ob /A a simplicial object in .7, let C, (M) denote the
associated chain complex with Cy, (M) = M,, and differential d,, : C,,(M) — Cp,_1 (M)
given by

n

dy =Y (=1)'0;.

i=0
The fact that d> = 0 is a consequence of the simplicial identity 0;0; = 0;-10; for
1< 7.

Exercise 6.52. Prove that d*> = 0in C,(M).

Proposition 6.53. The associated chain complex defines a functor C. : &/a — €hso ()
from the category of simplicial objects in <7 to non-negatively graded chain complexes in

Proof. 1t is straightforward to verify that the definition of C. is natural in M,. (Ex-
ercise.) O

Remark 6.54. The Dold-Kan theorem (see [Wei%4], for example) states that the cat-
egories @/ and €h- (&) are equivalent. The equivalence is proved using a refine-
ment of the functor C., the normalized chain complex functor. Thus, the passage
from /A to €h~ () does not lose any information.

Example 6.55. The composite of the functor Z[—] : Seta — Aba with Ci(—) :
2Uba — €h- (&) gives a functor

C.(Z][-]) : Geta — Chso(AD).
The homology of a simplicial set, K, is (by definition) the homology of C, (Z[Ko]).
Exercise 6.56. For G a discrete group, describe the chain complex C, (Z[NG]).
Definition 6.57. The singular chains functor
CS8 : Top — Choo(Ab)
is the composite functor X — C™8(X) := C, (Z[&ing, (X))).

Exercise 6.58. For X a topological space, describe the
(1) 0-chains=0-cycles
(2) 0-boundaries
(3) 1-cycles
(4) 1-boundaries
of C2ME(X).
Definition 6.59. The singular homology H.(X) of a topological space X is the ho-
mology of the chain complex CF™8(X).

Proposition 6.60. Singular homology defines functors (for n € N):
H,(—) : Top — 2Ab.
Proof. Clear. O

Exercise 6.61. What are the relationships between
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(1) mo(X) and Ho(X);
(2) m(X,*)and H;(X) (if X is path connected)?

It remains to show that singular homology has good properties, so that it is calcu-
lable.

6.7. Algebraic interlude: the long exact sequence associated to a short exact se-
quence of complexes.

Definition 6.62. A short exact sequence of chain complexes in <7 is a sequence of mor-
phisms of chain complexes (4, d*) 2 (B,dP) % (C,d°) such that, Vn € Z,

fn 9n

0 A, B, Cn 0

is a short exact sequence in &7.

Remark 6.63. The category €h(<7) is abelian; the above definition coincides with
the usual notion of short exact sequence with respect to the abelian structure.

Theorem 6.64. A short exact sequence of chain complexes (A, d*) EN (B,dP) % (C,d°)
induces a natural long exact sequence in homology:

Hif) Hig) 3

... = Hy(A) H,(B) H,(C) 3 Hy_1(A) = ...
the morphism 6, is termed the connecting morphism.

Proof. The morphisms H,,(f) and H,(g) are given by functoriality of homology.
Start by defining the connecting morphism (for this proof, suppose that <7 is the
category of modules over a commutative ring R, so we can work in terms of ele-
ments).

Consider a homology class [z] € H,(C), represented by a cycle z € Z,(C); by
surjectivity of gy, there is an element Z € B,, such that g,,(£) = z. Since z is a cycle
and g is a morphism of chain complexes, g,—1(d52) = d$g.(Z) = d$z = 0, hence
the element y := d2(Z) is in the image of f,—1 : A,—1 — B,_1, by exactness at
B,—1. Moreover, d2_ |y = d2_,dE(2) = 0 implies that d;_;y = 0 (since f,—» is
injective). Hence, y € Z,,_1(A) is a cycle; moreover, it is straightforward to check
that the homology class [y] € H,_1(4) is independent of the choice of z and of
Z (exercise!). Set d,[z] := [y]; this defines a morphism in &; this construction is
natural.

The composite 9,, H,(g) is trivial, since if [2] = H,,(g)[w] = [gn(w)], one can take
Z = w, which is a cycle, so that y = 0 (as in the above construction). Similarly, the
composite H,_1(f)9, is trivial, since the cycle y € H,_1(A4) maps under f,_1 to
the boundary d?(z). The composite H,(g)H,(f) is trivial, since g, o f, = 0, thus
we have a sequence of homology groups; it remains to check exactness.

Exactness at H,(C): consider a class [z] € H,,(C) and suppose that §,[z] = 0in
H,,_1(A); thus, in the above construction, the element y is a boundary y = dy,
for some § € A,. Consider Z’ := Z — f,(g) € By; clearly g,(Z') = z and, since f
is a morphism of chain complexes, dZ(z') = 0. It follows that [z] = H,(g)[?'], as
required.

Exactness at H,,(A): consider an element [v] € H,,(A) which lies in the kernel of
H,(f), represented by a cycle v € Z,,(A). Hence f,(v) is a boundary in B, so there
exists & € By such that d? ;& = f,(v). Moreover, the image o := g, 41(@) €
Cpt1 is a cycle, since dS, o = g,dB, & = g,f,(v) = 0. It is straightforward to
check that [v] = d,41]a].

Exactness at H,,(B): consider an element [w] € H,,(B) which lies in the kernel
of H,(g), represented by a cycle w € B,,; this means that g,,(w) € C,, is a boundary,
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say gn(w) = d, u. Surjectivity of g, gives an element @& € By, 41 with g, 11 (@) =
u. The cycle v’ := w — d,’-f 10 represents the same homology class as w; moreover,
by construction g,(w’) = 0 (since g is a morphism of chain complexes). Thus
w’ € A,, (more precisely is in the image of f,), by exactness at B,,, and represents
a homology class [w'] € H,(A). By construction [w] = H,(f)[w'], as required. [

6.8. Relative homology. The definition of singular homology extends easily to
pairs of topological spaces, to define relative homology groups.

Definition 6.65. The category Top!?) of pairs of topological spaces has objects (X, A),
where X is a topological space and A a subspace, and morphisms f : (X, 4) —
(Y, B) given by a continuous map f : X — Y such that f(A4) C B.
Exercise 6.66.

(1) Check that ‘Iop[Q] is a category.

(2) Show that X +— (X, ) defines a functor Top — Top!?, which identifies Top

as a full subcategory of Top?.

(3) Show that Top, is a full subcategory of Sopm.

If (X, A) is a pair of topological spaces, the inclusion A C X induces an inclusion
of singular simplicial sets Ging(A) — Ging(X) and hence a monomorphism of
chain complexes:

CSing(A) N CSing(X).
Passage to the quotient gives a chain complex.
Definition 6.67. For (X, A) a pair of topological spaces, let
(1) CSg(X, A) := CS"8(X)/CS"8(A) denote the relative singular chain com-
plex;
(2) Hp(X,A), the nth relative homology denote the nth homology group of
the complex C5"& (X A).

Lemma 6.68. For X a topological space, the chain complexes CS (X)) and CS™e(X, ()
are naturally isomorphic, hence there is a natural identification H,,(X,0) = H,(X),Vn €
N.

Proof. Clear, since Ging(0)) = ), the empty simplicial set, and Z[()] = 0. O
Theorem 6.69. Relative homology defines functors Vn € N:
Ho(—, =) : TopZ  — b
(X,A) — H,(X,A).

Moreover, associated to a pair of topological spaces (X, A), there is a natural long exact
sequence in homology:

o Ho(A) ™ L (X) = Ho (X, A) = Hooy(A) = ...
where i : A — X denotes the inclusion of the subspace.

Proof. A morphism of pairs of topological spaces (X, A) — (Y, B) induces a com-
mutative diagram of chain complexes:

CSing (A)( CSing(X)

| |

CSing(B)( CSing (Y)

This induces a morphism of the relative chain complexes C5"8 (X, A) — CS"8(Y, B)
and this construction is functorial. In homology this induces H,,(X, A) — H,(Y, B),
n € N, which gives the functoriality of relative homology.
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The long exact sequence is simply that associated to the defining short exact
sequence of chain complexes:

0 — CS™8(A) — C™8(X) — C5™8(X, A) — 0,
given by Theorem [6.64] O

Remark 6.70. The relative homology groups H.(X, A) give a measure of the differ-
ence between the homology of X and of its subspace A.

6.9. Homotopy invariance of homology. The homotopy invariance of singular
homology is a consequence of the following result, by Proposition[6.26]

Theorem 6.71. For f,g: X =2 Y continuous maps which are homotopic via a homotopy
H: X x I —Y, the homotopy H induces (by a natural construction) a chain homotopy
between CSM&(f), CS8(g) . CSMe(X) — CSing(Y),

Proof. The construction of the chain homotopy follows by the method of the uni-
versal example. It is necessary to construct the sequence of morphisms
h t CSE(X) — CHIE(Y).
A generator of C5"8(X) = Z[Ging, (X)] (as a free abelian group) is given by a
continuous map « : AP — X. This (as in Yoneda’s lemma - see Section [A.4), is
the image under
OS5 () : CF"8(AYP) - CFE(X)

of the generator given by the identity map 1 5 «r. Moreover, the morphism P (a)
of chain complexes is determined by this element.

Now, suppose that h, : CSng(AtP) — C,Sl‘ff (AP x J) is constructed, corre-
sponding to the case X = AP, Y = AP x [ and H the identity map. The image
of a € C$8(X) is defined to be the image of the identity map under the composite

Sing
CEmE(ALP) 15 OSE(ALP X 1) o n) T o),
(In fact this definition is imposed if the chain homotopy h depends naturally on H.)

Thus, the problem reduces to constructing h,, : C5ng(AfP) — Csiflg(A;Op x I)
with the requisite properties. This is equivalent to giving an element of C’Siflg (Alop x
I) = Z[Ging,, ., (AP x I)]; the construction is based on the geometric decomposition
of the topological space A°P x I as a union of n + 1 topological simplices (home-
omorphic to A'°P;) with pairwise disjoint interiors. (This should be seen as an
n + 1-dimensional triangulation of AP x I.) The construction requires the order-
ing of vertices to be taken into account, together with the resulting orientations of
the simplices.

Writing the vertices of AP as vy, ..., v, and the endpoints of I as 0, 1, the prod-
uct AP x I is the convex hull of the set of vertices ¥, := {(v;,e)le € {0,1}},
considered as a subspace of R"2. The set of vertices is equipped with the associ-
ated partial order (v;,¢) < (v;,n) ifand only if i < jand e <.

For 0 < t < n, define the continuous map o : A;’P; — AP x [ by the linear

extension of
| (vi,0) i<t
’Uz(n+ 1) ~ { (’Ui_l, 1) 1> t.
This satisfies A'P x I = J;__, image(o;) and the interiors (image(o¢))° are pairwise
disjoint.
For example, for n = 0, A}’® is a point, and there is a homeomorphism AP =
AP x I, which corresponds to .
The case n = 1 already illustrates the salient features (see Figure[I): the com-
mon face corresponds to the face included by ¢; applied to the two topological
2-simplices. However, the simplices have different orientations.

CSing (ax1r)
4)
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FIGURE 1. Decomposition of A}® x T
(UO7 1) (Ulv 1)

(v0,0) (v1,0)

In dimension 2 a similar phenomenon occurs (see Figure[2).

FIGURE 2. Decomposition of ALP x T
(U?ﬁ 1)

(v, 1) (v1,1)

(v0,0) (01,0)

The morphism h,, : CSe(AtP) — C’SI’%(A:{’I’ x I) is defined by the element
> (~1)'oy € Z[Sing, (AP x I)].
t=0
The alternating sign ensures that, when applying the differential d, the only non-
trivial n-simplices which appear are those which correspond to the boundary (in
the geometric sense!) of AP x I.

Exercise: show that this gives the required chain homotopy. (This follows from
the fact that the decomposition of the boundary 9(A!°P x I') into n-simplices which
is induced by the above decomposition, is compatible with that used for the defi-
nition of h,,_1.) ]

Remark 6.72. The geometric decomposition of AP x I above can be understood
entirely in terms of simplicial sets Geta. Moreover, this gives the notion of simpli-
cial homotopy. A simplicial homotopy induces a chain homotopy on applying the
functor C,(Z[—]); the great advantage of simplicial homotopy is that it makes sense
in any category.
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6.10. Barycentric subdivision and little chains. The standard techniques for cal-
culating homology rely upon its local nature; this is a consequence of the procedure
of subdividing topological simplexes.

Definition 6.73. The barycentre of the topological simplex AP is the point:

n

1
Zn+1vi'

=0

By induction upon the dimension n of the topological simplices, this leads to the
barycentric subdivision of A!°P. (See Figure 3] for an illustration of the barycentric
subdivision of the topological 2-simplex.)

FIGURE 3. Barycentric decomposition of A5
2

0 (01) 1

Recall that the topological simplices form a cosimplicial object in Top. In par-
ticular, the inclusion of a k-dimensional face is determined by its set of vertices
(equivalently is defined by an order-preserving injection {0, ...,k} < {0,...,n}).
The faces of AlPP form a partially-ordered set under inclusion of faces.

In the barycentric decomposition of Af°P, the vertices are the barycentres of the
faces, hence are indexed by the faces. More generally, the topological k-simplices
appearing in the decomposition are chains of strict face inclusions of length & + 1.
This is equivalent to giving an ordering of the set of vertices of Aﬁ{’p, 10y« I, SO
that the face inclusions are given by

Vi C (’l)iol)“) C (viovilvi2> ... C (Uiovil .. Uzn>

This ordering of {0,...,n} corresponds to an element 7 € &,,41 of the symmetric
group on n + 1 letters.
Thus the barycentric decomposition gives

AloP =~ U image()
TES 41

where 7 defines the map 7 : AP — AP which sends the jth vertex to the
barycentre of the jth face in the chain of faces corresponding to 7. By construc-
tion, the interiors image(7)° are pairwise disjoint.

Definition 6.74. For % := {U;|i € .#} a family of subsets of a topological space X
such that X = | J,. , U, define the subcomplex of % -little chains

CSing,% (X) C CSing(X)

to be the subcomplex generated by singular simplices A" — X (n € N) which
factor across some U;, i € .7
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Theorem 6.75. For % := {U;|i € .7} a family of subsets of a topological space X such
that X = ;. » U7, the inclusion

CSme (X) <y CSing(X)
induces an isomorphism in homology.
The proof of the theorem is based upon the (natural) subdivision operator:
S CSing(X) — CSine(X).

In the following definition, the notation introduced in describing the barycentric
subdivision of AP is used.

Definition 6.76. For X a topological space, let § : C§™8(X) — C?™8(X) be the
chain map which sends a generator [f] € C5"8(X) = Z[Ging, (X)] given by a
singular simplex f : A*P — X to

S = > (1)@ [fon].
TES 41
Exercise 6.77. Show that
(1) Sisachain map;

(2) S defines a natural transformation C5%(—) — C2™8(—) of functors from
Top to €h((2AD).

FIGURE 4. The barycentric cylinder decomposition AP x T

Lemma 6.78. For X a topological space, the chain map S : CY"5(X) — CS™8(X) is
chain homotopic to the identity.

Proof. (Indications.) The proof is similar in spirit to that of Theorem[6.71} one uses
a subdivision of the space AP x I related to barycentric subdivision. These sub-
divisions are constructed recursively on n; supposing the subdivision constructed

for AP x I, this yields a subdivision of (OA'P x {0} UA!P}) x I. The subdivision
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of AI°P, is given by forming the cone with respect to the barycentre of A}*P; x {1}.
This is illustrated in Figure 4l O

Proof of Theorem[6.75 Without loss of generality, one may suppose that % is an
open cover of X. Recall that C5"%:% (X) is a subcomplex of C5&(X); first show
that this induces a surjection in homology.

Consider an element ® of C5"8(X); since AP is a compact metric space, Lebesgue’s
theorem implies that there exists a natural number N such that the iterated
subdivision SV (®) lies in C$"&:% (X) (exercise: prove this assertion). Moreover, if
®isa cycle, then sois SV (®), since SV is a chain map. Since S¥ is chain homotopic
to the identity map (by Lemma[6.78 and Proposition[6.22), [SY (®)] = [®], proving
surjectivity.

A similar argument establishes that a cycle of C"&% (X)) which is a boundary
in CS"8(X) is also a boundary in C5"&% (X), noting that S restricts to a chain
map S : CSne.% (X)) — OS"&:% (X) which is chain homotopic to the identity. This
completes the proof. O

6.11. First calculations.

Proposition 6.79. The singular chain complex CS& () identifies as follows: CS18(x) =
Z(Yn e N)and dpy; : C’S‘flg(*) — OSme(x) iszeroif n = 0 mod (2) and is the identity
morphism if n =1 mod (2).

In particular, the singular homology of a point is

Hn(*)w{ Z n=0

0 n>0.
Proof. Since = is the final object of the category of topological spaces, Ging,, (x) is
a singleton set, Vn € N, hence C5"8(x) = Z. The differential d,1; identifies as

multiplication by Z?jol (—1); this is 0 if n is even and 1 for n odd. O

Exercise 6.80. Show that the projection X — * from a contractible space to a point
induces an isomorphism in homology, hence determining H,,(X ), by Proposition
6,79

Proposition 6.81. For X, Y topological spaces, the inclusions X — X I1Y <Y induce
a natural isomorphism of chain complexes

CSing(X I Y) o~ CSing(X) o CSing (Y)
and hence a natural isomorphism in homology, Vn € N
H,(XTY)>H,(X)® H,(Y).

Proof. Since AP is a connected topological space, it is clear that Ging,, (X 1Y) =
Ging,, (X) II &ing, (V) (in fact, this corresponds to an isomorphism of simplicial
sets Ging(X 1Y) = Ging(X) II Sing(Y')). The free abelian group functor sends a
disjoint union of sets to a direct sum of abelian groups (for the cognoscenti: this is
actually a formal consequence of the fact that Z[—] is a left adjoint, which implies
that it preserves coproducts).

It is straightforward to check that one obtains a natural isomorphism C"&( X 11
Y) = CS"8(X) @ C58(Y) of chain complexes (exercise).

For the conclusion, it suffices to observe that the homology of a direct sum of

chain complexes is the direct sum of their homologies (exercise). 0
Example 6.82. Propositions[6.79and [6.81]allow the calculation of the homology of
S0
Z@®Z n=0
0} ~
Ha(57) = { 0 n > 0.

For pointed topological spaces, it is convenient to use reduced homology groups.
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Definition 6.83. For (X, %) a pointed space, the reduced homology of X is the relative
homology group:
H,.(X) := H.(X, *).

Lemma 6.84. For (X, *) a pointed topological space, the reduced homology is isomorphic
to the quotient of the split inclusion H,(x) — H,.(X) induced by the inclusion of the
basepoint. In particular, for n > 0, there is a canonical isomorphism H,,(X) = H, (X).

Proof. The projection X — * provides a retract of the inclusion of the basepoint,
so H,(x) — H.(X) is a split inclusion. The reduced homology is identified by the
long exact sequence in homology for a pair of topological spaces. O

Exercise 6.85. For pointed spaces (X, *), (Y,*) calculate the reduced homology
groups H,.(X VY) of the wedge of X and Y in terms of their reduced homology.

Theorem 6.86. For X a locally path-connected space, the continuous projection X —
mo(X) onto the set of path connected components induces an isomorphism

Ho(X) = Zlmo(X)].

Proof. The group of singular chains C5™#(X ) identify as the free abelian group on
the underlying set of X and Cls 2(X) as the free abelian group on the set of paths
of X. The differential d; sends a generator [@] corresponding to apath v : I — X
to [a(1)] — [a(0)]. It follows easily that elements [z], [y] of C5™#(X) define the same
homology class if and only if they belong to the same path-connected component.
The result follows. U

Exercise 6.87. Prove that two topological spaces with the same homotopy type X ~
Y have isomorphic homology groups.

6.12. Mayer-Vietoris. The little chains theorem, Theorem[6.75] can be applied when
7 is a (suitable) cover with just two subspaces.

Theorem 6.88. For % = {A, B} a cover of a topological space X such that X = A°UB°®,
the inclusions

ANB-A 4

B— X,
JB

induce a long exact sequence (the Mayer-Vietoris sequence) in homology:
.= Ho(ANB) "“=% H,(A) & H,(B) "*™ H,(X) — Hy_1(ANB) — ...

Proof. The singular chain complexes C5"8(A) and C5"8(B) can be considered as
subcomplexes of C51"8(X). The intersection of these subcomplexes is again a sub-
complex, which identifies with C5&( AN B), since a singular chain o : AP — X €
Ging,, (A)NGing,, (B) necessarily maps to AN B. The sum of the two subcomplexes
CSing(A) + CSn8(B) identifies with C51"&: % (X), by definition of the latter.

This implies that there is a short exact sequence of chain complexes:
Sin Co"E(ia) = C%"E (i) ~sin Sin Sing, %
0— C”"8(ANB) — C>"8(A) @ C™'"8(B) — CP8 (X)) — 0.
(To see this, consider the kernel of the map C5"8(A)pCS"e(B) — CS"e:% (X).) By
construction, the composite of the surjection with the canonical inclusion C Sing, % (X) —
CSn8( X)) identifies with the morphism

S (5,

. . Sing (4 .
CSmg(A) e CSmg(B) )ic; (38) CSmg(X)

of chain complexes.
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Theorem|[6.64 gives a long exact sequence in homology and the little chains the-
orem for % (which is where the hypothesis on the interiors is required) identifies
the homology of CS5"&:% (X)) with H,(X). The identification of the morphisms in
the long exact sequence is straightforward. O

The Mayer-Vietoris long exact sequence allows for the first non-trivial calcula-
tions.

Proposition 6.89. For 1 < n € N, the homology of the sphere S™ is

m o~ ) L te{0,n}
Hy(S )_{ 0 otherwise.

Proof. The result is proved by induction upon n, using the homology of S° given
by Example[6.82]to calculate the homology of S*. For n > 1, as in Proposition 54
(without the restriction n > 2), take an open cover S” = Ut UU ™~ by Northern and
Southern hemispheres, so that U™, U~ are contractibleand Ut N U~ ~ S~ 1.

For n = 1, the Mayer-Vietoris sequence for S' immediately shows that H,(S') =
0 for ¢ > 1 (why?). Using the homotopy invariance of homology (Theorem [6.71)
and the fact that H;(S°) = 0 = H;(UT) = H;(U™), the non-trivial part of the long
exact sequence is:

0— Hi(SY) = Hy(SYY2ZDZ — Ho(UT) @ Ho(U™) = Z & Z — Hy(S") — 0.
The inclusion S° < U™ identifies as Z & Z idid 7, likewise for U . It follows that
H,(S') = Z, which embeds diagonally in Hy(S?) via the connecting morphism.
Similarly Hy(S') = Z (this fact can also be deduced from Theorem [6.86).

For n > 1, the argument is simpler still; for H,, the relevant portion of the
Mayer-Vietoris sequence is

0— H,(S™) = H, 1(S" ') =2Z -0,

providing the required isomorphism.
The identification of H(S™) is straightforward (or apply Theorem 6.86). O

6.13. Excision. Excision is a powerful tool for understanding relative homology
groups.

The proof of the excision theorem is best carried out using the five-lemma,
which is a fundamental result of homological algebra. In the following, </ could
be any abelian category.

Proposition 6.90. For a commutative diagram in </

fo f1 f2 fa

Ap Ay Ay As Ay
gol g1 l 92 l g3 l 94 l
By ——=B1 —— By —— Bs —— Bi

in which the rows are exact, if the morphisms go, g1, g3, 94 are isomorphisms, then so is go.

Proof. It suffices to show that g5 is both injective and surjective.

First show injectivity: suppose that x € A lies in the kernel of g then, since g3
is an isomorphism (in particular injective), x lies in the kernel of f, hence Jy € A;
such that z = f1(y). By commutativity of the diagram, h1¢1(y) = 0, so that g1 (y)
lies in the kernel of h4, thus in the image of ho, say g1(y) = ho(z). Since g is an
isomorphism, there exists a unique Z € Ay such that gy(Z) = z; moreover, since g is
injective and g1 fo(2) = hogo(2) = 91(y), fo(2) =y. Thus z = fi(y) = f1fo(2) =0,
as required.

The proof of surjectivity is dual: consider v € Bs, then hy(u) € Bj lies in the
image of the isomorphism g3, say ha(u) = g3(v). Arguing as above, v lies in the
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kernel of f3, hence Jw € A; such that fo(w) = v, so that hoga(w) = ha(u). It
follows that he(u — go(w)) = 0, so that Ja € By with hi(a) = u — ga(w). Since g1
is an isomorphism, 3!& € A; such that g1(&) = . Now ga2f1(&) = u — g2(w) by
commutativity, giving that g»(f1(&) + w) = u, so gs is surjective. O

Theorem 6.91. For (X, A) € Ob Top!? and U C X a subspace such that U C A°, the
inclusion (X\U, A\U) induces an isomorphism on relative homology groups:

H.(X\U,A\U) > H.(X, A).

Proof. Set % := {A, X\U}; the hypothesis that U C A° implies that A°U(X\U)° =
X, so that the little chains theorem can be applied. As in the proof of the Mayer-
Vietoris theorem, CS"&:% (X) identifies as C5"8(A) + CS"&(X\U), in particular,
CSm8( A) is a subcomplex of CS&:% (X). Moreover, one has C5™(A)NCS8 (X \U) =
CSins(A\U). Tt follows that there is an isomorphism of chain complexes

COmeY (X)/CM8(A) = CFM8(X\U)/CO™8(A\U) = C¥"8(X\U, A\U).
(Exercise: prove this!)

This gives rise to a morphism between short exact sequences of chain com-
plexes:

0 CSing(A) CSing,%(X) - CSimg()(\U7 A\U) —0

|

00— CSing(A) o CSing(X)

CSing(X, A) 0

where the right hand vertical morphism is induced by (X\U, A\U) — (X, A).
Applying homology, the rows induce long exact sequences and the vertical mor-
phisms induce a morphism between the long exact sequences (by the naturality of
the long exact sequence in Theorem [6.64). The inclusion C5"&:% (X)) — CSng(X)
induces an isomorphism in homology, by small chains, Theorem hence the
five-lemma implies that the right hand vertical morphism also induces an isomor-
phism in homology, as required. O

6.14. The long exact sequence associated to a morphism. Recall from Sectiond.11]
the mapping cylinder My and the mapping cone Cy of a continuous map f: X — Y.
The mapping cylinder provides a homotopically good factorization

X My Y

~

of f asa good inclusion (in the language of a homotopy theory, a cofibration) followed
by a homotopy equivalence.

The mapping cone C is the quotient of M obtained by collapsing the free end
X of the cylinder to a point. However, the mapping cylinder is also homeomorphic
to the identification space:

Cr=2CX Ux My,

where the base of the cone is glued to the end of the cylinder.

This gives rise to a commutative diagram of inclusions:

>—>Mf

CX—Cy

and, in particular, a morphism of pairs:
(Mg, X) = (Cy, CX).
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FIGURE 5. The mapping cylinderof f : X — YV

FIGURE 6. The mappingcone Crof f: X =Y

-

-

Q
5

I~

Theorem 6.92. For f : X — Y a continuous map, there is a natural isomorphism of

relative homology groups H,.(My, X) = H,(C,CX), hence the long exact in homology
of the pair (My, X) identifies with:

Hy (X)) T 1L (YY) S Hl(CF) = Hy (X)L

Proof. The cone C'X is contractible, hence a standard argument using the five-
lemma (Proposition [6.90) implies that the morphism of pairs (C,*) — (Cf, CX)
induces an isomorphism of relative homology groups. (Exercise: provide the de-
tails.)
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Hence, it suffices to establish the isomorphism H, (M, X) = H,.(Cy,CX), which
follows by excision (Theorem [6.91). Namely, taking the ‘half cone’ U := C1 X C
CX, excision provides an isomorphism H,(C\U,CX\U) = H,(C;,CX). By con-
struction, Cy\U ~ M; and CX\U ~ X via the inclusions. Homotopy invariance
of homology shows that H,(C;\U,CX\U) = H,.(M;,X) as required. (Exercise:
prove this affirmation.) O

Example 6.93. For f : X = S" — Y a continuous map consider the mapping
cone Cy, which is homeomorphic to the space Y Uy ¢"*! obtained by gluing an
n + 1-dimensional cell e"*! along its boundary de"*! = S" via f.

The associated long exact sequence in homology is

oo (8™ Y H vy = By Up et S Hy_ i (S7)
If n > 0, then Hy(S™) — Hy(Y) is a split monomorphism, determined by the

basepoint component of X to which f maps, so one gets an isomorphism Hy(Y) —
Hy(Cf).

The only other homology groups for which H;(Y) are H;(Y Uy e"*1) are not
isomorphic occur in the exact sequence

0= Ho1(Y) = Hypr(Y Uy ey 5 2 ) 1, (v) 5 Ha (v Uy 1) 5 0,
This implies that H,,(Y Use" 1) 2 H, (V) /image(f). Moreover, if H,(f) is injective
then H,,+1(Y) = H,+1(Y Uy e"t1); otherwise ker(H,(f)) is a non-trivial subgroup
of Z, hence is a free abelian group. In this case, one gets an isomorphism

Hp1(YUpe™™ Y= H, (V) D Z

(Exercise: provide the details.)

Example 6.94. For 0 # d € Z, there is a based continuous map 5! 4 S' which

induces multiplication by d on 71 (S, %) = Z. (It is a basic exercise to show that

Hy(f) : Hi(S') — Hy(S') also corresponds to multiplication by d on H;(S') = Z.
The mapping cone Cy has homology

Z x* =0
H.(Cq) = Z/d x=1
0 otherwise

This construction generalizes to higher dimensions, by replacing the circle by 5™
and using a degree d map.

Exercise 6.95. Show that for any graded abelian group A (concentrated in degrees
0 < n € N) which is finitely-generated in each degree, there exists a topological
space X 4 such that the reduced homology realizes A:

H.(X4) = A.

(@X 4 is far from being unique!)

Example 6.96. The complex projective plane CP? has the homotopy type of the
mapping cone C,, of the Hopf map n : S* — S2. For degree reasons (exercise:
make these explicit!), H,.(n) = 0, so is not detected by homology. It follows that

Z xe{0,2,4)
0 otherwise.

H,(CP?) = {

Hence CP? has the same homology groups as 52 VV %, although these spaces do
not have the same homotopy type.

To see the difference, one requires to look at more structure. For example, one
of the following suffice:
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(1) pass to cohomology and use the cup product;
(2) use cohomology or homology operations.

6.15. Hurewicz. The homotopy and homology groups of a space are related by
the Hurewicz morphism.

Theorem 6.97. Let X be a path connected topological space. For 0 < n € N, there is a
natural morphism (the Hurewicz morphism) of groups

(X, 2) = Hp(X)

which sends the homotopy class [f] of a continuous (based) map f : S™ — X to the image
H,(f)(1,) of a generator 1,, € H,(S™) = Z.
For n = 1, this induces an isomorphism

o

7'(1()(7 x)ab — Hl(X)
from the abelianization of m (X, x) to H1(X).
Ifn > land m (X, x) = {e} fort < n, then 7, (X, x) 5 H,(X) is an isomorphism.

Proof. (Indications.) It is a basic exercise to show that the construction defines a
morphism of groups, using the definition of the group structure of 7, (X, z).

For n = 1, since H;(X) is an abelian group, the morphism necessarily factors
across the abelianization

m (X, z) » 71 (X, T)ap.

(Recall that the abelianization of a group G is the quotient G/[G, G] of G by its com-
mutator subgroup.) The proof that 71 (X, z)4» — H1(X) is surjective is straightfor-
ward; injectivity requires slightly more work.

The case n > 1 is beyond the scope of this course. O

Remark 6.98. The Hurewicz theorem above is one of the foundational results of alge-
braic topology. It can be proved using the Freudenthal suspension theorem, which
gives an understanding of the relationship between the homotopy groups of a
pointed space and of its suspension (in low dimensions). This is much more com-
plicated for homotopy groups than for homology (recall that, by Proposition
the homology groups of the spheres are known; this is far from being the case for
homotopy groups).
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7. OMISSIONS

The previous chapters have only covered the basics. There are a number of no-
table omissions, some of which are indicated below.

7.1. Coefficients for homology. In this section, </ denotes the category of mod-
ules over a fixed commutative ring R. (For applications to homology of topological
spaces with coefficients, R = Z).

Definition 7.1. For (C, d) a chain complex in €h(<) and M an R-module, the chain
complex (C,d) @ g M € Ob €h(«7) is given by
(CorM), = C,@rM
d°®id
deorm :Cn@r M — Cho1 @r M.
This construction defines a functor — ® g M : €h() — Ch().

Remark 7.2.
(1) When R = Z, an R-module is simply an abelian group.
(2) The above is a special case of the construction of the tensor product of chain
complexes.

Example 7.3. For M an abelian group and X a topological space, the chain com-
plex C58(X) ® M has terms

(C"8(X) @ M), = Z[Sing, (X))o M= M
fESing,, (X)

Definition 7.4. For M an abelian group and X a topological space, the homology
with coefficients in M of X is

H.(X;M):= H,(C5"8(X) ® M).

Homology with coefficients defines a functor H,(—; M) : Top — Ab" with values
in N-graded abelian groups.

Exercise 7.5. Check that homology with coefficients is functorial in the coefficients,
hence corresponds to a functor:

H,(—;—): Top x Ab — A",

Remark 7.6. One of the advantages of using coefficients is that a judicious choice of
coefficients can simplify the calculation of homology whilst retaining the informa-
tion required. Moreover, sometimes additional structure is available when work-
ing with coefficients.

For example, if M is taken to be a field K, one has a Kiinneth formula for the
homology of a product of topological spaces:

H (X xY;K) = H.(X;K) @k H.(Y;K),

where the right hand side is the tensor product of graded K-vector spaces. In par-
ticular, this implies that the diagonal map X — X x X induces a coproduct on
H,(X;K) which has the structure of a coalgebra.

7.2. Cohomology. Homology with coefficients was introduced by using the func-
tor — ®r M on the category of R-modules. Cohomology corresponds to using the
contravariant functor Homp(—, M).

Remark 7.7. %If one applies Homg(—, M) to d : C,, — C,_1, one obtains a mor-
phism of R-modules:

Homp(Cp—1, M) — Hompg(Cy,, M)
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from a term indexed by n — 1 to one indexed by n; that is, the degree increases.
To stay within chain complexes as defined here, one uses the standard trick of
declaring Hompg(C,,, M) to be indexed by —n.

This avoids the confusion inherent in talking about cochain complexes, since no
change of variance is involved, so that the co in cochain is a misnomer.

Definition 7.8. For (C, d) a chain complex in €h(7) and M an R-module, the chain
complex Hompg(C, M) € Ob €h(<) is given by
Hompg(C,M)_, = Hompg(C,,, M)

Hom(d® ,id)
dHomR(C,IW) : HomR(Cn_l,M) — HomR(Cn,M).

This construction defines a functor Homp(—, M) : €h( )P — €h().

Remark7.9. @With the above definition, if (C, d) € Ob €h (<), then Homg(C, M)
has non-zero terms concentrated in degrees < 0.

Definition 7.10. For M an abelian group and X a topological space, the nth singu-
lar cohomology of X with coefficients in M is defined by

H™(X; M) := H_,(Homgz(C5"&(X), M)),
so that singular cohomology with coefficients in M defines a functor H*(—; M) :
Top°® — ALY with values in N-graded abelian groups.

A fundamental result is the existence of the cup product; this is induced by the
diagonal map but, unlike for the coproduct for homology, exists without having to
take coefficients in a field.

Theorem 7.11. For R a commutative ring and X a topological space, the diagonal map
X — X x X induces the cup product (for p,q € N):

H”(X;R) ® H(X; R) — H"*9(X;R)
which gives H*(X; R) the structure of a graded commutative R-algebra.

Proof. The key point is the construction of the external cup product for topological
spaces X, Y:
HP(X;R)® HY(Y;R) — H""(X x Y; R)
which involves comparing the chain complex C58 (X xY") with CSn8( X )2CSne(Y)
(using the tensor product of chain complexes which has not been introduced here!).
The proof of these fundamental results is not particularly difficult, using the
material covered in this course. O
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APPENDIX A. DEFINITIONS FROM CATEGORY THEORY
A.1l. Categories.

Definition A.1. A category % is a class of objects Ob%” equipped with a set of mor-
phisms Hom (X,Y") (sometimes written ¥ (X,Y)) for each pair of objects X, Y,
together with

> an identity Idx € Hom¢ (X, X), VX € Ob ;

> acomposition law o : Hom (Y, Z)xHomy (X,Y) — Home (X, Z),VX,Y, Z €

Ob %,

which satisfy the following axioms:

> identity axiom: Vf € Home(X,Y),Idy o f = f = foldy;

> associativity: ho (go f) = (ho g) o f whenever the composites are defined.
The category ¥ is small if Ob € is a set; in this case, the morphisms of ¢ also form
a set, denoted Mor%'.

Example A.2. For K a set, the discrete category associated to K has objects Ob K =
K and Homg (X,Y) = 0if X #Y € K, whereas Homg (X, X) = {Idx } (the only
morphisms are the identity morphisms). This category is small.

Definition A.3. A subcategory & of € is a category % such that Ob ¥ C Ob ¢
(sub-class) and, VX,Y € Ob Z, Homg(X,Y) C Hom«(X,Y) so that the identity
elements and composition law are compatible.

A subcategory 2 of ¢ is full if Homg(X,Y) = Hom(X,Y'); a full subcategory
is therefore defined by its class of objects.

Definition A.4. For ¢ a category, the opposite category €°P is the category with
Ob€°* =0b %,
Homgop (X,Y) := Home (Y, X)

and with composition law and identity elements induced from ¢. (This is the
category obtained from € by reversing the morphisms.)
Definition A.5. Let ¢ be a category.

(1) A morphism f : X — Y admits an inverse (or is inversible) if 3¢9 : ¥ — X

such fog=Idy and go f = Idx.
(2) The category ¢ is a groupoid if every morphism admits an inverse.

Example A.6. A discrete group G can be condidered as a groupoid with Ob G =
{*} and Homg (*, ) = G.

A.2. Functors. A functor is a morphism between categories.

Definition A.7. For categories ¢, 7, a functor F : ¢ — 2 assignstoeach X € Ob ¥
an object F'(X) € Ob 2, together with a map of sets VX,Y € Ob ¢
Homg (X,Y) — Homg(F(X),F(Y))
o= F)

such that

> VX € Ob 7, F(Idx) = IdF(X)/

> F(go f)=F(g) o F(f), for all composable morphisms f, g € Mor%.
A contravariant functor from € to Z is a functor F : €°° — 2.

Exercise A.8.
(1) For € a category, describe the identity functor Id€¢ : € — 6.
(2) For functors F' : ¢ — 2,G : 9 — &, show that there is a composite functor
G o F : % — & such that
> GoF(X)=G(F(X));
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> GoF(f) = G(F(f)).
Definition A.9. A functor ' : € — P is
> faithful if F' : Home(X,Y) < Homg (F(X), F(Y)) is an inclusion VX, Y €
Ob ¢;
> fully faithful if F : Home (X,Y) = Homg (F(X), F(Y)) is abijection VX, Y €
Ob %.
Example A.10. A subcategory 2 C ¢ induces an inclusion functor 9 — ¢ which is
faithful; it is fully faithful if and only if 2 is a full subcategory.
Proposition A.11. The class of small categories and functors form a category (denoted
CAT).

Proof. Exercise (the restriction to small categories is necessary so that the functors
beween two categories form a set). O

A.3. Natural transformations. Natural transformations formalize the notion of
natural relations between constructions. They can also be understood as being
morphisms between functors.

Definition A.12. A natural transformation n : F' — G between functors F,G : € =
2 is a collection of morphisms ny : F(X) — G(X) in 2, for each X € Ob %, such
that, V morphism of ¢, f : X — Y/, the following diagram commutes:

Fx) 2% Py

G(X) G(Y).

The identity morphisms Idz(x define the identity natural transformation Idf.

—
G(f)

Lemma A.13. For natural transformationsn : F — G and ( : G — H, where F,G, H
are functors from € to 9, the composite morphisms (x onx : F(X) — H(X) define a
natural transformation (on : F — H.

Proof. Exercise. O

Definition A.14. A natural transformation 7 : F' — G is a natural equivalence if it
admits an inverse natural transformation ™! : G — F such thatn~! on = Idr and
non~! = Idg. This is equivalent to the condition that nx : F(X) — G(X) is an
isomorphism in &, for each X € Ob ¥. (Exercise: check this affirmation.)

Using the notion of natural equivalence, one has the associated notion of equiv-
alence of categories; this is weaker than the obvious notion of isomorphism of cate-
gories (and much more useful).

Definition A.15. Categories ¢, & are equivalent if there exists functors ' : ¢ — &
and G : ¥ — ¥ and natural equivalences F'G 5 1dy and GF S 1de.
Remark A.16. Hidden in the above is the fact that €AT has the structure of a 2-

category. As with the consideration of homotopies between continuous maps, it
can be useful to represent a natural transformation 7 : /' — G by a diagram:

@The direction of = is important; in general there is no natural transformation
in the opposite direction!
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A4. Yoneda’slemma. The Yoneda lemma is a fundamental result in category the-
ory.

Notation A.17. For € a small category, Get? denotes the category of functors from
¢ to Get, with natural transformations as morphisms.

Example A.18. For X € Ob % an object of ¢, Hom (X, —) is an object of Get?, the
functor represented by X.

The Yoneda lemma is the following result:

Proposition A.19. For € a small category, F € Ob Get” and X an object of €, there is
a natural bijection:
9 : Homg g« (Homg (X, —), F) = F(X).

Proof. A natural transformation n € Homg, ¢« (Home (X, —), F') determines, in par-
ticular, a map of sets Home (X, X) 3 F(X). Define 2(1) := nx (1x).

Consider a morphism f : X — Y of €; a natural transformation n must provide
set maps nx, 7y which make the following diagram commute:

Home (X, X) —== F(X)
Hom(X,f) lF(f)
Homg (X, Y) — F(Y).

Since Hom (X, f)(1x) = f € Hom(X,Y), this means that ny (f) = F(f)(nx(1x)).
Hence, 7 is uniquely determined by 9)(n).

Conversely, an element of z € F(X) induces a natural transformation by this
recipe. O
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