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Abstract — The main aim of this project consists in giving an unusual approach of singular homology theory
through the Dold-Thom theorem, which states in particular the following interesting result in algebraic topology:

H,(X; Z) = mpp1 (SP(EX)),

for any integer n > 0 and any pointed space X (see the theorem 3.2.11). In other words, we will be led throughout
these very few pages toward a relation at the crossing between homology and homotopy theories. After considering
elementary notions in category theory, we will then sprinkle some pushouts and exact sequences on our reasonings
in order to work on homotopy and homology theories. Furthermore, the suspension and the reduced cone will reveal
themselves as very useful tools, without taking cofibrations nor CW-complexes into account. Thus, we will adopt a
homotopic point of view as developed in the reference [AGP02], instead of the common geometric one as in [Hat01,
page 108], and we will deeply explore various properties of some axioms and categories.
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Introduction

To classify in various ways different objects has always been an important goal for mathematicians throughout
generations. For some reason, it is more particularly interesting to distinguish objects according to the number of
wholes one can enumerate: this is homotopy theory. In this sense, we often say that a doughnut could be seen as
a coffee cup since both of them "contain" one single whole. Nonetheless, it remains quite complicate to clarify the
definition of whole, as far as it is actually the absence of "matter".

This is one of the reasons why the fundamental group 7 was introduced: given an object with wholes, we try to
coil some loops around the wholes, and then we classify together objects in which loops coil in a similar way around
wholes.

As always, once they clearly understood this notion, mathematicians then wanted to find generalizations to higher
dimensions: this is why they introduced homotopy groups m, for n > 0. Now, instead of evaluating wholes with
loops, we work with multidimensional spheres. However, at this point, computations become so much intricate that
they chose to consider another theory: homology.

All of sudden, computations are easier; we will even see some particular cases in this project. Indeed, the cunning
results from transforming in a certain way topological space into abelian groups. Nevertheless, the other side of the
coin is that homlogy is more delicate to introduce...

Now, if we want all this work to be interesting, we need to find links between homotopy and homology theories. To
this end, a relation between those two theories will be provided by the Dold-Thom theorem.






Contents

Acknowledgements

Introduction

1 Axiomatic homology

L Category theory . . . . . . . o L
1. Generalities . . . . . . . L e
2. Some properties and definitions in Set, Topand Gr . . . . . . . . . .. ...
3. Pushout . . . . . . e e
II.  Homotopy invariants . . . . . . . . . . . o e e e
1. Homotopy theory . . . . . . . . . . e
2. The fundamental group m1 . . . . . . . . L e e e
3. The n-th homotopy group 7, . . . . . . . . . . . e
4. Weak homotopy equivalences . . . . . . . . . . L
III. Exact sequences of abelian groups . . . . . . . . . . . e
1. Generalities . . . . . . . e e
2. Exemples of exact sequences . . . . . ... L
3. Split exact sequence . . . . . . .. Lo e e e e e e
IV. Eilenberg-Steenrod axioms of homology theory . . . . . .. ... . ... ... ... ... ...
1. AXIOMS . . L L e e
2. Exact sequences of homology, suspension and reduced cone . . . . ... .. ... ... ....
3. Computation of Hp,(S™) . . . . o o0
2 CW-complexes and Cofibrations
I. CW-complexes . . . . . . . . e e
1. Generalities . . . . . . . L e e
2. Subcomplex and n-equivalence . . . . . ... L. L
3. Theorems . . . . . . . . e
II.  Cofiber sequence . . . . . . . . . o L L e e e e
1. Construction of the cofiber sequence . . . . . . . . . .. . L oL
2. Some exact sequences in Set, . . . . . . . e e e
3. The long exact sequence of homotopy groups . . . . . . . . . . .. ... ... ...
ITI. Cofibrations . . . . . . . . . . e e
1. Generalities . . . . . . L L e e
2. Some cofibrations in CW . . . . . . . . . ..
3. A relation between cofiber and cofibration . . . . . . .. ... oL 0oL
4. Mapping cylinder . . . . . . . . . e e e e e e e

3 Axiomatic reduced homology theory and Singular homology

L. Axiomatic reduced homology theory . . . . . . . . . . . . . ..
II.  Singular homology via Dold-Thom . . . . . . . . . . . .. . . e
1. Infinite symmetric product . . . . . . ..
2. Quasifibration . . . . . . L e e e e
3. The Dold-Thom theorem . . . . . . . . . . . . . . e
4. Examples of computation . . . . . . . ...

vii

iii

27
27
27
30
31
31
31
32
34
35
35
36
38
39



Appendices

Index

References

viii



— PART 1 —

Axiomatic homology

In this part, the goal is to introduce the axioms developed by Samuel Eilenberg and Norman E. Steenrod in mid
XX century (see the reference [ES45, pages 117-120]). To do so, we will need to define some concepts taken from
category theory, such as functors, pushouts or also natural transformations. We will moreover consider a few kinds

~

of equivalences, namely not only isomorphisms =, but also homotopy equivalences ~ and weak equivalences ~.
Finally, suspensions and reduced cones will be very useful tools in order to compute the homology of the n-spheres.

I. Category theory

1. Generalities

Category theory will be the solid foundation of this project. Most of what we will see is provided by the reference
|Bor94]. This theory actually gives a generalization of the organisation we can find between mathematical objects
and morphisms.

Definitions 1.1.1. A category C is the following data:

(i) A collection Ob(C), whose elements are called objects.

(ii) For each pair of objects X, Y € Ob(C), we define a set C(X,Y) whose elements f € C(X,Y) are called
morphisms from X toY and written f: X — Y.

(iii) A composition:

VX, Y, Z € 0b(C), {C(X7 Y)xC(Y,Z) — C(X, 2),

(f, 9) = gof,

subjects to :
o Associativity: for any objects X, Y, Z, W € Ob(C), we have:
ho(gof)=(hog)of,

where f € C(X,Y), g€ C(Y, Z) and h € C(Z, W).
e Identity: for all object X € Ob(C), there is a morphism idx € C(X, X) such that:

foidx =f and  idxo f =f',
where f € C(X,Y), f €C(Y, X) and Y € Ob(C).

Remark 1.1.2. The identity idx is the only morphism from X to X which plays the role of an identity for the
composition law. Indeed, if 1x € C(X, X) is another such morphism, then:

idX :idXolx :1)(.

Notation 1.1.3. We denote Mor(C) the set of all the morphisms of C:

Mor(C) := {morphisms of C} = U C(X,Y).
X, Y€0b(C)



Definition 1.1.4. A morphism f € C(X,Y) is an isomorphism of C if there exists g € C(Y,X) such that
go f=1Idx and fog=Idy. In such a case, we note X =Y. Moreover, we denote Iso(C) C Mor(C) the set of
isomorphisms of C.

Examples. Here are two exemples of categories. You can find the table 1 in appendix that inventories a complete
list of the categories used in this project.

(1) C := Top (category of topological spaces),
Ob( Top) := {topological spaces},
Mor(Top) := {continuous maps} (where composition is the usual),
Iso(Top) = {homeomorphisms}.
Note that we can similarly introduce Top,, taking pointed spaces (X, xg) and pointed continuous maps
fi(X, zo) = (Y, o) (ie. f:X — Y is continuous and f(zg) = yo).

(11) C := Gr (category of groups),
Ob(Gr) := {groups},
Mor(Gr) := {homomorphims of groups},
Iso(Gr) = {isomorphisms of groups}.
In the same way, we can introduce the category Ab of the abelian groups.

Definition 1.1.5. A functor F : C — D between categories C and D is given by two maps of set:
F :0b(C) — Ob(D) and F:C(X,Y)—>DF(X), F(Y)),
for all X, Y € Ob(C), such that:

(i) F preserves composition: for all g € C(Y, Z) and f € C(X,Y), we have F(goc f) = F(g) op F(f), where
X, Y, Z € 0b(C).

ii) F preserves identities: F(idx) = idp(x), where X € Ob(C).
(X)

Remark 1.1.6.  Given two functors ' : C — D and G : D — £, we can construct a third functor: Go F': C — &,
where o is the usual composition in Set.

One can define a very similar notion: contravariant functors. Note that contravariant functors are not functors,
but they will verify alike properties.

Definition 1.1.7. Let C and D be two categories. A contravariant functor F' : C — D is a mapping
that associates to each object X in C an object F(X) in D, and to each morphism f : X — Y of C a morphism
f*:=F(f): F(Y)— F(X) in D, such that:

(i) F(focg)=F(g)op F(f) forall f:Y =Z andg: X =Y inC,

(ii) F(idx) =idpx) for any X € Ob(C).

Proposition 1.1.8.  GIVEN A FUNCTOR F' : C — D, 1F f € Mor(C) IS AN ISOMORPHISM, THEN SO IS F(f) IN D.
IN OTHER WORDS, IF WE HAVE A & B FOR TWO OBJECTS A AND B OF C, THEN WE HAVE F(A) = F(B) IN D.

Proof.  Let be X and Y two objects of C, and f € Iso(C) an isomorphism from X to Y. We can find a morphism
g € C(Y, X) such that go f = Idx and fog = Idy. As F lands in Mor(D), we have that F(f) and F(g) are
morphisms of D. Now F(f) is well an isomorphism from F(X) to F(Y') because:

F(g)o F(f)=F(go f) = F(idx) =idpxy and  F(f)oF(g)=F(fog)= F(idy)=idpg). O

Remark 1.1.9. This is why we can consider two homeomorphic relative space as being the same. This result
remains true for the contravariant functors.

Remark 1.1.10. One could wander if it is possible to build the category of the categories, with categories as
objects and functors as morphisms. Nonetheless, as detailed in [Bor94, page 6], it would induces a contraction with
the definition of set.



Remark 1.1.11. In algebraic topology, what is interesting is to have functors F' : C — D, where C is something
topological and D is something algebraic. For instance, the fundamental group 7 : Top, — Gr is such a functor.
Indeed, for any continuous map f : (X, o) — (Y, f(x0)) in Top,, one can see that:

_ L mXwo) = m(Y, f(=o)),
=1 g 2 G

is a group homomorphism. It also satisfies the association (go f). = g.o f., and the identity (Id(x, 1))+ = idx, (X, z0)-
Note that we will see the same result in 1.2.13 as a particular case of a more general result.

Remark 1.1.12. One can find in the literature the notion of forgetful functors: they are functors that "lose
some data". Here are a few examples:

(1) U: Top — Set, (X, 7) — X, and that maps a continuous map f to the corresponding map f.
(1) U: Gr— Set, (G, +) — G, and that maps a group homomorphism f to the corresponding map f.

(ur) U : Top, — Top, (X, zo, 7) — (X, 7), and that maps a continuous pointed map f to the corresponding
continuous map f.

Conversely, here are two examples of free functors that "gain some data":
(1) V: Set — Ab, X — Z(X).

(1) V : Set — Top, X — (X, discrete topology), where every set is open.

Definition 1.1.13. A commutative diagram in a category C is a diagram:

A%C

=

g

B — ) D,
such that go f = ko h, where A, B, C, D € Ob(C), and f, g, k, h € Mor(C).

Remark 1.1.14. We can extend this definition to more complex diagram shapes. And more generally, if a
diagram "contains' a couple of squares (or any other "elementary diagram shape"), we consider that the diagram
commutes if, and only if, each single shape is commutative.

2. Some properties and definitions in Set, Top and Gr

Before going any further, we want to recall two general results in Top, and Gr that we will use many time throughout
this project.

Proposition 1.1.15.  Universal Property of Quotient Space. LET (X, z9) AND (Y, o) BE POINTED SPACES
IN Top,. WE ALSO CONSIDER AN EQUIVALENCE RELATION = ON X, AND [—] : (X, z9) — (X/ =, [x0]) THE
CANONICAL PROJECTION, WHERE X/ A IS FURNISHED WITH THE QUOTIENT SPACE TOPOLOGY. THEN, GIVEN
ANY CONTINUOUS MAP f : (X, x29) = (Y] yo) IN Top, THAT IS ~-INVARIANT (i.e.  ~ 2’ IMPLIES f(z) = f(2)),
THERE EXISTS A UNIQUE CONTINUOUS MAP f : (X/ =, [z9]) — (Y, yo) SUCH THAT THE FOLLOWING DIAGRAM
COMMUTES: 7
(X7 $0) —_— (Y7 yo)

1] J (1.1)

’

(X/ =, [w]) - 2f

Proof. As f is ~-invariant, one can define the map f : [z] — f(z), and we observe it is the only map that
preserves the commutativity of the diagram (1.1). Moreover, it well sends [z¢] to yo, so f is pointed. Now, let us
show that f is continuous. We consider an open set U C Y. As f is continuous, its inverse image f ~1(U) is open
in X. Then, as the topology on X/~ is the quotient topology, i.e. the finest that allows the natural projection [—]
to be continuous, we have that [f~(U)] is also open, that is to say f~1(U) is well open in X/~. O

Proposition 1.1.16. Universal Property of Quotient Group. LET G AND H BE TWO GROUPS IN Gr. WE ALSO
CONSIDER A NORMAL SUBGROUP N <G OF GG, AND 7 : G — G/N THE CANONICAL PROJECTION. THEN, GIVEN



ANY GROUP HOMOMORPHISM ¢ : G — H IN Gr WHICH VERIFIES N C ker(¢), THERE EXISTS A UNIQUE GROUP
HOMOMORPHISM ¢ : G/N — H SUCH THAT THE FOLLOWING DIAGRAM COMMUTES:

GLH

Wl 7 (1.2)

s
-

G/N - 3¢

Proof. First, notice that the quotient G/N := {gN | g € G} is well a group since N is normal: the operation
is (¢N) - (hN) := (gh)N for any gN and hN in G/N. Indeed, this operation is well defined because it does not
depend on the choice of representatives g and h: for any gN = aN and hN = bN in G/N,

(gh)N = g(hN) = g(bN) = g(Nb) = (gN)b = (aN)b = (Na)b = N(ab) = (ab)N.

If N = {0}, then G//N is isomorphic to G and the result is trivial. So we can assume w.l.o.g. that N # {0}, and
thus we can find an n € N such that n # 0. We want to show that the map ¢ : gN — ¢(g) is a well-defined group
homomorphism. If gN = AN, then as N C ker(¢), we have:

P(gN) = ¢(g) = dlgnn™!) = d(g)¢(n) p(n™') = 0 = ¢(h) ¢(n) p(n~") = ¢(h) = ¢(hN),
g jnry
which means that ¢ is well defined. And we can see it is also a group homomorphism since:

YgN, hN € G/N,  ¢((gN)- (hN)) = 6((gh)N) = ¢(gh) = é(g)d(h) = d(gN) $(AN).

Moreover, by construction, one can see that ¢ is the only group homomorphism that preserves the commutativity
of the diagram (1.2). O

Definitions 1.1.17.  Let J € Ob(Set) be an index set, and X € Ob(Set) another set. A J-tuple of elements of X
is a map x € Set(J, X) that we often denote (x;);cs, where the image of a j € J is noted x; and called the j-th
coordonate of x. This is a kind of generalization of "tuple notation" to an arbitrary index set J.

Definitions 1.1.18.  Let J and A; be sets in Set, with j € J. The cartesian product of {A;},cy is :
H Aj = {J-tuples (z;);ey of elements of UjesA; |Vj € J, z; € A;},
jes

and the coproduct of {A;}jcy is:

T4 =U x4},

jeJ jeJ

Remark 1.1.19. One can see the coproduct as a disjoint union of non-disjoint sets. With this point of view,
we can extend the definition of coproduct to Top, using the disjoint union topology (i.e. the finest topology that
allows the injections B — B][C and C — B[] C to be continuous). Note that we can also extend the definition
of cartesian product the category Gr of groups, since a product of groups is still a group where a sum is the sum of
each coordonate of the J-tuple. We can say the same with the category Ab of abelian groups. Moreover, one can
also define the cartesian product in Top over topological spaces, endowed with product topology.

Definition 1.1.20.  The direct sum of abelian groups {A;};cs in Ab is:

@Aj = {J-tuples (xj)jes of elements of [1,c, 4 | x; # 0 for a finite number of j in J} C H Aj.

jed jeJ
Remark 1.1.21. The direct sum @, ; A; defines an abelian subgroup of Hje.] Aj, together with the same
operation (see the previous remark 1.1.19). We often denote Ejeja:j its elements, where z; € A; for any j € J,

because it is a finite sum of non-null elements, which then stays in the group. Moreover, when J = {1, ..., n} is
finite set, we have equality between the direct sum and the cartesian product:

b 4= ]I A

JE{L, in} Je{l,in}



Now, we want to define in the category Top, of pointed spaces something similar to the coproduct we have in Top.
That is the reason why we introduce the wedge product.

Definition 1.1.22.  In Top,, the wedge product X VY of pointed spaces (X, xo) and (Y, yo) is:

X\/Y::XHY/xONyO.

Example.  Let us draw S]] St and S! Vv St to see the difference:

OO SISt and (X)) Stvst

Remark 1.1.23.  'We have the following homeomorphism (with the subspace topology):
XVvY = (X x{yo}) U({zo} xY) = {(z,y) € X xY |z =29 ouy = yo}.

in X xY. Moreover, in spite of X V {*} = X, we do not have X [[{*} =& X since any continuous map X — X [[{*}
cannot be surjective.

3. Pushout

We want to introduce a powerful tool, pushouts, that will allow us to "glue" some mathematical objects together in
a certain sense.

Definition 1.1.24. Given a category C, and the diagram:
A2

fl (1.3)
B,

in C, a pushout of this diagram is an object P € Ob(C) together with morphisms B — P and C — P such that the
following diagram:
A2

]

B—5 P,

respects a universal property: given any object D € Ob(C) together with two morphisms B — D and C — D in
C such that the diagram:

A—2 0

| |

B —— D,

commutes, there exists a unique map p in C from P to D such that the following diagram commutes:

A2 0

A

B—5p

RNl
S
D.

Notation 1.1.25. The symbol " is there to remind us that P is a pushout.

Proposition 1.1.26.  GIVEN A DIAGRAM (1.3) IN ANY CATEGORY C, A PUSHOUT IS UNIQUE UP TO ISOMORPHISM.

Proof.  Let C be any category. We consider two pushouts P and P’ of the diagram (1.3) in C. By definition, there
exists a unique morphisms p € C(P’, P) such that the following diagram commutes:



Next, changing the roles of P and P’, we can see that there is also a unique morphisms p’ € C(P, P’) such that
the corresponding diagram commutes. We deduce that p’ is the inverse morphism of p, which means that p is an
isomorphism, and thus that P’ = P. O

The following proposition is very important: we compute the pushout in some particular cases. Through it, one
can begin to see how powerful are pushouts.

Proposition 1.1.27. LET US CONSIDER IN A CATEGORY C THE DIAGRAM:
A2 C
fj (1.4)
B

)

WE DEFINE THE EQUIVALENCE RELATION & AS THE ONE GENERATED BY f(a) ~ g(a) FOR a € A. WE RECALL
THAT THE PUSHOUT IS UNIQUE UP TO ISOMORPHISM (SEE 1.1.26).

(1) Ir C := Set, THEN THE PUSHOUT IS B[[,C = B[[C/~.

) Ir C := Top, THEN THE PUSHOUT Is B[], C:=B[[C/~.

(11) Ir C := Top,, THEN THE PUSHOUT Is (B V4 C, [bg]) := (B V C/ =, [by]) WHERE by IS THE BASEPOINT OF B.
)

IF C := Ab, THEN THE PUSHOUT IS B @4 C := B@® C/N WHERE N IS THE SMALLEST NORMAL SUBGROUP
OF B @ C GENERATED BY g(ker(f)) AND f(ker(g)) (IN OTHER WORDS N IS GENERATED BY THE ¢(a) SUCH
THAT f(a) =0 AND BY THE f(a) SUCH THAT g(a) = 0, WHERE a € A).

IN EACH CASE, THE APPLICATIONS GIVEN WITH THE PUSHOUTS ARE THE CANOCIAL PROJECTIONS DENOTED [—]

Proof.  After showing the first point (1), we will generalize its reasoning to prove the three other points.

(1) Let us show that B[], C respects the universal property. We take a set D € Ob(Set) and maps ¢ : C' — D
and b: B — D such that the diagram:

A2 0

fJ{ ic (1.5)

B—b>D

commutes. Let us consider the map p : B][[C — D, such that for all xp € B we have p(xp) = b(xp), and
for all zc € C we have p(z¢) = ¢(x¢) (remind from the remark 1.1.19 that we consider the coproduct B[ C
as the disjoint union of the sets B and C). As the previous diagram (1.5) commutes, and by definition of p,
note that p(f(a)) = b(f(a)) = c(g(a)) = p(g(a)) for all @ € A. As the relation ~ is generated by f(a) = g(a)
for a € A, we deduce p is ~-invariant and it allows us to define the following map:

]3.{ BI[,C — D

[z] = p(r)

Now, let us show that the diagram:

(1.6)




(111)

(1v)

is commutative. First of all, for all a € A, we obviously have ([.] o f)(a) = [f(a)] = [g(a)] = ([.] © g)(a) by
definition of the relation ~. Next, for all 5 € B, we have (po [.])(zp) = p([zs]) = p(zp) = b(xp). Finally,
for all z¢ € C, we have also (po[.])(z¢) = p([zc]) = p(xc) = ¢(x¢). Thus, the diagram (1.6) is commutative.
Now, we need to show that p is unique. We consider ¢ : B[], C — D a map such that the diagram (1.6)
above commutes if we replace p by ¢. Let [z] € B][,C. If x € C, then we have ¢([z]) = c(z) = p([z])
by commutativity. If ¢ C, then = € B and we have similarly that ¢([z]) = b(x) = p([z]). Therefore, we
have the equality ¢ = p, which shows the uniqueness of p. Hence we showed that B[], C together with the
projections [—] satisfies the universal property, and we deduce that it is the pushout of the diagram (1.4).

To show that the pushout in Topisalso B[] 4 C, it is enough to precise from the previous point (1) that B[], C
is a topological space and that p and the projections [—] are continuous. Let us show the first statement. We
consider on B[] C the disjoint union topology, i.e. the finest topology that allows the injections B — B[ C
and C — B]][C to be continuous. Then, on the quotient B[], C := B][C/~ we consider the quotient
topology, i.e. the finest topology that allows the canonical projection B[] C — B[] C/ = to be continuous.
So B]] 4 C is a topological space, and by construction of its topology, the projections [—] : B — B[], C and
[-] : C — B][,C are continuous. Now, let us show that p : B[[,C — D is continuous. The map p is
continuous because it is defined by the continuous maps b and ¢ on each disjoint composant of the coproduct
BJ]JC, and it is also ~-invariant as seen in (I). Applying the Universal Property of the Quotient Space,
we know there exists a unique continuous map B [[C/ ~— D, which is actually p, such that the following
diagram commutes:

BII¢ —— D

-1 ﬂ

BIIC/~ "7
Thus, the map p is continuous, and the pushout is well B[], C in Top,.

We want to add some details to the first point (1) to show that (B V4 C, [bg]) is the pushout in Top,. We
can see as in (11) that B V4 C is a topological space considering the disjoint union and quotient topologies.
Moreover, we denote ¢y and dy the respective basepoints of C' and D, and even though by and ¢( are identified
in BV C, one can note that if now we take p from BV C to D, it stays well-defined since the maps ¢ and d
preserve the basepoints: p(bg) = b(bo) = do = ¢(cp) = p(co). This implies, as in (1), that p: BV C — D is
also well defined. Now, as in (11), we can observe that p and the projections [—] are continuous, but we still
need to verify they preserve the basepoints. We also know that [by] = [¢o] in (B V4 C, [bg]) by definition of
BV C, so the projections [—] : B — B V4 C and [—] : C — B V4 C preserve the basepoints. Concerning p,
it well associates the basepoint [by] of B V4 C to the basepoint p(by) = b(by) = dp of D by commutativity
because b is pointed. Hence, in Top, the pushout is well (B V4 C, [bg]).

Again in this point, we will complete the first point (1) to show that B @4 C' is the pushout in Ab. We need
to prove that B @4 C is an abelian group and that p and the projections [—] are group homomorphisms. As
explained in the remark 1.1.21, the direct sum B @ C' is an abelian group. Then, as we quotient by the normal
subgroup N, the quotient B @4 C is also an abelian group with the operation defined by [x] + [y] := [z + y]
for all [z], [y] € B @4 C. In addition, we can easily see that the projections [-] : B — B @4 C and
[-]: C = B®a C are group homomorphisms by definition of the operation in B @4 C. Finally, let us take
a look at p: B@®4 C — D. Here we consider a morphism p : B ® C — D slightly different from (1), that
associates (xp, z¢) in B @ C to b(zp) + c(z¢) in D. Recall that N is generated by definition by g(ker(f))
and f(ker(g)), and see that:

Va € ker(f),  plg(a)) = b(0) + c(g(a)) "= 0+ b(f(a)) = b(0) = 0,

and similarly for any a in ker(g) we have p(f(a)) = 0. This means that N C ker(p), and we can apply the
Universal Property of Quotient Group to get the following commutative diagram:

BeC ——— D
projectionl ///

s

BaoC/N -~ 3

where p is well a group homomorphism. O



Remark 1.1.28. This previous proposition 1.1.27 tells us pushouts can be used to "glue" mathematical objects
together. For example, in the following diagram in Top, we glue together with ~ the images of the inclusions

o >
o6

This pushout is an important example, we will see later more properties about it: this is what we call a suspension
(see the remark 1.4.17).

Notation 1.1.29. When we want to introduce a point without assigning it a name, we will simply write x. By
the way, observe that the notation Top, for the category of pointed spaces take on its full meaning.

Example. In Top,, considering pointed spaces (A, xg) C (X, xo), we have the pushout:

(A7 .’[70) I ({*}7 *)

l l

(X, o) —— (X/A, [x0]),

because we notice that X V4 {x} = X V {x}/ ~ xv {*}/A = X/A, where the equality (*) is exact since the
relation ~ consists in identifying A to a point.

Remark 1.1.30. In any category C, we can find a diagram that admits a pushout. For example, if we take a
morphism f: X — Y of C, we notice we have the following pushout:

X — X

1

Y =y,
where the symbol "=" means that we use the identity id. Indeed, let us show that Y respects the universal property.

We consider an object D together with two morphisms c¢: Y — D and d : X — D such that the diagram commutes:

(1.7)

We can see with the "lower triangle" that the only possibility for p is to be equal to ¢. Thanks to the commutativity
of (1.7), we have d = co f = po f which is consistent with the fact that the "upper triangle" must commute. Thus,
by construction p is unique and the pushout is well Y.

Il. Homotopy invariants

In this section, we will define the n-th homotopy group 7, for n > 0 and see it is a homotopy invariant functor,
and that it lands it gives a group if n > 1. See the reference [AGP02, pages 59-88] for more details.



1. Homotopy theory

The problem of homeomorphisms is that they are too rigid, it is usually easier to think up to homotopy. For
instance, we will see that we have the homotopy equivalence D? ~ x while they are not homeomorphic: D? % .
But first, let us introduce a new category in which we will define homotopy.

Notation 1.2.1. The category Top,. of relative spaces is the category whose objects and morphisms are:

Ob(Top,y) = {(X, A) | the subspace A C X is furnished with the topology induced by the topological space X},
Mor(Top,y) :={f: (X, A) = (Y, B)| f: X =Y is continuous map such that f(A) C B};

and we use in Top, the usual composition o over continuous maps. Such objects (X, A) are called relative spaces

Remark 1.2.2.  Any pointed space (X, x¢) in Top, could be seen as the relatif space (X, {z¢}) in Top,, this is
why Top, C Top,.. Similarly, Any topological space X in Top could be seen as the relatif space (X, 0) in Top,.,

tso we also have Top C Top,.

Definitions 1.2.3. Throughout this project, let be the interval I := [0, 1] endowed with the relative topology
induced by the usual topology of R.

(i) We say any morphisms f and g from (X, A) to (Y, B) in Top,, are relative homotopic, and we note f ~4 g,
if there is a continuous map:
H:(XxI,AxI)— (Y, B),

called relative homotopy in Top,, (so H(a,t) € B for all a € A, t € I) such that H(—, 0) = f(—) and
H(= 1) =g(-).

(ii) In the particular case of A = () = B, i.e. we work in Top, we sometimes simply denote A and B instead of
respectively (A, 0) and (B, (), and we say f and g are homotopic if they are relative homotopic. Still in this
case, we note f ~ g, and H is simply called homotopy.

(iii) In the case of A =+ = B, i.e. we work in Top,, if two continous maps are relative homotopic f and g we say
they are pointed homotopic, we note f ~, g and we call H pointed homotopy.

Remark 1.2.4. Each time we want to construct a new relative homotopy H’, we need to verify its continuity.
Nevertheless, in this project, to stay brief but enough, we will give precisions about the continuity only when it
is not clear; indeed, it will be very often continuous by composition of continuous maps. We will adopt the same
attitude toward the fact that we need to show that H'(a, t) € B for all (a, t) € A x I; but it will generally come
from basic properties of the functions we will manipulate.

Proposition 1.2.5. GIVEN TWO RELATIVE SPACES (X, A) AND (Y, B) IN Top,, RELATIVE HOMOTOPY =4 IS
AN EQUIVALENCE RELATION BETWEEN CONTINUOUS MAPS (X, 4) — (Y, B).

Proof. First, relative homotopy is reflexive: for any morphism f : (X, A) — (Y, B) in Top,, it is enough
to take H(s,t) := f(s) for (s,t) € X x I. Furthermore, relative homotopy is symmetric: given morphisms
fig: (X, A) — (Y, B) in Top,,, if f is relative homotopic to g, and if we note H the corresponding relative
homotopy, then the relative homotopy H'(s, t) := H(s, 1 —t) for (s, t) € X x I give the relation g ~4 f. Last,
relative homotopy is also a transitive relation: if we take three continuous maps f, g, h: (X, A) — (Y, B) in Top,q
such that f is relative homotopic to g and g to h with the corresponding relative homotopies H and H’, then the
relative homotopy H” defined by H” (s, t) := H(s, 2t) for (s, t) € X x [0, 1/2], and by H" (s, t) := H'(s, 2t — 1)
for (s, t) € X x [1/2, 1] gives thes wanted relative homotopy between f and h. O

Notation 1.2.6.  This is why we can take the quotient of Top,,((X,A), (Y, B)) by the relative homotopy ~4, that
we denote:
[(Xa A)’ (Y, B)] 1= Top,((X, A), (Y, B))/ =A,

In other words, this is the set of relative homotopy classes of continuous map (X, A) — (Y, B) in Top,, and we
denote its elements [f], where f € Top,((X,A), (Y,B)). In particular, if we work on Top, C Top,,, we prefer the
notation [(X, xo), (Y, yo)]« for the quotient, and [f]. for its elements, where f € Top,((X, o), (Y, v0))-

Definitions 1.2.7. We say that two relative spaces (X, A) and (Y, B) in Top,, are homotopic and we denote
(X, A) ~ (Y, B) if there are two continuous maps f : (X, A) = (Y, B) and g : (Y, B) = (X, A) such that:

gof~qy id(X7A), and fog=~p Z.d(YyB)'



We then call f homotopy equivalence, and g homotopy inverse.

Definition 1.2.8.  Let C be any category. A functor F : Top,, — C is a homotopy invariant if for all continuous
maps f, g: (X, A) = (Y, B) in Top,, we have: f~4g = F(f)=F(g).

Proposition 1.2.9. FOR ANY CATEGORY C, IF F : Top, — C IS HOMOTOPY INVARIANT, AND GIVEN
(X, A) ~ (Y, B) IN Top,,, THEN F(X, A) AND F (Y, B) ARE ISOMORPHIC: F(X, A) = F(Y, B).

Proof.  As (X, A) ~ (Y, B), we can find two continuous maps f : (X, A) — (Y, B) and g : (Y, B) = (X, A) in

Top,e such that go f ~4 idx 4y and f o g ~pidwy, ). Now, as the functor F' is homotopy invariant, we have:
F(g)oF(f) = F(gof) = Flidx) = idpx, a),

and similarly F(f)oF(g) = idp(y, py- Thus, we deduce that F'(f) is an isomorphism between F(X, A) and F'(Y, B),

which means in other words F(X, A) 2 F(Y, B). O

Remark 1.2.10. As similar definition of homotopy invariant could be attributed to contravariant functors, and
this result remains true for the contravariant functors.

2. The fundamental group
Let us define the fundamental group 7 with the notations introduced in 1.2.6.

Definition 1.2.11. Given a pointed space (X, o), we define the fundamental group m as follows:

T (X, wo) = [(£, {0, 1}), (X, {zo})] = Tope((1, {0, 1}), (X, {z0}))/ ~40,1} -

In other words, m1 (X, o) is the set of homotopy classes of loops of X based in xy.

Proposition 1.2.12. GIVEN ANY RELATIVE SPACE (X, A) IN Top,.,, WE HAVE THE FOLLOWING HOMOTOPY
INVARIANT FUNCTOR:

Top,q —  Set
(X, A), -] : (Y, B) = [(X,A4),(Y, B)]
(f: (Y, B) = (Z,0)) = (f+:[(X,A4),(Y,B)] = [(X, 4),(Z,0)),

WHERE f, : [g] = [f o g].

Proof.  'We split the proof into two steps.

(1) Let us show that [(X, A),—] is a functor. Consider in Top,,; the continuous maps f : (Y, B) — (Z, C) and
g:(Z,C)— (W, C). On the one hand, we can see that [(X, A), —] preserves the composition because for all
[h] € [(X, A), (Y, B)] we have:

(X, A), fogl([h]) = (fog)([h]) = [(fog)oh] = [fo(goh)]
= fullgohl) = fulg«([n])) = [(X, A), flo[(X, A),g]([R]).

On the other hand, we also observe that F preserves the identities since for all [h] € [(X, A), (Y, B)],
(X, A),idy, g)|([R]) = (idy,By))«([]) = [idyy,pyoh] = [h] = idix, a)v.5)[h]-

(1) Now let us show that [(X, A),—] is homotopy invariant. Consider two morphisms the continuous maps
fig: (Y, B) = (Z, C) in Top,, that are homotopic. Denote H : (Y x I, B x I) — (Z, C) the corresponding
relative homotopy, and take [h] € [(X,A), (Y, B)]. We can see that the map H' : (s, t) — H(h(s), t) for
(s, t) € X x I is a homotopy between f o h and g o h, which implies [f o h] = [g o h]. Thus we have:

vr € (X, A), (Y, B)l,  [(X, A), fI([]) = fu([n]) = [foh] = [goh] = g.([n]) = [(X, A),g]([n]),

which means that [(X, A), —] is homotopy invariant. O

Remark 1.2.13.  So, we can deduce that m1(—) := [({, {0, 1}), —] is a homotopy invariant functor.

Remark 1.2.14.  One can similarly show that [—, (Y, B)] is a homotopy invariant contravariant functor Top,, —
Set for any relative space (Y, B) in Top,,.
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Proposition 1.2.15. FOR ANY POINTED SPACE (X, () IN Top,, WE HAVE THE BIJECTION IN Set:

m (X, xg) = [(Sl,>f<)7 (X, z0)]4-

Proof. Recall from the definition 1.2.11 that m1 (X, x¢) := [(I, {0, 1}), (X, {x0})]. We claim that there is the
following bijection in Set:

Toprel((I7 {07 1})7 (Xv J)o)) = Toprel((l/{ov 1}7 [0])’ (Xv .%‘0))

Indeed, for any continuous map f : (I, {0, 1}) = (X, zg) in Top,,, considering the equivalence relation ~ on I
generated by 0 ~ 1, we get with the Universal Property of the Quotient Space:

(1, {0, 1}) —L (X, z0)

-
’
T /
7
s

-
-

1/~ [0)) 3.

where 7 : I — I/ ~ is the natural quotient mapping. Conversely, we can associate to any continuous map
F (1]~ {0, 1}/ ~) = (X, o) in Top,y we can associate the map f := f o7 in Top((1, {0, 1}), (X, o)), which
makes the map f — f be a bijection by construction. So the claim is verified and, by passage to the quotients, we
obtain:

7T1(X7 .’E()) = [(Iv {07 1})7 (X7 !L‘o)] = [(I/{O’ 1}’ [0])7 (Xv 330)] (1'8)

Moreover, due to the homeomorphism /{0, 1} = S1, we have the homeomorphism in Top,:

(1/{0,1}, [0]) = (S, %).

Hence, we finally deduce that:

=

m(X, 20) 2 (10,1}, [0), (X, z0)] = (8, %), (X.20)]. 0

3. The n-th homotopy group 7,

In order to generalize the concept of fundamental group 7, we want to introduce the notion of n-th homotopy
group m, for any non-negative integer n in Top,. We will also see later a generalization in Top,,: the n-th relative
homotopy group (see page 34).

Definition 1.2.16.  Let n > 0. The n-th homotopy group m, of a pointed topological space (X, xq) in Top, is:
(X, o) :=[(S™, *), (X, 20)]«.

where S° :={x e R|2? =1} = {-1, 1}.

Remark 1.2.17. With the proposition 1.2.15, we can see that this definition gives a generalization of the
fundamental group.

Remark 1.2.18.  With the proposition 1.2.12, we can notice that 7, is a homotopy invariant functor.

Remark 1.2.19.  The computation of 7, (S™) for integers n, m > 0 is quite complicate, but it fascinates algebraic
topologists since it enables to understand better the basic objects that are the spheres: indeed the m,(S™) describe
how spheres of various dimensions can wrap around each other. For instance, we have 7 (S!) = Z, and 7, (S!) =0
for n > 2, but also m(S5?) = Z and 73(S?) = Z. Find more details in the reference [Tod63).

Theorem 1.2.20. LET BE n > 1 A POSITIVE INTEGER, AND (X, zp) A POINTED TOPOLOGICAL SPACE. THE
n-TH HOMOTOPY GROUP (X, o) IS A GROUP.

Proof.  Find the complete proof in appendix. We just give here the main steps.

(1) The quotient set [(I™, OI™), (X, xg)] is a group, where OI™ is the boundary of the n-dimentional unit cube
.
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(11) The spaces (I™/9I™, [0]) and (S™, *) are in bijection: (I™/dI™, [0]) = (S™, *).

(111) The n-th homotopy group 7, (X, z¢) is a group. O

Proposition 1.2.21.  UP TO BIJECTION, THE 0-TH HOMOTOPY GROUP my(X, zg) OF A POINTED SPACE (X, ()
IN Top, IS THE SET OF ALL PATH COMPONENTS OF X.

Proof.  We recall from the definition 1.2.16 that 7o(X, zo) := [({—1, 1}, 1), (X, x0)]. Let [y] € mo(X, o) and
Y1, ¥2 € [7]. We know that v1 (1) = z¢ = y2(1), but 41(—1) and v2(—1) can take any value in X. As 7, and o are
in the same homotopy class, they are homotopic, and we denote H the corresponding relative homotopy. One can
notice that I'(—) := H(—1, —) defines a continuous path in X from 7;(—1) to 72(—1). Thus we can associate the
path component [I'] of the constructed path I' to the class [y] with the map we denote 6 : [y] — [I']. Reciprocally,
let us take any path component [I']. We observe that the maps v, : —1 +— T'(0), 1 — zg and 72 : =1 — (1), 1 — z¢
are relative homotopic with the relative homotopy defined by H(—1, —) := I'(—) and H(1, —) := x¢. Thus, we
can also associate the class [y1] = [y2] to [T'], which shows there is an inverse map for §. That is why 6 defines a
bijection between 7o (X, o) and the set of all path components of X. O

Definitions 1.2.22. We say that a pointed topological space (X, xg) in Top, is contractible if it is homotopic to
a point, i.e. (X, xo) ~ ({zo}, o).

Remark 1.2.23. A pointed topological space (X, xg) is contractible if, and only if, we can find morphisms
[ (X, 20) = ({zo}, o) and g : ({wo}, x0) = (X, 20) in Top, such that idx ~(,} go f = g(xo) and zop =
sy ~{aoy J ©9 = wo. And, this condition is equivalent to the following one: the identity idx is relative
homotopic to a constant map.

Proposition 1.2.24. IF A POINTED SPACE (X, x¢) IN Top, IS CONTRACTIBLE, THEN 7, (X, 29) = 0 FOR ALL
n > 0.

Proof. Let n > 0 an integer. Thanks to the remark 1.2.18, we know that m, is a homotopy invariant functor.
So, as (X, z) is contractible, we can use the proposition 1.2.9 to deduce that m, (X, zo) = 7, ({20}, ®0), which is
a trivial set. Thus, m,(X, z¢) = {[z — 20|} = 0. O

4. Weak homotopy equivalences

As we saw in the theorem 1.2.20, for any integer n > 1, the n-th homotopy group 7, (X, o) of a pointed space
(X, z9) in Top, is a group. Now, we will see that weak homotopy equivalences can give us group isomorphisms
between those homotopy groups.

Definitions 1.2.25. We say that a continuous map f: X =Y in Top is a weak (homotopy) equivalence if
X # 0 and for any xo in X the induced morphism:

f :{ (X, z0) —  ma(Y, f(20))
" (7] = fu([h]) = [foh]

is a bijection for n = 0, and an group isomorphism for n > 1. We then denote X ~ Y. Moreover, we say that a
continuous map g : (X, A) — (Y, B) in Top,, is a (relative) weak (homotopy) equivalence if both g: X —Y
and its restriction gla—p are weak homotopy equivalences. We then write (X, A) ~ (Y, B).

Remark 1.2.26.  We saw in the proposition 1.2.21 that m (X, x¢) is the set of all path components of X. If X and
Y are path-connected (i.e. we can found a path joining any arbitrary two points), then 7o(X, o) and 7 (Y, f(zo))
are singleton sets, so f, is trivially a bijection for n = 0. Moreover, for n > 1, we would need to verify that f, is
an isomorphism only for a single arbitrary point g in X because if we change the base point, we get a new based
space homotopic to the previous one, so we just obtain a homotopy group which is isomomorphic to the previous
one since 7, is a homotopy invariant functor. More generally, if we do not assume the path-connectedness of X
and Y, it is enough to check that f, is an isomorphism only one element x( of each connected component of X.

Remark 1.2.27. The induced morphism f, is always a group homomorphism for n > 1. Indeed, instead of
working in 7, (X, zg), let us work in one of its isomorphic group: G := [(I™, 0I"), (X, x)], together with the
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operation - seen in the proof of 1.2.20. For [h] and [k] in G, and for all (si,...,s,) € I", we have:

o h(281; 52, >Sn) for s1 € [O’ 1/2]7
fo(h+Ek)(s1,...,8n) = fo{ k(281 — 1, so, ,sn) for sy € [Lf2, 1],
. fo h(281, S2, ,Sn) for 51 € [07 1/2]7
N fok(2s1 =1, s2,...,5,) fors; €[l/2 1],

Thus, we have that f, is a group homomorphism:

L[] -[K]) = fullh+ k) = [fo(h+R)] = [(foh)+(fok)] = [foh]-[fok] = f([h])- f([K])

That is why, when we want to prove that a continuous map f is a weak homotopy equivalence in Top, it is enough
to show that f. is a bijection for all n € N and all zg € X.

As we can see in the following proposition, weak homotopy equivalence is a weaker notion than homotopy equivalence
on Top,, which could explain its name.

Proposition 1.2.28. A HOMOTOPY EQUIVALENCE OF POINTED SPACES IS A RELATIVE WEAK HOMOTOPY
EQUIVALENCE.

Proof.  Let us consider a homotopy equivalence f : (X, ) — (Y, y) and its homotopy inverse g : (Y, y) — (X, )
in Top, corresponding with the relation (X, z) ~ (Y, y). We have go f ~y,y id(x o and fog ~, idy,,). We
want to show that the continuous maps f' : X — Y and f'|;;)_y) associated to f : (X, x) — (Y, y) are weak
homotopy equivalences. We denote ¢’ : Y — X the continuous map associated to g : (Y, y) — (X, x). For any z
in X and n in N, it is enough to use the fact that m,, is a homotopy invariant functor (see the remark 1.2.18) to see
that f! is a bijection:

g;of; = mu(g) omal(f) = malgof) = Wn(id(X,x)) = idﬂn(X,m%

and, in a same way, f; o g, = id, (y,4. So, with the previous remark 1.2.27, the continuous map f’ is a weak
homotopy equivalence. We can do similarly to show that f’|,, is also a weak homotopy equivalence. Thus f is
well a relative weak homotopy equivalence. O

Ill. Exact sequences of abelian groups

1. Generalities

As long as we stay in the category Ab in this subsection, it is not necessary to precise the groups we take are abelian,
nor the the morphisms are group homomorphisms. Moreover, the quotient G/H of the group G by the subgroup
H is well defined because G is abelian (which implies H is normal in G). Find more details in [Rot09, 2.1].

Definitions 1.3.1. A4 (long) exact sequence of abelian groups is a sequence:

.fn+2 f'n+1 fn .fnfl
Ani A, A, - (1.9)

in the category Ab such that Im(f,+1) = ker(f,,) for all integer n € Z. A short exact sequence of abelian groups
is the following particular case:

0 A B C 0. (1.10)

Remark 1.3.2. A short exact sequence seems to be "finite" and thus seems not to be a long exact sequence,
but we can "add" on the right and on the left of the diagram (1.10) as much null abelian group 0 as we want, so
that the definition of short exact sequence really matches with the one of long exact sequence. Moreover, one could
note that it is not necessary to precise what is the homomorphism 0 — A: as far as we want it to map 0 to 0,
this morphism is unique. And it is even easier to see that there is only one homomorphism C' — 0, namely the
constant morphism to 0. A last remark is the following: for such a long exact sequence (1.9), for all integer n, since
Im(f41) = ker(f,), we necessarily have f,, o f,11 = 0.

Proposition 1.3.3. THE FOLLOWING THREE STATEMENTS HOLD:
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(1) A LONG SEQUENCE 0 — A i> B — ... 1S EXACT if, and only if, THE MORPHISM f IS INJECTIVE.

(1) A LONG SEQUENCE --- — B 5 € = 0 15 EXACT if, and only if, THE MORPHISM ¢ IS SURJECTIVE.

h . .
(111) A LONG SEQUENCE 0 — A — C' — 0 1S EXACT if, and only if, THE MORPHISM h IS AN ISOMORPHISM.

Proof.

(1) The sequence 0 — A 1B .. is exact if, and only if, we have ker(f) = Im(0) = {0} which is equivalent to
f is injective.

(11) The sequence --- — B 2 C' — 0 is exact if, and only if, we have Im(g) = ker(0) = C' which is equivalent to g
is surjective.

(111) The result comes from the pooling of the two previous results. O

Remark 1.3.4. The two first points (1) and (11) of this proposition tell us that in the short sequence (1.10) is
exact if, and only if, the morphisms f and g are respectively injective and surjective, and Im(f) = ker(g). So it is
an equivalent definition. Nonetheless, we do not have the exactness of (1.10) if, and only if, the morphism g o f
is an isomorphism and Im(f) = ker(g). Indeed, if g o f is an isomorphism and Im(f) = ker(g) then the sequence
(1.10) is well exact by (111), but conversely, if the sequence (1.10) is exact, we have with the end of the remark 1.3.2
that g o f is constant to 0, which means it cannot be an isomorphism if C' # 0.

Proposition 1.3.5. IN Ab, GIVEN A LONG EXACT SEQUENCE:

frt1 fn
An+1 An Anfl

AND ISOMORPHISMS h,, : A, — B,, FOR ALL INTEGER n, IF WE HAVE MORPHISMS ¢,, SUCH THAT THE FOLLOWING

DIAGRAM COMMUTES: fn n
o Ay S A, LN Ap 1 —— ...

%hnﬂ %hn glhn,l (1.11)
In+1 dn
.—— Byy1 ——> B, — B, — ...
THEN THE FOLLOWING LONG SEQUENCE IS EXACT:

gn+1 gn

Bn+1 Bn Bn—l

Proof.  Let n be an integer. All we need to show it that we have Im(g,41) = ker(g,). First of all, we can notice
that, as the diagram (1.11) commutes, and as h,; and h,, are isomorphisms, we have:

gnt1 =hno fap10hyyy,  and gy =hy_10 froh,t.

We consider an y € B,,. We have y € Im(gy+1) if, and only if, we can find an z in B,y such that g,41(z) =y, if,
and only if, we have:
gn(y) = gnogn1(w) = (hp_10fno h"rill) o (hy o fug10 h;j-l)(x)
= hpm10( faofarr Nhga (@) = hua(0) = 0,
—_—
=0 due to 1.3.2
which exactly means that y € ker(g,). Hence the wanted equality. O

Remark 1.3.6.  This proposition means we can work with exact sequence up to isomorphism.

2. Exemples of exact sequences

Proposition 1.3.7. Ir H C G 1S A SUBGROUP OF AN ABELIAN GROUP (7, THEN WE GET THE FOLLOWING
SHORT EXACT SEQUENCE:

%

0 H G—" 5 G/H——0.
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WHERE 7 : G — G/H 1S THE CANONICAL PROJECTION.

Proof. As the group G is abelian, we also have that H and G/H are abelian groups. We can see that the
inclusion ¢ : H — @ is a group homomorphism since:

Vhl, hy € H, l(h1 + h2) =hi +hy = ’L(hl) + i(hg),
and it is obviously injective. Furthermore, the canonical projection 7 : G — G/H is also a group homomorphism:

Va1, 92 € G, (g1 +92) = (1 + g2] = (1] + [92] = 7(g1) + 7(g2),

and it is trivially surjective since each class [g] of G/H contains at least the element g of G. Moreover, we know that
for any [g] € G/H, we have g € H if, and only if, we have: m(g) = [g] = 0, or in other words: g € Im(i) < g € ker(n),
which means that Im(7) = ker(7). Hence, with the remark 1.3.4, we obtain that the considered short sequence is
exact. O

Example.  For example, the following short sequence is in particular exact:

B

0 37 - z— " sz7/3z — 0.

Proposition 1.3.8. THE TWO FOLLOWING STATEMENTS HOLD:
(1) IF THE SHORT SEQUENCE 0 — A ENY; NG| (1.12) 1S EXACT IN Ab, THEN WE HAVE THE ISOMORPHISMS:

A= Im(f) AND B/Im(f)=C.

(11) GIVEN A SUBGROUP SERIES T'C S C M, THERE IS A SHORT EXACT SEQUENCE:

0 S/T M/S M/T —— 0. (1.13)

Remark 1.3.9.  This proposition restates the first and third isomorphism theorems in terms of exact sequences.
The first one states that for any group homomorphism f : G — G’ in Gr, we have an isomorphism between the image
Im(f) of f and the quotient G/ker(f): Im(f) = G/ker(f). The third one insures that for any normal subgroup
series T'< S <« M, we have the isomorphism (M/S)/(S/T) = M/T.

Proof.

(1) As the sequence (1.12) is exact, we have with the remark 1.3.4 that f and g are respectively injective and
surjective and Im(f) = ker(g). On the one hand, as f : A — B is injective, we just need to change the target
of f to obtain an isomorphism A — Im(f). On the other hand, as g : B — C is surjective, we have Im(g) = C,
so applying the first isomorphism theorem we get:

B/Im(f) = B/ ker(g) 2 Im(g) = C.

(11) With the third isomorphism theorem, we know that (M/S)/(S/T) is isomorphic to M /T, and then we obtain
the exact sequence (1.13) with the proposition 1.3.7 applied with H := S/T and G := M/S. O

Proposition 1.3.10. GIVEN TWO GROUPS A AND C IN Ab, THE NATURAL INCLUSION i : A < A®C, a — (a, 0)
AND PROJECTION 7 : A® C — C, (a, ¢) — ¢ DEFINE A SHORT EXACT SEQUENCE:

% ™

0 A Ao C C 0.

Remark 1.3.11. Even if i is not exactly an inclusion, we will use its symbol — and we will call it inclusion
because it is an inclusion up to isomorphism. In addition, we have A & C = A x C (see 1.1.21), and it an abelian
group with the usual operation + defined by:

V(a, c), (a’', ) e AdC, (a,c)+ (d, ) =(a+ad,ct+cd),

where + 4 and +¢ are the operation over A and C' respectively.
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Proof.  'We can see that the inclusion ¢ is a group homomorphism because:
Va, d' € H, ila+ad)=(a+d,0)=(a, 0)+ (d,0)=i(a)+i(a),
and it is clearly injective. Moreover, the projection 7 is also a group homomorphism:
V(a, c), (d', ) e A® C, ((a,c)+ (d/, ) =m(a+ad, c+cd)=c+ =n(a, ¢) +m(d, ),
and it is surjective since 7(0, ¢) = ¢ for any ¢ € C. Finally, we have:
x€Im(i) < JacA z=ia)=(0,a) & 7w(z)=0 <& =z ¢€ker(m),

which means that Im(¢) = ker(7). Thus, we conclude using the remark 1.3.4 that the considered short sequence is

exact. O
3. Split exact sequence
Proposition 1.3.12. Splitting Lemma.  GIVEN A SHORT EXACT SEQUENCE IN Ab:
f g
0 A B C 0, (1.14)

THE FOLLOWING THREE STATEMENTS ARE EQUIVALENTS:

(1) Left split: THERE EXISTS A HOMOMORPHISM 7 : B — A, THAT WE CALL retraction OF f, SUCH THAT:
rof=ida,

(1) Right split: THERE EXISTS A HOMOMORPHISM s : C'— B, THAT WE CALL section OF g, SUCH THAT:
gos=idc,

(1) Direct sum: THERE IS AN ISOMORPHISM h : B — A®C SUCH THAT THE FOLLOWING DIAGRAM COMMUTES:

0 A—t B2 ¢ 0
T s
0 — A5 ApC 25 C — 0
KEEPING THE SAME NOTATIONS AS BEFORE FOR THE NATURAL INCLUSION ¢ AND PROJECTION .
Definition 1.3.13. We call split exact sequence a short exact sequence (1.14) such that one of the 8 previous

conditions is verified.
Proof. ~ We will show the equivalences (1) < (111) and (11) < (111).

(1) = (1) Assume (111), we have ho f = i. So, if we consider the natural projection 7’ : A @ C — A, we notice
that the group homomorphism r := 7’ o h: B — A is a retraction of f, because:

Va € A, rof(a) = 7#oho f(a) = n'oi(a) = 7'(a,0) = a = ida(a).
(111) = (11) Reasoning as in the previous point, we have the section s := h=! 04’ of g, where i’ : C — A @ C.
(1) = (111) We assume there is a retraction r : B — A of f. We consider the following morphism:

| B —- AeC
h { b (r(b), g(b)

which is a group homomorphism since r and g are so. Observe h is injective, because, for any b € B,

B r( 0 r(b) =0 r(b) =0
h(b) = (0, 0) = { ( 0 < { b € ker(g) = Im(f) < { Ja € A, b= f(a)
0



Now, let us show that the morphism h is also surjectif. Let (a, ¢) € A® C. Thanks to the exactness of
the short sequence (1.14), the morphism g is surjective, which means we can find an b € B such that
g(b) = c¢. And even much more: notice that for any x € A, we have g(b+ f(x)) = g(b) + g(f(z)) = ¢
because g o f = 0 (see the end of the remark 1.3.4). We would like to find a particular ¢ € A, such
that we have in addition (b + f(xg)) = a. In other words, we want:

a=r(b+ f(xo)) =7(b) +r(f(z0)) =r(l) +20 =  zo=a—r()
That is why we take such an x = x(, and we obtain:

h(b+ f(z)) = (r(b+ f(x)), 9(b+ f(2))) = (a, ¢),

which means h is well surjective. Furthermore, the diagram (1.15) commutes because:

Vae A, hof(a) = (r(f(a)), 9(f(a))) = (a, 0) = i(a),

and:
Voe B,  woh(b) = 7(r(b), g(b)) = g(b),

Therefore, we showed (1) = (111).

(11) = (111) Suppose there is a section s : C' — B of g. Let us consider the following morphism:

, | AeC — B
h { (6,¢0) = fla)+s(c)

which is a group homomorphism as f and s are so. We want to show A’ is an isomorphism. Let us
take (a, ¢) € A® C such that 0 = h/(a, ¢) := f(a) + s(c). We apply g to this equation, and we get:

0 = 9(0) = g(f(a)) +9(s(c)) = 0+c = ¢
In particular, we then have f(a) = f(a) + s(c) = 0. Due to the exactness of the short sequence (1.14),
the morphism f is injective, so a = 0. To sum up, we have (a, ¢) = (0, 0) and we showed A’ is injective.

Now, let us show that i’ is surjective. Let b € B. We notice that b can be decompose into the sum of
b —s(g(b)) and s(g(b)), where the first element is in the kernel ker(g) of g:

g(b—s(g())) = g(b) — (g © s)(g(b)) = g(b) — g(b) = 0.
So, as ker(g) = Im(f), we can find an a € A which verifies f(a) = b — s(g(b)). Thus, if we denote
¢ := g(b), we get h/(a, ¢) = b, which means h' is well surjective. Hence, h’ is an isomorphism, and we

obtain the wanted isomorphism h : B — A& C being the inverse isomorphism of h’, knowing moreover
that the diagram (1.15) commutes:

Va e A, h'(i(a)) =h'(a, 0) = f(a) & hltoi=hoi=f & i=hof,
and:

V(a,c) e A®C, goh'(a,c)=gof(a)+gos(c)=c=m(a,c) & goh™'=goh'=m,
& g=moh. O

IV. Eilenberg-Steenrod axioms of homology theory

The central key of homology theory is its axioms, also known as Eilenberg-Steenrod axioms. They were
introduced in |[ES45] by Samuel Eilenberg and Norman E. Steenrod in 1945, but the language used was different
from the one of categories we use here.
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1. Axioms

We saw previously that in the category Top,. there is a way to "pass" from a function to another one: the relative
homotopy. Now, we would like to define a similar notion that would allow us to "pass" from a functor to another
one: the natural transformation.

Definition 1.4.1.  Consider two functors F, G : C — D between categories C and D. A natural transformation
A F =G from F to G is a class (Ax : F(X) — G(X)) xecon(c) of morphisms of D indexed by the objects of C such
that, for any morphism f: X =Y in C, we have Ay o F(f) = G(f) o Ax, or, in other terms, the following diagram
commutes:

Fx) 29 py)

] v

G(X) =5 G(Y).

Definition 1.4.2. An excisive triad (X; A, B) is a triad where A and B are subspaces of a topological space
X, endowed with the respective induced topologies, such that AUB = X.

Remark 1.4.3. Contrary to the triple (X, A, B) of topological spaces B C A C X that we will use in the next
subsection, an excisive triad does not require B C A.

Definition 1.4.4.  Let U : Top,, — Top, be a functor which sends any pair (X, A) to the pair (A, 0) in Top,y,
and any continuous map f : (X, A) — (Y, B) to its restriction (A, 0) — (B, 0). A (generalized) homology
theory E. is a family {E, : Top,, — Ab}ncz of homotopy invariant functors E,,, together with a family {0, :
E, = E,_10U}uez of natural transformations O, such that the following four azioms are satisfied:

(H1) Ezactness: for any pair (X, A) in Top,, leti: (A, 0) = (X, 0) and j : (X, 0) — (X, A) be inclusions. The
following long sequence is exact in the category Ab of the abelian groups:

En (i) En(5) 8”()(1 A)
—— Ey (A 0) —— B (X, 0) —— E (X, A) —— E, (A, ) —— ...

(H2) Excision: for any excisive triad (X; A, B), the inclusion i : (A, AN B) — (X, B) induces isomorphisms in
Ab for all integer n:
E,(i) : En(A, AN B) — E,(X, B).

(H3) Additivity: for any collection {(X;, Aj)}jes of pairs in Top,, the inclusions iz, : (Xj,, Ajy) < [1;c,(X;, 4j5)
for jo € J induce isomorphisms in Ab for all integer n:

ZE"(ZJ) : jeJ jeJ
ieJ > > En(ij)(a;).

jeJ jeJ

PE.X;. 4) = E.|[[[X5. 4|,
H

(H4) Invariance with weak equivalences: If f : (X, A) — (Y, B) is a relative weak homotopy equivalence in
Top,.;, then we have the following isomorphisms in Ab for any integer n.:

Eo(f): En(X, A) =5 E,(Y, B).

We also say that the homology theory E, is ordinary if moreover the following axiom is verified:

(h5) Dimension: there exists an abelian group A such that:

| A ifn=0,
En({x},0) = { 0 otherwise,
where * designates a point.
Remarks 1.4.5.  The natural transformations 9,, (for n € Z) are well defined because, as we saw in the remark

1.1.6, the composition of functors is also a functor, so E,_1oU is a functor. Moreover, the axioms (H2) and (H3) are
also well defined because respectively (A, ANB) and [[;;(X;, 4;) = (HjeJ Xy Hjes Aj) are relative topologies
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in Top,.. Let us introduce a couple of notations. When the integer n considered is understood, we will only write
E.(—) instead of F, (—) and for any continuous map f in the category Top,., we will often prefer replacing E, (f)
simply by f.. Moreover, if the relative topology (X, A) is also clear, we will prefer 9,, or even 9 instead of On(x, A)-
We also write E,(X) for E,(X, 0) where X is a topological space in Top. Furthermore, if an homology theory E,
is ordinary for a certain abelian group A, then we use to denote H,(—; A) := E.(—), or even H,(—) when we want
to lighten notations.

Remark 1.4.6. Even though these axioms do not guarantee a priori that we can find an ordinary homology
theory H,(—; A) for any abelian group A, we will see at the end of the project that the Dold-Thom theorem assures
the existence of ordinary homology theory H,.(—; Z) in the particular case of Z. More precisely, we use in the
Dold-Thom theorem a reduced ordinary homology theory H,, but we will see in the theorem 3.1.8 that there is a
one to one relation between a reduced and a non-reduced ordinary homology theories H, and H,.

Remark 1.4.7. As explained in [ES52, page 13], we can assume w.l.o.g. that H,(—) = 0 for n < 0. Moreover,
one can notice thanks to the additivity axiom (H3) that F,()) = 0 because:

(u3)

E.0) & E.0) = E. ((0,0) [[0, ) = B.(0) = E.(0) & {0}.

2. Exact sequences of homology, suspension and reduced cone

We would like to introduce a new tool that will help us to compute E,(X) in terms of E,(A), E.(B) and E.(ANB)
for any excisive triad (X; A, B): the Mayes-Vietoris sequence. But before, let us get another interesting exact
sequence. Find it in [May99, page 112].

Proposition 1.4.8. LET E, BE ANY HOMOLOGY THEORY WITH THE SAME NOTATIONS AS IN THE DEFINI-
TION 1.4.4, AND LET (X, A, B) BE A TRIPLE OF TOPOLOGICAL SPACES B C A C X, WHERE A AND B ARE
RESPECTIVELY ENDOWED WITH THE TOPOLOGIES INDUCED BY X ON A AND B (so BOTH (X, A), (X,B) AND
(A, B) ARE RELATIVE TOPOLOGIES). CONSIDER THE INCLUSIONS i : (A, B) — (X, B), j: (X, B) — (X, A) AND
k: (A, 0) — (A, B); AND FOR ALL INTEGER n, DEFINE THE GROUP HOMOMORPHISM A\, AS THE COMPOSITE:

Bn Enfl(k)
At Ep(X, A) —— E,_1(A) —— E,,_1(4A, B),

THEN, THE FOLLOWING SEQUENCE IS EXACT IN Ab:

7:* ‘* Aﬂ,
v En(A, B) — s Ep(X, B) ———s En(X, A) ———s By _1(A, B) —— ... 0

Find the following theorem in [May99, page 113].

Theorem 1.4.9. LET E, BE ANY HOMOLOGY THEORY WITH THE SAME NOTATIONS AS IN THE DEFINITION
1.4.4. WE CONSIDER AN EXCISIVE TRIAD (X; A, B) AND THE INTERSECTION C' := AN B. WE DENOTE THE
FOLLOWING INCLUSIONS: i : (C, 0) < (A, 0), j: (C, 0) — (B, 0), k: (A, 0) — (X, 0), I : (B, ) — (X, 0) AND
m: (X, 0) < (X, B). LET US ALSO CONSIDER FOR ANY INTEGER n THE HOMOMORPHISMS:

. .{Enw) > ENA)®E(B), { E.(A) @ E.(B) — B,(X),
L e e (i) (o), " (a.d) = k(a) - L),

AND A, : E,(X) = E,_1(C) THE COMPOSITE:
M (u3) On
E.(X)—— E,(X,B) = E,(A,C) —— E,_1(C)

THEN, THE FOLLOWING SEQUENCE IS EXACT AND IS CALLED Mayes-Vietoris sequence ASSOCIATED TO THE
EXCISIVE TIRAD (X; A, B) IN Ab:

,I“L"nr ¢71, A7L
——— FE,(C) —— E,(A)®E,(B) —— E,(X) —— E,_1(C) ——— ... O
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To reveal the strength of the Mayer-Vietoris sequence for an ordinary homology theory H,.(—; A), we will use it
to compute H,(S™; A) for any integers n, m > 0. But, just before, let us define two fundamental constructions:
suspension and reduced cone. Recall, we denote I := [0, 1] the unit interval endowed with the induced subspace
topology by the usual one on R. We fix 0 to be its based point.

Definition 1.4.10. In Top, the (reduced) suspension XX of a based space (X, xg) is the following pushout:

(X x {0, 1}) U ({=zo} x I) g% {*}

(1.16)
X x1T . ‘ ¥X
and we denote x At = h(z, t) € ZX for any (z,t) € X x I.
Remark 1.4.11. Up to isomorphism, as the pushout is unique (see 1.1.26), we have a unique suspension XX

associated to a pointed space (X, zp). Note that, as long as basepoints are clear, we will not precise them to lighten
the notations. For exemple, in the X x I the basepoint is (zg, 0), 4.e. the couple of the basepoints of X and of I.

Remark 1.4.12. We denote A := (X x {0, 1}) U {zo} x I). In the pushout (1.16) just above, we have
YX = (X xI) V4 {+} in Top, due to the proposition 1.1.27. It means we "glue" together the images of ¢ and f, or
in other words, we associate in X x I all point of A to one point *. So, the suspension XX is no more than:

EX = (X x1I)/a= (X x1I)/(xx{0,1})U{wo}xI)-

Moreover, as h is pointed, the basepoint of XX is h(xg, 0) =: x¢ A 0 because (xq, 0) is the basepoint of X x I. But
as (zg, 0) € A and as we quotient X x I by A to get XX, the basepoint of ¥X could be in fact written as any x At
such that (z, t) € A.

Definition 1.4.13.  In Top, the reduced cone CX of a based space (X, xg) is the following pushout:

(X x {1} U ({xo} x 1) P—> {*}
X xI . ‘ CcX

Remark 1.4.14.  Similarly as in the remark 1.4.12, if we denote B := (X x {1}) U ({xo} x I) we have with the
reduced cone:

(1.17)

CX = (X x1I)/p=(XxI)/(xx{1})u({zo} xI)s (1.18)
and its basepoint is [(zg, 0)], but also any [(z, t)] such that (z, t) € B.

Remark 1.4.15. When X is the circle S', one can see that the reduced cone CX is an hemisphere, which
is homeomorphic to a cone. That is why we gave to C'X such a name. Another explanation would be that the
(non-reduced) cone (which is defined as X x I/X x {1}) is exactly a cone.

Remark 1.4.16. In a sense, one can say we have the inclusion X < C'X because the continuous map:

a{X ~ Xx{0} — CX,
x = (2,00 — [(x,0)],

is an embedding, 7.e. an homeomorphism into its image. Indeed « is clearly injective since, with the quotient (1.18),
the only point of X x {0} affected by the identification in CX is (zg, 0), the other point are not affected by the
identification.

Remark 1.4.17.  Note that we can express the suspension XX using reduced cones C' X as follows:
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X Q‘—’ cx * e
|

Cf |
- QH - ox 9% X,

where the inclusion X — C'X comes from the remark 1.4.16. The first pushout can be obtained just seeing pushout
as a "glue'" tool, and the second one results from the proposition 1.1.27 applied to the isomorphism:

¥X

1%

X X I/ (xx{0,11)u({wo}xI)

(X % I/(xx{1hu{ze}xD)) /X x {0}
CX/X

(CX Vv {x})/X

CX Vx {*}.

R 1R

12

Note moreover that this second pushout implies we have the relation:

©X ¥ CX/X.

Proposition 1.4.18. FOR ANY POINTED SPACE (X, z¢) IN Top,, THE REDUCED CONE C'X IS CONTRACTIBLE,
AND THE SUSPENSION XX IS PATH-CONNECTED.

Proof.  To show that CX is contractible, we need to find a relative homotopy H : CX x I — CX from idcx to
a constant map (see the remark 1.2.23). We define the following map:

h_{(XxI)xI - CX
(2, 1), s) = [(@, (1=s)t+s)]

which is continuous by composition of continuous maps. We will apply the Universal Property of Quotient Space
in order to have the following commutative diagram:

(X xI)x I - Ccx

n

] CXxI — (CX,
Hxidl where H{ ([(z, 0)], 8) = h((z, 1), s).

-

OX x [ - 21,

The map [—] x id is the natural projection from (X x I) x I to CX x I := ((X x I) x I')/ =, where the equivalence
relation = identifies the elements of (X x {1}) U ({zo} x I) on the composant X x I, and it is the equality on
the composant I. Let us verify f is ~-invariant. We consider two different points ((x, t), s) ~ ((2/, t), §') in
(X xI)x I. We have s = ¢', and (z, t) and (2, t') belong to (X x {1}) U ({zo} x I). This induces:

B [(z, 1)] if (x,t) € X x {1}
(@, 1), s) = { (20, (1— 8)t+8)] if (2. 1) € {ao} x [
= [(z0, 0)]
{ [(z', 1)] if (2/,¢) e X x {1}
(o, (1 =" +5)] if (2, t') e {ao} x I

= h((2,t),s)

Thus h is ~-invariant and we can apply the Universal Property of Quotient Space: in particular, the map H :
CX xI — CX isin Top,. Hence, this continuous map H is the wanted relative homotopy since for all [(z, t)] € CX,

H(=, 0)([(z, O)]) = h((z, 1), 0) = [(z, 1)] = idex([(=, 1)]),
H(=, D([(z, O)]) = h((=z, £), 1) = [(z, 1)] = [(xo, 1)},
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To this end, the reduced cone C'X is contractible.
Next, to show that XX is path-connected, let us show that we can join its basepoint zg A 0 to any of its points
x At € XX. The path we consider is the following one:

(I - ¥X,
REAUE PN xA((1—s)t+s),

which is in Top, by composition of pointed continuous maps. We recognize it is the wanted path because in s =0
we get ¢ At and in s = 1 we get o A 0. Consequently, the suspension XX is path-connected. O

The following result is very important to compute H,,(S™) for any integers m, n > 0. Note that, with the following
proposition, we could define inductively all the multidimentional spheres from S° thanks to the suspension X.

Proposition 1.4.19. FOR ANY INTEGER n > 0,

an o Sn—i—l .

Proof.  Let n € N. We regard S™ and S as sitting in R"*2 together with the usual norm ||.||:
St = {x e R"2 | ||z]| = 1} and S":={x € R""? | ||z|| =1 and z, 2 = 0},

where S™ is the equator of the unit sphere S”*!. We also consider the disk D™*! in the equatorial plane, and the
upper and lower hemisphere H_’;'H and H"*! as follows:

D™= {z € R"™ | ||z|| < 1 and 2,12 = 0},

H? = {2 € R""? | ||z]| = 1 and 2,42 > 0},

H" = {2z e R""? | ||z|]| = 1 and x,,,2 < 0}.

For all the set defined just above, the basepoint is s := (1, 0, ..., 0) € R"*2 and the topology is the subspace one.
One can say there are homeomorphisms in Top, defined as follows:
Drtt - Ht!
p+'{($1,~~7$n+170) = (21, o, T, VI =)
Dl — Hyt
p.{ (1, -y Tpy1, 0) (ml,...,xnﬂ,—\/l—v)

where v := » . x;, on account of they are continuous and bijective between compact Hausdorfl objects. Now, as
h s f th i d bijective b Hausdorff objects. N

the disk D"*! is convex, for any x € S C D" and t € I, we have that to + (1 —t)sg is in D"*. So the following
map:

S"x I — St

(@, 8) p—(2tx + (1 — 2t)so) ifo<t<1/2

’ (20— t)z + (2t —1)sg) if1/2<t<1

is well defined (also when ¢ = 1/2 because we would have p_(z) = po(z) for z € S™), and continuous by composition
of continuous maps. It is also invariant over (S™ x {0, 1}) U ({so} x I) because, for any (z, t) € S™ x I:

h(z,0) = p_(s0) = So, h(so, £) = {21280) ifo<t<1/2 .

h(z, 1) = pi(s0) = so, so) if1/2<t<1
Thus, we can apply the Universal Property of Quotient Space to get an induced continuous map h : 8" — S+

Snox [ —h oy gn+l

-1 ya

nS" - h

that moreover preserves the basepoints. Let us show that h is bijective. As h is surjective, we have Im(h) = Im(h).
Moreover, as (x, t) — 2tz + (1 — 2t)so and (x, t) — 2(1 — t)x + (2t — 1)so are surjective from S™ x I to D"+, we
have Im(h) = Im(p; ) UIm(p_), and since px is an homeomorphism, we have Im(ps) = H?*. That is why h is
surjective:

Im(h) = Im(h) = Im(py)UIm(p-) = HYP'UuHM = gnFL
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Now, we consider two different points © At # 2’ At in ¥.X. We necessarily have (z, t) # (2/, t'). On the one hand,
we suppose neither 2 At nor 2’ At is the basepoint so A0. If A(x At) and h(z’ At') are not in the same hemisphere,
they are naturally different. Otherwise, if they are in the same one, let us say w.l.o.g. the upper one, then, as p
is injective and xt + (1 — t)sg # 2't' + (1 — t')sg, we have h(x, t) # h(z', t'), that is to say h(xz A t) # h(z' At).
On the other hand, we assume that one of the two points is the basepoint sg A 0, let us say w.l.0.g. x At =59 AO.
Then h(z At) = sg, and as ' At' #x At =59 A0, we have (2, t') & (S™ x {0, 1}) U ({50} x I) = h™*(s0). So,

h(x' At') =h(2', t') # so = h(z At).

That means h is injective, and thus bijective. Finally, we can see that the suspension $S™ is compact for it is the

image of the compact S™ x I by the projection [—] which is continuous. We also notice that St s Hausdorff.
Hence, we have a continuous bijection h : ¥.S™ — S"*! from a compact to a Hausdorff space, which implies h is a
homeomorphism and: ¥S" = §7+1, O

Proposition 1.4.20. THE REDUCED CONE AND SUSPENSION DEFINE RESPECTIVELY THE FUNCTORS C : Top, —
Top, AND X : Top, — Top,.

Proof.  Recall from (1.18) that CX is homeomorphic to X x I/(X x {1}) U ({zo} x I). We have:

L (Xom) = (CX, (20, 0)]).
For any continuous map f : (X, xo) — (Y, o) in Top,, we want to define C(f) : CX — CY. First of all, we notice
the following diagram commutes:

(X x {1 U ({mo} x I) =5 {x}

/| [ 100, 01

_—
XD g O

because [—] o (f x id) oi((X x {1}) U ({zo} x I)) = [(Y x {1}) U ({xo} x I)] = {[(y0, 0)]}. Then, with the universal
property of the pushout CX, we get the wanted map C(f): CX — CY:

(X x {1 U ({zo} x I) —— {x}

[ s

XxI#UCX

C(f)

CcYy
[=]o(f xid)

which is more precisely:
C(f) : [z, )] = [(f(2), 1)].
Now, if we have another continuous map g : (Y, yo) = (Z, 20)) in Top,, we have C(go f) = C(g) o C(f):
Vi(z, 1) e CX,  Clgo f)([(z, 1)]) = [(go f(x), t)] = Clo)([(f(x), 1)]) = Clg) e C(S)[(=z, B)]).
Moreover, we also have C(id) = id:
Vi(z, )] e CX,  Cld)([(z, 1)]) = [(@d(z), )] = [(z,1)] = id([(z, 1)]).
Thus C' is a functor, and we can do a similar reasonings to show that 3 is equally a functor. O

Remark 1.4.21.  We have constructed the natural transformations idr,, = C, idrp, = ¥ and C' = X. Indeed,
the "faces" of the following "cube" give the wanted natural transformations:

X cX
Y l cYy
CX N 3¢
N N
cYy YY.
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Proposition 1.4.22.  THE FUNCTOR X : Top, — Top, IS HOMOTOPICALLY WELL-BEHAVED, IN THE SENSE THAT:
f~«g€ Mor(Top,) = Yf ~, Xg.

IN OTHER WORDS, IF TWO POINTED SPACES X AND Y ARE HOMOTOPY EQUIVALENT, THEN THE SUSPENSIONS
> X AND XY ARE ALSO HOMOTOPY EQUIVALENT.

Proof. Consider two continuous maps f ~, g : X — Y in Top, and denote H : X x I — Y the corresponding
homotopy. We recall from the proof of 1.4.20 that Xf : 2 At — f(x) At. Then, the map z At — H(x, t) At gives
the wanted relation ¥ f ~, Xg. O

3. Computation of H,(5™)

Let H.(—; A) be an ordinary homology theory with an abelian group A. Consider a pointed space (X, x¢) in Top,.
Let us compute H,(XX; A) := H, (XX, 0), A) in terms of H,(X; A) := H.((X, 0), A).

Lemma 1.4.23. DENOTE THE NATURAL PROJECTION 7 : X x I — XX, AND THE SUBSPACES U := m(X x [0, 1))
V :=7(X x (0, 1]) oF ¥X. THEN (XX; U, V) IS AN EXCISIVE TRIAD, WHERE MOREOVER U AND V ARE OPEN
AND CONTRACTIBLE, AND THEIR INTERSECTION VERIFIES U NV ~ X.

Proof.  In I :=[0, 1], the interval [0, 1) is open, so X X [0, 1) is open in X x I together with the product topology.
Then, as the suspension XX is endowed with the quotient topology, i.e. the finest topology that allows the natural
projection 7 : X x I — XX to be continuous, the set U := 7(X x [0, 1)) is open in ©X. Similarly, we can define
the set V' := w(X x (0, 1]) that is open in ¥X. We notice that UUV =UUV = $X, which implies EX;U0,V)
is an excisive triad. To show that U (resp. V) is contractible, we can do exactly as in the proof 1.4.18 that shows
CX is contractible: we just need to replace I by [0, 1) (resp. by (0, 1]) and CX by U (resp. by V). One can
also demonstrate it seeing that U and V are both homotopic to C X, which is homotopic to a unit set since it is
contractible. Now, let us verify U NV ~ X. First of all, one can notice that U NV C XX is homeomorphic to
X x (0, 1)/{z01x(0,1)- We then define the following continuous maps:

f X = UnyV, d S UNnV = X,
1oz = 2 A(1/2), an |l ozAt =

Now, we have g o f ~ idx for we even have the equality, and the relation f o g ~ idyny is given by the homotopy
H:(UnNV)xI— UNYV that maps (z At,s) to z A ((t —1/2)s + 1/2). Thus, we deduce U NV and X are
homotopic. O

Proposition 1.4.24. FOR ANY INTEGER n > 1,

Ho (X5 A) = Hp1 (EX5 A).

Proof. The Mayer-Vietoris sequence (see the theorem 1.4.9) applied to the excisive triad (XX; U, V) given by
the lemma 1.4.23 is:

oo —— Hyoy(U)® Hypt (V) ——— Hy 1 (BX) —— H,(UNV) —— Hy(U) @ Hy (V) —— .0 (1.19)
Let n > 1 be an integer. Knowing that U is contractible and H,, is homotopy invariant, we have H, (U) = H, ({*}) =

0 using the dimension axiom (H5); and similarly H, (V) = 0. Moreover, as UNV ~ X, we have H,(UNV) = H,(X)
and it yields with proposition 1.3.5 the exact sequence (1.19) becomes:

00— Hyy (BX) ——— Hy(X) ——— 0

which implies H,11(3X) = H,(X) with the proposition 1.3.3. O

Remark 1.4.25.  In particular, it implies that H,, (XX; A) does not depend on the choice of the basepoint xq in
(X, ) for n > 2.

Lemma 1.4.26. WE HAVE THE FOLLOWING EXACT SEQUENCE:

00— H(SX; A) — 5 Hy(X; A) ——— A® A —— Hy(SX; A) ——— 0.
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Proof. The Mayer-Vietoris sequence (see the theorem 1.4.9) applied to the excisive triad (X£X; U, V') given by
the lemma 1.4.23 gives the wanted exact sequence:

because we have again H1(U) @ H1(V) = 0 and Ho(U NV) = Hy(X), moreover both Hy(U) and Hy(V') are equal
to Ho({*}; A) = A, and also we have H_1(UNV) =2 H_1(X) =0. O

Proposition 1.4.27. FOR ANY INTEGERS n > 0 AND m > 0 WE HAVE:

A®A Fm=n=0,
H,(S™; A) = A IFm=n>00Rm>n=0, (1.20)
0 OTHERWISE.

Proof.  We split the proof into a few steps.

(1) Let us compute H,(S% A) for all integer n. By definition, the set S° contains only two points, so it is
isomorphic to the coproduct of two unit sets: S° = {x} [[{*}. Then for any integer n:

Ho(S% A) =~ H, ({*} H{*}, A) (%3 H,({x}; A) @ H,({x}; A) ) { AE(?A ofthervv(i);e.

(11) Take open sets U and V exactly as in the lemma 1.4.23, in the particular case of X = S°. So, as we saw in
1.4.19 that 8% = S we have the excisive triad (£5%; U, V) = (S!; U, V), where U and V are moreover
contractible and verify U NV ~ SY.

(111) Let compute H,,(S'; A) for any integer n > 0. As S* = £.5° we have the isomorphisms:
1.4.24

H,(S*; A~ H,(25% A) = H,_ (5" A) =0,

for any integer n > 2. Next, we want to compute H;(S'; A) and Hy(S'; A). We apply the lemma 1.4.26 to
X := S% and we get the following exact sequence:

00— Hy(SY A) —— Ho(S% A) ——— A® A —— Hy(S'; A) —— 0.

As we just saw, we have Hy(S%; A) = A @ A, and we can give more precision about the morphisms using the
notations of the Mayer-Vietoris sequence:

1 1 Ay Yo ®o 1 AN
0—>H1(S;A)—)A@A—)AEBA—)H()(S;A)—)O. (1.21)

We can see A; is injective, so the group H;(S'; A) is isomorphic to its image A;(H(S'; A)) C A @ A.
Moreover, as the above sequence (1.21) is exact, we have Ay (Hy(S?; A)) = ker(1). So we want to compute the
kernel of 1 : (a, b) — (i.(a, b), j.(a, b)), where i : S° — U and j : S° — V. We claim that i, : (a, b) — a+b.
To show it, let us first denote W and E the two points of S°, and w : {W} — S° and e : {E} — S° the
associated inclusions. We have the pushout:

0 ———— Ho({W})

\[ lb — (0, b)

Ho({B}), =5 Ho({E}) & Ho({W})
S~ (m3)

R/

A
Ho(59).

Consequently, up to isomorphism, we have e,(a) = (a, 0) and w.(b) = (0, b) for any a € H;({E}; A) and
be Hi({W}; A). Now, we have the retraction r : U — {E} of i o e as follows:

LY -\\\
{B} —= §" —> U
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which is a homotopy equivalence: indeed, we saw that U is contractible, i.e. U is relative homotopic to {E},
so we can find a homotopy equivalence U — {E'}, which is exactly 7 as it is the only map between these spaces.
In particular, we then have (ioe)or ~ idy. Therefore, as a homotopy equivalence of pointed spaces is a relative
weak homotopy equivalence (see 1.2.28), with the axiom (H4) we have that r. : H (U; A) — H1({E}; A) is
an isomorphism, and as Hy(—; A) is a homotopy invariant functor:

(ioe)yor, = (ioeor), = id,.

Thus, up to isomorphism, the map (i oe), is precisely the identity. Similarly, we can show the same result for
(i ow),. It finally yields: Va € H({E}; A), Vb e H{({W}: A),

ix(a, b) = i.((a, 0)+(0,0)) = i.(a, 0)+i.(0,0) = (ioe)(a)+ (iow)(b) = a+b.
In a same way, we have j, : (a, b) — a + b. It follows the kernel of ¢y : (a, b) — (a + b, a + b) is exactly:
ker(vo) = {(a, b)) e A A|la+b=0} = {(a, —a)|a€ A} = A,
which shows H;(S'; A) = A. Finally, let us compute Hy(S'; A). As the sequence (1.21) is exact, we have:
ker(¢p) = Im(thg) = {(a+b,a+0b)|a, be A} = {(c,c)|ce A} = A,
which implies with the first isomorphism theorem and the fact ¢q is surjective that we therefore have:

Ho(S', A) = Tm(¢g) = (A® A)/ker(dg) = (ADA)JA = A,

(1v) Due to 1.4.19 we have the relation ¥.S" = S"+1 with enables to generalize the previous two steps (11) and
(1) to any dimension. O
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— PART 2 —

CW-complexes and Cofibrations

I. CW-complexes

In this section, we want to define and understand a new class of topological spaces, know as CW-complexes. We
will see they are well behaved spaces and that, up to weak homotopy equivalence, every space is a CW-complex:
this is the cellular approximation. Well-known results were obtained due to J.H.C Whitehead, such as his theorem
that we will see at the end of the section. For more details, see the references [AGP02, 5.1] and [Hat01, appendix].

1. Generalities

Definitions 2.1.1.  In Top, a topological space X is a CW-complex if there exists a sequence Xg C X1 C X5 C ...
of topological spaces called a CW-decomposition of X, such that:

(1) The first set X is nonempty and is endowed with the discrete topology, where every subset is open.

0
(11) For any integer n > 0, we can find an index set J,, and a collection {¢; : S™ <, Xn}je, of continuous maps
known as attaching maps, such that we have the pushout:

L Pi
s S
]e ‘]’Vl

j (2.1)
[T o — Xun

jEJn
where S™ and D" t! are given together with the induced topology of the usual topology on R*t1.

(111) The union (J,, .\ X7 together with the weak topology (namely, a set C'is closed if, and only if, the intersection
C N X, is closed for any n € N) is homeomorphic to X.

The points of X are called vertices (or vertex if we describe only one point of Xj), and a subspace X, is called

n-skeleton (n € N). In the pushout in (11), the map [[,c ;. D™ — X, .1 induces maps d)}”'l : D;H'l — Xn+1

where we denote D;LH a copy of D" for j € J,,. The restriction lc);”rl — X, 41 of this induced map (/);-’H to the
open (n + 1)-disk Zo);."H is called open (n + 1)-cell.

Remark 2.1.2.  This restriction lo);-H'l — X,,+1 is injective since each element z of D;LH is sent to its associated
classe [z] in the pushout X,,11, and when we compute the quotient space, no part of the interior of any disk D;‘“
is identified in X, 41 (there is identification only for the points of the boundary S™). It shows an open (n + 1)-cell
is an homeomorphism from a space D+ to its image. Thus, the image denoted e?“ C X471 of D+t by an open
(n+1)-cell is homeomorphic to D™ and deserves to be also called open (n+1)-cell. Visually, an open (n+1)-cell
is a space of dimension n + 1: for instance, a 1-cell looks like a line segment, a 2-cell like an open disk, a 3-cell an
open ball, et caetera... It is also common to generalize the notion of cell to the 0-cells, which would be then any
point of Xy, also know as vertex. Using this notation, we would then have:

0
Xo= || €
JEJ 1
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where J_; is defined as any set isomorphic to Xy. From now, we will simply use cell to describe an open n-cell for
an integer n > 0. Notice that one can also define closed (n + 1)-cell as being exactly é;-”rl = Im(q’)}’“) for j in
J,,, but in general it is not homeomorphic to D"*1.

Remarks 2.1.3. Given a CW-complex X, a CW-decomposition is not unique. For instance, we can construct
two different CW-decompositions of the circle X := S, one beginning with {*} and another one with {*, x}:

S0 o o« 2y Xo := {x} SOTIs® ¢ : ddtid o Xo:={x, *x}
[ | [ |
Dl e —5 () x=d pIpt /= —5 () xi=8

where, in the first case, we "glue" together the two ends of the segment D!, and in the other case, we "glue' the
two segments together (see the remark ...). In both case, we take X,, = S* for n > 1, and we have constructed two
different CW-decompositions of S*. Besides, we can similarly see that any n-sphere S™ is a CW-complex. Moreover,
if for one n € N we have X,, =2 X, then we do not need to precise the following spaces of the CW-decomposition:
they are all necessary homeomorphic to X since X,, 2 X is included in each of them, and their union is included
in a space homeomorphic to X. To get such a CW-decomposition, one can notice that taking J, = @ implies
Xk+1 = X} H(Z)® = X}, for any k € N.

Remark 2.1.4. We defined the notion of CW-complex in Top, but we can also consider it in Top,: a pointed
CW-complex is a CW-complex X together with a basepoint that is also exactly the basepoint of its 0-skeleton X
(so, in particular, it is the basepoint of all its skeletons). One can then consider the categories CW and CW,: the
objects of CW are the CW-complexes, and its morphisms are the continuous maps from a CW-complex to another
one; and similar for CW,, but with pointed CW-complexes and pointed map. Note that in CW,,, we will rather use
the wedge product V that the coproduct ][ in order to attach the basepoints together.

Proposition 2.1.5. PROVE THAT A CW-COMPLEX X IS THE DISJOINT UNION OF ALL ITS CELLS:

Xgl_l |_| er.

neNjeJ,_1

Proof.  Let x € X. We want to show that x can found in one and only one cell. We know that the 0-cells have
an empty intersection since they are unit sets; and for any n > 1 it is the same with the n-cells because the open
disks D;’ are disjoint in [ j D7, and the identification in the pushout which builds X,, concerns only the boundaries
of the disks D7. Moreover, for any n € N, an n-cell is necessary disjoint with an (n + 1)-cell due to the fact that,

in the coproduct of X,, and [ j D;H, the n-cells and the le);-”l are disjoint for any j € J,_1, and it stays disjoint
when we quotient to get X, 11, because, again, we identify only the boundaries of the disks D;"'H to points of X,,.

This implies more generally that any two different cells are necessary disjoint. Now, if x is in X, then it belongs
naturally to the cell {«}. Else, there is an integer n > 1 such that:

T € Xp = n—lH (H] Snfl) H D;L
JE€EJIn—-1

We can assume w.l.0.g. by induction that z is not in X,,_1. So x is in ]_[j D7}, and in particular one can find a
J € Jn—1 such that x € D7?. Knowing that the boundary of D} is identified to some point in X,,_1, we then have

that z is not in this boundary, i.e. it is in the interior D;‘, which is an n-cell. O]

Proposition 2.1.6. PROVE THAT ANOTHER POSSIBLE DECOMPOSITION OF THE n-SPHERE S™ AS A CW-
COMPLEX HAS ONE 0-CELL AND ONE n-CELL. IN FACT, THIS PARTICULAR DECOMPOSITION IS UNIQUE UP TO
HOMEOMORPHISM.

Proof.  Let n > 0 be an integer. We can take Xo = --- = X,,_1 = {x} (see the end of the previous remark), and
then X,, as follows:

g X = )

| | .
Dt — L X, ~Sn

The CW-complexes have some remarkable properties. Let us see some of them.
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Proposition 2.1.7. LET X BE A CW-COMPLEX. THEN THE FOLLOWING HOLDS:

(1)
(1)
(111)
(1v)

X IS LOCALLY PATH-CONNECTED.
IFr X 1S CONNECTED, THEN IT IS PATH-CONNECTED.
X 1S A T1-SPACE, THAT IS EVERY SINGLETON {z} OF X IS A CLOSED SPACE.

X IS A NORMAL SPACE, THUS HAUSDORFF.

Proof.

(1)

(111)

(1v)

To say that X is locally path-connected means that, given a point x € X and a neighborhood U of x in X,
we can find a neighborhood V' C U of = that is path-connected. We have that X is locally path-connected
because it is discret: any singleton {z} is open in Xy, so it is a neighborhood of = in X, it is naturally
included in any neighborhood U of z, and it is abviously path-connected. Moreover, for any integer n > 0,
the disk D"*! is path-connected, then the coproduct ] e, D"t is locally path-connected, and so is X, 41
inductively, since attaching spaces preserves the property of being locally path-connected. Now, as union of
locally path-connected spaces, we deduce that X is also locally path-connected.

It comes from a general result: any locally path-connected space X that is connected is in particular path-
connected. Then, we conclude using the first point (1). We suggest showing this general result. We consider
a point € X, and the set U := {y € X connected to z} that is nonempty since z trivially belongs to it.
Moreover, it is open: indeed, for any point y € U, as X is locally path-connected, we can find a neighborhood
V C X of y that is path-connected; and this neighborhood V is included in U for any of its points can be
connected to x "passing through' y. Now, let us consider U’ := X — U that is similarly open. Reductio ad
absurdum, if we had U’ # (), then we would have the contradiction that the connected space X is the union
of two disjoint nonempty open sets. We deduct U’ is empty, that is to say U = X, and X is path-connected.

We know that X is a Tj-space since it is discret. For any n € N, the (n + 1)-disk and then coproduct of
(n + 1)-disks are Tj-spaces. So, as attaching spaces preserves the property of being a T} space, we have by
induction that X" *! is also a T}-space. Thus, as union of T}-spaces, we conclude X is also locally a T;-space.

As a recall, a space X is said normal if, given any disjoint closed sets A and B, there are neighborhoods U of
A and V of B that are also disjoint. Using the Urysohn’s Lemma, there is an equivalent definition: for any

disjoint nonempty closed subsets A and B of X, we can find a continuous fonction f : X — I := [0, 1] such
that:
0 ifxeA,
vz e, f(x)_{ 1 ifzeB.

(see the reference "Urysohn’s Lemma", J. Simon, 2007). Again using properties of attaching spaces and
induction, we have that X, is normal for all n € N. Let A, B C X be disjoint closed sets. Then, there is
continuous map fo : Xo — I such that fo(z) =0 for all z € AN Xy, and fo(z) =1 for all x € BN Xp. Assume
by induction we have already constructed a continuous map f,—1 : X,—1 — I for an integer n > 1 with
fo—1(z)=0forallz € ANX,,_1 and f,_1(x) =1 for all z € BNX,,_1, such that moreover f,_1|x, , = fn—2
if n > 2. Consider F:= (AN X,)UX,_1U(BNX,) and define g, : ' — I as follows:

0 ifxe AN X,,
Va € F, gn(z) =< fooi(x) fze X, 4,
1 ifz € BNX,.

Since X, is normal and F' is closed in X,,, we can extend g,, to a map f, : X,, — I that satisfies the properties
of g,, given just above. Now, one can define f : X — I such that f|x, = f, for any n € N, and it is continuous
because X has the topology of the union. Hence, the CW-complex X is normal, and being also T} as seen in
the previous point (IIT), it is in particular a Hausdorff space. O

Remark 2.1.8. With the second point (I1), one can find some topological spaces that are not CW-complexes.

For instance, in R? together with the usual topology, the graph of the fonction z + sin(

1

+) is connected, but not

path-connected:
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So it cannot be a CW-complex.

2. Subcomplex and n-equivalence

Definitions 2.1.9.  If X is a CW-complex and A C X is a subspace, then we say that A is subcomplex of X if
for every cell € we have the implication AN ey # 0= er < A. We then call CW-pair the pair (X, A) of spaces.

Example. Every k-skeleton X} of a CW-complex X is subcomplex. To show it, we consider a cell €] such that
X Ney # (). We cannot have n > k because a point in X} C X,,_; would be identified either to nothing else, or
to a point of the boundary S™~! of D™, but not to any point of D™. So we have n < k, and by definition of closed
cell we have € C X, C Xj. This implies (X, Xj) is a CW-pair for any k € N.

Proposition 2.1.10. SUPPOSE THAT X 1S A CW-COMPLEX AND K C X IS COMPACT. THEN WE HAVE K C X,
FOR SOME n € N. MORE SPECIFICALLY, WE HAVE K CY FOR A SUBCOMPLEX Y C X, WHERE Y HAS ONLY A
FINITE NUMBER OF CELLS.

Proof. The compact K is well-defined because we saw in 2.1.7 that a CW-complex is Hausdorff. Due to the
proposition 2.1.5, the disjoint union:
U U«
J )

neNjeJn_1

is an open cover of the compact K. We can then extract a finite subcover made up of cells. Since each cell
is contained in a skeleton, it implies K is contained in a finite union of skeletons. Knowing that the sequence
{ X, }nen of the skeletons increases, it yields K is included in a skeleton. For the second part, it is sufficient to see
that the previous finite subcover of K made up of cells can be the wanted subcomplex Y since the open cells are
disjoint. O
Let us introduce the concepts of n-connectedness and n-equivalence, and see how close they are.

Definitions 2.1.11.  Let n > 0 be an integer.

(i) If n > 1, an n-equivalence is a continuous map f : X — Y in the category Top such that for any o € X
the induced morphism:

f { 7Tq(X, 330) - 7-‘-q()/a f(.%‘o))
. [h] = fo([h]) = [foh]

in the category Set is a bijection for 0 < q <n —1 and a surjection for ¢ =n.

(ii) We say that a pair (X, A) of spaces in Top,. is n-connected if for all path component X, fo X we have
ANX, #0, and if 7y(X, A) =0 for 1 < g <n.

Remark 2.1.12. A pair (X, A) is 0-connected if, and only if, we have AN X, # () for all path component X, of
X.

We state the two following statements for the beauty of the given results. Find them in [AGP02, 5.1].

Proposition 2.1.13. A PAIR (X, A) OF SPACES IN Top,, IS n-CONNECTED if, and only if, THE INCLUSION MAP
i: A< X IS AN n-EQUIVALENCE. O

Proposition 2.1.14. LET X BE A CW-COMPLEX AND X,, BE ITS n-SKELETON, WITH n € N. THEN THE PAIR
(X, X,,) 1S n-CONNECTED, AND CONSEQUENTLY THE INCLUSION MAP i : X,, < X IS AN n-EQUIVALENCE. O
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3. Theorems

Now, let us take a look at two very useful tools that provide some interesting properties about CW-complexes: the
Whitehead theorem and the cellular approximation. Find them in [AGP02, 5.1.36, 5.1.38].

Theorem 2.1.15. J.H.C Whitehead. €A WEAK HOMOTOPY EQUIVALENCE BETWEEN PAIRS OF CW-
COMPLEXES IS A HOMOTOPY EQUIVALENCE. ]

Theorem 2.1.16. Cellular approximation. @~ CW-COMPLEXES ARE FUNCTORIAL, i.e. FOR ANY CONTINUOUS
MAP f: X — Y IN Top, THERE EXISTS A CONTINUOUS MAP f : X — Y IN CW SUCH THAT WE HAVE THE
FOLLOWING COMMUTATIVES DIAGRAM WITH WEAK EQUIVALENCES:

WE SsAY THAT X AND f ARE CW-approximations OF RESPECTIVELY X AND f. MOREOVER, IF f IS
RATHER IN Top, THAN IN Top, WE THEN HAVE THE SAME RESULT BUT WITH f IN CW, AND THE SPACES ARE
POINTED. O

Remark 2.1.17. Combining the two previous theorem, we get that a CW-approximation is unique up to
homotopy. Furthermore, one can show that, if X =5 X is a C\?\[:a/pproximation of a pointed space X, then
YX =5 ¥X is also a CW-approximation. In other words, we have: ©X ~ ¥ X.

Il. Cofiber sequence

1. Construction of the cofiber sequence

In order to be brief, we will mainly use geometric arguments in this section, based on the fact that a puhsout is a
tool to "glue" objects together. We want to present the cofiber sequence and one of its applications: the long exact
sequence of homotopy groups. First of all, let us introduce a new notion: mapping cones. Let f: X — Y be a
continuous map in Top,. See [AGP02, 3.3-5] for more details.

Definition 2.2.1. The mapping cone Cy of f : X =Y is defined (up to isomorphism) as being the following
pushout in Top,:

F(X)

X? S Y
CX — Cf

If we denote g the map Y — Cy in the previous diagram (which is more precisely the canonical projection from Y
to C, see the proposition 1.1.27), we get the sequence:

(2.2)

X Y Cy. (2.3)
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Let us compute what would then be the mapping cone Cy of g : Y — Cy:

0% %qux

So, up to homotopy, the mapping cone Cy of g is the suspension XX of X. Indeed, as we saw before, the reduced
cone C'Y of Y is contractible, 4.e. homotopic to a point; this means that, in order to compute the pushout C,, we
identify the whole image of g in C'y to one point. Now, denoting h : Cy — XX the induced continuous map in the
previous diagram, we can complete the sequence (2.3) and we have:

f g h
X Y Cy Y X.

Similarly, we can compute the mapping cone C}, of h, and we get the suspension XY of Y. Consequently, and
more generally, we can build with mapping cones as before the following sequence in Top,, that we call cofiber
sequence of f: X — Y, or also Barratt-Puppe sequence of f: X — Y:

f g h Sf g Sh 22 f
X Y Cy X TY Cy VX — (2.5)

Remark 2.2.2.  For some reasons, we can sometimes see in the literature (—1)"X" f instead of simply X" f. It is
indeed due to the fact that, in a sense, this map takes the suspensions X" X and returns it to give XY . However,
up to isomorphism, we cannot see the difference between (—1)"X"f and X" f (find some details on Hatcher, pages
297-299).

Proposition 2.2.3. THE MAPPING CONE IS HOMOTOPICALLY WELL-BEHAVED, IN THAT SENSE THAT, IN Top,,
GIVEN ANY TWO CONTINUOUS FONCTIONS f : X — Y AND g : X — Z SUCH THAT Y ~ Z, WE HAVE THE
EQUIVALENCE Cy ~ Cy.

Proof. Applying the universal property of the pushout C; and the definition of the pushout Cy, we get a
continuous map ¢ : C; — C'y with the following commutative diagram:

x4 57z

IR

X xI ﬁ c, Y
w2 iH
“
(-]

As this diagram commutes, one can learn some details about : in particular, it is a homotopy equivalence. O

2. Some exact sequences in Set,

We saw in the remark 1.2.14 that [—, W] is a homotopy invariant contravariant functor for any relative space W.
Now, to apply this contravariant functor to the Barratt-Puppe sequence (2.5) is interesting in the sense that we
get a kind of "exact sequence’ (in the category Set,, not as previously in Ab). The objects of the category Set, are
defined as sets containing a designated basepoint, and its morphisms are pointed maps of set.

Proposition 2.2.4. IN Top,, LET W BE ANY POINTED SPACE AND f : X — Y A CONTINUOUS MAP. WE
CONSIDER THE KERNEL OF f* AS BEING THE FOLLOWING SET:

ker(f7) :={lp] € [Y, WL [ f7([¢]) := [0 0 f] = [eol},
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WHERE €g : Y — W IS CONTANT AT THE VALUE GIVEN BY THE BASEPOINT OF W. THE KERNELS OF THE OTHER
FONCTIONS IN THE FOLLOWING DIAGRAM ARE SIMILARLY DEFINED. THEN THE FOLLOWING SEQUENCE IS EXACT
IN Set,:

(Sh)* (Z9)" (=) n g f*
. [2C, W]y ——— [SY, W], ——— [2X, W], ——— [Cf, W] ——— [V, W], ——— [X, W],.

Remark 2.2.5.  One can show that [XX, W],, and all the pointed sets before in this sequence, are more precisely
groups.

Proof.  We will only show w.l.o.g. the exactness of the following part of the diagram:

* *

Cp W — s [V, W, —— [x, W),

since it would be very similar for any other part. We want to prove the equality: Im(g*) = ker(f*). On the one
hand, let us consider [p] in Im(g*). We can find [¢] in [Cf, W], such that g,.([¢]) = [¢]. As C} is the following
pushout:

X ——Y

{ :

CX — Cj,

we have by commutativity that go f = jo4. Moreover, as the reduced cone CX is contractible (see ...), one can see
that j o ¢ ~ cst where cst : X — C is the constant map at the value given by the basepoint of Cy. So, as [—, W],
is homotopy invariant, we have (j o 4)* = c¢st* and then:

el = 1g7(2]) = (go )" ([0]) = (Ged)*([¢)) = est™([¢]) = [poest] = e,

which induces Im(g*) C ker(f*). On the other hand, let [¢] be in ker(f*). It means f*([¢]) = [p o f] = [eo];
in other words ¢ o f and ey are homotopic. If we denote (Xo, zg) := X and (Wy, wo) := W, one may consider
H: (Xox1I, {xo} x I) = (Wp, wp) a relative homotopy such that H(—, 0) = ¢ o f and H(—, 1) = eg. We notice
that H(zg, t) = wo and H(z, 1) = wq for any (z, t) € X x I, which implies H(X x {1} U{xo} x I) = {wo}. Thus,
the Universal Property of Quotient Space yields there is a unique continuous map ¥ : CX — W such that the
following diagram commutes:

XxI -t w

Hl (2.6)

ox __-"Tany.

Then, we define the continuous map:

4 (x) ifz ey,
v = { ;i(x) ite e CX.
and we have for all z € X:
W (f(@) = o(f(2)) = H(z, 0) 2 y(((2, 0)]) = (i(z) = ¥/ (i(x)).
~— ~—
2% eCX

It allows us to apply the Universal Property of Quotient Space that gives us the following commutative diagram:

vyvex —Y w

PN

. l ; (2.7)

/

Cp=YVxCX -~ 3w

where [¥] € [Cy, W],.. Now, one can observe that the image of [¥] by ¢* is exactly [¢] since:

VyeY, Wogly) = ¥(y) E () = o).

33



Hence, we have to reverse inclusion ker(f*) C Im(g*), and we finally obtain the wanted equality. O

There exists also a relative version of the Barratt-Puppe sequence (2.5) of a continuous map f : (X, A) — (Y, B):

f =f
(X, A) —— (Y, B) — (Cy, Of‘AHB) — (ZX,X4A) ——— XY, ¥B) ——— ...
This sequence induces a very similar exact sequence to the one in the previous proposition.

Proposition 2.2.6.  IN Top,,, LET (W, C) BE ANY RELATIVE SPACE AND f : (X, A) — (Y, B) A CONTINUOUS
MAP. WE CONSIDER THE KERNEL OF f* AS BEING THE FOLLOWING SET:

ker(f%) :={le] € [(Y; B), (W, O). [ f*([¢]) = [p o f]) = [eol},

WHERE ¢q : (Y, B) — (W, C) IS CONTANT. THE KERNELS OF THE OTHER FONCTIONS IN THE DIAGRAM ARE
SIMILARLY DEFINED. THEN THE FOLLOWING SEQUENCE IS EXACT IN Set,:

X D), (W, C)) —— (G Ca ), W, C)) —— [V, B), (W, €)] = [(X, 4), (W, 0)]. O

3. The long exact sequence of homotopy groups

We saw at the page 11 a definition of n-th homotopy group 7, : Top, — Set. Now, let us extend this definition to
n-th reduced homotopy group 7, : Top,, — Set:

Definition 2.2.7. For any integer n > 1, the n-th reduced homotopy group of a relative space (X, A) in
Top,, is the set:
(X, A) :=[(D", S"71), (X, A)].

Remark 2.2.8. This is well an extension of the previous definition 1.2.16 since it coincides on Top, for any
integer n:

(X, {wo}) = [(D", §"71), (X, {mo})] = [(D"/S"7, {+}), (X, {zo})] = [(S", %), (X, o)l = ma(X, wo).

Now, taking f as being the inclusion i : (0I, {0}) < (01, 9I), we get the following interesting exact sequence:

Theorem 2.2.9. FOR ANY RELATIVE SPACE (W, C), THE FOLLOWING SEQUENCE IS EXACT IN Set,:

(i)°
e —— (W, C) —— 11 (C, ¥) —— m (W, ) ——— m (W, C) ——— mo(C, x) ——— mo(W, *).

WHERE i : (0I, {0}) < (09I, 0I). THIS SEQUENCE IS OFTEN CALLED THE long exact sequence of homotopy
groups.

Proof.  We denote (X, A) := (91, {0}) and (Y, B) := (91, 0I). First, compute the mapping cones C; and C;
and the suspensions XX and YA, with the following pushouts:

|A4>B7

Xx{u{oy <1 ]2 gy X e e iy e ey
[ | [ |
X x T I I%I CX =~ T CX e % W 0T
Ax{pu{oy <1 ] 2,0 gy A . L g
[ |

AxI L —5 . cax{y cd o m—= - G
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Xxc{o, yufoy I ] L3 gy Ax{oyufoy <1 ]2, L gy

I ]

Xx1 | I&Q DX =S AxT L —5% ¢ sax{y

Now, one can clarify the elements of the exact sequence given by 2.2.6:

S (K BA), (W, O —— (G Gy, (W, Ol —— (¥, B, (W, —— [(X, 4), (W, ),

e o LS ) (WO —— (1L OD), (W, C)]  —— [(91, 91), (W, C)] —— [(@1. {0}), (W, O,

e o (S, (1) (W () —— (DY, S, (W, )] ——[(S, {}), (C (]| —— (S, {1}, (W, [},

(Zi)* i
ie. ..— w1 (W, %) — m (W, C) — 7o (C, %) — mo(W, %),

which is the wanted exact sequence. O

I1l. Cofibrations

1. Generalities
Find details in [AGP02, 4.1-2].

Definition 2.3.1. We say a relative space (X, A) has or satisfies the HEP (Homotopy Extension Property) if
A C X is closed, and if for any topological space Y and any continuous map h : X x {0} UA x I =Y the following
diagram in Top commutes:

X x{0JUAxI sy
A

’
’
/
,
-

XTI -.——-"3m

Definition 2.3.2. A continuous map j: A — X in Top is a cofibration, and we denote j : A — X, if:

(i) j is an embedding, i.e. j: A = Im(j) C X is a homeomorphism onto its image,

(ii) The pair (X, Im(j)) verify the HEP.

Remarks 2.3.3. One can find in the literature one more condition in this definition: Im(j) must be closed;
however, it is not necessary to precise it since it yields form (11). Furthermore, as a cofibration j : A — X is an
embedding, it is actually an inclusion up to isomorphism. This is why the first condition of the equivalence in
the following proposition is realized non only for the cofibrations that are inclusions, but more generally for any
cofibration up to isomorphism. Moreover, we will often write A instead of Im(j) since they are homeomorphic. In
addition, note that one can define very similarly the notion of cofibration in Top,.

Proposition 2.3.4. LET A C X BE A CLOSED SUBSPACE OF X € Ob(Top). THEN, THE INCLUSION j : A — X
IS A COFIBRATION if, and only if, THE SET X x {0} UA x I IS A RETRACT OF X X I.

Proof. On the one hand, if j : A — X then (X, A) verifies the HEP, and in particular we have the following
commutative diagram:

XXx{0JUAXT —— X x{0}UAXIT

Al
. ’
1 ’
-
.
-
-

where 7 04 = id, i.e. r is a retract. On the other hand, let us assume that we have the retract r : X x I —
X x {0} UA x I. Since j is an inclusion, it is an embedding, and Im(j) is closed as being homeomorphic to the
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closed space A. Moreover, for any any topological space Y and any continuous map h: X x {0} UA x I — Y the
following diagram commutes:

Xx{0lUAxT Ly

7

. /
T 7 7
s

-

X XTI - hor
because (hor)oi=ho(roi)=h. It yields (X, Im(j)) verifies the HEP, and j : A — X. O

Examples.
(1) The inclusion S™ < D"T! is cofibration for any n € N. Let us show this result for n = 0, the other cases
being very similar. We work in R and R? together with the usual topologies. To lighten the expressions, let
us consider D' 22 [—1, 1] and I [0, 2]. We want to find a retraction r as follows:

r: D'xI — D'x{0}USxI[-3 3]

1

—

We define the point A := (0, 3) € R2. For any (z, y) in the square D' x I, one can define 7(z, y) as being the
intersection of [—3, 3] x {0} and the line passing through A and (z, y). In other words, applying the intercept
theorem in the following drawing:

y/\

A
\
\

\

\

\

2 \
\
\
\
Y4 [y
\
\
\
\
\
\
\
: \ o
} } Y —>
-3 -1 x r(z,y) 3
we get the expression r(x, y) = %7 which is continuous by composition of continuous maps. Moreover, if

we denote i the inclusion [—3, 3] < D! x I up to isomorphism, we well have r o i = id[_3, 3, which means r
is a retract and thus S° < D! is a cofibration.

(11) For any pointed space X, regarding X and its reduced cone CX as being in Top instead of Top,, we have
X — CX7??. This result could be shown with the same idea as the previous one: using the projection passing
by a wisely selected point. For more details, see the reference [Pic92, 2.3.8].

2. Some cofibrations in CW

COFIBRATIONS ARE PRESERVED UNDER COPRODUCT: GIVEN A SET K AND COFIBRATIONS
MOREOVER,

Proposition 2.3.5.
{jr + Ax — Xi}rerx IN Top, WE HAVE THE COFIBRATION j : A := [[,cp Ar — X =[] cx Xi-
COFIBRATIONS ARE PRESERVED UNDER PUSHOUT, IN THE SENS THAT GIVEN A PUSHOUT:

A——Y

i I (2:8)

X —5 P=X][,Y
implies j : Y — P.

Proof. To show the first part of the proposition, we begin to see that j : A — X is an embedding since the
Jr : Ag — X are so for k € K. Let us then show that (X, A) verifies the HEP. To do so, after seeing that A (i.e.
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the image of j) is closed in X by coproduct of the closed spaces Ay for k € K, consider a topological space Y and
a continuous map h : X x {0} UA x I — Y. We want to find a continuous map H : X x I — Y such that its
restriction on X x {0} U A x I is precisely h. One can notice that A x I = (][, Ax) x I = [[,(Ax x I), and the
restriction hlaxs : A x I — Y induces restrictions h|a, x7 : Ax x I — Y for any k € K. Similarly, for k € K, we
can define h|x, x 0y : Xx x {0} =Y, and apply the HEP given by the cofibration j:

ka{O}UAkxILY

-
’
/)
’
s
-

Xp x I __.-=-""3H,,

where h; := h|x, x{o} + h|a,x1. Finally, we get the wanted continuous map H which for any k € K is defined as
being Hy on Ay.

Now, let us consider the second part of the proposition. As j is a cofibration, it is in particular injective, which
implies we do not identify two any different points in ¥ when we compute the quotient P := X [, Y. It yields j
is injective and then an embedding. Next, let us show that (P, Y) verifies the HEP. The topology on the pushout
P is the finest one such that the natural projection [—] is continuous. With the proposition 1.1.27, we know that J
is actually exactly the projection [—] : Y — P, so its image Im(}) =Y is closed in P. Now, consider a topological
space Z and a continuous map h: P x {0} UY x I — Z in Top. We want to find a continuous map H : Px [ — Z
such that its restriction on P x {0} U A x I is precisely h. We denote f and f’ the respective maps A — Y and
X — P in the diagram (2.8), and we get the following two continuous maps:

f+id hly xr1 ' +id hlpx {0}
g:AX] —— Y xI —— Z, and g : X x{0} —— Px {0} —— Z.

Therefore, applying the HEP induced by the cofibration j : A — X, and then the Universal Property of Quotient
Space, we have:

/ X <)Y xI) A+hlyyx:
X x g+g ( - — 7
{O}UAkXI‘)ﬂ\Z :(XHY)XI 2
\[ / and then j y;
X xI 7-»——”/3151 ’/HH,

: (X[ Y) x T -

where H is the wanted continuous map P x I — Z. Hence the result. O

Remark 2.3.6.  As seen in the exemples at the page 77, we have X — CX for any topological space X. So, for
any continuous map f: X — Y in Top, we have Y »— C since there is the pushout:

x vy
CX — Cy.
Proposition 2.3.7. Ir X 1s A CW-coMPLEX WITH A CW-DECOMPOSITION {X,,},cn, THEN WE HAVE

X, — Xp41 FOR ANY INTEGER n > 0.

Proof. Let n > 0 be an integer. We saw in the exemples that S™ — D"T!, so the first part of the previous
proposition implies we have the cofibration || jed, ST — 1] D"+l Then as cofibrations are preserved under

J€JIn
pushout we well have the wanted cofibration:

HjeJn S X,

! I :

1 r
HjEJn DnJr ” Xn+1~

Remark 2.3.8.  One can even show that X, — X for any integer n > 0.
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3. A relation between cofiber and cofibration

For some reasons, one can find in the literature the designation cofiber for mapping cones, in particular because
of the proposition 2.3.12 that we propose to show.

Proposition 2.3.9. LET j: A — X SUCH THAT A ~ {ap} C A. THEN X ~ X/A.

Proof.  We propose to show that the natural projection ¢ : X — X/A is a homotopy equivalence. The fact that
A ~ {ap} means we can find a homotopy equivalence f : A — {ap} and its homotopy inverse g : {ag} — A such
that in particular id4 ~ g o f. It yields there exists a homotopy H : A x I — A such that H(—, 0) = ids and
H(—,1) =go f(—) = g(ap). Due to the cofibration j : A — X, the pair (X, A) verifies the HEP, which means the
following diagram commutes:

X x {0}UAx "X x

/)
’
’
-
-

X xI _———"3F

We define the map F; : X — X as being F; : © — F(x, t) for any ¢t € I. More precisely we have Fy|4 = H(—, 1) =
g(ag), so, by the Universal Property of Quotient Space, the map F| determines a map ¢’ : X/A — X such that
q¢ o q = Fy. Therefore, since Fy = F(—, 0) = idx, we notice that F' induces ¢’ o ¢ ~ idx. Conversely, since
Fi(A) = H(A, t) C A for any t € I, one can apply the Universal Property of Quotient Space to get the following
commutative diagram:

X x4

-
quidl ///

(X/A) x I - 3@

In particular, for any x € X we have G(q(z), 0) = qo Fo(z) = goidx(x) = g(x) and G(g(z), 1) = qo Fi(z) =
qoq'(q(x)). Then, as the projection ¢ : X — X/A is injective, it means G determines idx,/4 ~ q o ¢’, and thus ¢
and ¢’ are homotopy inverses. O

Lemma 2.3.10. IN Top,, LET A C X BE A CLOSED POINTED SPACE IN A POINTED SPACE X, AND LET
f:A—Y BE A CONTINUOUS MAP THAT LANDS IN A POINTED SPACE Y. TO ILLUSTRATE THE SITUATION, ONE
CAN DRAW THE PUSHOUT:

A— X

/| |

Yy — 5 XvaY.

We then have the homeomorphism: (X V4Y)/Y = X/A.

Remark 2.3.11. The inclusion A — X is injective, so we do not identify together two different points in Y.
That is why one can say ¥ C X V4 Y, and then compute the quotient (X V4 Y)/Y.

Proof.  One the one hand, with the Universal Property of Quotient Space, we have:
X T xvay —Ts (X VY)Y
projcctionlﬂ //1 (29)
X/A _ a6 -

where ¢ is the natural projection from X V4 Y to (X V4 Y)/Y. Indeed, we can apply this property because two
different points in X are identified in X/A if, and only if, they are in A, and because g o [—] is constant on A: any a
and b in A are respectively identified to f(a) and f(b) in Y when we compute X V4 Y, and then taking the quotient
by Y we have that f(a) and f(b) are identified together, i.e. a and b are so. On the other hand, if we define a
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constant map j : Y — {*} < X/A, the following diagram commutes:

A— X
fl lw and then:
Y — X/A

(2.10)

As the lower triangle commutes, it follows ( is constant on Y C X V4 Y, and we can apply the Universal Property
of Quotient Space:

XY —2— x/4
ql /' (2.11)

’
/

(X[ Y)Y "3,

Now, let us show that o & = id and & o 3 = id. For any & € X/A, as the projection 7 is surjective, we can find a
2 € X such that w(x) = Z, and we have:

Boa(@) = Boalr(x) E Boq(la]) "2 B(lal) 2 n(2) = & = id(z).

Conversely, for any Z € (X V4Y)/Y, as the projection ¢ is surjective, we can find a z € X V4 Y such that ¢(z) = Z.
If we can write z as [z] with x € X, then we have:

(2.1 (2.10) (2.9)

-y SO 1) . - . - e

aof(z) = aop(q([z])) =" acp(z]) =" aom(z) = q(z]) = z = id(2).
Else, we can found a y € Y such that z = [y]. One can assume w.l.0.g. that A # @) (because in the other case, the
lemma is obviously true). So there is a € A, and the element f(a) in Y is identified to a in X when we compute
X VaY. Next, in (X VaY)/Y, we identify f(a) € Y to any y € Y. Therefore, all y € Y are identified to the
element a of X when computing the quotient (X V4 Y)/Y, and we have ¢([a]) = q([y]) = Z, i.e. we are again in

the previous case where z could be written as [z] with 2 € X. Hence the two wanted equalities, and consequently
the wanted homeomorphism. O

Proposition 2.3.12.  GIVEN A COFIBRATION j : A — X IN Top,, WE HAVE C; ~ X/A.

Proof.  Due to the lemma and the previous proposition, we have the following commutatives diagram:

At x Ly xa

]

CA — C; 225 05 /CA.

which induces the desired result. O

Remark 2.3.13.  Then, up to homotopy, the cofiber sequence (2.5) of a cofibration j : A — X is:

Arlo x X/A DX Ly By D(X/A) v2x » 2, vy

where the cofibrations come from the remark 3.30. because this is a sequence of mapping cones.

4. Mapping cylinder

The following theorem tells us grosso modo that cofibrations are "everywhere" in Top,, in the sense that any
continuous map is a cofibration up to homotopy equivalence. But first let us define the mapping cylinder, which is
pushout very similar to the mapping cone:

Definition 2.3.14. In Top,, we call mapping cylinder of a continuous map f : X — Y, and we denote My,
the following pushout:
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F(X)

Xx{oy=xc >~ Y
| |
D )
XXI*S M,

Remark 2.3.15.  More precisely, one can notice than we have My ~Y x {0} U f(X) x I if f is injective.

(2.12)

Theorem 2.3.16. FOR ANY CONTINUOUS MAP f: X — Y IN Top,, WE CAN FIND A COFIBRATION j; : X
My AND A HOMOTOPY EQUIVALENCE py : My —5Y SUCH THAT THE FOLLOWING DIAGRAM COMMUTES:

k =~ (2.13)

Proof.  As being the pushout (2.12), the mapping cylinder verifies: My = (X xI)VxY. We define the continuous
maps j; and py as follows:

xx{ozx Ly

Y G

defined by X x1T i Mf
(-]

Y
f(x) \\\ E”pf
\\j
(z, s) == X —Y.

First, let us show that j; : X — My is a cofibration. It is an embedding because its image is Im(j) = [X x {1}],
which is isomorphic to X x {1} 2 X in M/ since only points of the form (x, 0) € X x I or f(x) € Y are identified
in My. Now, up to isomorphism, one can say that j; : X < My is an inclusion, and we want to apply the result
2.3.4: we then need to show that My x {0} UX X I is a retract of My x I. Define the map:

(2.14)

Fr(XxI)VY)xT— Myx{0}UX xTI

as follows:
V(y, t) €Y x I, My, 1) = ([, 0)
x,t—w ifs>1—tand s#0
V((l‘, S),t)E(XXI)XI, F((xa 8), t) = [(CU,S-’-ls_tt)},O ifsgl—tands;éO
([(z, 0)], 0) ifs=0
which is continuous by composition of continuous maps. Then, one can observe that for any [(x, 0)] = [y] in M}
we have:

veel,  7((z,0),t) = (=, 0)], 0) = ([y], 0) = 7(y, 0).

It yields we can apply the Universal Property of Quotient Space to get a continuous map r : MyxI — M;x{0}UX xI
that verifies in particular r([z], t) = 7(z, t) for any z € (X x I) VY and ¢ € I. Denoting by ¢ the inclusion
My x {0} UX x I — My x I, it follows:

vlz] € My, roi([z], 0) = r([z], 0) = 7(z, 0) = ([2], 0) = id([z], 0),

that is to say r is the wanted retraction, and thus jf : X ~— M.
Next, let us show that py is homotopy equivalence. We denote i’ : Y — M/ the projection y — [y]. In the diagram
(2.14) that defines py, we can see that py o4’ = idy. Then, in order to define a homotopy H : My x I — M from
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i" o py to idps,, we consider H([y], t) = [y] for all y € Y and H([(x, s)], t) = [(z, st)] for all (x, s) € X x I, both for
any t € I. This map H thereby constructed is continuous by composition of continuous, and is exactly the wanted
homotopy since for any y € Y and any (z, s) € X x I we have:

H(yl, 0) =[] =i'(y) =" ops(y)  H(((@, 5), 0) = [(w, 0)) "= [f(@)] =" i(f(2)) = 7 o py([(a, ),
H([y], 1) = [y] = id([y]) H([(z, 5), 1) = [(x, 5)] = id([(z, s)]).
Hence, since the digram (2.13) is commutative: ps o jr(x) = ps([(z, 1)]) = f(x) for any € X, we get the wanted
result. O

Remark 2.3.17.  Even though 7 does not seem to be well define on (X x I) x I when s =1 —t and s # 0 because
the two expressions does not match, it is indeed secretly well defined : the point is just that we used X instead of
Im(jf) to lighten the notations, and it induces this difference of notation.

Remark 2.3.18. With the notation of the diagram (2.13), we have the homotopy equivalence Cj, ~ Cy due to
the proposition 2.2.3.
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— PART 3 —

Axiomatic reduced homology theory
and Singular homology

. Axiomatic reduced homology theory

We saw previously the notion of homology theory. Now, we will define a very close concept: the reduced homology
theory. We will also observe that there is a one to one relation between those two kinds of theories: it means we can
choose the most convenient one depending on the context we work on. Basically, the main difference is that one is
defined on Top,,;, and one only on Top,. Note that the Dold-Thom theorem 3.2.11 will insurance the existence of
such a reduced homology theory. Here, the main reference will be [May99].

Definition 3.1.1. A (generalized) reduced homotopy theory E, is a family {E, : Top, — Ab|n € Z} of
homotopy invariant functors that satisfies the following four azioms:

(H1) Ezactness: for any continuous map f: A — X in Top,, the following sequence is exact for any n € Z:

_ En(f) . En(-D) .
E,(A) —— E,(X) —— E,(Cy).

(H2) Suspension: For any integer n and any pointed space X, there is a natural group isomorphism:

En(2) : Bn(X) =5 Eppr (5X).

(13) Additivity: for any collection {X;}jes of pointed spaces, the inclusions ij, : Xj, < V;c; X for jo € J
induce isomorphisms in Ab for all integer n.:

(#4) Invariance with weak equivalences: If f : X — Y is a relative weak homotopy equivalence in Top,, then
the following homomorphism is an isomorphism in Ab for any integer n:

Eu(f): Ba(X) = Ey(Y).

We also say that the reduced homology theory E, is ordinary if moreover the following axiom is verified:

(H5) Dimension: there exists an abelian group A such that:

~ A ifn=0
0y _
En(S7) = { 0 otherwise,

where the basepoint of S° is any of its two points.
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Remark 3.1.2.  One can extend the exact sequence given in (H1). Indeed, let f: A — X be a continuous map in
Top,, and n be an integer. The projection g : X — C given in the pushout (2.2) is continuous in Top,, and applying
then the exactness axiom (fil) to g, we get the exact sequence E,(X) — E,(Cy) — E,(C,). Then, we have with
the diagram (2.4) that Cj ~ ¥ A. So, the previous exact sequence is more precisely E.(X) = E,(Cy) — E,(ZA).
Now, one can observe with the suspension axiom (fi2) that E, (XA) = E,,_1(A), and therefore we have the following
exact sequence:

E,(A) ——— E,(X) —— E,(Cf) ——— E,_1(A) —— ...

which can be extended from E,,_;(A) with the exactness axiom (1) so forth and so on. Moreover, in the particular
case of a cofibration f : A — X, we have with the proposition 2.3.12. that C; ~ X/A, so the exact sequence
becomes:

Ep(A) —— E (X)) —— B (X/A) ——— E,_1(A) —— ...

since it is not a problem to work up to homotopy as the functors E,, are homotopy invariant for n € Z.

Remark 3.1.3.  One can prove that the exactness axiom (H1) is equivalent to (H1’) defined as: for any cofibration
j:A— X in Top,, the following sequence is exact for any n € Z:

. BaG) B.(-])
Bo(A) ——— B (X) —— B (X/A).

Indeed, we showed (H1)=-(H1’) in the previous remark, and conversely we have (H1’)=-(H1) thanks to the theorem
2.3.16: cofibrations are "everywhere" in Top,.

We will adopt for a reduced homotopy theory E, the same abuse of notation as the for a homotopy theory. In
particular, we denote H,(—; A) := F,(—) if E, is ordinary with the given abelian group A.

Remark 3.1.4.  Let (X, z() be a pointed space in Top,. We can always assume {zp} < X to be a cofibration,
up to weak equivalence.

The following proposition explains that, in order to understand a reduced or not homology theory, it is enough to
study it on the CW-complexes.

Proposition 3.1.5. SHOW THAT A HOMOLOGY THEORY E, ON Top,, DETERMINES AND IS DETERMINED BY ITS
RESTRICTION TO A GENERALIZED HOMOLOGY THEORY E, ON PAIRS OF CW-COMPLEXES, AND SIMILARLY FOR A
REDUCED HOMOLOGY THEORY E, ON Top, WITH ITS RESTRICTION TO THE BASED CW-COMPLEXES.

Proof. We know due to the cellular approximation that any topological space X is weakly equivalent to a
CW-complex X. It yields the wanted result with the invariance by weak equivalence (H4) and (H4). O

Lemma 3.1.6. LET n € Z. GIVEN ANY HOMOLOGY THEORY F, AND ANY TOPOLOGICAL SPACE X, WE HAVE:

E,(X)=E,({*}) ® E,(X, *).

Proof.  There is a retraction r : X — {x} of the inclusion ¢ : {*} — X, so using the exactness axiom (H1) we get

the exact sequence:
En (2)

En(T)

We notice that E, (1) is a retraction of E,,(¢) since E,(r) o E, (i) = E,(roi) = E,(id) = id, and we can then adapt

the splitting lemma (see page 16) to this context so that we exactly get the wanted isomorphism. O
Lemma 3.1.7. LET j: A— X BE A COFIBRATION IN Top,. THEN, GIVEN ANY HOMOLOGY THEORY FE,, WE
HAVE:

E,(X, A) 2 E,(X/A, *).
Proof.  We exhibit the following excisive triad:

x ] Ax[0,2/3] X, Ax[1/3,1]
~ {xo}x[0,2/3] = Ax{1}0{=o} x[0, 2/3]

b &
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One can notice that X; ~ X and X5 ~ {*}, and one can compute X; N Xy = A. Exploiting then the excision axiom
(H2) and the proposition 2.3.12, we get the claimed isomorphism:

(12)
E (X, A) = E (X1, X1NXy) = En(Cj, Xo) = En(Cy, %) *2 E,(X/A, ). 0

Theorem 3.1.8. A HOMOTOPY THEORY E, ON Top,, DETERMINES AND IS CONVERSELY DETERMINED BY A
REDUCED HOMOTOPY THEORY E, ON Top,.

Proof. On the one hand, we consider a homotopy theory E. on Top,,. Let us show that it induces the
reduced homotopy theory F. on Top, with the relations F. (X, z¢) := E«(X, zo) and E.((X, o) — (Y, yo)) :=
E.((X, zo) = (Y, yo)) for any pointed spaces (X, z¢) and (Y, yo). In other words, we want to verity the axioms are

satisfied. To lighten the notations, we will simply write E,(X) instead of E, (X, x¢) for any based space (X, z()
when the basepoint is clear.

(H1) We will rather show (H1’). Consider a cofibration j : (A, ag) — (X, o) in Top,, and an integer n. Then,
up to homeomorphism, we have A C X and, one can apply the proposition 1.4.8 to the triad (X, A, {*}) in
order to get the exact sequence:

E,(A, x) —— E,(X, x) —— E,(X, A).

Hence, applying the lemma 3.1.7, it yields we well have the exact sequence of (H1’):

En(A) —— E,(X) —— E,(X/A).

H et n € Z. As in the previous point, we use the proposition 1.4.8 but wi e tria , X, {*}), and i
2) Let Z. As in th i int th ition 1.4.8 but with the triad (CX, X d it
gives the exact sequence:

B 1 (CX, %) —— By (CX, X) —— Ep(X, %) —— B (CX, #)
We notice that E.({*}, *) = 0 since the lemma 3.1.6 gives E.({x}) = E.({x}) ® E.({*}, ). Moreover, we

saw that on the one hand C'X is contractible, and on the other hand the suspension ¥X is homeomorphic to
3.1.7

CX/X. That implies E.(CX) := FE.(CX, %) = E.({*},*) =0, and E,,,1(CX, X) "=" B, 1(CX/X, %) =
En1(ZX, ) =: E,411(2X). In other words, we have the exact sequence:

0 —— E, (X)) —— E,(X) —— 0,
which induces the desired homeomorphism E, 1 (XX) = E, (X).

(83) Let {(Xi, ®;)}ier, be collection of based spaces in Top,. We notice the cofibrations {x;} — X; for i € I
imply we have with the proposition 2.3.5 the cofibration j : [[,{z;} — [[; Xi. Using the lemma 3.1.7, we
have in particular E, ([ X;, [1,{z:}) = E.((I1; Xs)/(I1;{z:})), and it yields the wanted isomorphism:

E, (\/ Xi> = E, ((H Xi> / (]_[m})) ~E, (]_[ Xi, H{xi}> W P E.(Xi, z:) = P E(X0).

i€ly icly i€ly i€l i€lo i€lo i€ly
(H4) It is a particular case of (H4).
(f15) We already computed H,(S°, A) in 1.4.27. We have with the lemma 3.1.6 and the dimension axiom (H5):
A@ A= Hy(S° A) = Ho({x}, A) @ Ho(S°, ) = A @ Hy(S),
so Ho(S%) = A, and similarly for n # 0 we get H,,(S°) = 0.

On the other hand, we consider a reduced homotopy theory E, on Top,. For any topological space X, we define
its fixe pointed space X as being the pointed space (X [[{*}, %), and we have the following functor:

Top — Top,

X e Xy= (X[ )
fX-)Y — f+ZX+—>Y+
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where f; := f on X, and maps * to *. As a fixe pointed space X is in Ob(Top,), one can compute mapping cones
in Top,:

A+°i—+>X+

[ |

C(Ay) — Ci,

This is why we suggest to build a homotopy theory defined as E, (X, A) := E,(C;, ) and E,(f : (X, A) — (Y, B)) :=
E.(0: Ci, — Cj,), where i and j are the inclusions A < X and B < Y, the pairs (X, A) and (Y, B) are in Top,,,
and the continuous map 6 is induced by the pushout as follows:

A+ %) X+ \
CA) —5 c
NGET) J
Ty
C(er‘AJr”BJr) O(B+) e Oj+.

Let us show this definition verifies the axioms.

(1) Take a pair (X, A) in Top,,. The remark 3.1.2 applied to iy : A} — X gives us the following exact sequence:
W By(Ay) —— Ep(X4) ——— B (Ciy) ——— Epq(Ay) —— .
We notice that E,(Ay) = E, (A, §) because we have the pushout:

0p =[x} 5 A,

C(0+) = {x} — A4
and similarly E,(X ) = E,(X, 0). It yields we have the wanted exact sequence:

e By(A D) ——— By (X, 0) ——— B (X, A) ——— By 1(A, 0) —— ..

Notice that, secretly, the map F,(X, A) — FE,_1(4, 0) is well exactly 9,
transformation defined as follows for any relative space (Y, B):

(x. ) Where 0, is the natural

Eo(Y, B) = Ba(Cy,) — =" B (5(B,))

=~ (H2)
m l

E,_1(B, @) = Enfl(BJr)

where j, : By — Y, and where p: Cj, — X(B,) is given by the cofiber sequence of j .
And the other axioms can be shown in a similar way as the ones of the reduced homology theory. O

Remark 3.1.9.  Let us precise why the relation between theories given in the proof is well one to one. On the one
hand, given a reduced homology theory E,, we define a homology theory E, with the relation E, (X, A) := E,(C; L)
on Top,,, and then we define a new reduced homology theory E/ with E/(X, ) := F.(X, xo) on Top,. We
consider a pointed space (X, xo) and we notice that E, (X, z9) = E*(C’f+) where f: {9} — X because:

{zo}+ °°‘f—+>Q'X+

|
C({zo}y) = — Q—‘ C’f+f:© X,

where C({zo}+) = C(8I) = I has been computed in the proof of 2.2.9. It implies we have:
EN‘;(X’ 1'0) - E*(X7 IIZ()) - E*(Cf+) = E*(Xv LEO)'
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One can also show we have E’(f) = E,(f) for any continuous map f in Top,, so it well yields E’, = E,.

On the other hand, considering a homology theory E,, we define a reduced homology theory E, on Top, as
E.(X, 79) = E.(X, o), which induces a new homology theory E/ such that E.(X, A) := E.(C},) on Top,,. For
any topological space X, we have E, (X, *) = E.(X [[{*}, 0][{*}) & E.(X, 0) ® E.({*}, ) with the additivity
axiom (H3). We saw in the proof of (f12) that E,({*}, *) = 0, so it results F, (X, *) & F,(X, 0). Now we have:

E;(Xv @) = E*(X+) = E*(X+7 *) = E*(Xa Q))

Then, for any pair (X, A) in Top,., applying the proposition 1.4.8 to the triad (X, A, (), we get the exact sequence
for any integer n:

E.(

S

) — E (X)) — E (X, A) — E,1(A) —— E,_1(X)

N

E (A) — E/(X) — E/(X,A) —— E!_{(A) — E|_{(X),

n—1 n—1

IR
IR

and we can conclude with the 5-lemma that E, (X, A) = E/ (X, A). One can also show we have E’(f) = E,(f) for
any continuous map f in Top,,, so it well yields E, = E.. Hence the one to one relation.

Il. Singular homology via Dold-Thom

In this part, we begin to use what Albrecht Dold and René Thom really introduced in mid XX*" century. Find
their work concerning the Dold-Thom theorem in the reference [DT58|. We will consider here an ordinary reduced
homology theory H, with the particular group of the integer Z; we call singular homology such homology. Before
going further, given any pointed space X in Top,, we admit that the functors [XX, —]. and [¥?X, —]. from Top,
land respectively in Gr and Ab. Recall we saw in the proposition 1.2.12 they are homotopy invariant functors. In
particular, note that 71 (X) := [St, X],. = [£SY, X]. is a group, and 7,(X) = [£25"2, X], is an abelian group
for any integer n > 2.

1. Infinite symmetric product

We need a homotopically well-behaved functor: the infinite symmetric product SP from Top, to a new category
A. Note that this notion is deeply developed in [AGP02, 5.2]. First, let us define this new category .A: this is
the category of the topological abelian monoids. Its objects are pointed spaces (A, ag) in Top, together with a
multiplication pua : (A, ag) x (4, ag) — (4, ag) in Top, which is commutative, associative and unital (i.e. for any
a € A we have pa(a, ag) = a = pa(ag, a)). Moreover, its morphisms are continuous pointed maps f : A — B for
A, B € Ob(A), such that the following diagram commutes in Top,:

A % B
MAT T s (3.1)

Ax A —— BxB.
Fxf

In other words, this map f is a kind of group homomorphism. An exemple of topological abelian group is an abelian
group endowed with the discret topology (where every subset is seen as open).

Now, let us define a functor SP™ : Top, — Top,. Let (X, x¢) be a pointed space, and n > 1 an integer. We denote
S,, the symmetric group (endowed with the discrete topology) which acts on the n-times product X *™ := X x---x X
(together with the product topology) of X with:

{ S, x X" = X
(O’7 (xl, ceey In)) — (J,‘U(l), vy xg(n)).

We denote the orbit SP™(X, xg) := X *"/&,, which is a topological space endowed with the quotient topology, and

based on [(xg, ..., o)]. In particular, the order of the coordinates in this space does not matter. We will simply
write its elements under the form [z, ..., ,]. Moreover, for any continuous map f : (X, x¢) — (Y, yo) in Top,, we
define:

SPE) { @1 2] o [F@2)s o S,
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which is continuous and based, and one can easily verify that SP™ thereby defined is well a functor Top, — Top,.
Observe that, for n = 1, we get SP = id7op, the identity functor, and for any n > 1 we have the embedding:

SPY(X, xg) — SP"M(X, )
[®1, ooy Tn] = [To, X1, .ny Tp).

Therefore, we can write SP™(X, x¢) — SP""1(X, x¢), and we have the sequence:
()(7 .’L'()) = SPI()(7 .’170) — SPQ(X, a’,‘()) — SP3(X, .’I,‘0> — ...

Now, let us define SP.

Definition 3.2.1.  The infinite symmetric product is the functor SP : Top, — A defined for any pointed space
X and continuous map f : X =Y in Top, by:

SP(X):= [ SP"(X), and SP(f):{

n>1

U, sP*(X) — U,SP™"(Y)
[xlv 23) xn] = [f(l'l)v Xy f(xn)]

where SP(X) is endowed with the union topology (namely, a set C is closed if, and only if, the intersection C' N
SP™(X) is closed for any integer n > 1). Moreover, if we denote xg the basepoint of X, then the basepoint of
SP(X) 18 [1‘0] = [J)o, ceey .’Eo].

Remark 3.2.2. Indeed, it is clear that SP is well a functor, but let us verify that in addition it lands in A. Take
a pointed space X in Top, and denote xz( its basepoint. We can endow SP(X) with the following multiplication:

) SP(X) x SP(X) — SP(X)
BXEV ([n, s @, [2h, s 20)]) = (21, ooy @y 2, ooy 2],
which is commutative because, as we saw previously, the order does not matter; also clearly associative, and unital
because [z, ..., 1] = [z1] for any x; € X. Furthermore, for any continuous map f: X — Y in Top,, we have:
v[z], [2'] € SPH(X), py o (f x N)(lz], [']) = pv([f(@)], [f(=)])

= [f(2), f(a")]
= (f x f)([z, 2'])
= (fxf)oux([x], [CL‘I]),

and similarly in greater dimensions. It means the diagram (3.1) commutes, and therefore SP is well a functor from
Top, to A.

Remark 3.2.3. We saw the page 3 some examples of free functors, and we could add SP to this list.

Proposition 3.2.4. THE FUNCTOR SP : Top, — A IS HOMOTOPICALLY WELL-BEHAVED, IN THE SENSE THAT:

~, g € Mor(Top,) = SP(f) ~. SP(g).

Proof. Let f~,g:X — Y in Top,, and H : X X I — Y the associated pointed homotopy. Then the map:

{ SP(X)xI — SP(X x 1) — SP(Y)

([x1y ooy n), ) = [(z1, )y ooy (@0, B)] = SPH)([(x1, 1), .oy (@, 1)]),

is a pointed homotopy that gives the wanted relation SP(f) ~,. SP(g). O
One can show the following interesting result with the CW-complexes, for instance in [AGP02, 5.2.2].

Proposition 3.2.5. Ir X 1S A POINTED CW-COMPLEX, THEN SP(X) IS sO. O

The following proposition gives the relation S* ~ SP(S!), but we have to pay attention since it does not stand in
higher dimensions: S™ % SP(S™) for n > 1. There, we consider S' as subspace of the complex plan C, together
with the usual multiplication - and the basepoint 1 € C.

Proposition 3.2.6.  THE INCLUSION i : S' = SP(S') — SP(S') 1S A HOMOTOPY EQUIVALENCE.

Proof.  We define the map:
sp(sty — st
m:
[1'17 ceny l'n] = Ust ({El, JIxs! ({EQ, )) =1 ...  Tp,
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which is in A because, pug: being in Top,, it is also in Top,, and it satisfies the diagram (3.1). We observe that
moi =1idgi. Let us show that i o m ~, idsp(s1). Remark that:

Y[z, ..., 2n] € SP(SY), iom([T1, oo, Tp]) = 0(T1 o xy) = [Ty ey = @1 g, 1 1L
That implies we have the wanted homotopy equivalence thanks to the following pointed homotopy:

{ SP(SY)x1 - SP(SY),
([x1, ooy Ta], 8) =[xy -2l 1, 1],

n?

2. Quasifibration

We defined the n-th relative homotopy group on Top, in 2.2.7 (which is an extension of the one on Top, defined
in 1.2.16). Now, with this notion, Dold and Thom gave the following definition of quasifibration. For any based
space (X, zp) in Top,, when the basepoint is clear, we will just write m,(X) instead of 7, (X, ) to lighten the
notations.

Definition 3.2.7. Dold-Thom. A continuous map p:Y — Z in Top is a quasifibration if for all zg € Z the

induced map:
{ (Y, p ({20}) — (2, 20)
" /] ~ [po /]

is an isomorphism for all integer n > 0.

Remark 3.2.8. In particular, if we apply the long exact sequence of homotopy groups seen in 2.2.9 to the pair
(Y, p~1({20})) in Top,.;, we have the exact sequence:

Px
a2

e —— T (p {20})) —— (YY) —— 1 (Y, p ({20})) = ma(Z, 20) —— Tu1(p ({20})) —— ... (3.2)

and we notice this is a sequence of pointed homotopy groups 7, : Top, — Set,.

Example.  The following map is a quasifibration:

R — st
D: { T 621"/1':E7 (33)

because 7. (R, p~1({*})) = m«(R, Z) = 7. (R/Z) = m.(S1).

Now, let us state a proposition due to Dold and Thom concerning the quasifibrations. This result is shown in

|[AGP02, A.3.1].

Proposition 3.2.9. Dold-Thom. IN Top,, CONSIDER A HAUSDORFF SPACE X AND A PATH-CONNECTED
SUBSPACE A C X. IF THERE IS A COFIBRATION A »— X, THEN THE NATURAL PROJECTION [—] : X — X/A
INDUCES A COFIBRATION SP([—]) : SP(X) — SP(X/A) IN Top (SECRETLY, WE FORGET THE BASEPOINT WITH
A FORGETFUL FUNCTOR; SEE 3). IN PARTICULAR, WE HAVE FOR ANY INTEGER n:

T.(SP(X), SP(A)) = 7, (SP(X/A)). O

Corollary 3.2.10. LET X BE A POINTED SPACE IN Top,. ASSUMING X HAUSDORFF AND PATH-CONNECTED,
WE HAVE:
Tn(SP(X)) 2 1h41(SP(XX)).

Proof.  As X and I are Hausdorff, the union (X x {1}) U ({zo} x I) and the product X x I are also Hausdorff,
and it follows the quotient CX := X x I/((X x {1}) U ({xo} x I)) is so. Then, applying the previous proposition
to the cofibration X — C'X, we have for all n € N:

??

T (SP(CX), SP(X)) *2” 1,(SP(CX/X)) & 1, (SP(SX)).

We know that CX is contractible (see ??), so, as SP is homotopically well-defined (cf. 3.2.4), we have SP(CX) ~
SP({+}). Now, for any integer n > 1, the set SP™({x}) := {*}*™/S,, contains only one element, namely [, ..., ],
which means SP({+}) contains also only one element, that is its basepoint [+], and it yields for any integer n:

T (SP(CX)) = m(SP({*}) = m({x}) = 0,
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because there is only one map S™ — {x}. Therefore, the exact sequence (3.2) gives for any integer n:
0=m,11(SP(CX)) —— mp41(SP(XX)) —— 7, (SP(X)) —— m,(SP(CX)) =0,

and we thus have the wanted isomorphism 7,41 (SP(XX)) = m,(SP(X)) with the proposition 1.3.3. O

3. The Dold-Thom theorem

Now, let us take a look at the long-awaited Dold-Thom theorem.

Theorem 3.2.11. Dold-Thom. THE FUNCTORS H,(—; Z) : Top, — Ab DEFINED FOR ALL n € Z BY:

VX € Ob(Top, ), H,(X;Z):= { 77”“(55(2)()) i Z i 8

FORM A ORDINARY REDUCED HOMOLOGY THEORY WITH GROUP Z, WHERE X — X 1S A CW-APPROXIMATION
(SEE 2.1.16). IN PARTICULAR, IF X IS A PATH-CONNECTED CW-COMPLEX, WE HAVE FOR ANY INTEGER n > 0:

,(X; Z) = 7a(SP(X)).

Proof. Let X bet a pointed space in Top,. In order to lighten the redaction, we will write f{n(X ) instead of
H,(X; Z), or sometimes even H,(X). One can see that H,(—) is a functor by composition of functors (see the
remark 1.1.6), but let us show that it is homotopy invariant. If we take two pointed spaces X ~, X’ in Top,,
then we have the weak equivalences X ~ X ~ X’ ~ X' with the CW-approximation and the proposition 1.2.28,
which implies X ~, X’ with the Whitehead theorem 2.1.15. Tt yields SP(XX) ~, SP(XX’) because ¥ and SP
are homotopically well-behaved (see 1.4.22 and 3.2.4), and thus 7,(SP(XX)) = m.(SP(XX’)) because 7, is a
homotopy invariant functor (cf. 1.2.18). Moreover, this functor is well-defined since, if we consider two different
CW-approximations X and X of X , we have the weak equivalences X ~ X ~ X , and it results the homotopy
equivalence X ~ X by the Whitehead theorem 2.1.15. Now, let us verify the five axioms of a ordinary reduced
homology theory.

(H4) We consider a weak equivalence f: X — Y in Top,. We have the following CW-approximation:

>

_

~

—

i e
~
2

=<

which implies f is also a weak equivalence, and it is even a homotopy equivalence due to the Whitehead theorem
2.1.15. Therefore, as the functors ¥ and SP are homotopically well-behaved (see 1.4.22 and 3.2.4), and as .
is a homotopy invariant functor (cf. 1.2.18), we well have the wanted isomorphism H,(f) := 7,4 1(SP(Xf))
in Ab for all n > 0, and it is also obviously the case for any negative integer n.

(A1) Let f : A — X be a continuous map in Top,. By CW-approximation and the theorem 2.3.16, we have the
following commutative diagram:
f

N
<

2
By ——
Nzﬁ

~, A

With the Barratt-Puppe sequence of the cofibration j : A — M, we deduce the cofibration Xj : LA — EMy
(see the remark 2.3.13). We want to apply the proposition 3.2.9 to this cofibration YA — Y Mjy. Let us
show that XM Fis Hausdorff. We know thanks to the proposition 2.1.7 that the CW-complexes A and X are
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Hausdorff; and I is also Hausdorff as subset of R endowed with the usual topology. Now, in the pushout in
Top,:

_r

o
—— >

Ax T — My,
we have that My := (AxI)V i X is Hausdorff for the property of being Hausdorff is preserved by product,
coproduct and quotient. Then, for the same reasons, the suspension ¥M; is also Hausdorff. Moreover, the
suspension LA is path-connected as seen in ??. Thus, we can apply the proposition 3.2.9 and we have for any
integer n > 0:

mns (5P (@3p)/80)) "2 m (5P (05) E w52 (50y)
H,

o (SP (z;c )) -

One can see that we have the weak equivalence C'f ~ Cf, we then have by (H4) that Hn(Cf) >~ H,(Cy).
Finally, we have due to (3.2) the wanted exact sequence for any integer n > 0:

3.2.9

[l

_— <SP(EMf), SP(EA))

2.

=

(C;) “ET Ha(C)).

J)

- . M~y . -
Ho(X) 1= 11 (SP(EX)) — Ho(Y) = 101 (SP(EM;)) — Ho(Cp) = Mot (SP(EMJ;)7 SP(ZA)) :
and we also have the result for n < 0 because the sequence 0 — 0 — 0 is obviously exact.

Let X be a pointed space in Top,. For all integer n > 0, knowing that X is Hausdorff and path-connected
for the same reasons as in the previous point, the wanted isomorphism yields from the corollary 3.2.10:

~ 3.2.10 ~ 21.17

H,(X) = mp1(SP(2X)) 2 Tni2(SP(22X)) =" w40 (SP (Z(ﬁ))) = Hp1(2X).

For n = —1, as X is path-connected, we have that SP(EX) is also path-connected, so as 7 is the set of the
path components (see 1.2.21), it follows:

3.2.10 ~ . 1

A_1(X) = 0= mo(SP(EX)) & m(SP(2X)) *L7 7, (SP (2(5}?))) = Hy(SX).

And, naturally, the result still stands for n < —1:  H,(X):=0=: H,+1(ZX).

We will show the result in particular case of 2 elements, but it can be generalized with transfinite induction
arguments. Let X and Y be two pointed spaces in Top,. We consider the natural projections ¢ : X VY —
Y=(XVY)/Xandr: XVY = (X VY)/Y, and we apply the exactness axiom (H1’) to the cofibration
7: X — X VY to get the exact sequence:

a.x) 9 gxvy) T g x vy)/x) = By,

o -

. (T)

where H,(r) is a retraction. One can notice that H.,(j) is injective because we have the following commutative
diagram:

~ H

. (nd)K JH

and similarly H, (g) is surjective; so we can extend the exact sequence:

0 —— A.(X) 9 Fxvy)

Ko -

29 g (y) — 0.

H.(r)
Now, applying the splitting lemma 1.3.12, we get the wanted isomorphism:
H(XVY)=H(X)® H.(Y).
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(5)

We well have H,, (89) = 0 for any n < 0. Now, for any integer n > 0, as S0 is a CW-complex, we can consider
the CW-approximation S° = S, and it induces:

7T1(Sl) =Z ifn:O,
0 ifn >0,

? 3.2.6

Hy(S%) = 1011 (SP(BS%)) = 71 (SP(ES%) Z w1 (SP(SY)) "2 1 (S1) = {

Indeed, to be brief, up to homotopy, to each loop in S! we can associate an integer in Z: the algebraic number
of "tours" around the center of S'; and conversely any number k in Z corresponds to a unique class of loops:
the one that contains a loop doing k "tours" around the center of S*; and this relation is moreover one to one.
Furthermore, we have m,(S') = 0 for any n > 1 since the exact sequence (3.2) applied to the quasifibration
p:x+— e (cf. the exemple (3.3)) gives the exact sequence:

0=, ({*}) = mn(R) ——— 1,(S")) ——— m,_1(Z) =0,

where 7,_1(Z) = 0 because any continuous map into Z is necessary constant to the given basepoint.

Note that, due to (fi2), the functor H,(—; Z) lands in the category Ab of abelian groups just applying the fact
that m, lands in Ab for n > 2 (see page 47) and seeing besides that 0 is clearly an abelian group. Moreover, the
particular case is an application of the corollary 3.2.10, noticing that we can take X = X as CW-approximation of
X when X is a CW-complex, and that CW-complexes are Hausdorff spaces (see 2.1.7). O

4. Examples of computation

To conclude this project, it may be interesting to give examples of computation of H, (X) for some X, namely the
k-sphere S* (k € N) and the torus S! x S, where H, is any ordinary reduced homology theory with an abelian
group A. Let n be any integer.

(1)

(1)

Actually, we have almost already computed the first case: we know that H, is associated to one precise
ordinary homology theory H, due to the theorem 3.1.8, and it yields:

AGA fk=n=0,

~ 3 — (H5) . . . 1.4.27
aushyed A =0T g oh g () LS (gh) S A ifk=n>00rk>n=0,
0 otherwise, .
0 otherwise.
Therefore, we have the first wanted result:
~ A ifk=n>0
k\ ~ - Y
Hy (%) = { 0 otherwise. (3.4)

Now, let us compute ﬁ*(T) where T := S! x S! is the torus. We will use the fact that T is a pointed
CW-complex with one 0O-cell, two 1-cells and one 2-cell. Indeed, we denote Xg := ({*}, *) its O-skeleton, the
next one X7 is given by the pushout in Top,:

SOvSY oo, . X,

| |

D'VD' eee —5 (X)) X,

On the one hand, one can observe that H,,(Xo) = H, ({*}, *) = 0 since we have H,,(5°) = H,(5°V ({*}, ¥)) =
H,(S°) ® H,({*}, ¥) due to (u3). On the other hand, we saw in the proof of the theorem 2.2.9 that the
reduced cone of S° = 9l is C(SY) = I = D'. One can similarly compute the reduced cone of S° Vv S° and
then get C(S°Vv SY%) = D! v D! It implies by unicity of the pushout up to homeomorphism (see 1.1.26) that
the 1-skeleton X; is no more than the mapping cone C if we denote by f the map S° Vv S° — Xj:

soygo T L x,

! |

D'v D' =C(S°V 8% —5 X; = (.
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Consequently, with the remark 3.1.2 applied to f, we obtain the following exact sequence:

H

0= H,(Xo) — H,(Cy) = H, (X)) — H, 1(S°VS°) = H, 1(S°) @ H, 1(5°) —— H,_1(Xo) = 0.

—~
w
=

Hence, we deduce the wanted result from the previous computation:

~ 1.3.3

H,(X:) = Hn—l(so)@Hn—l(So) - 0 otherwise.

34){A€9A ifn=1, (3.5)

Next, let us compute the 2-skeleton X5 using one 2-cell:

0500 %

|
D2 O*w({

Here, the image of the attaching map ¢ "travels" in (X) "making twice the 8": first the left circle, then
the right one, and everything again one more time but crossing the two circles in the reversed rotation. So,
computing the pushout X», we attach in D? respectively the two red parts and the two blue parts together
with the red and the blue circles. It follows obtain Xo = T because we recognize the standard identification
that defines the torus. Now, notice that the disk D? is homeomorphic to the reduced cone C'(S'), so that we
have again C, = X, as it was for X;. Therefore, on the one hand, due to the remark 3.1.2 applied to ¢, we
obtain the following exact sequence for n # 1 and n # 2:

0% f,(X1) —— Ho(Cp) = Ho(Xa) —— Hoo1(SY) 20,

which implies H,(X5) = 0 for any integer n # 1 and n # 2. On the other hand, we have due to the same
remark the following exact sequence:

f{Q(Xl) —_— Erg(c@) —_— ﬁl(Sl) e Hl(Xl) —_— f{l(Cg,) e ﬁo(sl),
which can be simplified with (3.4) and (3.5) into the exact sequence:

O*HfIg(Xg) —— A —— ADA —— FIl(XQ) —— 0.

A similar reasoning as in the third point (I11) of the proof of 1.4.27 leads us to the results Hy(X5) = A and
Hy(X2) =2 A® A. Hence, we have just computed the homology of the torus:

. } AdA ifn=1,
H,(T)=H,(Xy) = A ifn=2,
0 otherwise.
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Appendices

A- Categories used in this project

Here is a list of all the categories used in this project:

NOTATION OBJECTS MORPHISMS ISOMORPHISMS
Set Sets Maps of sets Bijections
Set, Pointed sets Pointed maps of sets Pointed bijections
Top Topological spaces Continuous maps Homeomorphisms
Top, Pointed spaces Continuous pointed maps Pointed homeomorphisms
Top,. Relative spaces Continuous relative maps Relative homeomorphisms
cw CW-complexes Continuous maps between CW-c. Homeo. between CW-c.
CW, Pointed CW-complexes Pointed morphisms of CW Pointed isomorphisms of CW
Gr Groups Group homomorphisms Group isomorphisms
Ab Abelian groups Abelian group homomorphisms  Abelian group isomorphisms

Table 1 — Categories used in this project

B- Proof that 7, is a group

Proposition 1.2.19. LET BE n > 1 A POSITIVE INTEGER, AND (X, 2g) A POINTED TOPOLOGICAL SPACE. THE
n-TH HOMOTOPY GROUP 7, (X, xy) IS A GROUP.

Proof. ~ We will follow the steps given at the page 11.

(1) We want to show that G := [(I", 9I™), (X, zo)] is a group. For any two continuous maps f, g : (I", dI") —
(X, zg)) in Top,,, we define the operation + in Top,((I", OI™), (X, x¢)) as follows:

n . f(2s1, 82,...,5n) for s1 € [0, 1/2],
Vst om) €17 (FH9) (1, 82, 08n) 1= { 9(2s1 — 1, 89,...,8,) for sy € [Lf2, 1],

where for s = 1/2 we well have f(2s1, s2,...,8,) = 2o = g(2s1 — 1, $2,...,8,). We notice that this operation
+ is well closed: f + g € Top,,((I™, OI™), (X, x0)). Now, by quotient, we want to define a similar operation

- on G as follows:

[f1-[g] = [f +gl,

but we need to verify that such an operation is well defined. First, we can see that this operation is closed:
as f+g € Top,,(I", dI™), (X, xg)), we well have [f + g] € G. Now, if we take f’ € [f] and ¢’ € [g], we have
f' ~g f and ¢’ ~gn g, and we note Hy and Hy the corresponding relative homotopies. We notice that the

relative homotopy H defined by:
vtel, H(—,t):=Hs(—, t)+ Hy(—, t),

(where the operation + is defined above) gives us the relation f’ + ¢’ ~g» f + ¢g. This means that the
operation - is well defined:

F1-19T = +d1=1f +g]=[f]-[g]-



(1)

Next, let us show that the operation - is a group law. Let us consider three continuous maps f, g, h €
Top,((I™, 8I™), (X, x0)) and a point (s1, S2,...,S,) € I". On the one hand, we have:

B (f+9)(2s1, s2,...,8,) for s; €10, /2],

((f +9) +h)(s1, 82,...,80) = { h(2s1 — 1, $2,...,5,) for s1 € [L/2, 1],
f(451, 327"'7571) for 81 € [Oa 1/4]7

g(4s1 — 1, 89,...,8,) for s1 € [L/a, 1/2],
h(2s1 — 1, s9,...,8,) for sq € [Y/2, 1],

and on the other hand:

(f+(g+R)(s1, 52,0, 80) = { : f(2s1, 82, 8n) for s, € {07 L2,

g+h)(2s1 — 1, sa,...,8,) for sy €L/, 1],
f(231a327"',3n) for S1 € [07 1/2},

g(dsy — 2, s9,...,8,) for s; € [L/2, 3/4],

h(4s1 — 3, s2,...,8,) for s1 € [3/4, 1].

So the following relative homotopy defined by: V(s1,...,s,) € I", Vt € I,

f (t%Sh 52,...,8n) for s1 € [07 % ,
H((s1, S2,---,8n), ) == g(4s1 —1—t, 50,...,5y) for s, € [1, 2]
h(7t4+231+%;327...,5n> for s1 € [H2, 1].

gives us the relation (f + g) + h ~gr» f + (¢ + k). This implies that we have:

(F1-[g) -0 = [(F+9)+hl = [F+(g+h)] = [f]-(g]- ),

which means that the operation - is associative. Furthermore, we can see that [e : (s1,...,8,) — xo] the
identity element: indeed, we have the relation f 4 e ~g;» f with the relative homotopy defined by:

2 t+1
V(s1,...,8,) €I VL E I, H'((s1, 82,...,80), ) = f(“‘l 81782""’8”) for s; € [0, 552],
o for s1 € [%, 1],
which means that we have [f] - [e] = [f + ¢] = [f], and in a same way [e] - [f] = [f]. Finally, let us show that
[f : (s1, S25.-.,8n) = f(1 —s1, Sa,...,8y)] is the inverse element of [f]. We have:

= f f(=2s141, s9,...,5,) for sy €0, /2],
P Dlon sy = { i) o e

and we can consider the relative homotopy defined as follows: V(s1,...,s,) € I", Vt € I,
f(=2s14+1, s9,...,8,) fors; € ?L%]

H"((s1, 82,---,8n), t) = f(2s1+2t—1, s9,...,8,) forss €
X0 for s € [1

which gives us the relation f+ f ~om e. We deduce that [f] - [f] = [f + f] = [e], and in a same way

[f] - [f] = [e]- Therefore, [f] is the inverse element of [f], and we have shown that - is a group law. Hence
(G, +) is a group.

There is an obvious homeomorphism between I™ — (9I™) and the n-dimentional hyperspace R™ using for
instance the continuous map arctan(—)/m +1/2 on each coordonate. There is also a homeomorphism between
R™ and S™ — {x} considering for example the stereographic projection. So, by composition we have a home-
omorphism between I"™ — (0I™) and S™ — {x}; and by continuity, we can extend the homeomorphism to I,
mapping the boundary 0I™ to the point *. Then, we can deduce the following homeomorphisms in Top:

/oIt = ({Im —(oI™))uoI/oI") = (I" — (oI™)) U {[0]} = S",
and finally we conclude with the wanted homeomorphism in Top,.:

(I /01", [0]) = (5™, *).



(111) We apply the remark 1.1.9 with the contravariant functor [—, (X, zo)] to the bijection provided by (11), and
we obtain the bijection in Set:

(X, o) == [(S", *), (X, xo)] = [(I"/0I", [0]), (X, @0)]- (6)
With a similar reasoning as in the proof of the proposition 1.2.15, we get the bijection:
(1", 8I"), (X, wo)] = [(I"/OI", [0]), (X, mo)]. (7)
Finally, we gather the informations provided by (6) and (7) and we obtain the bijection:
(X, zo) = [(I", OI™), (X, x0)], (8)

where the second set is the group G as seen in the first point (1). That is why m,(X, x) is also a group
together with the operation induced by the bijection (8). O
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