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ANIMESH RENANSE

ABSTRACT. The goal of this project

is to study simplicial sets and an application of simplicial

techniques in proving Adams’ theorem on homology of loop spaces via cobar construction. In
this note, we study basic homotopy theory of simplicial sets, ending with the establishment of
geometric realization adjunction (Proposition 2.6.7). In the next section, as an application of
simplicial techniques, we study cobar construction and the rigidification-homotopy coherent nerve
adjunction. The work of [5] on rigidification gives a concrete realization of the mapping simplicial
sets which appears in the resulting simplicial category. In the end, this leads to the proof of a
generalized Adam’s theorem for path-connected spaces (Theorem 3.3.1), following [3].
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1. INTRODUCTION

Simplicial sets give an algebraic replacement of topological spaces. The fundamental adjunction
between simplicial sets and spaces further gives an equivalence of the corresponding homotopy
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theories (Quillen equivalence)
T
sSet ; Top .
In this way, one loses no information upto homotopy type while working with simplicial sets.
Further, this adjunction shows that every space is weakly equivalent to a CW-complex, a result
usually attributed to Milnor, [8]. One of the goals of §2 is to establish this adjunction and setup a
part of homotopy theory of simplicial sets, barring the discussion on Kan fibrations.

One of the uses of simplicial sets in algebraic topology is as gadgets which can include data of
higher morphisms which are usually not available at the space level, but is inherently preserved
in constructions which yields simplicial sets. One of such instances is that of homotopy coherent
diagrams, which is discussed extensively in §3.4. The problem of homotopy coherence gives rise to
the free resolution functor

¢ : Cat — sCat

and via application of Kan’s theorem (Theorem A.1.1), we get a fundamental adjunction

¢
—

sSet 1 sCat .
Y
N

The left adjoint €, usually called rigidification, is a key player in this note, whose role is to produce a
(simplicial) category which encodes all homotopy coherent data of a simplicial set. To manipulate
the rigidification of a simplicial set, one must know a characterization of the resulting mapping
simplicial sets. This is precisely done in [5]. We discuss this result in §3.5.

The rigidification can then be used to give a generalization of Adams’ theorem (Theorem 3.3.1)
on homology of loop spaces via cobar construction, where the rigidification functor plays the role
of an intermediary between the cobar construction on normalized chain complex of a space and the
normalized chain complex of Moore loop space. This is the content of §3.6, further showcasing the
utility of simplicial techniques.

2. SIMPLICIAL SETS

Let Z be a topological space. One way to understand Z is via understanding all the singular
chains S, (Z) of Z and how they relate to each other.

Remark 2.0.1 (Face & degeneracy maps for S,(Z)). There are natural functions one can define
on X = S.(Z) by using the combinatorics of the standard n-simplex |A"|. Recall that

|A™] = {(eq,...,en) € R™T| En:ei =1,1>¢; > 0}.
i=0
Consequently, we have maps
di | AT1 s A7
(egy .- en—1) —> (€0y...,€i-1,0,€;,...,€n-1)
and
ol ’A”+1| — |A"

(607 o -’en—i-l) — (605 <oy €i—1, 64 + €itly--- 7€n+1)-
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Using these two maps, we may define the following maps on singular chains for each 0 < ¢ < n:
0; : X — X1
ocr—ood
and
5t Xn — Xnp1
O——>00 pi.
The maps 0; and s; are called the face and degeneracy maps of X, respectively.

Lemma 2.0.2. The face and degeneracy maps of X = S.(Z) satisfies the following identities
(called simplicial identities):

0;0; = 0j10; if i < j
5185 = 8j415i if i < J
Sj_lai ifi<j,
az‘Sj = id ifi:j,j+1,
5j0i—1 ifi1>7+ 1
Proof. Tt follows at once that we have to show the following co-simplicial identities:
dd=ddVifi<j
Pt =pp i<
dipi=t  if i < g,
Pdt =< id ifi=j,7+1,
d=1p?  ifi>j41.
These are immediate from the definitions. O

This motivates the following definition.

Definition 2.0.3 (Simplicial set). A simplicial set is a sequence of sets X = {X,,},>0 together
with maps one for each 0 < i < n:

aan —)Xn_l &SZ‘ZXn —>Xn+1

which satisfies the simplicial identities as stated in Lemma 2.0.2. A simplicial map f: X - Y isa
collection of maps {f, : X,, = Y, },,>0 which are natural w.r.t. face and degeneracy:

fn—10i = 0i fn & fny18i = sifn.
We hence get a category of simplicial sets and simplicial maps, denoted sSet.

Remark 2.0.4. By Lemma 2.0.2, S,(Z) for any space Z is a simplicial set and it thus follows that
we have a functor

S : Top — sSet.

One of the main goals of this paper is to establish that upto homotopy, this map loses no further
information.
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Remark 2.0.5 (The Kan filler condition). Let A™ be the standard topological n-simplex. Note
that

]@A"] =Im (dl) = {(60, 61,0064, .., 6n_1) ‘ (60, ceey en_l) € |An_l|}.
We define the k*"-horn of |A"| for 0 < k < n as

n
ARl = 1247,
i#k
that is, the union of all the faces of |A"| except the one opposite to k*'-vertex. Note that we have
n many inclusion maps one for each 0 < i <n and ¢ # k
vt |AMTH — [AR] C A7
(60, Ce ,en_l) — (60, vy €i—1,0,€4, ..., €n_1).
An important observation is that there is a retraction
T | A" = |AL].
Indeed, consider a line passing through the k*'-vertex vz = (0,...,0,1,0,...,0) and pick a point
on it outside the simplex |A"|, say p. Using p, define r; on x € |A"| as that point on |A}}| which is
obtained by intersection of the horn with the line joining p and x. This map is clearly identity on
the horn.

It follows that for any space and any map o : [A}| — Z, composing with 7 gives a singular
n-simplex o org : |A"| — Z. If 70,...,Tk—1, Thkt1s---+Tn € Sn—1(Z) are n many n — l-singular
simplices such that they can glue to form a map from the k*-horn |A}| — Z, then by above
discussion it would follow that we get an n-simplex 7 € S,,(Z).

We wish to rigorously state the last condition on gluing n many n — 1-simplices to a horn A7.

Lemma 2.0.6. Let 10, ...,Tk—1,Tkt1s---,Tn € Sn—1(Z) be n many n— 1-singular simplices of space
Z and 0 < k < n. Then the following are equivalent:

(1) The simplices T; glues to a map 7 : |A}| = Z where T1; = 7; for 0 <i <n andi # k.
(2) The simplices T; satisfies the following conditions:

8ﬂj: -1 T fori<ji#k,j#k.

Proof. (1. = 2.) We observe that 0; 7; = njdi and 0j_17; = T1;d7~1. Hence we need only show
that

Lde = Lidj_l.

This is a simple check.

(2. = 1.) Define maps on the image of each ¢; by 7;:
7i:Im () — Z
(607 -y i1, 07 €is-nvy en—l) — Ti(eoa sy €i—1,€645 -1, en—l)-

By pasting lemma, we need only check that for 73, 7;, i < j, we have

7~—Z“Irn(Lj) = 7~—J"Im(u;) :
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Pick p € Im (¢;) N Im (¢5). Then p = (po, ..., pn) where p; = p; = 0. Hence, we have by definitions
that

7i(p) = Ti(Pos - - s Pi—15Pit1s -+ Pj—15Pj, Pj+1s - - - » Pn)

= 7id " (Po, -, Dic1, Pit1: Pj—1: Djt1s- - - > Dn)

75d' (Do, - Pie 1, Pit 1, Dj—1, Pt 1s - -2 Pn)
i(POs -+ Die15Pis Dit1s + + s Pj—1,Djt1s - - - » D)
(P05 -+ s Pim 15 Pit 1, Pj—15 Djis Dt 15 - - - 5 Pn)
5(p);

as required. O

1
.

R

This motivates the following condition.

Definition 2.0.7 (Horns, Kan extension condition & Kan complexes). Let X be a simplicial
set. An (n, k)-horn for 0 < k < n is a collection of n many n — 1-simplices zg, ..., Tp_1, Tk, ..., Ty €
X1 such that for all i < j, i # k, j # k, we have

8Z- T; = 8]'_1 Zi.

The simplicial set X is said to satisfy the Kan extension condition if for all (n, k)-horns {z;} of X,
there exists an n-simplex z € X,, such that for all i # k,

0;x = x;.

A simplicial set satisfying Kan extension condition is called a Kan complex, or sometimes an oo-
groupoid.

The following result follows at once from Remark 2.0.5.
Corollary 2.0.8. For any space Z, the simplicial set S.(Z) is a Kan complex. ]

Remark 2.0.9. By the above result, one may consequently study Kan complexes in themselves,
thinking of them as a generalization of spaces. This is a fruitful endeavour, which ends with one
establishing that homotopy theory of Kan complexes is ”same” as that of CW-complexes.

We next wish to establish a more functorial way of constructing simplicial sets.
Definition 2.0.10 (Ordinal category). Let A be the category whose objects are defined as
N =0<1<2<---<n

the toset of first n non-negative integers and maps f : [n] — [m] are defined to be monotone
non-decreasing maps. There are two distinguished classes of maps for each n and 0 <17 < n:

d:[n—1 —[n] & p': [n+1] — [n]

. k ifk<i k if k<
M@={ &MM={

where

k+1 ifk>i k—1 ifk>i.
These maps are called coface and codegeneracy maps, respectively.

An important aspect of the category A is that all monotone maps can be generated by coface
and codegeneracy maps.
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Remark 2.0.11. Let f : [n] — [m] be a monotone map. We claim that f = dsp; where dy is
composite of certain cofaces d* and pf is composite of certain codegeneracies p’. Observe that if
i € [m] is such that f~1(i) is of size I, then by monotonicity, we must have f(k) = f(k+1) =--- =
f(k4+1—1) =1i. Observe that f partitions n via its fibers. Let {iq,...,i;} be the ordered image
of f and let n, = | f _1(ip)’. Consequently, we may consider the monotone map g : [n] — [k] where
g(f~1(ip)) = {p} for each 0 < p < k. Clearly, a composition of certain cofaces d’ will give a map
dy : [k] = [m] such that dgg = f. It hence suffices to show that g can be written as a composite of
certain codegeneracies p’. To this end, by induction it suffices to show that the map a : [n] — [0]
is a composite of codegeneracies. Such a composite is given by a = p°... p"2p" L.

Now if one wishes to define a functor F' : A — C, then by Remark 2.0.11, it is sufficient to
define F' only on the cofaces and codegeneracies. The following is a simple observation from the
definitions.

Lemma 2.0.12. The coface and codegeneracy maps d* and p? satisfies the cosimplicial identities
of Lemma 2.0.2. U

Lemma 2.0.13. The following are equivalent:

(1) X is a simplicial set.
(2) X is a presheaf

X : A" — Set
Consequently, sSet is isomorphic to the category of presheaves of sets over A.
Proof. (1. = 2.) We define a functor
[n] — X,
d' v 0;
Pl s

The fact that is indeed a functor follows from the decomposition of a map in A into composition
of cofaces followed by codegeneracies as in Remark 2.0.11.

(2. = 1.) Define X,, = X([n]) and 8; = X(d') and s; = X(p'). Then, {X,,d;,s;} is a sim-
plicial set by Lemma 2.0.12. O

Definition 2.0.14 (Simplicial object). Let C be a category. A simplicial object in € is a
presheaf X : A°® — C. Equivalently, its a sequence of objects {X,,} of € together with arrows
0; : Xn = Xp—1 and s; : X;, = X,,41 satisfying the simplicial identities. The category of simplicial
objects in € is denoted by sC.

Remark 2.0.15 (Fiber products and quotients). Fiber product of simplicial sets exists. Indeed,
recall that in a presheaf category, the limits and colimits exists and are defined pointwise. Conse-
quently, if f: X — Z and g : Y — Z are two simplicial maps, then the fiber product X xz Y is a
simplicial set whose set of n-simplices is X,, X z, Y}, via the maps f,, : X,, = Z,, and g,, : Y, = Z,,.
Furthermore, the face and degeneracy maps are given by those of X and Y applied componentwise.

If Z C X is a sub-simplicial set, then we can define a simplicial set X/Z whose set of n-simplices
is X,,/Z, together with the face and degeneracies which descends from X. Note that there is a
simplicial map ¢ : X — X/Z.
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Our main goal in the rest of this section is to develop basic homotopy theory as for topological
spaces, but for Kan complexes. In particular, one of our aim is to define and study homotopy groups
of a Kan complex. Also recall that studying homotopy theory in topological spaces amounts to
studying fibrations and cofibrations of spaces. We will introduce those notions in the simplicial
setting, using which we will establish classical results on homotopy theory in the simplicial setting.

2.1. Homotopy of simplices in a Kan complex. Let Z be a space and X = S,(Z) be its
singular simplicial set, which we now know is a Kan-complex by Corollary 2.0.8. We want a notion
of homotopy of two n-simplices purely in terms of simplices of X. The following definition is thus
made.

Definition 2.1.1 (Homotopy of simplices). Let X be a simplicial set and z,2’ € X,, be two
n-simplices. Further suppose that they satisfy the compatibility condition: 9; x = 9; 2’ for each
0 < i < n. Then, z and 2’ are said to be homotopic if there exists an n + 1-simplex y € X,, such
that

Ony =z,
On+1y = ',
0iY=5p-10;T=25,-10; 2’ VO<i<n-—1.
Here is the lemma which recovers the usual notion of homotopy when X = S,(Z).

Proposition 2.1.2. Let Z be a space and X = S.(Z). If two n-simplices x,x’ € X,, are homotopic,
then there exists H : A™ x I — Z such that

Hy==«
H, =4
0;H=0;x=0;,2V0<i<n.
Proof. There exists an n + l-simplex y : A"t — Z such that the conditions of Definition 2.1.1
holds. We define H as follows:
H:A"xI—Z
((egy ... en),t) —> y(eo, ..., en_1,ten, ey — tey).

This is clearly a continuous map. Indeed, we have that Hy = 0,y = x and Hy = Op11y = 2.
Furthermore, for any 0 < i <n, we have

0; Hy(eg, ... ,en—1) = thi(eo, cey€n_1)

=y(eg,...,€i-1,0,€i,...,en_o,t€n_1,€n_1 —ten_1)

= ydi(eo, ceyen_aten_1,en_1 —tep_1) = 0;y(eg, ..., en_a,ten_1,€n_1 — ten_1)
= Spn—1 81 x(eo, ey En—92, ten_l, €n—1— ten_l)

= xdip”_l(eo, ceesep_o,ten_1,€n_1 —tep_1)

= mdi(eo, cesep_9,en_1) = 0;xz(eg,...,en_1)

and similarly for z’. Finally, to see that 0,, H; = 0,, x = 0, 2/, we simply observe the following:
an Ht(607 ey en—l) - -Ht(GO) ce ey En—1, 0) - y(eﬂv <.y 6n—1, 07 O)
=0Onyleo,...,en—1,0) = x(eg,...,en-1,0)

- an—i—l y(eoy ey Cn_l,O) - .’E/(607 ey en_l,O),
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as required. ]

Proposition 2.1.3. Let X be a Kan complex. Then the relation of homotopy of pairs of compatible
n-simplices is an equivalence relation for all n > 0.

Proof. Reflexivity is clear as for x € X,,, we may take the homotopy to be y = s, and verify by the
simplicial identities that y is indeed a homotopy = ~ z. We will show symmetry and transitivity
in one go by showing the following: x ~ 2’ and x ~ z” implies 2’ ~ z”. Tt is easy to see that both
symmetry and transitivity follows from this. We now prove this implication.
Let ¢ :x ~ 2’ and ¢y’ : ¢ ~ 2”. Thus,

oy =z, On1y =2, 0;y =5, 10;2=5,10;2’V0<i<n-—1

oy =z, Op1y' =2", 0;9y' =5, 10;v=5,_10;2"V0<i<n-—1.
As X is a Kan complex, we will employ the Kan condition to obtain the required homotopy.
Consider the n + 2 many n + 1-simplices {z;}; where

0 spspx’ f0<i<n-—1,

i = y/ if i = n,
y” ifi=n-+1.
We claim that {z;} forms an (n 4 2,n + 2)-horn. Indeed, we need only check 0; z; = 0;_1 2; for

1 < j <n+ 2. We may check this case by case.
(1) If 0 <i < j <n—1, then we have

0i zj = 0;0j $psnt’ = 0j_1 0; spspa’ = 0j_1 2.

(2) f0<i<n—1andn <j<n-+1, then we have (we show for j = n, for j = n + 1, same
observation will work)

0; zj = 0; Y = 5,_10;2
and
0j—12 = On-10; SpSn® = Op_1 Sn—10; spx’ = 0; spx’ = sp_1 0; 2,
as required.
(3) If i =n and j =n+ 1, then
On 2ni1 = Ony" =2 =0, 2.
Hence by Kan condition on X, there exists an n + 2-simplex z such that 0; z = z; for all ¢ # n + 2.

Let h = Opao z. We claim that h : 2/ ~ 2. Indeed, observe that for 0 < i < n — 1, we have

Onh=0,0n122=0n110n2=0n412n =On1y =2

" 7
Ont1h =0n110n122=0n110n112=0n112p41 =On1y ==

O0;h = 0; 871—&—2 = 8n—i—l 0iz= an—i—l 0; Snsnaj, = an—I—l Sp—15n—10; z = Sp—10; a = Sp—10; z”.
This completes the proof. O

Recall that for a space Z, the notion of homotopy relative to a subspace L C Z is needed to define
relative homotopy groups. We hence define homotopy of two n-simplices relative to a sub-simplicial
set L of X.
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Definition 2.1.4 (Relative homotopy). Let X be a simplicial set and L C X be a sub-simplicial
set. Two n-simplices z, 2’ € X,, are said to be homotopic rel L if 9;z = 9; 2’ for all 1 < i < n,
dox,00x" € L,_1 and there is an n + 1-simplex w € K, 11 such that

Onw=2x, Opprw=2a, 0;jw=58,10;2=25,10;2’V0<i<n-—1
where furthermore dyw € L, and is a homotopy between dgz and 0g 2.

By the same technique of Proposition 2.1.3 (constructing an appropriate (n + 2,7 + 2)-horn in
X), one can show the following (for more details, see [1], Chapter 1, Proposition 3.4).

Proposition 2.1.5. Let X be a Kan complex and L C X be a sub-Kan complex. The relation of
homotopic rel L is an equivalence relation.

Any subset of simplices S, C X, of a simplicial set X defines a unique sub-simplicial set of X.

Definition 2.1.6 (Generated sub-simplicial set). Let X be a simplicial set and S,, C X,, be a
subset for each n > 0. The simplicial set generated by {Sy}n>0 is the smallest sub-simplicial set S
of X such that S,, D 5, for each n > 0.

We next show that this relation is well-behaved with respect to maps of simplicial sets.

Lemma 2.1.7. Let f : (X,K) — (Y, L) be a simplicial map of pairs and z,2’" € K, for some
n>0. Ifx~a' rel K, then f(x) ~ f(z') rel L.

Proof. Let w inX, 11 be a homotopy rel K between z and z’. We claim that f(w) € Y41 is
a homotopy rel L for f(x) and f(fL‘/) Indeed, 9, fn-i-l(w) = fn an(w) = fn(gc)v Ont1 fn+1(w) =
JrnOnt1(w) = fo(2’) and for 0 < i < n — 1, we have

0i far1(w) = fr0i(w) = fr(sp-10;2) = sn—1fn-1(0; ) = sp—10; fu(x).

Similarly, one shows that 9; fr11(w) = s,—19; fn(2'). We need only show that 9y f(w) € L, and
is a homotopy between dg f(z) and 9y f(2’). This also follows from similar steps as above. O

2.2. Homotopy classes of simplices. We now define homotopy groups of a Kan complex. To be
able to derive the homotopy long exact sequence, we will define relative homotopy groups as well.

Definition 2.2.1 (Kan triples & homotopy classes). Let K be a Kan complex and ¢ € Ko be
a vertex. Then (K, ¢) is called~a pointed Kan complex. We identify ¢ with ¢, the sub-simplicial

set generated by ¢. Note that ¢ will have exactly one simplex in each dimension. A Kan triple is
a tuple (K, L,¢) where L C K is a sub-Kan complex and ¢ € Ly is a vertex. Define 9(K, @), :=
{xe K, | 0iz=¢, 0<i<n}and

Wn(Ka (b) = 8(K7 (b)n/ ~

where x ~ 2’ is the homotopy equivalence relation. Similarly, we may define 9(K, L, ¢), = {z €
K,| 0oz € Lp—1,0;x = ¢, 1 <i<n} and thus

Wn(K7 L7 (b) = 8(K7 L7 ¢)n/ ~

where x ~ 2’ is the homotopy rel L equivalence relation. Note that [¢] € m,(K, L, ¢) is a distin-
guished element, making 7, (K, L, ¢) a pointed set. By Lemma 2.1.7, a simplicial map gives rise to
a map on .
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Remark 2.2.2. Recall that in the case of usual spaces, a pair (X, A) is well-behaved homologically
if it is a cofibration; i : A — X satisfies homotopy extension property. It turns out that in sSet,
notion of subcomplex is sufficient for pairs (K, L) to be well-behaved. In-fact, we will see that
subcomplexes exactly forms the subcategory of cofibrations for a model category structure on sSet.
The hard part will be to study fibrations in sSet.

Our goal now is to derive the analog of homotopy long exact sequence of pairs for a Kan triple.

Theorem 2.2.3. Let (K,L,¢) be a Kan triple with inclusions i : (L,¢) — (K,¢) and j :
(K,¢,0) — (K, L,9). Then there is a long exact sequence of sets induced by inclusions:

8 . .
= M1 (K, Ly @) = ma(Ly ¢) = m (K, ¢) 2 ma (K, L @) = -+
where 0 is defined as
6 : ﬂ-nJrl(Ka L7 Qb) — 7TTL(L7 QS)
[z] = [0 x].
Proof. As all other proofs use similar ideas (finding the right horn to fill using Kan condition),
we show the exactness at m,(L,$). We first show i0 = ¢. Pick x € 9(K,L,$)p+1. To show
Jo © € Ly, is null-homotopic in K, i.e. there is a homotopy w : gz ~ ¢ rel ¢ in K. We construct
a Ag+2—h0rn, whose 0'"-face will be the required homotopy. Indeed, it is easy to see that the n + 2
many n + 1-simplices
{qb?qs""?qb’x}

satisfy the Kan condition for K and thus gives a z € K49 such that 0;z = ¢ for 1 <i <n+1
and Op192 = . Let w = 9pz. We claim that it is the required homotopy. Indeed, we have for
0 <i<n—1 the following

Opw=20,002=0900nh+12 =0

On+1W = Ont41002 =09 Ont22= 00w

Oiw=0;002z =000i+12 = ¢,

as required.
Next, we show that Ker (i) C Im (9). Pick « € 9(L, ¢),, such that = € K, is null homotopic rel ¢.

This gives a homotopy w € K1 such that w : x ~ ¢ rel ¢. We wish to construct y € (K, L, ¢)n+1
such that dgy ~ x rel ¢ in L. Consider the following n + 2 many n + 1-simplices of K

{w7¢7¢7"'7¢}

where, it is easily established that they form a AZI%, giving rise to z € Ky y9. Let y = 0p102. We

claim that y € (K, L, ¢)n+1 and oy ~ = rel ¢ in L. Indeed, we see that for 1 <i<n+1
00y =000n422=0n11002 =0 1w =1
8iy = 81'(3”_1_22 = 8n+182‘2 = ¢,
as required. O

In the definition of homotopy of simplices, one may ease out the condition that the top two
boundaries of the homotopy yields the simplices between which it is the boundary.

Proposition 2.2.4. Let (K, ¢) be a Kan pair and h € K, 11 be an n+ 1-simplex such that 9; h = ¢
for all i # k,k + 1. Then there is a homotopy h : Op h ~ Op41 h.
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Proof. Consider the following sequence of n + 2 many n + 1-simplices (i # k)

10) ifi£k+1,k+2,k+3
- Sk+1 8k+1h le:k—f—l
! h ifi=k+2

5k Okt1h if i =k + 3.

We claim that this is a AZ+2—horn for K. This is a simple check. Consequently, there exists an

n + 2-simplex z € K19 such that 0; z = z; for i # k. Let iLl = 0 z. Observe that for ¢ £ k, k + 1,
we have

Oty1h1 = 01012 = O Opro 2 = Og b
Opiohy = OpsoOrz =0k Ohy32 =05, 0k1h =01 h

O0ih=¢ ifi<k—1

O;ih1 = 0; 0 h =
! F {mﬂah:¢ if i > k4 2.

Thus, hy € K, 41 is an n + 1-simpliex satisfying the same hypotheses as h but for k replaced by
k + 1. Inducting over k gives the required homotopy O h ~ Ox11 h. g

2.3. The simplicial sphere. We construct analogs of important spaces in topology but in sim-
plicial sets.

Construction 2.3.1 (Standard simplicial sets). Recall that if A™ is the topological n-simplex,
then |A"| = D" and |0 A"| =2 S"~L. Consequently, (|A"|, |0 A™|) = (D", 8™ 1) as pairs. We first
generalize the notion of D™ to simplicial sets. Indeed, consider the simplicial set given by

A= Dy,
where Ay, € sSet is the representable functor on A determined by [n]
hip + AP — Set
[m] — Homa ([m], [n]).

The face and degeneracy maps are clear from the definition; they are hom-duals of coface and
codegeneracy maps. We call A™ the standard n-simplicial set and they play the role of n-disc in
simplicial sets.

There is a very important description of simplices of A™, which is often very useful.
Lemma 2.3.2. Let us denote
Inc(m,n) :={(ag,...,am) |0<ap <+ <an, <n}.
Then there is a bijection
Inc(m,n) = A™(m).
Under this identification, we have

6i<a0, . ,CLm) = (ao, ey A1, Q441 - - .,am)

8i<a0, e ,CLm) = (ao, vy Qi—1, A5, Qg Qg1 - - - ,am).
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Proof. Take any m-simplex of A", say . Then z € Homa ([m], [n]), i.e. x is a monotone map

x: [m] — [n]. Let a; = x(i) for each 0 < i < m. Then (ag,...,a;) forms the required element of
Inc(m, n). Converse is also easy. As 0, x = zod" and s;(x) = x o p’, the other statement follows at
once. O

Corollary 2.3.3. For each n > 0 and m > n, every m-simplex of A™ is degenerate.

Proof. By Lemma 2.3.2, any m-simplex of A™ is of form (ag, . .., ay) where 0 < ag < -+ < ay, < n.
As m > n, thus some a; = a;11, immediately leading to the simplex being degenerate. ]

We would like to identify Homgge; (A™, X) for a simplicial set X. Yoneda lemma tells us what
we need.
Lemma 2.3.4. Let X be a simplicial set. Then the following data are equivalent:
(1) z € X,, is an n-simplex of X.
(2) z: A™ — X is a simplicial map.
Proof. Tt follows from Yoneda lemma that the map
¢ : Homgge (A", X) — X,
T — Zp(id)
is a bijection. More explicitly, if x € X,,, we may define a map f: A™ — X by
fm : A"(m) — X
a= (CL(],... >am) — X((i’)(:v)
where X (@) = X,, = X, the map induced by X on a : [m] — [n]. O
Remark 2.3.5 (A" is generated by id). In computations with the standard n-simplices, its an
important step to reduce to dealing with only one simplex of A™. To this end, one observes that
A" is generated by (0,1,...,n) € A"(n), i.e. the id : [n] — [n]. This is simple to establish as by
Remark 2.0.11, any f € A™(m) is composite of d* and p’. As face and degeneracies of A™ are just

composites with d* and p/, it follows at once that any simplex of A™ is generated by id. Hence for
purposes of many constructions with A", it is sufficient to work with the simplex id € A™(n).

An obvious question is the following: Is A™ a Kan complex? A small amount of thought tells
no.

Remark 2.3.6 (A" is not a Kan complex). Choose ag < by in [n] and consider 1-simplices of A"
given by
zo = (ao, a), z1 = (bo, a).

It is immediate to see that {zg, 21} satisfies the (2,2)-horn condition. If A™ is a Kan complex,
then there exists a 2-simplex z of A™ such that 9; z = z; for i = 0,1. Denoting z = (pg, p1, p2) for
0 < pg < p1 < p2 <n, we deduce that we must have

(p17p2) = <a07a)7 (p07p2) = (b07a)‘

It follows that p1 = ag and pg = by. As pg < p1, we must have by < ag, a contradiction to our
beginning assumption. This shows that A™ is not a Kan complex.

There are many important sub simplicial sets of A™, just like there are many important subspaces
of the disc D™. We discuss few of them now.
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Construction 2.3.7 (Boundaries and horns). For 0 < p < n, define d, A" to be the sub-simplicial
set of A™ such that for m > 0, the m-simplices of 9, A" is given by

(apAn)(m) = {(a(]a"'aa’ﬂ’L) |O§a0§"'§am§n7 al#pVZ},

Define 0 A”™ to be the sub-simplicial set of A™ such that for m > 0, the m-simplices of d A™ is given
by

(@A™ (m) :={(ao,...,am) |0 <ag < -+ < am <n,30 < p<nst. a; #pVi},

= J @ a™)m).

p=0

i.e. the set of non-decreasing maps [m] — [n| which are not surjective. We hence write 0 A™ =
Uo<p<n Op A™ and call it the boundary simplicial set of A™ and 9, A" the pP-boundary simplicial
set of A™.

We similarly define horn A} for 0 < k < n as a sub-simplicial set of A™ as follows

(AZ)(m) :={(ag,...,am) | 0<ap <--- < ay, <n, a; =k for some i},

i.e. the set of non-decreasing maps [m]| — [n] which always have k in the image. Note that there
are n many n — 1 non-degenerate simplices of A}, each corresponding to the unique coface map
d:[n—1] — [n] for 0 <i < mn,i# k. The pair (A", d A") acts similar to the pair (D", S""!) in
topology.

Remark 2.3.8. An important aspect of dealing with boundaries and horns is to be able to construct
maps into simplicial sets from these special simplicial sets. To this end, an important role is played
by results which identifies these simplicial sets as a universal construction. Indeed, we have the
following results to this end.

Theorem 2.3.9 (Universal properties). The simplicial sets 0 A™ and A} are coequalizers of the
following diagrams:

Ljdi
n—-2 — n—1 9 n
H0§i<j§n A [N I_[nggn A oA
Lid]_l

Ljdi
n—2 — n—1 g n
Ho<icjsn iz A" 5 Hocpgnpen A" — A
Lidj_l

where g on (A" 1 p) is dP and 1;d" is the map which on (A2, (i,7)) maps as d' : A"~2 — An~1
where the A" is in the j™-component of the disjoint union. Similarly for others.

Proof. We prove this for 0 A" since the proof is similar for A7. Take any m > 0. As a simplicial
set is a presheaf and small colimit of presheaves is computed pointwise, we need only find the
coequalizer of the following diagram

jdt
n—2 — 7 n—2
H1§i<j§n Am N Hogpgn Am :

Lidj71

Recall that coequalizer of a,b : X — Y is constructed as the quotient Y/ ~ where ~ is generated by
a(xz) ~ b(x) for z € X. Consequently, we get that the coequalizer of this diagram is the following
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set

Xm= [ ap! / ~
0<p<n

where ~ is generated by (d'k™ 2, j) ~ (d7~1kn=24) for all 0 < i < j < n and k7 2 € A?~2. This

defines a simplicial set X. To complete the proof, we need only construct a map f : X — 9 A"

which is an isomorphism, i.e. maps on simplices of each degree is a bijection. We define f,, : X,,, —
(0 A™),, as follows. First consider the map

fo: I AW — 0A")m

0<p<n

such that f,, on (A%~! p) is given by dP. One checks easily that f,, preserves the relation ~ and
thus descends to a map

fm : X = (OA™) .
The surjectivity is easily established. For injectivity, it suffices to show that if z7%~2 w2 € AP—2

are such that diw? ! = d/2"~1 for i < j, then wt = d?~1Ekn=2 for some k72 € A2, Indeed,
this can be seen by expanding the equality dw™ ' = d/27% 1. O

For example, we expect that an (n, k)-horn in a simplicial set X is equivalent to a map A} — X.
Indeed, this is what we show.

Lemma 2.3.10. Let X be a simplicial set and 0 < k < n. Then the following are equivalent:

(1) The collection {zo, ..., 2k—1,2k+1s---s2n} C Xn—1 forms a (n, k)-horn of X.
(2) There is a simplicial map z : A} — X such that z(d") = z; for each 0 <i < n, i #k.

Proof. 1t is immediate that 1. = 2. from the easy observation that A} is generated by the n — 1-

simplices {di}0§i§n7i¢k and the Theorem 2.3.9. For 2. = 1., observe that for z; = 2(d’), we need
only check the horn condition. This is immediate from simplicial identities. ([l

In a similar way, one has the following result.

Lemma 2.3.11. Let X be a simplicial set. Then the following are equivalent:

(1) The collection {zo,...,2zn} C Xp—1 satisfies 0; zj=0j-1% forall0 <i<j<n.
(2) There exists a map z : 0 A™ — X such that z(d") = z; for each 0 <1i < n.

We may define simplicial n-sphere now as follows.

Definition 2.3.12 (Simplicial n-sphere). For each n > 0, the simplicial n-sphere is defined to
be the quotient S™ := A™/ 9 A™. Observe that S"(m) = {pt.} for m < n.

2.4. Homotopy of maps. Our goal in this section is to revisit the notion of homotopy of simplices
and show a type of coherence result that will yield that homotopy classes of maps from the simplicial
n-sphere to a Kan complex X is indeed in bijection with homotopy classes of n-simplices. Let us
begin by homotopy between two simplicial maps.

Definition 2.4.1 (Simplicial homotopy). Let K, L be two simplicial sets and f,g : K — L be
two simplicial maps. A homotopy h from f to g is a collection of maps {h{ : Ky — Lq+1}o<i<q.q>0
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which satisfy the following identities:

doho = f, Oq+1hq =g
hj_l 0; ifi<j
Oihi—1 ifi=j
0; h; ifi=754+1
hj0i—1 ifi>j54+1

- hj+18¢ if ¢ §]
sihj = e
hjsifl if £ > j.

Oihj =

The usual notions of homotopy of pairs and deformation retracts are immediate.
While this definition is more useful, the following shows how it was arrived at.

Proposition 2.4.2. Let f,g: X — Y be two simplicial maps. Then the following are equivalent:
(1) Maps f and g are homotopic.
(2) There exists a simplicial map H : X x A' =Y such that Hy = g and H; = f, where
Ho,Hy : X — Y are given on g-simplices by x — Hy(z,0), Hy(x,1) respectively where
0,1 € Al(q) denotes the constant sequences.

Proof. (1. = 2.) Let h: X, — Y,11 be a homotopy from f to g. We construct H : X x Al -V
as follows on ¢-simplices:

H,: X, x AY(q) — Yy

Og+1hg(z) ifi=q+1,
(:B,’L) — 8i+1 hf’(x) if 0 <1 <gq,
80 hg(l’) if i =0.

We denote i € Al(q) to be the sequence (0,...,0,1,...,1) where 0 < i < ¢+ 1 denotes the no. of
Os in the sequence. Observe that H, maps (z,q+ 1) + 9g41 hd(x) = g4(z) and (z,0) — o hi(x) =
fq(z), as required.

(2. = 1.) Define b : Xy — Yyq1 as @ — Hgy1(siz,i+1) for 0 < i < gq. We now establish the relevant
identities. First, observe that we have 9o hi(z) = 9o Hyt1(s0x,0) = Hy(do sox,091) = Hy(x,0) =
fa(z) and 911 hg(x) = Og1 Hor1(sqw,q + 1) = He(Og+1 847, 0q11 0+ 1) = Hy(w,q) = fy(z). The
remaining identities are straightforward to establish. It also is straightforward to establish that
both these constructions are invertible. g

The following is now immediate.

Corollary 2.4.3. Let K, L be simplicial sets and f, g : K — L be two simplicial maps. A homotopy
{h! : Ky = Lgt1}o<i<qq>0 from f to g is equivalent to a 1-simplex h in LE such that Ogh = f
and 01 h = g. g

Remark 2.4.4 (On homotopy being an equivalence relation). An important aspect of this notion
is the question whether it is an equivalence relation on set of simplicial maps K — L. One can
understand this best by trying to interpret a homotopy as a 1-simplex in the hypothetic simplicial
set of all simplicial maps, L%. Indeed, we can define this simplicial set quite easily. Denote

(LK)Q := Homgget (K x A7, L)
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together with 9;(f) := fo(id x d*) and s;(f) := fo(id x p') for some f : K x A? — L. Clearly, this
makes L¥ a simplicial set. What does homotopy being an equivalence relation translates to L*?

Lemma 2.4.5. Let K, L be simplicial sets and f,q : K — L be two simplicial maps. If L* is a
Kan complex, then simplicial homotopy is an equivalence relation.

Proof. By Corollary 2.4.3, we know that f ~ f by the 1-simplex so(f) € (L¥);. Next, suppose

h:f~gandh : f ~ g, then we wish to construct h” : g ~ ¢’. Consider the collection

of 2 many l-simplices {h/,h} of L. Observe that {h/,h} forms a A3-horn. As L¥ is a Kan
complex, therefore there exists a 2-simplex z of L¥ extending the horn. Let h” = 0 z. Then,
00022 =0100z=01h =¢ and 91022z = 01012z = 01 h = g. Thus h” is a homotopy from ¢’ to
g, as required. ]

Our main goal now is to give an equivalent formulation of homotopy classes of maps as classes
of simplicial homotopy from simplicial sphere to the given Kan complex. To this end, we first need
to establish that the homotopy classes of simplices in both ways is same.

Lemma 2.4.6. For a Kan pair (K, $) and z, ' € O(K, @)y two compatible n-simplices with corre-
sponding maps being T, x' : (A", 0 A™) — (K, @), the following are equivalent:

(1) The simplices x,2’ are homotopic.

(2) The simplicial maps T, x' are homotopic rel O A™.

Proof. (1. = 2.) Let h € K,4+1 be a homotopy = ~ 2’. Define a homotopy H : A"(q) — Kgt1
for 0 < i < g as follows. First, observe that since A™ is generated by the identity n-simplex, thus
it suffices to define the map H : A"(n) — K, on id = (0,1,...,n) which should satisfy the
identities for homotopy for id. We define it as follows

six f0<i<n-—1

Hid) = {h ifi=n

It is then easy to see that H' satisfies the earlier relations.

(2. = 1.) Let Hf : A™(q) = K41, 0 < i < ¢ be a homotopy from Z to x'. We wish to con-
struct a homotopy h € K, 11 from z to 2’. Recall that Z,(id) = x and 2/,,(id) = 2’. Denote for
each 0 < i < n the following n + 1-simplex

Z; = Hln (ld)
Observe that since H is a homotopy rel d A", therefore we have 9; z; = ¢ for i # j, j + 1. It follows

from Proposition 2.2.4 that 0; z; ~ 0i12; for 0 < i < n. As dpz0 = do Hy(id) = z(id) = = and
On+1 HY(id) = 2/(id) = 2/, it follows that z ~ 2/, as needed. O

By Lemma 2.4.6, it is now immediate to see that the two notions of homotopy are equivalent.
Theorem 2.4.7. Let (K, ¢) be a Kan pair. Then we have a bijection
(K, ¢) = [(A", 0 A"), (K, ¢)].

established by the map [x] — [Z]. O
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2.5. Homotopy groups. The set of homotopy classes of simplices 7, (K, ¢) for a Kan pair (K, ¢)
forms a group, which we will call the homotopy group of the Kan pair.

Construction 2.5.1 (The group operation). Let (K, ¢) be a Kan pair. We construct a group
operation on each 7, (K, ¢) for n > 1 as follows. For any two simplices z,y € (K, ¢),, we may
consider the A”*1-horn given by (i # n)

¢ ifi#En—1,n+1

zi=<x ifi=n-—1

y ifi=n+1.

This satisfies the horn condition and thus glues to an n + 1-simplex z € X,,+1. We thus define
Trn(Ka ¢) X Wn(Ka ¢) — WH(K7 ¢)

([], [y]) ¥ [2] - [y] := [On 2]

Theorem 2.5.2 (Simplicial homotopy group). Let (K, ¢) be a Kan pair. Then,

(1) The product defined in Construction 2.5.1 is well-defined.
(2) Under this product, 7,(K, ¢) is a group.
(3) Forn > 2, m,(K, @) is abelian.

2.6. Geometric realization. From previous discussion, it is clear that a simplicial set (more
specifically, a Kan complex), encodes combinatorially the homotopy theory of spaces. In this
section we wish to establish more rigorously the relation between spaces and simplicial sets. We
will give a functorial construction which will yield a space out of a simplicial set. We already have
a functorial construction of a simplicial set (actually a Kan complex) out of a space, by the singular
simplicial set construction. The question which now remains is of the relation between these two
functors. We will show that they form an adjoint pair

T
sSet 1 ° L Top .

We begin by constructing the realization of a simplicial set.

Construction 2.6.1 (Realizing a simplicial set). Let K € sSet be a simplicial set. We denote by
|A™| the topological n-simplex as in Remark 2.0.1. We define the following space

= HKnx |A”/
n>0

where ~ is generated by the following relations (0 <i < n)
(D ks 1) ~ (kny dtup_1), kn € Kp,tp_1 € ’A” 1}
(Sikna un—H) ( ns P un—i—l) k € Knyun—l-l € |An+1|

A class of (kp,u,) € T(K) is denoted by [k, uy,]. If f: K — L is a simplicial map, then we define
amap T(f): T(K) — T(L) as follows

T(f)[k:naun] = [fn(kn)7un]

By definition of simplicial maps, it is easy to see that T'(f) takes maps an equivalence class into an
equivalence, so that it is well-defined. Furthermore, T'(f) is continuous by the universal property
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of quotient maps
fxid

[0 Kn x A7 LSS T o Ly x A7
T(K) -5 T(L)

In-fact, T'(f) is also a cellular map, as is clear from diagram above. Consequently, we get a functor
T : sSet — Jop.

We now prove the main result about T'(K).

Theorem 2.6.2. Let K be a simplicial set. Then T(K) is a CW-complex whose n-cells are in
bijection with non-degenerate n-simplices of K.

Before proving this, we first establish the following.
Proposition 2.6.3 (Milnor). Let K be a simplicial set and [ky,u,] € T(K) be a point. Then there

is a unique (kl,,ur,) € Kp, X |A™| such that [ky,u,] = [k, ul,], k., is non-degenerate and u), is
in the interior of |A™|. We call such a pair (k},,ul,) € Ky, x |A™| non-degenerate.

Proof. Let K = [[,,59 Kn x |A"|. We define two maps ), p : K — K which maps as follows. Pick
any k, € K,. By Remark 2.0.11, we may write k,, = Sjp + - - Sj1kn—p Where k,,_, € K, which is
non-degenerate and k,,_, is unique such. We may thus define the function

Mbns un) = (knep, P74+ .. pPPuy).

Similarly, if u, € |A"|, then u, = d'...d" u,_, where u,_, € |[A" P| is an interior point and is
unique. We thus define the map p as
p(k‘n, un) = (811 PN 81‘,1 kn, un_q).

We now prove the following four claims about the map A o p:

(1) Ao p descends to T(K).

(2) Ao p(kp,uy) is non-degenerate.

(3) Ao p(kn,un) ~ (kn, up).

(4) Ao p(kp,uy) is the unique non-degenerate element in the class [ky, uy].

It is clear that proving these four claims will complete the proof. For the statement (1), it suffices
to show that A\ o p(0; kn, up—1) = Ao p(kp,d"u,—1) and similarly for degeneracy. Indeed, we have

Ao p(0i knyun—1) = N4y - .. 04, Oi kny n—1—4)
Ao p(kp, d'up—1) = Akn, d'd" ... d" wp—1-¢) = NOi, - .. 0y, O; kn, Un—1-4)

so they are same. This proves statement (1). For statement (2), observe that p(ky,,u,) has
second coordinate non-degenerate. Furthermore, if u,—, € |A"79| is non-degenerate, then so is
P pPu, g € |A™T97P| Since the first coordinate of A(kn,uy) is non-degenerate, it thus fol-
lows that A o p(kp,u,) is non-degenerate, proving statement (2). For statement (3), observe that
Pk, un) ~ (kn, upn) and A(ky, upn) ~ (kn,uy,), from which it follows immediately. Finally, for state-
ment (4), we first observe that A o p(ky, u,) is non-degenerate by statement (2) and is in the same
class as (ky,u,) by statement (3). To show uniqueness, take (k/,u.) ~ (ky,u,) such that both

n»'n
are non-degenerate. We wish to show that (k,,u,) = (k},,ul,). Observe by statement (1) that
Ao p(kn,un) = Ao p(kl,ul,). Since o p fixes non-degenerate elements of K,, x |A"|, it follows that
Ao p(kn,un) = (kn,un) and o p(k},ul) = (kl,,u),). This completes the proof. O
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We may now alternatively define T'(K) as follows by Proposition 2.6.3.

Corollary 2.6.4. Let K be a simplicial set. Then T'(K) is homeomorphic to the space

I vK. % |A"|/~

n>0

where ~ is generated by (xn,diun_l) ~ (Oixn,up—1) for all x, € NK,, up_1 € !An71| and
NK, C K, the subset of non-degenerate n-simplices of K.

Using this corollary, we can do some basic computations.

Example 2.6.5. Geometric realization of standard simplicial sets A", 9, A", 0 A™ and A} are
exactly what we expect. To begin with, we observe T'(A™) = |A"| as follows. Consider the map
@ : T(A") — |A"]
[(ag,...,ak), (€0, ..., ek)] — Oag€0 + -+ + da, €k
where 6; = (0,...,0,1,0,...,0), i.e. 1is in the index 0 < ¢ < n and (ao,...,ar) € A} and

(egy...,er) € {Ak| This is well-defined since if ug_1 = (eg,...,ex_1) € {Ak’*1|, then d'u,_; =
(e0y-.-,€i-1,0,€4,...,€5_1) € |Ak_1‘. Consequently,

i—1 k
QD([((I(], ] ak)a (607 sy €im1,0,64,00 ek—l)]) = Z 5ajej + Z 50«jej*1
j=0 j=i+1

= @([61-(0,0, Ce ,ak), (60, ey ek,l)]),

as required. This shows that ¢ is a homeomorphism. Similarly, one can identify all the rest of the
spaces. Furthermore, the geometric realization of the simplicial map d" : AL 5 AT s indeed
given by the map d* : ’A"‘l} — |A™|. This immediately follows from the definition of the map ’d”.

We may now prove the CW-structure on the geometric realization. We begin by the following
observation.

Lemma 2.6.6. Let K be a simplicial set and sk, (K) be the sub-simplicial set of K generated by
all simplices of K of degree < n, which we call the n-skeleton of K. Then there is a pushout square

skp K ¢— sk, 1 K

P e

NK, x A" «+—— NK, x 9 A"
where NK,, is the subset of K,, of non-degenerate n-simplices and f,_1 maps on m-simplices as

(Tn, k) > (k)" (zn). Furthermore, K = J,5qskn K.

Proof. Consider P to be the pushout of the given map. As the bottom row of the square is given
by the inclusion map @ A™ — A", therefore we must have that P is given by

(NK, x A") I sk,_1 K

~

P=
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where ~ is generated by (wn,d'k™ 1) ~ (0;zp, k%) ~ (K% H*(0;2,) for all 2, € NK, and
kn-t e An-l. We identify P with sk, K as follows. Define first a map
&m : (NK,, x A") I sk,—1 K),,, — (skp K)m
(Tn, k) € NKyp x AL — (k)" (zn)
z € (skp—1 K)m — 2.

We claim that this ¢, descends to ¢ : P, — (sk, K),,. Indeed, suppose that ¢, (zy, k) =
&m (Yn, Uy,). It follows that (k))*(zn) = (I,)* (yn). We now deduce the following

(@, ki) ~ (k)™ (2n) = (L) (Yn) ~ (Yn, bn)-

Consequently, ¢y, is injective. For surjectivity, pick (kb,)*(x,) for some x, € NK, for 0 < p < n.
If p < n—1, then its in the image of sk, 1 K. If p = n, then its in the image of NK, x A™. It
follows that ¢, : P, — (sky K), is a bijection and ¢ : P — sk, 1 K is thus an isomorphism, as
required. O

The adjunction of T" and S is actually simple to establish.

Proposition 2.6.7. The pair of functors T : sSet — Top and S : Top — sSet establishes an

adjunction

T
—
sSet ; Top .

Proof. We wish to show natural isomorphisms
Y : Homg,, (TK, X) = Homgge (K, SX) : ¢.
We first construct 1. Define ¢(g : TK — X) as follows on n-simplices
v(g) : K, — SX,

kn = ¥(g)(kn) : |A"] = X

where (g)(kn)(un) = g([kn,up]). Similarly, we define ¢(f : K — SX) as follows
o(f) : TK — X
[kn, un] = f (kn) (un).-

For well-definedness, we need only show that 1(g) is a simplicial map and ¢(f) is continuous. The
former follows from definition and the latter from the universal property of quotients. Finally, the
fact that ¢ oy =id and ¥ o ¢ = id are immediate. g

Proof of Theorem 2.6.2. By Corollary 2.6.4, we may assume T'(K) is the space constructed as in the
corollary. Applying the functor 7" on the pushout square of Lemma 2.6.6, we deduce by Proposition
2.6.7 and the fact that left adjoint preserves colimits that we have a pushout square in Jop given
by

sk, K| «— |sk,—1 K|
1 [
NEK, x |A"] «— NK, x |8 A"|

together with T'(K) := |K| = U,,>¢ |skn K|. The proof is then complete by calculations in Example
2.6.5. ; |
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Remark 2.6.8. The counit of the realization and chain functor given by € : T'S — idy,,, is in-fact
a weak homotopy equivalence. Using this fact, Milnor showed that any space is weakly equivalent
to a CW-complex.

3. THE COBAR CONSTRUCTION

We begin our study of cobar construction by studying the categories involved in this functor.

3.1. Differential graded coalgebras. A coalgebra is a formal dual of an algebra. Fix K to be
a commutative unital ring.

Definition 3.1.1 (Coalgebras & graded coalgebras). A K-coalgebra is a tuple (A, A, €) where
A is a K-module, A and ¢ are K-linear maps

A:A—>AxA e: A K

for which the following two squares commute (tensor product is over K):

A—2 L A0A A—L s A®A
Al lA@id Al \jd lid@e-
ARA 2 ARAR®A AA — A

These conditions can be referred to as coassociativity and counitality of the comultiplication A.
A map of coalgebras f: A — B is a K-linear map of underlying K-modules which is compatible
with comultiplication and counit in the following sense

A—71 B A— 4B
s Ja RN
A®Aﬁ>B®B K

Hence we have a category of K-coalgebras, which we denote by
coAlg .

A graded K-coalgebra (A, A €) is a K-coalgebra whose underlying K-module is a graded K-
module, that is, A = @, A4, such that the comultiplication and the counit maps A and e are
graded K-linear maps, where K has the grading concentrated at degree 0.

A map of graded K-coalgebras f : A — B is a graded K-linear map of underlying graded
K-modules which is also a map of coalgebras. Hence we have a category of K-coalgebras, which
we denote by

gcoAlgy .

Definition 3.1.2 (dg-Coalgebras). A differential graded K-coalgebra (A, A €, 0) is a graded
K-coalgebra (A, A, €) together with a graded K-linear endomorphism on the underlying graded
K-module A

0:A—= A

which is of degree +1, i.e. 0 : A, — Ay, if cohomologically graded or degree -1,i.e. 0: A, — A1
if homologically graded, and satisfies the following two conditions:
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(1) 0 is a differential for the comultiplication
Aod=(0®id+id®0)o A

where there is an appropriate sign in the sum on right side,
(2) 0% = 0.
A map of dg coalgebras f : A — B is a map of the underlying graded coalgebras such that 0 f = f 9.
Hence we have a category of dg K-coalgebras, which we denote by

dgcoAlgy .

A dg K-coalgebra (A, A, e, ) is said to be connected if Ay = 0 for all d < 0 and the counit
€: Ay — K is an isomorphism.

Construction 3.1.3 (Alexander-Whitney map). Consider the singular chain complex (Cy(X), 9),
where 0 : Cnp(X) — Cnp_1(X) and C,(X) is the free abelian group generated by S,(X) =
Map(]A™|, X). Our next goal is to establish a dg coalgebra structure on singular chains C,(X). To
this end, the comultiplication on C,(X) is given by the Alexander-Whitney map, which is defined
as follows. For two spaces X, Y, we define the map

a:C(X xY) — C(X) @ C(Y)

which maps a singular n-simplex o : |[A"| — X x Y to the following element in C,(X) ® C,(Y)
alo) = Z ox oA, ®oyop
k+l=n

where A : |A*| — |A"| and p}' : |Af| — |A"| are given by the following

i (e, ... ex) = (€eoy...,ex,0,...,0)

pi(eoy ... ex) =(0,...,0,e0,...,€),
that is, A} maps |Ak’ to the front k-face of |A™| and p}' maps |Al| to the back l-face of |A"™|.

Example 3.1.4 (Singular chain complex is a dg coalgebra). Let K = Z and X be a space. We
define a comultiplication on C,(X) as follows:

A C(X) — Cu(X x X) -2 CL(X) © Cu(X)

where the first map is induced by diagonal. Further define the counit to be the following map on
n-simplices which extends linearly to n-chains:

e:Cu(X) — Z
or— 1.

One can verify that (Cy(X),A,¢€) is a Z-coalgebra. Further, the grading of C.(X) furnishes a
graded Z-coalgebra structure on it. Finally the (homological) dg structure on it is given by the
map

This clearly satisfies 9> = 0. One can further check that 0 is a differential for A, thus making
(Cy(X), A €,0) is a connected dg Z-coalgebra.
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Example 3.1.5 (dg coalgebra of based chains). For a based space (X, xp), we can construct an
analogue of above example. Indeed, consider C,(X,z) to be the subalgebra of C,(X) generated
by those simplices o : |A"| — X which maps each vertex of |[A"™| to xy. The comultiplication A on
C,(X) restricts to a comultiplication on C (X, zg). Similarly, the counit. Consider Cy(X, o) to be
the quotient of C(X,xo) by the subalgebra generated by all degenerate simplices. The comulti-
plication on C} (X, zo) then descends to a comultiplication on Cy (X, xg). We call (Ci(X, z0), A, D)
the connected dg coalgebra of based chains on (X, ).

Notation 3.1.6 (Sweedler notation). For a dg coalgebra (A, A,€,0) over K and ¢ € A, Sweedler
suggests to write

Afe) = Z C(1)i @ C(2)i
i=1
which we can further simply write it as

Ale) =) ey ® ) = ¢y @ o).
When operations on A are linear, then this notation is sometimes useful.

Construction 3.1.7 (Shift functors). Denote s’ : dgcoAlgy — dgcoAlgy for i € Z to be the
functor which maps a dg coalgebra A to s°A which has the underlying graded K-module as s'A
where (s'A)y = Aq_; for all d € Z. The algebra structure on s°A remains the same. The differential
picks up a sign s 9 = (—1)* 9. Further if ¢ : A — B is a map of dg coalgebras, then sip : s'A — s'B
maps a € (s°A)4 to pg_i(a) € By_; = (s'B)4. Sometimes s'A is denoted by A[i].

3.2. Cobar construction. We will now construct the cobar functor. This is a functor on the
category of connected dg-coalgebras over K, the category of which we denote by

dgcoﬂlg%.
Construction 3.2.1 (The cobar functor). Let (A,A,d) be a connected dg K-coalgebra. We

construct a dg K-algebra Q(A, A, 0) in the following steps.

(1) (Reducing degree 0 homogeneous terms). From the dg coalgebra (A, A, ), consider the dg
coalgebra (A/Ap, A, d) whose degree 0 homogeneous terms are now 0. We denote A/Aq by
Aso.

(2) (Shifting degree by -1). Given a dg coalgebra A, we may consider the coalgebra s~1A,
which takes an element of degree a € Ay to a € (sflA)d,l = A,. Note that the differential
of s71 A is — 0 where 9 is the differential of A.

(3) (Graded tensor algebra). Let A be a dg coalgebra. Then the graded tensor algebra over A
is a graded K-algebra given by

TA=KaA® A2 @ A% @ .. ..
where degree d-term of T'(A) is
T(A)y=Ks© Ag® (A®?) 0 ...
(4) (Differential on T'(s7tA)). Let (A,A,d) be a dg coalgebra and consider s™1A. On the
graded algebra T'(s7'A) (multiplication by concatenation), we can further construct a dif-

ferential to make it a dg algebra as follows. First, define on s~ A the following K-linear
map

D:s'A—stA® (s1A® s7A)
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given by D = —s 195! + (s71 ® s71)AsT!. We extend this map to s !4 ® s~ 1A by the
Leibnitz rule as follows:
D(a®b) = D(a) @b+ (—1)%%% @ D(b).
Similarly extend D to (s71A4)®3 as
Da®b®c)=D(a®b)®c+ (—1)%® g 0 b D(c)
and so on to all monomials in T'(s~*A) and thus to all of T(s~!A). Hence, we have a map
D:T(s'A) = T(sA)

which on T'(s71A), is a map to T'(s~tA)4_1 and satisfies D? = 0. Indeed, this follows from
careful tracking of signs, compatibility of A and 8, 8% = 0 and graded coassociativity of
A. As D is extended by the graded Leibnitz rule, it follows that (T(s~!A), D) is a dg
K-algebra.

Furthermore, if ¢ : A — B is a map of dg coalgebras, then we get a dg coalgebra map
sYo:s7'A — s7'B. This induces a map graded algebras T(s~'A) — T(s~'A) which is
compatible with the differential D since 9, A and shift functors are so. Hence, we have a
functor

Ts™!: dgecoAlgy — dgAlgy,

which we call the shifted tensor dg algebra of A € dgcoAlg .
The cobar functor is then given by first reducing the degree 0 homogeneous terms of a connected
dg-coalgebra and then considering its shifted tensor dg-algebra:
Q : dgecoAlgy — dgAlgy
(A, A,0) — (T(s ' Asg), D).

This is the cobar functor.
3.3. Adams’ theorem on ,,X. Adams in [2] gave a chain model of based loop space 2, X

for X simply connected by applying cobar functor on the dg coalgebra of based chains on (X, zg).
Rivera generalized this to path-connected spaces in [3].

Theorem 3.3.1 (Adams-Rivera). Let (X,zo) be a path-connected based space. Then there is a
quasi-isomorphism of dg algebras

Q(Cu(X,20),A,0) = Ci(Qgy X).
Remark 3.3.2. The author of [3] proves this theorem as follows. Given the simplicial set K =
S«(X,x0) which is furthermore a Kan complex with a unique O-simplex zg, we first construct a

simplicial category €(K) called the rigidification of K. This will be a category with a single object
and will thus be treated as a simplicial monoid. Applying the normalized chains functor

Cy : s8et — Ch(Z)
on €(K) one shows that we get a dg algebra C,(€(K)). One then shows that there is a natural
quasi-isomorphism
Ci(U(K)) = Cu(y | K1)
Note that by Remark 2.6.8, we know that |K| is weakly equivalent to X. Using the fact that C,
maps weak equivalences to quasi-isomorphisms, we deduce that

CL(€(K)) =~ O (Quy X).
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One then shows that there is a natural quasi-isomorphism
C*<Q:(K)) = Q(C*(Xﬂ .’Eo), Av 8)7
completing the proof.

Our goal is to prove Adam’s theorem using the method of [3]. To this end, we first study the
rigidification functor € in detail. This functor is also sometimes called the coherent realization
for the reason we will see in the next section. In-fact, this functor is an essential part of modern
treatment of homotopy coherence.

3.4. Homotopy coherence. To rightfully motivate the construction of the rigidification functor,
we first go on a slight digression, which will be frutiful later on. Following motivation is taken from
[4]. Recall that a diagram of spaces is a functor F' : A — Top. A homotopy commutative diagram is
instead a functor F' : A — h Top, that is, a diagram of spaces commuting in the homotopy category
of spaces.

Now suppose if our goal is not to only demand commutativity (i.e. functoriality) of the diagram
upto homotopy, but rather to demand to know all of the homotopies involved in making it homotopy
commutative. The type of information that we need to store to achieve this is best explained by
the following example.

Example 3.4.1 (Homotopy coherent directed system). Let w be the linearly ordered poset of
natural numbers treated as a category

w={0<1l<2<---<n<...}.

A homotopy commutative diagram of shape w is a functor w — hJTop. A homotopy coherent
diagram of shape w on the other hand is a functor F' : w — Top together with the following data
(let P({i}) = X; and fi; = F(i, j)):
(1) for all i < j < k, a 1-homotopy h; jk : fi = fji © fij. Note this forms a 2-simplex of nerve
of Jop.
(2) for all i < j < k <[, 2-homotopy hji; filling the square

h;
fi —"— fro fi

hmi / lfklohijk .
fjio fij Ty Jrio firo fij

Note this forms a 3-simplex of nerve of Jop.
(3) for all i < j < k <1 < m, 3-homotopy hjjrm, filling the cube...

) ...

We will soon construct a (simplicial) category €(w), such that a functor F' : €(w) — Top will
automatically encode all these information.

Construction 3.4.2 (Free resolution of a category). We construct a functor, which is a precursor
to rigidification €, denoted by the same symbol (reason will follow)

¢ : Cat — sCat

where sCat is the category of simplicial categories (simplicial objects in Cat), which are equivalent
to simplicially enriched categories. For a category A, define the simplicial category €.A where

CA,=FU""A
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where FUA is the free category on the underlying graph of A; it is a category whose objects are
same as A but morphisms are strings of composable morphisms of A. The category €A, is called
the category of n-arrows of A whose arrows are given by strings of morphisms of A where each
morphism in the string is covered in exactly n-many pairs of well-formed parantheses. Note that
this recovers the description of €.Aq given earlier. We define face and degeneracy maps of €A as
follows:

O CApyj = (FUMITIA — €Ay = (FU)PHA

given by

Doy — {remove those pairs (?f paljan.theses thich are conFained in exactly k 'pa%rs of parantheses, if j > 1,

’ compose the morphisms inside the innermost pairs of parantheses, if j = 0.
Similarly, one defines the degeneracy maps
skj CApyj = (FUMITA — € Apy i1 = (FU)FHT2A
given by
double up the parantheses that are contained in exactly k pairs of parantheses, if j > 1,
kg = {add a paranthesis around each morphism, if j = 0.

This gives us a simplicial category €. A,. As noted earlier, this can also be treated as a category € A
whose underlying objects are same as A, but the hom sets are given the structure of a simplicial
set as follows

HOI’H@A (1"’ y)n = HOIl’lQAn (SC, y)
with the obvious face and degeneracy maps. We will freely interchange between these two points
of view for €. A. Note that if x,y, z € A are objects, then the composition law of €A is given by
CAL(y, z) x CAy(z,y) — €A, (2, 2)

which juxtaposes both the strings with parantheses.

Remark 3.4.3. One may now define a homotopy coherent diagram of shape A to be a simplicially
enriched functor

F:¢A— TJop,

that is, for each object a € €A, we get a space X, € Jop and for each pair of objects a,b € €A,
we get a map of simplicial sets

CA(a,b) — Map(Xq, Xp)

which is functorial in each variable. Note that Map(X,, Xp) is a simplicial set by the singular
simplicial structure on it.

It follows that the notion of homotopy coherent diagram of shape A is really just needs the
mapping spaces to be simplicial sets (which are in above cases also Kan complexes). This motivates
the following formal definition of a homotopy coherent diagram.

Definition 3.4.4 (Homotopy coherent diagram). Let K be a category enriched in Kan com-
plexes and A be any category. A homotopy coherent diagram of shape A in X is a simplicially
enriched functor

F:¢cA—X.

We now use this to construct the coherent realization/rigidification of a simplicial set.
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3.5. Rigidification & coherent nerve. There is an adjunction

¢
—

() sSet 1 sCat
&a/

where the left adjoint is the functor which we are after. Recall that any simplicial set X € sSet
is a colimit of simplicial n-disc A™. As left adjoints preserves colimits, it is thus first sufficient to
understand the simplicial category € A™ which we call to be the following.

Definition 3.5.1 (Homotopy coherent simplicial n-disc). Let [n] € A be the poset [n] =
{0 <1< --- <n}. The simplicial category €[n] is called (homotopy) coherent simplicial n-disc.

There is a description of mapping simplicial sets of coherent n-disc.

Lemma 3.5.2. For any i < j, consider the category P;; whose objects are all subsets of {i,1 +
1,...,j} containing both i and j and whose arrows are inclusions. Then,

€ln|(i,j) = N(Pi;)
where N : Cat — sSet is the nerve functor.

Proof. Fix k > 0. We establish an isomorphism between k-simplices of €[n](¢,j) and N(P;;) as
follows. Let f € €[n|(i,j)r be a k-arrow. Considering the underlying morphisms of [n] in f, we
get a sequence of non-negative integers 7° = {i,i1,...,im,j} each < n. As each bracket in f is
well-formed, it follows that if a bracket closes at p, then a new starts at p. Thus, observing the
innermost brackets, we obtain a subset {i,j} € T* C T". Continuing this, we get a sequence of
sets {i,7} CTF C Tk=1 C ... C T' C TY. This is the required nerve of P; ;. Converse is also easy
to establish. O

The proof technique above also helps in calculating the free resolution of w.

Example 3.5.3 (Free resolution of w). We compute the free resolution of w as defined in Example
3.4.1. This will be the homotopy coherent directed system, keeping track of all data of higher
morphisms. As is clear by construction, the objects of €w are the natural numbers:

obCw={0,...,n,...}.

We now characterize the mapping simplicial sets €w(i, 7). If i > j then it is empty. If i < j, then
as in the proof of Lemma 3.5.2, it follows that € A™(4, j) is a simplicial set isomorphic to the nerve
NP; ;. It can then be observed that NP;; is isomorphic as a simplicial set to the simplicial cube
(AN ==L This is immediate from Lemma 2.3.2.

Theorem 3.5.4 (Rigidification and coherent nerve). Consider the functor obtained by restricting
¢ on A
¢: A —sCat.

This induces an adjunction by Theorem A.1.1, which we denote by ().

(1) The left adjoint € is called the rigidification and is characterized by the property that it
maps the simplicial n-disc A™ to the coherent n-disc €[n].
(2) The right adjoint M maps a simplicial category A to the simplicial set WA where

NA, =sCat(C[n], A),

that is, the homotopy coherent nerve of A. The face and degeneracy maps of MA are given
by those of the simplicial category €[n].
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Proof. By Theorem A.1.1, we get the adjoint pair of (%) where left adjoint is extension by colimits
of € : A — sCat. The left adjoint is unique by Lemma A.1.3. The definition of right adjoint
follows from Theorem A.1.1. O

An important theorem which we will mainly use without proof is the the above adjunction is a
Quillen equivalence.

Theorem 3.5.5 (Dugger-Spivak, Lurie). The rigidification and coherent nerve adjunction of (x)
is a Quillen equivalence between sSet with Joyal model structure and sCat with Bergner model
structure.

While the existence of the adjunction (x) is mostly formal, we wish to give a more combinatorial
description of the rigidification of a simplicial set, which should also include a description of its
simplicial hom sets. Such a description is provided by [5], the main theorem of which we will state
here.

Lemma 3.5.6. Let X € sSet be a simplicial set. Then €(X) is a simplicial category whose objects
are exactly the 0-simplices of X.

Proof. As sSet is a presheaf category, thus X is the colimit of the diagram A/X — A < s8et.
Unravelling this composition, we get

A/X A sSet
(W) WA
bl N
(mly) ] A" X
Thus,
X hﬂ A",
Ar—X

As rigidification is left adjoint to coherent nerve, it follows that it preserves colimits:
¢X = lim CA"™
A= X

As colimits in the presheaf category is computed pointwise, we further dedcue that

(CX); = ( hﬂ (’lA”) = hgl (CA™);.
Anr—X i Ar—=X
Now observe that (€ A™); is the category of i-arrows of the simplicial category € A", which is a
category with objects {0,...,n} and arrows as paranthesised string of composable arrows in [n]
where each member of the string is in i-pairs of parantheses. Now the objects of the category (€ X);
is the colimit of the objects of (€ A™);, that is

ob(€X); = hg [n] = hgl A”(O)%( h%m A”) =~ X,
A — X An— X AN —X 0

thus showing that objects of (€ X); (and hence for € X) are exactly 0-simplices of X. O
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Having found the objects of €(X), our main goal in this section is to find representations for the
mapping simplicial sets of €(X).

Construction 3.5.7 (Category of necklaces, [5]). By 7' = A" Vv A™ V...V A" we mean a
simplicial set obtained by the quotient
A ITA™MIT-- - IT A™

~

T =

where ~ is generated by gluing the 0-simplices of the disjoint union , that is [ng], [n1], . . ., [nk], such
that the end point of [n;], namely n; is identified with beginning point of [n;4+1], namely 0. Note
that #1o =no+---+ng + 1. We call T to be a necklace of dimension ng +---+ni — (k+1). It is
customary to write the starting vertex of T' as ar and last vertex of T as wp. A map f: T — T’
of necklaces is a map of simplicial sets such that on vertices, f(ar) = o/, and f(wr) = wyr. This
gives a category of necklaces Neck which is a subcategory of sSet.

Now suppose X is a simplicial set, 2,y € Xy be two vertices and consider the slice of Neck
over X, that is, Neck /x- This consists of all simplicial maps from necklaces to X and maps being
necklace maps over X. We further construct a subcategory of Neck,x denoted by Neckx , , which
consists of necklaces T" over X whose structure map f : T — X maps f(ar) = z and f(wr) = y.
It is this category which will yield the mapping simplicial set of € X (z,y).

Lemma 3.5.8. Let K € sSet. The following are equivalent:

(1) f:T — K is a necklace over K where T = A™ V --- VvV A",

(2) fi € Ky, is a collection of simplices of K for 1 <1i <k such that the following condition is
satisfied: for each 1 <i <k and 0 < j < n;, consider the unique map dg : [0] = [n4] given
by mapping 0 — j and let dg* 1 K, = Ko be the corresponding boundary map. We must
have

&7 (fi) = it (firn)
foralll1 <i<k-—1.
Proof. This is immediate from Construction 3.5.7. 0
We may then ask what must be a more direct description of maps in Neck .

Lemma 3.5.9 (Generators for necklace maps). Let T = A™ V.- -VA™ and S = A" V.- -VA™ be
two necklaces. Any map f: T — S is generated under the monoidal operation V : Neck x Neck —
Neck by the following three types of elementary necklace maps:

(1) & : A™ — AT

(2) p7 : AP 5 AR

(3) dj,n—‘,—l—j AV AT An+1,
where dj 15 is given by the pair of j and n + 1 — j-simplices of AL given by (0,...,7) and
(J,...,n+ 1), respectively.

The rigidification of necklaces is studied in [5], where a main result is a characterization of the
mapping simplicial set of €(T) for the objects ar,wr.

Proposition 3.5.10 (Corollary 3.8, [5]). Let T' be a necklace and €T be its rigidification. Then
there is a natural isomorphism of mapping simplicial set to the simplicial cube

ng : (’:T(aT,wT) = (Al)dimT.
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Theorem 3.5.11 (Proposition 4.3, [5]). Let X be a simplicial set and x,y € X be two vertices. Let
C X be the simplicial category obtained by rigidification of X. The mapping simplicial set € X (x,y)
is isomorphic to the following colimit in sSet:
CX(z,y) = lim CT(ar,wr)
74 XeNeck x
hg (Al)dimT.

TLXGNeCk/X’x’y

I

Furthermore, the composition law of the category €T
CX(y,2) x €X(z,y) — C€X(z,2)

is given as follows. Let ((f : T — X),0) be a pair where f € Neck,x ., and a € €T(x,y);, a
k-simplex and similarly ((g: S — X),7) for g € Neck/x , . a k-simplex of €S(y,z). They define a
class in the colimit and their composite is given by the class of (fV g:TV S — X),0 x T) where
fVgeNeck/x,.andoxTeCTVS(z,2).

This description of mapping simplicial sets of rigidification is a key step in the proof of Adam’s
theorem.

Example 3.5.12 (Structure of coherent n-disc). As an example, we compute the rigidification
of the simplicial n-disc, € A", which we earlier called the homotopy coherent n-disc. As we saw
earlier, it is a category whose objects are {0,...,n}. For any 0 < i < j < n, we have a simplicial
set € A" (4, 7). Our goal is to find a complete description of this simplicial set. As noted in Example
3.5.3,

CA"Mi,j) 2 NP ;= (A1)~
Thus these mapping simplicial sets are simplicial cubes of appropriate dimensions.

3.6. Proof of Adams’ theorem. We now prove Theorem 3.3.1 via the sketch drawn in the
Remark 3.3.2. We begin by proving the following observation.

Remark 3.6.1 (Moore loop space). Let (X, zg) be a based space. The usual based loop space
Map, (S?, X) is not a topological monoid; it is so only after passing to homotopy classes of maps.
However, we wish to find a homotopy equivalent model of the based loop space which in-fact is a
topological monoid. Indeed, we may define

Qz0 X ={7:[0,a] > X [a>0&~(0) =7(a) = o}
This is called the Moore loop space of (X, zp). Observe that ,,X is a topological monoid:
Qo X X Qpg X — Q0 X
(v:[0,a] = X,n:[0,b] > X) —y*n:[0,a+b — X
where v * 1 is given by
v = ez

This can be checked to be unital and associative: v * (n*7) = (y*n) * 7. Hence Q,,X is a
topological monoid. Note that it is homotopy equivalent to Map, (S!, X). Indeed, we have (we
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think of Map, (S!, X) as space of maps v : [0,1] — X with v(0) = 2o = (1))
@ : QX — Map, (S, X)
v e(9)(t) = y(t/a).
Furthermore, consider the standard inclusio:
v : Map,(S', X) < Q,, X.
As pou()(t) =~(t) and o p(y)(t) = v(t/a), therefore we may construct the homotopy
H:QuX x I — QX
(v,8) — v ((s/a+ (1 = 9))t)

Hence Map, (S, X) ~ Q,,X, as required. We will work with Moore loop space in order to have a
topological monoid on the nose.

Proposition 3.6.2. Let K € sSet” be a simplicial set with a unique 0-simplex, denoted xg. Then
there is a weak homotopy equivalence in sSet

CK =~ 8,(Quy |K))

where € K is a simplicial category with one object which is equivalent to a simplicial monoid and
Si(Qs, | K|) is the singular simplicial set of Qg | K.

Proof. We will use three results from literature to prove this. First observe that the singular
simplicial set S, (€, |K|) is a simplicial monoid as Q,, | K| is a topological monoid by Remark
3.6.1. It follows that S, (€, |K|) is a simplicial category with one object whose mapping simplicial
set is the singular simplicial set above itself. As S,(£2;, |K|) is a Kan complex (Corollary 2.0.8)
and each 0-simplex is invertible upto homotopy as 7o (s, |K|) = 71 (| K]), therefore Sy (€, |K]) is
a fibrant groupoid. By Corollary 2.6.3, [6], it follows that the classiying simplicial set functor

B :sCat — sSet

has a natural map BC — M C for each € € sCat which is a weak homotopy equivalence when € is
a fibrant groupoid. Consequently, we have a weak homotopy equivalence in sSet

BS.(Quy | K|) — NS, (Quy | K1)

By Lemma 15.4, [7], it further follows that for any based space X, there is a map BS.Q;, X — X
which is a weak homotopy equivalence. We thus get the following weak equivalences in sSet

K <= BS,(Quy |K]) —= NS, (Quy K] -

Rigidifying the above equivalences by applying €, we deduce from Theorem 3.5.5 the following
weak equivalences in sCat

CK «—— CBS«(Qu | K|) —— ENSu(Quy | K]) -

As counit of a Quillen adjunction at fibrant objects is a weak equivalence, therefore we further have
the following weak equivalences

CK +=— €BS:(Quy |K|) — €N Su(Qup | K|) —— Su(Quy |K]) -

We thus have the required weak equivalence € K ~ S, (£, |K|), completing the proof. O
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Remark 3.6.3 (Singular chain complex on simplicial monoids). Recall we have the chain complex
functor
C, :s8et — Ch(Z).
When restricted to simplicial monoids, we infact a dg-algebra:
Cy : sMon — dgAlg,

whose dg-algebra structure is given as follows. The multiplication is

o CUX)®Cu(X) B4 oux x x) 2% 0. (x)
where FZ is the Eilenberg-Zilber map and m : X x X — X is the monoid multiplication on the
simplicial set X. The unit is given by
n:Z— Cy(X)
n——n-lx.
Thus (Cy«(X), @, n) is a dg-algebra over Z.

Recall that if X and Y are two CW-complexes which are weakly homotopy equivalent, then
C(X) and C4(Y) are quasi-isomorphic. Consequently, we have the following corollary.

Corollary 3.6.4. Let K € sSet’ be a stmplicial set with a unique 0-simplex, denoted xg. Then
there is a quasi-isomorphism of dg-algebras
Ci(CK) ~ Cu(Qyy | KY).
O

Remark 3.6.5. By Corollary 3.6.4, all that remains to be shown for the proof of Theorem 3.3.1 is
the following weak equivalence in dgAlg,
Ci(CK) ~ Q(Cu(K,x0), A, D).

This is where we will use the results of §3.5.

Remark 3.6.6 (Main idea behind 3.6.5). Using normalized cubical chains functor, we define a
functor which will be chain model of cobar construction. Let K € sSet’ with z( the unique 0-
simplex of K. The rigidification € K is a simplicial category with one object, which is equivalent
to simplicial monoids by taking the only simplicial mapping set. Note our goal is to understand
C.(€ K), the chain complex of singular chains on the simplicial set € K, therefore we should perhaps
apply the normalized chains functor

Cy : Jop 5 s8et &5 Ch (z).
As normalized chains commutes with colimits (left adjoint in Dold-Kan correspondence), we get
(+) C.(€K)= lim  C. ((ah4mT)
JiT—KeNeck i

Thus, any element of C.(€K) is of form [f,o] where f : T" — K is a necklace over K and
o € Cp,((AH4™T), The dg-algebra structure on the colimit is given as follows. The multiplication
is given by

C(CK) x C,(CK) — C,(CK)
([f,ol g 7)) —> [f Vg, EZ(0,T)].
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where f : T — K, g : S — K are necklaces and EZ : C.((ANHImT) @ O ((AY)dmS) —
C,((A1)dimT+dim S i the Eilenberg-Zilber map. The boundary map is given by
0:C(CK) — Ci(CK)
[fsol—[f,00].
Taking our clue from (%), we may alternatively look at the similar colimit, but of standard cubical
sets indexed by Neck /g
(+) FJ(K):= im - CP@mT)
fiT—KeNeck
where CY : c8et — Ch (Z) is the normalized cubical chains functor on cubical sets (see Remark
3.6.7 for definitions). The obvious claim here would then be that this colimit is quasi-isomorphic
to C(€ K). This is what we prove in Proposition 3.6.13. We will see that more is true; this colimit

is a dg-algebra and is infact isomorphic to Q(C, (K, x¢), A, d)! This we show in Proposition 3.6.12.
This is the main idea of the proof.

Remark 3.6.7 (Cubical sets). Recall the category of cubes OJ whose objects are
[n] = {0,1}"
and arrows are generated by composition from the following two classes of maps
e Coface maps. For each 1 < i < n, we have

d,d} : [n] — [n+1]

19771
given by df(bl, - ,bn) = (bl, oy bi1, kb ,bn) for k € {0, 1}.
e Codegeneracy maps. For each 1 < i < n, we have
pt:[n] — [n—1]
(biy ... bp) — (byy. .. iy by).
Any map in [ is composite of the above two types of maps. A cubical set is a set-valued presheaf
on [l
cSet := Set™™" .
For a cubical set X € cSet, the face maps 89,8} : Xn+1 — X, and degeneracy maps s; : Xp—1 —
X,,. By Yoneda embedding, we have for each [n] the standard cubical set
0" : (k] - O([k], [n]).
Note we have a functor
CY : c8et — Ch(Z)
X — C(X)
where C(X) is the abelian group of normalized n-cubes of X:

CH(X) = Z[X,]/Z]degenerate n-cubes).
The boundary map 9" : C5(X) — CY | (X) is given on an n-cube by

n

0(o) =) (1) (8i(0) — 87(0)) .

=1

We call C% the normalized cubical chains functor.
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We now begin the sketch laid out in Remark 3.6.6. We begin by describing the functor which
takes a necklace to cubical chain complex of the same dimension.

Construction 3.6.8 (Cubical chains on necklace). Let K € sSet’ with zq the unique 0-simplex
of K. For a necklace f: T — K over K, we automatically have f(ar) = f(wr) = x9. We consider
the mapping

F : Neck — Ch (Z)
T — CO(Odm Ty,
We define F' on a map of necklaces f : T — S as follows by Lemma 3.5.9:
(1) Define F on map d/ : A" — A"*! of type (1) by
F(d) = C.(d7) : C2@ ) — o2@).
(2) Define F on map p/ : A"t — A" of type (2) by
F(p)): C2@") — cl@ )

by 0 if n > 0 and by identity if n =0.
(3) Define F on map djpt1—; : AV AT — AL of type (3) by

P = 02(a) : 0@ ) — c2@).
Hence we have a monoidal functor
F : Neck — Ch(Z).
We now define the functor which will give us the colimit in (sx) of Remark 3.6.6.

Construction 3.6.9 (A chain model for cobar). We finally construct the main functor which we
suspect should be a chain model for cobar construction, using the functor F' of Construction 3.6.8.
Consider the functor

FZ: s8et’ — Ch (Z)
which maps a simplicial set with a unique vertex K to the chain complex obtained by colimit

FO)=  lm FT)=  lm @7,
[iT—KeNeck, i fiT—KeNeck

We denote an element of FU(K) by the class [(f : T — K),o] where f € Neck/ and o €
C’E(DdimT). We prove some important properties about this functor now.

Lemma 3.6.10 (Unique representation of generators). Let K € sSet’. For every generator u €
FU(K) except when u = [so(x), o], there exists a unique representation of u as

u = [fvl’n]

where f: T — K is a necklace with the property that every bead of f is non-degenerate simplex of
K with dim T = n and 1, € C5/(O") is the generator given by the unique non-degenerate n-cube of
the standard cubical set 11",

In-fact, as we expect, F(K) has a natural dg-algebra structure and as we will see, it is isomorphic
as a dg-algebra to Q(C, (K, xp), A, D).
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Construction 3.6.11 (dg-algebra structure on FI'(K)). Let K € sSet’. Recall by Lemma 3.6.10
that any element u € F-(K) is given by

u=[fytn] =[fiV- -V fi,in]

where f; are the beads of the necklace f and ¢, € C5(O") is the unique non-degenerate n-cube of
O". We thus define the following product on FZ(K):

FU(K) % Frg(K) — Fplop (K)

(Ve Vil g Ve Vi) — [V V e Var VeV g, gl
The unit of this product is as follows. For the map s : Ky = {zo} — Kj, we get a 0-dimensional
necklace on K given by so(wg) : A — K. Thus we get the element [so(x), 0] € Fy'(K). This
we claim acts as the unit of the above defined multiplication on F-(K). Indeed, since we have

the following commutative triangle in Neck g for a necklace 7" = A™ V ... vV A" (note that
dim TV Al =n =dimT)

i (0]
Tv Al 2 7y A0

flV"'kaVSO(UEO)l / \
J1VeV fi
K

and by definition of F' on sg in Construction 3.6.8, we have that the classes of (f1V---V fxVso(z0), tr)
and (f1 V-V fr,tn) are same in the colimit F'(K), as required. Hence we have that F(K) is a
graded algebra.

Next, we construct a homological boundary map on FJ(K) as follows

oY FO(K) — FY |(K)
u=1[fi V-V fr tn] |—>8Du,

where
k m—l ni—l

- u = Z Z VoV il g Vo filyng Vo T tn—1] — Z AV filg g Vo TRl
=1 \ j=1 =1

This gives the chain complex F-(K) the structure of a dg-algebra, as required.

Our first main observation is that this dg-algebra is isomorphic to the cobar construction
Q(C (K, xp), A, D).

Proposition 3.6.12. Let K € sSet? be a simplicial set with a unique vertex denoted xo. Then
there is an isomorphism of dg-algebras

¥ FI(K) = Q(CL(K, x0), A, D).
Proof. Recall that
Q(Cu(K,20),A,0) =T (s Coso(K, 20)) -
Consequently, a homogeneous element in this graded tensor algebra will look like
871f1®...®871fk

where for a simplex f; € K,,., we define f; to be its class in the normalized chain group C,, (K).
We now define 1 as follows. We first observe that we need only define it on generators of F-(K).
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To this end, let v € F(K) be a generator. If u = [so(xg), to] (Lemma 3.6.10), then we must clearly
define

Y([s0(z0), to]) = 1.

Now suppose u = [f1 V-V fi,tn| where f; € K,,, and ny + --- +np — k = n. Then since ¢ is a
map of graded rings, it is further sufficient to define v for [f1,tn,—1]. If ny > 1, we define

O([f1,my 1)) = 57 1
If ny = 1, then for u = [f1, 1] € F}(K), we define 9 by

G([fr,e0]) =5 fr— 1.

This completes the description of . We claim that on each homogeneous degree, it forms a bi-
jection. Surjectivity is clear since each simple tensor is in the image. For injectivity, it is thus
sufficient to observe that the underlying Z-module structure on both the algebras is free. Conse-
quently, mapping each generator bijectively to a unique generator is sufficient for injectivity, as is
the case with . This shows bijectivity. We need only show compatibility with the boundary map.
This again we check on a generator u = [f,t,] for n > 2, f € K, is a non-degenerate n-simplex of
K:

Dy(u) =D(s7'f) = (—=s'osT + (s T @s HAsT) (s7 f)

= s 1of+(sT@s HAS

=_—g7! (Z(—l)l 0; f) +(s'es™h (Z(_l)l flio,.q ® f|[i,...,n}>

=0 1=0

- Zg(_l)i (7 M0t @57 st =57 Flocin)
=9 07([f, tn]) = 9 07 (u)

Similarly, for u = [f, to], f € K1. For arbitrary generators, the check is similar. This completes the

proof of 1 being an isomorphism of dg-algebras. O

Hence the above result gives us a more concrete representation of elements of the cobar construc-
tion. To complete the proof of Theorem 3.3.1 by the plan laid out in Remark 3.6.5, it now suffices
to show that C,(¢ K) is quasi-isomorphic to F-(K).

Proposition 3.6.13. Let K € sSet® be a simplicial set with a unique vertex denoted xo. Then
there is a quasi-isomorphism of dg-algebras

¢: FI(K) = C.(CK).

Proof. We construct ¢ as follows. For the generator u = [f1 V- -+ V fx, 1] € F2(K), we define (see
Remark 3.6.6)

o([frV-V frowm]) =iV V fr, e

where e € C1(A!) is the generator of corresponding to the unique non-degenerate 1-simplex and
e € C.((AYH™) is the Eilenberg-Zilber map applied n-times to e. Note that ¢ is a natural
transformation betwen the functors

F2,0,(€) : s8et’ — dgAlgy, .
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Recall that

)= nm o@en)
JiT—KeNeck, i
CEK) =  lm  C(AhImT),

fiT—KeNeck,

We show that ¢ is a quasi-isomrophism using acyclic models (Theorem A.2.2). Indeed, the main
problem is to find models in sSet® for the above. To this end, we consider the following functors
which are enlargement of F and C,(€) (where sSet.. is the category of doubly pointed simplicial
sets):

F : s8etyx —> Ch(Z)

(Ka)—  tm @)
T—KeNeck /i,y

G : sSet. — Ch(Z)

(Kzy)— I C((AYInT)
T—KeNeck /i,y

Clearly, when restricted to sSet? — sSety., we'll recover the previous two functors. Consider the
following objects in sSetu:

M = {(T,ap,wr) € sSety | T € Neck}.

The pair (sSety, M) is then a category with models. It is easy to establish that for each (T, ap,wr) €
M, both the functors F, G are acyclic and Fj, Gj, are free with base in M, k > 0. As the 0*'-
homology is just a quotient, which is a colimit and since colimit commutes with colimits, it follows
that we have a natural isomorphism in 0*"-homology, compatible with ¢. The proof is then complete
by acyclic models theorem. ]

Hence, we have proved the following.

Theorem 3.6.14 (Rivera, [3]). Let K € sSet” be a simplicial set with a unique 0-simplex zo. Then
we have a quasi-isomorphism of dg-algebras

Ci(Qay | K]) ~ Q(CL(K, 20), A, ).
Proof. By Corollary 3.6.4, we have a quasi-isomorphism of dg-algebra
Ci(CK) ~ Cu(Qy, | KY).
By Proposition 3.6.13, we further have
F(E) = Cu(Qy |K]).
Finally, by Proposition 3.6.12, we have
Q(Cu(K,20), A, 0) >~ Ci(Qsy | K|),
as required. I

As a corollary, we can now give the proof of the generalized Adam’s theorem.
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Proof of Theorem 3.3.1. Consider K = S.(X, zg), the simplicial set of singular simplices based at
xo (vertex of each simplex maps to xp). This is a simplicial set with a unique O-simplex. As
|54 (X, xo)| is weakly equivalent to X since the geometric realization-singular simplicial set is a
Quillen equivalence and every space is a fibrant, therefore we have Q, |S. (X, zo)| ~ Q,X. As C,
takes weak homotopy equivalence to quasi-isomorphisms, therefore we have

Ci(Qg [S4(X, 0)|) = O (€220 X).
The result now follows from applying Theorem 3.6.14 on K = S.(X, xg). O

APPENDIX A. RESULTS FROM TOPOLOGY
A.1l. Extension by colimits. We begin with the following foundational theorem of Dan Kan.

Theorem A.1.1 (Kan). Let A be a small category and C be a locally small category with small
colimits. If u: A — € is any functor, then the following functor

Wi C— A
Y — Home (u(—),Y)

has a left adjoint given by wy : A = C which maps a presheaf X to the colimit of the diagram
A/X —- A = C by (a,s) — a u(a)'. Thus we have an adjunction:

A 1 C.

The left adjoint w is usually called the realization functor.
We’ll use this theorem many times in the main text.
Corollary A.1.2. In the adjunction of Theorem A.1.1, there exists a unique natural isomorphism
u(a) = w(ha)
for any object a € A. This follows directly from generalized elements and Yoneda lemma.

So if we have a functor u : A — € satisfying the hypotheses of Theorem A.1.1, then the left
adjoint u is called the extension of u by colimits. There’s a converse of the above result, which

tells us that if there is a colimit preserving functor £ : Ae , then there exists a functor u : A — €
such that uy : A — C is isomorphic to F'. More clearly,

Lemma A.1.3. Let A be small and € be a locally small category with small colimits. Let F : Ae
be a colimit preserving functor. Then the functor
u: A—C
a— F(hg)

is such that the left adjoint given by uw as in Theorem A.1.1, w, is isomorphic to F.

In particular, above lemma tells us the following.

Lthe category A/X is the category of elements of X which has objects given by pairs (a, s) for a € A, s € X, and
a map (a,s) — (b,t) given by f : a — b in A such that X f(¢) = s. There is a functor A/X — A given by (a,s) — a.
It is a result that every presheaf X € A is the colimit of the diagram A/X — A — A.
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Corollary A.1.4. Let A and C be as in Theorem A.1.1. Then a functor F : Ae preserves
colimits if and only if F' has a right adjoint. O

The extension by colimits always preserves finite limits.
Lemma A.1.5. In the context of Theorem A.1.1, the extension by colimits preserves finite products.

Remark A.1.6 (Using Kan’s theorem to build adjunctions). Let u : A — € be a cosimplicial
object in € where € has small colimits. The above theorem of Kan then yields an adjunction

uy

—
sSet L+ C.
X~

u*

If we take |—| : A — Top to be the functor mapping [n] — |A"|, then the corresponding adjunction
we get is the usual geometric realization of simplicial sets of Proposition 2.6.7. In Theorem 3.5.4, we
construct a cosimplicial object in sCat, which yields the important functor of coherent realization.

A.2. Acyclic models theorem. The acyclic models theorem gives us a way to show equivalence
of two chain complex valued functors (most of the time, (co)homology theories). We first recall
some terminology.

Definition A.2.1 (Models, model sets & free functors). A category with models is a pair
(€, M) where C is a category and M is a collection of objects of €. Consider a functor F' : € — Ab.
An F-model set X indexed by J is

X={z;€e FM;|jeJ}
where {M; € M} cs is a collection of objects of M indexed by J. We say that F' is free with

base in M if FC € Ab is free abelian for each C' € C and there exists an F-model set X = {z; €
FM; | j e J} such that for all C' € €, we have that the subset

{(FJ)(m'j) e FC ’ Z; € X, O’:Mj —>C}
is a basis of F'C.

Theorem A.2.2 (Acyclic models). Let (C, M) be a category with models and F,E : C — Ch (Z)
be two functors. Let ¢ : HyF — HoE be a natural isomorphism on the 0"-homology functors. If

(1) for all k >0, the functors
Fk, E; C— Ab

are free with base in My C M,
(2) every M € M is both E-acyclic and F-acyclic, i.e. H,(EM) = 0= H,(FM) for alln >0,

then every natural chain map 7 : F — E for which the following commutes

F1 FO H()F — 0
S lﬁ fo f@ :
Ey E() HOE — 0

the map 7 : F — FE is a natural isomorphism.
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