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1 Tentative Topics

1. Quick introduction to co-categories.

(a) Motivation.
* categorical motivation: nerves of categories.
* topological motivation: singular complex of spaces.

Each perspective has its own problems, and they are modified such
that nerves are replaced by quasi-categories and singular complexes
are replaced by simplicial spaces. It turns our that the modified
versions give two models of co-categories.

(b) Five models (examples) of co-categories.

* simplicial categories by Dywer and Kan [ I

* complete Segal spaces by Rezk [R1].

* Segal categories [B4].

* Quasi-categories by Boardman and Vogt [BV], Joyal [J2] [J3], and
Lurie [L].

* Relative categories by Barwick and Kan [BK1].

(c) Comparision theorems.
2. Model categories.

(a) Review of Quillen’s theory of model categories.

i. Bousfield Localization of model categories [H2].

ii. Universal model categories [[D3] and presentation of model cate-
gories [D2]. Examples includes A '-homotopy theory of smooth
schemes, see [[D3] section 8.

(b) Homotopy (co)limits in model categories.
(c) Examples.

i. Homology decomposition of classifying spaces (for compact Lie
groups).

ii. Homotopy colomits as tools of quantum deformation. For in-
stance, we can think of S as a homotopy colimit

g3 =gl «g! :hocolim{ gl 1 gl xgl ™2, gl }
so we can deform it via

y = E g] € MCG(S' x8') = SL,(Z)
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as follows
hocolim{ gl 1 gl xgl 2%, gl } =L(p,q)
which gives us the Lens space L(p, q).

iii. Khovanov homology as homotopy limit.

3. Homotopy theory of co-categories with a view towards homotopy colim-
its.

Remark. Given a small category C and a model catefgory M, the functor category
M€ = Fun(€, M) is not always a model category.

When € is good enough, M€ is a model category, so we can define homotopy
colimit (resp. limits) as the left (resp. right) derived functor of colimit (resp.
limit) functor, which is left (resp. right) adjoint to the constant functor const :
M — M which assigns to each object X € Ob(M) the constant functor X : € —
M which takes every object in C to X.

MG

colim cor‘lst lim

M

For any arbitrary C, the existence of homotopy (co)limits are studied via the
following several methods.

1. Model approximation [ I
2. Homotopical categories [ 1.

3. Derivators [G2].
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2 Quick Introduction to co-categories

2.1 Motivation

Notation. Let € be a small category and D be any category.

We will write D¢ = Fun(€, D) for the category of covariant functors from
C to D (where morphisms are natural transformations between functors) and
De = Fun(C°P, D) for the category of contravariant functors from € to D.

In particular, € = Pre(€) = Fun(€°P, Set) is called the category of presheaves
of sets on C.

We begin with a general categorical principle.
Proposition 2.1. Let C be a small category and D be a locally small cocomplete category.
There is an equivalence of categories
O:D¢ = Adj(é, D) (2.1) {{eq:cosimplicial-adj}}
where Adj(C, D) is the category of triples

( L:C —= D:R, {:Hom(L(—), *) %Hom(—,R(*))>

and \p is a binatural isomorphism.
Explicitly, given any F: € — D, ®(F) = (Lf, Rf, UF) is defined as follows.
e Ry :D — Cis given by

d —— R4 :c+— Hom(Fc,d)

e L; : € — D is the left Kan extension (please refer to classical category
theory references if you're not familiar with this construction) of F along
the Yoneda functor h: € — C.

e—F.op

| y
e Lp(F)=L¢f

. o L . . {simp-adj}
Corollary 2.2. Constructing a simplicial adjunction with values in D
L:sSet —— D:R
is equivalent to specifying a cosimplicial object A — D.

The main index category € that we are interested in is the simplicial category
A and it gives us the corollary above. Let’s start with a brief review of this
category.
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2.1.1 The Simplex Category
A is the simplex category defined with

* objects are finite ordered sets ] ={0 < 1 < --- <mn}forn > 0, and Jitem
morphisms are order-preserving maps [n] — [m].

A is generated by the coface maps
dt:n—1 — Ml
which is the unique map that skips i and codegeneracy maps
s$:m+1 —— ]

which is the unique map that repeats i twice.

Notation. Let A~ be the category with the same objects and morphisms are
generated by dVs. Let AT be the category with the same objects and morphisms
are generated by s)’s.

Exercise 2.3. A is a crossed category.
A=A xA".

For every morphism f : [n] — [m] in A, there is a unique object [k] in A and
morphisms s : [n] — [kl in AT and d : [k] — [m]in A~ such that f can be
decomposed uniquely as f = d o s. 2

Given a simplicial set Ko, we may present it as a diagram

K.:{KO<<:K1 ‘EKZ---}

we are omitting the degeneracy maps here so simplicity.

Notation. We will write sSet = Fun(A°P, Set) = Set, the category of simplicial

sets and sD = Fun(A°P, D) = D4 the category of simplicial objects in D.
Dually, we will write ¢D = Fun(A, D) = D? the category of cosimplicial

objects in D.

There are two examples that are especially important for our discussion.

2This is called the PBW property.



Lecture 02: Motivation 10 February 2021

2.1.2 Geometric Realization.

Let D = Top be the category of compactly generated weakly Hausdorff spaces.
There is a natural cosimplicial space

A A Top

[TL] — AT :{(XO/"' IX'T\-) ERH+1|ZXi:]’Xi ZO}

f:m] — [m]: ?:eil—>ef(i)
which by Corollary 2.2 gives us the following adjunction
| —1|:sSet —— Top: Sing
where | — | is the geometric realization functor

Kol = [MIEOPAIc soan
[Tnso Kn xA™/ ~

where the equivalence relation is

((P*X, G) ~ (X/ (p*()‘),

forx € Ky, 0 € A™, ¢ : [n] — [m] € Mor(A), and Sing is the singular complex
functor which is given by

Sing(X)n = HomTep (A™, X)
and the corresponding face and degeneracy maps are induced by the coface
and codegeneracy maps on A°®.
2.1.3 Nerves of Categories.
Let D = Cat be the category of small categories. We have a natural functor
i:A —— Cat

mMe—nr={0— —mn}

where T is the category that represents the quiver of type Ay,. This induces an
adjunction
c:sSet = Cat:N\.

The nerve of a category C is given by

NpC = HomCat(ﬁ}, C) ={Xo SAIIL. Xn, n-composable morphisms in C}.
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In other words,

No€C = 0b(C)
Ni€ = Mor(€)
Np€C = MOT(G) X0ob(e) Xob(e) MOT(G)
n
And for @ : [m] — [n]in A,
Ne : N, C NmC
f fn m
(XO —]) C— Xn) = (X‘p(o) L . g—) X(p(m))
where gi @ Xg(i—-1) = X (i is defined as g; = (1) 0 ofy(i—1)4+1, and

when e(i—1) = (i), g
The category c(K) is deflned as follows.

* objects are elements in Ky, and

* morphisms are generate by elements in K; in the following sense: given
f € Ky, it gives a morphism

f:dof —— dif
subject to the composition law

dix=dpxodrx
for any o € K.

s i

Xo—>Xz

The counit cN = id is a natural isomorphism.

Example 2.4 (Bar construction of groups). Let Gr be the category of discrete
groups. wW can view groups as categories with a single object with objects in
the groups as morphisms in this category, in this way we get a functor

By : Gr —— Cat

Composing this functor with the nerve functor, we get the simplicial classi-
fying space or the bar construction B.G = N(B4G) of a group G, and the
classifying space of G is defined to be the geometric realization BG = [B.G|.
Note the functor

B: Gr —— Ho(Top, ,)

10
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is fully faithful, and we can view groups as homotopy types of aspherical spaces
(whose higher homotopy groups vanishes) by taking their fundamental groups.

From this point of view, we can generalize many operations on groups to
space. For instance, abelianization of groups generalizes to homology of spaces
(i.e. the homotopy type pf infinity symmetryc products of spaces [[1]), and
nilpotent completion of groups generalizes to Bousfield-Kan completion of
spaces [ ].

A useful way to view bar construction is as following. By Yoneda lemma we
have a fully faithful embedding

Gr — Fun(Gr°?, Set) = Gr

how can we characterize the essential images? Of course we can answer repre-
sentable functors, but in fact we can do better. The idea is as follows. We want
to restrict to a subcategory § C Gr which is as small as possible, and without
lose of information of the group structures. This indeed works, when we take §
to be the full subcategory of finitely generated free groups, where objects are
(n) = Fn(n > 0) the free group with n generators. The composite

Gr B Fun(Gr°P, Set) —"°5 Fun(G°P, Set)
G — Homg,(—,G) — G:G°P — Set, (n) — G™

remains fully faithful.
Furthermore, § has (strict) monoidal structure given by coproduct (i.e. free
product of groups)
() (m) = (n+m)

and the above functor G : G°P — Set is strict monoidal preserving (i.e. it
takes products in G°P, or equivalently coproducts in G, to products in Set). Let
Set‘§> = Fun®(G°P, Set) be the category of strict monoidal functors, we see the

image of Gr under the above composite indeed lies in Setg.

Exercise 2.5 (Lawvere). Prove that the the above construction induces an equiv-
alence of categories
Gr~ Set(gg)

Thus, we can view the bar construction in terms of functor categories

B, : Setg ~ Gr = Cat ¥ sSet = Fun(A°P, Set)

G B.G ¢ B.G

11
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Exercise 2.6. Show that B. is induced by a functor b : A — G in Cat, i.e. we
have

B, =b*: Setgx) ~ Gr — sSet = Fun(A°P, Set)

(5o £, set) —— (AP 27, gop &, gep

Remark. Let M be a monoidal category. Then the group object in M can be
defined as M(SX) For example, cocommutative Hopf algebras are group objects
in the category of commutative coalgebras. > In this way, we can define internal
nerves given be the functor

Bo i ME —————— M,

(5°P £ ) » (aoP 225 gop &5

In fact, we can replace G by the algebraic theory of monoids and give similar
construction.

General property of nerve construction. The nerve functor is fully faithful,
in fact N is the left inverse of ¢, c o N =~ id, so we have an embedding

N:Cat —— sSet

whose essential images are 2-coskeletal simplicial sets.

Proposition 2.7. IfF: C — D is an equivalence of categories, Ny F : N,.€ — N,D is
a weak equivalences of simplicial sets.

The converse is not true. For example, take C = ? ={x}and D = ? ={0—
- =
1}, we have a functor F: 0 — 1 which induces a map
NN, O S N,T
which is a weak homotopy equivalence of simplicial sets, but T is not a category

equivalence.

Proposition 2.8. If both C and D are groupoids, then F : C — D is an equivalence of
categories if and only if Ny F : N.C — N.D is a weak equivalences of simplicial sets.

We want some refinement so that the nerve functor reflects weak equiva-
lences of categories. There are mainly two approach.

31t seems that not all cocommutative Hopf algebras are group objects in the category of cocom-
mutative coalgebras, since the antipode in the definition of Hopf algebra is not required to be a
coalgebra map. See here.

12
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1. We can change the weak equivalences in simplicial sets (fewer) so that
if € # D as categories, we have N,C # D as simplicial sets. This new
notion of weak equivalences will force us to modify the model structure
on sSet. This is Joyal’s model structure on sSet, with fibrations being
quasi-categories. *

2. We can replace the target of the functor N to be sSp the category of
simplicial spaces (or equivalently, bisimplicial sets). This leads to the
construction of complete Segal spaces [R1].

2.1.4 Basic Examples of Simplicial Sets

Standard n-simplex. Recall we have the Yoneda functor h : A — sSet, and
we will denote A[n], = hy,,; the standard n-simplex. Explicitly,

Al ={(io, -+, 0 <ip <--- < <n}
By Yoneda embedding, we see that
Homgget(Alnly, X) = Xn,n >0
for any simplicial set X. Thus A[n], represents the functor
(—)n : sSet + Set

Xy —— Xny

Properties

1. There is an embedding
A — Cat

] — 7
Since this is a fully faithful functor, we have
Homcg (i, ) = Homa (fm], [n])

which induces a natural isomorphism of functors A°P — Set

N, (T) = Homege(*, ) = Homa (%, [n]) = Al

“The general principle is, whenever you have a model category structure, the class of fi-
brant/cofibrant objects usually have many interesting properties. More precisely, if you are working
with (topologically) model categories, many interesting algebraic conditions that you want to
impose on objects in order to do homotopy theory can be interpreted as being in the class of
cofibrant/ cofibrant-fibrant objects.

13
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2. We have a functor A — Top (which is faithful but not full) and the follow-
ing diagram of left Kan extensions

A —— Top

| A7
|~I=Lany, (A"

sSet

which is in fact commutative since h is fully faithful. The left Kan extension
is exactly the geometric realization of simplicial sets.

The above two properties imply B(T) = |A[n],| = A™.
Notice the assignment [n] — A[n], gives a (Yoneda) functor A — sSet, which
is a cosimplicial simplicial set, called the standard cosimplicial simplicial set.

Fun(A, sSet) = Fun(A, Fun(A°P, Set)) = Fun(A x A°P, Set)

We call a functor A x A°P — Set a A-bimodule. In particular, the standard
cosimplicial simplicial set is given by the following A-bimodule

A X A°P —— Set

(In], [k]) = Homa ([n], [k])

The left and right A-actions commutes, in particular, applying this to Ale],
we get coface and codegeneracy maps

di:An—-1>AM n>1,0<i<n
S:AM+1 > An] n>00<j<n

We can write the standard cosimplicial simplicial set explicitly as follows (omit-
ting codegeneracy maps as usual)

A0, —= Al E§> A2, - --

Definition 2.9. The n-th boundary simplex of A[n], is the simplicial subset of
Anl. )
0AMn] = U d'(An —1]4) C Anl..

0<i<n

Example 2.10. 1. Forn =0, A[0], = {*} with

k

is a discrete simplicial set which is the terminal object in sSet, and 0A[0], =
@.

14
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2. Forn =1,
—
i k+1—1
and

A1y = d®(Al01) |J d' (Al01.) ={(0,---,0),(1,-+-, 1)}
k k

is the discrete simplicial set {0, 1} (i.e. sets viewed as constant simplicial
set with identity as face and degeneracy maps).

Definition 2.11. For 0 < k < n, the k-th horn of A[n], is the simplicial subset

A= | di(aln—1L) C A,
i£k,0<i<n

which is the cone centered at vertex k.
To illustrate the definition, we will work the following example.

Example 2.12. We will use topological simplex for demonstration. Take n = 2,
consider the following picture of A? in Figure 1. Then boundary is given by

Figure 1: 2 simplex in R3

AN

and the 0-th horn is
1

/

0——2

15

{fig:2simplex}



Lecture 03: Motivation 15 Feburary 2021

and the 1-th horn is

and the 2-th horn is

Kan Complexes. For 0 < k < n, we have the inclusion functor
Axn] —— Anl.
which induces a map between sets
Xn = Homgget (Anly, X) —— Homgget(Ak ], X) = A (X). (2.2)
Exercise 2.13 ([C]], Corollary 3.2). Show that
AlX) = {(x0, K+ %n) € Xn1 X+ X X1
dixj =dj_1x;, V0 <i<j<mnij#k} (23)

Definition 2.14. A Kan complex is a simplicial set X such that the above maps
2.2 are surjective forall 0 <k <n,n > 0, i.e.

2.4)

[

Axlnly — X
1
3
An],

every horn can be filled in to an n-simplex.

Example 2.15. 1. Let X be a topological space, then Sing(X) is a Kan com-
plex.

2. (Moore) Every simplicial group G (by forgetting the group structure) is a
Kan complex.

3. The nerve of every groupoid € is a Kan complex.
(Sketch of proof.) The lifting condition is roughly speaking the requirement
of left and right inverses for every morphism in €, and every morphism

16

{{eq:horn-lifting}}

{{eq:horn-filling}}
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in groupoid has an inverse. For instance, when n = 2, we have following
lifting diagrams

1 1 1

SN N A
/// 1 \)(

0o— 1 52 0 Zommme > 2 0o—1 52

In the first diagram, dashed arrow represents the left inverse of g. The sec-
ond diagram represents composition of morphisms and the last diagram
represents the right inverse of f.

Remark (Moral). Kan complexes are groupoids up to homotopy. In fact, in the

oo-category language, they are oo-groupoids.

Theorem 2.16 ([L], Propostion 1.1.2.2). A simplicial set X is the nerve of a small
category C if and only there are unique inner horn (i.e. Ay [nls for 0 < k < n) filling.

Quasi-categories

Definition 2.17. A simplicial set X is called a quasi-category if for every inner
horn Ay [n].(0 < k < n), the lifting 2.4 always exists. 5

2.2 Homotopy Category

In a general sense, to define a “homotopy theory” on a category C is to specify
a class of morphisms W (called weak equivalences) which we want to treat as
“isomorphisms” in €.

Example 2.18. Take C = Top and W = homotopy equialence/weak homotopy
equivalences.

One can always define a category €[W~'] together with a functor ¢ —
C[W~] satisfying the following universal property.

For any F: € — D such that F(W) C Iso(D), there is a functor F : CW T —
D together with a natural isomorphism o : F = Foy

e F D

« : F = Foy. where F is unique up to unique isomorphisms. The category of all
factorization (F, ) forms a contractible groupoid.
However, there are some problems with € Ww—11.

5Sometimes, they are also called weak Kan complexes or inner Kan complexes.

17
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1. The category €[W~'] ([GZ]) is not locally small.
2. We can not control maps in € that become isomorphisms in CcIWw—T11.

Problem 2 is detected by the following classes of morphisms. Define W :=
{f € Mor(€),v(f) € Iso(C[W~1]), then W C ‘W but this is not always equal. We
say W is saturated if equality holds.

Moral. One has to impose additional conditions on W.
Here is a list of possible conditions.

1. 2-of-3 property: for any composable pair f, g in C, if any two of f,g,go f
are in W, so is the third.

2. 2-of-6 property [ ]: for any triple of composable maps

A58
N NN
C—>D
h
hg, gf € Wimplies f, g, h, hgf € W.

3. Retract axiom: given

|

> X
>’<TII
> X

—

|

where horizontal compositions are identities, T is called a retract of f. Then
feW = reWw.

4. Wide subcategory: W is closed under composition and contains all identity
maps. In particular, Ob(W) = Ob(C).

5. W contains all all isomorphisms.
Remark. 1. 2-of-6 property implies 2-3 property, but not vice versa.

2. The class of all isomorphisms in any category C satisfies 2-6 property.
Indeed,

e f(gf)~ ! is right inverse of g: g o f(gf) ™' =id.

e hg € Iso(€) implies g is monic, so gf(gf)~'g = goid implies
f(gf)~1g =1id, so f(gf) ! is also left inverse of g.

18
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Remark. Check this last fact is used to prove thatif f:X =—2 Y:g are ho-
motopy equivalent such that fg ~ id and gf ~ id then f, g are weak homotopy
equivalences.

Corollary 2.19. If'W is saturated, then 2-6 property holds because ‘W is characterized
by isomorphisms in Ccw—T11.

Remark. In any model category, the class of weak equivalences satisfies 2-of-6
property.
We will use three types of weak equivalences

1. Quillen’s weak equivalences in model categories: W satisfies all 5 proper-
ties.

2. In homotopical categories [ 1, W satisfies (2) and (5).

3. Inrelative categories (C, W) (category with equivalences [BK1]), W satis-
fies (4). ©

Exercise 2.20. Let W be a class of morphisms in a category C such that there
is a functor F : € — D with F(W) C Iso(D), then W must satisfy all the five
properties.

Not sure if you want to require W to be saturated?

(2-categorical) universal mapping property for localization. [GZ] Let Cbea
category and W a class of morphisms in € together with a localization

v:iC— W
For any category M, v induces a fully faithful embedding
Fun(€ [W—1],M) —— Fun(€, M)

with essential images are isomorphic to the full subcategory Funyy (C, M) that
inverts W.

Fun(C [W~1],M) Y Fun (€, M)
Funyy (C, M)

50n small relative categories, there is a nontrivial model structure that is Quillen equivalent to
Joyal model category on sSet.

19
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2.3 Model Categories

Definition 2.21 (Quillen, [O1] [O2]). A model category C is a category with 3
distinguished classes of morphisms

* We: Weak equivalences, denoted by =,
e Fib: Fibrations, denoted by —,
* Cof: Cofibrations, denoted by —,
all of which form wide subcategories of C satisfying
MC1 € has finite limits and colimits with initial object @ and terminal object *.
MC2 2-of-3 property for weak equivalences.
MC3 We, Fib, Cof satisfy retract axiom.

MC4 Cofibrations satisfy left lifting property with respect to acyclic fibrations
(i.e. fibrations which are also weak equivalences) and fibrations satisfy
right lifting property with respect to acyclic cofibrations (cofibrations
which are also weak equivalences).

MC5 Factorization property: for every morphism in € there are two ways of
factorizing morphisms

A—— B —X

A——s C— X

where the first is an acyclic cofibration followed by a fibration, and the
second is a cofibration followed by an acyclic fibration.

Remark. There are some modifications that we usually take.
1. in MC1, we require existence of all small limits and colimits.
2. In MCS5, the two factorization are functorial.

3. In M(4, the following notation is used. Given two morphismsi: A — B
and p : X = Y, consider commutative diagrams

A— X

2
il e

-

B—Y

wesay i € LLP(p) and p € RLP)i) if there exists h : B — X such that then
MC4 can be restated as Cof € LLP(Fib N We) and Fib € RLP(Cof N We).
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Lemma 2.22. 7 [n any model category,
Cof = LLP(Fib N We), Fib = RLP(Fib N We),

Moreover,
Cof N We = LLP(Fib), Fib N We = RLP(Cof).

Remark. A model category is closed in the sense that 2 of 3 classes of WE,Fib,Cof
determines the third. Except that Fib, Cob cannot determine We.

Definition 2.23. A model category is called cofibrantly generated if there is a
class (usually countable set) of morphisms I C Cof generating cofibrations and
a class (usually countable set) ] C Cof N We of acyclic cofibrations such that

Fib = RLP(]), Fib N We = LLP(I)
which satisfy small object argument.
Definition 2.24. 1. An object Q in € is cofibrant if @ — Q is a cofibration.
2. An object Rin € is fibrant if Q — Ris a fibration.

We can get cofibrant replacement

@\QA/A

and fibrant replacement

RX

2.3.1 Quillen’s Model Structure

Theorem 2.25 (Quillen). There is a proper, combinatorial, cofibrantly generated model
structure on sSet with

» Weak equivalences are Quillen’s weak equivalence of simplicial sets, i.e. f: Xy —
Y. is a weak equivalence if the induced map |f| : |X| — |Y| on their geometric
realizations is a weak homotopy equivalence.

* Cofibrations are monomorphisms of simplicial sets.

7See old notes.
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e Fibrations are Kan fibrations, i.e. morphisms which have right lifting property
with respect to all horn lifting maps.

In this model category, all simplicial sets are cofibrant, and Kan complexes
are exactly the fibrant objects.

The class of fibration in this model category can be described as maps having
RLP with respect to horn lifting maps

>

Al ——
h A

i P

—

=<

Alnl, ——

forallm>1,0<k<n.

Remark. This model structure is cofibrantly generated. More precisely, fibrations
can be characterized as
Fib = RLP(])

where | = {Aynl. — Anl,,n > 1,0 < k < n}is the set of all horn inclusions,
and
We N Fib = RLP(I)

where [ = {0A[n]x — A[nls,n > 0} is the set of all boundary inclusions.
2.3.2 Joyal Model Structure

We want a model structure on sSet such that quasi-categories are the fibrant
objects, this is Joyal’s model structure [DS] [L].

We can apply the categorical principle 2.1 in the following way. Fix a simpli-
cial set Y, we can construct a cosimplicial simplicial set

(=) xY:A — sSet
] —— An], xY
which induces an adjunction
(—) x Y:sSet = sSet: Map(Y,—).

where
Map(Y, Z)n, = Homgget(Anl, XY, Z)

gives the internal hom of sSet.
Consider the functor

Ty : sSet S Cat —° Set

X —— ¢(X) » moc(X)
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where 71 € is the iso-classes of obejcts in €. Using this to define
To [Map(—, —)] : sSet®P x sSet + Set.

Definition 2.26 (Joyal). A map f: A — B in sSet is called a Joyal equivalence
if for any quasi-category K,

To(Map(B, K)) —— to(Map(A,K))
is an isomorphism of sets.
There is another equivalent description of Joyal equivalences.

Definition 2.27 ([DS]). Consider the category T= { ® = e } the groupoid
with two objects and two isomorphisms. We identity Nj = 1.

Given f,g : A — K with K a quasi-category, an I-homotopy is a map
Ax Tk

When K is a quasi-category, this defines an equivalence relation ~; on
Hom(A, K) and we define

[A, K] :==Hom(A,K)/ ~
Lemma 2.28 ([DS]). f is a Joyal equivalence if and only if for any quasi-category K,
f*:[B, K] — [A,K]
is an isomorphism of simplicial sets.
Theorem 2.29 (Joyal). The Joyal’s model structure is given by
* Weak equivalences are Joyal weak equivalences.
* Cofibrations are monomoprhisms.

e Fibrations are weak Kan fibrations, i.e. morphisms which have right lifting
property with respect to all inner horn lifting maps.

Remark. This model category is a cofibrant model category and the fibrant
objects are quasi-categories.

Remark (Nerves). 1. The adjunction

c:sSet = Cat:N.

(in particular the categorification functor c) has poor homotopical proper-
ties. For instance, this is not a Quillen adjunction.
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2. The nerve has nice homotopy inverses; this implies in particular that the
nerve functor induces an equivalence of homotopy categories.

Exercise 2.30. Take S}' := A[n]./0A[n], the simplicial n-sphere, [S}'| = S™.
NeS = Anl, for any n > 2, thus ¢(S]') is contractible.

To see that the nerve construction has nice homotopy inverse, we need to
introduce the simplex category.
Simplex category and category of simplices

Definition 2.31 (Slice category). Let F : ¢ — D be a functor. Fix an object
d € Ob(D) and define a category F | d with

* objects are pairs (c, f) where ¢ € Ob(C) and f : F(c) — d is a morphism in
D, and

e morphims between (c, f) and (c’, ') are morhpisms ¢ : ¢ — ¢’ in € such
that f = f' o F(o).

¢) — 0L e
N,

Example 2.32. 1. The simplx category of a small category C is

AC=A"|C
with
* objects are ([n], f), where [n] € Ob(A) and f : T — Cis a functor
between categories. Explicitly, objects are n-composable morphisms
in C.

* morphisms are functor ¢ : [n] — [m] in A such that

[ LN

NS

commutes.

2. Given a simplicial set X, the Yoneda functor
h:A < sSet

defines the category AX := A | X of simplices of X where
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* objects are ([n],x : Aln]x — X), i.e. elements in | [, .py Xn, and

e morphisms are f : [n] — [m] in A such that x = f,(y).

n*\‘—/>A

Exercise 2.33. AC = A(NC) is an isomorphism of categories.

Theorem 2.34 ([1], Theorem 3.2). The functor
A | (—) :sSet — Cat

is the homotopy inverse to
N : Cat — sSet

Test Categories The notion of a test category was introduced by Grothendieck
in [S4]. A test category A is meant to axiomatize common features of categories
of shapes used to model homotopy types in homotopy theory,

Ho(Pr(A)) = Ho(Top)

such as the categories of simplicial sets, or cubical sets. The natural question
is, what are the possible test categories A? Various conjectures made in [S4] are
proven in [C1] which moreover develops the main toolset and establishes the
model structure on presheaves over a test category.
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3 Complete Segal Spaces

The main reference for this section is [R1].

One of the motivation for this section is, we’ve seen quasi-category as a
model for co-categories, and there are many (at least four) other models, each
of which is a nice model for co-categories, why do people still care about
other models given the fact that quasi-categories are quite nice, accessible
combinatorial models? One potential answer/motivation is, can we generalize
everything to other algebraic constructions, namely, can we consider groups
or more complicated algebraic structures in a similar manner. And instead of
working with quasi-categories, we can also work with other models. It turns
out that for groups for example, structures like monoid and group actions,
while they can be considered up to homotopy in algebraic topology, are studied
in the other models if you want to develop a theory in the same direction as
oo-categories. Namely, Complete Segal spaces and Segal categories, which we
will discuss in this section, are suitable models for this purpose.

Let’s start with a motivating problem: We observe the nerve functor N :
Cat — sSet is fully faithful, and two categories €; = €, are isomorphic if
and only if their nerves N,C; = N, C; are isomorphic. However, N, does not
capture equivalences: Kan weak equivalences N, C; ~ N, €, between nerves of
categories does not imply category equivalences C; ~ €;. Thus the functor

Cat N sSet

| |

CatlEq—"] —s Ho(sSet) = sSet WE ]

N is not fully faithful.

Notation. We will call objects in sSet spaces, and objects in sSet simplicial
spaces. we will write X, € Fun(A°P,sSet) as

x.:{xo<:x1 Exzm}

where each X;, is a vertical simplicial set.
There are many interesting model structures on bisimplicial sets.

1. Bousfield-Kan (BK) model structure (projective)
2. Reedy model structures

3. Bergner model structure (left Bousfield localization of BK model structure
on Segal maps).

4. Rezk model structure (left Bousfield localization of Reedy model structure
on Segal maps).
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3.1 Classical Homotopy Theory of Categories
In order to answer the following question, we start with some classical results. ®

Question 3.1. When exactly does a functor F : € — D induce a Kan weak equivalences
NyF:NLC — ND?

We start with the following observation: given two functors F,G : € — D
and a natural transformation « : F = G, « induces a functor

x:CxJT —D
(c,0) —— F(c)

(c,1) — G(c)

where J = {0 — 1}. And we get a commutative diagram
ey exg-e
el
D
Note N..J = A[1],, so it induces a simplicial homotopy

N* 10 N 11

N,C x A[l], +——— N,C
S

To sum up, any natural transformation « : F — G gives a homotopy of
simplicial set maps. As a consequence, if F : ¢ — D is an adjoint functor, then
the unit and counit gives us

N,€C ——

N*FON*G ~ idN*@
N*G ] N*F >~ idN*@

after applying the nerve functor.
One of the most important application of slice category is the following
theorem.

Theorem 3.2 (Quillen, Theorem A). Let F: C — D be a functor. If Ny.(F/d) =~ {x}
forall d € Ob(D), then NyF : N.C — N.D is a weak homotopy equivalence, i.e.
BF: BC — BD.

8Proofs are in old notes.
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Notation. Forany F:C — D, we write F/d =F | d for any object d in D.

Example 3.3. Let F: € — D be a left adjoint with righr adjoint G, then F/d is
contractible.
F:¢— D:G

The counit natural transformation gives ¢4 : FGd — d for any d € Ob(D), so
(Gd, €) is a terminal object in F/d, which implies that F/ d is weakly contractible.

Quillen’s Theorem A can be deduced from Theorem B.
Notice,

1. d — F/d defines a functor
F/(-):D — Cat
d— 3 F/d (3.1) {{eq:slice-functor}}

B:d—d") w» (F/B:F/d—F/d)

2. There is a forgetful functor
jd : F/d — €
which composes
F/d 245 e D
and on nerves
N.(F/a) 294 e 0 N,

Quillen’s theorem B detects when this sequence is a fibration.

Theorem 3.4 (Quillen, Theorem B). Assume that for any morphism B : d — d’ in
D,
Ne(F/B): Ni(F/d) — Ni(F/d')

is a weak equivalence, then

N« (F/d) NiC ND

is a homotopy fibration sequence for any d, i.e.
Ny(F/d) —— N,C
Lo
{x} —— NiD

is homotopy Cartesian.
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Note N(F/d) =~ hocofib(NF), so by applying Theorem B, we see that trivial
homotopy fibers implies that NF : N.€ — N, D is a weak homotopy equiva-
lence.

There is another proof of Theorem A based on the ideal of homotopy decom-
positions.

The functor 3.1 gives a diagram of small categories of shape D. Applying
nerve functor we get

Ny(F/(=)) : D — Cat — sSet

and the aasignment
ja:F/d—=¢C

gives a functor
j=conste : F/(—) — C

which induces

and a map in Ho(sSet)
Nj. : hocolimp N, [F/(—)] — N.C

{lem:whe}
Lemma 3.5 (Quillen). Forany F:C — D, the map

Njs : hocolimp Ny [F/(—)] — N,€
is a weak homotopy equivalence, i.e.
hocolim [B(F/—)] — BC. (3.2) {{eq:whe}}
is a weak homotopy equivalence of topological spaces.
Question 3.6. How does lemma implies Theorem A?

Given any diagram I' : D — sSet, there is a canonical map I' — * =
consta (o), and therefore a map between homotopy colomits

can : hocolimp I' — hocolimp * = N, D (3.3) {{eq:can}}

Combining these together we get a commutative diagram

hocolimp [N.F/(—)]
Nj« can

N«F

NiC N.D

where both can and N, F are weak equivalences, so by 2-of-3 property of weak
equivalences, Nj, is also a weak equivalence.
Lemma 3.5 is a consequence of a beautiful formula of Thomason.
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Theorem 3.7 ([T]). Let F: D — Cat be a functor, then
hocolimp (NF) >~ N, (D J F)

where D [ F is the Grothendieck construction.

Definition 3.8. Let F: D — Cat be a functor, the Grothendieck construction
D [ Fis a category with
* objects are pairs (d, x) where d € Ob(D) and x € Ob(F(d)).

¢ morphisms are

Homy, [¢((d,x), (', x"Y) ={(f,@):f:d— d,
(¢ : F(f)x — x") € Homg ¢4 (F(f)x, x")}.

Definition 3.9. F/D = D [(F/—) is the global slice category with objects
Ugaen Ob(F/d). Explicitly, objects are triples (c, d, f : Fc — d) where ¢ € Ob(C),
d € Ob(D), f: Fc — d € Mor(D).

Then we can replace the canonical map 3.3 by the map N(F/D) — NC.
Remark. We can think of 3.2 as a kind of homotopy decomposition.

There are important similar decomposition for other spaces.

Example 3.10. Let G be a compact Lie group (e.g. finite group). Let BG := [N, G|
be the geometric realization of simplicial spaces.

Theorem 3.11 ([N]). Let G = G’ be compact connected Lie groups if and only if
BG ~ BG'.

Therefore if you are interested in Lie groups from homotopical point of
view, you can replace Lie groups by their classifying spaces, and there are
many interesting Lie theory constructions, e.g. notions of closed subgroups,
centralizers, maximal torus, that can be translated in the language of classifying
spaces. In particular, there are many tools of studying classifying spaces which
rely on this idea of homotopy decomposition.

Definition 3.12. Let G be a compact connected Lie group and p be a prime. A
homology decomposition ( mod p) of BG is given by a functor F: D — Top
together with a map f : hocolimg, F — BG such that

fy : Hy(hocolimp (F), Fp) ~ Hy(BG, Fp)

and for any d € Ob(D), there is a closed subgroup Hq C G such that F(d) ~
BHg4, and

BHg ~ F(d) — hocolimyp, (F) 5 BG

is induced by the inclusion Hg — G.
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Notation. We shall denote Sp = sSet and sSp = sSeta.

Complete Segal Spaces The concept of complete Segal spaces is after Rezk
[R1]. This is one the model for co-category. It requires a lot of background
in order to introduce the definition, but to deal with them it is actually easier
than the other models. And they come very natural in practice. The main
constructions are

¢ (lassifying diagram of a category (Rezk nerve).
* Reedy model structure on simplicial spaces.

¢ Localization of model structures (Bousfield localization).

3.2 Classifying Diagram of a Category

Observation. Let Gpd be the category of (small) groupoids, then there is a
natural inclusion
i:Gpd —— Cat

which has a left adjoint
loc: Cat — Gpd
¢ — C[Mor(€)"]

and a right adjoint
Iso: Cat — Gpd

C —— Iso(C)

where Iso(C) is the maximal subgroupoid of €. Explicitly,

Homyg,(e)(x,y) = {invertible arrows x — y in C}.

Gpd

-

Cat
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Notation. Let € be a small category. For any n > 0, define €™ = Fun(7, €)
the functor category with objects

fr
(fO/"' /f’rLf]) :(Cof_o>c1 f_1>_l>cn)
n-tuples of composable morphisms in C.

Definition 3.13. The classifying diagram (Rezk nerve) of € is defined to be the
simplciial space

NR(C)4 : AP —; sSet = Sp
n] —— N.(Iso(€M))

and for f : [n] — [m], it induces a map ? - H, which gives a map

fo : €M — M) and thus a map
NRf, : N (Iso(€™))) — N, (Iso(€M™)).

By convention, NR(@), : A°P — Sp looks like
NR(€). ={ NR(€)o £ NR(€); = NR(e), - }
Thus we have the Rezk nerve functor
NR:Cat — sSp
e —— NR(@®)

The components look as follows.
e NR(@)y = N(Iso(@)) contains only the information of isomorphisms in C.
e NR(@); = N(Iso(€M)), where Iso(C!")) = Mor(€),

— objects are morphisms in € and,

— morphisms are pairs of isomorphisms (¢, ¢) : f — g such that

L}y

X
(Pl% =|¢
M 9

— W

commutes
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e In general, NR (C)n,m is the set of diagrams in € of the form

Il

12

e— 0 --——-0i— o

'] ||

ei— 0 --——-0i— o

'] ]

ei— 0 --——-0i— o

where horizontal ones are n-composable morphisms and vertical ones are
m-composable isomorphisms.

Comparison map. The adjunction
i:Gpd —/— Cat:Iso

yields the unit of the adjunction n : idgpq — Iso1i, which extends to a natual
morphism
n:N —— N\R

of functors Gpd — sSp. Explicitly, for any gropuoid 9, there is a natural map
ng : N(G)« = N¥(9).

of simplicial spaces, where N(G), is regarded as a constant (in horizontal direc-
tion) simplicial space.

R
Gpd N sSp
\ nﬂ /
N
sSet
Definition 3.14. Unless named otherwise, by a weak equivalence of simplicial
spaces we mean an degreewise weak equivalences of simplicial sets, i.e. f: Xy —

Y, is a weak equivalence if and only if f;, : X;, — Yy, is a weak equivalence in
Sp = sSet.

Remark. This class of weak equivalences can be extended to different model
structures, namely, the Reedy model structure and BK model structure of sSp.

Proposition 3.15 ([R1]). The mapny : N(Y) — NR(Y) is a weak equivalence in sSp
for any groupoid Y.
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Proof. 1f Y is a groupoid, then sois all Y ] for all n > 0, and hence Iso(Y [“}) =
Yyl On the other hand, [n] — [0] induces a functor

Y — 13[0] I %[n}

which is an equivalence of categories.
This map is fully faithful and is essentially surjective since Y is a groupoid,

Y =Yl ~ ynl = s0(y™),
thusny : N(Y) — NR(Y) is a weak equivalence. O

Example 3.16. Ig G is a connected groupoid (i.e. there is only one iso-class of
objects) then the choice of such any object in § gives an equivalence of categories,

Autg(x) — §
thus
NR(G) ~ NG ~ N Autg(x).
If G is not connected, we have

NR(G) ~ NG ~ H Autg(x).

(x)€lsoclass(G)
Now let € be a category (not a groupoid),
* NR(€)o = N(Iso(€))
* NR(G)1 = U<x),<y)€lsoclass)(3) H((p:x—nJ) N Auten) ((0))
Example 3.17. 1. LetC = 7= {0 % 1}. Then

* Aute(0) = Aute(1) = Aute(@) = e the trivial group.
o NR@y =Ne][Ne.

e NR@; =Ne][Ne][Ne, and [NRe;| =3 points.
0 7

2. LetC = 0. We see that NR(0)o 2 NR(T)o, so NR(0) 2 NR(T).

3. Let C = (1_>, then NR(#> (T> Th ~ Ne]]Ne, thus

> = ) o, but N¥(
INRCT) 1] 2= 2pt 22 [NR (T

OZNR
)1l

1

Theorem 3.18 ([R1]). 1. The functor NR : Cat — sSp is fully faithful.

2. F: € — D is an equivalence of categories if and only if NR(F) : NR€ — NRD is
a weak equivalences of simplicial spaces.
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Proof. For part (2), notice that Iso(C 1) are groupoids forn > 0. Hence NR (F);, :
NR@, — NRD,, is a weak equivalence of simplicial sets if and only if Iso(FIM)
Iso(€M™) — Iso(DM) is an equivalence of categories.

Of course, if FI is an equivalence of categories, then Iso(F™) is an equiva-
lence of categories. But check

Lemma 3.19. F™ is an equivalence of categories if and only if F is an equivalence of
categories.

thus NR(F) : NR€ — NRD is a weak equivalences of simplicial spaces.
(To be continued later.) O

3.3 Reedy Model Structure on Simplicial Spaces

Goal. We want a model structure on sSp such that NR(@) are (special) fibrant
objects. *

Remark. Properties of Rezk nerve:

1. Forany €, NR(@) is determined by NR(@)y and NR(€);. Indeed, we have

NR(G)R = NR(G)1 XNR(G)Q cet XNR(Q)O NR(G)1-

n

We will relax the isomorphisms to be weak equivalences, which gives us
the definition of Segal spaces.

2. The subspace of NR(€); arising from isomorphisms in € is equivalent to
NR(@)o. More precisely,
i:Is0(C) — €
gives us
NR(Iso(€)); —— NR(e);

To o]

NR(Is0(€))o == NR(€)o

By mimicking the above properties, we give the definition of complete Segal
spaces as below.

Definition 3.20. Let X, be a simplicial space,

1. if the Segal maps X, ~ X7 Xx, - -- Xx, X7 are a weak equiavlence, i.e.
there is a composition operation well defined up to coherent homotopy,
then X, is called a Segal space.

9Prof. Yuri Berest quoted "The route is curved, but our goals are trivial". Here is the same
situation.
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2. if furthermore, the sub-simplicial object Core(X,) on the invertible mor-
phisms in each degree is homotopy constant: it has all face and degeneracy
maps being homotopy equivalences (this says that if a morphism is an
equivalence under the explicit composition operation then it is already a
morphism in Xj), then X, is a complete Segal space.

Remark. One cannot just put a model structure on the category of models (e.g.
the category of all quasi-categories) because this is not closed under limits
or/and colimits. Instead, we put a model structure on a larger category so that
the fibrant objects are precisely our models. For instance, we have the Joyal
model structure on sSet where quasi-categories are fibrant objects.

For Complete Segal spaces (and other models), we need to work with
sSp = sSetp and modify the (canonical) Reedy model structure by localiz-
ing (Bousfield localization) twice to get our desired model structures.

Remark. This “double” Bousfield localization is a common phenomena.
Example 3.21 (Derived stacks). Let k be a commutative ring. Let
dAff, = (sComm, )°P
be the category of derived affine schemes over k. The category
sPr(dAff, ) = Fun(sComm,, sSet)
has a canonical model structure, and by localizing once we get
sPr(dAffy)

prestack model structure, where fibrant objects are derived prestacks. And after
the second localization (stackification) we get

sPr(dAff;)

stack model structure where fibrant objects are derived stacks.

3.3.1 Promoting Model Structures

There is a very useful procedure to lift or promote model structure from one
category to another.

Theorem 3.22 (Kan, [H2]). ' Let F: @ —= D:G bea pair of adjoint functors.
Let C be a cofibrantly generated model category with generating cofibrations 1 and
generating acyclic cofibrations J. Define weak equivalences, cofibrations and fibrations
in D as follows

10see old notes.
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o f e WE(D) & G(f) € WE(C).

e f € Fib(D) & G(f) € Fib(C).

e Cof(D) == LLP(WE(D) N WE(D)).
Assume

1. G preserves sequential colimits, i.e. given

Xo X4 o Xn
the natural map
colimy (GXy,) —— G(colimy Xp)

is an isomorphism in C.
2. Cof(D)NLLP(Fib(D)) C WE(D)

Then (WE(D), Fib(D), Cof(D)) makes D a cofibrantly generated model category with
generating cofibrations F(1) and generating acyclic cofibrations F(J).

Remark. In practice, (1) is easy to check and for (2) we need the following.
Lemma 3.23. Suppose in D the following holds,

1. there is a functorial fibrant replacement R : D — D
(X —= %) —— (X = RX — %)

In particular, R = id if D is fibrant, i.e. every morphism X — x is a fibration.

2. for any object X in D, there is a canonical path object

X A X x
\‘ /
P(X)

X

Then D satisfies property (2).

Example 3.24. Let k be a commutative ring.
Sym : sMody — sComm, : U

gives the model structure on sComm; and this becomes a Quillen adjunction.
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Theorem 3.25 (BK, standard projective model structure on diagrams). Let C
be a small category, and M a cofibrantly generated model category with generating
cofibrations 1 and generating acyclic cofibrations J. Let M® = Fun(C,M) be the
category of all C-diagrams in M. Then M has a cofibrantly generated model structure
with

o WE(M®) = objectwise weak equivalences of diagrams, i.e.

f:Xo5YeWEM®) & flc): X(e) = Y(c) € WE(M), Ve € Ob(e).

o Fib(MC®) := objectwise fibrations of diagrams.
e Cof(M¢C) = LLP(WE(M®) N Fib(M®)).
[(12], 11.6.1. Let C® be the discrete category underlying C,
* objects are the same as objects in €, and
¢ morphisms are only identity morphisms.

then s
M® =Fun(e®,M) = J] M
ceOb(C)

has the obvious model structure with WE, Fib, Cof defined objectwise. Then
the inclusion €% < @ induces a functor U

o
F:M® — M®:u
with left adjoint IF : ME® — MC defined by for X = {X(c)}ccobv(e)/

FX)= J[ X @hne

ceOb(C)

where h¢ = Home (c.—). Note M is tensored over Set. More explicitly,

FX)= ] 1T Xt.

ceOb(C) feHome(c,d)
Check this adjunction satisfies the lifting theorem. O

Example 3.26. Let M = sSet, € = A°P, M® = sSp has a model structure where
weak equivalences are objectwise weak equivalences.
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Reedy Model Structures Reedy Model Structure (RMS) [[[H2], Chapter 15] is
a natural model structure on M® (M a (simplicial) model category) defined only
for special C - called Reedy categories - with the same weak equivalences as in
BK but more cofibrations (and hence less fibrations than in BK).

The advantage of this model structure is, if M is a simplicial model category
(e.g. M = sN) there is an internal realization functor

|— I :sM —> M

which is left Quillen with respect to Reedy model structure. For instance,
M = Top recovers our classical geometric realization functor.

Definition 3.27. A small category C is Reedy if it contains two wide subcate-
- =
gories € (called direct) and € (called inverse) such that

= =
1. €= € € is a crossed category, i.e. any morphism f in € has a unique
decomposition

s
f=fof,

%) and T € Mor(%).

where f € Mor(
2. there is a degree function
deg: Ob(C) — Z>o
such that

* every nonidentity morphism in € raises degree, i.e.

deg(f(c)) > deg(c), Ve € Ob(C),f € Mor(€),

* every nonidentity morphism in @ lowers degree, i.e.
deg(f(c)) < deg(c), Yc € Ob(€),f € Mor(©).
Remark. Notice
1. If € is Reedy, so is C°P (swap the two subcategories).
2. If G, D are Reedy, sois C x D.

Example 3.28. 1. Ais Reedy, with deg[n] = n. A = A" all injective maps,
H
and A = A~ all surjective maps.

2. A°P is Reedy.

3. Let X be a simplicial set, AX = A | X the category of simplices is a Reedy
category, with deg(x) =n if x € X,. Then

AX = ATX, AX =A—X.
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3.3.2 Skeletons and Coskeletons

Recall (cf. odd notes) if M is a category with all (small) limits and colimits, then
forany f: 1 — ] € Mor(Cat), we have

Yo
f*
Ml
where
£t -
is given by left Kan extension !!
RSN Y,

fl %(X):Ifz(x)
J

which can be computed by
f1X(j) = colim(f | j 5 155 M).

And dually,
£.X) = lim(j | £ <5 15 ™).

Example 3.29. Let ] = A and I = A<y, the full subcategory of A with objects
{[0],- - -, [n]}. There is a natural inclusion functor

in:AZP —— A°P

For any M, sM = Fun(A°P, M) and s<nM = Fun(A2P ,M) the n-truncated

<n’
simplicial objects in M, we have the following diagram of adjoints.

sM

|
(in)! <in)* (in)*
1

SgnM

For any simplicial set X, we define

This is in fact pointwise left Kan extension.
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o skn(X) = (in)ii X, and
* coskn (X) = (in)«in X
Observe that adjunction morphisms
skn (X) = X, X — coskn (X)
give
1. the skeleton filtration sko X — skg X = sk X — -+ — X of X,
2. the coskeleton tower X — - - - — cosky X — cosk; X — coskg X of X,

From now on we will mainly focus on the skeleton filtration, the dual statements
hold for coskeleton towers.
By the colimit formula of left Kan extension,

skn (X)m = colim ¥ (Xy) colim
((P ((m]— [k]r) cA <(P (m]— [k]/) CEA—TMN,,,..., NN
k<n k<n

since any ¢ : [m] — [k] can be factored uniquely as [m] — [k/] < [K].
Notice if m < n, skn Xm = Xy, In general this formula says skn X, is
generated by images of degeneracy in X of dimension m, and

U skn(X) =X

n>0

i.e. the skeleton filtration is exhausted.
More generally, we define for f : X, — Y, € Mor(sM), the n-th relative
skeleton of f is defined to be the pushout in sM

skn X ——— X
skn fi _ J \
skn(Y) —— sk} (Y) — Y
3.3.3 Latching and Matching Objects
Given X € Ob(sM), we define the n-th latching object in M
Ln(X) =skn_1 Xn € Ob(M)
and the n-th matching object in M
Mn (X) = cosk—1 X5 € Ob(M).
These come with natural maps
s:Ln(X) = X,d: X = Mn(X)

and in a similar manner we can define the n-th relative latching and matching
objects for any map f: X — Yin sM.
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Theorem 3.30 (Reedy). Let ¢ = A°P and M a model category. There is a Reedy
model structure on M® with

1. WE(sM) = objectwise weak equivalences.

2. Cof(sM) = are morphisms f : Xy — Y, such that for any n > 0, the natural
maps LX(Y) < Y is a cofibration in M.

La(X) ——

ol N

Lo(Y) —— LX(Y) —— Y
3. Fib(sM) = morphisms f : X, — Y, such that for any n > 0, the natural maps
Xn — MX(Y) are fibrations in M.
Remark. 1. This theorem extends to all Reedy categories.

2. Every cofibrant object X € Ob(M) gives a cofibrant object in sM with
respect to the Reedy model structure, but this is not true for fibrant objects.

3. Unlike Bousfield-Kan model structure, sM is not a simplicial model cate-
gory (natural simplicial structure on sM does not agree with Reedy model
structure). For instance, given a cofibration i : K — L in sSet and a
cofibration j : X < Y in sM,

i) (KRY) [JIRX - LRY
KKX

iXj is a cofibration, but when i is a acyclic cofibration, i X j is not neces-
sarily an acyclic cofibration.

Recall the notion of Quillen functors.
Lemma 3.31 (see old notes). Given a pair of adjoint functors between model categories
F-M—N:G
the following are equivalent:
1. G preserves fibrations and acyclic fibrations,
2. F preserves cofibrations and acyclic cofibrations,
3. G preserves fibrations and F preserves cofibrations.

These are called Quillen pairs.
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Assume that M is a simplicial model category, then there is a natural realiza-
tion functor
|—lp:8M —— M

defined as follows. We will use
(=) Xpc (=) :sSet x M —— M
for the internal tensor product on M.

Definition 3.32. For any X € Ob(sM), we define

IX| :== coeq H AN X X L} H AMIXX, | eM
@:lmi—inleA " mlea

Example 3.33. When M = Top the category of compact generated weakly
Hausdorff topological spaces,

| — Itop : sTop —— Top

is the classical geometric realization.

Notice | — |y is left adjoint to the exponential object functor
(—)%: M — sM

Theorem 3.34 (Reedy). If M is a simplicial model category,a nd sM is equipped with
Reedy model structure, then

| — Il :sM — M: (—)A
is a Quillen pair. In particular,

Example 3.35. M = sSet and sM = sSp with Reedy model structure.
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4 Derived Functors
Given a model category M there is an associated homotopy category
Ho(M) == MW™'], W = WE(M).

When M is a model category, the homotopy category Ho(M) has good proper-
ties.
Our goal is to construct localization theory '? for Ho(M) in terms of M.

4.1 Yoga of derived functors

[ ]
We work with homotopical categories (M, W) where W C M is the full

subcategory of weak equivalences satisfying
1. W contains all isomorphisms.
2. ‘W satisfies 2-of-6 property.

3. Wis saturated, i.e. f € W if and only if 6f € Iso(Ho(M)), where

5:M —— Ho(M) =M [W].
Example 4.1. (M, W) is homotopical when M is a model category with W the
class of weak equivalences.

Remark. For homotopical category M, Ho(M) can be viewed as a minimal
homotopical category with Wi, (1) = Iso(Ho(M)).

Definition 4.2. Let M, N be homotopical categories, F : M — N is homotopical
if F(WM) c WN-

Lemma 4.3. For a homotopical functor F : M — N, there is a unique functor F :
Ho(M) — Ho(N) such that

M—F N 2 HoN)

Ho(M)
commutes.

Proof. Apply UMP of localization. O

12There are left and right localization theory because there are left and right Quillen functors.
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Definition 4.4. The total left derived functor ILF of F is defined as the right
Kan extension

M—" N -2 Ho(\)

b //
LF:=R, (5F)

Ho(M)

This comes with a natural transformation ¢ : ILF o y = 8F, which is universal in
the sense that for any (G, ¢'), thereis a ungiue factorization

Goy £ 5F

3
LF €

LFoy

Definition 4.5 ([ ]). A left derived functor of F : M — N is a functor
LF : M — Ho(N) together with a comparision map ¢ : LF = 5T satisfying

1. LFis homotopical.
2. (LF, ¢) is universal (terminal) among all homotopical functors G : M —

Ho(N) with ¢/ : G = 6F, i.e.

\/

Definition 4.6 ([S3]). A pointwise left derived functor LFof F: M — Nis a
functor LF : M — N with ¢ : LF — F such that (LF = 6LF, b¢ : SLF — &F) is a left
derived functor as in the definition 4.5.

Remark. 1. If LF exists, it is unique up to homotopy.

2. Even if LF exists, LF may not exist. '3

Later we will define realizable left derived functors which refines LF.

4.2 Derived Functors as Deformations

Definition 4.7. A left deformation of a homotopical category M is an endo-
functor Q : M — M with natural weak equivalence q : Q = idjy.

13For instance, when a model category does not have functorial cofibrant replacement.
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Remark. Q is always a homotopical functor. For any f: X — Y € Mor(M), the
following commutative diagram

ox 2% Qv

(le lqv

X ——Y
shows that f € W if and only if Qf € W.

Lemma 4.8. Let Mq be the full subcategory of M such that Mg 2 Im(Q) contains
essential image of Q for a left deformation (Q, q) of M. Then i: Mg — M induces an
equivalence of categories

Ho(Mg) ~ Ho(M).

We call any Mq with these properties a left deformation category of M associated to
(Q q).

Proof. Mg is homotopical with Wy, = Wy NMq, and Ho(Mq) = Mq [Wé1 1,
then i is homotopical, which induces a functor

i:Ho(Mg) —— Ho(M)
with inverse induced by Q : M — Im(Q) € Mq. O

Definition 4.9. Let F: M — N be any functor. A left deformation (Q, q) of M is
called a left F-deformation if there is a left deformation retract Mg such that
Flat is homotopical.

Exercise 4.10. Show that a left deformation (Q, q) is an F-deformation if and
only if

1. FQ : M — N is a homotopical functor, and

2. FqQ : FQ? = FQ is a natural weak equivalence, i.e. for any X € Ob(M),
Flagx) : F(QQX) —— FQX
is a weak equivalence in N.

4.2.1 Main Exmaples

Cofibrant Replacement Let M be a model category, W = WE(M) C M. As-
sume M has functorial factorization

@ —— QX X4 X

then Q : M — M the cofibrant replacement functor together with q : Q — id is
a left deformation, and M, is the category of all cofibrant objects in M.
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Classical homological algebra Let A be an associative unital ring. Let M =
Ch™(A) be the category of nonnegatively graded chain complexes of left A-
modules. M is a model category with

* WE(M) = quasi-isomorphisms.
* Fib(M) = levelwise epimorphisms fy : My, = Ny, forn > 0.
e Cof(M) = levelwise injective morphisms with projective cokernels.

Mq consists of chain complexes with projective components.

Classical homotopy theory Let M = sGr the category of simplicial groups.

Definition 4.11. A simplicial group T is semifree if the restriction

I“*I(A+)op : (A+)Op —— Gr
Set

factors through Set. Explicitly, Iy is semifree if and only if there exists a sequence
of subsets B,;, C I, such that

1. Th =F(Bn),n >0, and

2. B = Un>0Bn is closed under degeneracy maps, i.e. sjr(Bn_ﬂ C Bn,n >
1,0<j<n.

Theorem 4.12 (Kan). A cofibrant simplicial group is a retract of a semifree sim-
plicial group.

Kan Loop Group Construction is a functor
G :sSety — sGr

where
G(X)n =F(Xni1)/(sox =1,Vx € Xpn).
with degeneracy maps

55716 Xn = G(X)ns1

induced by S]X : Xn41 — Xn42 and face maps
aX(x)a¥(x)~, =0,

di(x) =
induced by d%< Xne1 =2 Xn, 1>0
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Remark. Note we have

Bn = Xnt1\s0(Xn) = Xpnqp1 —— (GX)n

\/

which shows that G(X) is semifree with basis B = UOBn.

n>

Theorem 4.13. The Kan loop group functor has a right adjoint
G:sSety — sGr: W

where W is simplicial classifying space functor,
WD) =Tho1 X+ xTp

with corresponding face and degeneracy maps. In particular, when we restrict it to Gr,
this is usual classifying space functor Wlg, = B.. This is a Quillen equivalence and
we have

G : Ho(sSety) ~ Ho(sGr) : W

where both functors are homotopical.

Combining this with the geometric realization Quillen adjunction
| —|:sSeto —— Top,, : ES

we see that simplicial groups models homotopy types of pointed connected
topological spaces.

In this case, Q = GW and the counit q : Q = id is a left deformation of
simplicial groups.

4.3 Properties of Derived Functors

Proposition 4.14. If F is left deformable with respect to (Q, q), then F has a left derived
functor LF : M — Ho(N) given by

LF=6FQ: M —25 M —F» N —% Ho(N)

with comparison map
e =0Fq: LF == oF.

Proof. Recall the definition of left derived functors, we need to show two things.
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1. Itis easy to see that LF = 8FQ is homotopical.

LF = 5FQ: M —2 M —F— N —2 5 Ho(\)
Q/
l%

Mq

Thus LF = 5 o Flyg,, © Q is homotopical as a composition of homotopical
functors.

2. For the universal property, let (G, & : G = 0F) be another pair. Observe
that if G is homotopical and q : Q = id is a natural weak equivalence,
then Gq : GQ = G is an isomorphism of functors. Indeed,

Gq ={GQX = G(X),X € Ob(M)}

since weak equivalences in Ho(N) are isomorphisms. Thus it has an
inverse

(Gq)':G == GQ
then the composite
Gq)_! g
£:6 29 6o =52 §FQ = LF —== oF

is equal to & since the diagram

G<i:qGQ

[ ke

d0F <—— O0FQ =LF
commutes. Hencen = (§Q) o (Gq)*1 satisfies

\/

It remains to show the uniqueness of the factorization. Take another
factorization (instead of n):

o
ot

[o4]

oy
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Let’s precompose with Q

\/

SFQ?% =

where
G

Q T
£Q M —25 M ﬂe Ho(N)
\/

OF

Notice that €Q is an isomorphism of functors. Indeed, by exercise 4.10,
FqQ : FQ? = FQ is a natural weak equivalences, so

£Q = 6FqQ : 6FQ? —= 5FQ
is a natural isomorphism.

This means that £Q is uniquely determined by Q, i.e. £Q = (¢Q)~'
€Q. But & is a natural transformation implies we have the following
commutative diagram

GQ == §FQ2

o

G === §FQ

s0 & =(eQ) o (£Q) o (Gq)~! is uniquely determined by £Q thus by Q.
O

Remark. This argument shows that LF = FQ : M — N together with Fq : LF = F
is a pointwise derived functor.

Example 4.15. Let M be a model category, W = WE(M) C M. Assume M has
functorial factorization

@ — QX — X4 X

then the cofibrant replacement functor Q : M — M together with q : Q — id
is a left deformation, and Mg, is the category of all cofibrant objects in M. It
follows that any left Quillen functor F : M — N is left deformable with respect
to (Q, q) and hence LF : M — Ho(N) exists.

More generally, any functor F : M — N that maps acyclic cofibrations
between cofibrant objects to weak equivalences is left deformable with respect

to (Q, q).
F(Cof(Mq) NWE(Mq)) € WE(N). (4.1) {{eq:def-cond}}
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Proof. Recall a left Quillen functor maps cofibrations to cofibrations and acyclic
cofibrations to acyclic cofibrations, so it satisfies condition 4.1. We need to show
the following lemma. O

Lemma 4.16 (Brown’s lemma). If F: M — N is a functor between model categories
satisfies condition 4.1, i.e. it maps acyclic cofibrations between cofibrant objects to weak
equivalences, then Fly, is homotopical.

Proof. Take A,B € Ob(Mg) and f : A — B a weak equivalence, we need to
show that F(f) € WE(N). Consider a factorization of f| |idg = pq: A[|B —

C - Band

Observe that

* qia:A—= A[|B <= C e Cof(M),and

e qig:B — A||B <= C € Cof(M),
and

e p:C— BeWEM),and

* pqia =f: A — B & WE(M), and

* pqip =idg € WE(M),
so by 2-of-3 property,

qig, qia € Cof(M)NWE(M).
Apply T to these maps, we see
F(qia), F(aig), F(pgig) = F(idg € WE(N).

Again by 2-of-3 property, F(p) € WE(N), so

F(f) = F(qia) o F(p) € WE(N).
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Example 4.17 (Quillen homology). Let M be a model category. Let M4 be the
category of abelian group objects, i.e. A € Ob(Mgyp ) if and only if Homy (B, A)
is an abelian group for any B € Ob(M), i.e. ha : M — Set factors through Ab.
We have i: Mqp — M the forgetful functor (which is faithful but not full).

Example 4.18. For M = sGr or sSet, M, = sAb.
In many cases, i : Mqp — M has a left adjoint
(*)ab M <:> Map : 1. (4.2)

the abelianization functor.
Mgp can be given a model structure so that 4.2 is a Quillen adjunction and
we have the derived functor

L(—)ap : M —— Ho(Mgp)

which is the Quillen homology.

We can also define Quillen cohomology as follows.

Assume M, has stable model structure so that @ = * and there is a (invert-
ible) suspension functor

L :Ho(Mgp) —— Ho(Mgp)

Then we can define the Quillen cohomology of M with coefficients in A €
Ho(Mgyp) as
HY (X, A) == Hompo (s, ) (IL(X)qb, £ "A).

Example 4.19. Let M = sSet and M1, = sAb. We have
(—)ab =Z[—]:sSet — sAb:i.
Note IL(—)qp = (—)ab = Z[-], so we have
L:(X)ab = mZ[X] = Hi (X, Z)

which is usual simplicial homology. In particular when X is the simplicial
complex associated to a topological space, this is the usual singular homology
of spaces.

Example 4.20. Let M = sGr and My, = sAb. We have
(—)ab : SGr T sAb:i.
where (y)qp = I'/IT, T]. Then

L(Mav = QI/IQT, QT
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where Q = GW is the semifree deformation. Then
LM ab = 7:(QMab = Hi1 (BT, Z) = H, (T, Z)
is the group homology.

Example 4.21. Assume k is a field of characteristic 0. Let M = DGCAy

be the category of commutative DG algebras over k. Let A € Mgy, then

Homy(B,A) € Ab implies A = {0}, so there is no nontrivial abelian group

objects in this category. We will fix this by considering the follwoing category.
Fix A € DGCAy and consider

M| A=DGCAL/A

Then 4
(M| A)ap =DGMod(A)

and we have the following adjunction
Q':(—=/A):DGCAL/A —— DGMod(A): A x (—)

where
AXM=AOM

is the semidirect product (square-zero extension), with
(a,m)(b,n) = (ab, an + mb).
The left adjoint is the relative Kahler differential
Q'(B/A) =A®pQ'(B)
and its left derived functor is

LQ'(—/A) : DGCA /A —— D(DGMod(A))

defined by LQ'(B/A) = A ®qp Q'(QB).
Take f =ida : A — A,
Ly A =LQ'(idA)

is the cotangent complex of A. And its associated homology is André-Quillen
homology
HEQ(A) = (Lo A)

and André-Quillen homology of A with coefficients in M
HAQ(A, M) = Hi(ILin A QM).
A

14When A is an associative algebra, we need to replace modules by bimodules, then this recovers
Hochschild homology.
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Example 4.22 (Lie-Hodge Homology). Assume k is a field with char(k) = 0, Let
DGLA| ° be the category of DG Lie algebras, where objects are a = @icza; €
DGLAj equipped with a DG Lie bracket

[, —]:aXa-=>a
satisfying commutativity

[x,yl = (=), ]

and Jacobi identity
x, ly,zl] = lIx,u], 2zl + [y, [x, zl].

This category is equipped with a projective model structure, with
* WE = quasi-isomorphisms, and
* Fib = degreewise surjective maps.

In this case, the abelianization (DGLAy) 4 = Chy and we have the adjunction
(—)ab : DGLAy —/— Chy:1
where the left adjoint is given by
aqb = a/[a,al.
Then the left derived functor is given by

L(a)ap = Qa/[Qa, Qa]

and Quillen showed
H.(Lagp) = HES (a, k).

where HEFE is the Chevalley-Eilenberg homology of DG Lie algebras,
Recall if a is a Lie algebra, an adjoint-invariant symmetric bilinear form on a
is

(—,—):axa \V4

~

Sym?(a)
which factors through Sym?(a), i.e (x,y) = (y,x), and satisfies
(xylz) = (x, [y, z]).

15We can replace DGLA by sLA when char(k) # 0, but there are some interesting properties
that requires this assumption.
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Example 4.23. Let a be a semisimple finite dimensional complex Lie algebra,
the killing form on a is an adjoint-invariant symmetric bilinear form.

Among all such forms, there is a universal one

axa \%
\ /
A2 (q)

where A1) : LieAlgy, — Vecty is given by

Symz(a)
([x, ylz —xly, zl)

which is introduced by Drinfeld (1991), and is used by Ginzburg and Gan (2003).
A natural question that we can ask is

A(a) =

Question 4.24. What's cyclic homology of Lie algebras?

The generalization we will discuss goes back to Getzler and Kapranov
(following Kontsevich, 1998), which works for algebras over any cyclic operad.

Theorem 4.25 (Feigin-Tsygan). The functor
(—)# : DGA ——— Chy
Ar—— A/(k-1o+[AA])
is left deformable (not a Quillen functor), which implies it has a left derived functor and
H. (L(A)g = HC«(A).

This is one application of cyclic homology by viewing it as homology of
derived functor of abelianization. If we look at the expression, this is the derived
functor of universal trace (vanishes on commutators).

In the case of DGAy, we have (by accident) this coincidence that (reduced)
cyclic homology agrees with homology of derived functor of abelianization, but
for DG Lie algebras, the cyclic homology is defined as the homology of derived
functor of A(2),

HC€(a) = H. (LA (a)).

Exercise 4.26. Show that the derived functor exists.

Now instead of considering only 2-forms, let’s consider the universal ad-
invariant symmetric p-multilinear form (coinvariants of the adjoint representa-
tion of a in SymP (a))

S P
ax...xa%A(p)(a):%
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For every p > 1, we have
AP) . DGLAy — Chy
a — AP)(q)

Whenp =1, AD(a) = agp.

Remark. When dimy (a) < oo, the natural pairing

SymP (a) x SymP (a*) k
N /
AP (a) x Symp(a*)ad

is nondegenerate (here SymP (a*)24 = k [a]%%), so we have
AP)(q) = Homk(Symp(a*)ad, k).

Theorem 4.27 ([ 1). AP is left deformable, thus LAP) exists and has nice proper-
ties, and we call
HCP) (a) = HL (LA (a))

Lie-Hodge homology of a. In particular,

HCW(a) = HEE (a,k)
HC@)(a) = HC,(a).

Proposition 4.28. For any DG Lie algebra a, there is a natural direct sum decomposi-
tion
FIC..(Ua) = @ HC™ (a)
p>1

called Lie-Hodge decomposition.
Remark (Loday,1988). For a commutative DG algebra A, there is a similar de-
composition
HC.(A) = @ HCP)(A).
p>0
But these two decompositions are very different.

Sketch of proof. Recall for any a € DGLAy, by the PBW theorem

EB SymP (a) = Ua
p>0

as a-modules. Thus we have

Ua

SymP (a)

:
X1 Xp = 512 gex, TXo(1) " Xo(p)
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which induces
AP (a) = (Ua)y

and a natural transformation of functors
LA®P) (a) < L(Ua)s
which induces the decomposition

P HC®)(a) — HC(Ua)
p=0

O

Topological interpretation (rational homotopy theory [O1]) Let Xbe a simply-
connected space, X is called rational if 7, (X, x) is a Q-vector space for Yn > 2.
Then

f: X ;> XQ

is called the rationalization ( BK localization at 0), and it induces a map

fy 2 704(X) 7 (Xg)

~ <

.(X) ® Q

Theorem 4.29 (Quillen). There is an equivalence of homotopy categories

Ho(Top3,) > Ho(DGLAY)
X — ax

where the left hand side corresponds to the homotopy types of rational simply connected
spaces, and the right hand side corresponds to the homotopy types of rational non-
negatively (homological) graded DL Lie algebras.

Theorem 4.30 (Goodwille-Jones, ...). Let X be a simply connected space of finite
Q-type (dimg H.(X, Q) < o0), let LX = Map(S',X) be the free loop space of X.

—_gl
Notice that there is a natural S'-action on LX, then for Hf (LX,Q) the reduced
S -equivariant homology with coefficients in Q, there is a natural isomorphism

_cl -
a: 1 (£X,Q) = HC, (Uax).
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Consider finite coverings

on:S' =8, n>o0
el®  eine

which induces Frobenius operations

g gl
On  H (£X,Q) — H (£X,Q).
Theorem 4.31 (Bugheler, Gajda, Frobenius). For each p > 0, define

L ]
H X, Q) = () ker(®n —nPid)
n>0

then we have another decomposition

1 (ex,Q) = EBH Plex, Q)

p>0
and the Goodwille isomorphisms restricts to isomorphisms

751, N
1™ (£x,Q) = HCP T (ay)

String Topology [CS] Let X be a close smooth manifold. There is a (geometri-
cally defined) Lie bracket

S (£X,Q) x F* (£X,Q) —— F° (£X,Q).

Question 4.32. Does the Chas-Sullivan bracket preserves the Hodge decomposition?

Theorem 4.33. Suppose X is rationally diptic space (i.e. dimg (D>, T (X) @ Q) <
00), then CS bracket is compatible with the Hodge decomposition.

4.3.1 Derived Adjunctions
Perhaps the most important and useful application of model categories are

Question 4.34. Given a functor F : M — N, when does its derived functor ILF or RF
induces
Ho(M) ~ Ho(N)?

Quillen divided this into two questions.
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Question 4.35. Given a pair of adjoint functors
F-M—N:G

when does (F, G) induce an adjunction

LF: Ho(M) —— Ho(N):RG (4.3) {{eq:Quillen-adj}}

The answer to this question is Quillen’s adjunction theorem.
Question 4.36. If 4.3 holds, when does (ILF, RG) gives equivalences?

The answer to this question is Quillen’s equivalence theorem.

Recently, Maltsimistis [VI1] ¢ realized that the universal properties of
left/right Kan extensions are not enough, and we need stronger notions, namely
absolute derived functors.

More on Kan Extensions Let’s consider the universal property of Kan exten-
sions. Given two functors
c—F-o

Pt
Gl -
-
,

-

&

The existence of left/right Kan extensions amounts to the existence of the
following left/right adjunctions

Fun(€&, D)

Le(F)| G* |Rg(F)

l

Fun(C, D)
There are natural isomorphisms

HomFun(e’D) (H (e} G, F)
Homgyn(e,p)(F, Ho G)

Homgyn (e, p)(H,RGF),
Homgyn e, p)(LcF, H)

e 11

which describes exactly the universal properties of left/right Kan extensions.

Definition 4.37. A right Kan extension Rg (F) is pointwise if for any e € Ob(€&),

Rg(F)(e) =lim(e | G % e 5 m).

16Deligne [D1] noticed this in the context of triangulated categories, namely derived categories of
abelian categories.
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Remark. When D is complete, every right Kan extension is pointwise.

In homotopical algebra,

M—" N -2 Ho(N\)
—yJ{ /

LF=R (5F)
Ho(M)

Ho(N) is neither complete nor cocomplete.

Proposition 4.38 (MacLane). A right Kan extension is pointwise if and only if it is
preserved by all representatble functors

]’Ld
G —— D —— Set

Rg (hdoF)
where hd = Homqpy(d, —) : D — Set for any d € D. In other words,
Rg(hdoF) = hdoRg(F).

Proof. It is clear that when the right Kan extension is pointwise, it commutes
with h (since hd commutes with all limits). On the other direction, we have

Homqp (d,Rg(F)(e)) = h4(Rg(F)(e))
hd o Rg(F)(e)

Rg(h? o F)(e)

HomFun(E Set) (he' Rg (hd © F))

Homgyn (e set) (N 0 G, h4 o F)

Homgyp e set) (Hom(e, G(—)), Hom(d, F(—))

{cones under d of the functor FU:e | G o, Set}

e lle e 1l 1l

[le

Consider the diagram of e | G, it is clear that R (F)(e) represents liirré(FU). O
€

Remark. If LF is not pointwise, then it is usually illy behaved.
However, for us pointwise Kan extension is not enough, and we will intro-

duce the notion of absolute Kan extensions.

Definition 4.39. Let F: M — N be a functor between homotopical categories.
The (total) left derived functor ILF : Ho(M) — Ho(N) is called absolute if the
corresponding right Kan extension is absolute in the sense that it is preserved
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by any functors

M—F N %5 HoN) —— ¢

v
Aém

Ho(M)

Ry (H&F)
for any H: Ho(N) — &, Rg (HO&F) = HORg (F).

Proposition 4.40 ([M1]). The left derived functor ILF of any left deformable functor is
absolute.

Corollary 4.41. The left derived functor ILF of any left Quillen functor F : M — N
between model categories is absolute.

Quillen Adjunction
Theorem 4.42 ([M1], [D1]). V7 Given an adjoint pair
F-M—N:G
such that ILF and IRG exists, then there is a unique adjunction
LF: Ho(M) —— Ho(M) : RG
compatible with localization in the sense

Homy(FX,Y) ———— Homy,(X, GY)

ls b

Homypy, () (8F(X), 8Y) Homyy, (o) (vX, YGY)

I b

Homygo () (ILF(yX), 8Y) —— Homye(ng) (YX, RG(5Y))

commutes, where ¢ : LFy = 6Fand n : yG = RGb are the corresponding natural
transformations equipped in the Kan extension constructions.

Proof. See notes. O
Corollary 4.43 (Quillen Adjunction Theorem). If

F-M—M:G
is a Quillen pair, then ILF and IRG exist and we have an adjunction

LF:Ho(M) —— Ho(M) : RG.

17See Keller’s survey on derived categoreis.
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DHKS Adjunction Theorem

Definition 4.44. An adjunction
LF:Ho(M) =—— Ho(M) :RG
is called deformable if F is left deformable and G is right deformable.

{thm:DHKS-adjunction}
Corollary 4.45 ([ ] Adjunction Theorem, Section 42). For any deformable

adjunction
LF:Ho(M) =— Ho(M) : RG
ILF and RG exist and we have an adjunction
LF:Ho(M) —— Ho(M) : RG.
Quillen Equivalence
Definition 4.46. Let
LF:Ho(M) — Ho(M) : RG
be a Quillen pair between model catgories. We say (F, G) is a Quillen equiv-

alence if for any A € Ob(M¢°f) and X € Ob(NFi?), f : A = GX is weak
equivalence in M if and only if f*: FA — X is a weak equivalence in N.

Theorem 4.47 (Quillen Equivalence Theorem). If (F, G) is a Quillen equivalence,
then
LF:Ho(M) — Ho(M): RG

is an equivalence of categories.
Proof. It suffices to show the unit and counit are natural isomorphisms.
1. Consider the unitn : idy,(5) = RG o ILF.

Take A € Ob(M¢°") and apply F to fibrant replacement rg(a) : F(A) =
LF(A), which is a weak equivalence in N if and only if fAS G (LF(A))
is a weak equivalence in M, if and only if yrF( A) CTA D YG(LF(A)) =
RG(ILF(yA)) is an isomorphisms in Ho(M). For any B € Ob(Ho(M)),
there is an isomorphism B = vA where A € Ob(M¢°f), so we have

B —2 , RGLF(B)

% |=

YA 22, RGILF(yA)
thus np is also an isomorphism.

2. The proof for the counit ¢ : ILF 0 RG = id, 2y is dual.
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Nonexample In practice, many interesting adjunctions are not deformable, so
Theorem 4.45 does not apply.

Let G be an affine algebraic group scheme over a field k. Take (for instance)
G = GL,,n > 1, the functor

GL, : Commy — Gr
A — GLn(A)

has a left adjoint
(—=)g : Gr — Commy : G(—)

I'—— (g = O(Repg(I))
GA) «— A
which extends levelwise to a simplicial adjunction
(—)g : sGr T/ sCommy : G(—)

Notice there are natural projective model structures on sGr and sCommy, but
the adjunction is not a Quillen pair.
For instance, whenn =1, G = GL; = G, we have

(—)G,, : Gr Z Commy : Gy (—)
A ¢—n A
F; —— k[Fil=k [x,x”]

where [F; is cofibrant in sGr but k[x, x '] is not cofibrant in sCommy.

Claim 4.48 ([ ). This pair is not Quillen, nor deformable as adjunction between
homotopical categories. Nevertheless, there exists derived adjunction

L(—)g : Ho(sGr) =— Ho(sCommy) : RG

and are absolute.

Model Approximations [ ]

Definition 4.49. A left model approximation of a homotopical (or more gener-
ally, a relative) category C is a model category M given together with a pair of
adjoint functor

LM —¢C:r

satisfies
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1. ris homotopical, i.e. r(W) C WE(M).
2. lis homotopical on cofibrant objects in M.

3. (1,7)is almost Quillen equivalence: forany A € Ob(C)and X € Ob(meef),

(X 5 HA) € WEM) &= (1(X) 75 A) € WE(@) (4.4)

Example 4.50 (Prototypical). If 1:M =—= N:r is a Quillen equivalence
with r being homotopical, then M is a model approximation of N.

Remark. By definition, Quillen equivalence 1: M —— N:r is characterized
by the following fact: for any fibrant object A in N and cofibrant object X in M,

(X LrA) e WEOD) & (100 5 A) € WEN)
and we have derived adjunction
L1:Ho(M) =—— Ho(N):Rr
and 4.4 implies both unit and counit
n:id = RrlLl (4.5)
e:LIRr = id (4.6)

are isomorphisms.
When r is homotopical, Rr = T. In this care, condition 4.6 follows from
condition 4.4 without assuming A being fibrant.

Moral From homotopical point of view, being a model category or having a
model approximation should not have much difference.

Proposition 4.51. Let 1:M —— C:r bea left model approximation of a homo-
topical category, then (1,7) induces derived adjunction

Ll:Ho(M) —— Ho(€):T

with counit € : L1 o T — idy,(e) being a natural isomorphism so that ¥ : Ho(C) —
Ho(M) is fully faithful.

Proof. By definition of left model approximation, (1,) is deformable, so (ILl,T)
exists and are adjoint by DHKS theorem. By formal properties, we have

Lemma 4.52. The counit ¢ : FG — id of an adjunction
F:€ — D:G

is an isomorphism if and only if G is fully faithful.
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Proof. Observe for any d,d’ € Ob(D) and any f: d — d’ in D, commutativity
of
FG(d) —> d

J{FG(f) J{f

FG(d) —% af
is equivalent to the commutativity of the following diagram

Hom(d,d') —S— Home(G(d), G(d'))

hd’(Ed)l W% lF

Hom(FG(d), d’) «+—— Homqp (FG(d), FG(d'))
KFG(d) (Ed’ )
Notice hFS(d) (¢ 4,) o F is the adjunction isomorphism associated to ¢. Thus G is
a bijection if and only if

hg/(eq) : Hom(d,d’) —— Hom(FG(d),d’)
is an isomorphism, if and only if €4 is an isomorphism. O

To prove proposition, it suffices to show that T : Ho(C) — Ho(M) is fully
faithful, i.e for any X, Y in €, write X = y(X) and Y = vY in Ho(C),

gy : Hompgo(e) (X, Y) —— Homygo () (r(X), 7(Y))

We construct explicitly the inverse map.

Let’s fix Q,R : M — M be the cofibrant and fibrant replacement functor
together with q : Q = idj amd s : idy; = R the corresponding natural weak
equivalences. Given any f : 1(X) — 7(Y), we can represent it by f : Qr(X) —
RQr(Y). Then we can form zigzags of maps

ar Ls, .
X 2 1Qr(x) s RQr(Y) <Y 1Qr(v) Yy

~

where qf(x) : 1Qr(X) — Xis a weak equivalence in € since g, (x) : Qr(X) — 1(X)
is a weak equivalence in M, and similarly every arrow except for 1(f) are weak
equivalences. Apply C — Ho(€) and we get a map }f : X — Y by inverting all
isomorphisms, and f — f is the inverse of T.

Check this. O

Definition 4.53. Let F: € — D be a functor between homotopical categories. A
left deformation 1: M —— C:r is called good for Fis

rM— C —— D

is homotopical on cofibrant objects.
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Lemma 4.54. If (Iv) is a good for F, then F is left deformable, hence ILF exists and is
absolute.

Example 4.55 ([ 1, Bousfield-Kan model approximation). Given a model
category M and any small category J, the functor category M? = Fun(J, M)
does not have, in general a model structure. But it has a natural class of weak
equivalences, namely the class of objectwise weak equivalences, and we can
treat it as a homotopical category. There is a “universal” model approximation
of M” described as follows.

Take AJ the simplex category of J,

A=A | Ny(7)
with
* objects 0 € Up >0 Hom(AMm],, Ny (J)) = Upn>0 Nn(J), and

¢ morphisms are
Homapg(o/,0) ={f: Anly — Almli|o’ = of : Alnl, 5 AmL S Ny (D}

We denote such maps by f: of — o.

Consider the full subcategory M5? C M2 of bounded AJ-diagrams, i.e.
X : AT — M with the property X(37) are isomorphisms in M for all § : os) —
o€ Al
Consider
T:A] ———— ]

(io%i] (—-“Hin) P i

a map of small categories which yields

MJ MAJ
% /

A
Mb

which factors through M%7, and we have an adjunction
T :J\/[?j pR— M7t

where the left adjoint is given by left Kan extension along .
Theorem 4.56. For any model category M and small category J,

1. Mﬁj has a natural BK model structure.
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2. (T, T*) is a left model approximation.

More generally, any left model approximation 1: M —= C:r givesrise
to

T Y
AT ——— J —— @I
My =M == e

T T
which is a left model approximation of €”.

Example 4.57. Consider sGr the category of simplicial groups viewed as a
homotopical category (forgetting the model structure) and sMon the category
of simplicial monoids viewed as a model category, then the adjunction

l:sMon =— sGr:r

is a left model approximation.

Proof. Think of sMon as a simplicial category with one object and 1 is DK
localization. O

Theorem 4.58 ([BRY], Appendix). Let F:C —— D: G beadjoint pair between
homotopical categories. Assume that

C———D

where (1,7) is a left model approximation given with adjunction (F, G) such that
1. (F,G) is deformable (e.g. Quillen pair),

2. there is a natural transformation v : F = Flwhich is a natural weak equivalence
on cofibrant objects in M,

3. essential images Im(lRG) C Im(7) in Ho(M).
then ILF and RG exist and are given by
LF=LFo% RG=1LLoRG.

Moreover, these are absolute derived functors and we have derived adjunction

LLF:Ho(€) —— Ho(D) : RG.
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Remark. If D is a model category and (F, G) is a Quillen pair, we call (F, G) a left
model approximation of (F, G).

Sketch of proof. By [ ], condition (1) implies that ILF, RG exists and are
absolute, and are adjoint. Condition (2) implies that

LF=L(Fol)=LFoll

Since F is left deformable, (1, 1) is good for F, so by proposition 4.51 LLo T = id
thus ILF = ILF o 7. By condition (3), RG can be factored as

RG : Ho(D) —°% & —' s Ho(M)
where € = Im(¥). By proposition,
:Ho(C) — € — Ho(M)
where T is an equivalence with inverse 1y :== Lloi: € — Ho(€).

Consider LLo RG = Lloi0o Gy = 1y 0 Gy, take any X € Ho(€) and A €
Ho(D),

Homyy,(e) (X, LLo RG(A))

Moo le 111

Hence IL1 o RG is right adjoint to ILF. Theorem follows from the following
lemma. O

Lemma 4.59. Let F:C —— D:G bean adjunction between homotopical cate-
gories. Assume

1. F has an absolute left derived functor ILF and
2. ILF has a right adjoint G.
Then G is the absolute right derived functor of G, i.e. RG exists and RG = G.
Proof. We check that G satisfies the UMP of absolute right derived functor RG.
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For any E, H we want to show
Hom(E oIRG),H) = Hom(EyeG,Hyp) (4.7)

where Hom is the set of natural transformations. The following observations
implies the functorial isomorphism 4.7.

1. By UMP of LLF being an absolute left derived functor

Hom(E,HoILF) = Hom(Eye, HypF)

2. G is right adjoint to ILF implies G* = (—) o G is left adjoint to ILF* =
(=) oILF.
Hom(E o G,H) = Hom(E,Ho LLF)

3. G isright adjoint to F so G* = (—) o G is left adjoint to F* = (=) o F

Hom(Eye, HypF) = Hom(EyeG, Hyp)

O

Example 4.60. [ ] Let Ring be the category of associative unital rings. Con-
sider
GL,, : Ring — Gr

A — GL,(A)

where GL,, (A) is the group of invertible n x n matrices with entrics in A. This
functoe has a left adjoint which can be described as follows
z[- _ Ma(Z)x(— . (—)Mn .
Gr ? Ring F M (Z) | Ring ]M<:)> Ring

where
(f: A — B)* =={b € B|[f(a),b] =0,Va € AL

We have (), = (Z[T'] * My (Z])Mn(Z), Thus we have adjunction
(—)n : Gr =— Ring: GLn(—)
which extends levelwise to an adjunction
(—=)n :sGr —/— sRing: GL,
This is not a Quillen pair. For instance, for n =1, take I' = [F4,

(Fq)1 = klx,x "]
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which is not cofibrant.

It is not hard to see that (—), is left deformable (take Q = GW : sGr — sGr
so IL(—)n exists and is absolute., but GLy, is not right deformable. By a theorem
of Shulman (2011), if G is both left and right deformable, LG = RG. And by a
theorem of Swan, GL,, is left deformable, but RG % ILG. So this is a case where
the theorem applies.

Consider the adjunction

sMon

|

sGr = sRing
G

n

where 1 is the Dywer-Kan localization, and C/in is Waldhausen’s construction
of matrics invertible up to homotopy and RGL,, =L1o GL,.

Remark. In 1985- 1986, Waldhausen defined algebraic K-theory of spaces
A : Top, —— Top,
which has many properties as Quillen’s algebraic K-theory
Kq : Ring —— Top,

Take X € sSetp and Z[G(X)] € sRing, A(X) % Kq (ZIG(X)]).

Note Kq (R«) == Z X [BGLx (R.)[T is not homotopy invariant since GL« is
not homotopy invariant.

Waldhusen generalized GLy, as follows. Note we have

T IMn (Ry) = My (713(R4)), Vi > 0

so the functor My, : sRing — sRing is homotopic, and we can define GLn(R)
as the pullback

GLn(R) ——— Mn(R)
|- [
GLn (m9R) ——— My (mpR)
then we see

T GLn(R) =

_ GLn(mR), i>0
Mn(ﬂiR)r i=0

and we can define éT_oo (R) = lim Eﬁ_n(R) and

Kw (Rs) = Z x |B(GLoo (Ri)[ "
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Theorem 4.61. For any X € sSety, A(X) — Kw(ZIGX]) is a rational homotopy
equivalence.

For arbitrary affine algebraic group scheme G viewed from the functor point
of view.

The question is how to make G or BG homotopy invariant?
Galatius and Venkatesh [GV] define

A — Commy L sComm
] = O(NG) —» QO(NG) = O(G)*™

And
G :sComm), —— sSp,

A ——— Map”?(QO(NG),A)
In this case, we have left model approximation

L£sSp,

IS

sGr — sCommy
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5 Localizations

Let M be a model category and § C Mor(M) be a class of maps.

Definition 5.1. A left Bousfield localization of M with respect to § is a model
category LsM given together with left Quillen functor j : M — LgM satisfying

1. Lj : Ho(M) — Ho(LgM) maps every map in § = {y(f) € Ho(M), f € §}

to isomorphisms in Ho(Lg)M).

2. j is initial among all left Quillen functors F : M — N such that ILF(8) C
Iso(Ho(N)), i.e. there is a unique F : LsM — N so that we have the
following factorization.

M—F N
j V
\LSM

Remark. If it exists, j is unique up to unique isomorphism.

Dually we cam define

Definition 5.2. A right Bousfield localization of M with respect to 8 is a model
category RgM given together with right Quillen functor j : M — RgM satisfying

1. Rj : Ho(M) — Ho(RgM) maps every map in § = {y(f) € Ho(M), f € §}
to isomorphisms in Ho(Rg)M).

2. jis initial among all right Quillen functors F : M — N such that ILF(8) C
M LN
Iso(Ho(N)), i.e. there is a unique F : RgM — N \ 7’
RsM

Question 5.3. 1. Given a Quillen pair F:M —= N:G and a class of mor-
phisms 8 C Mor(M) we want to specify conditions (in terms of F) where ILF
maps 8 to isomorphisms in Ho(N).

2. How to describe weak equivalences in LgM (8-local weak equivalences).

We need a notion of localization of categories.

5.1 Simplicial Localization
Recall the notion of a simplicial category

Definition 5.4. A simplicial category is a category enriched in sSet, i.e.
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1. For any X,Y € Ob(C), there is a mapping space Map,(X,Y) € oB(sSet).
2. For any X,Y,Z € Ob(C), there is a composition law
Mape (X, Y) X Mape(Y,Z) —— Map(X, Z)

which is a morphism of simplicial sets.
3. For any X € Ob(C), there is a unit map
ix 1 Al0l, —— Map(X, X)
which is a morphism of simplicial sets.
4. Forany X,Y € Ob(C), Home(X,Y) = Map, (X, Y)o.
These satisfy axioms of associativity and left/right indentities.

Remark. A simplicial set is not the same thing as a simplicial object in Cat. Any
simplicial category C gives rise to an simplicial object C. : A°P — Cat

CoE=¢e 36
such that

* objects are discrete Ob(Cy) = Ob(C), for any n > 0, and d; and s; act as
identities on objects,

* morphisms are Home, (X, Y) :=Mape (X, Y)n.

Definition 5.5 (Quillen). A simplicial model category M is a model category
and a simplicial category with two structures satisfying the two compatibility
axioms:

MC6 M is tensored and cotensored over sSet, i.e.

X :sSet x M — M  tensor or copower
(—=)7 : M x sSet°? - M cotensor or power
together with natural isomorphisms in sSet
Map,,( (KK X,Y) = Mapg,, (K, Mape (X, Y)) = Map,(X,YX).
MC7 For any j : A — A a cofibration in M, and any p : X — Y a fibration in M,
Map(j,p) : Map,(B, X) —— Map,,(A, X) X Mapy(A,Y) Map,((B,Y)

(called pullback corner map) is a Kan fibration in sSet. Moreover, when
j, p are weak equivalences, so is Map(j, p).
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Lemma 5.6 ([[12], 9.3.7). MC7 is equivalent to the following. For anyi: A — B €
Cof(M) and any j : K — L € Cof(sSet) (i.e. inclusion), the following pushout corner
map

iXj:ARL]Jogx BXK «—— BXL

is a cofibration in M. Moreover, if i and j are weak equivalences, so is 1.

Example 5.7. Let M = sSet then the mapping space is defined by
Map, g (K, L)n = Homgget(K x Alnl, L)

for any n > 0.

Example 5.8. Let M = sC where C is an algebraic category, (thus cocomplete
and complete),
Map (X, Y)n = Homge (XX Alnl,, Y).

For instance, take M = sGr, the tensor product is givenby GXK = {[ [y Gn}n>o-

Example 5.9 (Counterexample). The reedy model structure on sC, where C is
cofibrantly generated model category, is not a simplicial model category, note
iXj € WE(sC) if i € WE(sC).

5.2 Monad and Comonad

In order to introduce the standard simplicial resolution, let’s start with a brief
review of (co)monad.

5.2.1 (Co)monad

Definition 5.10. A monad (triple) on a category € is given by an endofunctor
T: € — € with two morphisms 1 :ide = Tand pu: To T = T satisfying

1. associativity, i.e. the following diagram commutes

(ToT)oT=To(ToT) =2 ToT
Jor [
ToT — % 7T

2. unitality, i.e. the following diagram commutes

nT n

T

ToT

NS
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Remark. This can be regarded as a “generalized” associative, unital algebras.

Definition 5.11. A comonad (cotriple) on a category € is given by an endofunc-
tor L : € = C with two morphisms e : 1 = ide and 6 : L = 1 o L satisfying
coassociative diagram

1 S Lol

] s

lol %y (Lol)ol=1lo(lol)

and counital diagram

N~

1

Primary Examples: (Topological) Operads The main reference is [M2].

Example 5.12 (Operads in Spaces). An operad O in Top, is given by a collection
of spaces {O(j)}j>0 such that

1. 0(0) = {+},
2. thereis a unit element 1 € O(1),
3. forany j > 0, O(j) is a right Lj-space: cO(j) x £; — O(j).
satisfying composition laws: for any k > 0, and any jq, -+ ,jx > 0,
Y :O0(K) x O(1) x -+ x O] —— O(1 + -+ +ji)
and X-equivalence and associativity and unitality.

Remark. O(j) is called the space of j-nary operation.

Definition 5.13. We say that a space X carries an action of O (X is a O-space) if
we are given

@3:O(j)><X—>X, j>0
such that
1. Oy : * — X is the basepoint of X,

2. ©7:0(1) x X — X satisfies ©(1)(1,x) = x.
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Equivalently, for any X € Top,, there is the endomorphism operad Ex
where
Ex() = HomTop* (X, X)

Then an O-space is a morphism of operad O — E£x.

Example 5.14. 1. Let N be a discrete operad with N(j) = *,Vj > 0. An
N-space is a commutative monoid in Top,

2. Let M be a discrete operad with M(j) = Z;Vj > 0, with right Z-action
given by multiplication

and composition laws are (Z-equivariant thus) determined by the values
ate
YIZkXZ]’] ><---><ij 4 Z]

(ek/ej1l e rejk) — ej

wherej =j1 + - - - +jx. An M-space is an associative monoid (i.e. associa-

tive H-space).
Example 5.15 (M-space). The (reduced) James monoid is given by

ax) = (][ x4/~
k>0

where (X1, -+ ,X{, %, Xi41, " ,Xk) ~ (X1, , X, Xi41, -+ ,Xk). This is the free
topological monoid generated by X.

Example 5.16 (N-space). The Dold-Thom space (or infinite symmetric product
space) SP*°X of X is defined as follows. Let SPN(X) = XN /Ly, there is natural
inclusions

SPT(X) —— SP2(X) —— ---

. oY 1 N
and we define SP*°X = limSP™X.

N

Theorem 5.17 (Dold-Thom). 7,SP>°(X) = H,(X;Z).

Theorem 5.18 ([M2]). SP°°X has homotopy type of an abelian simplicial group

AL~ T Xn, An(X).

n>0
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Example 5.19 (little cube operad). Fixn > 1, €y, (j) = the space of j-tuples of

“little n-cubes”, i.e. linear embedding with parallel axes and disjoint interior.
Note Cn (j) == Conf;(R™) whic is £;-homotopy equivalent.

Key fact: For any X € Top,, the n-th loop space

Y ~ Q™ (X) = Map, (S™, X)
carries a natural action of G,
On;: Cn(j) x Q™(X) —— Q™ (X)

Exercise 5.20. Write explicit formulas.

Definition 5.21. An A.-operad is a X-free operad € (i.e. Vj > 0, C(j) is a free
L;-space) in Top, given with augmentation (a map of operad) ¢ : € — M such
that

mo(e) : o€ = M

is a local Z-equivalence, i.e. for any j > 0, the components of C(j) = Z; and
each component is contractible.

Example 5.22. C; is an A-operad.

Proposition 5.23 ([M2]). Every operad O determines a monad Te in Top, so that an
O-space is equivalent to an algebra over Tg.

Proof. There is functor
Operad(Top,) —— Monad(Top,)
O ——— (T : Top, — Top )
where

To(X) = [ J(0G) xg, X))/ ~

j=0

and the equivalence relation ~ is given by
(elxll' BRIV B PROR S P /Xj) ~ (6(0)/X1/' KA1, X 1, /Xj)

When O = N, Ty(X) = SP*X and when O = M, Ty (X) = J(X). O
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(Co)monad arising from adjunctions. Given a pair of adjoint functors F: € =—— D: G
with unitn : ide = UF and counit ¢ : FU = idp, we can define

T=UF:C—€ pu=UeF:ToT=UFUF=T=UF,
1l=FU:D—-D, d=MU:L=FU— Lol =FUFU.
Claim 5.24. (T = UF,n, u) is a monad on Cand (L = FU, ¢, 8) is a comonad in D.
Proof. Use identities for adjunction morphisms, we have
(Fu A pyry e Fu) — idpy
(uF "HF U Fur YT uF) —idyr

which gives the unitality diagrams. The associativity diagram follows from
naturality of the unit and counit functors, i.e. for any x € Ob(€) we have

UFUFUFx T8 U FU R

lUEFqu lUSFx

Uepyx

UFUFx ———— UFx
and for any y € Ob(D)

F
FUy — ¥, FUFUy

lFT] Uy lFan Uy
Fnuruy

FUFUy —— FUFUFUy.

5.2.2 (Co)bar Construction

Claim 5.25. Every monad in C gives a functor € — ¢C and every comonad gives a
functor D — sD.

Proof. Given (L, ¢,8) on D, and A € Ob (D), we define
1y:D — sD
A — LA ={lnA} >
where LA = L""1A and
di=Lteln— 1. InHTA 5 | A,

sj=LsIn i InmHIA 5 InF2A,
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Explicitly, LA can be expressed as follows
—— 12A &— |3A...
1A S 1A —— 1°A

The simplicial identities are satisfied because of the functoriality of units and
counits and the identity for adjunction morphisms. In particular, d;s; = id for
i1=j,j+ 1 follows from

(Fu Py R Fu) — idpy,

(Fu I pyry T Fu) — idpy.

We apply this to the following adjunction
F:Graph —— Cat: U

where Graph is the category of reflexive discrete graphs, i.e. every vector is
equipped with a (identity) loop. The above construction gives us a functor

(FU), : Cat — sCat
C —— (FU)4(C)

which is the simplicial resolution of € such that the image of every category C is
a simplicial category.

Example 5.26 (Homotopy Coherent Nerve). Recall the adjunction
c:sSet —/—— Cat: N
gives a simplicial resolution functor
Q: Cat —— sCat

and applying this to A viewed as a category, we get a cosimplicial simplicial
category

A — Cat 3 sCat
] —» 7 — Q?L’
which by 2.1 gives the adjunction
C:sSet —/—— sCat: N

where € is the rigidification functor and N is homotopy coherent nerve functor.
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Example 5.27. The adjunction
Sym : Mody 7— Commy : U
induces the simplicial resolution functor
Q: Commy —— sCommy.

Then consider the group scheme functor

G :Commy — Gr N, sSet
A —— G(A) » Ni(A)

and thus we have

O(N.(G
A (—(> )&ommk g sCommy

n] — O(NnG) — QO(NnG)
which gives us an adjunction
sSet —— sComm, : G

where G is called homotopy coherent group '® (it is not a group).
Question 5.28. When does this construction give a resolution?

Extra Degeneracy Let A, be the category defined by adding to A an initial
object [~1] so that A C A is a full subcategory such that

* Ob(Ay) ={nn>—1,

* Homp, ([n], [m]) = Homa ([n], [m]) for any n,m > 0, and

* Homy ([n],[-1]) = @ for any n > 0, and

e Homn, ([-1],[n]) ={*} forany n > —1.

Definition 5.29. An augmented simplicial object in € is a functor X : A, — €
which is usually presented as follows.

do
X1+ Xo £ X _ ...
di

180ne can ask what is the relation between G and ]Ré, and the answer is yes, but with some
modifications.
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Note given a simplicial object X, € Ob(sC), to give an augmentation is equiva-
lent to either giveamap € : Xgp — X_7 in Csuchthat edy = ed; in Home (X1, X_1),
or as a map of simplicial objects

€t Xoe — X1 (5.1) {{eq:augmentation}}

where X_ is viewed as a discrete simplicial set.

Example 5.30. If C = Set, there are two canonical augmentation for a simplicial
set X, € Ob(sSet). Consider the inclusion i: A < A, which induces a functor
i* : sSet; — sSet that has both left and right adjoint

sSet

To | i* | triv

sSet
where
do

mpX = coeq {Xo <<d: X; &—— %L
1

Question 5.31. When is 5.1 a weak equivalence in sC?

Definition 5.32. An extra degeneracy for an augmentation &, : Xy —— X_;
is given by a sequence of maps s_1 : Xn — Xy 41 such that

1. es_q =idx_,,

2. dps—7 =idx, foralln >0,

3. diy1s_1=s_1d;iforalli >0,
4. sj 181 =sjs_q foralli > 0.

Lemma 5.33. If X is a simplicial object in C where C is cocomplete, giving an augmen-
tation e, : Xi — X_7 is equivalent to giving a retract diagram

S—1 €
X_] — Xy — X_]

so that these maps give a simplicial homotopy equivalence X, ~ X_1.

Corollary 5.34. If a simplicial object X in a simplicial model category admits an
augmentation e, : Xo — X_1 with extra degeneracy, then

el = Xyl — X_q

is a weak equivalence.
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Example 5.35 (Bar construction). X = B(x, [, F).

For the functor (FU). : D — sD associated to an adjunction (F,U), the
natural augmentation (FU).(A) — A does not have an extra degeneracy in
general.

If we apply to (FU).(A) the functor U, then we can see the natural augmen-
tation

.<7
UA +—— UFU(A) &— UFUFUA &— ...
%

always has an extra degeneracy given by

s_1 =nUFW™TUFU)MTA —— U(FU)™F2A.

Moral. When F:C —= D:U is a forgetful adjunction such that
(fx : X = Vi) € WE(sD) = (Uf, : UX, — UY,) € WE(sC)
In this case, we have that 5.1 is a weak equivalence for any object A € sD.

Example 5.36. Let G be a group. Consider the adjunction
G x —:Set T Set®:U

Apply the above construction to the trivial G set {*} gives us the classical bar
construction of a group.

5.3 Simplicial Localizations

There are really two constructions '
e simplicial localization,

¢ hammock localization.

5.3.1 Simplicial Localization

Recall the adjunction
F:Graph —— Cat: U

where the category F(A) associated to a graph A is free in the sense that every
morphism in F(A) can be written uniquely as a composition of atomic (i.e. it
admits no nontrivial factorization, f = f; o f; implies either f; or f; is id)
morphisms in A.

19See Dywer-Kan's series of papers.

82



Lecture 18: Simplicial Localizations 12 April 2021

The above construction gives us a functor

(FU), : Cat — sCat
e —— (FU)«(€)
which is the simplicial resolution of € such that the image of every category C is
a simplicial category IF(C).

Definition 5.37 ([ ]). Given a relative category (C, W), define its simplicial
localization to be
LV, W) = B (M)E (W) ).

which is achieved by the usual localization applied degreewise.

The universal property of simplicial localization is that, for any functor
T:M — D (where D is a simplicial model category) such that T(W) C WE(D),
there exists a unique simplicial functor T : L(M, W) — D such that we have the
unique factorization

M T D.

L(W, W)

In general, L(M, W) need not to be locally small.

Definition 5.38. Let § be a simplicial category, we define 7y (8) the category of
components of S by

e Ob(mp8) = Ob(8) and,
* Homys(x,y) = mo[Mapg(x,y)l.
Theorem 5.39 (DK). 7o(L(M, W)) = M[W—].

Consider the category SC of (small) simplicial categories (categories enriched
in sSet) and simplicial functors F : ¢ — D such that Fxy : Map,(X,Y) —
Map,;, (FX, FY) is a morphisms of simplicial sets. Then we have a functor

7 - 8¢ —— Cat
There is natural functor
Homyy(e)(X,Y) = 1o Mape (X, Y).

Simplicial localization solves the following universal problem.
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Given a relative category (M, W), there is a (unique) simplicial category
LM = L(M, W) with a functor

sloc: M —— LM
satisfying
1. sloc induces an equivalence of categories

7t

M sloc LM

loc /’

M[WT]

%) LM

2. sloc is initial among all functors T : M — D where D is a simplicial
category and 7y T(f) is an isomorphisms in 71y (D) for all f € W.

5.3.2 Hammock Localization

Definition 5.40 (DK2). Given a relative category (M, W), a hammock localiza-
tion LM (M, W) is the simplicial category with

e ObLH (M, W) = Ob(M) = Ob(W), and

* mapping spaces Mapy w3 1) (X, y) having reduced hammocks of width
k and (any) length n > 0 in simplicial degree k

Co1 ¢ Co,2 E Comn—1
lz
C1,1 — c1,2 Cin-1 N\
/| N
X —> Ck 1,1 & Ck12 — " — Ck_In-1 = Y
\ J{l /
Ck,1 ¢ Ck2 e Ckn—1

such that

1. all vertical arrows look downwards and are in W,
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2. in each column, all horizontal arrows starting at that column look
in the same direction and the arrows looking to the left are weak
equivalences.

3. in any adjacent columns has arrows look in opposite directions.
4. in each column, the horizontal arrows cannot all be the identity maps.

Theorem 5.41 ([ D. If (M, W) is a model category, then the mapping space in
L"(M, W) can be defined only using hammocks of length 2

X €o,1 €o,2 Yy

or

X &— €o,1 Co,2 y.

Question 5.42. What is the relation between L(M, W) and LH (M, W)?

Answer. They are DK equivalent.

Definition 5.43. A simplicial functor F: € — D is called Dwyer-Kan equiva-
lence if

DK1 Fis homotopically fully faithful, i.e.
Fx,y : Map(X,Y) — Map., (FX, FY)
is a weak equivalences in the Kan model structure of sSet.
DK2 moF : mp€ — 7pD is an equivalence of categories.

Remark. In presence of DK1, condition (DK?2) is equivalent to the following.

DK2’" T is homotopically essentially surjective, i.e. moF : 1oC — 7D is essen-
tially surjective.

Theorem 5.44 (DK). 1. If M is a model category, with' W = WE(M) being weak
equivalences in M, then LM and LM are DK equivalent.

2. If M is a simplicial model category, the simplicial functor M — LHM is a DK
equivalence.

3. Up to DK equivalences, every simplicial category is of the form L(M, W) for some
relative category (M, W).

Motto If we think of relative categories as abstract homotopy theories, then
simplicial categories can be regarded as models for homotopy theories. Then the
category SC of all simplicial categories with DK-equivalences as weak equiva-
lences is a homotopy theory of homotopy theories (in place of the non-existence
of model category of model categories).
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Goal Puta model structure on SC with DK-equivalences being precisely weak
equivalences.

5.3.3 Example and Application of Simplicial Localization

Example 5.45 ([ ]). Consider the diagram of discrete group homomorphisms

He* g —Pox

Define M to be the category with 3 objects X, Y, Z and
OO
v x X,z
1. Hom(X, X) = G as a monoid,
2. Homy¢(X,Y) = Has a set,
3. Homy((X,Z) = K as a set,
4., Homy(Y,Y) = Homy(Z, Z) = {id}.

with composition

Homy¢(X,Y) x Homy¢ (X, X) 3 Homy(X,Y)

(h,g) ha(g)

Homy (X, Z) x Homy (X, X) 3 Homy(X, Z)

(k,g) ¢ kB (g)
Let W be the subcategory of M with
1. Homy (X, X) = G as a monoid,
2. Homy(X,Y) = ey as a set,
3. Homy( (X, Z) = ex as a set,
4. Homy((Y,Y) = Homy(Z, Z) = {id}.
Note after taking nerve functor we get

N, Ni«pB

NyH +— N,G —— NiK

in sSet.
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Ny N«pB

Lemma 5.46. N. M = hocolim( N,H N, G NLK ).

Corollary 5.47. 7t1(X) = H*g K = hocolim( H +*— G L K ).

Theorem 5.48. 1. M[W~'] ~ connected discrete groupoid with objects X,Y, Z
where

Autyyg-1)(X) = Autyg -1y (V) = Autypyg-11(2) = 1 (X).
2. L(M, W) = simplicial connected groupoid on objects X, Y, Z with simplicial
mapping spaces
Map]_(M)(X,X) o~ MapL(M)(Y/Y) o~ MapL(M)(Z/Z) ~ GX.

Abstract Morita Theory Given a functor f : € — D a morphism in Cat, there
is an adjoint pair

f,: Set® — Set? : *

Theorem 5.49 (Borceax). The adjunction is an equivalence if and only if f is fully
faithful and essentially surjective (up to retracts), i.e. there exists D' C D such that
is essentially surjective onto D’.

Simplicial Morita Thoery Given a simplicial functor F : € — D which is a
morphism in 8C, there is an adjoint pair
F : Set® pa— Set? : F*

Theorem 5.50. The induced Quillen pair (F,, F*) for the projective model structure on
diagram categories is a Quillen pair if and only of
1. Fsatisfies (DK1),

2. F satisfies (DK2’) homotopically up to retracts, i.e. o (F) is essentially surjective
up to retracts.

Definition 5.51. If C is a simplicial category, f : X — Y is called a homotopy
equivalence in € if 71pf is an isomorphism in 71 C.

Theorem 5.52 ([B3]). The category 8C of small simplicial categories has a cofibrantly
generated model category structure with F : € — D being a

* weak equivalences if and only if F is a DK equivalence,
e fibration if for any homotopy equivalence in D of the form
f:FX1 =Y

there is a homotopy equivalence g : X1 — Xz in C such that F(g) = f.
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6 Simplicial Categories
There are Quillen equivalences between different models of oo -categories.

8€ — SeCat —— CSS

i 1

QCat RCat

QCat the category of quasi-categories.

8€ the category of simplicial categories.

SeCat the category of Segal categories.

CSS the category of complete Segal spaces.

RCat the category of relative categories.

In this section we will focus on simplicial categories.

6.1 Simplicial Categories and Simplicial Functors

Definition 6.1. A simplicial functor F : ¢ — D between simplicial categories is
an assignment such that

e for every object X in C, there is an assigned object FX in D, and

¢ for every pair of object X,Y in €, a map between simplicial sets Fx y :
Map,(X,Y) — Map,(FX, FY) such that the following associativity dia-
gram

Mape (Y, Z) x Mapg(X,Y) —=%— Map,(X, Z)

Fv,z XFx,yl lFx,z

OFX,FY,FZ

Map, (FY, FZ) x Map., (FX,FY) —5"Map., (FX, FZ)

and the identity diagram

A0 : Map, (X, X)

\ /

Map., (FX, FX)

commutes.

Question 6.2. Given a functor F : C — D on the underlying categories of simplicial
categories, when does F extend to a simplicial functor F so that (IEX,Y)O =Fxy.

(Fx,y)o : Mape(X,Y)o = Home(X,Y) —— Map., (FX, FY)o = Homqp (FX, FY)
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Assume that G, D are tensored over sSet, so that
Mape (K Q) X, Y) = Map g, (K, Map (X, Y)). (6.1)
Take K = A[n], and apply (—)p we see
Home(AM]. @) X, Y) = Hom(A[n],, Mapg(X,Y)) = Mape (X, Y)n

Hence for a functor F : @ — D to be simplicial, we need to an n-simplex in

Map@(X Y)n,ie a:Anl, @ X — Y, assign an n-simplex in Map, (FX, FY), i.e.

1+ @ FX — FY. In order to get such a map, we may consider

AlnJ, ® F(X) % FlAM]. @X) % F(Y)
and more generally, we need maps ok x : K& F(X) — F(K® X) for all Xin €

and all finite simplicial sets (i.e. simplicial sets with finitely many nondegenerate
simplices) K, which are natural in K and X, satisfying

KQF(X) —= F(KQX) —— F(Y)

1. for K = A[0]4, 0¢ x is an isomorphism such that

A[0], ® FX = A0, ®X)

\/

commutes.

2. (Associativity condition) this is needed for extension of F to preserve
composition. For any K, L finite simplicial set and X in €,

(KxL®FX —— KQ(LKQFX)

GKXLXl lUKl®X

F(KxL)®X) —— F(K® (L® X))

Theorem 6.3 ([H2]). A functor F: C — D extends to a simplicial functor if and only
if there exists ok x : K@ F(X) — F(K & X) such that the previous two conditions are
satisfied.

Remark. Such F: C — D are called continuous functors.

Example 6.4. Suppose F : M — N with M, N cocomplete.
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Example 6.5 (Counterexample). Let € = D = Top. Top is tensored over sSet
with
sSet x Top — Top
(K, X) — [KI x X
and is a simplicial category with
Map,, (X,Y) = Homrop (X x A™,Y).
Fix @ # A € Top, we define a functor F5 : Top — Top by

e FA(X) = H A%, and
a€HomTep (A, X)

o FA(f): 11 A% 11 AB.

aeHomep (A, X) BE€Homrop (A,Y)

Then F5 cannot be extended to mapping spaces.
LetX = A, Y = Al x A, there exists O-simplices ip, i1 € Map(X,Y)o

P0:A>AT XA i1:A > AT XA
a— (0,a) a— (1,a)

which are connected by the (identity) 1-simplex in Map, (X, Y).
Chekck that Fa (ip) and Fa )i1) are in different components in

Map(Fa(A), FA(AT x A))
and hence cannot be connected by 1-simplex.
Question 6.6. Suppose the functor F : C — D admits a simplicial extension and has a
right adjoint G : € — D, when does
Homq (FX,Y) = Home (X, GY)
extends to an isomorphism of simplcial sets

Map, (FX,Y) = Map (X, GY)?

Corollary 6.7. If ox x are all isomorphisms for all K and X, then the answer is yes.

Indeed,

Map, (FX, Y)n = Homqp (Alnl. (X) FX, Y) = Homqp (F(AM]. @) X), Y)
= Home(An], X)X, GY) = Mape (X, GY)n
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Detecting weak equivalences (Why do we want simplicial enrichment for
model categories)

Proposition 6.8 ([[12], Proposition 9.7.1). If C is a simplciail model category and
f: X — Y is a morphsims in C, then f is a weak equivalence if and only if one of the
following holds

1. f*:Map(Y,Z) — Map(X, Z) is a weak equivalence for all fibrant Z in C.
2. f. : Map(A, X) — Map(A,Y) is a weak equivalence for all cofibrant A in C.

6.2 Simplicial Categories

Analogy Simplicial categories are “nonlinear” analogues of DG categories.

DG categories DGCaty has Tabuada’s model structure, Hom(X,Y) € Chy
and weak equivalences are quasi-equivalences F : € — D such that

1. Fxy : Home(X,Y) = Homop (FX, FY) are quasi-isomorphisms, and
2. Ho(F) : Ho(€) — Ho(D) is an equivalence of categories.
Simplicial categories Let SC be the category of all small simplicial categories

with morphisms being simplicial functors. Recall a DK equivalence is a simpli-
cial functor F : € — D such that

DK1 for any X,Y € Ob(C), Fxy : Mape(X,Y) — Map., (FX, FY) are weak
equivalences of simplicial sets, and

DK2 74(F) : 715 (€) — mp (D) is an equivalence of categories.

There is a model structure on §C such that DK equivalences are exactly the weak
equivalences.

Definition 6.9. 1. Given a simplicial set K, we can define a simplicial cate-
gotry UK by

¢ Ob(UK) = {x,y}, with two objects, and

¢ morphisms are

Mapy (x,x) = Mapyk (y,y) = id = A[0].
Map ¢ (x,y) =K
Map k(y,x) =@

This construction gives a functor U : sSet — SC.

12

2. Amap e: x — yis called a homotopy equivalence if rpe : x — y is an
isomorphism in 7ty C.
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6.2.1 Bergner Model Structure

Theorem 6.10 ([B33]). There is a cofibrantly generated (left and right) proper model
structure on SC with

* WE = DK equivalences,
* Fib = the simplicial functors F : € — D such that

F1 F¢, ¢, : Mape(cy,c2) — Map, (Feq, Fep) Kan complexes,

F2 (homotopy equivalences lifting property) for any object ¢y in C and any
homotopy equivalence e : Fc1 — d in D, there exists an object c; in C and
a homotopy equivalence & : c1 — ¢ in C such that F(&) = e.

* aset of generating cofibrations I C Cof is given by

C1 the maps W(0A[n].) — U(A[nly) foralln > 1.
C2 the trivial maps @ — *.

* qset of generating acyclic cofibrations ] C Cof N WE is given by
Al the maps U(Ag[nl.) — U(An],) foralln > 1,0 <k <n.

A2 the inclusions * ﬁ H where H is a simplicial category with two objects
{x,y} and all mapping spaces are weakly contractible and having only
countably many simplices, and the inclusion {x} U{y} — H is a cofibration
in Se{x}u{y}

We will introduce the model structure on simplicial categories with a fixed
set of objects in the next lecture.

6.3 Simplicial Categories with fixed set of objects

Fix a set O and consider the category $C¢ of all simplicial categories C with
0b(€) = O, and morphisms in 8C¢ are simplicial functors F : € — D such that
F=id: Ob(€) = O — Ob(D) = O. The data encoded in F are only simplicial
maps of simplicial sets

Fx,y : Mape(X,Y) —— Map(X,Y)
forall X,Y € O.

Our goal is to define a model structure on §Cy with F: € — D being a weak
equivalence if and only if Fx y are weak equivalences in sSet for any X, Y € O.
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(Co)limits Note that 8C has all finite limits and colimits. Indeed, SC has all
coproducts and coequalizers built from these in Set (on objects) and sSet (on
morphisms).

For instance, for €, D € 8C, C[ [ D is defined by

e Ob(CI[D)=0Db(C)[]Ob(D), and

¢ morphisms are defined by

Map,(X,Y), X, Y € Ob(C)
MapGHD(X,y) = {Map,(X,Y), X, Y€ Ob(D)

@, otherwise.

Lemma 6.11. SCq has all limits and colimits.

Proof. Suppose X : I — 8C¢ is a small diagram in 8C. Let’s construct colimit
of X as follows.

Consider X : I — 8C¢ — 8€ and take colimj X in 8C. Consider colimy(X)?
the discrete simplicial category with the same object set as colimp X but no
(nonidentity) maps. We have a canonical inclusion

colimy(X)® —— colimy(X)
By universal property of colimits, there is a natural folding map
V : colimy(X)® — 0°.
Define colim?® as the pushout in $€
colim? (X) := colim | ©® «+—— colim[(X)® <¢%™ colim;(X)

This defines the required colimit in §€q. (Check the UMP of colimit.) O

Similarly we can define lim? (X) as the full subcategory of lim;(X) in 8§C
with objects being the images of diagonal map

A:O% — h{n(X)é.

Free products Recall a free category IF(C) on a small category C is defined to
be F(€) = [FU(Q), where

F:Graph — Cat: U

is the adjunction between the category of small categories and the category of
graphs.
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* Ob(IF(C)) = Ob(C),
* Mor(IF(C) are sequence of composable maps.

A free product of in 8C¢ is defined by

CxD =colim{ € +—— O° —— D}

A simplicial functor F : € — D is called a (semi)free extension (or free map)
if
1. forany X,Y € O, Fxy : Map(X,Y) < Map, (X, Y) are monomorphisms

in sSet.

2. in each simplicial degree k > 0, Dy = f(Cx) * F(By) for some small
category By.

3. forall k, By ={By k>0 give a diagram

(AT)°P — Cat

(k] —— By

i.e. By are closed under degeneracy maps.

Definition 6.12 ([ ]). A functor f: € — D is called strong retract of f': € —
D' if there is a commutative diagram

¢
I
D!

/7N

D——FF—D
lde

f f

in Seo

Theorem 6.13 ([ 1). The category SCqo has a natural proper simplicial model
structure with

* WE = simplicial functors F : € — D giving weak equivalences of mapping
complexes, i.e. Fx y € WE(sSet) for any X,Y € O.

* Fib = simplicial functors F : C — D giving Kan fibrations of mapping complexes

¢ Cof = simplicial functors F : € — D which are strong retracts of free extensions.
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Remark. When O = {x}, 8€(,; = sMon, and when O = {x,y}, 8Co = 8C(y .

Remark. 8§C was defined by Quillen in 1967 to study equivariant homotopy
theory. Boardman and Vogt [BV] also used it to study homotopy invariant
structures of spaces.

Theorem 6.14 ([B3]). 1. Fibrant objects in SC are precisely the simplicial cate-
gories C with all Map o (—, —) being Kan complexes.

2. Cofibrant objects are the so-called "simplicial computads”.

Remark. Let € € Caty be an ordinary category, it can be viewed as a (dis-
crete) simplicial category in 8Cy. Cy is not a cofibrant category but it has a
canonical resolution. More explicitly, we apply comonad resolution F.(Cx) =
FU, 1 (Cy) € ssCat and take diagonal Q.C = diagF.(C.).

6.4 Properties of Simplicial Categories
Theorem 6.15 (Lurie). There is a Quillen equivalence
C:sSet — 8C:IN.
Analogue of 8C and dgCaty
1. 8C consists of small categories enriched over sSet,

* mapping space Map,(x,y),
¢ WE = DK equivalences
¢ Bergner model structure (2007)

2. dgCat, consists of small categories enriched over chain complexes.

¢ chain complexes Home (%, y)
* WE = quasi-siomorphisms
¢ Takana model structure (2005)

In case of DG categories, there is a (2-object) square-zero functor

E:Ch, — dgCat,

_ |k \%
V%EV—[;—);]—{O k}'

thus we have a short exact sequence

0 \% EV kxk — 0

which gives a square-zero extension.
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Fibrant Objects in §C

Proposition 6.16 ([34]). The fibrant objects in SC are precisely the simplicial categories
C will all Map, (—, —) being Kan complexes (i.e. fibrant in sSet).

Proof. Recall fibrations are the morphisms with right lift property with respect to
generating acyclic cofibrations, and fibrant objects are the simplicial categories
so that the unique map € — * is a fibration.
Observe that the lift
UAxn)) — €

exists for all n > 0 if and only if the lift

Ax ] —— Mape(x,y)

exists in sSet for any x,y € Ob(C), if and only if Map(x,y) is fibrant for any
x,y € Ob(C).

Condition A2 holds automatically because {x} — H has a (unique) projection
p: H — {x}, so for any f : {x} — € there is a lift as follows.

x—e
o[
K

O

Cofibrant Objects in S€ Embed SC — sCat so that every object € in 8C is
viewed as
Ch={Ct— eI —¢e, -}

with
* constant set of objects Ob(Cr) = Ob(C).
* Home, (x,y) == Mape(x, y)n.

We call f € Home, (x,y) an n-arrow in C. We will think of C, as a right module
over A.

Recall a morphism in a category D is atomic if f = f’ o " implies either
f' =id or f =1id.
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Lemma 6.17. If € is a simplicial category, for any n-arrow f € Home, (x,y) can be
factored uniquely as
f=foa

for some oc: [n] — [m] € AT and £ an atomic m-arrow.
Definition 6.18. A simplicial computad is a simplicial category with properties
P1 each Cj;, is a free category generated by atomic n-arrows,

P2 for any o € AT, f is an atomic m-arrow if and only if f o & is an atomic
n-arrow.

Proposition 6.19. Cofibrant objects in SC are precisely simplicial computads.

Key fact. Simplicial computads are closed under retracts.
Proposition 6.20 ([B3]). SC is right proper.
Proposition 6.21 (Lurie). SC is left proper.

This property is important for localization.

Deficiency
1. 8Cis not (known to be) a simplicial model category, i.e. (MC?7) fails.

2. 8Cis not a cartesian monoidal model category. For any cofbration f : A —
A'and g:B — B/,

AXB/HA/XBC—)A/XB/
AXB

is not necessarily a cofibration. For instance, f : @ — [1] and g : @ < [1]
are cofibrant, but @ — [1] x [1] is not.

3. Colimits in 8C are very difficult.
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7 Segal Categories and Complete Segal Spaces

7.1 Segal Spaces
7.1.1 Category I' and I'-spaces and A-spaces
The main reference for this section is [S2].

Question 7.1. How to characterize spaces equipped with homotopy invariant (alge-
braic) structures?

Example 7.2. Fix a pointed (homotopy type of) space A € Sp,. Consider
Map, (A,—) : Ho(Sp,) — Ho(Sp,)

X ——— Map, (A, X)

A Given X € Ho(Sp, ), does thereexist Y € Ho(Sp, ) such that X ~ Map, (A, Y)?

For example, for A = S™, Map, (S™,Y) = Q™(Y) is the n-fold loop space.
B Given a criterion in (A), how can we recover Y from X ~ Map, (A, Y)?

Example 7.3 (Segal). How to characterize infinite loop space?

Recall a space X is an infinite loop space if X = E(, where is an Q-spectrum
{E, 01 B4 = QE;i41}i>0 such that X ~ Ey. The category of infinite loop spaces
has morphisms the homotopy classes of maps fo : Eg — Dy such that there
exists f; : E; — Dj such that the following diagram commutes.

Ei — QFiy

f{ iQfH]

Di — ODi;1

General Approach Find a small (simplicial) category € (usually moniodal,
with a distinguished object 1) together with a functor

X:C —— Sp,

with the property that X causes a desired structure if and only if X(1) ~ X.
Let’s look at example 7.3.

Category I' We define I'°P as the full subcategory of the category Fin, of
pointed finite sets with

* objectsny =1{0,1,---,n}where 0 is the base point, and
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* morphisms are maps f : n; — m of sets which preserve base points, i.e.
f(0) =0.

Segal’s original definition of T" is the category with objects representatives of
iso-classes of all finite sets and maps

Homp(S,T) ={0:S — P(T) such that O(«) N O() = @, whenever « # 3}
where P(T) is the power set of T.
Exercise 7.4. 1. Check that I is indeed the opposite of I'°P.

2. There is a different description of I'°P. Let Fin’ be the category of finite
sets with morphisms being partially defined maps f : X — Y in Mor(Fin’)
is a given by a pair (D(f), f : D(f) — Y) where D(f) C X and f is an honest
map between sets.

3. Composition is given by
gof=(D(gf) = '(D(g)),gof:D(gf) - Z).
There is a natural functor
D:T°? —— Fin’
ny ——n={12---,n}=n\{0}
(f:mny »>my) —— (D(f),f:D(f) > m)

where D(f) ={x € n, f(x) # 0} C n.
Lemma 7.5 (Segal). D is an equivalence of categories.

Proof. The inverse functor is

~

(=) : Fin’ — Fin, «—= [°P
X —— Xy = XU{}
(fX%Y) = (erZXJr—)YJr)

where

 [f(x), xeD(),
f“”_{& x & D(F).
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Consider in '°P the following map

Pk iny — 1y (1<k<n)
where
0, 1=0,
Pnx(i) =41, i=k,
0, i1#0,k

In T this gives us maps
(pflrk:lﬁ’r—>n°+, (1<k<n)

or equivalently,
n n
o =[TeRe: 119 — n2

k=1 k=1
called Segal map.
Definition 7.6. A I'-space is a functor X : '°P — sSet such that

S1 X(1) = A[0]4 is an isomorphism in sSet.
xX(mm

n
S2 X = H X(onk) : X(n) ———are weak equivalences for all n > 2.
k=1

If X(¢@n) happen to be isomorphisms for all n > 2, then X is called a strict
I'-space.

Remark. In [S1], (S1) is a weak equivalence.

Theorem 7.7. The category of all strict T'-spaces is equivalent to sAbMon the category
of simplicial abelian monoids.

Theorem 7.8 ([S1]). The category of all T-spaces is equivalent to the category of infinite
loop spaces.

Question 7.9. Tuake some algebraic category A (e.g. A = Mon, Gr, Ab), is there any

analogue of Theorem 7.72

Analogy [Algebraic Goemtry] Let X be a smooth projective algebraic variety
(e.g. X =g,n > 1), Coh(X) be the category of coherent sheaves on X and
PP (X) = Ho(ChP (Coh(X))).
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Theorem 7.10 (Serre). Let A = P, HO(X, Ox (1)),
Coh(X) < grMod(A)/FDim(A) = Proj(A)

M=M i M

Theorem 7.11 ([B1]). There is an equivalence of triangulated categories
DP(") —— DP(Rep'(QR"))

where Q, is the Beilinson quiver

Xg ) Xg” Xgﬂ*Z) X[T\*‘)
Qn={o ° : o o}
0 1 n
(0) (M (n—2) (n—1)
Xn+1 XTL+] Xn+1 Xn-H
with the relations
XEHUX)!U _ 4””@”, 1<i,j<n0<1<n-—2.

Connection between A and I' There is a natural functor defined by

where
0(f)(1) = enlf(i—1) <j < f(i)}

Lemma 7.12. 0 : A — T maps the following Segal maps
ok 1] = ], 0<k<n-—1
0 — Kk,

1 — k+1.

in A to the Segal maps in T,
6(0(n'k) = (Pfl,k-

Check.
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7.2 Segal Spaces

Recall in A, we defined

0—— 1,
1T — 1i+4+1.

These give us maps of simplicial sets

ol Al > Aln], 0<i<n-—1

*

f—— alof.

Define for all n > 0, the simplicial sets
n -
G(m) = |J ail1] C Alnl..
i=0

More conceptually,

Example 7.13. G(0) = A[0]. and G(1) = A[1]..
Recall A[Tﬂk = {(jO/ e /jk)/o § jO S e S jk S T\.} Whenn = 2/

0—— 0 0——1
1 —— 1 1+— 2
SO
ch AN, —— A[2], ocl A, — A[2],

and
G(z)k :{(0/ /0/1/ /1)}U{(1/ /1/2/ /2)}
contains 2(k + 2) — 1 elements. In fact

but for n > 2, they are different.
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To sum up, we have natural inclusions in sSet
S ={a:GM)s = Anliln>2.

For any K € sSet, these maps induce

Kn = Homgge(Anly, K) —— Homgset(G(1), K) = Ky XKy K1 X Xy Ky

Recall sSp = sSetn is the category of simplicial spaces (i.e. bisimplicial sets).

There are two natural embeddings

1. constant
c:sSet » sSp

(7.1)
X — C(X)
where
p— % DY
cX)= XET—X¢+—- -}
are the constant simplicial spaces.
2. transpose
—)t:sSet » sS
(—)" :sSet » sSp 72)

X —— Xt

where
(X)'= {e(Xo) £ e(X1) £ -4}

are called discrete simplicial spaces.
Definition 7.14. Given W € sSp, we have natural maps of simplicial sets,
Dy : Wy =Map(AMnlL, W) —— Map(G(n)t, W) =Wy Xy, X -+ xw, Wi
called Segal maps.
Example 7.15. Recall there is a natural functor
sN:8C + sSp
called the simplicial nerve. This functor factors through

8C < sCat
C — C,

where

{eq:tensor-hom}
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is a simplicial category with Ob(Cy) = Ob(C) and Mor(Cy,) = Map(—, —)n.
Define sN(C)sn = N(Cp )4 for € € 8C. That is,

SN(@)TL = MOT(C) XOb(C) Xoee XOb(C) MOT(C)

n

sN(C)1 Xen(e), ** XsN(e) SN(C)1-

n

~

For n > 2, the Segal maps are isomorphisms.
Definition 7.16 (Rezk). A simplicial space W is called a Segal space if

1. all gn : Wy — W, Xw, *+ Xw, W are weak equivalences in sSet for
n>2.

2. Wis Reedy fibrant. 20

Remark. 1. A discrete simplicial space W = X" is Segal if X = N(€) for some
small category C.

2. A Segal space W is strict if all @, are isomorphisms. Strict Segal spaces
are exactly simplicial nerves of small simplicial categories, i.e. W = sN(C)
for some C € Ob(8C).

3. Rezk nerves (classifying diagrams of small categories)
NR: Cat —— sSp
€ — N(Iso(€™))

are Segal spaces.

Theorem 7.17 (Rezk). On sSp there is a simplicial left proper combinatorial model
structure SeSp with

* WE = maps f : X — Y such that f* : Map(Y,W) — Map(X, W) are weak
equivalences of simplicial sets for every Segal space W.

e Cof = monomorphisms X — Y. 2!

Proof. We define SeSp = Ls(sSpR¢¢9Y) to be the left Bousfield localization
of the Reedy model structure with respect to the set of maps S = {G(n)! —
An]t). O

20This ensures some natural constructions are homotopy invariant.
2I'Thus SeSp is cofibrant model structure.
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7.2.1 Segal Spaces As Categories Up To Homotopy

We want to mimic in Segal spaces the structure of simplicial categories.

Idea Segal categories are “categories up to homotopy”.
Definition 7.18 (Rezk). Let W be a Segal space,
1. Ob(W) =W, o = (Wp)o the 0-simplices in W.

2. Given x,y € Ob(W), define the mapping space map,, (x,y) to be the
pullback in sSet

mapy, (x,y) —— W,

=l
l J{don]

* ={(x,y)} —— Wp x W,.
or equivalently, this is the homotopy fiber product

3. for any x € Ob(W), define idx = so(x) € map,,,(x,x)o, where sp : Wy —
wy.

4. next, we should define composition map.

Remark. W is Reedy fibrant implies that dg x dq : W1 — Wy x W) is a fibration
in sSet. This implies that map.,,(x,y) is homotopy invariant, and therefore the
homotopy type [map,,, (x,y)] of the simplicial set map,,,(x,y) depends only on
the homotopy types [x], [y] in 7o (W). So we can write

map,, (x,y) =~ hofiby y(p2).

Notation. We can also write map,,,(x,y) = {x} x \}}VO W, X\]}Vo {y}.
Recall the coskeleton tower for N > 0, iy : A<y — A induces

sSp = Fun(A°P, sSet) 500N s<NSp = Fun(Ag’\],sSet)

which has both left adjoint (in); and right adjoint (in )+,

sSp

|
(iN)!<iN)* (in)«
1

s<nSp

and coskn (W) = (in)«(in)* (W) and we have a canonical map W — cosky (W).
Take N = 0, we have cosky (W), = Wg”. Define py : Wn — cosko(W)n.
In particular, forn =1, py =dy x dy : W; = Wy x W.
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Definition 7.19. For (xq, - ,xn) € Ob(W), define
mapy, (xo, -+, xn) = hofib(y ..« )(Pn)

maPW(XO/ e /XT‘L) e WTI.
| [P
{(XO/"' /Xn)} — W(;LJF]

Again, W is Reedy fibrant and pr, is a Kan fibration.
Observe that p, factors as

Wi Pn W51+1

which gives us map of fibration sequences

mapy, ((xo, -+, Xn) Wy ———— Wyt

- Jon

P 1
mapyy, (Xo,X1) X - X mapy, (xn_1,xXn) —— Wj Xy, - Xw, Wi —— WG

0

thus for all n > 2, we have natural maps
Pn cmapyy, ((xo, -+, Xn) —— mapyy(xo,X1) X - - - X mapyy (Xn—1,%n).
In particular, for n = 2 and any x,y,z € Ob(W), we have maps
®2 :mapyy,((x,y,z) —— mapyy(x,y) x mapy,, (y,z).

In addition, we have projection map

mapw((x,y,2) W, —P2 5 W3
d]lN ~Jd1 JPH XPpr)
mapw (x, z) W, Ll Wy x Wo.

Definition 7.20. Given f € map,, (x,y) and g € map.,,(x,y), define

gof=di(e;'(fg)).

Note since ¢; is a weak equivalence, not an isomorphism, this composition
is only unique up to homotopy.

106



Lecture 25: Segal Spaces 10 May 2021

Definition 7.21. Given f, g € map,, (x,y) we say f ~ g in map,,(x,y) if [f] =
lg] € momap,, (x,y), i.e. f, g are in the same component of map,,,(x, y).

{lem:htpy}
Lemma 7.22. Given f € map,y(x,y), g € map,y(y,z), and h € mapy, (z,w),

then the composition map satisfies
1. homotopy associativity ho (gof) ~ (hog)of.
2. homotopy identity f ~ f oidy ~idy of.
Definition 7.23. The homotopy category Ho(W) is defined by
e Ob(Ho(W)) = Ob(W) and
* Hompy,(w)(x,y) = 7o (mapyy, (x,y)).

We call f € mapy,,(x,y) a homotopy equivalence in W if [f] is an isomorphisms
in Ho(W).

Notice f is a homotopy equivalence if there exists h, g € mapy,,(y,x)o such
that fo g ~ idy and h o f ~ idy. Furthermore, lemma 7.22 implies

g~idxog~(hofjog~ho(fog)~hoidy ~f.

Lemma 7.24. If [f] = [g] in Ho(W), then f is a homotopy equivalence if and only if g
is.

Question 7.25. How to characterize homotopy equivalences?

Take a simplicial set

Z3] :.’N{ 0 2 1 3 }
Notice that Z(3) — N(?) = A3, s0 Z[3]* — A[3]* in sSp.
Map(A[3]t, W) ” Map(Z[3]t, W)
W; lim{W; 25 Wo <28 wy 25w, <28 wy)

Answer: (check) f is a homotopy equivalence if and only if (idy, f,idy) lifts
along 7 to W3.
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7.3 Complete Segal Spaces

Definition 7.26. The space of homotopy equivalences in W is Wyq € W
consisting of components with 0-simplices being homotopy equivalences

Wheq = {f € Wy : fo € mapy, (x,y)o such that [fy] € Iso(Ho(W))}.
Notice that for any x € Ob(W), idx = so(x) € Wheq € Wj.

Definition 7.27. W is called a complete Segal space if sy : Wy — Whegq is a
weak equivalence in sSet.

The map s( can be equivalently defined as follows.
LetI= {0 =—— 1} , then the natural inclusion Tl gives us

All], = N(I) = E.
Lemma 7.28. 1. The image of
Map(E', W) —— Map(A[1]t, W) =W,
is in Wheq, and we have a weak equivalence

Map(EY, W) —— Wyeq —— Wi

2. p*: Wy — Map(EY, W) is a weak equivalence if and only if s : Wo — Wheq
is a weak equivalence.

Definition 7.29. Let So = {A[1]* — Et}and S = Sy U S, then the model category
of Complete Segal Spaces is

C88 = L, [SeSp] = Ls[sSpRecdy].
Theorem 7.30. CS8S is a left proper combinatorial simplicial model category with
1. Cof(C88) = Cof(SeSp) = Cof(sSpReedy) = monomorphisms in sSp.
2. Fibrant objects are complete Segal Spaces.
3. Amap f: X — Y is a weak equivalence if and only if

Map(f, W) : Map(Y, W) —— Map(X, W)

are weak equivalences for any complete Segal spaces.
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8 Bousfield Localization

8.1 Bousfield Localization
Recall if M is a simplicial model category with mapping space
Map,(—,—) : M°P x M —— sSet
If M is a model category, we can apply simplicial localization to (M, W)
LM, W) = F.MI(FW) ]

and Hammock localization
LHov, w)

Fact8.1. 1. For a simplicial model category, there is a DK equivalence
M —— LHOV, W).

2. For a model category, there is a DK equivalence >

LV, W) ~ LH (v, w).
Definition 8.2. A homotopy mapping space in a model category M is given by
Maph(— =) = Mapy (5 ) (——)-

8.2 Left Bousfield Localization

Definition 8.3 (Bousfield). Let M be a model category, and 8 C Mor(M) be a
class of morphisms in M,

1. W € Ob(M) is called S-local if

e Wiis fibrant in M,
e foranyf: A — Bin$,

*: Maph (B, W) —— Maph (A, W)

is a weak equivalence of simplicial sets.

2. A morphisms g : X — Y is called 8-local equivalence if for any 8-local
object W,
g* : Mapl, (Y, W) = Maph (X, W)

is a weak equivalence of simplicial sets.

22There is no explicit map L(M, W) — LH (M, W) but zigzags of weak equivalences.
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Remark. 1. Recall in a model category, amap g : X — Y is a weak equivalence
if and only if

Map?, (g, W) : Maph, (Y, W) —— Maph (X, W)

is a weak equivalence for any fibrant object W in M. And there is a similar
behavior in the localized case, where 8-local objects should be viewed as
fibrant objects and 8-local equivalences are the weak equivalences which
can be detected by 8-local objects.

2. When 8 ={f : A — B} contains a single morphism, we use f-local instead
of 8-local.

3. When f: ® — A, we say A-null to imply f-local.
4. Dually, one can define 8-colocal objects and 8-colocal equivalences.

Definition 8.4. The left Bousfield localization £g(M) to be the model category
with the same underlying category M with

* WE(Lg(M)) = S-local equivalences.

e Cof(Lg(M)) = Cob(M).

* Fib(Lgs(M)) = RLP(Cof(Ls(M)) N WE(Lg(M)).
¢ fibrant objects are 8-local objects.

Remark. This idea provides a very general setting for localization.

Cohn Localization (universal localization for (non)commutative rings). In
commutative algebra, let A be a commutative algebra and S be a multiplicative
closed subset of A, we can define localization A[S™'].

In noncommutative algebra, we start with a noncommutative ring A and a
class of morphisms

S={fi: Pi = Qikier
where P;, Q; are finitely generated projective (left) A-modules.
1. LetS ={s; € A}er,
S= {fi Ao A, a— (181}161
2. A = kQ where Q is a quiver. Let P; = Aej, any arrow a : i — j gives a

map
a: Pj —_— Pi

€ — €;a = ae;
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and localization is equivalent to formally adding an inverse of the arrow
a.

e ——kp
a

Example 8.5 (Chain complexes). Let M = Ch(A) be the category of (unbounded)
chain complexes of left A-modules. Let § C Mod(A) C Mor(Ch(A)) be a set of
objects. M is equipped with mapping spaces given by morphism complexes.

Maph (—, —) = Homp (—, )
1. Wisa S-local complex if forany f: P — Qin S,
Homx (Q, W) —— HomAp (P, W)
is a weak equivalence.

2. f: P — Q is an S-local weak equivalence if
Homx (Q, W) —— HomAp (P, W)

is a weak equivalence for all S-local complex W.

Definition 8.6. A Cohn localization of A with respect to S is a map of algebras
p:A — A[S™ ] such that

1. p*(f):AlST'I®AP —— A[S 'I®a Q isaweak equivalence for any
f:P—>QinS§,and

2. pis universal among all such maps.
Exercise 8.7. Show
1. for any X € M = Ch(A), there is a morphism ps(X) : X — Lg(X) such that

* ps(X)is an S-local equivalence.

* Ls(X)is an S-local object.
Moreover, Lg(X) is unique up to quasi-isomorphism.

2. For X = A concentrated in degree 0, Ls(A) has a structure of DGA such
that

H;i(Ls(A)) =0,Vi< 0.
3. Ho(Ls(A)) = A[S~ '] the Cohn localization.

Theorem 8.8 (must be). Hi(Ls(A)) =0, Vi > 0 if and only if Cohn localization is
stably flat, i.e.
Tor{(AIS™'], A[S7']) = 0,Vi > 0.

111



Lecture 27: Basic Properties 14 May 2021

8.3 Basic Properties

Theorem 8.9. For any left Bousfield localization,
j=id: M —/— Lg(M):id=q
is a Quillen pair with the left adjoint being homotopical. This implies
1. WE(M) € WE(Ls(M)).
2. Cof(M) = Cob(Lg(M)).
3. Cob(M) NWE(M) C Cof(Lg(M)) N WE(Lg(M)).
4. Fib(M) D Fib(Lg(M)).
5. Fib(M) N WE(M) D Fib(Lg(M)) N WE(Lg(M)).
The derived counit is
joRq — idpo( 2 g (M)

The derived unit is
N :idpev) — Rqoj =L,

and for any X € Ob(M),
nx : X = Ls(X) = Rioc(X)
is called the localization map, where £g(X) is fibrant replacement in £g(M).

Proposition 8.10 (Weak Whitehead). If X, Y are S-local objects, then f : X — Y is
8-local if and only if f is a weak equivalence in M.

Corollary 8.11. This gives a characterization (unique up to weak equivalences in M)
for X — L¢s(X) as a local 8-equivalence into a 8-local object.
Take an 8-local equivalence f : X ET—) w
—Lloc

S—1loc

X —— W
T
S— loc\[ l
LS(X — k

When f is 8-local, so is «, thus « is a global weak equivalence.
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Theorem 8.12 (Left Bousfield localization is left localization). The functor j :
M — Lg(M) is the left S-localization in the sense, given any left Quillen functor
F: M — N such that

ILF : Ho(M) — Ho(N)

maps B € § to isomorphisms in Ho(N), there exists a unique factorization

M F N

Lg(M)

where F is left Quillen.

Theorem 8.13 (Localization of Quillen pairs). Let F:M —— N:G bea
Quillen pair, and let § C Mor(M). Assume Lg(M) exists, then (F, G) localizes
at 8, i.e. induces Quillen pair

LgF: LgM ﬁ N:LgG

if and only if
LF: Ho(M) — Ho(N)

takes f € § into isomorphisms in Ho(N).
In particular, Quillen equivalences localize to 8-local Quillen equivalences.

Theorem 8.14 (Existence). Let M be a left proper cofibrantly generated model category.
Assume that M is either

o cellular [H2], or
e combinatorial [D2]
then L£g(M) exists for all § C Mor(M).

Definition 8.15. A cofibrantly generated model category M is called combina-
torial if M is locally presentable, i.e.

1. all small colimits in M exist,

2. there exists a set P of small objects>® in M such that every object X in M is

the colimit of a small diagram J XM such that X(i) € P

Z3an object X is small if hy commutes with filtered colimits.
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Theorem 8.16 ([D2]). Combinatorial model category has a small presentation, i.e.
there is a small category C and 8 C Mor(UC) the universal model category generated
by € such that any functor vy : € — M where M is a model category factors through
UC and there is a adjunction (Res, Singy )

e—Y M

\ ReV

ue

(which is unique to “homotopy”) such that (Res, Sing) localizes at 8 gives a Quillen
equivalence

UC/8§ —— M

where UC/8 = Lg(UEC).

8.4 Complete Segal Spaces v.s. Segal Categories

Theorem 8.17 ([R1]). S-local equivalences in €88 are precisely the DK equivalences,
namely, a map £ : Wy — W, is an 8-local weak equivalence if and only if

DK1 for any objects x,y in W7,
f:mapyy, (x,y) —— mapyy, (f(x), f(y))

is a weak equivalence, and

DK2 Ho(f) : Ho(W7) — Ho(W,) is an equivalence of categories.

8.5 Higher Segal Spaces

Remark (Models for (co, n)-Categories). Complete Segal spaces have a natural
generalizations by replacing A = ©7 by ©,, for n > 2. For detailed discussions
about ©-construction (Joyal), please see [R2] and [B2].
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