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CHAPTER 1
Simplicial sets

1.1. Introduction

The primary goal of algebraic topology is to build algebraic probes for
topological spaces in order to distinguish them from one another. However
one can be more ambitious and ask for rebuilding the space out of these
algebraic entities. The most natural topological spaces that our intuition
can afford, are the topological spaces built out of geometric pieces such as
lines, triangles, tetrahedra etc. These are the spaces that we call triangu-
lated manifolds. Obviously this is too much to ask since such spaces are
rare. So the first step would be to try approximate and compare a general
topological space X with such geometric pieces. Thus we have to consider
all the continuous maps A™ — X because there is no preferred one. Next we
have investigate how these rough images of simplexes fit together to fill the
target space X . This step gets us to singular singular complex (Sing, (X), 9)
where

Sing(X),, :={f : A" — X|f is continuous }

and A" := {(to,t1, - tn)| D ti = 1,0 < t; < 1} is the geometric simplex.
The singular chains complex S,(X) is the graded free abelian group whose
generators are the the element of Sing, (X).

The only structural data which has so far manifested is the collec-
tion of face maps which are of geometric nature. Now we can start ask-
ing many natural questions such as: can we build back the space X out
of the singular complex (Sing,(X),0). How about other (infinite dimen-
sional)topological space such loop spaces and paths spaces related to X7
The next layer of questions would be the functorial properties of the con-
struction (Sing, (X),0). It turns out that a continuous map gives rise to a
map of simplcial sets and chain complexes and more; two continuous ho-
motopic maps give rise to two chain homotopic maps. The proof of the
last statement is quite interesting because it requires triangulating A™ x I.
This process known as the prism operation relies on sending the simplices
of each factor to some degenenrate simplices (i.e.lower geometric dimen-
sion) in the product. For a similar reason, computing the homology of the
cartesian product of spaces uses the Eilenberg-Zilber map which also re-
quires the degeneracy maps. While trying to understand further more the
internal algebraic structure of the singular chain complex (S.(X),d), one
has to look at the most important map in topology i.e. the diagonal map
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2 1. SIMPLICIAL SETS

X — X x X. The map induced by the diagonal on the singular chains
together with Alexander-Whiteny (the left inverse of Eilenberg-Zilber map)
equips S«(X) with a remarkable coassociative product. This coproduct,
whose dual, the cup product, is better known) plays an essential role in
Adams’ cobar construction which computes the homology of the based loop
space of X. We have started to convince ourselves that if we are interested
in studying X, we should also consider the degeneracy maps as part of the
structure. The degeneracy maps correspond to the situations where two
vertices of a simplex are in fact geometrically identical therefore the geo-
metric dimension is lower. So our holy grail will be Sing, (X) with its face
d; and s; degeneracy maps which is prototype of simplicial set. We have
task ourselves with distinguishing topological spaces among the simplicial
sets and rebuilding homotopy theory out of simplicial sets.

1.2. Basic notions

As explained in the introduction, we want the singular complex of a
space to be prototype of simplicial sets, so naturally the geometric simplices

A" — {(to,tl,---tn)lzti =1,0<t; <1} c R™H!

should form an example of cosimilicial set.
Inspired by this example, we define the simplicial category A whose ob-
jects are [n] :={0,---n}forn =0,1,---. The set of morphism Homa ([n], [m])) :=
{f : [n] = [m]|f order preserving}
For instance, for each i we have the coface morphisms d’ : [n] — [n + 1]
and codegeneracy morphisms s’ : [n + 1] — [n] defined as follows:

. jift0<j<i
d(J)={

jH+1lifti<y
and
» jifg<i+1
s'U)=4" ... .
j—liti+1<y
for O > i <n.

DEFINITION 1.1. A cosimplicial set is covariant functor X : A — Set
where is Set is the category of sets. Similarly a simplicial set is covariant
functor X : A°? — Set where is A is the opposite category of A.

NOTATION 1.2. Let f € Homa(—,—) be a morphism in the simplicial
category. For a cosimplicial (resp. simplicial) set X, f. := X(f) (reps.
f*:= X(f)) denotes the corresponding morphism in the category Set.

ExaMpPLE 1.3. The geometric simplices , A* : n — A™ form a cosim-
plicial object. For a morphism f € Homa([n],[m]) , A*(f) : A, — Ay, is
defined by A*(f)(to,t1--tn) := (S0 - - S$m) Where s; = Etjef—l(si) t).



1.2. BASIC NOTIONS 3

In this example A*(d) are precisely the inclusion A™ < A™ as the i-th
face.

ExaMPLES 1.4. For a topological space X, the singular complex Sing(X)
functor Sing(X) : A°? — Set, given by the sets of singular simplices

Sing, (X) := C°(A"™, X)

form a simplicial set. Therefore we have functor Sing : Top— Spaces — sSet

LEMMA 1.5. Any morphism in Hom([n], [m]) has a unique factorisation
of the form

f=db...drshh ... gk
where n —k =m —1

PROOF. An order preserving map from [n] to [m] is determined by its

image (or its complement) and the equivalent classes of IJ, where = L Y
iff f(z) = f(y). Moreover f induces a bijection between these equivalence
classes and its image. Suppose that i; < is--- < 4; are the distinct elements
of [m] \ Im(f), and ji,---j is a the maximal sequence for which f(j,) =
f(Jp +1). The equivalence described above has n — k element and the
image of f has m — [, therefore n — k = m —[. We also noticed that the
map d% - --d" does not have 41,4y - - - ,4; in its image and the map s/t - - - sk

define an equivalence relation 2 whose number of classes is smaller than
number of classes of f. In other words, if we set ¢ = d% - - d*1s71 . .. sk then
®(jp) = ¢(jp + 1) for all p and 4,42 - - ,4; are not in the image of ¢. In fact
Im(¢) = Im(f). Since ¢ is also order preserving, it establishes a bijection
between its equivalence classes (which there are at most n—k) and its image
(which has exactly m — [ elements). Since m — [ = n — k, therefore ¢ has
exactly the same number of equivalence classes ( and the imgae) therefore

f=9 O

Since d* and s° verify the relations

did =T i<y

st = gtgltl 1<
sld={1 i=jj+1
di—1gi otherwise

By Lemmal.5 and relations (1.1) we have

PROPOSITION 1.6. The morphisms of the simplicial category A are gen-
erated by d' and s* subject to the relations (1.1).
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We call d'’s and s'’s respectively the coface and codegeneracy maps.
Similarly the the morphisms of the opposition category A° are generated
by the (dual) generators d; : [n+1] — [n] and s; : [n] = [n+1],for0 < i <n
subject to relations,

d;jd; = d;dj4q 1<

8iSj = Sj+15i i<j
(1'2) Sj_ldi 1< g
diSj =<1 1=17,7+1
sjdi—1 otherwise

COROLLARY 1.7. A simplicial set consists of a collections of sets {X,}
together with maps d; : X141 — X, and s; : Xy, = X411 subject to relations
(1.2).

Proor. If X : A% — Set is a given simplicial set then above mentioned
morphism X (d;) : Xp41 — X, and X(s;) : X, — X, 41 are the above-
mentioned morphism. For simplicity we denote X (d;) and X (s;) by d; and
S;. O

We call Xj the set of vertices and X, the set of n-simplices. We call d*’s
and s*’s respectively the face and degeneracy maps.

DEFINITION 1.8. Simplcial sets form a category sSet. The morphism
sets Homgge (X, Y) from a simplicial set X to Y is defined to be the set of
natural transformation between X and Y as functors. This is equivalent
to have a collection of maps f, : X,, — Y,, which commute with structural
maps d; and s;.

DEFINITION 1.9. In a simplicial set simplex {X,,},, an n-simplex z is
called degenerate if it belongs to the image of a degeneracy maps s;.

PROPOSITION 1.10. A n-simplex = in a simplicial set {X,}, is either
nondegenerate or there is a presentation r = 5,8, - - 85,y with j1 < ja -+ - <
Jr where y is unique

Proor. Existence of the presentation: If z is degenerate then we
are done, if not then there is 47 and y; such that z = s;, ;. Continuing this
process and by finiteness of the dimension, we can write z = s;,;, - 5;, ¥
where y is nondegenrate. Now using the relations (1.2) we can rewrite the
expression in the form x = sj s;, - - - 5,y such that j; < jo--- < ji.

Uniquness Suppose that s; sj, -5,y = 8,85, ---5;2. Let D =
dj,dj, , ---dj . Then we have Dsj s;, - - 55, = id, therefore

y = Dsj siy - 552

Let S = s;,8, -5, so we have y = DSz. Using the simplicial relations
(1.2) we can write DS = S'D’ where D’ is a product of some face maps and
S’ is a product of some degeneracy maps. This give y = S’ D’z which would
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contradict y being nondegenerate unless S’ is void /nonexisting. Therefore
we have proved that y is a face of z and symmetrically y is face of z hence
1.3. Yoneda Lemma

As we know there are some topological space which are triangulate there-
fore they provide us a host of simplicial complexes. It turns ou that we can
turn them into simplicial sets as follows.

ExAMPLE 1.11. Let K = {s;} be an oriented simplicial complex i.e.
with a partial ordering on Vert(K) such that the induced orientation on
each simplex is a linear ordering. We construct a simplicial set { K(n)}, by

K(n) = {[vi, <, -+ <0, ]|vig, v, -+ v4, spans a simplex in K}.

Note that in a n-simplex, we allow repeated vertices. The structural
maps are given by

dk([vio <y <)) = [Uio S Uiy Vi SV S Vi, ]
and
sk (([Vip S iy oo <)) == ip < vy vy, S <]

We give an explicit example of the construction above. Let K be
the simplicial complex consisting of the standard geometric simplex A" =
[eo, €1 -+ en] C R™ and all of its faces. We have

Ks(m) = {[eig, iy - €ip]| do<i1 < <ip & 0<ip<nj

which as a set, it is in bijection with the set of order preserving maps from
{0,---m} to {0,---n}.

EXAMPLES 1.12. A point AY = {0} as a simplicial set, has one n-simplex
for each, they are Xy = {[0]}, X1 = {[0,0]}, X2 = {[0,0,0]}---

Similarly the interval A! has , as a simplcial set, n + 2 n-simplices for
each n, namely

Xl = {[070]? [07 1]7 [17 1]}
X9 ={][0,0,0],[0,0,1],[0,1,1],[1,1,1]}

etc.

So we define the simplicial set A,, whose set of m-simplices is

Ay [m] = HomA([m]7 [nD
LEMMA 1.13. (Yoneda lemma) There is a natural bijection

HomsSot(An’ X) ~ X,
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PROOF. The bijection v : Homgget (Ay, X) — X, is given by sending a
natural transformation T : A,, — X, to ¥(T) := T(id,) € X,,. Here we
think of id,, as an element of A,[n] = Homa ([n], [n]). The inverse T of
is given by T, (z) : A, — X defined by T, (z)(f) = X(f)(x) € X, for an
element f : [m] — [n] of A,[m]. This defines a natural transformation if the
diagram

[ X(f)(2)

(1.3) JAVS [m] Xm
f=rgof l lX (9)
Anlp] R X (h)(z) Xp

is commutative for all g : [p] — [m] € Homa ([p], [m]). The commuta-
tivity is indeed a consequence of X begin a functor from the the opposite
categor the identity

X(9)(X(f)(x) = (X(g) e X(f))(x) = X(g o f)(x)
O

In order to be able to define the notion of homotopy between simplicials
maps we need to define the basis operation on the simplicial sets.

For a simplicial set X = {X,,}n>0, the n-th skeleton Sk, (X) is by defi-
nition the smallest simplicial subset of X containing all the nondegenerate
simplices of dimension at most n. We have a natural filtration

Now we can define a notion of dimension for a simplicial set. A simplicial
set is said to be finite dimensional if for some n, X = Sk, (X). If X is finite
dimensional, the dimension of X is the smallest n for which X = Sk, (X).
For instance, the simplicial A,, is of dimension n. The boundary 0A,, of A,
is the (n — 1)-skeleton of X. One should think of dA,, as a simplicial model
for the the sphere S™~!. Intuitively we can notice that dA, should a be
union of a other simplicial subsets 9;A,, . The simplicial subset 9;A,, is the
simplmicial subset generated by d* € Homa ([n — 1], [n]) = Ap[n — 1].

ProprosITION 1.14. If x is a nondegenerate n-simplex then any face d;x
belongs to Sk,—1(X). As a consequence we have a push out,

incl.
(1.4) Uern(X)aAn — UJ:Een(X)An

Thn-1 \LTn
_I

where e, (X) denotes the set of nondegenerate n-simplices and Y, is the map
provided by Yoneda lemma.
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PRrROOF. If d;(x) is nondenerate then by defining it belongs to Sk,,—1(X).
Otherwise it is of the form s;, s;, - - - s;, (y) where y is nondegenerate simpli-
cies of dimension less than n — 1 therefore y € Sk,_1(X). O

1.4. Basic operations on simplcial sets

The cartesian product. For simplicial sets X = {X,,},, and Y =
{Y,,}, the simplicial cartesian product is defined by

(X xXY)=X, xY,.
The face and degeneracy maps are defined in a diagonal manner i.e.

(1.5) di(z,y) = (di(x), di(y))&  si(x,y) = (si(2), 5i(y))

REMARK 1.15. Note that that product of two degenerate simplices in X
and Y is not necessarily a degenerate simplex in X x Y. You can find the
importance of this observation in the following example.

EXAMPLE 1.16. As explained earlier in Example 1.11, unit interval I =
[0,1] can be enriched into a simplidcial set therefore we can consider the
simplicial cartesian product I x I. Note that the simplices of I = A; are the
sequences of the form [0,---0,1,---1]. So in the cartesian product, there
are 4 O-simplices are

([01; [o1), ({07, [11), (], [0]), ({1, [1])-

We have 5 nondegenerate 1-simplices

and two nondegenerate 2-simplices ©; = ([0,0, 1] x [0,1,1]) and Qo =
([0,1,1] x [0,0,1]).
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(1.7) ([0], [1]) ? ([1, [1])
O
« \ Yy
Qy
(0], [0]) g (1], [0])

Union For two simplicial sets X = {X;} and Y = {Y;}, union X UY is
a simplicial set whose n-simplices are

(XUY),:=X,UY,.

The faces maps and degeneracy maps are those of X or Y.
Wedge For two simplicials sets X and Y, the wedge product X AY is
simplicial subset of X x Y

XANY = (X X [*,]) U ([xz] UY)
Here [%;] and [*,] are the (simplicial) base points of X and Y.

1.5. Simplicial object in a category

DEFINITION 1.17. A simplicial object in a category C is covariant functor
F : A°° — C. Similarly a cosimplicial object in C is a covariant functor
F:A—>C

For instance, a simplicial abelian group is a functor F : A®? — 7 —
Module i.e. it consists of a collection {Gy,}, of abelian groups G, with
group homomorphism d; : G, - G—1 and s; : Gp,—1 — G, which satisfy
the usual simplicial relations

DEeFINITION 1.18. By a simplicial chain complex over a unital ring R,
we mean a simplicial object in the category of R-Modules. It consists of
a sequence R-module C),, together with maps d; : C,, — Cr_1 and 5; :
Cn—1 — C), subject to the usual simplicial identities. It has an underlying
chain complex (Cy, d) where 9 : Cp, — Cy,—1 given by d = >_(—1)d;

1.5.1. Chain complex of a simplicial set. Let R be a unital ring.
We start with a simplicial set X = {X,}. We set Cp,(X) = @zex, R(z) to
be the free R-module generated by = € X,.
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The face and degeneracy maps induces the face and degeneracy maps of
Cy(X). s In other words the functor Cy(X) : A’ — R — Module defined
by

and
Cu(X)(f) : Cn(X) = Cm(X)  Cu(X)(f)(z) = f(z), Vze Xy

for all f : [m] — [n] € Homa, is a simplicial chain complex. Of course
C,(X) has a underlying a chain complex whose differential is given by 0 =
S (=1)id; : Cp(X) — Cp_1(X). We recall the standard notation for the
group of cycles

ZZ(C> = ker(8 : CZ(K) — Cl_l(K))
and boundary element

ExXAMPLE 1.19. The simplicial chain complex of the simplicial set Sing,, (X)
is called the singular chain complex of X and is denoted {5, (X)},.

PROPOSITION 1.20. The collection of simplicials sets {An}n form a
cosimplicial set in the category of simplicial sets.

PRrOOF. For f:[m] — [n], the f*: A,, = A, on a k-simplex is defined
by

h € Ay, = Homa ([k], [m]) — foh € A, = Homa([k], [n]).
The funtoriality (f o g)« = f« © g« is obvious. ]

DEFINITION 1.21. Similarly we can define the maps between simplicial
objets X, Y : A°? — Cin a category C. These are the natural transformation

X 5 v. More explicitly, a map f between two simplicial R-modules {X,,}
and {Y,}, consists of a sequence of R-linear maps f, : X,, — Y,, which
commute with the (simplicial) structural maps d; and s;.

In particular f induces a map of chain complexes Cy(f) : Ci(X) —
C,(Y') which on generator is given by x € X, — f(z,,) € Y,

DEFINITION 1.22. A simplicial chain homotopy between two simplcial
chain maps ¢, f : (Cy,0c = > (—1)'d;) — (D+,0p = > (—1)'d;) is a se-
quence of h; : Cp, = Dp41, for 0 < i < n such
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doho = f
dypsrhn = h
dihj = h]‘_1di 1<
(1.8) djt1h; = djy1hjia

dihj = hjdi_l 1>7+1
sihj = hjy1s; 1< j
Sihj = hjsi_l 1>
If these relations above holds then h = Y~,_(—1)"h; is a chain homotopy

in the usual sense i.e
Oph+hoc=f—g

1.6. Simplicial homotopy

DEFINITION 1.23. Two simplicial maps f,g : X — Y are said to be
homotopic, we write f ~ g, if there is a simplicial map h : X x Al = Y such
that h|x o = f and h|x ) = f. Here [0] and [1] are singleton as simplicial
sets (see Example 1.12) In other words we have a commutative diagram

(19) X x AO
l f
1xd!

XxA X

¥

X x AO
Here d°,d' : Ag = Homa(—, [0]) = A; = Homa (—, [1]) are induced are
induced by d°,d* : [0] — [1].
PROPOSITION 1.24. For composable the simplicial maps fi1 and fs, If
fi~ g1 and fa ~ g2 the firo fa~ g1 0ge
PROOF. it is worth to detail O]

PROPOSITION 1.25. Let X and Y be two simplicial abelian groups. A
simplicial homotopy h : X x A1 — Y between maps of simplicial abelian
groups f,g: X — Y, induces a simplicial chain homotopy between induced
maps Ci(f) and Ci(g) on the the Moore complezes.

PRrROOF. For each n and 0 < ¢ < n, Let 0" : [n] — [1] be simplicial
morphism defined 7n}*(j) = 0 if and only if j < i. One should. think of " as
a n-simplex in A;. We observe that

n—1 . .
n n;— ’LSJ
(1.10) dmj):{ o
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and
+1
iy i<
1.11 si(n) =< 7t
(L11) i) {nyﬂ iy

Let h; : X, = Yp41, 0 <4 <n, be the map defined by

(1.12) hi(a) == h((si(a),n*h))
Now one can check easy that relations (1.13) hold. For instance,
doho(a) = doh((so(a), ng ') = ho((doso(a), dong ') = ho(a, ([1,1---1]) = f(a)
Fori <y
dihj(a) = dih((s;(a), ;™)) = h(disj(a), diny™) = h(sj1di(a), ) = hj—1(di(a))
O

COROLLARY 1.26. Let X and Y be two simplicial sets. A simplicial
homotopy. H : X x Ay — Y between simplicial maps f,g: X — Y, induces
a chain homotopy between Ci(f) and Ci(g) : C(X) = Ci(Y).

PROOF. Apply Propositionl.25 to the simplicial groups C(X) and C,(Y)
O

The proof of the following result is identical to that of Proposition 1.25.

COROLLARY 1.27. A simplicial homotopy h : X x A1 — Y between.
simplicial maps f,g : X — Y is equivalent to a collection of maps h; :
X, — Yo which satisfies the identites

doho = f
dpsrhn = h
dihj = hj_ldi 1 <j
(1.13) dji1h; = dji1hj

dihj = hjd;i1 1> j+1
sihj = hjy1s; i<
sihj =hjsi1 1>
1.7. Adjunction
Let T:C — D and S : D — C be two covariant functors and
¢a,p : Home(A, S(B)) — Homp(T'(A), B)

and

Ya,p : Homp(T(A), B) — Home (A, S(B))



12 1. SIMPLICIAL SETS

be two natural transformations between bi-functors Hom(A, S(B)) and Hom(T'(A), B)
on the category C°? x D. Being natural transformation amount to the iden-

tity

fodlg) =o(s(f)og)

U(foh)=s(f)or(h)

for g € Home (A, S(B) and h € Home(A, S(B)) and f : B — B’ and

(1.14)

9A,B
(1.15) Home(4,S(B))  Homp(T(A), B)
YA,B

S(f)o— Jo—

ba,B

Homp(A, S(B')) Hom¢(T'(A), B')
\_/
Ya, g

Similarly, for k: A’ - A, g: A— S(B), h: T(A) — B

P(gok) = d(g)T (k)
Y(hoT(k)) =v(h)ok

(1.16)

®A,B
—_—

(1.17) Home (A, S(B)) Homp(T'(A), B)
YA,B

_ok —oT'(k)

¢A/,B
—
Homp(A’, S(B)) Home(T'(4), B)
<
Yarp

REMARK 1.28. Using theidentities (1.14) and (1.16) we can prove that
the natural transfor mation ¢ and 1 are natural with respect S and 7. In
other words two natural 7 : S — S’ and o : T — T’ gives rises to a ma
natural transformation ¢’ and v’ .

DEFINITION 1.29. We say that the functors 7" and S for an adjunction

if papopap =r1idand s podap =1id.
We call T a left adjoint of S and S is a right adjoint of T'.

The natural transformations ¢ and ¢ provide us two natural transfor-
mations ¥ : 1 — ST and ® : T'S — 1 called respectively unit and counit
called .
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They are defined by
®p 1= dg(p),Blidsp)) € Hom(T'S(B), B)
and
V4 =1(l7(a)) € Hom(4, ST(A)).

The natural transformations ¢ and @ provide us two natural transfor-
mations ¥ : 1 — ST and ® : T'S — 1 called respectively unit and counit
called .

Notice that the defining the natural transformations ¥ and ® does not
require the idnentity ¢ o9 = id and ¢ o ¥ = id.

ProproSITION 1.30. ¢ o ¢ = 1 if and only if the composition S LN
STS 2% S is the identity natural transformation.

Similarly, ¢ oy = 1 if and only the composition T 5 st 5% 1 s
the identity natural transformation.

PRrOOF. It follows from the commutative diagram below.

»o(f)
(1.18) AT gpa)—2Y) gy
; ST A
¥s(m)
S(B) STS(B)

O

DEerFINITION 1.31. The adjunction given by ¢ and ¢ is called an equiv-
alence if ¢ o = id and ) o ¢ = id

PROPOSITION 1.32. The equivalence adjunctions are natural with respect
to the natural transformation 7: T — T and o : S — S’. More precisely if
7: T — T exists then o : S — S’ making the diagram below commutative,
and vice versa.
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(1.19) Hom¢ (A, S(B)) Homp(T'(A), B)
YA,B
o(B)o— —or(A)
Yap

Homp(A, S'(B)) Home (T"(A), B)
-~
7/’14,B$

PrOOF. If 7 is given, in order to find o : S(B) — S’(B), one should
chase digram from upper-left corner for A := S(B)S. we will get

o(B) = Ysp) 5(bs(m).8(idss))T(S(B))),

One can then check that ¢ makes the diagram commutative for all A and
B. Similarly 7 can be defined in terms of ¢ by

T(A) = ¢'(0(T(A)) 0 Y4 r(a))-

1.8. Geometric realization and adjunction

We already know that there is a functor S : T'opSpace — sSet which is
given by the singular simplices Sing,,(X) = C%(A", X) of X. Now we intend
to introduce a left adjoint for S.

DEFINITION 1.33. Geometric realization of a simplicial set K = {K,},
is the set of equivalence relation

T(K) = |K| = UpsoKp x A"/ ~

where the equivalence relation is generated by the relations (d;z,p) ~ (z, d'p)
and (s;x,p) ~ (x,s'p).

The topology of T'(k) is quotient topology of UK, x A™ which itself
is equipped with the thweak topology (on the union). This means that
U C Up>oK, x A" is open if and only if for each n, U N K,, x A" is open
in K, x A™. Here K, x A" has product topology.

DEFINITION 1.34. A pair (k,w) € |K]| is called an ideal point if & is
nondegenerate n-simplex and w is in the interior of the geometric n-simplex.

PROPOSITION 1.35. Each class in |K| has a unique representative (x,p)
which is an ideal point. where x is nondegenerate and p in the interior A"
of the geometric simplex A™.
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PROOF. Let a be a class in [K], starting with a representative (z, q) we
can assume that ¢ is interior otherwise it can be wirtten ¢’ = d' ---d%q
where ¢ is in the interior of a geometric simplex. Then

a= [(z’q,)] = [(Z¢ - 'diZQ)] = [(dil e dyy 7, Q)]

So we can suppose that a has a representative (y, q) where ¢ is in the in-
terior. By Proposition 1.10, either y is non degenerate or y = s;, S;, - - - i, ()
where 2z is nondegenerate. In either case, a has (y,q) or (z, s% - -- 525 (q))
as representative. In either case the first coordinate is nondegenerate. Also
note that if ¢ is interior then s’ ---s®2s%(q) is also in interior. This is
because the codegeneracy maps of the geometric simplices are of the form
(to, -+ ytn) — (to, -+ ,ti + tix1,,tn), so if all t; > 0 the same is true for its
image. (]

COROLLARY 1.36. |K| is a CW-complez.

Proor. By Proposition 1.35 K is a union of open cell whose boundaries
are included in lower dimension cells. The topology of |K| is the weak
topology which is the topology of CW-complexes. (|

THEOREM 1.37. For all simplicial sets K and L, there is a natural bi-
jection. |K x L| and |K| x |L|. Moreover this bijection is a homeomorphism
if | K| or |L| is locally finite or if they are both countable.

PROOF. We introduce 7y X7y : |K X L| — |K|x|L| as follows: For a class
x € |K x L| we choose a representative (k, [, w) where (k,[) is nondegenerate
n-simplex and w is in interior of a simplex A™. Note that this does not mean
that k or [ are nondegenerate. Nonetheless the pairs (k, w) (I, w), which are
not necessarily ideal points, represent respectively two classes in 71 (x) € |K|
and ma(z) € |L].

Now we construct the inverse of w1 x ma. Let (k,u) and (I, v) be two ideal
points representing two classes in = € |k| and y € |I| and u = (o, - - - t,,) and
v=(ty---t,). We set

uP’s and v?’s are strictly increasing sequence out of which we can reconstruct
the sequences t;’s and t'7’s by subtracting consecutive terms. Being strictly
increasing is a consequence of having ideal points as representative.

We can consider the set {uP}, U {v?}, and write its elements in a in-
creasing sequence r® < ri--. < r,. Note that the sequence t;’ =T — T
is very unlikely to be on the nose t, = u¥ — uP~! and t'q = v? — v97! but
this can be corrected by taking carefully their consecutive sums. The latter
corresponds to the codegeneracy maps for geometric simplicials. More ac-
curately, let i; < --- < ig_,, where r;, ¢ {uP}, and j; < -+ < g, where
1. & {v7}q. Notice that we have > ¢/ =1so w:= (t/,---tl) € A® and we
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have
u = SZI .. SZa_m’lU

and

V= 8.71 e Sjafnw‘

The inverse n of (71 X m2) is given by

N, Y) = [Siq_p * Sisky 8i;, -+ Siy_, 1, w)].
The identity (71 X wo)n = id is pretty clear. The identity n(m; X mo) = id is
also easily verifiable. For the ideal point (k,l,w) € |K x L|, k and [ are not
necessarily nondegenerate. In that case k = s;,, - s;, k" and [ = s, - - - 55,1
We have

7'('1([(]{3, L, w)]) = [(kv w)] = [(kla CEEEE Slmw)]
and

mo([(k, L, w)]) = (I, 87 -+ 57 w))]

Note that both k’, s - - - s'mw) and ((I', 87! - - - s/nw) are ideal points be-
cause the codegeneracy maps of the geometric simplex send the interiors
to the interiors. Applying the algorithm defining 7 to (', s% ---s'mw) and
(I, 87 -+ - sTw) gives us back (s;,, -+ sy k', 85, -+ 85, 1',w) because the w is
common preimage (under codegeneracy maps) of ' - - - s'mw and s/t - - - s/nw.
This proves the identity.

Note that we can equip |K|x|L| with the topology of of CW-complex(weak
topology) because the product of two open cell is cell and with respect CW-
topology 1 (and its inverse w1 X mg) is a homeomorphism because it is true
cell by cell. Therefore if the product (weak) topology of ( CW-complexes)
on | K| x |L| coincides weak topology (of CW-complexes) on |K| x |L| then
we have a homeomorphism in that sense too. This happens under the as-
sumptions of the theorem. O

COROLLARY 1.38. If h : K x A1 — L is the homotopy between simpli-
cial map f,g : K — L then the continuous maps |f|,|g| : |K| — |L| are
homotopic.

Proor. By apply the geometric realization to H we obtain a continuous
map |H| : |K| x A' — |L| which is homotopy between |f| = |H| x|« o} and
9] = |H I x|x{1}- O

COROLLARY 1.39. If C is category has a initial (or terminal) element
then |NC| is contractible topological space.

ProoF. This is a consequence of the previous result and Proposition
1.55. ([

As mentioned earlier there the functors S : Top — Space — sSet whose
n-simplices are the s continuous maps ¢ : A" — X with integer coefficients.
We have also the geometric realization functor T : sSet — T'op — Space.
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We define adjunction natural transformations

¢ : Homgset (K, S(X)) — Hompop (| K|, X)
and

Y : Hompe, (|K|, X)) = Homgset (K, S(X))
by:
(a) For f: K, — S«(X), the continuous ¢(f) : |K| — X is given by
() [k, ul) = f(B)(u) VIk, u] € |K]|
which is well-defined because f is a map of simplicial sets.
(b) For g € Homype, (K|, X), the simplicial map is given by ¢(g) : K —
5(X)
Vk e Kn ¢(g)(k)(u) := g([k,u]) Vue A"
One can see that for all f, ¥(o(f))(k)(w) = o(f)([k,u]) =
f(k)(u) implying that ¥ (¢(f)) = f, and similarly ¢ o ¢ = id.
The associated the counit natural transformation ®x : |S(X)| = TS(X) —
X is given by
D ([k,u]) = ¢(Lsx) ([k, ul) = k(u)
where k is a singular chain and u € A™. The unit natural transformation
Ui : K — ST(K) is
Vi (k) (u) = Y(1rk) = id([k, u]).
PROPOSITION 1.40. For all simplicial set K, the unit Vi : K — ST(K)
is injective. Similarly, for all topological space X, ®x : TS(X) — X is
surjective.

Proor. TO come soon O

The following results would be useful for comparing the model categories
of simplicial sets and topological spaces.

ProOPOSITION 1.41. The maps ¢ and ¥ preserves homotopies.

ProoF. If F : K x A' — S(X) a simplicial homotopy then T(F) :
TK x A! — TS(X) is homotopy of continuous maps, so is the composition
by oTF:TK x Al - TS(X) = X.

Note that By o TF = ¢(1g.x)) o T(F) ¥ &' 6(1.F) = ¢(F) and ¢(F) is

homotopy between ¢(F)|rx (o and ¢(F)|rx x)-

Similarly if H : T(K) x A' — X is homotopy of continuous maps
then SH : ST(K x A1) = ST(K) x ST(A1) — S(X) is a simplcial map (a
homotopy) so is its precomposition with a simplicial map Wz, a1. Therefore
we have a simplicial map

SHOWKX]:KXA1—>S(X)
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b, .
which is a simplicial homotopy. Moreover SHoW 7 = SHow)(1 ) y (L14)

Y(H), therefore 1)(H ) is a homotopy between 9|k q1(aq) and Y[ g xao(ay) U

—

THEOREM 1.42. The unit and counit natural transformations induce an
isomorphism in homologies.

PrROOF. We have H,(K) := H.(C\(K)) where is C,(K) is the simplicial
complex of K. We will in Section 1.9) that H,(Cy(K)) ~ H.(C«(K)/D(K))
where D, (K) is teh subcomplex generated by the degenerate simplices. On
the other hand the generators of Cy(K) /D (K) are precisellt the cells of CW-
complex T(K) therefore H,(C«(K)/D«(K)) is precesly the cellular homol-
ogy of T'K which isomorphic to the singular homology H,.(ST(K)), we con-
clude that U (an inclusion) induces an isomorphism H,(K) ~ H,(ST(K)).

As for (S®x)x : H (TS(X)) = H (STS(X)) — H.(X) = H.(5(X),
from the identity S® o WS = id and the previous result that ¥ o S induces
an isomorphism on homology for the case K = S(X), it follows that S®

also induces an isomorphism in homology.
O

1.9. Dold-Kan correspondence

The aim of this section is to prove the Dold-Kan correspondence which
states that the category of simplicial objects in an abelian category A is
equivalent to the category of positively graded chain complexes of A. As
a byproduct we prove that the complex of nondegenerate subcomplex of a
simplicial complex is chain homotopic to the simplicial complex itself.

Let A = {A,}, be a simplicial abelian group we continue to use A, to
denote its Moore complex equipped with differential 0 = Z?ZO(—l)idi. The
normalized complex N A, of A, is defined by

NA, =N} ker(d;)

which is submcomplex complex of the Moore complex of A, meaning that
J(NA.) C NA, (a consequence of the simplicial identites ). We have in fac

d\na, = (—1)"d,.

Let DA, be subcomplex of the Moore complex generated by the ele-
ments of the image of the degeneracy maps. We call DA, the degenerate
subcomplex and its quotient the degenerate complex .

We consider the composition of the inclusion followed by the natural
projection,

¢: NA, = A, —» A,/DA,.

Obviously ¢ is a chain map.

THEOREM 1.43. The chain map ¢ is indeed an isomorphism of com-
plexes.
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Proor. We first filter VA, by subcomplexes N;A,
N;A, = N_yker(d;) C NA,.

Similarly we filter DA, by D;A, by setting D;A,, C DA to be the subcom-
plex generated by Im(s;) for ¢ < j and consider the restriction ¢ to these
subcomplexes,

(f)j = ¢’NjA* : NjA* — DjA*.
We prove by induction on j that ¢;, j < n, is an isomorphism. j = 0:
We have NyA,, = ker(dp) and for all classes [z] € A,,/DoAy, do(x — sodo)x
because dpsg = id. In the quotient A,,/DyA,

[z] = [z — spdoz]

proving that ¢¢ is surjective. For xy € NoA,, if ¢o(z) =0 € A,,/DoA,, then
x = sgy for some y € A, and as a consequence, 0 = dpx = dpspy = y hence
y = 0 and ¢ is injective.

Now we suppose that for all k& < j , ¢ : NpA, — A,/DirA, is an
isomorphism for n > k. We have the commutative diagram

(1.20) AbfyAnAAjﬁ;i4n/lb—104n)

|

J

where the vertical arrow on the left is surjective. A class [z] € A,,/D;A,, has
representative and ultimately a presentative in Nj_1 A, because by hypoth-
esis ¢;_1 is surjective. Let y € N;_1 A, be representative for [z], replace y
by y — s;jdjy. We have d;(y — sjdjy) = 0 and [y| = [y — s;d;y] € A,/D;A,
therefore [z] = ¢;(y — s;d;y) proving thatg; is surjective.

As for the injectivity, consider the commutative diagram whose top ar-
row is exact.
(1.21)

0—> Ap_1/D;j_1An_1 —— Ap/Dj_1 Ay —> Ay /DAy — 0

bint bint ¥
Nj—lAn—1(—> Nj—lAn QN]An

If for z € NjA,, ¢j(z) = 0, then using the commutative diagram above we
can conclude that = s;(y) for some y € N;j_1A,_1. Since d;z = 0, we
have y = d;s;(y) = djz = 0. Thus ¢; is injective. O

We jut proved that normalised complex (which is subcomplex) is iso-
morphic to the quotient complex A x /DAx where there is no degeneracy
maps, i.e. essentially a complex. In the following we explain how can we
recover the simplicial complex from of it normalized complex.
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Let By, := @) N Ar where direct sum is taken over surjective mor-
phism in simplicial category A. We recall that by Proposition 1.5, a surjec-
tion is a composition of the codege neracy maps s'’s. We use the notation
(z, [n] 5 [k]) to denote the elements of B,

It turns out that n — B, is a simplcial abelian group: For f : [m] —
[n] € Homa and for each index map o : [n] — [k], using Lemma 1.5 we
decompose the decompostion map o o f : [m] — [k] as the composition of
surjection g and injection 7 i.e. o o f = 7 o g where 7 is injective and g is
surjective

(1.22) [m] —— [n] —>[#]

[m] — = [I}—" [K]

We define the action of f on (z, [n] 5 [k]) € By, to be
9

f (@, 0] = [K]) = (7 (), [m] = [I)

In other words to every morphism f in the category A we have associated
a morphism

f*: B, — Bp
which will prove that it is functorial

PROPOSITION 1.44. The collection of set {By}, together with induced
maps f* as above, is a simplicial set.

PROOF. let f : [p] — [m] and ¢ : [m] — [n] be two composable mor-

phisms in A and (z, [n] 5 [k])) an element of B,,. Then f*(g*((z, [n] 5 [k])
is defined by the series of (unique) epic-monic decomposition displayed in
the diagram below,

(1.23) [p]
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we have f*(¢*((z, [n] 5 [k]) = ((6”)*7*(x), f') and from the diagram we see
that (f/,7¢”) is the epi-monic decomposition of gf hence (gf) * (z,[n] 5
[k]) = (o) 7" (), f').
This proves that f*(g*(x, [n] > [K])) = (¢.)" (z. [n] > [k)) 0
PROPOSITION 1.45. For a simplicial abelian group A = {A,}, the natural
map ¥y, : By i= @ NAk — An, given on the generators of By, by

b+ (z,[n] > [k]) = 0*(2) € Ap, s
is an isomorphism for simplicial sets.

PROOF. First we verify that ¢ is a map of simplicial sets. Let f : [m] —
[n] € Homa,

F* Wz, [n] > [K])) = £*(0* (x)).
On the other hand
(1.24) Yo (f* (2, [0] > [K])) = (7 (), [m] > [1])

where 7o g = fo is the pic-monic decomposition of f o ¢, and then

Yo (@, [n] 5 [k])) = o (77 (), [m] > 1)

_ g*T*(LE) A being a s;mplicial set (7_ ° g)*(l’)

= (fo)*(x)
= f*du(((z, [n] > [K]))

Now we prove by induction on n that v is an isomorphism. It is clear that
By = NAy = Ap and the only surjection out of [0] is the identity map.
Suppose that 1); is an isomorphism for j < n: The image of ¢, include all
the degenerat simplices x = s;(y) because y € A,_; therefore y = 1,_1(2)
and © = s;10,-1(2) = ¥n(si(2)).
We also claim that the v induces an isormorphism between the nor-
malised complex of B, and N A,. To this end we compute the NB,,,

(1.25)
A being a simplicial set

[ (0" (2))

NB,, = nker!~; (d;)

For (z, [n] 5 [k]), if o # id we can write 0 = 871 - - - s/n—F where j; < jo--- <
Jn—k. Then d/»—*(z,[n] 5% [k]) = (w,8/1s%2 ... g/n—k-1). This is because
s ... gin—k o @I = g1 ... gin—k-1 therefore its epi-monic decomposition is
idost ... sIn—k=1_ This means if (z,0) # 0 is in N B,, then o = id and in that
case 0 = d;(z,id) = d*"(z,id) = (d"(z),id) = (d;x,id) because id, 1 o d’ is
epi-monic decomposition of d’ oid,. Thus z € NA, and N B, is isomorphic
to NA,,.

Using the isomorphism in Theorem 1.43, that we have a natural exact
sequence of 0 - DA, — A, — NA, — 0 which is split because NA, is
a subcomplex of A,. Since 1, is surjective on degenerate simplices DA,
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of A, and an isomorphism (hence surjective) on normalised complexes, we
conclude that ¢, is surjective.

As for the injectivity of ¢,,: Suppose that ¢ (((xo, [n] Z [kor])or)) = 0.
For a surjection ¢ # id, 0 = ' ---s/n=F and ¢ has a right inverse d, :=
d/n—* ... @71, Using this fact d%(z,, [n] 5 [ks]) = (24,id). We fixe an index

o i (21, 1] 2 [ker]),

Pn—1(do (27, [n] = [ko])) = dodn((z4r, [n] = [ko])) = 0
therefore by injectivity of ¢,—1 we conclude that

do (o1, [0] 2 [kor))or) = 0.

First notice that since left inverse d, is unique (i.e. o) there is only

one component of dy((z4, [n] % [k,7])) which corresponds to the identity

map and that is precisely x,, hence x, = 0. Since o was arbitary, we have

/

(47, [n] 2 [kor]) = 0 and ¢y, is injective. O

THEOREM 1.46. Dold-Kan correspondence The nomalisation func-
tor N : sAb — Chy, from the simplicial abelian groups to the category of
positively graded complexes, is an isomorphism of complexes. The inverse
I': Chy — sAb to N is given by

L(C)y == P Cx
[n]—[k]

PrOOF. The content of Proposition 1.45 is essentially that there is a
natural isomorphism I' o N ~ id.

It remains to prove that there is natural of isomorphism of complexes
N ol ~id. To that end, we prove that I'(C)/D(T'(C)) ~ C as complexes
and since there is natural isomorphism N(I'(C')) we get the isomorphism
that we want.

Suppose that (z, [n] 5 [k]) € T(C)n = @)k Ck- Since o is surjective,
we can write o = s/1s72 ... g7k k > 1. Then we get (s/%)*(x, 71872 - .. sTk-1) =
(x,0). This means that in I'(C) all the components are degenerate ex-

cept the one which corresponds to the identity morphism o = id therefore
rC)/DIC)) ~C. O

THEOREM 1.47. For a simplicial abelian group A = {A,}n, the nor-
malised complex N A, is homotopy equivalent to the Moore complex A,.

Proor. We introduce a nested sequence NNjA, of subcomplexes of A,
which stabilises degree-wise to N A, in a finite length. Moreover we prove
that each inclusion is a homotopy equivalence. We set N_1A, = A, and for
0<j<n—-1

N, i {ﬂi;o ker(dy) if n > j +2
N A, otherwise
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Notice that. N,_14, = NA, and each N;A, is subcomplex of A, because

o if n < j+ 2, then for x € NA,, = N;A, then dov € NA,_1 =
N;A,_1, since NA, is a subcomplex.
o if n > j+ 2 then for x € NjA,, and k < j

dpdr = dp( Y (-1)'diz) = Y (=1)'di_ydpz =0
i=j+1 i=j+1

It turns out that the inclusion i; : N;11A4. C NjA, has a homotopy

inverse,
— S;i11d; ifn>j4+2
r;(x) {x sj+1dj+1(z) if n > j

x otherwise
First of all note that for x € N; A,
o djp1(z — sjn1dj(z) = djp(z) — djpsjndin(z) = djpr -
djy1z =0,
o for k < j+ 1, dp(z — sj1dj1(z)) = di(x) — dgsjridjpi(z) =
0— dekdj+1(l‘) = —dejdk(l‘) = 0,
implying that Im(r;) C Nj;1A.. The second step is to verify that r; is a
chain map: For x € NjA,, n > j+ 2,

(1.26)
drj(z) = Z (—1)Fdp(x — sj11dj412) = Z (—D)*di(z) = (=1 ?djyas41dj
i=j+2 i=j+2
= Y (Ddpsjadipe = Y (D) rdi(e) = (<17 Pdjpae - > (1) desjdj s
i=j+3 i=j+2 i=j+3
> (=Dfdr(x) = > (1) dsjridja
=511 =513
and
(1.27)
T’j(dm’) =dr — Sj+1dj+1dl’ = Z (—1)kdk$ — Z (—1)k8j+1dj+1dk.%'
i=j+1 i=j+1
= Z (~D)¥dpa — (=11 sj1dj41dj 12 — (1) s 1dj1dj0n — Z (—=1)*sj11djp1dp
i=j+1 i=j+3
= Z (—D)fdpz — (—1) s djprdjpe — (<1725 0dj 1 dja — Z (—1)*sj1djadya
i=j+1 i=j+3

= Y (—Drdpr — (=1 sy djadipe — Y (—DEsjadipdir = drj(x)
e =513
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It is clear that r; o i; = id. We claim that that i; o r; is homotop to the
identity map via the homotopy h; : N;A, — N;Ant1

(1.28) hj(z) = (—1) 39+‘1(Cc) ifn>j+
0 otherwise

To see that,
(1.29)
n+1 A n ‘
8hj(l') + h]a(l') = Z (—1)]+kdk5j+1(l’) + Z (—1)J+k8j+1dk(l‘)
k=j+1 k=j+1
= (=17 s () + (1) 2dj 080 (2) + Z (=1 dysja ()
k=j+3
. . n .
+ (D) s jndia (@) + ) (F1)  Esjadi(e)
k=j+2
n+1 A n ‘
=—z+z—sjndji(r) + Z (—1) Fdysjp(x) + Z (—1)7 s 1 1dg ()
k=j+3 k=j+2
n+1 n

= —sjdip (@) + Y (1D dpsa (@) + > (1) degasiia (@)

k=j+3 k=j+2
= —sj41dj41(2)
= ij e} T‘j ((IZ) — X
The homotopy inverse f : A, — N A, to the inclusion i : NA, — A, is
given degree-wise by A, — NA,
fni=mTpg0---0mgor_y
and the chain homotopy is given by
(1.30)

hoy+ithor—1+ - +i-1-rp_1hgig—1-r—1+ - i1 Tp-3hn_20n-3 -

‘ (]

1.10. Internal hom and simplicial fonction space

The morphism set of two objects in a category does not necessary the
category. However this turns out to be turn be for category of presheaves
on a category. Here we explain this phenomena for the simplicial set (i.e.
presheaves on A°P) but everything extends to any category of presheaves.

DEFINITION 1.48. For two simplcial sets X and Y, the internal hom-set
hom(X,Y) € sSet is a simplicial set whose set n-simplices is

hom(X,Y), := Homgget (X X A,,Y)

.',"71
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The simplicial structure of hom(X,Y’) is consequence of the cosimplicial
structure of the collection {A,,}, (see Proposition{1.20): For f : [m] — [n],
and 6 € hom(X,Y),

f*(0) € hom(X,Y),,
is given by

(x,h) € X x Ap[k] — 0(z, foh) €Yy

ie.

17(0) = 0lid x 1.).

The functoriality is clear because

g f*(0) = g"(f7(0)) = g"(0(id, f+)) = 0(id, f.)(id, g.) = 0(id, (fg)«) = (f9)"(6)

With every morphism set, comes an evaluation.

ProproSITION 1.49. The evaluation map
evy : X x hom(X,Y) = Y given by

evp(z,9) = g(z,idy,) =z € X,, ¢€hom(X,Y),
is a simplicial map.

PrOOF. For amap f : [m| — [n] and (z,60) € X,, X Homgget (X X Ay, Y)

evm(f*(2,0)) = evm(f*(2), f7(0)) = f7(O)(f*(2), idm)
(1.31) = 0(id, f.)(f*(2),idm) = 0(f"(2), fu(id)) =

fH(eva(a ) = F(B(a,idy) = 6 (0 id,)
= 0/ (@), [*(idn)) = 6(/* (@), /)
(]

PROPOSITION 1.50. In the category of simplicial sets, the cartesian prod-
uct is the left adjoint of the internal hom functor i.e. we have a natural
bijection

HomsSet(Kv hom(X, Y)) = HomsSet(K x X, Y)

Proor. We define
¢ : Homgset (K, hom (X, Y)) — Homgset (K x X,Y)

o(0)(k,x) = ev(x,0(k)) = ev(l x 0)(x, k).
which is a simplicial map because eve and 6 are. The inverse
¥ : Homgget (K X X,Y) — Homgse (K, hom(X,Y))

is given by

() (k)(x, 9) = h(g*(k),z)
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where h € Homgset (K X X,Y), k € Kj, and (x,9) € X,, X Ag[n] € Y. We
have
Y(@(0))(k)(x,g9) = ¢(0)(g"(k),x) = 0(g"(k))(,id) = g*(6)(z,id)
=0(id X g.)(z,id) = 0(z, g),
hence 1 o ¢ = id. Similarly,
o((h))(k, z) = ¢(h)(k)(z,id) = h(id*(k),z) = h(k,z),
and ¢ o = id, 0

1.11. All about the nerve of a category: Part I

There is a general construction which allows to give a combinatorial
model for the classifying space of the groups.

Suppose that C is a small category. We define a simplicial set NC by
setting NCp = obj(C) and NC,, to nbe the set of n composable morphism i.e

NCy = {(Xo &8 Xy -+ X, 5" X)) fi € Homne(Xi, Xis1), X € obj(C)}.

The face et degeneracy maps are given as follows: For n > 1,

n

(fo
(f()?...
132 fore fisno fir  fut), 0<i<n
Sz(f07"' f07"'7/dX- "’fn—l)
(

For n = 1, do(fo) = t(fo) and d1(fo) = s(fo) where ¢t and s stand for the
target (1mage) and source (domain) of f.

The nerve construction is functorial because a functor preserves the com-
position and the identity maps.

PROPOSITION 1.51. A functor F : C — D between small categories,
induces a map of simplicial set Nf : NC — ND in a natural manner.

PROOF. The induced maps on the vertices is given by x — F(z) and on

n-simplices is given by (fo, -« fn—1) = (F(fo), - F(fa-1))-
([

ExampPLE 1.52. Classifying space of a group
A groups G can be thought of as a category G with one object * and the
morphism Homq;(*,*) = G°P. Here op means that the compostion rule for
the morphism is (g, h) — hg Then nerf NG is a simplicial in which

do(90, "~ gn—1) = (91, "+ gn—1)

dn (90, gn—1) = (90, gn—2)

di(go,* - gn-1) = ((90, "+ - Gigi+1,"** ,gn-1), 0<i<n
silfor faoo1) = (for - -idcs -+ fa1)

Note that this construction is natural with respect group homomorphism.

(1.33)
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EXAMPLE 1.53. Let Z be the category with two ordered objects 0 and
1 where the nonempty morphism sets are singleton: Hom(0,0) = {idy},
Hom(1,1) = {id;} and Hom(0,1) = {w}. We can easily check that the
nerve of this category is the simplicial Aj.

ExaMPLE 1.54. The simplicila set A, can be identifies as the nerve of the
category [n]. This is the category associated to the ordered set {0,1---n}
where t

ifp<gq

7
1.34 H =M
( ) OHn] (p.4) {@ otherwise

On should think of iy, as the inclusion of {0,1---p} in {0,1---q}. It is esily
seen that A,, = N|n].

Since the simplicial map d’ : [n] — [n+1] and s : [n+1] — [n] are order
preseverving they can be seen as functors between [n + 1] and [n] therefore
N(d%) and N(s') are maps simplicial sets which ultimatemately turns the
collection {A,} into a cosimplicial objet in the category of simplicial sets
sSet.

Note that N(d*) : A, — Anyq and N(s%) : A1 — A, are respectively
the post-composition with d* and s’ i.e for f € Homa([k],[n]) and g €
Homa ([k], [n + 1))

N(d)(f)=d"o f and N(s')(g) = s’ 0 g.

PRrROPOSITION 1.55. A natural transformation F L G between two func-
tors induces a simplicial homotopy NC x A1 — ND between F and G.

ProoF. Let Z be the category with two objects in Example 1.53. We
claim that that the natural T induces a functor G : C x Z — D:

H(z,0) = G(z) =z € obj(C)

H(z,1) = F(z) =€ obj(C)
(1.35) H(f,1do) = G(f) [ € Home
H(f, Idy) =G(f) f€VHome

H(f,w)=T,oF(f) = G(f)oT, Vf € Home(z,y)

H being a functor is essentially consequence of the commutativity of the
diagrams of the form

(1.36) Flz) 2= G(z)

Now by applying the nerv efunctor N to H, we obtain a simplicial map
NH:N(C)x xA; =N(C)x N(Z)=N(CxZ)— ND (|
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COROLLARY 1.56. The nerf of a category with final objet (initial) object
is a contractible simplicial set.

PRrOOF. Having an initial objects gives rise to a natural transformation
between the identity functor and constant functor. O

DEFINITION 1.57. For two categories C and D, let Func(C, D) be the
category whose objets are functors F' : C' — D and its morphisms are the
natural transformations between functors.

PROPOSITION 1.58. The nerve functor N : Small — categories — sSet

PrOOF. We shall prove that N : Func(C,D) — Homgset(NC, ND) is a
bijection. We construct an invese N~! for N. Let ¢ : NC — ND be a map
of simplicials sets. Since the 0-simplicies of NC and ND are the objects of
cC and D, we obtain a map N~ 1(¢) = ¢g : 0bj(C) = NCy — 0bj(D) = NDy.
Note the f : X — Y be a morphism in C. Since N(; is the set of morphism,
then we ¢; is indeed a maps from morphisms of C to the morphisms of D
and we define N=1(¢)(f) := ¢1(f). Now we have to show that ¢g and ¢;
constitute a functor. First notice that for a morphism f : X — Y, the
morphism ¢(f) is a morphism from ¢o(X) — ¢o(Y"). This is consequence of
of ¢ being a simplicial map

source(p1(f)) = dod1(f) = do(dof) = po(X)

and similarly for the target. We have also ¢1(ida) = idg,(a), for A € 0bj(C)
because ¢ commutes with the degeneracy maps. Finally we should prove

that for two composable morphisms X & Y g Z, ¢p1(go f) = ¢1(g) o
¢1(f).This follows from that the fact o := (fo, f1) is defines a 2-simplex in
NC and since ¢ is a map of simplicial sets. We have

dog2(0) = ¢1(dio) = ¢1(f)
and

daga(0) = ¢1(d20) = $1(9),
therefore ¢o(0) = (¢1f), p1(g9). Again, ¢ being a simplicial map, we
(1.37) P1(go f) = d1(dio) = diga(0) = ¢1(g) 0 o1(f).

hence (¢, ¢1) form a functor. The identity N~'N = id is obvious. TO prove
that N o N™! = id, take a simplicial map ¢ : NC — ND. By definition of
N=1 NoN7!(¢) on 0 and 1-simplicies is identical to ¢ and this suffices
because a simpliciam map betwen nerves is determined by it effect on 0 and
1-simplices, therefore
NoN7(¢) = ¢.
O

PRrROPOSITION 1.59. Let C and D be two small categories. Then we have
an isomorphism of simplicial set

(1.38) NFunc(C, D) ~ hom(NC, ND)
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Here hom(NC, ND) € sSet is the simpclicial function space introduced in
Section 1.10

PROOF.
(1.39)
hom(NC, D),, = Homgget (NC, XA,,, ND)

~ Homgset (N (C x [n]), ND)
by Prop 1.58

by Example 1.54
VR Homgse (NC x Nn], ND)

Func(C x [n], D) ~ Func([n], Func(C, D)) = N(Func(C, D)),

The fact that these isomorphisms are compatible avec les simplicial map
is easily verifiable and is actually discussed in Example 1.54. (]

One can naturally ask if the nerve function is part of an adjunction. It
turns out that the functor N has a left adjoint T : sSet — small —Cat called
the fundamental category functor and for simplicial set X, subsequently
T(X) is called the fundamental category of the simplicial set X..

DEFINITION 1.60. Let X = {X,}, be a simplicial set. Let fundamen-
tal category T'(X) of X be the category whose set of objects is Xy with
morphism sets

Hompxy(z,y) ={f e X1| dif=2 & dof =y}/~
where ~ is defined by the identities dio = dgo o dyo for all o € Xo.

It is not hard to see that for z € Xy, we have so(x) = id, € T(X).
Indeed if f € Homp(x(w,x) for o = so(f) we have

doo = dyo = f and doo = dasof = sod1f = so(x)

and the 2-simplex o imposes the relation f o so(x) = f. Similarly for 2-
simplex 7 = s1(f) we obtain that so(x) o f = f, therefore so(z) is the
identity morphism.

PropPOSITION 1.61. The functor T : sSet — Small — Catergoies is left-
adjoint for the nerve functor N.

PROOF. To prove that statment we should a natural bijection Func(T'X,C) ~
Homgset (X, NC).

Let ¢ : X — NC be simplicial maps. This includes the maps ¢¢ :
Xo — Obj(C) and ¢1 : X7 — Home which can be though of as map ¢q :
Obj(T(X)) — 0bj(C) and ¢; : Homp(xy — Home and T(X) to C. Note
that. ¢ is a first defined on the generators of Homp(x) and then it is
extend by compositing law, now we need to prove this is well-defined with
respect to the equaivalance relation~ and it sends the identity morphism to
the identity.
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Note that the maps ¢g and ¢1 come with the following commutative
diagrams:

do d1 S0

(1.40) X, Xo X, Xo Xo X,

T

Hom¢ — 0bj(C)  Homg ——=0bj(C) obj(C) — Hom¢
aree so: A (A4 A)

The upper right diagram implies that for z € Xo = Obj(T (X)), we have
¢1(idz) = ¢1(s0(x)) = so(do()) = idy,(z) therefore ¢; sends the identity
morphism to the identity, as it should (as a functor). The two other diagrams
above show that for a 1-simplex o, the morphism ¢ (o) is a morphism from
¢o(dio) to ¢o(doo) as it should be. The only remaining part is to prove
that under that the composition law under ~ is sent to the composition
of the morphisms. Let o be a 2-simplex. Then ¢2(0) is 2-simplex of the
form (f,g) where f and g are composable morphisms in Hom¢. Becaucse
¢9 o d; = d; o ¢po we conclude that

(1.41) g=dop2(0) = ¢1(doo) [ = daga(0) = $1(d20),
therefore dyga(o) o dagpa(c) = go f = di(¢2(0)) = ¢1(dio). So we have
constructed a map ¥ : Homgse (X, NC) — Func(7'(X),C) which essentially
looks like {¢;}i>0 — (¢0, ¢1). It is not hard that to see that ¥ is injective.
This follows from that fact that an simplex in NC is completely determined
by it 0 and 1 dimensional faces. In other words if for two simplicial maps
¢ = {¢i}i>0 and ¥ = {9);}i>0, we have ¢g = 1)p and ¢1 = 11 then ¢ = 1.
As for surjectivity of ¥, let F' : T(X) — C be a functor. The first
two component ¢g : Xg — NCy and ¢ : X1 — NCp of the simplicial map
{¢i}i>0 are the maps given by F on sets of object and morphisms. The
higher components ¢,, : X,, — NC, is given by
(1.42)
On(0) = (F(dads -+~ dn0), -+, Fdadsdy o), F(dady~0), F(dg ™))

This formule can be easily proved by induction. The naturality of the bijec-
tion W is easily seen. O

1.12. Kan complexes

As mentioned earlier, we are guided by the singular chains as the main
examples of simplicial set offered by topology. So we intend to characterize
simplicial set coming from topological spaces. To that end we introduce the
notion of Kan complexes.

DEFINITION 1.62. Let K be a simplicial set. A sequence of n (n — 1)-
simplicies zg, 21, - Tx—1, —, Tht1, - Tn 1S said to be compatible if for all

i<j,i#k itk
dixj:dj_lxi.
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We say that K is a Kan complex if every compatible sequence has an ex-
tension i.e. there is an n-simplex x such that for all i # k

diaz = T;

PROPOSITION 1.63. For all topological space X then singular chain Sing(X) =
{Sing,,(X)}n is a Kan complex.

Proor. We have to prove the extension for a compatible sequence made
of generators i.e. continuous maps from the geometric simplex A" ! to X.
Given a compatible sequence of continuous maps x; : A,_1 — X with the

property
(1.43) dix; = dj_17;
which means
(1.44) xi(s0, 51 8i-1,0,8;, - Sp—2) = (50,51 - 5j—2,0,5j—1, - Sp—2)
We define f : Ujx,0;A" — X
A" =t71({0}) nA" C A"
as follows: f(to, - -ti—1,0,tit1,- - tn) = xi(to, - ti—1,tit1, - tn). We have

to check that f is well-defined on 9;A"NO;A™. For 7 < j—1 this is equivalent
to the identity

xi(to, - ti—1, tig1, - tj—1,0, 5401 - - tn) = xj(to, - - - tiz1,0,tip1, - - tj—1, b1, - - tn)
which follows from the (1.44) for

s0 =to, -+, 8i—1 = ti—1
(1.45) 8 = tit1, - ,8j—2 = tj1
Sj—1 =1tj41," - ,Sn—2 =1n

For i = 7 — 1 the f being well-defines amounts to the identity
wi(to, ti-1,0,tip2 - tn) = iv1(to, -+ ti-1,0,tig2, -+ - tn)
which follows from (1.44) for s = tj O

There is another description of the extension property for for compatible
sequences in terms of simplicial maps. For a fix n and 0 < i < n, as we
mentioned earlier the i-th face 0;A, of A, is the subcomplex generated
by d; € Homa([n — 1],[n]). If we have a sequence of (n — 1)-simplices
X0, Tk—1, Thtl, - - Tn, then just like Yoneda Lemma we a have a sequence
of simplicial maps #; : 0;A,, — X given by sending a k-simplex d’ o f €
0; A" k] to

zi(d'f) = f*(x:) € X,
here f : [k] — [n — 1]. One cas natural ask if the collection z; gives rise to
a well-defined a simplicial map from the i-th horn

Aﬁ = U@gkaiAn
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PROPOSITION 1.64. xg, - Xk_1,Tki1,: " Tn, of (n — 1)-simplices in X
are compatible if and only the collection of maps T; : 0;A, — X extends
to a simplicial maps T : Ujx,0;A,. When the sequence is compatible, the
existence of a n-simlex x € X, with 0;x = x; is equivalente to the existence
of an extension of T from AF to the entier A,,.

PROOF. Suppose that x;’s are compatible. We just have to prove that
on the intersection 0;A, N 0;A,, the simplicial maps z; and Z; coincide:
Suppose that d’f = d/g for certain f, g : [k] — [n — 1]. We can assume that
i < j. Then using Proposition 1.5, we can write f = d/~'h g = d'h for a
unique morphism h : [k — 2] — [k — 1]. We have

(1.46) Bi(d'f) = [ (@) = (7 ) () = B (&) (i) = h*(dja ()
= () = B (&) () = (@) (@) = " (2) = &,(@g)

Conversely, if Z; extends to a map on A¥, then Z; and Z; must coincide on
the intersection 9;A,, N 9;A,, which contains d'd’~! = djd’. The identity
zi(d'd’ ) = zj(d’d") is equaivalente to the identity d;_1z; = d;x;.

O

THEOREM 1.65. (J. C. Moore) Any simplicial group G is s Kan complex.

PRrROOF. Suppose that zqg, - zr_1, k11, Tn, is a compatible sequence.
Let

Yo = so(wo)
(1.47) Yi = yifl(sidiwifl)_lsi(xi) O<i<k
Yn = Y1 (Sn—1dn(Yr—-1)) " sn_1(zn)
Vi = Yir1(sic1diyir1) tsilz) k<i<n
Yk+1 is the desired extension of x;’s. O

1.13. Homotopies in Kan complexes and Homotopy groups of
simplicial sets

For topological spaces we can construct homotopy groups. So we expect
to be able to introduce a notion of homotopy groups which will be isomorphic
to the the homotopy groups of the geometric realisation.

DEFINITION 1.66. Let K be a simplcial set. Two n-simplices x and '
are said to be homotop and we write x ~ 2/, if for all 0 < i < n,

dix = d;z’
and there is an n 4 1-simplex y such that
dpy ==
(1.48) dpt1y =7

diy = sp—1diz = sp_1d;x’
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We say that y is a homotopy between x and z’.

ProrosiTION 1.67. If K is a Kan complex the ~ is an equivalence re-
lation.

PRrROOF. First we have to prove xz ~ x for all z. If y = S, (z), then we
have d,y = dp11y = = and d;y = d;sp(z) = sp—1d;x.

To prove the symmetry and transitivity we prove that if z ~ 2’ and
x ~ z” then 2/ ~ 2”. Let vy be a homotopy between z and z’ and y” a
homotopy between x and z”:

(1.49) dyy =z, dpiy =72, dy = s, 1dix = s,,_1d;2’
dyy" =2z, dp1y’ =2", diy = s, 1dix = s, 1dix”

Consider the compatible sequence

ap = dospspd’, - g = dpspsn®’ o o = dp_18p80T, 00 =Y a1 =y, —.
There is a z such that d;z = a; for 0 < i <n+ 1. Let w = dy122, then we
have

(1.50) dpw = dpdpioz = dpyr1dpz = dpi1y = 2

dp1w = dpy1dpi22 = dpp1dnt12 = dn+1y” ="

and

diw = dijdpy02 = dp1diz = dpi1d;spspt’ = didpspspx’ = dispa’ = s,_1d;x’
so w is a homotopy between 2’ and z”. O

A good theory of homotopy groups requires long exact sequence therefore
a relative theory.

DEFINITION 1.68. Let L be a simplicial subset of K. Two n-simplices
are said to homotop relative L, x Lo if
(1) dixz =dix’, 1 <i <.
(2) If y is a homotopy between dox and dpa’, there is a (n+ 1)-simplex
w € K41 such that
dow =y, dyw=2z, dyp1w=212 docicn1w =8, _1d;x = 8,_1d;7’

We say that w is a relative homotopy between z and z’.

PROPOSITION 1.69. Suppose that L C K are both Kan complezes. Then

L . ‘
~ 18 a homotopy equivalence.

Proor. Firstofall z L x because if dgx € L then as we saw y = s,_1dox
is self-homotopy of dpx. For w = s, sz, we have 1 < i < n, djw = s,_1d;x
and dyw = dpy1 = x, dgw = y therefore w is a relative homotopy between
z and .
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As for symmetry and transitivity, suppose x Lo and z 2 2", Let o'
and w” be the corresponding relative homotopies ie.e

(L51) dow” = x, dn+1w' =7, dw' =sp_1dix =s,_1d;iz’, 1<i<n

dpyy' =z, dpp1y’ =2", diy =s,_1dix = sp_1dix’ 1 <i<n

and 3y = dpw’ and y” = dyw” provide respectively the homotopies dox 9
doz’ and doz % doa” in L. Similarly to the proof of Proposition 1.67 there
isa 2z € Ly such that d; = d;sp_18p—1dor’ ,0<i<n—1,d,_12 =19 and
dn_lz = y”.

Now the sequence z,d18,5,2, -+ ,dp_15n5,2", W', w"”, — is a compatible
one, so there is a V such that d;v, 0 <7 <n+ 1 are, in order, the elements
of the above sequence. Then w = d,12v does the job, i.e. it is a relative

homotopy between 2’ and z”.
U

We are ready to the define the homotopy groups of a Kan complex K. To
that end we need to introduce the right notion of basepoint. Choose zg € K,
consider the simplicial subset generated by xg. This simplicial subset has
exactly one n-simplex $,,_18,—2 - - - so(x) for all n > 1. We continue to denote
this simplicial subset with xg. We set

K, = {z € K|dix = x9, 0<i<n}.
Then the n-homotopy group of K is
(K, z0) == K/ ~

The relative homotopy groups is defines in a similar manner,

f('n(L) ={reK,| dax=z9 1<i<n, dox € Ly},
and
(K, L,x0) = K,(L)/ ~ .
DEFINITION 1.70. For homotopy classes a = [z] and b = [y] € 7, (K, x0)
We define product
[z].[y] = [dnZ]

where 2z is the extension of the compatible sequence xg, - - - xg, z, —, ¥.
ProproSITION 1.71. The product defined above is well-defined.

PrOOF. e First we prove that for given representatives x and v,
the class of [dyz] is independent of the choice of z. Suppose that
z and 7z’ are two extension for the sequence xg,- - - zg,x, —,y. Let
w € K, t2 be an extension for the suite xg--- , s 2, —, 2,2’) then
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dp,w is homotopy between d,z and d, 2’ because we have
dpndyw = dpdpi1w = dpz
(1.52) Apt1dnw = dpdpow = dpz.
dp1dpw = dp_1dpqw = dp_18,% = sSp_1dp_17T = Tp.
di<n—1dpw = dp_1d;w = x9
e We prove that the classes a and b of the product a.b is independent
of the choice of the representatives x and y. Suppose that w is a
homotopy between y and v/ i.e.

dpiw=1y & dyw=y& dyw=xg

e Let 2/ be an extension for the sequence xg, - -z, x, —, 7. The se-
quence g, - - - Tg,Sp_1%, 2, —,w is compatible therefore it has an
extension of the sequence u € K,1o. We claim that d,yiu is an
extension xq, - - - xg,x, —,y. This is because

dn—1dnt1u = dpdp—1u = dpsSp_12 =2
(1.53) An1dp+1u = dpy1dptou = dprw =y
dicn—1dpt1u = dpdju = xg.
Therefore d,d,+1u is the product of the classes a and b using the
representatives x and y.On the other hand
dpdpiu = dpdyu = d, 2’
which is the product of the classes using the representatives x and

/

Y.
(]

Similarly we define the product on the relative homotopy classes 7, (K, L, x¢).

Let [z] and [y] two relative classes. Then dpx and dopy in L,,—1 and represents
two homotopy classes in m,_1(L,x) where we can define the their product

[doz].[doy] = [dn—12]
where z is the extension of the compatible sequence xg, - - - , xg, dox, —, doy.
The sequence z, xg, - - - , xg, x, —,y is also compatible therefore has an exten-
sion w, we set
[z].ly] = ldnw].
It turns out this product is well-defined as well.

PROPOSITION 1.72. For a Kan complex K, (m,(K,x¢),-) is a group.

PROOF. It is quite clear that that [xo] is a neutral element. We prove
that existence of the inverse by showing that we can divide. For the two
classes [z] and [y] € m, (K, z) we consider the compatible sequence xg, - - - 9, —, =,y
of n-simplices which can be extend to a (n + 1)-simplex z, then by the defi-
nition of the product we have

[dn—12][z] = [y].
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As for the associativity, we consider the three extensions of three compatible
sequences,

Extension/facesn + 1 | 0 to (n — 2)th faces | dp—1 | dn | dog1 | dngo
Wp—1 € Kn+1 o, - ,Z0 x — Y Q)
Wp1 € Kpj Zo, ", X0 dpwp—1 | — z 0
Wny2 € Knt1 To, - ,XQ Y — z 0

u € Knio T, ", X0 Wp—1 | — | Wntl | Wnyo

Then we have
(1.54)  ([z)-[y]).[2] = [dnwn][z] = [dnwnia] = [dndn1u] = [dndnu]
We can observe that d,u is an extension of the sequence
0, TOy Ty —, ApWnt2,
therefore
[x].[dnwn42] = [dndnul

On the other hand [d,wn+2] = [y][#], hence the associativity.
U

THEOREM 1.73. For all pair of L C K of Kan complezxes, there is a
natural long exact sequence of groups

(1.55)
= Mg (K, Ly 2g) *= (L 0) — = (K ) — > (K, L) ——=
Where O[x] = [dox] and i and j are induced by inclusion.

PROOF. Obviously the ¢ and j are group homomorphism. It follows
from our definition of the the production on the relative homotopy groups
that 0 is also a group homomorphism.

(1) Exactness at (0,1):

- Im(0) C ker(i): We have i0[z] = i[dox]. Let y be an extension
of the sequence of n + 1-simplices —, xg, g, - - - , Zg, x, the dyz is a
homotopy between dgx and xg in L,.

-ker (i) C Im(0):

-ker(i) C Im(9): If i[z] = [xo] i.e. * ~ zy € K, there is a ho-

motopy y in K, between z and . This implies that the sequence of
(n + 1)-simplices y, zg - - - , xg, — are compatible, hence expandable
to z. Take a look at d,, 22, we have

(1.56) dodnt2z = dpy1doz = dpy1y = @

' di<i<nt1dni2z = dpy1diz = dpi 20 = To

therefore d,, ;22 represents a class in 7,41 (K, L, xg) and 9[d,,422] =

[dodn+2u] = [y].
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(2) Exactness at (j,0): )
- Im(j) C ker @ because 9j[z] = [dypx] = [zo] by definition of K,,.

-As for ker & C Im(j): If for = € m,(K, x0), dox ~ ¢ € K,(L)
then there is z € L,, such that

dpz = dox  and do<i<nz = To.
Clearly z,zq--- ,x9, —,z are compatible so there is an extension

y € Kp41. It is easily verified that y is relative homotopy between
dny and x. Note that

di<i<ndny = dp_1d;y = dp_1d;y = xododny = dp—1doy = dy—12 = g

therefore d,y represents a class in m, (K, zg). Moreover dpy = z is
the homotopy in L,,—1 between dpx and xg as it should be, and

[z] = j([dny])

(3) Exactness at (i,1)): )
- Im(¢) C ker(j): For x € L, the sequence

— X0y X0, T

is extendable to z € L, 4+1. Indeed dpz is a homottopy in L between
zg and dgr and z is a relative homotopy between xg and x.

- ker(j) C Im(7): Suppose that j([z]) = [xo] in 7, (K, L, zo) then
there is a relative homotopy w between x and xg and 2z := dow € L,
is a homotopy between zg and dypx = zg in L. The n+1 n-simplices
Z, T, , Lo, — are compatible therefore there is an n 4+ 1-simplex
v such tht

d()v =z, dogignz = X0
It turns out that
Spn—1%2,20," " , L0, V, W, —

are compatible and extendable to t € K,+2. Then we claim that
dn4ot is a homotopy between z an d,+1v € L, hence x is in the
image of 7. To see that

dpdyyot = dpy1dyt = dpyqv

dpy1dpyot = dpp1dpp1t = dppqw =

1.57
(1.57) do<i<ndniot = dpi1ditdy om0 = 0

dydpyot = dpy1dot = dpy15n-12 = Sp—1dp2 = Sp_1T9 = Tg
O

It may not be immediately clear to the reader why our definition of
homotopy groups is related to the standard topological definition. Here we
answer to the this question.

By Yoneda lemma, a n-simplex x gives rise to a simplicial map z : A, —
K. In particular, if A;x = xg, for all i, then Z(9A,) C xo.
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PROPOSITION 1.74. There is a bijection between elements of m, (K, x¢)
and the homotopy class of maps T : (An, 0A,) — (K, x0). Here the homo-
topies are relative to OA,) and x.

PROOF. Suppose that =,y € K, are homotpo. Then there is z € Kph
such that z = dnz, y = dp112 and d;j<pz = 9. We construct a homotopy
hi : Aplg) = Lgy1, 0 < i < g, between Z and y as follows: We use the
fact A, is generated by on element namely id,, € A,[n] and then we extend
to other element of A, using the equations (see (1.13)) uniqueness of the
presentation of the morphism in the category A.

(1.58)

hi(idy) = si(z) 0<1i<mn,
hn(idy) = 2z

It remains to prove that hi(0A,) C zg. To that end, note that 8An is
generated by d' € Homa ([n — 1], [n]) and its elements are of the form d’ o f
where f € Homa ([k], [n]). For instance, for f =id, and 0 < j <n—1 we

have

(1.59)

hj(d'oid,) =

dihj_;_l(idn) = disj(x) ifj > 1= {

hj(d;(idy)) =
]( ( )) dnhnfl(zdn) = dn8n71($) = X0,

div1h;(idy,) if j <i=
+1h;(idn) {d¢+18j($) = sjd;i(z) = s;j(x0) = 20

Similar computation and result hold for all f € Homa (—, [n]). Coversely,
suppose that h is a homotopy relative to OA™ between T and y. Let z; :=
hi(idy,), for 0 < i < n. Then using the relations ((1.13)) and hypothesis that

hi(d'(idy)) €

(1.60)

hi(0A,) = xy, we have,

dizj =x0, 1#7j,J+1
dizi = dizi—1
dOZO =X

dn—l—lzn =Y

To complete the proof we need the following lemma.

LEMMA 1.75. ~Suppose that z € Kyy1 and d;z = xg fori #i,i+ 1, and
drz and dyy1z € K,,. Then we have a homotopy dyz ~ dyr412 in K.

Proof of the Lemma For r = n it is obvious by definition. So we suppose

that r < n.

Let w € K12 be the extension for the sequence

Qg = T,

Q1 1= X0, Qp = Spq1dey12, Qg1 1= 2, Qpy2 = Spdr12, —, Qi>ry3 1= Tg.

Then ¢ = d,w satisfies the
dps1t = dpz, dpyot =dpp1z and dit = xo,# 7+ 1,7+ 2.

dzhn(’ldn) =d;z = x, ifi<n

diSj_H({B) = dez'(x) = Sj(l'o) = X0

t1=n—1
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By repeating this process we increase the indices from r to n where the
results is obvious.

To finish the proof of the Proposition, it suffices to applies the lemma
to to the each z; for r = 7 and use the identit d;z; = d;z;_1,

x =doz ~dizo =diz1 ~ dozy - dpzp1 = dpzp ~ dpy12n =Y

O

An immediate consequence of the previous result, Proposition 1.74, is
the invariance of homotopy groups under homotopic maps.

CoRrROLLARY 1.76. If f,g : K — L are homotopic then f. = g. :
T (K) — 7 (L).

The first and most important example of Kan complex is the singular
complex Sing(X) = {Sing,, (X)}, of a topology space (See Proposition 1.63).
So it is natural to ask if 7, (Sing(X) is related to the (topological) homotopy
groups m,(X).

THEOREM 1.77. For a topological spaces X we have a natural isomor-
phism of groups

T (S(X), S(a)) ~ m (X, a)
where a € X is basepoint, S(X) := Sing(X) is the singular (Kan) complex
de X and T is the geometric realization.

PrOOF. By the adjunction property of S and T', we have a bijection
Hompop(Dp, X) ~ Homye,(TA,, X) ~ Homgset (Ar, S(X)).

homeo
~Y

Here D,, is the n-dimensional disk. Since T'(0A,) =~ 0D, ~ S™!, The
functoriality of the above bijection implies that we have a bijection for pairs,

Hompop((T'Ap, TOA,), (X, a)) >~ Homgset ((An, 0A,), (S(X), S(a)).

which Proposition 1.41 conserves the homotopy relation, therefore ¢ induces
an isomorphism

T (S(X), S(a)) ~ m (X, a)
Verifying that this is conserves the group structure is not hard and is left to
a reader who wants to indulge oneself. ([

THEOREM 1.78. (Moore’s Theorem) For a simplicial abelian group G
we have a natural group isomorphism

7a(G1,0) = Ho(N(G.))
induced by the identity map, where N(Gy) is the normalized complex of G

and 0 is the simplicial basepoint generated by neutral element of Gyg.

PRrOOF. Let 0 be the neutral elements of Gg, since all the degeneracy
maps S; are simplicial maps, s;_1---s9(0) is the neutral element of Gj.
Therefore our simplicial base point consists of the neutral element of G;’s.
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The identity map K, — N(G),, is well-define because if z € K,, , then
d;x =0 for 0 <n < n—1. Morever, since d,x = 0 the identity map induces
a well-define map K, — H,(N(G)).

Suppose that x ~ y € K, via homotopy o € K41, i.e.

dno =z, dpyi10=y, d;o=0.

Let z:=0 — sp(y). Thendpz =2 —y,diz=0fori=n+1and 0 <i<n,
therefore 9z = x — y and = and y are homologous. Therefore we have an
induced map

m™(G,0) = Hp(N(G)).

The surjectivity of this map is clear because the elements of H,(N(G)) are
represented by n-simplices o such that d;o = 0 for all 4, therefore o € K,.
As for injectivity, suppose that ¢ € K, repreent 0 in H,(N(G)) i.e.
there is z € N(G),+1 such that d,,112 = 0. Now it is clear that o ~ 0 = d,z
because d;z =0for 0 <o <n-—1.
It remains to prove that the identity map is group homomorphism. To
end we should prove that for z,y € K, there is a (n 4+ 1)-simplex z such

that
diz=0 0<in-—1

(1.61) dn—1z2 =1
dnz =2 +Yy
Indeed z = sp,—1(x) + sn(y) does the job. O

1.14. Kan fibrations

A simplicial map p : F — B is called a Kan fibration if for any com-
patible n (n — 1)-simplices xq,- - ,Tx—1, —, Tk+1," - , T With an extension
y € By, for p(x;), then there is an extension z € E,; for z;’s such that
y = p(z). It is clear that:

ProposiTION 1.79. E is a Kan complex if and only if p: E — % is a
Kan fibration. Here % is a the simplicial singleton.

One can introduce the notion of fibre for a Kan fibration p : ¥ — B
by setting F' = 0~!(zg) where g C B is the simplicial base point (i.e the
simplicial subset generated by a 0-simplex g € By.).

PRrROPOSITION 1.80. The fiber F' of a Kan fibration p: E — B is a Kan
complex.

Proor. Let zg, - - ,2p—1,—, Tk+1, - ,Tn be a compatible sequence in
F, then for all i, p(x;) = z¢ and z is a an obvious extension of p(z;)’s in B.
Since p is a Kan fibration then there is an extension x € F for x;’s such that
p(z) = xo. The latter means that = € F, in other wors x is an extension of
x;’s in F', this proves that F' is a Kan complex. O
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LEMMA 1.81. Suppose thatp : E — B is a Kan fibration. Let x;,,---x;,,
11 < ig < -+ < ip, be a sequence of q-simplices in E such that d;,x;, =
di,—1x;, for s <t. Assume that there is an extension y € By for p(mi].)’s,
i.e.
di;y = p(xi;)-
There is an extension x € E for z;;’s, i.e.

dijl‘ = p('rl])
PrOOF. One day (]

PROPOSITION 1.82. Letp: E — B be a Kan fibertion:

(1) If E is Kan complex and p is onto, then B is also a Kan complez.
(2) If B is a Kan complex then E is also.

PROOF. Proof of (1): If yo, -+ ,Yr—1, —» Ykt1," - > Yn 1S a sequence of
compatible (n — 1)-simplices in B. Then there is 2 such that. yo = p(xg).
Since doy1 = doyo, by applying Lemma 1.81 to sequence xg (with y := y;
satisfying doy1 = p(dpxg)) there is a x1 € E such that p(z1) = y1 and
doxr1 = dpxg. By repeating this process, at each stage we find x; € E such
that p(x;) = y; and djz; = d;—1x; for all j < i. By doing so we are lifting y;’s
to a compatible sequence of (n — 1)-simpkices in E which a is Kan complex.
Let z be an extension of z;’s in E, then p(x) is desired extension of y;’s.

Proof of (2): If x;’s is a compatible sequence in E then p(z;) is a com-
patible sequence in B therefore has an extension y in B. Since p is Kan
fibration, y can be lifted to an extension x in E of x;’s. O

One naturally expects a long exacts sequence of homotopy groups associ-
ated to a fibration. the groups homomorphism q : 7, (B, by) — 7, (E, F, ap).
where by = p(ag) and ay € Ep,is defined as follows: For y € B,,, we have
d;y = by, so we can think of y as an extension of the compatible sequence
—,bo, bg, - -+, by which is image of the compatible sequence —, ag, ag, - - - ag,,
p being a Kan fibration there is an n-simplex x such that p(x) = y and
disor = ag. Now p(dox) = dop(x) = dpy = by therefore dopx € F and z
defines a homotopy class in the the relative homotopy group m,(F, F, ag).
The map q : 7, (B, by) — 7 (E, F, agp),

q([z]) = [y]

is well-defined meaning that it conserves the homotopy relation, because
the homotopies which are also extensions, can be lifted via p. On the other
hand p : E — B induces a map p : m,(F, F,ag) — 7,(B, bg). It is clear that
gp = id and pqg = id proving that ¢ and ¢ are bijections, and since p is a
group homomorphism, ¢ is so.

Via the isomorphism ¢, the connecting 0 : m,1(F, F,ag) — m(F, bp)
becomes Oy : Tpi1(B, ag) = m(F, bo),

94 ([y]) = [do]).
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Using the isomorphism ¢, the long exact sequence 1.73 transforms in:

PRrROPOSITION 1.83. For a Kan fibration p : E — B with fibre F, we
have a long exact sequence of groups

; 0.
oo o Tng1 (Fra0) = Tona1 (B, ag) 2 mpa1 (B, bo) =5 m0n(F, ag) — -+ -

1.15. Universal cover

In this section we give a construction of the universal cover of a Kan
complex K.

We suppose that K is a connected Kan complex with just one 0-simples
xo. Let m = 71 (K, zy) be the fundamental group of K (here x( also denotes
the subcomplex generated by xg). Define K by

f(n:KHXW

equipped with the degeneracy and degeneracy maps
(1) di(xz,a) = (djz,a) for. i <n
(2) dn(z,a) = (dnw, (d3 " x)"'a), here di~"' is (n — 1)-th iteration of
do.
(3) si(z,a) = (siz,a)
Let zo be the (simplicial) base point of K and Zy = (29, 1) be the simplicial
basepoint of K where 1 € 7 is the neutral element. Then we have
(1) K, is a simplicial set.
(2) The natural projection 7 : K — K is a Kan fiberation.
(3) mn(F,Zo) =1 for n > 1 and mo(F, zg) ~ 7.
(4) The connecting map 0 : m; = 71 (K,x9) — m = mo(F, ZTp) of the
fiberation long exact sequence
<= m(F, ) — 7'(‘1([%,.@0) — (K, xo) = mo(F,Tg) = - -+

is an isomorphism.
(5) Conclude that m, (K, Zo) ~ 7, (K, xo) for n > 2.
Proof of the (1) and (2) are easy and left to the reader.

1.16. Minimal Complex

Existence of a minimal complex is an key ingredient for proving various
theorems such as Whitehead and Hurewicz theorems.

DEFINITION 1.84. A Kan complex is called Minimal if d;x = d;y for all
1 # k, implies that dpx = diy.

ProPoOsITION 1.85. A Kan complex is minimal if and only if homotopy
equivalence relation is indeed the equality.
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PROOF. Suppose that K is minimal and x ~ y € K,,. Then there exist
w € Kp4+1 such that dyw =z, dpyp1w =y and djcpw = sp—_1d;x. The latter
implies that

disn(z) = sp—1d;x = dyw for i < n
and we have d, s, (x) = x = dyw, therefore by minimality
x=dpt18n(2) = dppw = y.

Conversely, suppose that for (n+1)-simplices x and y we have d;z = d;y
for all ¢ # k. In order to prove that dpx = diy it suffices to dpx ~ dyy.

First the case k < n, note that s,dox, - - , sndg—12—, Spdir12, - - - Spdnx,, 2,y
is a compatible sequence therefore extendable by a (n + 2)-simplex. It is
easily checked that djz is homotopy beween djx and diy. As for the case k =
n+1, let the (n42)-simplex z be an extension for s,,_1dpz, - , Sp_1dn—_12,2,y, —
then d, 42z is a homotopy between d, 1z and dp41y.

O

The fundamental result of this section is that every Kan complex K has
minimal subcomplex which is deformation retract of K. This requires a
lemma.

LEMMA 1.86. Let z and y be two degenerate n-simplices. If dix = d;y
for all i, then © =y.

ProOOF. First notice that a degenerate simplex z, is of the form form
r = s;d;x . To see, write x = s;z for z and i, then z = d;s;z = d;r hence
T = s;d;x.

If + = s;d;x and y = s;d;y now it is clear that * = y because by
hypothesis d;x = d;y. If © = s;d;x and y = s;d;y for 7 < j, then
(162) xr = Sidil‘ = Sidiy = Sidisjdjy = SiSj_ldidjy
= sjsididjy
Therefore x is in the image of s; thus by the argument in the begining,
x = s;jd;jz and we are back to the case i = j. O

THEOREM 1.87. Every Kan complex K admits a minimal K' which is
deformation retract of K.

PROOF. We construct the simplices of K’ by induction. The vertices of
K}, is made by choosing a representative for each classes of m(K) Suppose
that K, i < n, are constructed for . To define K], first we consider the set of
n-simplices « with d;z € K],_;. Then we pick one representative from each
homotopy classe of this set, and when it is possible we chose a degenerate
representative.

First we prove that K’ is a subcomplex. The stability under the face
maps is true by construction. Stability under degeneracy maps is also proved
by induction. Let z € K], then for a fixed degeneracy map s;, all the face
dj(si(x)) belongs, by induction, to Kj,. Therefore, by construction of K7, ,,
si(x) is homotopic to a simplex y in K], ;. By the construction K], y
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should be degenerate since otherwise we would have chosen the degenerate
representative s;(x) instead of y and we would be done. So have s;(z) ~ v,
which also means di(s;(x) = dgy for all k and by Lemma 1.86, s;(x) = y
hence s;(z) € K, ;. By construction K’ is a minimal comples because the
homotopy implies equality.

Now we prove that K’ is a deformation retract of K. To that end we
construct a simplicial homotopy H : K x A1 — K between the identity map
id: K ~ K x Ag — K and a retraction r : K ~ K x Ay — K whose image
is in. K’

(163) K x A(]
1><d1l Q
F
K x Al — X
1><d0T /
r
K x AO

We construct H on Sk, (K) by induction on n. For n = 0, FFH on
Sko(K) x Ay is defined by

(1.64)
H(z,0) ==z
H(x,1) = m, where m is the unique 0-simplex in K’ which is in the same connected component &

H(s(x),id) = o where o is a 1-simplex with dpo = = and dyjo =m

(1.65) U 08, x A7=0d g A, x A
z€en(K) z€en (K)
-

Tn—ll/
Skn(K) X Al

j=incl.

Skn_1(K) X Al

H RN
\K

We suppose that H : Sk,_1(K) x A; — K is constructed. Since we have a
push-out diagram (see Proposition 1.14), in order to extend H to Sky(K) x

A7 it suffices to extend. Ho Y, from U J9A, xAjto U A, xAj.
x€en(K) z€en(K)

Note that A, x A; is union of simplicial subsets which are generated by
the images of the maps o, : [n + 1] — [1] X [n] given by its image (which is
ordered)

Im(aj) = ((070)7 (17 O) B (]7 0, )7 (.77 1) T (nv 1))
These generators have all of their faces in the boundary complex 9, x A;
except for d'o; € 0A, x Ay, for i # j,j+ 1 and j # 0,n + 1. Moreover,



1.16. MINIMAL COMPLEX 45

dooog € A, X doA1 = A, x 1 and dn+10'0 e A, xdiA1=A, x0
dj+105 = dj+105+41.

Now we prove the existence of i’ as extension of H o T, _1. Since (n + 1)-
simplex o¢ has all of its faces, except for one, in 9A,, x Ay and K is a Kan
complex then HoY,,_1|s, can be extended to og. Now o} has all of its faces
in 0A,, x A1 except for two, one of which is shared with og. Therefore Ho Y,
is defined on all of the faces o1 except for one face, again since K is a Kan
complex, we can extend H o Y,,_1 to all of o1 and so on. By repeating this
process we can extend H o Y,,_1 to all of A, x Ay. Finally the restriction
of the newly extended H to A,, x d°A; takes its in the minimal subcomplex
because by the induction hypothesis all of its faces H|ga xqoa, are in the
minimal complex. O

PROPOSITION 1.88. Let M be a minimal complex and f,g: M — L two
homotopic simplicial map. If f is an isomorphism then g is also.

PROOF. Let h = {hy}q, be a homotopy between f and g, here hy : M; —
Liy1,0<qg<.
Proof of injectivity:
Suppose that x,y € My and g(z) = g(y). For the two 1-simplices ho(z) and
ho(y), We have dyho(z) = g(x) = g(y) = d1ho(y) and by minimality of L we

have f(x) = diho(x) = diho(y) = f(y).

Now suppose that we have proved the injectivity of g on M; for i < q.
let x and y be two g-simplices with g(x) = g(y). Since g is a simplicial map,
we deduce that g(d;x) = g(d;y), therefore by hypothesis (on injectivity)
d;x = d;y. Using these identities we have

dlhq(l') = hqfl(dil') = hqfl(diy) = dlhq(y), fori < ¢q
dgt1hg(z) = g(x) = g(y) = dg+1hq(y)
therefore by the minimality of L, we get dyhq(x) = dghe(y) which implies

(1.66) dghy1(2) = dghy1(y)
because h being a simplicial homotopy satisfies the identity d,h,—1 =
dqhg. We repeat this process for ¢ — 1 instead of ¢, more precisely
dihg—1(z) = hg—2(d;x) = hg—2(diy) = dihq—1(y), fori<g—1
dghg—1(x) = dghg-1(y) (by (1.66))

and then by minimality we get dy—1hq—1(z) = dg—1hg—1(y), hence dj_1hq—2(z) =

dq—1hg—2(y). By repeating this process we can finally get to the identity

doho(z) = doho(y)
which is to say f(z) = f(y), therefore x =y
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Proof of injectivity:
If x € Ly then choose z € Ly such that dyz = x, and then choose x € M,
such that f(z) = dypz. We have

doho(x) = f(.%) = doz,

so by minimality dj ho(x) = diz which implies g(z) = y hence the surjectivity
of g on Lyg. Now we complete the proof of the surjectivity by an induction:
suppose that g is surjective on L; for ¢ < ¢ and y € L,. Choose x;’s such
that g(z;) = diy, 0 <i <q.

Let z; € Lq+1 be an extension to for the sequence

hqfl(:UO)v te hqfl(fl;qfl)a - Y.

We choose zj<q € Lgy1 by descending recurrence relation as follows:
2j € Lgy1 is the extension for sequence

hj—1(zo),- - hj—1(zj-1), = djr12zj41, hj(xjp2), - hj(zg)

(in particular dj;12; = dj+12j41). Now choose x such that f(z) = dozo, we
have, for ¢ > 0

(1.67)
fldix) = d; f(x) = didozo = dodit120 = doho(xo) = doho(z;) = f(x;),

for i =0,
f(dox) = dof(x) = dodozo = dod120 = dod121 = dodoz1 = doho(xo) = f(x0)

and by injectivity d;x = x; for all 4.
We have

doho(ﬂ?) = f(a:) = doZo

1.68
( ) dzho(ﬂf) = ho(diflx) = ho(:ﬂi,l) =d;zg fori>1

therefore by minimality dyz9 = djho(x). We continue this process using the
identity d;t12; = dj+12j41, we can prove that djz; = d;hj(z) for all i and
as a consequence
9(w) = dg1he(x) = dg+124 = ¥,
proving g is surjective.
([l

COROLLARY 1.89. Suppose that M and L are minimal complexes. If
f: M — L to is a homotopy equivalence then f is an isomorphism.

PROOF. Suppose the g is the homotopical inverse of f then f o g ~idy
and g o f ~ idy;. Then by the previous result, Proposition 1.88, f o g and
g o f are isomorphisms hence f and g are isomorphisms. (]
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1.17. Simplicial Postnikov system

The Postnikov system is a way of decomposition a simplicial K set by
means of an inverse system of simplicial subsets K whose first n-th ho-
motopy groups are identical to those of K. A major tool in proving various
theorems about the homotopy type of the simplicial sets.

DEFINITION 1.90. For a simplicial set K (™ is a simplicial defined as the
equivalence classes

Krgn) =K/ ~,
where x ~ y if T|a,lp) = Ula,pp) for all p < n. In other words,

TNy = TSk, (Ag) = Ylskn(Ay)
Here z = Ty(z) : A, = K is the simplicial map provided by the Yoneda
Lemma. It is clear that
Ké”) =K, forn>gq.
For our convenience in formulating he statements, we introduce

K =K.

When n > m we have the natural projection maps p}}, : K (n) _y f(m)
which are obviously simplicial maps. The reader may have noticed that this
definition does not requires K to be a Kan complex.

ProprosiTION 1.91. Let K be a Kan complex.
(1) For all n (0o included), K™ is a Kan complex.

(2) For alln > m (co included), the simplicial map p, : K™ — K™
1s Kan fibration.

PROOF. By virtue of Proposition 1.82, it is clear (2)for n = oo implies
)

(1). As for (2), suppose that @1, -+ ,&p—1, —, Tht1, -+, Tqq1 € K(gn is a

compatible sequence and y € Kém) such that d;y = p(x;).

e If ¢ < m then K,gn) = K,gm) = K, therefore x; are basically the
element of K;. Let z € K 41 be a representative for y, then it
is clear that d;z = z; = p(x;) € Kén) = Kém) = K, so the class
represented by z in Kén) does the job.

e If ¢ > m , there are two possibilities:

-n = oo: Since Kq(") = K, and K is a Kan complex, then there exist
x € Kgy1 such that d;x = x;. Let 2 € K11 be a representative
for y € ST%, then we claim that « ~ z, and this implies that
p(z) = y and we are done. As for the claim, first noticed that
p(d;x) = p(x;) = d;y = p(d;z) therefore for all ¢
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Since m < ¢, all the m-iterated faces of the g-simplices = and
z are respectively are m — 1-iterated faces of, respectively, {d;x};
and {d;z};. Let’s spell the reasoning in more details: The relation
(1.69) means that for all simplicial morphism f : [m] — [g] we
frd™(z) = f*d*(2) i.e.

(1.70) (d'f)*(z) = (d'f)*(z), foralli

On the other hand = ~ z is equivalent to ¢g*(z) = ¢*(z) for any
simplicial morphism ¢ : [m] — [¢+1]. Note that any such simplicial
morphism has a unique decomposition (see Lemma 1.5) which by
some d’ therefore it can be written of the form g = d'f, now the
claim follows from (1.70).

- n < o00: Since we just prove the case n = 0o so we can use
the result that K(™)’s are all Kan complxes. Now the proof of this
case is exactly the same as case n = oo of ¢ < m since the only
hypothesis that we used was K™ = K being a Kan complex.

O

DEFINITION 1.92. The n-th Eilenberg-McLane space E,,+1(K) of a Kan
complex K is the fiber of the fibration

(1.71) p=p>: K- KM,
i.e. we have a diagram
(1.72) Bpi1(K)— K& KM,

Once a basepoint g € K is fixed, E,1(K) consists of the simplices in K
with faces of dimension less than n falling into the simplicial basepoint. So
as a result

Eyp1(K)g<n = 0.
and
(1.73) Tan( B () = 0
ProrosITION 1.93. Let K be Kan complex, x, basepoint for K and
m < n.
(i) ps = (p)* : (K™ — 7,(K™) is an isomorphism for ¢ < m.
(i) wy(K™) =0 for all ¢ > m.
(iii) The map 7y(Emy1(K™)) 5 7,(K™) induced by inclusion is an
isomorphism for ¢ > m.
(1) Tg(Emy1(KM™)) =0 if ¢ > n or ¢ <m. In particular E,(K™) is
McLane-FEilenberg space.

PrOOF. (i): it follows from the homotopy groups long exact sequence asso-
ciated to the fibration

(1.74) pr s K0 B gm),
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One can easily see that the fibre is F,, 1 (K™) and by (1.73) i.e. i< (Epmi1(KM)) =
0 and (7) follows.

Proof of (ii): Let [z] € m,(K™), where = € K, is a representative. Then
by definition d;x\Skm(Aq_l) = T0|Sk,, (A, ). Because m < ¢ — 1 this im-
plies that Z|sy,.(a,) = Zolsk,.(a,)- Said in more detail, every nondegenrate
f € Sk (Ag) has a decomposition which starts with one codegenracy map
d* (see proof of (2) in Proposition 1.91 for a similar situation) .

(iii) is a consequence of (ii) by taking again into the fibration
B (K™Y s KM 2y p(m),
Proof of (iv):The case ¢ < m has already been proved (1.73). The case ¢ < n
follows from (ii) and (iii). O
1.18. Hurewicz and Whitehead theorem in simplicial setting

In this section we prove a series of theorems on comparing homotopy and
homology groups. All over this section ~ denote the homotopy equivalence
relation used for defining homotopy groups.

PrRoOPOSITION 1.94. Let K be a Kan compler. Then we have a group
isomorphism

(1.75) Hy(K) =Zmy(K)
Here Zmo(K) stands for the free abelian group generated by the elements
of mo(K).

PROOF. The canonical projection map Ky — Ky/ ~ induces a map
p: Co(K) — Zmy(K). It is obvious that By(K) is in the kernel of p because
every l-simplex o, dyo and dyo are homotopic (by definition), therefore we
have map p : Hy(K) — Zmo(K) which is obvious surjective. The injectivity
follows from the substitution principal.

LEMMA 1.95. (Substitution principal) Let F' be a free abelian group with
basis B and {x;}i—o.r in B be a list of elements in B (repetition allowed),

and assume that
k
Z m;xT; = 0
i=1

for some m; € Z. If G is any abelian group and {y;}i—o.x a list in G with
the property that (z; = z; = y; = y;) , the

k
Z miy; =0
i1
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DEFINITION 1.96. The reduced simplicial homology I:I*(K ) of a simpli-
cial set K is the homology of the quotient complex

On(K) i= Cn(K)/Cn(x0)
where z is a (simplicial) basepoint)

It follows from that long exact sequence associate to the short exact
sequence

0 — Ci(z0) = Cu(K) = Co(K) = 0
that R
H,~o(K) ~ H,(K).

The Hurewicz map h : m, (K, zo) — H,(K), is the identity on the genera-
tors. Indeed if x represents a class in m, (K, x¢) then by definition, d;z = xg
for all i therefore we have dz = 0 € C,(K). Similarly one can define the
relative Hurewicz map h : 7, (K, L,x0) — Hp (K, L).

PrOPOSITION 1.97. The Hurewicz maps are well-defined group homo-
morphisms.

PROOF. First we treat the non-relative case h : m, (K, zo) — H,(K), the
proof of the relative case is very much similar. Suppose that w € K, 41 is
homotopy between z and y € K,,. Then we have dw = (—1)"(y—z) € Cp(K)
and h is well-defined.

As for h being a homomorphism, suppose that w € Kn + 1 is the simplex
defining the product of z,y € f(n ie. dpqw =z, dpp1w = y and d;w = xp.
and by definition [z] - [y] = [d,w].

We have that

0=0w=(-1)"(dnw — (z +y) € Cn(K) = (=1)"(h([z - y]) — h([2] — h([y])
hence,

W[z - y]) = h([z]) + h(ly])
O

The proof of the next result is standard enough to be left to the reader.

PROPOSITION 1.98. The Hurewiczs maps induce a map of long exact
sequences.

(1.76) g1 (K, L) — 2 7 (L) 2% o () — (K, L) - -

I P I

o Hy1 (K, L) — Hy(L) "% H, (K) —= Hy (K, L) -+

THEOREM 1.99. Let K be a connected simplicial set, then h induced an
1somorphism

h:m(K)/[m(K),m(K)] - H(K)~ H(K)
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PROOF. We can assume that K is minimal because it does not change
the homotopy type. So K has only one 0O-simplex and K; = K. First of
all since the image of h is an abelian group, h induces a well-defined on the
quotient i.e

h: 7T1(K)/[7T1(K),7T1(K)] — Hl(K)

We construct an inverse j : Hy(K) — m(K)/[m(K), m(K)] for h. In-

deed the inverser is given by

j+ Z1(K)) = m(K) /[ (K), mi(K)]

which is induced by the natural projection map K; — K/ ~ on the gener-
ators and then extended linearly to all of the group. We only have to show
that j(Im(9) C [m1,71]. So let o € Ky, hen by definition of the product on
T We

[doo] - [d2o] = [d1o]

and

(1.77)
§(80) = j(doo)j(—d10)j(d20) = [doo)[dio] ™~ [d20] = [doo]([doo][d20]) " [d20]
= [[doo], [d20] 7] € [m1 (), m1(K)]
It is quite clear that j o h = id and ho j = id ([

DEFINITION 1.100. A Kan complex is called n-connected if i<, (K) =

0/

THEOREM 1.101. Let K be a (n—1)-connected Kan complex then Hic,(K) =
0 and
h:mp(K) — H,(K)
is an isomorphism.

PROOF. IF necessary we can replace K the minimal subcomplex of K
because they have the same the same homotopy and homology groups. So
assume that K is a minimal complex, therefor it has only one i-simplex for
all i <n, and clearly H;(K) =0 for 0 <i < n.

Another consequence is

én(K) = Zn(K) = Z(Ky \ {zo})

is the free abelian group generated by the all n-simplices except for the
one falling in the basepoint. Similarly to the proof of Theorem 1.101, w
construct an inverse j for A which is induced by the natural projection

ji Ky — K,/ ~

for the generator of Cy,(K) = Z,(K) and then extended linearly. In other to
prove that j induces a well-defined map j on the reduced homology, we have

to prove that the elements in the image j o 9(C)+1) are homotopic to xg.
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The proof relies on the following lemmata which basically give alternatives
definitions of the groups law on .
LEMMA 1.102. Let vy41 be a (n + 1)-simplex such that
divpt1 =0, fori=n+1andi<n—2.

Then [dpvnt1][dn—2Vnt1] = [dp—1Vn41] in 7, (K)

PROOF. Let = := dy_1v,, ¥y = dpv,, w = dn_ov, Let v, 1 be the
(n + 1)-simplex extending the compatible sequence xq - -+ ,xg, —, z,w, tha
denote t := d,,_1v,_1, hence
(1.78) [t].[w] = [z]

Let r be (n 4 2)-simplex extending
o, ", X0, Sn(w)v Un—1y = Un+41, Sn—?(w)

and let v, = d,r. We have d;<,,—2v, = x9, dp—1v, = t, dyv, = y, or in other
words

[t] = [y],
and using we get (1.78) [y].[w] = [z] as desired. O

LEMMA 1.103. Let v, be a (n+1)-simplices such that such that d;v, = xg
fori=n—1andi<n—2. Then [dy—1v,][dnvn] = [dpnt1v0n] in mp(K).

PrOOF. We put w = dp—1Vn, Yy = dp¥n, 2 = dpt1v,. Choose an exten-
sion v,_1 for the sequence xg, - , xg,w, g, —, g and let t = d,_1v,_1. By
previous lemma we have

[t][w] =1 = [zo].

Let (n+2)-simplex r be the extension of xq - - - , g, Sp—2(W), Vp—1, Vn, —, Sn(2)

Then (n + 1)-simplex vy, 41 := dp417 implies the identity

[tlz] = [y]-

Putting the two obtained identity together we conclude that [w][y] = [z]. O

Completing the proof of Theorem 1.101: Here we give detailed proof
for n = 2, the proof higher dimension is similar and left to the reader. Below
we write everything in terms n to give a clue for higher dimension, but at
the end threader should pout n = 2.

So let vp42 be a (n + 1)-simplex. Let w := dp,_ovUpy2, T 1= dp_1Un42,
Y := dpvpie and 2 := dpy1v,10. We intend to prove that [w]~![x][y]~![z] is
homotopic to the degenerate 2-simplex xg.

Let v,,_o € K3 be an extension of zg--- ,x9, —, Zg, Zg, w and t = dp,_oV,_2,
then by the previous lemma

[t] = [w].

Let v,—1 € Kn41 be an extension of xzg,---,xg,t, 20, —, ¢ and u :=

dpVp—1 then
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Finally let r be an extension of g, -, Zg, Vn—2, Vn—1, Sn(¥), —, Unt+2. Then
dn417 defines gives rise to the identity

[u][2] = [y].

Now putting the three obtained identities above we get

[w][z] Y]] = [wo] € ma(K),
which is equivalent to

§(0vny2) = [z0] = 1 € mp (K).
Now that j is well-defined, verifying joh = id and hoj = id is quite easy. O

COROLLARY 1.104. If K is a 1-connected Kan complex and H;~o(K) =0
then K 1s contractible.

PROOF. By applying Theorem 1.101 we have 7;(M) = 1 for all 4. Let K’
be a minimal complex for K. Since K’ is a deformation retract of K then,
we have (K ") =1 for all. This means that K’ has only one simplex in each
dimension, which has to be the degenerate one or in other words K’ = x

and K is a deformation retract of a (simplicial) point hence contractible.
O

The relative version of the Hurewicz theorem can be proved in a similar
manner.

THEOREM 1.105. Let L C K be a pair of Kan complexes. If mi<p—1(K,L) =
1 then Hi<p—1(K,L) =0 and h : m,(K, L) — H, (K, L) is an isomorphism.

THEOREM 1.106. Let f : K — L be an inclusion of 1-connected simpli-
cial spaces and n > 1. The followings statement are equivalente.

(1) fe: m(K) — mi(L) is an isomorphism for i < n and epimoprhism

fori=n
(2) fv: Hi(K) — H;(L) is an isomorphism for i < n and epimoprhism
fori=n

PROOF. (1 = 2): Using the exact sequence (1.73), we see immediately that
mi(K, L) =1 for 0 < i < n, therefore by the relative version of Hurewicz the-
orem, H;(K,L) =0 for 0 < ¢ < n. Thus the natural map H,.(L) — H,(K)
surjective because of the long exact sequence involving the homologies of K
and L and the relative homology H, (K, L).

(2 = 1) : Similarly we have H;(K,L) = 0 for 0 < ¢ < n. Since By the
relative Hurewicz theorem the fist nontrivial relative homotopy group is
isomorphic to the relative homology group. Since we assume that K and
L are 1-connected, we can initiate applying the relative Hurewicz theorem
inductively: 71 (K, L) = 1, therefore mo(K, L) ~ Hy(K, L) = 0 and so on.

O
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1.19. Geometric realisation of Kan complexes

PROPOSITION 1.107. Let K be a connected Kan complex with a basepont
xg. Then maps induced by the adjuntion isomorphisl ¥,

U (K):m (K, x9) = m(ST(K), ST (z0))

18 an isomorphism.

PROOF. As usual, we can assume that K is minimal. Since K has a sin-
gle 0-simplex, the fundamental group 71 (K, zg) has a simple description. It
has one generator for each nondegenerate 1-simplex and on relation for each
nondegenerate 2-simplex. Thanks to the Van-Kampen theorem, we have
exactly the same description for the fundamental group 1 (ST(K), ST (x0))
of CW-complex T'S(X) where 1-cells (generators ) and 2-cells (relations) are
in one-to-one correspondance with nondegenerate 1 and 2-simplices.

O

THEOREM 1.108. Let K be be a connected Kan complex and X a con-
nected topological space.
(1) Vo (K) : mp(K,z0) = (ST (K),TS(x0)) is an isomorphism for
alln >1.
(2) @, :m,(TS(X),TS(a)) = m(X,a) is an isomorphism.

Here the maps ¥ and ® are the bijection of the adjunction between the
functor S and T in Section 1.8.

PROOF. (1): The case n = 1is the previous theorem therefore we assume
that n > 2. We may assume that K is minimal. Otherwise we replace K
by one of its minimal subcomplex which is a deformation retract of K.
Therefore it has only one 0-simplex and we can use the construction of the
universal cover K of K and we have that

for n > 2. Let F be fibre of the natural projection p : K — K which is
Kan fibration. By Theorem 1.42, the (inclusion) unit map ¥ : K — ST(K)
of the adjunction, induces an isomorphism in homology groups, therefore by
Theorem 1.106 ¥ induces an isomorphism in homotopy groups

7rn([~(, xo) 7rn(ST(f(, ST(xo))

Clearly we have an isomorphism 7, (F, Zg) ~ m, (ST (F,)ST(Z)o)). Now
using the naturality of homotopy group long exact sequence associated to the
Kan fibrations, in our case F — K — K and ST(F) — ST(K) — ST(K),
we conclude that

Proof of (2): By (1 ) we have an isomorphism

(X)) YL 1 (sT(S(x).

Since S® o WS = id we conclude that (S®).(X) : m,(STS(X) — m,(S(X))
is an isomorphism. By Theorem 1.77 we have isomorphisms
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Pan,(T5(X))

T (ST (S(X)) T (T'S(X))

and

Now the result follows.
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CHAPTER 2

An introduction to model categories and derived
functors

The classical references for this subject are Hovey’s book [Hov99] and
the Dwyer-Spalinsky manuscript [DS95]. The reader who gets to know the
notion of model category for the first time should not worry about the word
“closed”, which now has only a historical bearing. From now on we drop
the word “closed” from “closed model category”.

DEFINITION 2.1. A model category is a category C endowed with three
classes of morphisms C (cofibrations), F (fibrations) and W (weak equiva-
lences) such that the following conditions hold:

(MC1) C is closed under finite limits and colimits.

(MC2) Let f,g € Mor(C) such that fg is defined. If any two among f,g
and fg are in W, then the third one is in W.

(MC3) Let f be a retract of g, meaning that there is a commutative dia-
gram

in which the two horizontal compositions are identities. If g € C
(resp. F or W), then f € C (resp. F or W).

(MC4) For a commutative diagram as below with i € C and p € F, the
morphism f making the diagram commutative exists if

(1) i € W (left lifting property (LLP) of fibrations f € F with
respect to acyclic cofibrations i € WNC).

(2) p € W (right lifting property (RLP) of cofibrations i € C with
respect to acyclic fibrations p € W N F).

(2.1) A—sX
I
2 . p
v
B——Y

In the above we call the elements of WNC (resp. W N F) acyclic
cofibrations (resp. acyclic fibrations).
(MC5) Any morphism f : A — B can be written as one of the following:

57
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(1) f =pi wherepe FandieCnNW,
(2) f=pi wherepe FNWW and i € C.

In fact, in a model category the lifting properties characterize the fibra-
tions and cofibrations.

PROPOSITION 2.2. In a model category:

(i) The cofibrations are the morphisms which have the RLP with respect
to acyclic fibrations.

(i) The acyclic cofibrations are the morphisms which have the RLP
with respect to fibrations.

(iii) The fibrations are the morphisms which have the LLP with respect
to acyclic cofibrations.

(iv) The acyclic fibrations in C are the maps which have the LLP with
respect to cofibrations.

It follows from (MC1) that a model category C has an initial object 0
and a terminal object *. An object A € Obj(C) is called cofibrant if the
morphism () — A is a cofibration and is said to be fibrant if the morphism
A — x is a fibration.

Example 1: For any unital associative ring R, let Ch(R) be the category
of non-negatively graded chain complexes of left R-modules. The following
three classes of morphisms endow Ch(R) with a model category structure:

(1) Weak equivalences W: these are the quasi-isomorphims, i.e. maps
of R-complexes f = {fi}i>0 : {Mi}rez — {Nk}r>o0 inducing an
isomorphism f, : Hy(M) — H,(N) in homology.

(2) Fibrations F: f is a fibration if it is (componentwise) surjective,
i.e. forall k >0, fi : M — Nj is surjective.

(3) Cofibrations C: f = {fx} is a cofibration if for all &k > 0, fi : My —
Ny, is injective with a projective R-module as its cokernel. Here we
use the standard definition of projective R-modules, i.e. modules
which are direct summands of free R-modules.

Example 2: The category Top of topological spaces can be given the
structure of a model category by defining a map f: X — Y to be
(i) a weak equivalence if f is a homotopy equivalence;
(ii) a cofibration if f is a Hurewicz cofibration;
(iii) a fibration if f is a Hurewicz fibration.
Let A be a closed subspace of a topological space B. We say that

the inclusion ¢ : A < B is a Hurewicz cofibration if it has the homotopy
extension property that is for all maps f : B — X, any homotopy F :
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A x [0,1] = X of f|4 can be extended to a homotopy of f: B — X.

BuAx0,1) 5 x
ideu(ixid)l - -7
B x [0,1]

A Hurewicz fibration is a continuous map E — B which has the homo-
topy lifting property with respect to all continuous maps X — B, where
X € Top.

Example 3: The category Top of topological spaces can be given the
structure of a model category by defining f : X — Y to be

(i) a weak equivalence when it is a weak homotopy equivalence.

(i) a cofibration if it is a retract of a map X — Y’ in which Y’ is
obtained from X by attaching cells,

(iii) a fibration if it is a Serre fibration.

We recall that a Serre fibration is a continuous map E — B which has
the homotopy lifting property with respect to all continuous maps X — B
where X is a CW-complex (or, equivalently, a cube).

Cylinder, path objects and homotopy relation. After setting up the gen-
eral framework, we define the notion of homotopy. A cylinder object for A €
Obj(C) is an object AN I € Obj(C) with a weak equivalence ~: ANT — A
which factors the natural map idgq Uidg : A[JA — A:

idaUida : AJJAS ANT S A
Here A[JA € Obj(C) is the colimit, for which one has two structural
maps ing,in; : A — AJ] A. Let ig = ioing and i3 = ioiny. A cylinder
object AAI is said to be good if A[[ A — AAI is a cofibration. By (MC5),
every A € Obj(C) has a good cylinder object.

DEFINITION 2.3. Two maps f,g : A — B are said to be left homotopic

f L g if there is a cylinder object AAT and H : AANIT — B such that
f=Hoigand g = Hoi;. A left homotopy is said to be good if the cylinder
object A AT is good. It turns out that every left homotopy relation can be
realized by a good cylinder object. In addition one can prove that if B is a
fibrant object, then a left homotopy for f and g can be refined into a very
good one, i.e. ANIT — A is a fibration.

It is easy to prove the following:

LEMMA 2.4. If A is cofibrant, then left homotopy L is an equivalence
relation on Homg (A, B).

Similary, we introduce the notion of path objects which will allow us
to define right homotopy relation. A path object for A € Obj(C) is an
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object AT € Obj(C) with a weak equivalence A = A’ and a morphism
p: Al — A x A which factors the diagonal map

(idg,idy) : A S AT B A x A
Let prg,pr1 : AXA — A be the structural projections. Define p; = pr;op.

A path object A’ is said to be good if AT — A x A is a fibration. By (MC5)
every A € Obj(C) has a good path object.

DEFINITION 2.5. Two maps f,g: A — B are said to be right homotopic
f ~ g if there is a path object B! and H : A — B! such that f = pyo H
and g = p; o H. A right homotopy is said to be good if the path object P!
is good. It turns out that every right homotopy relation can be refined into
a good one. In addition one can prove that if B is a cofibrant object then a
right homotopy for f and ¢ can be refined into a very good one, i.e. B — B’
is a cofibration.

LEMMA 2.6. If B is fibrant, then right homotopy ~ is an equivalence
relation on Homc (A, B).

One naturally asks whether being right and left homotopic are related.
The following result answers this question.

LEMMA 2.7. Let f,g : A — B be two morphisms in a model category
C.

(1) If A is cofibrant then f L g implies f ~ g.
(2) If B is fibrant then f ~ g implies f L g.

Cofibrant and Fibrant replacement and homotopy category. By applying
(MC5) to the canonical morphism () — A, there is a cofibrant object (not
unique) QA and an acyclic fibration p : QA = A such that ) — QA 5 A
If A is cofibrant we can choose QA = A.

~ LEMMA 2.8. Given a morphism f : A — B in C, there is a morphism
f: QA — QB such that the following diagram commutes:

(2.2) 041 0a
lp/& ipB
A—L.p

The morphism f depends on f up to left and right homotopy, and is a
weak equivalence if and only [ is. Moreover, if B is fibrant then the right
or left homotopy class of f depends only on the left homotopy class of f.

Similarly one can introduce a fibrant replacement by applying (MC5)
to the terminal morphism A — % and obtain a fibrant object RA with an
acyclic cofibration i : A — RA.
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~ LEmMA 2.9. Given a morphism [ : A — B in C, there is a morphism
f: RA — RB such that the following diagram commutes:

(2.3) AL .pB
-,

f
RA—— RB

The morphism f depends on f up to left and right homotopy, and is a
weak equivalence if and only f is. Moreover, if A is cofibrant then right or
left homotopy class of f depends only on the right homotopy class of f.

REMARK 2.10. For a cofibrant object A, RA is also cofibrant because

the trivial morphism () — RA) = () — A 4 RA) can be written as the
composition of two cofibrations, therefore is a cofibration. In particular, for
any object A, RQA is fibrant and cofibrant. Similarly, QRA is a fibrant and
cofibrant object.

LEMMA 2.11. Suppose that f: A — X is a map in C between objects A
and X which are both fibrant and cofibrant. Then f is a weak equivalence
if and only if f has a homotopy inverse, i.e. if and only if there exists a
map g : X — A such that the composites gf and fg are homotopic to the
respective identity maps.

Putting the last three lemmas together, one can make the following
definition:

DEFINITION 2.12. The homotopy category Ho(C) of a model category C
has the same objects as C and the morphism set Homg,(c) (A, B) consists of
the (right or left) homotopy classes of the morphisms in Homc(RQA, RQB).
Note that since RQA and RQB are fibrant and cofibrant, the left and right
homotopy relations are the same. There is a natural functor He : C —
Ho(C) which is the identity on the objects and sends a morphism f: A — B
to the homotopy class of the morphism obtained in Homg(RQA, RQB) by
applying consecutively Lemma 2.8 and Lemma 2.9.

Localization functor. Here we give a brief conceptual description of the
homotopy category of a model category. This description relies only on
the class of weak equivalences and suggests that weak equivalences encode
most of the homotopic properties of the category. Let W be a subset of the
morphisms in a category C. A functor F': C — D is said to be a localization
of C with respect to W if the elements of W are sent to isomorphisms and if
F' is universal for this property, i.e. if G : C — D' is any another localizing
functor then G factors through F' via a functor G’ : D — D’ for which
G'F = @G. Tt follows from Lemma 2.11 and a little work that:

THEOREM 2.13. For a model category C, the natural functor Hc : C —
Ho(C) is a localization of C with respect to the weak equivalences.
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Derived and total derived functors. In this section we introduce the no-
tions of left derived functor LF and right derived functor RF of a functor
F : C — A on a model category C. In particular, we spell out sufficient
conditions for the existence of LF and RF which provide us a factorization
of F' via the homotopy categories. If A happens to be a model category,
then we also introduce the notion of total derived functor and provide some
sufficient conditions for its existence.

All functors considered here are covariant, however see Remark 2.17.

DEFINITION 2.14. For a functor F' : C — A on a model category C,
we consider all pairs (G,s) where G : Ho(C) — A is a functor and s :
GHc — F is a natural transformation. The left derived functor of F is
such a pair (LF,t) which is universal from the left, i.e. for any other such
pair (G, s) there is a unique natural transformation ¢’ : G — LF such that
t(t'Hc) : GHc — F is s.

Similarly one can define the right derived functor RF' : Ho(C) — A
which provides a factorization of F' and satisfies the usual universal property
from the right. A right derived functor of F is a pair (RF,t) where RF :
Ho(C) — A and ¢ is a natural transformation ¢ : F' — RF Hc such that for
any pair (G, s) there is a unique natural transformation ¢’ : RF — G such
that ({Hg)t : F — GHc is s.

The reader can easily check that the derived functors of F' are unique
up to canonical equivalence. The following result tells us when do derived
functors exist.

PROPOSITION 2.15. (1) Suppose that F : C — A is a functor from
a model category C to a category A, which transforms acyclic cofi-
brations between cofibrant objects into isomorphims. Then (LF,t),
the left derived functor of F', exists. Moreover, for any cofibrant
object X the map tx : LF(X) — F(X) is an isomorphism.

(2) Suppose that F' : C — A is a functor from a model category C
to a category A, which transforms acyclic fibrations between fi-
brant objects into isomorphisms. Then (RF,t), the right derived
functor of F, exists. Moreover, for all fibrant object X the map
tx : RF(X) — F(X) is an isomorphism.

DEFINITION 2.16. Let F' : C — A be a functor between two model
categories. The total left derived functor LF : Ho(C) — Ho(A) is the left
derived functor of HAF : C — Ho(A). Similarly one defines the total right
derived functor RF : C — A to be the right derived functor of HAF : C —
Ho(A).

REMARK 2.17. Till now we have defined and discussed the derived func-
tor for covariant functors. We can define the derived functors for contravari-
ant functors as well, for that we only have to work with the opposite cat-
egory of the source of the functor. A morphism A — B in the opposite
category is a cofibration (resp. fibration, weak equivalence) if and only if
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the corresponding morphism B — A is a fibration (resp. cofibration, weak
equivalence).

We finish this section with an example.

Example 4: Consider the model category Ch(R) of Example 1 in Section ??
and let M be a fixed R-module. One defines the functor Fjs : Ch(R) —
Ch(Z) given by Fa(N.) = M ®r N, where N, € Ch(R) is a complex of
R-modules. Let us check that F' = Hey(g)Fyv @ Ch(R) — Ch(Z) satisfies
the conditions of Proposition 2.15.

Note that in Ch(R) every object is fibrant and a complex A, is cofibrant
if for all k, Ay is a projective R-module. We have to show that an acyclic
cofibration f : A, — B, between cofibrant objects A and B is sent by
F to an isomorphism. So for all k, we have a short exact sequence 0 —
A, — By — B./A. — 0 where for all k, By/Ay is also projective. Since
f is a quasi-isomorphism the homology long exact sequence of this short
exact sequence tells us that the complex B./A, is acyclic. The lemma
below shows that B, /A, is in fact a projective complex. Therefore we have
D, Frvi(D(Zy—1(By/As),n)). Here Z,(X,) := ker(d : Xy — X.41) stands
for the graded module of the cycles in a given complex X,, and the complex
D(X,n), is defined as follows: To any R-module X and a positive integer
n, one can associate a complex {D (X, n)g}r>o,

0, ifk#nn—1,

D(X =
(X, {X, ifk=n,n—1,

where the only nontrivial differential is the identity map.

It is a direct check that each Fj;(D(Z,—1(B«/Ax),n)) is acyclic, and
therefore Heyz)(Far(B)) is isomorphic to Hepzy(Far(A)) in the homotopy
category Ho(Ch(Z)).

LEMMA 2.18. Let {Cilr>0 be an acyclic complex where each Cy is a
projective R-module. Then {Cy}r>o is a projective complex, i.e. any level-
wise surjective chain complex map D, — FE,. can be lifted via any chain
complex map Cy, — F.

Proor. It is easy to check that if X is a projective R-module then
)

D, (X) is a projective complex. Let Cim be the complex

Ck, if k > m,
™ =2 Z,(C), if k=m—1,
0 otherwise.

Here Zi(C) denotes the space of cycles in Cf, and By (C) is the space of
boundary elements in Cj. The acyclicity condition implies that we have an

isomorphism Cim)/C’imH) ~ D(Zym-1(C),m). Note that Zo(C) = Cj is a
projective R-module and C, = C(Y) = C®) @ D,(Zy(C)). Now D1(Zo(C))
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is a projective complex and C? also satisfies the assumption of the lemma
and vanishes in degree zero. Therefore by applying the same argument one
sees that C® = C®) @ D(Z,(C),2). Continuing this process one obtains
Cy,=D(Zy(C),1)® D(Z1(C),2) -+ ® D(Z—1,k) @ --- where each factor is
a projective complex, thus proving the statement. O

We finish this example by computing the left derived functor. For
any R-module N let K(N,0) be the chain complex concentrated in de-
gree zero where there is a copy of N. Since every object is fibrant, a
fibrant-cofibrant replacement of K(N,0) is simply a cofibrant replacement.
A cofibrant replacement P, of K(N,0) is exactly a projective resolution
(in the usual sense) of N in the category of R-modules. In the homotopy
category of Ch(R), K(N,0) and P are isomorphic because by definition
Hom go(cn(r)) (K (N, 0), P) consists of the homotopy classes of

Homgy gy (RQK (N, 0), RQP,) = Homeyg) (P, Px)
which contains the identity map. Therefore by Proposition 2.15
LF(K(N,0)) ~ LF(P,)
and LF(P,) and the definition of total derived functor is isomorphic to
HCh(R)F(P*) = M ®pg P,. In particular,
H,.(LF(K(N,0)) = Tor®(N, M),

where Tor? is the usual Torg in homological algebra. We usually denote
the derived functor LF(N) = N ®% M. Similarly one can prove that the
contravariant functor N, — Homp(N,, M) has a total right derived functor,
denoted by RHompg(N,, M), and

H*(RHomp(K (N, 0), M)) ~ Ext’(N, M)

is just the usual Ext functor (see Remark 2.17).

2.0.1. Hinich’s theorem and Derived category of DG modules.
The purpose of this section is to introduce a model category and derived
functors of DG-modules over a fixed differential graded k-algebra. From
now on we assume that k is a field. The main result is essentially due to
Hinich [Hin97], who introduced a model category structure for algebras
over a vast class of operads.

Let C(k) be the category of (unbounded) complexes over k. For d € Z
let My € C(k) be the complex

o= 0—=k=k—-0—-0---

concentrated in degrees d and d + 1.
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THEOREM 2.19. (Hinich) Let C be a category which admits finite limits
and arbitrary colimits and is endowed with two right and left adjoint functors

(#, F)
(2.4) #:C=CKk): F
such that for all A € Obj(A) the canonical map A — A[] F(My) induces
a quasi-isomorphism A% — (A F(My))*#. Then there is a model category
structure on C where the three distinct classes of morphisms are:
(1) Weak equivalences W: f € Mor(C) is in W if f# is a quasi-
isomorphism.
(2) Fibrations F: f € Mor(C) is in F if f is (componentwise) sur-
jective.
(8) Cofibrations C: f € Mor(C) is a cofibration if it satisfies the LLP
property with respect to all acyclic fibrations W N F.

As an application of Hinich’s theorem, one obtains a model category
structure on the category Mod(A) of (left) differential graded modules over
a differential graded algebra A. Here # is the forgetful functor and F' is
given by tensoring F(M) = A ®x M.

COROLLARY 2.20. The category Mod(A) of DG A-modules is endowed
with a model category structure where

(i) weak equivalences are the quasi-isomorphisms.

(ii) fibrations are level-wise surjections. Therefore all objects are fi-
brant.

(iii) cofibrations are the maps that have the left lifting property with
respect to all acyclic fibrations.

In what follows we give a description of cofibrations and cofibrant ob-
jects. An excellent reference for this part is [FHT95].

DEFINITION 2.21. An A-module P is called a semi-free extension of M if
P is a union of an increasing family of A-modules M = P(—1) C P(0) C ---
where each P(k)/P(k — 1) is a free A-modules generated by cycles. In
particular P is said to be a semi-free A-module if it is a semi-free extension
of the trivial module 0. A semi-free resolution of an A-module morphism
f: M — N is a semi-free extension P of M with a quasi-isomorphism
P — N which extends f.

In particular a semi-free resolution of an A-module M is a semi-free
resolution of the trivial map 0 — M.

The notion of a semi-free module can be traced back to [GM74], and
[Dri04] is another nice reference for the subject. A k-complex (M,d) is
called a semi-free complez if it is semi-free as a differential k-module. Here
k is equipped with the trivial differential. In the case of a field k, every
positively graded k-complex is semi-free. It is clear from the definition that
a finitely generated semi-free A-module is obtained through a finite sequence



66 2. AN INTRODUCTION TO MODEL CATEGORIES AND DERIVED FUNCTORS

of extensions of some free A-modules of the form A[n], n € Z. Here A[n] is
A after a shift in degree by —n.

LEMMA 2.22. Let M be an A-module with a filtration Fy C Fy C Fs---
such that Fy and all Fi11/F; are semifree A-modules. Then M is semifree.

PROOF. Since F}/Fj_; is semifree, it has a filtration Plk C P/fH e
such that PF/PF | is generated as an (A, d)-module by cycles. So one can
write F/Fp_1 = &(A ® Z; (1)) where Z,(l) are free (graded) k-modules
such that d(Zy(1)) C @j<iZk(j). Therefore there are free k-modules Zj (1)

such that
F,=Fj_, @ Z (1)

1>0

and
d(Zy(l)) C Fr— @ A® Z(j).
j<l
In particular M is the free k-module generated by the union of all basis

elements {z,} of Zx(l)’s. Now consider the filtration Py C P;--- of free
k-modules constructed inductively as follows: Py is generates as k-module
by the z,’s which are cycles, i.e. dz, = 0. Then P is generated by those
Zo’s such that dz, € A- Py_1. This is clearly a semifree resolution if we
prove that M = U P;. For that, we show by induction on degree that for all
o, zo belongs to some Pj. Suppose that z, € Zi(l). Then dz, € ©A.Z;(5)
where 7 < k or ¢ = k and j < [. By the induction hypothesis all zg’s in the
sum dz, are in some Prg. Therefore z, € P, where m = maxgmg and this
finishes the proof. O

REMARK 2.23. If we had not assumed that k is a field but only a com-
mutative ring then we could still have put a model category structure on
Mod(A). This is a special case of the Schwede-Shipley theorem [SS00,
Theorem 4.1]. More details are provided on pages 503-504 of [SS00].

PROPOSITION 2.24. In the model category of A-modules, a mapf : M —
N is a cofibration if and only if it is a retract of a semi-free extension
M — P. In particular, an A-module M is cofibrant if and only if it is a
retract of a semi-free A-module, i.e. if and only if it is a direct summand of
a semi-free A-module.

Here is a list of properties of semi-free modules which allow us to define
the derived functor by means of semi-free resolutions.

PROPOSITION 2.25. (i) Any morphism f : M — N of A-modules
has a semi-free resolution. In particular every A-module has a
semi-free resolution.

(ii) If P is a semi-free A-module, Hom 4 (P, —) preserves quasi-isomorphisms.

(iii) Let P and @ be semi-free A-modules and f : P — Q be a quasi-
isomorphism. Then

g®f:M®AP—>N®AQ
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18 a quasi-isomorphism if g : M — N is a quasi-isomorphism.
(iv) Let P and Q be semi-free A-modules and f : P — Q be a quasi-
isomorphism. Then

Hompg(g, f) : Hom(Q, M) — Homyu (P, N)

18 a quasi-isomorphism if g : M — N is a quasi-isomorphism.

The second statement in proposition 2.25 implies that a quasi-isomorphism
f : M — N between semi-free A-modules is a homotopy equivalence,
i.e. there is a map f' : N — M such that ff —idy = [dn,h'] and
f'f —idy = [dar,h] for some h : M — N and b/ : N — M. In fact
part (iii) and (iv) follow easily from this observation.

The properties listed above imply that the functors —®4 M and Hom 4 (—, M)
preserve enough weak equivalences, ensuring that the derived functors ®ﬁ
and RHomy(—, M) exist for all A-modules M.

Since we are interested in Hochschild and cyclic (co) homology, we switch
to the category of DG A-bimodules. This category is the same as the cat-
egory of DG A%modules. Therefore one can endow A-bimodules with a
model category structure and define the derived functors — ®ﬁe M and
RHom ge(—, M) by means of fibrant-cofibrant replacements.

More precisely, for two A-bimodules M and N we have

Tor2" (M, N) = H,(P ®4¢ N)
and
Ext*(M, N) = H*(Hom4e (P, N))

where P is cofibrant replacement for M.

By Proposition 2.25 every A°-module has a semi-free resolution. There
is an explicit construction of the latter using the two-sided bar construction.
For right and left A-modules P and M, let

(2.5) B(P,AM)=FPe(sA)* oM
k>0

equipped with the following differential:
o if k=0,
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e if k>0

D(plas,- -+, aym)

= do(plas,--- ,ar]m) +di(plas,--- ,axJm)
k

= dplai,--- ,a|m — Z(—l)qp[al, e dag, .. oaglm
i=1
+(=1)**'plag,--- ,ag]dm
k
+H(=1)Plpafag, - arm + > (=) plar, -+ ai1as, . .. ax]m
i=2

—(=D)%*plar,- -, ag—1]axm,
where
& = |p| + la1[ + - lai—a[ —i+ 1.
Let P = A and €)1 : B(A, A, M) — M be defined by

0, if k> 1,

(2.6) erv(alay, -+ ,ax])m) = {am fE—0

It is clear that eps is a map of left A-modules if M.

LEMMA 2.26. In the category of left A-modules, ey - B(A, A, M) — M
is a semi-free resolution.

PrROOF. We first prove that this is a resolution. Let h : B(A, A, M) —
B(A, A, M) be defined by

[a,a1,---aglm, if k>1,

(27) Hlalar, ;- aijm) = {[a]m, if k = 0.

On can easily check that [D, h| = id on ker €57, which implies H, (ker(epys)) =
0. Since €)s is surjective, €js is a quasi-isomorphism. Now we prove that
B(A, A, M) is a semifree A-module. Let Fy, = @, A ® T(sA)® @ M.
Since dy(Fyy1) C F, then Fj,/F} is isomorphic as a differential graded
A-module to (A ® (sA)®* @ M,dy) = (A,d) @x ((sA)®*,d) @ (M,d). The
latter is a semifree (A, d)-module since ((sA)®*, d) @y (M,d) is a semifree
k-module via the filtration

0= ker(d®1+4+1®d) = ((s4)®, d) @k (M, d).
Therefore B(A, A, M) is semi-free by Lemma 2.22.

COROLLARY 2.27. The map €4 : B(A, A) := B(A, A, k) — k given by

€(a), ifn=0,
0 otherwise

ex(alar,ag---ay)) = {
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is a resolution. Here € : A — k is the augmentation of A. In other words
B(A, A) is acyclic.

PROOF. In the previous lemma, let M = k be the differential A-module
with trivial differential and the module structure a.k := €(a)k. O

LEMMA 2.28. In the category Mod(A®), ea : B(A,A,A) — A is a
semifree resolution.

PROOF. The proof is similar to the proof of the previous lemma. First
of all, it is obvious that this is a map of A°-modules. Let F, = @, A ®
T(sA)** @ A. Then Fy1/F} is isomorphic as a differential graded A-module
to (A® (sA)®F ® A, dy) = (A, d) @ ((sA)®* d) @ (A,d). The latter is semi-
free as A®-module since ((sA)®*, d) is a semi-free k-module via the filtration
kerd — (sA)®F, O

Since the two-sided bar construction B(A, A, A) provides us with a semi-
free resolution of A we have that

HH,(A,M) = H,(B(A, A, A) @ e M) = Tor (A, M)
and
HH*(A,M) = H*(Homae(B(A, A, A), M)) = Ext’.(A, M).
In some special situations, for instance that of Calabi-Yau algebras, one
can choose smaller resolutions to compute Hochschild homology or cohomol-
Ogy.The following result will be useful.

LEMMA 2.29. If H*(A) is finite dimensional then for all finitely gener-
ated semi-free A-bimodules P and Q, H*(P), H*(Q) and H*(Hom (P, Q))
are also finite dimensional.

PROOF. Since A has finite dimensional cohomology, we see that H*(A®
A°P) is finite dimensional. Similarly P (or @) has finite cohomological dimen-
sion since it is obtained via a finite sequence of extensions of free bimodules
of the form (A ® A°)[n]. We also have Hom ge (A ® AP, A® AP) ~ A® A°P,
and A ® A is a free A-bimodule of finite cohomological dimension. Since
Hom 4e (P, Q) is obtained through a finite sequence of extensions of shifted
free A-bimodules, we obtain that it has finite cohomological dimension. [
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