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This is the second volume of the ‘Derived Categories in Algebraic Geometry’
series. It’s focus will be threefold:

1. Develop the theory of stable co-categories in the sense of Lurie’s Higher
Algebra [HA], using Cisinski’s framework in [HCHA] for higher category
theory as a starting point.

2. Extend the standard theory in Section 2 of the first volume [DcAG] to
the derived oco-category of quasicoherent sheaves on a scheme, and discuss
enhanced derived-categorical invariants in this setting.

3. Develop and discuss the theory of stacks, derived algebraic spaces, and
derived stacks using oco-categories.
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Derived categories in AG: II

1 The theory of oco-categories

This section will be focused on reviewing the major constructions in [HCHA]
related to the standard yoga of oo-categories. Heavy citations are given to
Cisinski’s book, and proofs are often not fully present or self-contained. The
point will be to review enough co-categorical material to proceed to the defini-
tion and constructions involved in stable co-category theory. Out of principle,
we skip combinatorial arguments.

Remark 1.0.1 Our notation will differ from Cisinski’s and Lurie’s, though we
use more of the latter than the former.

1.

We write the simplex category as A, and the category of simplicial sets
as sSet = Fun(A°P, Set). We try to write ‘big’ 1-categories in bold, and
small 1-categories as A, B, .... 8 denotes the co-category of spaces.

. General simplicial sets, or things which are supposed to be Kan complexes,

are denoted by X,Y, ..., while co-categories are denoted by C,D,.... In
either case we denote objects/simplices by lowercase letters.

. The naive mapping space between two objects of an co-category is written

C(z,y), the smart mapping space is written Mape(z,y). The internal
Hom in simplicial sets is written Hom(X,Y"). The core of an oo-category
is written C~. We also write Map y (F, G) for the relative mapping space
when X is a simplicial set and F,G are objects of sSet/X. TODO: Fix
Map_C notation

We denote the major model category structures by

sSetkq sSet joy (sSet/X)con (sSet/X)cov,

i.e. the Kan-Quillen model structure, Joyal model structure, and con-
travariant and covariant model structures on the slice.

. In this section, the word ‘category’ refers to a 1-category, and we use oo-

category explicitly. After this section, ‘category’ will mean oo-category
and we say l-category explicitly.

. We refer to the entire package of [HCHA, Section 2.4] as the Cisinski

model structure associated to a category PSh(A) of presheaves over a
small category, equipped with an exact cylinder I and a class of I-anodyne
extensions.

If M is a model category, then we write Ho(M) for its homotopy category.
In contrast, if € is an oo-category then we write hC for its homotopy
category, following Lurie in [HTT]. If X is an arbitrary simplicial set,
we write 7(X) for the left adjoint to the nerve functor Cat — sSet, so
7(€) = hC in the case of an co-category.
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Preparation for stable oco-categories will need a good working knowledge of
the co-categorical analogues of standard category-theoretic constructions (i.e.
(co)limits and adjunctions), and co-categorical localization.

Remark 1.0.2 We write Hjo, = Ho(sSetjoy) and H = Ho(sSetkq). By
[HCHA, Prop 3.3.6], Id: sSetj,, — sSetkq sends categorical anodyne exten-
sions to anodyne extensions, so it follows from [HCHA, Prop. 2.4.40] that it is
a left Quillen functor. In particular it preserves weak equivalences, and induces
the adjunction
(—)ePd: Hyoy 2 H 4.

We usually regard the objects of Hjoy and H as being oco-categories and oo-
groupoids respectively. We recall that the two model structures have shared
model cylinders J = A'[f~!], thus Homy (A4, X) = Homy,,, (A, X) whenever
X is a Kan complex. In particular, ¢ is fully faithful. We also often regard
(—)ePd as Ex™.

Remark 1.0.3 The term ‘category’/‘l-category’ loosely means a conventional
category, and we usually omit nerve notation N(—) unless there is a good
reason to keep it. However, when we want to consider 1-categories in the
context of oco-categories or simplicial sets we use the following observation:
The following are equivalent for an oo-category C:

(a) There exists a category C and an equivalence of oo-categories € ~ N(C).
(b) The unit map € — N(hC) is an equivalence of co-categories.
(¢) The unit map ¢ — N(hC) is a trivial fibration.

(a) = (b) comes from naturality of the unit, and the fact that a map N(C) —
N (D) is an equivalence of oo-categories iff the corresponding map C — D is
an equivalence of categories ([HCHA, Rmk. 1.6.11]). (b) = (c) follows from
the fact that € — N(hC) is always a (conservative) isofibration: it is an inner
fibration as a map from a l-category to an oo-category ([HCHA, Ex. 3.2.7]),
and it is conservative and surjective on morphisms, hence it is an isofibration.
Thus it is a Joyal fibration by [HCHA, Thm. 3.6.1] and the equivalence follows.

Thus we are justified in defining a 1-category in this context to be an oo-
category satisfying either of the equivalent conditions above. Especially since
this map is a trivial fibration, this condition passes well between model-
theoretic notions much better than, say, arbitrary equivalences of categories.
It is clear that the corresponding statement holds if we replace co-category
with oco-groupoid.

Ezample 1.0.4 The definitions above also have the following pleasant conse-
quences:

1. An oco-category C is a 1-category iff 7, (C(z,y), f) = 0 for all z,y € € and
morphisms f: x — y, and n > 1.

2. An co-groupoid D is a 1-groupoid iff 7, (D,xz) = 0 for allz € D and n > 2.
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For (1), note that nerves have discrete mapping spaces. Conversely, consider
the map € — N(hC), and induces the map

e(l’,y) - Homhe(x,y) = ’/To(e(l'7y))

by [HCHA, Prop. 3.7.2], regarding the target as discrete. This induces an
isomorphism on all homotopy groups by assumption, hence is an equivalence
of oo-groupoids by [HCHA, Cor. 3.8.14]. Thus € — N(hC) is fully faithful,
and it is the identity on objects, hence an equivalence ([HCHA, Thm. 3.9.7]).
For (2), note that an oco-groupoid which is a 1-category is a 1-groupoid, so it
suffices to prove that the criteria of (1) holds. This follows immediately from
the fact that 711 (D, z) = 7 (D(x,y), f), see e.g. Example 1.1.11. Lastly, the
proof of (1) shows that there is a third well-defined notion we can set, which
is that of an oo-groupoid being discrete, which occurs when 7;(D,z) = 0 for
all i > 1 and z, i.e. the map D — N(hD) gives an equivalence of D with a
discrete groupoid.

FEzample 1.0.5 We also have decent behavior regarding pullbacks and 1-
categories. First, suppose we have a Cartesian diagram in sSet

¢ — D
IR
e——D

where €, D, D’ are 1-categories and p is an isofibration. Then €' — C is an
isofibration and thus €’ is an co-category. Moreover, we have a commutative
diagram

DL De—0

l [

W 2P hp e

with vertical maps all trivial fibrations. It is clear that h(p) is also an isofibra-
tion of the underlying categories by definition, hence its nerve is an isofibration.
Thus by [HCHA, Cor. 2.3.29], we deduce that

¢ 2D xp € — N(hD') X nmp) N(hC) = N(hD’ x,p hC)
is an equivalence of co-categories, so € is a 1-category.

Next suppose that the same square above is a homotopy cartesian diagram in
sSet oy, where all objects are co-categories, and €, D, D are 1-categories and
p is arbitrary. Factor p as
DLDLD N

where i is a trivial cofibration and ¢ is a fibration. Thus D is an co-category,
and i is an equivalence of categories so D is a 1-category. Moreover, we have
weak equivalences _

e —eCxBD —exR®D
where the RHS can be computed as € xp D since ¢ is a fibration of fibrant
objects ([HCHA, Cor. 2.3.28]). This is a 1-category by the isofibration case, so
we conclude that € is a 1-category. Note that:
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1. In the second case, we had to assume €’ is an oo-category, otherwise
we have the conclusion that any Joyal fibrant replacement of € is a 1-
category.

2. The second case is especially nice because Joyal homotopy pullbacks are
oo-categorical pullbacks in Cat., so the 1-categories form a full replete
subcategory of that category closed under pullbacks. It is also closed under
all such limits, but we haven’t demonstrated this yet.

There is also the following classical lifting property which doesn’t strictly
appear in [HCHA].

Lemma 1.0.6 The following conditions are equivalent for a morphism
p: X =Y of simplicial sets:
(i) p has the RLP against OA™ < A™ for all n > 0.

(ii) In the factorization X — Y,(x,) = Y, where Yy(x,) is the full simplicial
subset spanned by p(Xo) C Yo, X — Y,(x,) 45 a trivial fibration.

(#it) p has the RLP against all monomorphisms which are bijective on objects.

If p satisfies any of these equivalent conditions then it is called a positive
fibration. In particular:

1. The smallest saturated class containing {0A™ — A™ : n > 0} is the class
of monomorphisms which are bijective on objects, and it is equal to the
set with the LLP against the positive fibrations.

2. An inclusion Ys — Y of a full simplicial subset is a positive fibration.

Proof (iii) = (i) is clear. (i) = (ii) Since Y,(x,) < Y is a monomorphism,
this implies that X — Y},(x,) has the RLP against 0A™ — A" for all n > 0.
On the other hand it is surjective on objects, hence lifting against @ — AY.

(#4) = (ii1) Let A — B be a monomorphism containing all vertices and suppose
A" X
if g
B2y

is a lifting problem. For each o € B,,, we have 3(0)(k) = B(o(k)) = B(i(a)) =
pa(a) for some a € Ag. Thus 8 factors as B — Yj,(x,) < Y, but then the
trivial fibration X — Y}, (x,) lifts against A — B.

Consequence (1) is clear from the small object argmuent and the fact that
the class of monomorphisms containing all vertices is a saturated class, as the
intersection of two saturated classes. (2) it clear from (4¢) because ly,: Y —
Yy is a trivial fibration. O

Lemma 1.0.7 Let p: C — D be an inner fibration of co-categories.
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1. For any monomorphism A <— B which is bijective on objects, the induced
map
Hom(B, €) — Hom(4, €) X gom(4,p) Hom(B, D)
18 an isofibration of co-categories.

2. For objects x,y of C, the induced map
Mape (2, y) — Mapy, (p(2), p(y))
is a Kan fibration.

Proof (1) This map is an inner fibration between oco-categories by [HCHA,
Cor. 3.2.8|. There is a lifting correspondence of the form:

A —— h(AL Q) {1} ———— Hom(B, )~
e o
[ [ !
B — € xp h(AY, D) A' = Hom(A4,C)~ X Hom(B, D)=
H()J(AvD):

By [HCHA, Thm. 3.5.9], the right-hand map of the left-hand square is a posi-
tive fibration, so by our assumption squares of the form on the left admit lifts.
Thus the right-hand square does too; but an inner fibration ¢ is an isofibration
iff ¢™ has the RLP against {1} — Al.

(2) We have a cartesian diagram:

Map@(xvy) — @(Ala e)
N - 1
Mapy, (p(2),p(y)) P Hom(A!, D)
Lo - i

A0 @Y Hom(9AL, €) —s Hom(9AL, D)

We just saw that Hom(A',€) — P is an isofibration because A — Al is
bijective on objects. Thus the upper left-hand map is an isofibration between
Kan complexes, hence a Kan fibration. O

Remark 1.0.8 Let € be an oo-category. We make the convention that a subcat-
egory or co-subcategory of C is a simplicial subset B C € such that B — C is
an inner fibration. In particular it is an oo-category. By the previous lemma,

Mapg (z,y) — Mape(z,y)

is a monomorphism and a Kan fibration, or in other words it is a union of con-
nected components of the co-groupoid Mape(x,y). This is also equivalent to
being a full subcategory inclusion of Mape(x, y) spanned by a set of morphisms
x — y which is stable under the existence of 2-morphisms.

Here is an often-used lemma which is a simple consequence of the previous
lemma.
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Lemma 1.0.9 Let p: € — D be an inner fibration of oco-categories, and
i: A — B a monomorphism of simplicial sets which is bijective on objects.
Then for any cartesian square

¢ ——— Hom(B,0)
& —— Hom(A4, C) x  Hom(B,D)
Hom(A,D)

m which & is an oco-groupoid, the map & — & is a Kan fibration of oco-
groupoids.

Proof Denote by P the lower right-hand corner of the square. The fact that
A — B is surjective on objects directly implies that Hom(B, €) — P is con-
servative. Since & is Kan, the map € — P factors through P~, and we can
form a diagram:

& = Hom(B, €)= — Hom(B, C)
| L !

S P~ P

The right-hand square being cartesian is an expression of conservativity, so
there is a canonical map & — Hom(B, €)= making the left-hand square carte-
sian. The previous lemma shows that the right-hand map is an isofibration,
so the middle vertical map is an isofibration between Kan complexes, hence a
Kan fibration. Thus the same is true for the left-hand vertical map. Il

Remark 1.0.10 This remark discusses canonical factorizations in the Joyal
model structure. Though often we want to leave this as an abstract existence
statement, sometimes it is nice to have concrete and functorial factorizations.
Normally, we choose the following model: if F': € — D is a functor between
oo-categories, we have the factorization

€ — € X evy MAL, D) T D, (%)
where h(Al, D) C Fun(Al,D) is the full subcategory spanned by invertible
morphisms in D. It follows from [HCHA, Cor. 3.6.7] that the map
(Al D) L) 5 g

is a Joyal fibration, and the evaluations evy and ev; are trivial fibrations
([HCHA, Cor. 3.5.10]). Therefore € X p ¢y, h(A', D) — € is a trivial fibration,
and the first map of (x) is a section of this, hence a trivial cofibration. Moreover,
we have a cartesian diagram

C XD ovy H(AL, D) — CxD — C
[ 1 ]

h(ALY) {0, gy gy Pro,
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by the pasting lemma, and since € x D — D is a Joyal fibration, we conclude
that €xph(Al, D) — D is a Joyal fibration. Therefore () provides a canonical
factorization for F'. We usually at least have this model in mind when taking
homotopy fibers, and we will generally use the notion hofib, (F') to mean the
pullback of {y} — D along the second map of (). In particular, its objects are
pairs (x,v) where z is an object of € and ~ is an invertible map F(z) =% y.
We e.g. often use that in the case F' is an equivalence, this is a contractible
oo-groupoid.

More generally, given a cospan € — D « & of oco-categories, we can use this
factorization to compute the homotopy pullback

C X8 E = (CXpevg MA, D)) Xp ey, €= (€ x E) xpxp h(AL, D)

in sSetjoy. The objects of this model consist of triples (z, z,v) where z € €,z €
€, and v is an equivalence F(z) =5 G(z) in D. The previous paragraphs can
be repeated using Hom(J, D) or Hom(I~, D) instead of h(A, D); in this case
the model additionally remembers either a choice of right and left inverse to 7,
or even all of the higher homotopy data associated to the inverse, respectively.

1.1 Homotopy theory of oco-categories

The references for this section are [HCHA, 4.1-4.5,5.2,5.4,5.8]. We take special
care to write down arguments when Cisinski’s is extra terse or missing a step.
Main results consist of characterizations of terminal objects, Quillen’s theorem
A, the construction of the co-category of spaces S, and the simplified version
of straightening/unstraightening for presheaves of spaces.

1.1.1 Right fibrations and terminal objects

In what follows we will make many statements depending on a parity (i.e.
right /left, terminal/initial, etc.), and we always assume the obvious op def-
inition is made as well. We use various results of [HCHA, Ch. 1-3] without
mention; e.g. we will use oo-groupoid and Kan complex interchangeably. For
maps between co-groupoids, we use ‘equivalence’, ‘homotopy equivalence’, and
‘weak homotopy equivalence’ interchangeably. For maps between oo-categories,
we use ‘equivalence’ and ‘weak categorical equivalence’ interchangeably.

Recall that a right fibration in sSet is a morphism with the RLP against horn
inclusions A} — A" for 0 < k < n, and a right anodyne extension is a map
with the LLP against right fibrations. Thus a right fibration is also a map with
the RLP against right anodyne extensions, and by the small object argument,
the right anodyne extensions form the smallest saturated class containing these
inclusions. If f: X — Y is a right fibration and Y is a Kan complex, then f is
in fact a Kan fibration ([HCHA, Prop. 3.5.5]). Thus if f is arbitrary, for each
y € Y, the fiber X xy {y} — {y} is a right fibration, and thus X xy {y} is a
Kan complex.
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Remark 1.1.1 We recall how the contravariant model structure is defined on
the slice category sSet/C. A right fibrant object over C' is an object F' €
sSet/C such that F' — C is a right fibration.

1. We identify sSet/C as the presheaf category of the category of elements
A/C. Tt is easy to see that a map in sSet/C has the RLP against
monomorphisms of the slice iff it is a trivial fibration inside sSet.

2. Denote by I the (nerve of the) walking isomorphism, i.e. the 1-category
{0 = 1} where both compositions are the identity. Since this is a
contractible groupoid, I. — A° is a trivial fibration, so in particular
I. x X — X is a weak equivalence in either of the model structures on
sSet, for all X. It gives an exact cylinder, and forms an interval object
which detects homotopies in either of the model structures.

3. The contravariant model structure on sSet/C' is the Cisinski model struc-
ture (via the identification of (1)) associated to I.. and the smallest class
of I.-anodyne extensions containing the right horn inclusions. This class
of I.-anodyne extensions in fact coincides with the right anodyne exten-
sions ([HCHA, 4.1.7]), so it follows from the Cisinski model construction
that:

(a) The cofibrations are the monomorphisms; the fibrant objects are the
right fibrant presheaves over C.

(b) The fibrations between fibrant objects are maps over C' which are
right fibrations (of sSet), and the trivial fibrations are maps over C
which are trivial fibrations (of sSet).

(c) Weak equivalences are detected by [Y, F];. — [X,F];_ being an
isomorphism for all right fibrant F', i.e. equivalence classes under I..-
homotopy, and weak equivalences of right fibrants is I..-homotopy
equivalence.

4. We write
RFib(C) := Ho((sSet/C)con),
and usually assume the presentation where RFib(C) consists of right
fibrant presheaves over C, and Homggin(cy (F, G) = [F, G]1..

As explained, the corresponding definitions are made for the covariant model
structure on the slice sSet/C via left fibrations, and with LFib(C) its
homotopy category.

Example 1.1.2 If C = X is an oo-groupoid, then the contravariant model struc-
ture on sSet/X coincides with the slice model structure of sSetkq, because
right fibrations to a Kan complex are Kan fibrations between Kan complexes.
If C = € is an oco-category, then right fibrant objects are in particular inner
fibrations over €, and hence oco-categories themselves. Moreover, the following
are equivalent for a morphism D — D’ of right fibrants over C:

(i) D — D’ is a weak equivalence in (sSet/C)con.
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(it) D — D’ is a weak equivalence in the slice model category sSet oy /C.
(#i1) D — D’ is an equivalence of co-categories.

Indeed, (4it) is equivalent to being a weak equivalence in sSet ., ([HCHA, Cor.
3.6.6]), which is equivalent to (#4) by definition of the slice model structure.
Since D — € of co-categories is a right fibration, it is a conservative isofibration
([HCHA, Prop. 3.4.8]), and hence a Joyal fibration ((HCHA, Thm. 3.6.1]). Thus
D and D’ are fibrant objects in sSetjqy, /€. By Remark 1.1.1(2), I.x€ — Cis a
trivial fibration, and so I, x C defines an interval object compatible with both
model structures. Thus equivalence between the oo-categories is equivalent
(I x €)-homotopy equivalence in sSet/C in both (i) and (i7).

Let C be arbitrary and F, G € sSet/C. We define Hom (F, G) as the pullback:

Homq(F,G) — Hom(F,G)
(F = C) — Hom(F, C)

This is evidently bifunctorial (sSet/C)°P x sSet/C — sSet. Since A® = {F —
C'} is the terminal object, it is invariant under taking any limits, so we deduce
that Hom(—, —) preserves limits in both variables. If G is right fibrant over
C, then the right-hand (and thus left-hand) map is a right fibration by [HCHA,
Prop. 3.4.4], meaning Hom,(F,G) is a Kan complex. If ¢ € C is an object,
we write ¢: A — C for the corresponding object of sSet/C. By definition,
Hom (¢, G) = {c} x¢ G = G, is the fiber at c.

Lemma 1.1.3 Let G € sSet/C be right fibrant, suppose f: F — F' is a
morphism in sSet/C, and consider the induced map

f*+ Home(F', G) — Home (F, G)
of co-groupoids.
(a) If f is a monomorphism then f* is a Kan fibration.
(b) If f is a right anodyne extension, then f* is a trivial fibration.

(c) If f is a weak equivalence of (sSet/C) on, then f* is an equivalence of
00-groupoids.

Proof (a) Since Hom(F, G) is a Kan complex, it suffices to show f* is a right
Kan fibration. It follows from Fubini’s theorem that f* is a pullback of
Hom(F',G) — Hom(F,G) x  Hom(F',C),
F,C)

Hom(F,

which by [HCHA, Prop. 3.4.4] is a right Kan fibration. (b) If moreover f is
right anodyne, then the same proposition shows that the map above is a trivial
fibration.
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(c) We apply [HCHA, Prop. 2.4.40] to Homq(—,G): sSet/C — sSet°’,
endowing the target with the opposite Kan-Quillen model structure. Then this
functor preserves colimits, sends monomorphisms to cofibrations, and sends
the specified class of I.-anodyne extensions (= right anodyne extensions) to
trivial cofibrations. Thus it is a left Quillen functor, and hence preserves trivial
cofibrations, and thus preserves weak equivalences between cofibrant (= all)
objects by Ken Brown’s lemma. O

Corollary 1.1.4 Let C be a simplicial set. The natural map
7o (Hom (F, G)) — Homgpipcy (F, G)

is an isomorphism for each F € sSet/C and right fibrant G over C.

Remark 1.1.5 Let us recall how to construct this map. Our convention is that
if X is a simplicial set then mo(X) is the coequalizer X; = Xy — mo(X).
Applied to hom-spaces, this is induced by the natural localization functor

Homgget/c (F, G) — Homgpino) (F, G).

We have to show that given A! x F — G satisfying the additional condition
that the diagram

Alx F— @G

|

F——C
commutes, the two composites ig, 41 : F' — A'x F coincide in RFib(C'). Indeed,
these are sections of Al x F — F, so it suffices to show that this is a weak
equivalence, for which it in fact suffices to see that i;: F' — Al x F is a right
anodyne extension. This follows from the fact that i;: A® — Al is a right
anodyne extension and [HCHA, Prop. 3.4.3].

Proof (of Cor. 1.1.4) Choose a cylinder F U F — IF — F in (sSet/C)con
where the first map is mono and IF' — F is a weak equivalence. Applying
Hom (—,G) where G is right fibrant, we obtain the diagonal

Hom (F,G) — Hom(IF,G) — Hom(F, G) x Hom.(F,G)

where the first map is a weak equivalence and the second is a Kan fibration,
by Lemma 1.1.3(a, b). Therefore this is a cocylinder in the Kan-Quillen model
structure. On one hand, we have

mo Hom (F, G) = Homy (A", Hom (F, G)) = Homgget o (F, G)/~

by [HCHA, Prop 3.1.31] since Hom (F, G) is a Kan complex, where ~ is the
relation induced by Hom (I F, G)-homotopy of maps. But by construction this
is the same as the relation of /F-homotopy on Homgget/c(F, G), so again by
fibrancy of G' we conclude this is equal to Homggin oy (F, G) O
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Remark 1.1.6 We will use the following trick a few times in some proofs.
We use the language in [HCHA, Sec. 1.3] of Eilenberg-Zilber categories, and
our case will be either A = A or the category of elements A = A/C over
a presheaf. Suppose we have a model category M, a natural transformation
F — G of colimit-preserving functors A — M, and we want to test if this is
componentwise a weak equivalence. Make the following assumptions:

1. F(X) — G(X) is a weak equivalence for each representable X.

2. F and G send all monomorphisms to cofibrations between cofibrant
objects.

Then F' — G is a componentwise weak equivalence. Indeed, by [HCHA, Cor.
1.3.10] it suffices to see that the class of presheaves where it is a weak equiv-
alence is saturated by monomorphisms. By (2), for all X, F(X) and G(X)
are cofibrant, so by [HCHA, Cor. 2.3.16] this class is closed under coproducts.
By (2) and [HCHA, Cor. 2.3.19], it is closed under transfinite compositions of
monomorphisms. By (2) and [HCHA, Cor. 2.3.29], it is closed under pushouts.
This proves that it is saturated under monomorphisms. Note: In this case of
A, (1) means checking on A™ for all n, and in the case of A/C, (1) means
checking on all maps A™ — C, i.e. all simplices of C.

Corollary 1.1.7 Let FF — G be a morphism of right fibrant presheaves over
C. The following conditions are equivalent:
(i) F — G is a weak equivalence in (sSet/C)con.
(i) F — G is an isomorphism in RFib(C).
(i) For each c € C, the induced map on the fibers
F.— G,
18 an equivalence of co-groupoids.
(iv) For each X € sSet/C, the map
Hom (X, F) — Homq (X, G)
18 an equivalence of co-groupoids.
(v) For each right fibrant presheaf H over C, the map
Hom,(G, H) — Hom.(F, H)
s an equivalence of co-groupoids.

Proof (i) = (ii) as F' and G are fibrant objects of (sSet/C)¢on. (i) = (v) by
Lemma 1.1.3, and by taking mg of (v), we see (v) = (ii) by the Yoneda lemma.

Instead taking mp of (iv) shows that (iv) = (i) by the Yoneda lemma. Con-
versely, by the pasting lemma and definition, and map H — H' gives a
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Cartesian square:

Hom (X, H) —— Hom(X, H)
Hom (X, H') — Hom(X, H')

If H— H'is a trivial fibration, then Hom(X, H) — Hom(X, H') is a triv-
ial fibration (because (—) x H’ preserves monomorphisms and [HCHA, Prop.
2.1.12]), so the left-hand vertical map is a trivial fibration. Thus Hom~ (X, —)
preserves trivial fibrations, hence weak equivalences between fibrant objects
by Ken Brown’s lemma. Thus (i) = (iv).

(tv) = (4i7) holds by taking X = ¢ for each ¢ € Cjy. Conversely, we are
going to apply Remark 1.1.6 to the natural transformation Hom-(—, F') —
Hom(—,G) of colimit-preserving functors sSet/C — sSet%pQ. Indeed, by
Lemma 1.1.3 both functors send monomorphisms to Kan fibrations between
Kan complexes. Thus we reduce to the case that X = s: A™ — C' is a simplex
of C. By naturality, we have a commutative diagram

MC(S;F) — Fs(n)

! |

@C(S; G) — Gs(n)

of oo-groupoids induced by the map {n} = A — A™ and F — G. This
former map is a right anodyne extension ([HCHA, Lem. 4.1.15]), hence both
horizontal maps are trivial fibrations by Lemma 1.1.3. The right-hand map is
an equivalence, so we deduce that the left-hand map is an equivalence. (Il

FEzample 1.1.8 Let p: X — Y be a right fibration of simplicial sets. Then
p is a trivial fibration iff the oo-groupoids p~'(y) = X, are contractible for
all y € Y. Indeed, if this holds then X — Y is a morphism of right fibrant
objects over Y and X, — {y} is an equivalence for all y, so X — Y is a weak
contravariant equivalence over Y. Thus it is a trivial fibration.

Our next goal is to study the fat join and fat slices. Observe that if D is a 1-
category and d’ € D, then the fiber of D/d’ — D over d is the class of objects
of the form (d,d — d'), i.e. Homp(d, d’). We prove the co-categorical analogue
of this, which holds up to canonical equivalence.

Definition 1.1.9 Let X and Y be simplicial sets. We define X ¢ Y by the
pushout square

XxOA'xY — XUY

L

XXxAlXxY — XoY
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where the upper map is induced by the two projections
Xx0A'xY = (X xY)U(X xY) 22 x|y,

This is evidently functorial as sSet x sSet — sSet, and comes equipped with
a natural map from the functor (X,Y) — X UY. We call this construction
the fat join.

Note that (—) x T' x Y preserves colimits, and (—) U'Y preserves connected
colimits, so it is clear that X ¢ (—) preserves connected colimits. It also pre-
serves monomorphisms since products do, and pushouts of monomorphisms are
monomorphisms in sSet. On the other hand, @ ¢ Y is the pushout of & — Y
along the identity, hence is just Y. Therefore, if we write this as a functor

(=) oY: sSet — Y\sSet,

then it preserves colimits, and hence has a right adjoint which we denote by
(=)//Y: Y\sSet — sSet. If T is a sheaf with a map ¢: Y — T, the explicit
description of adjoints from presheaf categories says that

(T//Y)n = HomY\sSet (An <& Yv T)a
and we call the construction the fat slice.

Ezxample 1.1.10 In the construction above, take Y = AP, so that the map
to T is just a vertex t; € Typ. A map X — T//t; corresponds to a map
X o AY — T sending the vertex (from X LI AY) to t;. In other words, this is a
map X x A' — T such that the restriction to X x 1 is the constant map at t;.
By adjunction, this universal property implies that we have a cartesian square

T//t; — Hom(AY, T)
AT

The counit map T'//tg — T can also be described as the one given by compos-
ing the top map above with Hom(A', T') £, T. Moreover, we have another

cartesian pasting diagram as follows:

T(to,t1) — T//t1 — Hom(A',T)

I

A0t o WD pop
J{ J/pl
PN

On the right-hand side, the bottom and outer diagrams are pullbacks, hence
the upper-right diagram is cartesian. On the top, the outer and right-hand
diagrams are pullbacks, so there is a canonical map T'(to,t1) — T'//t; such
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that the left-hand diagram is cartesian. In particular, T'(to,¢1) is the fiber of
T//ty — T, so we want to study this map T'//t; — T in more detail.

Ezxample 1.1.11 Here’s a simple application of the cartesian diagram in the
previous example; suppose D is an co-groupoid, then by [HCHA, Cor. 3.1.7] the
source map Hom(A!, D) — D is a trivial fibration, so D//y is a contractible
oo-groupoid for any y € D. By [HCHA, Cor. 3.1.7], Hom(A!, D) — D x D is
a Kan fibration, so D//y — D is a Kan fibration. For any f:  — y in D, the
long exact sequence of homotopy groups gives

0=mi+1(D//y, f) = mit1(D, ) — mi(D(2,y), f) = m(D//y, ) =0

for ¢ > 0, thus m;41(D,2) == 7 (D(x,y), f) for ¢ > 0. Note that this was
known to us by definition when f = 1., so this extends the conclusion to
general maps.

Since A% o A = AY x A® = Al functoriality of the join and fat join give
canonical maps X oY — A! and X *Y — A! (which are the projections to
the added lines). We prove the following result up to its combinatorial input.

Proposition 1.1.12 There is a unique map vyx,y: X oY — X *Y natural in
X andY making the diagram

XUuY — XxY

=
J/ /’Y’ l

XoV —— Al

commute. For each X and Y, vxy 15 a weak categorical equivalence.

Proof We define this map on n-simplices. An n-simplex of X x Al x Y is a
triple (z,4,y) where z € X,,,y € Y,,, and ¢ is the unique integer with —1 <
i < n which is the largest number that the corresponding map [n] — [1]
sends to 0 € [1]. Here, if it is the constant map at 1 then ¢ = —1. Identifying
(X xY), :Ui+j+1Xi x Y;, we define a map cxy: X x Al xY — X %Y by

(l‘,i,y) — (.’L“A{U,..,,i}7y|A{i+1 ,,,,, n})~

This map makes the diagram

XxOA'xY — XUY

! l

X x A xY &% Xy

commute: Indeed, starting with an n-simplex (z, s, %) where s = 0 € JA!, this
corresponds to the constant map at 0 in D', so equals (z,n,%) in the notation
above, which gets sent to (x,*) € X,, x Y_; = X,,, and likewise if s = 1, this
corresponds to the constant map at 1, so equals (z, —1,y). This gets sent to
(x,y) € X_1 XY, which again agrees with the other composite direction.
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This provides a natural map X ¢Y — X %Y commuting with X LY, and it
is easy to see that that this commutes with the maps to A! using the middle
factor projection in X x A x Y and the definition of ¢ x,v. For uniqueness, we
observe that any map making the diagram in the proposition statement must
also have its restriction to X x A x Y agree with c x,v above, so the universal
property gives the result.

To show that this map is a weak categorical equivalence, we first apply
Remark 1.1.6 to the natural map (—)oY — (—)*Y of functors sSet — sSetjqy.
These functors preserve monomorphisms, and hence send monomorphisms to
cofibrations between cofibrant objects, but they don’t preserve disconnected
colimits. Instead, on @ this map is the identity ¥ — Y, so it follows that
the class of objects on which is a weak equivalence is anyway closed under
coproducts. Thus the conclusion applies and we may take Y = A™ for some
n. Likewise, we can do the same thing with X and assume X = A™ for some
m. Showing that
Ao A" — A™ % AT = AmFtL

is a weak categorical equivalence is a combinatorial argument for which we
defer to [HCHA, Prop. 4.2.3]. O

Corollary 1.1.13 For X € sSet, the functors
Xo(-) (=)o X X x(—) (=)*xX
all preserve weak categorical equivalences.

Proof The statement about joins follows from the one about fat joins and
Prop. 1.1.12. For (e.g.) the first statement, let Y — Y’ be a weak categorical
equivalence, and consider the induced diagram:

XXxA'XY +— X x0Al'xY — XUY

| | J

XXxA' XY +— X x0A'xY' — XUY’

The two left-hand vertical maps are cofibrations, and all three vertical maps
are weak equivalences: the first two by [HCHA, Cor. 3.6.3], and the third by
Ken Brown’s lemma and the fact that trivial cofibrations are stable under
pushout. By [HCHA, Cor. 2.3.29], we conclude that the induced map between
the pushouts X oY — X oY’ is a weak categorical equivalence. O

Remark 1.1.14 In the following proof, we will use the fact that if A — B and
S — T are monomorphisms, then the induced map A¢T UB¢S — B¢T is a
monomorphism. This follows from the fact that the intersection of A ¢ T and
Bo S inside of BoT is Ao S, a fact which we will also use. To see this, we use
the fact that (P Q), = P, UQ, U] (Py X Qn), where the n summands
correspond to the n non-constant maps [n] — [1]. Via this description and the
analagous fact for (—) x (—), we deduce the claim.
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Lemma 1.1.15 Letp: X — Y be a Joyal fibration, S — T a monomorphism,
and T € sSet/X. Then the canonical map

X//T = X//S xy,s Y//T

is a right fibration. If Y is an oo-category, then X//T, and X//S xy;;sY//T
are oo-categories.

Proof (1) We have to show that this map has the RLP against all right anodyne
extensions A — B, which by adjunction corresponds to showing that

AsTUBoS— BoT (%)

has the LLP against p: X — Y. Thus it suffices to show that (x) is a trivial
cofibration, and it is already a monomorphism by the remark above. We have
a commutative diagram

AoT +— AoS «— Bo S

l l l

AT +— AxS — Bx S

where the vertical maps are weak equivalences by Prop. 1.1.12, so by [HCHA,
Prop. 2.3.17] the induced map of pushouts

AcTUBoS —AxTUB=x*S

is a weak equivalence. Thus the naturality square containing (*) and its ana-
logue with the standard joins implies that we may show AxTUBx*xS — BxT
is a weak equivalence, or even a trivial cofibration.

To show this, we must prove left lifting against Joyal fibrations X’ — Y”, or
equivalently that A — B has left lifting against X'/T" — X'/S xy/,s Y'/T,
noting that X’ automatically obtains a map from T in any lifting property
square. Since X’ — Y is in particular an inner fibration, this map is a right
fibration by [HCHA, Thm. 3.4.22], so we conclude since A — B is right
anodyne.

(2) If Y is an oco-category, then apply (1) to the Joyal fibration ¥ — A®
with the same S,T — Y, which shows that Y//T — Y//S is a right hence
inner fibration. The special case where S is empty shows that Y//T is an
oo-category. On the other hand, the assumption on p implies that X is an oo-
category, so the same logic means that X//T and X//S are co-categories. By
pullback stability
X//S xyys Y/ /T = X/ /S

is an inner fibration to an oco-category, so the LHS is an co-category. ]

If T is a simplicial set, then the natural map (=) ¢7T — (—) * T induces a
map (—)/T — (—)//T by adjunction. We observe that if € € T\sSet is an
oo-category, so that € — AY is a Joyal fibration, the previous lemma with
S = & shows that €//T — C is a right fibration. Likewise, the same logic



18 Derived categories in AG: 11

applied to [HCHA, Thm. 3.4.22] shows that C/T" — C is a right fibration. Thus
C/T — €//T is a morhpism of right fibrant objects.

Corollary 1.1.16 Let C be an co-category.

1. For any T € sSet/C, the natural map C/T — C//T is an equivalence of
oo-categories, and hence a weak equivalence in (sSet/C)con-

2. Let y be an object of C. The induced fiberwise map

18 an equivalence of co-groupoids for each object x in C.

Proof (1) The functors (—)*T and (—)<oT preserve monos, and by Cor. 1.1.13
they preserve weak equivalences. Thus, they preserve cofibrations and trivial
cofibrations when they are viewed as functors

sSet oy — T'\sSetjqy,

where the target has the coslice model structure, meaning they are left Quillen.
Since (—)oT — (—)=T is a componentwise weak categorical equivalence in the
coslice by Prop. 1.1.12, the corresponding derived functors on the homotopy
categories are isomorphic. Thus the adjoint map (—)/T — (—)//T induces an
isomorphism between the right derived functors. An co-category is still fibrant
in the coslice T'\sSet oy, so /T — €//T induces an isomorphism in Hjoy. By
Lemma 1.1.15 (and [HCHA, Thm. 3.4.22]), these are both fibrant in sSetjy,
hence the map is an equivalence of oco-categories. The final statement follows
by Example 1.1.2.

(2) By Cor. 1.1.7, the map of (1) is a fiberwise equivalence. We saw in Exam-
ple 1.1.10 that (€//y)» = C(z,y), which completes the proof. O

Remark 1.1.17 We record the fact demonstrated in the proof above that the
functors (—)/T and (—)//T are right Quillen for the Joyal model structure.
Taking T = A9, this shows the important fact that if F: € — D is an equiva-
lence of oo-categories, then C/z — D/F(z) is an equivalence of co-categories
for each = € C.

The next result has the same style as the prior one: Something holds by
definition for (—)//(—), so we can deduce it up to equivalence for (—)/(—).

Proposition 1.1.18 Let C be an oco-category and x be an object of C. The
canonical map

Hom(4, €/z) — Hom(A4, €)/z
is an equivalence of co-categories for all A € sSet.
Proof The map €/x — € induces Hom(A, €/2) — Hom(A4, €), and this sends
the constant map at 1, € €/« to the constant map at x, inducing the canonical
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map in the proposition statement by adjunction. The same logic works for
(=)//(=), so we have a commutative diagram:

Hom(4, €/z) —— Hom(4,€)/z

| |

Hom(A, €//x) — Hom(A,€)//xz

The right-hand vertical map is an equivalence by Prop. 1.1.12, and the left-
hand one is too by the same result and [HCHA, Thm. 3.6.9]. We claim the
bottom map is an isomorphism: Indeed by example Example 1.1.2, we have

Hom(4,€//x) = Hom(A, {z} xe Hom(A', €))
= Hom(A, {}) Xpom(4,¢) Hom(A, Hom(A', €))
= {2} Xpom(4,¢) Hom(A', Hom(4, €))
— Hom(4,€)//x

as desired. O

Our last goal in this section is to discuss terminal objects. Note about ter-
minology: We will use final map/functor in the colimit-preserving sense, and
cofinal map/functor in the limit preserving sense. We use ‘(co)final functor’
if the source and target are known to be oo-categories. We use terminal and
initial for objects of simplicial sets.

Remark 1.1.19 A map f: X — Y of simplicial sets is final if for any C and
map Y — C, the map X — Y is a weak equivalence of (sSet/C')¢on. Note this
is the notion of absolute weak equivalence given in [HCHA, Ch. 2.5], so we
can port the entire theory of absolute weak equivalences to this setting. The
results of that section say the following basic things:

1. A monomorphism is a right anodyne extension iff it is final.

2. A morphism X — Y is final iff it factors as X — Y’ — Y where X — Y’
is a right anodyne extension and Y’ — Y is a trivial fibration.

3. The final maps are the smallest class of morphisms containing the right
anoydyne extensions which is closed under composition, and so that if f
and ¢f are in this class then g is too.

4. Suppose X — Y is a morphism and Y is right fibrant over C. Then
X — Y is final iff it is a weak equivalence in (sSet/C)con-

Note that, since 1: Y — Y is a right fibration and is the terminal object of
RFib(Y), we conclude from the last fact that f: X — Y is final iff (X, f) €
RFib(Y) is a terminal object.

Let X be a simplicial set. An object x € X is terminal if the morphism
x: AY — X is final. Since this is a monomorphism, this is equivalent to x being
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a right anodyne extension. If f: X — Y is a map and x € X is a terminal
object, then f is final iff f(z) € Y is terminal, which follows from (3) of the
remark above. Thus, just as in ordinary category theory, final functors are not
too interesting when the source has a terminal object. As usual, we implicitly
make the corresponding definition for cofinal map and initial object.

Consider the monoidal category (sSet, *, &) with the join operation. This has
a right action on the category of pointed simplicial sets sSet, = A®/sSet,
where given S and a pair (X, z¢), we define (X,zg) * S = X #,, S by the
pushout

AP xS ——— AV

Io*lj/ iol

r
X*S — X, S

which is canonically pointed as (X 4,5, To). The functoriality in both variables
is clear from the definition and the same property for *. To see that this is
associative, note that A® % S is always nonempty, hence the pushout square is
a connected diagram. Thus, observe that

(X *20 S) *Zo S/ = (X *20 S)*S/ A(ES’ Ao
=(X*xS I AYxS8 11 A°
AOxS

A0S’
=XxSx8 1T A’«xS 11 A°
AO%xSxS’ AO0x S’
=XxSxS I A°
AOxS%S’

= X x4, (S*5"),

because (—) * S’ preserves connected colimits.

Remark 1.1.20 Fix a simplicial set S, and consider the functor sSet, — sSet,
sending (X,z) — X %, S. by construction, a pointed map X *, S — (Y,y)
is a map X xS — Y sending xg * 1 — vy, or equivalently a pointed map
X — Y/S where S — Y is the constant map at y, and the base point of Y/S
is determined by the constant map A® x S — Y at 3. Thus this construction,
written (Y,y) — (Y,y)/S, determines a right adjoint sSet, — sSet..

Definition 1.1.21 We define the cone functor C(—, —): sSet, — sSet, as
the action functor (X, zg) — X *,, A = C(X, ) of the object A° € sSet,
with its canonical base point Ty € C(X, ).

Since A%x A® = Al we can also describe C(X, xq) as (X * A)/(zo* 1) where
xo * 1 is now identified with the line joining xg to the apex, which is analagous
to topology: X * A® = C'X is the usual cone, and for the pointed cone we
quotient the line joining the basepoint to the apex. By Remark 1.1.20, the
cone functor is a left adjoint to the functor (Y,y) — (Y/y, 1,).

Lemma 1.1.22
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1. A morphism p: X — Y is a right fibration iff it is an inner fibration and
for each object x of X, the map X/x — Y/p(x) is a trivial fibration.

2. IfU — V is a monomorphism, then U x A° — V x A® is a right anodyne
extension.

Proof (1) A right fibration is an inner fibration with the RLP against A —
A", Writing A? = 0A" 1+ A® ¢ A"« A" = A" the RLP against this
inclusion is equivalent to A" ! — A™ having the LLP against X/A" — Y/A°
for all maps A — X, i.e. X/z — Y/p(x) is a trivial fibration for all z € X.

(2) To see that U * A — V x A® having the LLP against right fibrations, we
can show that for each right fibration X — Y, U — V has the LLP against
X/AY — Y/A®, which we just showed. O

Ezample 1.1.23 If (X, z) € sSet,, then T € C(X,z) is a terminal object.
Indeed, T — C(X,z) is a right anodyne extension because it is the pushout
of A®+ A® — X x A®, which is a right anodyne extension since A® — X is a
monomorphism, by Lemma 1.1.22(2).

An application of this is the following criterion: Let X be a simplicial set with
an object x. If the canonical map (X/x,1,) — (X, z) has a pointed section,
then z is a terminal object. Indeed, a section of this map in sSet, would give,
by adjunction, a pointed retract of (X,z) — C(X,z). Thus z: A’ — X is a
retract of the right anodyne extension z: A? — C(X, x).

Proposition 1.1.24 For any object x of X, 1, is a terminal object of X/x.
In particular, if C is an co-category and x € C, then the commutative diagram

(z} — = €/

NS
e

exhibits C/x as a canonical fibrant replacement for x in (sSet/C)con.

Proof The second statement follows immediately because C/x is right fibrant
over C, and 1,: A% — C/x is a right anodyne extension, hence trivial cofibra-
tion. For the first part, we use the criterion explained above, along with the
following trick: Since AY is a terminal object, it has the (unique) structure of a
monoid object in (sSet, *, &). Therefore the action functor C(—, —): sSet, —
sSet.. defined by A° has the structure of a monoid object in Fun(sSet., sSet.),
or in other words is a monad. Hence its right adjoint (—)/(—) is a comonad.

Let’s unwind the definitions: the unit of A% is @ — AP, so the monad unit
is, component-wise on (X, z), given by X = X %, @ — C(X, z). Taking right
adjoints shows that the comonad counit is X/x — X. The counit axioms say
that the component at X/z, namely (X/z)/1, — X/, has a section given by
comultiplication. Thus 1, € X/z is a terminal object. ]
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Ezample 1.1.25 Let D be an co-groupoid. Then D/y — D and D//y — D are
right fibrations to a Kan complex, hence Kan fibrations. Then we have

{a} x5 {y} = {2} xF D/y = {a} x5 D/ /y = D(x,y)

because the final map y — D/y is in particular a weak equivalence in sSetkq,
hence of oo-groupoids, as is D/y — D//y. The final equality is because
D//y — D is a Kan fibration and the pullback is of Kan complexes. Note that
the same steps also hold in the Joyal model structure because everything is an
oo-groupoid. We often use the case Q' (D, z) = {z} x® {z}.

Corollary 1.1.26 Let C be an co-category. There is a canonical equivalence
Home(€/x,C/y) — C(x,y)

of co-groupoids for all objects x and y of C.

Proof Consider the maps 1,: {#} — €/z and C/y — €//y, which induce a
commutative diagram:

Home(€/x,€/y) —— Home(z,C/y) == (C/y)s

l l l

Home(C/z,€//y) — Home(z,C//y) == €(z,y)

The previous proposition shows that 2 — C/z is a right anodyne extension,
hence the upper left map is a trivial fibration by Lemma 1.1.3. The right-most
vertical map is an equivalence of co-groupoids by Cor. 1.1.16, which completes
the proof. O

Theorem 1.1.27 Let C be an oco-category and t be an object of C. The
following conditions are equivalent:
(i) t is a terminal object of C.
(i) The oo-groupoids C(x,t) are contractible for all x € C.
(iii) The map C/t — C is a trivial fibration.
(iv) The map C/t — € is an equivalence of co-categories.
(v) The map (C/t,1:) — (C,t) has a pointed section.
(vi) For n > 1, any map u: OA™ — € such that u(n) =t extends to A™.

Proof (iii) = (vi) Note that A" = A" x g U JA™ x A° by [HCHA, Prop.
3.4.17] as a subobject of A™. We thus have the correspondence of lifting
properties

OA™ — C/t OA" x A UA" x g = QA" — C

| 7 | L7

A" — €/o A" 5 A0 ——— A" &
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where the correspondence is given by pointed maps A" — €, i.e. sending
the second (—) * A factor to ¢, but this corresponds to sending n + 1 to t.

(1) = (v) We showed that (v) = (i) in Example 1.1.23. Conversely, if t — C is
a right anodyne extension, then €/t — C is a right fibration so it has the RLP
against it, giving the section.

(#i1) = (iv) This is map is already a right fibration, hence Joyal fibration,
between fibrant objects in sSet jo,. Thus the two conditions are equivalent.

(14) = (éit) Likewise, €/t — € is a fibration between fibrant objects in
(sSet/C)con, S0 being a trivial fibration is equivalent to being a weak equiv-
alence. By Cor. 1.1.7, this is equivalent to (C/t), — €, = A" being an
equivalence of co-groupoids for all = € C, i.e. equivalent to (C/t), being con-
tractible. But this is in turn equivalent to C(z,t) being contractible for all x
by Cor. 1.1.16.

(#9i) = (4) A trivial fibration is final by Remark 1.1.19(2), and the terminal
object 1; € €/t has image ¢ in C, so ¢ is terminal in C.

(7)/(v) = (iv) If t is terminal and we have a section € — €/t sending ¢ — 1,
then this is a final monomorphism, and hence a right anodyne extension by
Remark 1.1.19. Therefore it is a weak equivalence in (sSet/C)con, so €/t — €
is one too, which implies that it is an equivalence of oco-categories by Exam-
ple 1.1.2. O

This theorem will be behind many subsequent statements about co-categories,
such as characterizations of (co)limits and their corresponding uniqueness
statements.

Example 1.1.28 For instance, we see immediately that if F': € — D is an
equivalence of co-categories, then ¢ € € is terminal iff F'(¢) is terminal. Indeed,
by Remark 1.1.17, we have a commutative diagram

e/t —=» D/F(t)

l l

C——=—D

where the horizontal maps are equivalences of co-categories, so the left-hand
map is one iff the right-hand map is.

Corollary 1.1.29 Let C be an oco-category and t be an object of C. If t is
terminal, then t is a terminal object of hC. If C is a I-category, then the
converse holds.

Proof For each object x of €, we have mg (G(x,t)) = Homye(z,t) by [HCHA,
Prop. 3.7.2]. If ¢ is terminal in C, then this is the one-point set for all ¢, thus ¢
is terminal in the homotopy category. If C is a 1-category as in Remark 1.0.3,
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then m, (G(x, t)) = 0 for all n > 1 already, and the prior equality shows it for
7o as well. Thus C(z,t) is a contractible (1-)groupoid. O

Corollary 1.1.30 Let C be an co-category. If C has a terminal object, then the
full subcategory spanned by the terminal objects is a contractible oco-groupoid.

Proof Let T C € be this (nonempty) full subcategory ([HCHA, Ex. 3.9.5]),
then we claim that the map T — AY is an equivalence of oo-categories (hence
of oo-groupoids). It is surjective on objects, and by assumption it’s mapping
spaces J(t,t') = C(t, t') are contractible co-groupoids, so the maps T(¢,t') —
A%(x, %) = AY are equivalences. Thus T — AC is an equivalence. 0

We usually phrase this result by saying that terminal objects in an co-category
are unique up to a contractible choice. Concretely, it follows from Cor. 1.1.29
that any map ¢t — t' of terminal objects in € is invertible, so the mapping
space C(t,t") ~ A" is the space of equivalences between these two objects. The
choice of equivalence is unique up to homotopy, moreover given two such maps
we have two homotopies witnessing that these are equivalences. The choice of
such homotopies are unique up to homotopy, and so on.

Corollary 1.1.31 Let C be an oco-category and A a simplicial set. If t is a
terminal object of C, then the constant map t in Hom(A, C) is a terminal object.

Proof We have a commutative diagram

Hom(4,€/t) — Hom(4,€)/t

T

Hom(A4, C)

where the upper map is an equivalence by Prop. 1.1.18, and the left-hand map
is Hom(A, —) applied to the equivalence of C/¢t — €. Thus the right-hand map
is an equivalence. O

Ezample 1.1.82 This example discusses the right fibrations between ordinary
categories. Let F': C' — D be a functor of small categories; recall that F' is a
trivial fibration iff it is a surjective-on-objects equivalence. Indeed one direction
is clear; for the other direction, note that it is automatically an inner fibration,
and surjectivity on objects + fully faithful gives the isofibration condition.
Thus F' is a trivial fibration.

Now we apply this to the induced map on slices. By Lemma 1.1.22 and what
we just said, F is a right fibration if and only if C/¢ — D/F(c) is a surjective-
on-objects equivalence for each ¢ € C'. This consists of two conditions:

1. Surjectivity on objects means that for each ¢ € C' and map d — F(c),
there should be a map ¢/ — ¢ in C such that F(¢' — ¢) =d — F(c).
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2. Full faithfulness says the following for each ¢ € C: given a pair of maps
v:z — cand u: ¢ — ¢, for any g: F(z) — F(c') satisfying F(u) o g =
F(v), there is a unique w: z — ¢/ with uow = v and F(w) = g.

Such a functor F' is also called a category over D fibered in groupoids, as we
know that its fibers Fy C C' are subgroupoids of C.

In the setting of the above example, usually when one is constructing such a
functor, we have in mind the desired groupoids Fy along with some notion of
pullback functor u*: Fy — F, for every map u: d — d' in D. Then in this
case we should define C as the following category of elements construction: an
object is a pair (d, z) where d € D and © € F, and a morphism (d, z) — (d’,z')
should consist of a map u: d — d’ and an isomorphism «: z == u*z’. The
composition should be given in the following way: For

(d,l‘) (u,) (d/“%/) (v,8) (d”,l‘”)

the composite should be given by vu: d — d” equipped with
T ﬁ) ’U,*IL'/ M_B) U*’U*SCI/ o~ (’UU>*1‘//

satisfying associativity and unitality, which are the substantive conditions we
have to check. Then this data will form a category over D fibered in groupoids:
given (d,z) and a map u: d — d, we can always lift this to form (d’,u*z)
equipped with (d’, u*z) — (d, x) witnessed by the identity map. For the second
condition, start with (d,z) and v: (e,y) — (d,z) and u: (d',2’) — (d,z).
Given g: e — d’ over d, then this extends uniquely to a morphism by choosing
inverses of the associated isomorphism data. This shows that F': C — D will
be a category of D fibered in groupoids.

Ezample 1.1.33 When using the construction described above, we just need
to describe the category C properly and check that it is well-defined. There
are often tricks to doing this. For instance, ignoring size issues, consider the
following case: we take D = Sch to be the category of schemes, and C' to
be the category whose objects are pairs (X, F) where X is a scheme and F
is a quasicoherent sheaf on X. A morphism f: (X, F) — (Y, G) should be a
map f: X — Y and an isomorphism «: F == f*G, but for simplicity we can
encode this as a map f with a morphism a: G — f,F such that o’: f*G — F
is an isomorphism.

Let’s check that this forms a category. To carry out the composition

(f,)

(X, F) (v,6) 22 (7, %)

we simply take gf: X — Z equipped with

H i 9+G 23, Gu foF = (gf)*]:a

then we know that this preserves the condition that f*¢*H — F is an
isomorphism. Moreover, it is now easy to check associativity and unitality
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of composition because of the literal equalities g.f. = (¢f)« and 1x . =
Idgcon(x)- We remark that we aren’t assuming f..F is quasicoherent here, and
the morphism is taken in the category of Ox-modules. This is also the same
way one shows e.g. that O x-modules form a category, without having to check
naturality properties of pullback.

Therefore we obtain a category F': C' — Sch over schemes fibered in groupoids.
Explicitly, it is clear that Fx = QCoh(X)=. With appropriate smallness
restrictions, we can make this a right fibration. In the next section we will dis-
cuss how to think of this as a functor Sch®? — 8, where 8§ is the oco-category
of oco-groupoids.

1.1.2 The oco-category 8 of spaces

Suppose F' is a right fibrant object over C'. There are quite a few basic prop-
erties about F, viewed as a family of fibers {F. : ¢ € C} that we cannot yet
state precisely. Here is a simple example of this, and we will give a pedestrian
proof to demonstrate this annoyance.

If u: x — y is a morhpism in C, we can consider the Hom-space Hom(u, F')
of maps over C. The two inclusions A? — A! determine maps

evo evi
F, «— Hom (u, F') — F,,

and ev; is a trivial fibration by Lemma 1.1.3, because {1} — Al is a right
anodyne extension. Thus the space of sections of evy is a nonempty contractible
oo-groupoid, and choosing one produces a map £y — F,, which is unique in
the homotopy category H since ev; is an isomorphism therein. We denote this
map by u*: Fy — F, in H.

In the case that C' = C is an oco-category, we would like to use F' to define
a functor C°? — § sending ¢ — F, on objects, where § is some oo-category
whose objects are co-groupoids. We would want h§ = H, so that the induced
map hC°? — H agrees with the construction above. In this section we will do
exactly this. Let us first illustrate how even basic properties we would want
such a construction to satisfy take some work from the results we have so far.

Proposition 1.1.34 Let C be an oco-category, u: x — y be a morphism of C,
and F a right fibrant object over C. If u is invertible in C, then the induced
map

uFy = F, inH
is an isomorphism in H. In particular, any choice of the map Fy, — F, as
above, unique up to contractible choice, is an equivalence of co-groupoids.

Proof The second statement follows from the first because F, and Fy are co-
groupoids. For the first, note that by our definition it suffices to show that
evo: Home(u,F) — F, is an equivalence of co-categories, and thus that
(A% x) — (A, u) is a weak equivalence in (sSet/C)con, by Lemma 1.1.3.
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Consider the degenerate simplex A2 2% Al % @, then corresponding to the
two decompositions A% = Al x A% = A® x Al this induces two two maps
0 — C/u and A! — €/y making the diagram

{0} — C/u

Lo

Al — @y

commute. This diagrams makes the left-hand map the morphism (A z) —
(A',u) over C. The map C/u — €/z is a trivial fibration by [HCHA, Lem.
3.4.21] with n = 1,k = 0,Y = A° hence an equivalence of co-categories. By
Example 1.1.28, the image of 0 is a terminal object of C/u because its image in
C/x is one. Likewise, the image of 1 under the bottom map is 1, € €/y, which
is terminal. Thus both horizontal maps are final, and hence weak equivalences
in (sSet/C)con. Thus it suffices to prove that the right hand map in

Clx — C/u— Cly
is a weak equivalence, where the left-hand map is a trivial fibration.

By Prop. 1.1.12 we may instead show that C//u — @€/ /y is a fiberwise equiv-
alence, given that C//x « €//u is a fiberwise eqiuvalence. Taking the fiber
over z € € produces

C(z,2) <= (€//u): — €(z,y),

Choosing a homotopy inverse of the first map produces C(z,z) — C(z,y),
which is a composition-by-u map as constructed in [HCHA, Ch. 3.7]. It remains
to show this is an equivalence.

For any simplicial set K, apply Hom(K, —); by the interaction of mapping
spaces with internal hom we obtain

Hom(K, €)(z, ) — Hom(K, €)(z,y)

where z, x, y denote the constant maps at these objects. Taking 7 of this yields
Homy, Hom(x,¢) (2, ) — Homy, Hom(x,¢) (2, %), which we know is an isomorphism
because x — y is also invertible in Hom(K, €). On the other hand, applying
o Hom(K, —) to the map in question also yields

Homy (K, C(z,x)) — Homy (K, C(z,y)).

Since this is an isomorphism, C(z,z) — C(z,y) is an isomorphism in H, hence
it is an equivalence of co-groupoids. O

Ezample 1.1.35 For instance, applying this to the right fibration C//y — €,
we see that a map u: £ — z’ induces the unique composition map C(z’,y) —
C(z,y) in the homotopy category, or as a map C(z',y) — C(x,y) of spaces it
is unique up to contractible choice. And moreover, if  — 2’ is an equivalence
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in €, then C(2',y) ~ C(z,y) is an equivalence of spaces. We also saw this in
the proof, since we reduced to (the opposite of) this case.

We remark that even the simple fact above has missed a lot of homotopical
information: we haven’t shown that «* in the homotopy category is dependent
only on u in hC, and more importantly we don’t know have any information
on the higher homotopy data.

We first must do some more work with left and right fibrations. For now, we
will assume the main results of [HCHA, Ch. 4.4]. We will now define some
Quillen adjunctions and their derived functors. Let p: A — B be a morphism
of simplicial sets. We first have the standard slice adjunction written

pr: sSet/A = sSet/B : p*,

where pf(X - A) = X - A - B,and p*(Y - B) =Y xg A — A
Then p) preserves monomorphisms and sends right anodyne extensions to right
anodyne extensions (because these are measured in sSet), so we conclude
by [HCHA, Prop. 2.4.40] that py is left Quillen on the contravariant model
structures. The same is clearly true for the covariant model structures.

Therefore we obtain derived adjunctions
Lpi: RFib(A) = RFib(B) : Rp* Lpi: LFib(A) = LFib(B) : Rp*
on the homotopy categories.

Remark 1.1.36 Note that colimits in sSet/B are computed in sSet, so the
functor p* preserves colimits and hence itself has a right adjoint, which we
denote by p.: sSet/A — sSet/B. The condition for p* - p, to be Quillen is
more subtle, however. To apply [HCHA, Prop. 2.4.40], we see that we need
p to ‘pull back’ right anodyne extensions to right anodyne extensions (in the
contravariant case). This property is not stable under base change, so it turns
out that the correct notion is to universally pull back right anodyne extensions,
namely all pullbacks of p should pull back a right anodyne extension to a right
anodyne extension. If p satisfies this property we say it is a proper map. Dually,
if p°P: A°P — B°P is proper, we say p is a smooth map. Thus if p is proper
then p* is left Quillen, and we obtain a derived adjunction

Lp*: RFib(B) & RFib(A) : Rp.,
and if p is smooth then we obtain one
Lp*: LFib(B) = LFib(A) : Rpx,

on the covariant homotopy categories. We will study these conditions later.
For now, an important example is that a left fibration is proper, and a right
fibration is smooth, by [HCHA, Prop. 4.4.11].

Here are the basic observations about this definition. Firstly, left derived func-
tors are computed on cofibrant resolutions, but since all objects are cofibrant
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we may just write Lp; = p;. On the other hand, Rp* is computed on right
fibrant/left fibrant presheaves over the base B. In the proper/smooth case,
this also means that Lp* = p*, and moreover that both of these equal Rp*, as
p* preserves weak equivalences between cofibrant (hence all) objects.

Note that if p: A — B and ¢q: B — C are two maps, then this implies that
LgoLp, = L(gp), so by adjunction R(gp)* = Rp*oRg*. In the proper/smooth
case, this will in turn imply that R(gp). = Rg« oRp.. Also, if A is a simplicial
set, we will denote

/F:: Lp(F)eH
A

where p: A — A is the unique map, and in either of the situations we have
Lpi: LFib(A) — H and Lp;: RFib(A) — H.

If A is a fixed simplicial set, we can also define a base change pairing
(—,—) : sSet/A x sSet/A — sSet
given by (FF — A,G — A) = Fx 4G. Suppose F' is right fibrant over A, namely
pr: F— Alis aright fibration; then (F,—) is the composite of
sSet/A 25 sSet/F L sSet

where ¢: F — A%, Since pr is smooth, p% is left Quillen and thus (F, —) is
left Quillen for the covariant model structure. Likewise, if G is left fibrant over
A, then (—, G) is left Quillen for the contravariant model structure. Therefore
weak equivalences in one variable are preseved when the other is fibrant, so
we obtain a total right derived functor

R (—,—): RFib(A) x LFib(A) — H

which is computed either by a right fibrant resolution in the first variable, or
a left fibrant resolution in the second variable. This is recorded by a natural
map (—, —) — R (—, —), which is an isomorphism in either of these cases.

For example, if f: X — A is a map, then we have a canonical isomorphisms
[ Rr@=RUF) [ REG=REG

in H for all F € LFib(A) and G € RFib(A). Indeed, e.g. for the first case,
represent F' by a left fibration Y — A, then both sides become X xy A as an
object of sSetkq.

We use the following alternative notation if X = A, i.e. f is an object a € Ag.
In this case, for F' € LFib(A) and G € RFib(A) we write

F;, =R(a,F) = Ra"(F) G,/ =R(G,a) = Ra™(G),

both objects of H, noting that on(—) = Idy. Here is an important special
case: if A = C is an oo-category, then we showed in Prop. 1.1.24, then C/x is
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a canonical fibrant replacement in RFib(C) for the point . Therefore
Frp =Rz, F) = (C/x,F) = C/w xe¢ X

where X — C is any representative for F'.

Lemma 1.1.37 Let F — G be a morphism in LFib(A). The following
conditions are equivalent:

(i) ¢ is an isomorphism in LFib(A).

(ii) For any E € RFib(A), the map R(E,F) — R (E,G) is an isomorphism
in H.

(iii) For each object a of A, the induced map ¢,.: Fu — Gjq is an
isomorphism in H.

Proof (i) = (ii) by functoriality, and (ii) = (i) by taking B = A? % A.
Assuming (3), represent F' and G by left fibrant presheaves X and Y over
A. Then F), = a*(X) = X,, and likewise G, = Y;, so the corresponding
map X — Y is a fiberwise equivalence, hence a weak equivalence by the dual
version of Cor. 1.1.7. (]

Corollary 1.1.38 A functor € — D of co-categories is cofinal iff for every
object d of D, the co-category

(B/d = 'D/d XD ¢
1s weakly contractible.

Proof Since D/d — D is a right fibration, so too is €/d — C, thus €/d is an
oo-category. The functor is cofinal if and only if € — D is an isomorphism
in LFib(D), by Remark 1.1.19. By Lemma 1.1.37, this is equivalent to €,q —
Rd* (D) = A being an isomorphism in H for all objects d of D. But we showed
that €/3 = D/d xp € in the case of an co-category. O

Example 1.1.39 The classical version of Quillen’s theorem A says that if C' —
D is a functor such that N(C/d) is weakly contractible for all d € D, then
N(C) — N(D) is a weak homotopy equivalence. This follows immediately
because nerves commute with limits.

Remark 1.1.40 Let € — D be a cofinal functor of oco-categories. If € and D
are 1-categories, then because the maps to the homotopy categories are trivial
fibrations, we deduce that ¢ — hD is cofinal, and then the same fact implies
h€ — hD is cofinal. Then we deduce that mo(hC/d) = * for all d € hD from
Cor. 1.1.38, which means that h€ — hD is cofinal in the sense of category
theory. However, the converse does not hold, because a nonempty connected
1-category can have nontrivial higher homotopy groups.
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Proposition 1.1.41 Let u: A — B be a map and E € RFib(A), F €
LFib(B). There are canonical isomorphisms

R(E,Ru"F) 2R (LwE, F) R(F,LuwFE) 2R (Ru*F,E)
i H, natural in E and F'.

Proof We prove the first case, as the second follows by taking opposites. Let
Y — B be a left fibrant presheaf over A representing F'. Then Ru*F = AxgY
is left fibrant over A, and thus

R<E,RU*F>:<E,A XBY>:X><AAXBY
=X xgY = (LuX,Y)
=R (LwE, F)

where X — A is a presheaf representing E. O

Let us rephrase some of our old results in terms of the new language. The pur-
pose is to translate infinity-categorical conditions into 1-categorical conditions
on homotopy categories. For example, if A is a simplicial set and u: a — b is a
morphism of A, then for a right fibrant object X we already know that there’s
a unique map u*: X — X, in ‘H making the diagram

Hom 4 (u, X) — X,

|
\ }u*
v

Xaq

commute. It follows from this uniqueness and the naturality of evaluation maps
that this induces a natural transformation on the category of right fibrations,
and thus this extends to a natural transformation Rb* — Ra™* of functors
RFib(A) — H. Likewise, the dual scenario gives a natural map Ra* — Rb* of
functors LFib(A) — H.

FEzample 1.1.42 Let C be an oo-category and u: ¢ — b a morphism, inducing
natural maps

u*: Rb* — Ra”* uy: Ra® — Rb*
of functors RFib(€) — H and LFib(C) — H respectively. Then the following
conditions are equivalent:

1. wu is invertible in C.
2. The map u*: Rb* — Ra* is a natural isomorphism.
3. The map u,: Ra* — Rb* is a natural isomorphism.

Indeed, (1) = (2),(3) because this can be checked on right fibrant objects,
in which case Prop. 1.1.34 gives the result (and 3 is by duality). To see e.g.
(2) = (1), apply this to the right fibrant object €//x, in which case we have
seen that the resulting maps

(b, z) — €(a,x)
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induce precomposition upon applying 7. Since these are equivalences for all
x, we deduce that Homye(b, —) =~ Hompe(a, —), hence a == b in C. Note
that adjunction provides a corresponding map of the left adjoints, and it is
also equivalent for either of those to be a natural isomorphism.

Theorem 1.1.43 Let f: X — Y be a morphism of simplicial sets,

(a) Lfi: RFib(X) — RFib(Y) is fully faithful.

(b) Lfi: LFib(X) — RFib(Y) 4s fully faithful.

(¢) The unit map x — Rf*Lfi(x) is an isomorphism in RFib(X) for all
objects © of X.

(d) The unit map x — Rf*Lfi(z) is an isomorphism in LFib(X) for all
objects x of X.

Moreover, if X and Y are co-categories, then these conditions are equivalent
to the assertion that f is a fully faithful functor.

Proof (a) is equivalent to the unit being an isomorphism, i.e.
R (E,F) — R(Rf'LAE,F) = R(LAE,LAF) = R(E,Rf*L{iF)

for all E € RFib(X) and F € LFib(Y), using Prop. 1.1.41 and (the dual
of) Lemma 1.1.37. Thus the latter lemma shows that this is equivalent to
F — Rf*LfiF being an isomorphism for all F, i.e. (b). Applying the latter
lemma again shows that we may restrict to the case E is an object or F' is an
object; this provides (¢) and (d).

Now assume f: € — D is a functor of oo-categories, then Lfi(xz) = f(x), and
we have canonical fibrant replacements

r~€/r ()~ D/f(x)

in RFib(€) and RFib(D). Applying Rf* on the right produces C/f(z) =
C xp D/f(x), so the unit map is represented by the morphism

C/lx — D/f(x) xp C

of right fibrant objects. This is an isomorphism in RFib(C) iff the corresponding
map with the fat slice is one. This is equivalent to being a fiberwise equivalence
(Cor. 1.1.7), and its fibers over an object w of € are precisely

C(w,z) = D/f(x) xp € xew =D/f(x) xp f(w) = D(f(w), f(x)),

for which being a fiberwise equivalence is exactly full faithfulness. ]

Corollary 1.1.44 Let f: € — D be a functor of co-categories.
1. If f is essentially surjective, then the functors
Rf*: RFib(D) — RFib(C) Rf*: LFib(D) — LFib(C)

are both conservative.
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2. If f is an equivalence of co-categories, then the functors
Lfi: RFib(X) — RFib(Y) Lfi: LFib(X) — RFib(Y)
are equivalences of categories. In particular fi = f* is a Quillen
equivalence on the contravariant and covariant model structures.

Proof 1. If F — G is a morphism in RFib(D) for which Rf*F — Rf*G is
an isomorphism, then for an object = of C we can apply Rz* to both sides
to obtain Rf(x)*F -~ Rf(x)*G. By Example 1.1.42, we deduce that for
Ry"F — Ry*G is an isomorphism for all objects y of D, i.e. F,, = G,/ is
an isomorphism for all y. Thus F' — G is an isomorphism by Lemma 1.1.37.

2. Then f is fully faithful and essentially surjective, so Thm. 1.1.43 and part
(1) apply. We conclude because a fully faithful functor with a conservative
right adjoint is an equivalence. O

Our next goal is to construct 8, the category of spaces. We will assume the
technical machinery of [HCHA, Sec. 5.1] on minimal fibrations. Unfortunately,
we will have to do some set theory. We will use the following conventions:

Definition 1.1.45

1. Recall that a Grothendieck universe is a nonempty set U such that N € U
and:

(1) fz €y and y € U, then z € U.
(#i) If z,y € U, then {z,y} € U.
If x € U then P(z) € U.

(iv) If (x;)iers is a family of sets such that I € U and 2; € U for all i € I,
then | J; z; € U.

(iii

)
)
)
)

Fix a Grothendieck universe U.

2. A set is U-small if it is an element of U, and the category Sety denotes
the (non-strictly) full subcategory of Set consisting of the U-small sets.

3. A U-small category is a small category for which the set of objects and
morphisms are elements of U. We denote by Caty the full subcategory
of Cat consisting of U-small categories.

4. A simplicial set X is U-small if for each n € N, X, is a U-small set,
or equivalently if X: A°? — Set factors through Sety. We denote by
sSety the (non-strictly) full subcategory of sSet consisting of the U-
small simplicial sets.

We assume the standard basic properties of a Grothendieck universe. In the
development of the theory, we will usually not assume the universe axiom, i.e.
that every set is contained in a universe. Our assumption that N € U implies
that A is a U-small category. If x, y are U-small sets, then y” is also U-small,
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so we observe that the representable presheaves A™ are all U-small simplicial
sets. We remark that X is a simplicial set for which each X, is isomorphic to a
U-small set, then it is easy to see that X is isomorphic to a U-small simplicial
set.

The categories Sety,sSety, Caty are all small but not U-small categories;
however if V is a universe such that U € V|, then these categories are V-small.
Such a V is called an enlargenment of the universe U. We will generally have
fixed a universe U.A U-small (co)limit is a (co)limit of a functor I — C where
I is a U-small category. A category C is U-(co)complete if it admits all U-
small (co)limits. The categories Sety, sSety, and Caty are all U-bicomplete,
as is easy to see.

We construct a simplicial set U as follows: for each n > 0, U,, consists of triples
(X,p,C) where X is a U-small simplicial set, p: X — A™ is a morphism of
simplicial sets, and C' is a function assigning to each morphism f: [m] — [n]
a triple B

FX) P PO = AT F X)) = X
where f*(X) is a U-small simplicial set, so that the following conditions are
satisfied:

1. For each morphism f: [m] — [n], the corresponding diagram

X)) — X

sl L
Am Ly An

of morphisms of U-small simplicial sets is cartesian.
2. For the map f = 1,: [n] — [n], we have 1*(X) = X and 1,, = 1y, so
Lp=p.
We note that at least U, is a well-defined set, because for all morphisms f
there does exist at least one such choice of Cartesian square as above, as sSety
has limits (which are also limits in sSet). Next we specify the action on maps:
if u: [m] — [n] is a map, then we define U,, — U,, by associating by sending
(X, p,C) to the (u*(X),u*(p),u*C), where the pullback datum u*C' is defined
as follows:

1. For each map f: [m'] — [m], we associate the square
(uf)"(X) — w(X) — X

Am’ f A A"

on the left-hand side above, since the pasting lemma implies that there
is a unique map (uf)*(X) — w*(X) making the diagram commute, and
hence cartesian. In other words we are defining (uf)*X = f*u*X.



Vihaan Dheer 35

2. It is easy to see from this definition that U is functorial, producing a
well-defined simplicial set U in sSet.

Note that U is very much not U-small, however each element of U, is an ele-
ment of U, i.e. U, C U, and thus U C U. U is the simplicial set of morphisms
with small fibers. We also define a pointed version U, as follows, where (Us),,
is a tuple ((X,p,C),s) where (X,p,C) € U,, and s is a section of p. Then
given a map u: [m] — [n], the section associated to u*(X) — A™ is the unique
map A™ — u*(X) induced by 1ao= and s. It is clear that this also defines a
simplicial set, and that there is a projection U, — U forgetting the section.

Definition 1.1.46 We define the simplicial set § as the subobject 8§ C U such
that for each n, 8,, C U, consists of the triples (X, p, C) for which p: A™ — X
is a left fibration. We define the simplicial set 8, to be the unique subobject
8¢ C U, fitting into a cartesian square:

8¢ — U,

)
punivJ/ J/

§——U

The map puniv is called the universal left fibration.

We note that § is well-defined, because the pullback of left fibration is a left
fibration. We will later call 8§ the co-category of spaces.

Ezample 1.1.47 Let us consider the low-dimensional simplices of these simpli-
cial sets. An object of U is a U-small simplicial set X with a U-small choice
of product A™ x X for each m > 0, so that the m = 0 case is the identity.
We should think of this as roughly just being a U-small simplicial set. A mor-
phism in U from X to Y is a ‘family’ of small simplicial sets M — A!, where
My = X, M; =Y. For U, and object is precisely a small simplicial set X, with
the choices of product as above, and a point of X.

Now consider 8. An object of 8§ is a U-small simplicial set (with choices of
products as above) X for which X — A0 is a left fibration, which precisely
means that X is an co-groupoid. An object of (8), is another co-groupoid but
equipped with a point. Now, a morphism consists of a left fibration € — Al
such that Cy and €; are co-groupoids. We note moreover that since Al is an
oo-category, the map 0 — 1 induces a map €y — €; which is unique up to
contractible choice, and unique in the homotopy category.

Consider the natural map n: Uy — U, and suppose we have an n-simplex
A™ — U represented by (X,p,C). Then in fact there is a canonical map
X — U, making the diagram
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cartesian. To see this, we first construct the upper map in a commutative
diagram:

Hom(A™, X) ----» Hom(A™,U,)

P |

Hom(A™, A™) —*» Hom(A™, U)
Given p: A™ — X the composite pp: A™ — A™ induces a pullback datum
(pp)*(X,p,C) € Hom(A™,U); since (pp)*X = A™ xan X, the maps 1am,
induces a section s: A™ — (pp)*X, and hence an element Hom(A™,U,). It
is clear that this association is natural in A because pulling back is natural,
giving a map z: X — U,.

It remains to check that the square of Hom’s above is cartesian. Suppose we
are given an m-simplex (¢: X’ — A™ C’ t) of U, and a map f: A™ — A"
whose images in Hom(A™,U) agree. This means precisely that f*(X,p,C) =
(X',q,C") in U, i.e. that the square

X’LX
]

A™m 5 AT

is cartesian. Thus the section ¢: A™ — X’ induces a map A™ — X' —
X; applying p, recovers f, and it follows from uniqueness that its image in
Hom(A™,U,) is (X', q,C’,t). Since f and t are uniquely determined, it follows
that this map A™ — X is unique, completing the proof.

Lemma 1.1.48 Let f: X — Y be a morphism of simplicial sets. There is a
canonical correspondence of the form

x £ v, o (X) — X
AN
vy U AY Y

between cartesian squares on the left, and for each A™ —'Y a choice of carte-
sian square on the right with ¢*(X) a U-small simplicial set. Such data exists
if and only if for all o: A™ — Y, the pullback A™ xy X is isomorphic to a
U-small set.

Proof Starting with a square on the left and a map ¢: A™ — Y, the composite
A™ — U is a simplex (X', p,C), and thus in the diagram

X - X —U
IS “
A" LY U

there is a unique map X’ — X making both squares cartesian, because of

the result above. The left-hand square gives the data on the right side in the
lemma statement.
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Conversely, given cartesian squares for each A™ — Y, we obtain a map
Hom(A™,Y) — Hom(A",U) obtained by sending ¢: A™ — Y to ¢*(X) —
A™; indeed, we define the pullback datum C' using, for each map [m] — [n],
the chosen pullback square for the composite A™ — A™ — Y. By construc-
tion this is natural in n, producing a map F': Y — U. Moreover, we have a
map X — U,, given by sending an n-simplex x to F(z) € U, equipped with
the section induced by z: A™ — X and 1an.

This produces a commutative diagram on the right side of (), and associated
pullback squares on the left for each A™ — Y, such that the outer square is
cartesian. This implies that the right-hand square is cartesian, because this
property in a presheaf category can be checked after pulling back to all rep-
resentables. It is evident from the constructions that the two directions are
mutually inverse.

The last statement is clear, because the right-side data for each map A™ — Y
exists precisely when we can choose a U-small representative for the pullback
A" Xy X. O

Definition 1.1.49 A morphism f: X — Y of simplicial sets has U-small
fibers if for all simplices A™ — Y, the pullback A™ Xy X is isomorphic to a
U-small set. In this case, a choice of U-small pullback for all simplices gives a
cartesian square as in Lemma 1.1.48, in which case we call F' a classying map

for f.

In other words, f has a classifying map iff it has U-small fibers; it is not
literally unique, nor is it unique up to isomorphism because the image of such
a map depends on the choice of U-small pullbacks. However, we should view
it as ‘homotopically unique’ since it corresponds to data induced by choosing
U-small representatives among isomorphism classes. We note that if X is a U-
small simplicial set, then any map f: X — Y has U-small fibers, and in fact
we can choose a ‘canonical’ U-small representative, given by the set-theoretic
cartesian product A™ xy X C A™ x X.

Remark 1.1.50 Let f: X — Y be a map. Then f has U-small fibers iff for
all n and n-simplices o € Y,,, f,(0) C X,, is isomorphic to a U-small set.
Indeed, on one hand

it o) = {1} Xy, Xn C (A" xy X)),
Conversely, given o: A" — Y we have
(A" Xy X)m = H (o o),
a: [m]—n]

so this is also isomorphic to a U-small set.
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Ezample 1.1.51 Suppose we are given a cartesian square

X —Y
R

A B

with 7 a monomorphism and f, f/ having U-small fibers. If F is a classifying
map for F, then we may choose a classifying map G for f such that Gi = f.
Indeed, F' corresponds to a collection of choices of pullbacks ¢*(X) for each
p: A" — A. For A™ — B, if this simplex is contained in A, then we may
choose the pullback given prescribed by f, and otherwise we can choose any U-
small pullback. Then it is clear from the construction that the corresponding
classifying map G restricts to F' on A.

Corollary 1.1.52 The canonical map puniv: Se — 8 is a left fibration. The
following are equivalent for a morphism f: X — Y with U-small fibers:
(1) f is a left fibration.
(i4) There exists a classifying map for f which factors through 8 — U.
(#it) Fvery classifying map for f factors thorugh 8§ — U.

Proof Consider a map A" — § associated to (X’,p,C), and consider the
commutative diagram:

A} > X' — 8§ —> U,
rok
A" =— A" — § —— U

Ignoring the left-most square, we have already seen that the outer rectangle
is cartesian, so there’s a unique map X’ — 8, making the middle square
cartesian. Now for any square involving A} — 8, for k < n, and amap A™ — §,
the former map factors through X', producing a commutative square as on
the left. Since p is a right fibration by assumption, there is a filler A™ — X',
and thus the composite to A™ — X’ — 8, fills the original square. Thus puniv
is a left fibration.

Now, since f has U-small fibers, it admits a classifying map. (iii) = (i) is
clear, and (i¢) = (¢) is immediate because if a classifying map factors through
8, then we obtain a factorization as in:

X — 8¢ — U,

Y — 8§ —U
Thus X — Y is a left fibration since puniy is. (i) = (447) By the correspondence
of Lemma 1.1.48, any classifying map F' sends an n-simplex ¢: A™ — Y to an
object in U, of the form ¢*(X) — A", which is a pullback of f. Thus if f is
a left fibration then this map is too, hence lies in §,,. ([l
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Our next goal is to show that 8 (and hence 8,, by the previous result) is an
oo-category. We will need two lemmas, and then this will be clear. We will
also demonstrate that the core of the map S, — & should be interpreted as
the universal Kan fibration.

Lemma 1.1.53 Letn >0 and 0 < k <n, and i: A} — A" be the inclusion.
1. The functors
Li;: RFib(A}) — RFib(A"™) Liy: LFib(A}) — LFib(A™)
are equivalences of categories.

2. For any commutative diagram

where f is final (resp. cofinal), and p and q are right (resp. left) fibrations,
the induced map X — A} xan Y is a fiberwise equivalence over A}}.

Proof (1) The LFib case will follow by dualization. First, the functor Ri* is
conservative: because i is bijective on objects, we see that if ' — G is a map
and Ri*F — Ri*G, then F), == G/, for all objects a of A}, implying
F — @ is an isomorphism by Lemma 1.1.37. Thus it suffices to show that
Ly is fully faithful, and by Thm. 1.1.43 this is equivalent to showing that
a — Ri*Lia is an isomorphism in RFib(A}), for all a € [n].

Note that Lii(a) = a as an object of the oco-category A™, and this has a
canonical fibrant resolution given by D™/a = N([n]/a) = N([a]) = A®. Thus
the unit map is represented by {a} — A} xan A® = A} N A% To show this
is an isomorphism, it suffices to show that this map is final, or in other words
that a is terminal object of the codomain. If a < n, then since k # n, it follows
that A* C A}, and this case is clear because a is terminal in the category A®.
If @ = n, then the map is {n} — A}, which is a right anodyne extension by
[HCHA, Lem. 4.4.3] as k # 0.

(2) Note that the unit map X — Ri*Li) X is an isomorphism, and f being final
means that the induced map LiyX — Y is an isomorphism in RFib(A™), thus
the unit is represented by X — A} xan» Y. Being an isomorphism in RFib(A})
implies that this is a weak equivalence of right fibrant objects. O

Remark 1.1.54 Let us record two important simple facts used in the proof
which will come up all the time. Let f: A — B is a morphism of simplicial sets:
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1. Lfi: RFib(4) — RFib(B) is fully faithful if and only if for every

commutative diagram

x Iy
pl lq
A1, B

in which p and ¢ are right fibrations and f is final, the map X — AxpgY is
final. Proof Full faithfulness is equivalent to the unit map F — Rf*LfiF’
being an isomorphism in RFib(A) for all objects F'. (<) Represent F' by
a right fibration X — A, and choose a fibrant replacement f: LfiF =
X — Y for some right fibration Y — B. Since Y is right fibrant over B,
finality of f is equivalent to being an isomorphism in RFib(B), so

X >RFLAX = f*(V)=AxpY

represents the unit. Since AxgY — A is a right fibration, this map being
an isomorphism in RFib(X) is equivalent to finality. This also clearly
demonstrates the (=) direction by treating the fibrant representatives as
given.

. If f is surjective on objects, then R f* is conservative. Proof Let F' — G

be a morphism in RFib(A) such that Rf*F — R f*G is an isomorphism.
Then for each object a of A, applying Ra* to both sides shows that
Rf(a)*F — Rf(a)*G is an isomorphism, i.e. Fyq), == Gy, in H for
all a. Then the assumption and Lemma 1.1.37 implies that F' — G is an
isomorphism.

Remark 1.1.55 In the following result, we will use a recollection about the
small object argument, especially in the context of horn lifting {A} — A"}
For illustration, we’ll write this in the context of left horn lifting. Recall how
this works:

1. If f: X — B is a map, set g = X and fy = f, and assume inductively

that f.: E, — B has been constructed.

. At stage r, let S, be the set of all lifting problems for all A} — A™ against

fr, and then define E, 11 as the pushout:

ms s
HSGST Ajs ET

[

m
HSEST A ET+1

For each lifting problem s € S;., the canonical map A™s — B induces an
extension F,y; — B.

. Finally, define F := li_r)nr FE,. with its canonical map E — B, and consider

the composite X — E — B, which is by construction a factorization of
f. It follows from saturation that F, — FE,;; is a left anodyne, hence
X — FE is left anodyne. The important point is that £ — B is a left
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fibration: given a lifting problem with map A} — E, it follows from the
fact that A} is a finite simplicial set (i.e. has finitely many non-degenerate
sections) that this map factors through E, for some r, by [HCHA, Cor.
1.3.12]. Thus the map exists at the rth stage and hence has a lift in E, 1,
completing the proof.

The point is that this construction can be chosen to stay in the fixed universe
U. Indeed, if E, and B are U-small sets, then .S, is U-small set because it is
a subset of

H Hom(A}, E) x Hom(A™, B).

n>1,0<<n

Therefore we can choose U-small coproducts in step 2, and hence a U-small
FE4+1. Finally, by induction, we may choose a U-small F to factor through, as
long as X was U-small to begin with. It is clear that this works for all of the
lifting properties we encounter in practice, since they all consist of right lifting
against countably many inclusions of finite simplicial sets.

Corollary 1.1.56 Let 0 < k < n. For any minimal left fibration p: X — A}
with U-small fibers, there exists a minimal left fibration q: Y — A™ with
U-small fibers and a cofinal map f: X — Y such that the square

x -ty

I

A — A"
is cartesian.

Proof Note that for each d > 0, since (A})q is finite, it follows that Xg is
isomorphic to a finite disjoint disjoint union of U-small sets (namely the fibers
over simplices), and thus that X is isomorphic to a U-small simplicial set.
Since the conclusions of the proof are invariant under isomorphism, we may
assume without loss of generality that X is U-small.

Now factor the composite X — A} — A" into X — X¢ — A" where the first
map is left anodyne and the second is a left fibration. By Remark 1.1.55 we
may choose Xy to be U-small. Now factor Xg — A" into Xg — Y — A",
where Xy — Y is a trivial fibration and Y — A™ is a minimal left fibration, by
[HCHA, Thm. 5.1.17]. Since a trivial fibration has a section, Y is isomorphic
to a subobject of Xy, and hence we may assume that Y is U-small. Thus
Y — A™ has U-small fibers. This gives a diagram as in the statement, and it
remains to show the cartesian property.

To conclude, note that f is a composition of a left anodyne map and a trivial
fibration, hence is cofinal. Therefore the induced map

X—>AZ XA%Y

is a weak equivalence in (sSet/A})cov, by Lemma 1.1.53. On the other hand,
the structure maps to A} are both minimal left fibrations by pullback stability,
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so this is a weak equivalence of minimal complexes in (sSet/A})cov, hence an
isomorphism by [HCHA, Prop. 5.1.10]. O

Remark 1.1.57 In the following major result, we will need to apply [HCHA,
Thm. 5.1.20]; it is important to know that we can do this while preserving U-
small fibers. Namely, in the book’s notation, we are given the left and bottom
maps in:

X -5 X!
! :
Y 25 v/

Here, X’ — Y is constructed by applying v, to X — Y, where v, is the right
adjoint to the pullback functor v*: sSet/Y’ — sSet/Y. We want to show that
if X,Y,Y’ are U-small, then X’ will also be. Indeed, writing p: X’ — Y the
map, we have that for each simplex o: A" — Y”,

pr_Ll(O—) = HomsSet/Y’(Anup) = HomsSet/Y(An Xy Y,X)

Then the RHS is a subset of Hom(A"™ xys Y, X), and ¥ and X are small
therefore this set is small. Moreover X’ is a Y’-indexed disjoint union of such
sets, and since Y’ is U-small, we conclude X’ is isomorphic to a U-small set.

Theorem 1.1.58 The simplicial sets 8 and 84 are co-categories.

Proof Since 84 — 8 is a left fibration, it suffices to prove that 8§ is an oo-
category. Let A} — & be a map for 0 < k < n, and choose a pullback:

X — 8,
1°
A} — 8

Thus X — A} is a left fibration with U-small fibers. Now construct two
cartesian squares as follows:

X —Y
1
X0*>Y0
1=
A — A"

First, factor X — A} through Xo, so that Xo — A} is minimal left fibration
and X — X, is a trivial fibration, by [HCHA, Thm. 5.1.17]. Since X — X,
has a section, it follows that X, — A} has U-small fibers, so by Cor. 1.1.56 we
may choose a minimal left fibration Yy — A" with Yy — A™ having U-small
fibers. Then Xy — Y} is a monomorphism, so we apply [HCHA, Lem. 5.1.20] to
obtain a trivial fibration Y — Y; making the upper square cartesian. We claim
that this has U-small fibers: indeed, this is clear from the proof of [HCHA,
Lem. 5.1.20], as the right adjoint construction in that proof, and the fact that



Vihaan Dheer 43

X is isomorphic to a U-small simplicial set, imply that Y is isomorphic to a
U-small simplicial set by the description of [HCHA, Thm. 1.1.10].

To complete the proof, note that the outer square is cartesian, and by con-
struction A} — & is a classifying map for X — A}. by Example 1.1.51, we can
choose a classifying map A™ — U for the composite Y — A”™ which extends
A} — U. Since Y — A" is the composite of a trivial fibration and a left fibra-
tion, it is a left fibration, so by Cor. 1.1.52 its classifying map factors through
8§ — U. Thus we have extended A} — § to A™. O

Ezample 1.1.59 The proof demonstrates the rough correspondence between
the oco-category 8 having certain properties, and general lifting properties of
left /right fibrations. For instance, since § — AU is a Joyal fibration, we deduce
that for any left fibration p: X — A with U-small fibers and any Joyal trivial
cofibration A — B, we can find a cartesian diagram

X —Y

P s

A—— B

where Y — B is a left fibration with U-small fibers. Indeed, choose a classifying
map F: A — 8§ for p, then the assumption is that this has a lift to G: B — §
along 4, and then this classifies a map ¢: Y — B. Thus by pasting, there is a
unique map X — Y making the square above cartesian.

The last major result we want to demonstrate is that the Kan complex 8=
with its natural map from 83 classifies Kan fibrations.

Lemma 1.1.60 Let i: A — B be an anodyne extension, then for any Kan
fibration p: X — A with U-small fibers, there is a cartesian diagram of the
form

X —Y

P o

A— B
where q: Y — B is a Kan fibration with U-small fibers.

Proof First apply the same trick as in the proof of Thm. 1.1.58, which is that
by factoring p into a trivial fibration followed by a minimal fibration (and using
the U-small fibers version of [HCHA, Lem. 5.1.20]), we may assume that p is
a minimal Kan fibration. Now factor the composite X — B as follows:

X—->Xo—Y—>B

where X — Xy — B is an anodyne extension followed by a trivial fibration,
and then Xg — Y — B is a trivial fibration followed by a minimal fibration
q. Then X — Y is a weak equivalence, and as in Cor. 1.1.56, and due to
Remark 1.1.55, we may assume that Y — B has U-small fibers.
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To conclude, the map X — A xg Y is a morphism of minimal complexes in
sSetkq/A, and it is also a weak homotopy equivalence because the composite

X —>AxpY =Y

is one, and AxpY — Y is also one by [HCHA, Prop. 3.1.28] and the fact that
A — B is one. Therefore, by [HCHA, Prop. 5.5.10] we deduce X =~ A xpY
is an isomorphism. O

Remark 1.1.61 There’s an issue with the previous proof in the case that A
isn’t U-small, because then Remark 1.1.55 doesn’t immediately apply. Instead,
we can fix this as follows: the assertion we are trying to prove is equivalent to
saying that the subcomplex of 8§ consisting of simplices (X, p, C) where each
p is a Kan fibration, is in fact a Kan complex. Therefore we can reduce to the
case where A — B is a horn inclusion A} <— A", and thus both A and B are
actually U-small.

Theorem 1.1.62 The canonical map py;,: Se — 8~ is a Kan fibration of
oco-groupoids. The following are equivalent for a morphism f: X — Y with
U-small fibers:

(1) f is a Kan fibration.
(1) There exists a classifying map for f which factors through 8~ — U.
(#i1) Ewery classifying map for f factors through 8= — U.

Proof Since puniv: Se — 8 is a left fibration between co-categories, it is in
particular a conservative isofibration ([HCHA, Prop. 3.4.8]), so we obtain a
canonical cartesian square:

837 — S

12

8~ — 8§
This implies that 8§57 — 8~ is a left fibration between co-groupoids, hence a
Kan fibration (by [HCHA, Prop. 3.5.5]). Now (iii) = (i) = () are immediate
because if a classifying map factors through 8=, then f is a pullback of the
Kan fibration 87 — 8=.

Assume (i), and let F' be any classifying map for f. By factoring the map
Y — AP, choose an anodyne extension ¥ — Y’ where Y’ is a Kan complex
(e.g. Ex™). By the previous lemma, choose a cartesian square

X — X’
ol

Y — Y’

in which ¢ is a Kan fibration with U-small fibers. By Example 1.1.51, choose
a classifying map G extending the one for F'. Since g is in particular a left
fibration, G factors through 8. Since Y’ is a Kan complex, G factors through
8=, hence F' does too. [l
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1.2 Presheaves and the Yoneda Lemma

Our goal in this section is to prove two important results: First, the correspon-
dence between right fibrations and presheaves valued in §, and secondly the
oo-categorical Yoneda lemma. The latter will provide the basis for our theory
of oo-categorical constructions, which is studied in the next section.

1.2.1 Homotopy theory of left fibrations

Before getting to the main result, we need to spend a some work building up
theory about maps relevant to the Joyal model category structure which aren’t
necessarily between fibrant objects. Thus we will first generalize some results
that we already basically know in the case of a functor between oco-categories.

Theorem 1.2.1 If f: X — Y is a weak categorical equivalence, then the
functors

Lf: RFib(X) — RFib(Y) Lf: LFib(X) — LFib(Y)
are equivalences of categories.

Proof We need only prove the RFib case by dualization. We are going to
apply the criterion of [HCHA, Prop. 3.6.2] to the class of morphisms such
that Lf, is an equivalence; it is clear that this class satisfies 2-o0f-3, and every
trivial fibration between oo-categories is in this class, because all equivalences
of co-categories are by Cor. 1.1.44. Therefore it remains to demonstrate this
for all inner anodyne extensions. Since an inner anodyne extension induces
a bijection on objects, we have previously explained why this implies that
R f* is conservative. Thus it remains to show that R f is fully faithful, i.e.
F — Rf*Lfi(F) is an isomorphism for all F'.

Represent I’ by a right fibration F' — X, and choose a universe U in which
F'is U-small, so that this map has U-small fibers. By Example 1.1.59, we can
choose a cartesian square

F-La

x-Ly
with vertical maps being right fibrations, since X — Y is a Joyal trivial
cofibration. The composite

F - RfLAF) LRFG=Xxy G

is an isomorphism by definition, so full faithfulness (at F') would be equivalent
to Lfi(F) — G being an isomorphism as Rf* is conservative. Since G is
right fibrant over Y, this is equivalent to F' — G being final, and it is a
monomorphism, so this is equivalent to FF — G being right anodyne. Thus,
we may consider the class of all morphisms f: X — Y such that for all right
fibrations G — Y, X xy G — G is right anodyne. We prove that this class
has the following closure properties:
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. Inner horn inclusions: If f is an inner horn inclusion A} < A", then we

already know that Lf) is an equivalence by Lemma 1.1.53, so all F' — G
as above are right anodyne.

. Retracts: Suppose [ is a retract of g: X’ — Y’ in the class. For any

right fibration G — Y, applying the functor (—)y G to the corresponding
retract diagram gives the diagram:

XxyG — X'xyG@ — X xy G

| l |

G—Y' xyG — G
Since Y/ xy G — Y is a right fibration, the assmuption implies that
X' xyVxyG=X"xyG—=Y xy G (%)

is a right anodyne extension, hence X xy G — G is a right anodyne
extension because it is a retract of one.

. Pushouts: Suppose [ is the pushout of g: X’ — Y’ in the class. Since

(=) Xy G preserves pushouts, we obtain a pushout square

X'xy G —Y' xy G

! l

XxyG—5 @

for each right fibration G — Y. Once again (x) gives the result since right
anodyne maps are closed under pushout.

Transfinite compositions: Write Y = lii)na< Y, and X =Y}, and suppose
that X — Y, is in the class. If G — Y is a right fibration, so too is
G xy Y, —Y,, and thus

XXyYaXyGHG

is a right anodyne extension. Applying @ao\ shows that X xy Y xy G =
X Xy G — G is a right anodyne extension.

This shows that the class of inner anodyne extension satisfies the desired prop-
erty, which completes the proof. ([l

Corollary 1.2.2 Let f: X — Y be a morphism of simplicial sets such that
T(f): 7(X) — 7(Y) is essentially surjective, and Lf;: RFib(X) — RFib(Y)

is fully faithful. Then f is a weak categorical equivalence.

Proof We may choose a commutative diagram on the left below,

X —Y 7(X) — 7(Y)

- ! !

C—D hG —— hD
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with vertical maps both weak categorical equivalences to co-categories, which
induces a commutative diagram on the right in Cat. Since 7 is left Quillen
([HCHA, Prop. 3.3.14]), the vertical maps in the second diagram are equiva-
lences of categories. Hence h€ — hD is essentially surjective. By Thm. 1.2.1,
we conclude that RFib(€) — RFib(D) is also fully faithful, hence € — D is
fully faithful. Thus by Thm. 1.1.43 we conclude € — D is an equivalence of
oo-categories. O

Lemma 1.2.3 Let f: X — D be a morphism of simplicial sets and D be an
oco-category. There is a factorization of f into

X—-€C—D

where X — C is a right anodyne weak categorical equivalence, and C — D is
a Joyal fibration between oco-categories.

Proof Consider the morphisms A} — A™ for 0 < k < n, and {e} — I. for
e =0, 1. These are all right anodyne extensions by [HCHA, Prop. 4.1.7]. They
are also Joyal trivial cofibrations, because either they are inner anodyne, or
they are sections of I — A® which we have shown is a trivial cofibration.

Thus, the small object argument gives a factorization X — € — D where X —
C is a right anodyne extension and a Joyal trivial cofibration. In particular it
is a weak categorical equivalence. On the other hand € — D must be an inner
fibration, so € is an co-category. The map € — D also has right lifting against
{€} — I~, which implies from the definition that it is an isofibration. Thus it
is a Joyal fibration. O

Corollary 1.2.4 A weak categorical equivalence is final and cofinal. In
particular, a Joyal trivial cofibration is both left and right anodyne.

Proof 1t suffices to show final. Given a weak equivalence X — Y, this is equiv-
alent to showing that it induces an isomorphism in RFib(Y'). By choosing a
Joyal fibrant resolution ¥ — D, and using that RFib(Y) — D is an equiv-
alence by Thm. 1.2.1, we may assume that Y = D is an oco-category. Using
the factorization in the previous lemma, we obtain X — € — D where the
first map is final and a weak categorical equivalence. Thus by 2-of-3, ¢ — D
is a Joyal fibration and a weak categorical equivalence, hence a trivial fibra-
tion, which is final. The second statement follows because a final (resp. cofinal)
monomorphism is a right (resp. left) anodyne extension. |

Example 1.2.5 Any left or right fibration is a Joyal fibration, because these
have right lifting against Joyal trivial cofibrations by the above corollary.

Proposition 1.2.6 Consider a cartesian square
i
X —Y
T
A-1,B
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in which q is a right or left fibration. Then the square is homotopy cartesian in
sSetjoy. In particular, if f is a weak categorical equivalence then f is one too.

Proof 1t suffices to do the ‘right’ case. First we prove the consequence in the
following special case:

Step 1: f is a weak equivalence and bijective on objects. Then f is also bijective
on objects, so 7f: 7(X) — 7(Y) is also bijective on objects, and in particular
essentially surjective. By Cor. 1.2.2, it remains to show that Lf,: RFib(X) —
RFib(Y) is fully faithful. We do this using the criterion of Remark 1.1.54, so
assume we have a commutative diagram

F— X254
A R A
G—Y -4 B

on the left side, where the maps to X and Y are right fibrations, and F' — G
is final. We have to show that ' — G xy X = G xpg A is final, but this
is true because G — B and F — A are also right fibrations, and A — B
induces an equivalence RFib(A) — RFib(B) by Thm. 1.2.1. Thus we conclude
by Remark 1.1.54 again.

Step 2: In general. Take a fibrant resolution via an inner anodyne extension
B — D, and factorize A — D as an inner anodyne extension A — € followed
by an inner fibration € — D (so € is an oo-category). Form a commutative
cube as follows:

The bottom commutative square is the one we just made. Since Y — B is a
right fibration and B — D is inner anodyne, we can apply Example 1.1.59 to
get a cartesian square as on the right, with € — D a right fibration (so € an
oo-category). Now pullback ¢ — D « & to obtain the right fibration F — €
and hence JF is an oo-category. By the pasting lemma, there’s a unique map
X — F making the left face cartesian.

To conclude, note that A — € and B — D are inner anodyne, and hence
weak equivalences that are bijective on objects. Thus by Step 1, X — F and
Y — €& are weak categorical equivalences. The back face is a cartesian square
in which all objects are fibrant and € — D is a right fibration, hence a Joyal
fibration, so it is homotopy cartesian by [HCHA, Cor. 2.3.28]. The front face is
isomorphic to the back one in Ho(sSet‘[]joy)7 so we conclude that it is homotopy
cartesian by [HCHA, Rmk. 2.3.24]. O
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We will now begin working towards proving the correspondence between
right fibrations and presheaves of spaces. If A is a simplicial set, we
denote by Homgg,4(—,—) the internal Hom of sSet/A, so that maps A" —
HomSS/A(X, Y) correspond to maps A’ x4 X — Y over A, or equivalently
maps A’ x4 X — A’ x4 Y over A’. We usually view this with its canonical
map Homg 4 (X,Y) — A, which is equal to px .pxY.

For a fixed presheaf X over A, we have the defining adjunction
(=) xa X :sSet/A T sSet/A: Homgg,4(X, )

where the left adjoint always preserves monomorphisms. If X is left or
right fibrant over A, then it also preserves weak categorical equivalences by
Prop. 1.2.6, and hence this is a Quillen adjunction for the slice Joyal model
structure on both sides. Thus the right adjoint preserves fibrant objects,
meaning that if Y — A is a Joyal fibration, then the structure map

MSS/A(X7 Y) — A

is a Joyal fibration. This applies e.g. when Y is also left fibrant over A.

Remark 1.2.7 Let X — Y be a morphism in sSet/A. Then the following
conditions are equivalent:

(i) X x4 B —Y x4 B is a weak categorical equivalence for all B — A.

(i) X xqa 0 — Y x4 0 is a weak categorical equivalence for all simplices
o: A" — A.

Indeed, this is by Remark 1.1.6 applied to the slice A /A: we have the morphism
of colimit-preserving functors X x4 (—) — Y x4 (—), which also preserve
monomorphisms. If either of these conditions holds, we say X — Y is locally a
weak categorical equivalence over A. So, we may define the unique subobject
Eq,(X,Y) C Homgg,,(X,Y) by the rule that Homgges/a(A",Eq, (X,Y))
corresponds to the subset of Homgget/an (X X aA™, Y x 4 A™) consisting of local
weak categorical equivalences, for all A™ — A. This is well-defined because
the condition is preserved under pullback, and we deduce from the equivalence
that maps A’ — @A(X, Y) correspond to those maps A’ x4 X — A’ x4 Y
over A’ which are locally weak categorical equivalences (over A’).

Lemma 1.2.8 Let X and Y be left fibrant over A.
1. For all A — A, a map A — HomsS/A(X, Y) over A factors through
@A(X,Y) iff A x4 X — A" x4 Y is a weak categorical equivalence, iff
it 15 a fiberwise equivalence over A’.
2. The map @A(X, Y) — A is a Joyal fibration.

Proof (1) By construction, it factors through iff A’ x4 X — A’ x4 Y is
locally a weak categorical equivalence over A’. This means that for all sim-
plices o: A" — A’ A" x4 X — A" x4 Y is a weak categorical equivalence.
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This is a morphism of left fibrant objects over A", so by Example 1.1.2 this
is equivalent to being a fiberwise equivalence over A™. But the corresponding
fiberwise map is just o(i) x4 X — 0(i) x4 Y for all 4, so this is the same as
the map A’ x4 X — A’ x4 Y being a fiberwise equivalence over A’.

For the remaining assertion we prove that a weak categorical equivalence A’ x 4
X — A’ x4 Y is already locally one over A’. Indeed, for all A” — A’ we have
cartesian squares:

X xpg A" — Y x A" — A"
Xxpg Al — Y xu Al — A

Since Y x4 A’ — A’ and X x4 A’ — A’ are left fibrations, the right-hand and
outer square are homotopy cartesian by Prop. 1.2.6, so the left-hand square
is as well by the pasting lemma. Therefore X x4 A” — Y x4 A” is a weak
equivalence.

(2) We already know that Homgg,4(X,Y) — A is a Joyal fibration, so it
has right lifting against trivial cofibrations K — L. The lifting problems and
solutions are in 1-1 correspondence with fillers v in a diagram

KXAXL>K><AY

l l

LxsaX --°5>LxuY

by adjunction. Now K — Homgg 4 (X, Y) factoring through Eq , (X,Y’) means
that u is a weak equivalence, by (1), and the existence of a solution in
Eq A(X ,Y) means that v is a weak equivalence. This is immediate because
both vertical maps are weak categorical equivalences by Prop. 1.2.6, as K — L
is a weak equivalence and X and Y are left fibrant over A. [l

Remark 1.2.9 Let us briefly summarize all of the criterion we have discussed for
equivalences of left fibrant objects. More precisely, the following are equivalent
for amap f: X — Y of left fibrant objects over A:

1. f is a weak equivalence in (sSet/A)cov.

2. f is locally a weak categorical equivalence.

3. f is a weak categorical equivalence.

4. f is fiberwise an equivalence of co-groupoids.
5. f is cofinal.

We will say that f is an equivalence of left fibrant objects over A if any of
these equivalent conditions hold.

Now we will use 8 to classify other things about left fibrations, in particular
morphisms between two left fibrations, and when they are isomorphisms. First,
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the product 8 x § classifies pairs of left fibrations. Form the pullbacks

s s,
L]
Sx 8§ iy g

for ¢ = 0,1, giving us two left fibrant objects over § x 8§, and hence Joyal
fibrations:

Homgg /s s (SEO)NSEU) —8x8 @s«s(ssm’sgl)) —8x8

The first map is the universal morphism of U-small left fibrations: Indeed,
suppose we are given a pair of maps (F,G): A — 8 x 8 classifying two left
fibrations X — A and Y — A. Then a map to Homgg /g, s (SSO),S(.D) over
8 X & is a morphism

Ax 8V=x-4x 8=y
8x8 §x8
over A, i.e. it is a morphism between the given left fibrations. Since Sgi)
are left fibrant over 8§ x 8§, such a map over the product factors through
Eq (820),8(.1)) ifft X — Y is a fiberwise equivalence/weak categorical

—38x8
equivalence.

The universal left fibration is classified by the identity Idg, and the iden-
tity morphism of the universal left fibrant object ids,, which is a fiberwise
equivalence, is classified by a map

idg.

8 e g, (81 8y LY g s (+)

—28x8

on the left above. This gives a factorization of the diagonal, where we know
that the second map is a Joyal fibration. We want to show that the first map is
a weak equivalence, so that we can use this as a sort of ‘universal’ path object.

Lemma 1.2.10 The map ids,: § — @st(SEO),S?)) is a Joyal trivial

cofibration; thus (x) is a path object.

Proof It is a section of t: @st(SEO),S(.l)) — 8, so it suffices to prove that
this map is a trivial fibration. Suppose we are given a lifting problem

K — Eqq_((84”,80)

L~
L8
against a monomorphism K < L. This consists of the following data: L — 8

classifies a left fibration Y — L, and F': K — 8 classifies one X — K which is
its pullback. On the other hand, the upper map corresponds to another map
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Fy: K — 8 classifying another left fibration X’ — K, and a weak categorical
equivalence X’ — X of left fibrant objects over K.

X = X Y

Nkt e

K — L

We are in exactly then position to apply [HCHA, Prop. 5.2.21] to the class of
left fibrations and sSetj,y. Indeed, every left fibration is a Joyal fibration, a
trivial fibration is clearly a left fibration, and this class is closed under retracts
and composition. Therefore, there exists a left fibration X" — L and a weak
equivalence X" — Y producing a commutative diagram:

X —Y
V =
X —s X"
L2 L
K —— L

Fy is the classifying map for X’ — K, so by Example 1.1.51 we may choose
Fi: L — 8 a classifying map for X" — L such that K — L — § equals
Fy. Then the weak equivalence X" — Y corresponds to the requisite map
L — Eqg, S(SSO), 851)) making both triangles commute. O

Remark 1.2.11 Technically, one should insert ‘U-small’ in various parts of the
proof above, but the only place this is possibly suspect is in the construction of
the left fibration X” — L from [HCHA, Prop. 5.1.21]. But this is not an issue,
because this map is constructed by [HCHA, Lem. 5.1.20], and we already saw
that we can choose it to have U-small fibers as long as X’ — K has U-small
fibers. TODO: Previously, I only showed a special case of this, so we should
prove the whole thing.

Example 1.2.12 Let X and Y be left fibrant presheaves over A with U-
small fibers, with chosen classifying maps F,G: A — 8. There is a canonical
cartesian square:

Hom 4 (X,Y) ---+ Hom (A, Hom,g 5, 5(84”, 8{"))

- Je

A0 — 9 Hom(A,S) x Hom(A, )
Indeed, a map from A’ to the pullback of the given cospan corresponds to a
map A’ x A — MSS/SXS(SSO),SSI)) over § x 8, where the structure map
classifies the left fibrations A’ x X and A’ x Y over A’ x A. Therefore this is
the same data as a morphism A’ x X — A’ xY over A’ x A, which is also the
same data as a map A" — Hom 4(X,Y") by definition. We also pullback along



Vihaan Dheer 53

the upper map here to obtain:

Equiv,(X,Y) ------ » Hom (A,@SXS(SSO)’ 8&1)))
r J \E

Hom, (X, Y) ——--» Hom (A, Hom,g 5, 5(SS", 8{")))

This functorially defines Equiv4(—,—) as the subobject of Hom 4(—,—) for
which maps from A" — Equiv 4(X,Y’) correspond to those maps A’ x X —
A’ xY over A’ x A which are equivalences of left fibrations, so this also shows
that it is independent of U or any choice of classifying maps. Note that the
following are equivalent for an n-simplex o: A™ x X — A" x Y over A" x A
of Hom 4 (X,Y):

(i) o is an equivalence of left fibrations over A™ x A.
(ii) 0(i,a): Xa — Y is an equivalence of oo-groupoids for all (i, a).
(iii) 0;: X — Y is an equivalence of left fibrations over A for all i.

This is simply because equivalences of left fibrations are checked fiberwise; it
follows that Equiv,(X,Y) C Hom,(X,Y’) forms a full subcategory, and is
therefore an oo-groupoid. In fact, the inclusion is actually a Kan fibration;
indeed, given a lifting problem against A} — A", there is already a solution
in Equiv 4 if n > 2 because then the vertices of the simplex lie in Equiv 4. If
n = 1, this is implied by the fact that if we’re given a map h: Al x X —
A' x Y of left fibrations over A' x A and one of the fibers hg: X — Y (or
h1) is an equivalence, then the other is too. That’s because we can check this
on the fibers over all objects a, in which case it corresponds to a homotopy
Al x X, — Y, from a map to an equivalence in sSetkq.

In our goal to view Hom(A,8) as the space of left fibrations with U-small
fibers over A, the next step is to show that a morphism of classifying maps
in the oco-category Hom(A, 8) induces a morphism between the corresponding
left fibrations, and that being invertible is equivalent to being an equivalence
of left fibrations.

Construction 1.2.13 Let px: X — A and py: Y — A be left fibrant
objects (with U-small fibers) over A, and suppose we are given classifying
maps F,G: A — 8 for them respectively.

1. A morphism f from F to G in the co-category Hom(4,8) is a map Al x
A — § starting at F' and ending at G; up to choice of pullback, this
classifies a left fibration 7: W — Al x A with U-small fibers, equipped
with isomorphisms Wy =2 X and W, 2 Y over A, where W, = W X144
{e} x A for e € {0,1}.
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2. Since {0} x X — A! x X is left anodyne (by [HCHA, Prop. 3.4.3]) and
7 is a left fibration, the commutative diagram

{0} xX —— W

[

Al x X — Al x A
admits a lift .

3. Since it is a map over A! x A, the induced map on fibers over {0} x A
and {1} x Ais pg: X = Wy, and p1: X — W1 2 Y. ¢ is a morphism
of left fibrations classified by F' and G, hence induces a map

p1: A— 7H0m53/5xs(8£0)7 8

over 8§ x § classifying .

Lemma 1.2.14 Assume we are in the situation of Constr. 1.2.13. The mor-
phisms 1 and @1 are independent of the choice of lift ¢ up to J-homotopy
over A and 8 x 8 respectively. In particular, they define unique elements of the
sets

Homp((sSet/A)eon) (X, Y), Hompo(sset,.,, /sx8) (4, Homgg/sxs (SSO), sy )
respectively.

Proof Consider the model category (sSet/A! x A)..y; note that J x (—) gives
model cylinders in this category too, because a weak categorical equivalence
is cofinal by Cor. 1.2.4. A lift of the commutative square in Constr. 1.2.13(2)
is necessarily a map over Al x A, but in Ho((sSet/A! x A).,) such a map
is unique, because 0 x X — A! x X is left anodyne, hence an isomorphism in
this category. Since A! x X is cofibrant and W is left fibrant over A! x A, any
two lifts are J-homotopic rel A x A.

Taking a J-homotopy J x Al x X — W over Al x A, passing to {1} x A fibers
gives a homotopy h: J x X — W; 2 Y over A, between the two induced maps
X — Y. This proves the first claim. For the second, consider the induced map
(pry,h): J x X — J xY over J x A, which is a morphism of left fibrations
with U-small fibers over J x A, hence induces a map

J x A— HOH’ISS/SXS(SSO)aSSU)-

over 8 x 8. Restricting along {e¢} x A — J X A produces the two possible induced
maps @1, @) induced by two choices X — Y, so this provides J-homotopy
invariance.

The last uniqueness statement follows because, as explained, J x (—) gives
model cylinders in the covariant model structure over a presheaf, and Y is left
fibrant over A. In the second case we can use the Joyal model structure because

Hom,g s, 5(84”,88") — 8 x 8



Vihaan Dheer 55

is a Joyal fibration, hence the source is a fibrant object of the slice. O

Lemma 1.2.15 Assume we are in the situation of Constr. 1.2.13. Then the
following conditions are equivalent:
(i

) @1 factors through @st(sﬁ‘”,sﬁ”).
(16) f: F — G is invertible in Hom(A,S).
)

(ii1) @1 is a fiberwise equivalence over A.
(iv) For each object a of A, the induced map 7o: W, — Al is a Kan fibration.

Proof We already know that (i) = (i#4). We know from [HCHA, Cor. 3.5.12]
that (i7) is equivalent to f,: F, — G, being invertible in § for each object a
of A. This is equivalent to, for each a, A' x {a} — § factoring through 8=,
which itself is equivalent to maps that these classify, namely m,: W, — Al
being Kan fibrations, by Thm. 1.1.62.

(iv) = (ii1) Fix an object a of A. If W, — Al is a Kan fibration, then consider
the cartesian squares:

W(E’a) — {6}
W, —— Al
for e € {0,1}. By [HCHA, Cor. 3.1.28], pulling back along the anodyne exten-

sion {¢} — A! produces weak homotopy equivalences Wie,ay — Wa. Taking
the fiber of the commutative square in Constr. 1.2.13 at a gives the diagram:

W(Oﬂ) ES {0} X Xa — Wa

(|

Al x X, — Al

In partcular, the upper map is a weak homotopy equivalence and the left-hand
map is an anodyne extension, so ¢,: Al x X, — W, is a weak homotopy
equivalence. Now X, is a Kan complex so the bottom map is a Kan fibra-
tion like the right-hand map; thus, a second application of right-properness of
sSetxq ([HCHA, Cor. 3.5.12]) implies that the induced map on pullbacks

©1,0): Xa = {1} x Xg = Wi 1) = Yo,
is a weak homotopy equivalence, hence an equivalence of co-groupoids.

(ii7) = (iv) Conversely, suppose ©(1,q): Xa — W(1,4) = Y, is an equivalence
of co-groupoids. The map induced by ¢, : Al x X, — W, on the fibers over
0 is already an isomorphism, so ¢, is a fiberwise equivalence of left fibrations
over Al. Now, in (sSet/A!).oy, the class of presheaves which are Kan fibrant
over A'! is closed under retracts and precomposition by trivial fibrations, and
consists of left fibrant objects. Thus by [HCHA, Prop. 5.1.13|, the fact that
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A x X, — W, is a weak equivalence in the covariant model structure over A’
implies that W, — A! is a Kan fibration, because X, is an co-groupoid. O

1.2.2 Right fibrations and presheaves of spaces

Let us combine all of these results together. Recall the object h(—, —) defined
in [HCHA, Sec. 3.5]. Using the evaluation map, form cartesian squares:

wh - W o
! 1 s
Al x h(A,8) — Al x Hom(AY, 8) == §

The evluation map provides a morphism in the category Hom(Hom(A!,§),8),
classifying the left fibration W — Al x Hom(A!,§), which allows us to apply
Constr. 1.2.13. In particular, we obtain a canonical map

p1: Hom(A,8) — Homgg (88", 84)

which is well-defined up to J-homotopy over 8§ x8. Precompose by the inclusion
h(A',8), which now corresponds to applying the same construction to W" —
Al x h(Al,8). Note that this time, the morphism we started with corresponds
to
Al — M(h(A17 S)’ S)a

which is invertible, because that condition is equivalent to the adjunct map
h(A',8) — Hom(A!,8) factoring through h(A!,§), which of course it does.
Therefore by Lemma 1.2.15, we get a commutative diagram:

h(A',8) —— Eqg_((88”,8)

|- | (%)

7HOII’1(A17 8) — 7H0msS/S><S (8£0)7 Ssl))

This is in fact cartesian. Indeed, note that the whole square is over 8§ X 8; a map
from A to the pullback of the cospan corresponds to a map A' — Hom(A, 8)
for which the corresponding map between left fibrations is an equivalence, but
this is equivalent to A! — Hom(A4,8) being an invertible morphism, which
means precisely that it factors through h(Al,8).

Finally, we also have a cartesian square

Hom(A4,8)™(F,G) —— Hom(A4,h(AL,8))

Hom(A4,8)(F,G) — Hom(A, Hom(A',8))
which is by definition of h: The bottom map is the restriction of the isomor-
phism Hom(A', Hom(4,8)) = Hom(A4,Hom(A',8)) to the mapping space.

Since the right-hand map is a full subcategory inclusion, so too is the pull-
back, so we can check this on objects. Indeed, a morphism from F' — G, i.e. a
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map Al — Hom(A4,8), factors through the mapping space of the core iff it is
invertible, which is the case iff the transposed map A — Hom(A%, 8) factors
through h(Al,S).

Apply Hom(A, —) to (xx), then by pasting this gives a cartesian square fitting
in the left-hand map above and the right hand map of the second square in
Example 1.2.12. It follows by a second application of pasting that we have
another cartesian square

Hom(A, 8)~(F,G) — Equiv4(X,Y)
Hom(A, 8)(F,G) —— Hom 4(X,Y)
where by Example 1.2.12 the right-hand map is a Kan fibration.

Remark 1.2.16 This is a very important cartesian square, and also encodes
the lower map that we will eventually show is an equivalence of co-groupoids.
Here are some immediate observations:

1. Note that the only choice made here took place before the introduction
of A, X,Y, F,G, as we made a single universal choice when constructing
the map Hom(A!,8) — @SS/st(SSO), Ssl)) and its pullback. Thus the
square is functorial in all of these new objects.

2. The lower map in the square is well-defined up to J-homotopy, because a
J-homotopy connecting two choices for the bottom map of (xx) (unique by
Lemma 1.2.14) induces a J-homotopy connecting the two corresponding
choices of the lower map. This is in fact relative to Hom(A, S x §8). Since
these are oco-groupoids, this is determined in both the Joyal and Kan-
Quillen model structures.

3. Since the right-hand map is a Kan fibration, this square is homotopy
cartesian in sSetkq (and sSetj,y, since it is in particular a left fibration).
Thus the upper map is also uniquely determined up to homotopy in both
homotopy categories.

Lemma 1.2.17 Let X andY be left fibrant objects over A with U-small fibers,
classified by maps F,G: A — 8. The morphism
Hom(A,8)~(F,G) — Equiv4(X,Y),

canonical up to homotopy, is an equivalence of co-groupoids. In other words,
the unique corresponding morphism in H is an isomorphism.
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Proof By construction, once we have chosen the map ¢ as above, the relevant
morphism is the fiber of the morphism

Hom(A, h(A',8)) 5 Hom(4,Eqg_ (84", 8L"))

\ l

Hom(A,8) x Hom(A4,8)

over Hom(A,8) x Hom(A,S8) at the object (F,G). The right hand map is a
Joyal fibration by [HCHA, Cor. 3.6.4], and the left-hand map is one by [HCHA,
Cor. 3.6.7]. We claim the upper map is a weak equivalence. Indeed, project
down to the second factor Hom(A, 8), then we claim the two maps are trivial
fibrations. It suffices to show that the Joyal fibrations

evy 0 1 t
h(AL8) Y8 Eqg (8,80)) L8
are weak categorical equivalences. The right-hand one is clear because it has
a section which is a trivial cofibration, by Lemma 1.2.10. The left-hand one is
known to us from [HCHA, Cor. 3.5.10], since § is an co-category. This proves
that ¢ is a weak equivalence. To conclude, apply [HCHA, Cor. 2.3.29] in
sSet oy and we deduce that the induced map on the fiber over (F, G) is a weak
equivalence. O

We now begin to outline the main result of this section. For each A, we define
an assignment

Piniv: hHom(A,8) — LFib(A)
on objects and morphisms as follows:

1. For each object F': A — 8 of hHom(A,8), we define p? . (F) to be the
left fibration A xg 8¢ — A classified by F'.

2. If ' and G are objects A — 8, then applying my to the map
Hom(A, 8)(F,G) — Hom 4 (X,Y) induces a map

Prniv : HOMy fom(a,8) (F, G) — Homppipa) (Phniy Fs Piniv ()

providing the assignment on morhpisms. Since Hom(A,8)(F,G) —
Hom 4 (X,Y) is determined up to Al- (and J-)homotopy, the induced
map is independent of all choices.

Remark 1.2.18 Let us recall how the induced map on morphisms is computed
concretely. We took a representative in a J-homotopy class

p1: Hom(A,8) — Homgg (88", 84)

defined by Constr. 1.2.13, then applying Hom(A, —) we view this as a map out
of Hom(A', Hom(A, 8)), so a morphism of Joyal fibrations over Hom(A, 8) x
Hom(A,8). Then we take the induced map on fibers over (F, G). Writing W —
A' x Hom(A%,8) for the left fibration classified by evaluation, we know that
1 above is induced by a morphism Wy — Wi of left fibrant objects over
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Hom(A',8). Then, the map of (2) above works as follows: given a morphism
f: F — G in Hom(A,8), viewed as a map f: A — Hom(A',8), the induced
map on fibers is

F xg8q =W X A— W, X A=G xg 8¢
Hom(A%,8) Hom(A,8)

over A, producing the corresponding object of Hom 4 (p%, i, F, Plinie G)- In light
of this, consider the universal lift:

OXWO‘ﬁW
[ |

Al x Wy — Al x Hom(Al,8)

If we apply (—) XHom(a1,s) A to this, associated to a morphism f: F — G
classifying X and Y over A, we produce a diagram:

OXX°—>Wf

[ 27

Alx X — Al x A

By Lemma 1.2.14, this shows that the assignment p7 ,, on morphisms can be
computed either by using the universal lift ¢ above, or by choosing a lift as in
Constr. 1.2.13 for a given pair of left fibrations.

Ezample 1.2.19 Here is an example of the above phenomenon. We’ll check
that hHom(A,8) — LFib(A) preserves identity morphisms. Let F': A — §
classify p: pf ., (F) = X — A; the morphism 1p: F' — F corresponds to
Al x A — A — 8, which classifies A! x X — A! x A. In particular, we have
to choose a lift in:

O0x X — Al x X

=1
Alx X — Al x A
Of course we can just take ¢ = Id, and the induced map 7 is 1x: X — X
over A, proving that pf . (1p) = 1x.

To demonstrate that the assignment is functorial, we need a lemma extending
Constr. 1.2.13 to higher order simplices.

Lemma 1.2.20 Let p: W — A" x A be left fibration.
1. The fiber inclusion W,, — W is a weak equivalence in (sSet/A)coy.

2. A lift ¢ in the left-hand diagram below

Ox Wy —— W i x Wy —225 W,

[ [ [

A" x Wy — A" x A A" x Wy —25 W
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always exists, and for any such lift the right-hand diagram commutes in
LFib(A). In particular, the triangle

Wy 2% W,
NS
147

commutes in LFib(A).

Proof (1) W,, — Ais aleft fibration, and W — A™ — A — A is a left fibration
composed with a projection, so W,, — W is a morphism of proper maps over A.
By [HCHA, Cor. 4.4.28], it suffices to show that W,, — W is a fiberwise weak
homotopy equivalence over A. But {n} < A™ is a right anodyne extension,
and for each a the maps W, — A™ are left fibrations, hence proper. Thus
the pullback W(,, 4y < W, is right anodyne, in particular a weak homotopy
equivalence.

(2) Since 0 is an initial object of A™, it follows that 0 x Wy — A™ x Wy is left
anodyne, thus a lift ¢ always exists. Moreover, this means that the projection
A" x Wy — Wy is a covariant weak equivalence, and thus all sections of it (i.e.
i x Wy — A™ x W) are equal in LFib(A). We conclude because the right-
hand diagram commutes by construction when ¢ = n. The final commutative
triangle is the case that i = 0. ]

Corollary 1.2.21 The assignment p? . : hHom(A,8) — LFib(A) is a well-
defined functor.

Proof We have checked that it preserves identities, so it remains to check
that it preserves commutative triangles in h Hom(A4, 8), i.e. the boundary of 2-
simplices. Consider a map A? x A — § classifying a left fibration W — A2 x A,
then pulling back along A7} x A — A2 x A provides the restriction to a face,
W;; — A' x A. This provides a homotopy class f;;: W; — W, in LFib(A).

Applications of Lemma 1.2.20 to Wy — A0} x A and Wi, — A2 x A4
produce, by construction, a commutative diagram

W fo1 0% f12 Wy

NNl

Woi Wiz
\ l
W

in LFib(A). Now apply Lemma 1.2.20 to W — A? x A and choose a lift ¢ as
in (2). Applying A{%2} x A2 (=) to the whole square shows that the image of ¢
provides a lift A{02} x Wy — Who,2, which implies that ¢o: Wy — Wy coincides
with fgo. Thus the lemma and commutative diagram above show that fpo and
f12fo1 are equal in LFib(A) after composing with W5 — W. But this map is
an isomorphism, so fo2 = f12fo1- O
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The main work will be full faithfulness. We need some technical results for
this, which will concern the following construction. First, let p: Al x A — A be
the projection, which gives the adjunction p* - p, on the slice categories over
Aand Al x A, If X and Y are in sSet/A! x A, we denote the corresponding
fibers over {e} x A as X, Y.. We know that there is a lifting correspondence
of the following form:

A'xK 1T {e4xL— X K —p.X
K N |
A'XL —— Y L X, xy. p.Y

There are a number of consequences we can easily deduce from this:

1. Take Y to be the terminal object A! x A and ignore the lifting map. Then
we get a natural bijection between morphisms of arrows from K — L and
p+X — X, and morphisms of arrows from

A'xK T {e&xL—-A"'xL
{e}x K

and X — Al x A. If we assume that K and L start as objects in sSet /A,
then the lower map A' x L — A x Al x A is the structure map, so this
becomes two adjunctions

s, Arr(sSet/A) = sSet/(A! x A) : t*, 5%,
where s) - s* is the case that ¢ = 0 and ¢, 4¢* is e = 1.

2. If X is left fibrant over A! x A, then s*(X): p.(X) — Xp is a trivial
fibration: by the lifting correspondence, this corresponds to the fact that
Al x KUOx L — Al x L is left anodyne for any monomorphism K — L
([HCHA, Prop. 3.4.3).

By the identification Arr(sSet/A).o, = (sSet/A)2 . ®, we can view the arrow
category as equipped with the injective model structure on top of the covari-
ant model structure as given by [HCHA, Prop. 2.3.11]. From that result, the
cofibrations and weak equivalences are defined pointwise; a (trivial) fibration

is a commutative square

X —Y

X —Y
in which X — Y is a (trivial) left fibration and the natural map X’ — X xy Y’
is a (trivial) left fibration.

3. Under this definition, we claim that ¢, 4 ¢t* is a Quillen adjunction. Indeed,
suppose that X — Y is a (trivial) left fibration over A x A. To see that
t*(X) — ¢t*(Y) is a (trivial) fibration, we have to show that X; — Y7 and
P« X — X1 Xy, p.Y are (trivial) fibrations. The first fact is because pulling
back along the inclusion 1 x A < A! x A is right Quillen. The second is
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because if, in the lifting correspondence above, K — L is left anodyne (a
monomorphism), then the induced map A' x KU1 x L — Al x L is left
anodyne (a monomorphism) [HCHA, Prop. 3.4.3].

4. The right derived adjoint Rt* is conservative. Indeed, let X — Y be a
morphism of left fibrant presheaves over A! x A for which t*X — t*Y is a
weak equivalence. This means p, X — p,Y and X; — Y7 is an equivalence.
It follows from (2) and the commutative diagram

P X — p.Y
s*(X)i is*(Y)

Xo — Y,

that Xy — Yj is also a weak (covariant) equivalence. Thus both Xy — Yj
and X; — Yj are fiberwise equivalences, hence X — Y is a fiberwise
equivalence.

Ezxample 1.2.22 Assume the setup as in Lemma 1.2.20 or Constr. 1.2.13, i.e.
we're given a left fibration W — Al x A and a chosen lift ¢ as in:

Ox Wy —— W

Lo

Al x Wy — Al x A

Define iy : Wy — p.W to be the adjoint map to the lift ¢. Corresponding to
the two endpoints, we have the following two commutative squares:

WO % p*W WO % p*W
H s*(W)l ism lt*(W)
W() — WO W1 E— Wl

The left-hand square and (2) above imply that iy is a trivial cofibration, so
on the right-hand side we see that (iy, 1y, ) gives a trivial cofibration between
1 and t*(W). Hence, even though ¢, depends on a choice, we have a weak
replacement ¢t*(W) which is natural and functorial in W.

For the next result, let us establish the following notation: if W is a presheaf
over Al x A, then for € € {0,1} write W/e for the pullback along A'/e x A —
A' x A, viewed as an object over A. Of course, this is either co: 0x A — Al x A
or the identity map, so W/0 is Wy over A, and W/1 is simply p/W. This
definition satisfies the following properties:

1. W+ W/e is left Quillen as a functor (sSet/A)coy — (sSet/Al x A)qoy.
Indeed, if € = 1 then this is clear, and otherwise we know that Al/0 — Al
is a right fibration, hence 0 x A — A! x A is smooth.
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2. The natural map W, — W/e is a weak equivalence if W is left fibrant over
Al x A. Indeed, either this map is the identity or the weak equivalence
of Lemma 1.2.20.

Proposition 1.2.23 For any A, the adjunction t, - t* forms a Quillen
equivalence.

Proof We have checked that it forms a Quillen adjunction and that the right
adjoint Rt* is conservative, so it remains to see that Lt is fully faithful, i.e.
that the unit F — Rt*Lt,F is an isomorphism. Write F' = (F* — F1), and
consider a fibrant replacement t/F — G in (sSet/A! x A).,,. This induces a
commutative diagram for e = 0, 1:

F¢ — t*"(tF)* — (1F)e — tF/e

l l 1~

(G G —=— Ge

Here, the right-most map is a weak equivalence because of (1) above, and
G. — G/e is one because of (2) above. Moreover, the map t*(G)¢ — G, is a
weak equivalence: for € = 1 it is the identity, and for e = 0 we showed it is a
trivial fibration. The composite F' — ¢*(G) represents the adjunction unit, so
to finish the proof we may show that F¢ — (¢, F)/e is a weak equivalence for
e=0,1.

This is a morphism of left Quillen functors on the category
Arr(sSet/A)coy = PSh(A/A)*7°* = PSh((e — ¢)°? x A/A),

where (¢ — ¢)°P x A/A is Eilenberg-Zilber. By Remark 1.1.6 we may prove
that it is a weak equivalence for F' a representable functor, of which there are
two forms (0,0) or (1,0), where o: A™ — A is an n-simplex.

1. (0,0): There’s exactly one map 0 — 0 and 1 — 0 in the opposite category

of e — e, s0 F = (A" ER A™) with the structure maps given by o. Thus
t(F) = Al x A" and the € = 0,1 cases correspond to the two maps

A”LAle”/OzA” A" 25 AL AT
which are weak equivalences: On the right, this is because ¢ is a section
of the same map that ¢; is a section of, and ¢; is left anodyne.
2. (1,0): There’s no map 0 — 1 and one map 1 — 1 in the opposite category,
so F'= (@ — A™), meaning #(F) = A™, and the two maps are
g2 A" L A"
both of which are weak equivalences.

This proves that the unit is a pointwise weak equivalence and therefore com-
pletes the proof. O
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Remark 1.2.24 The next theorem is the main result of this section. There is a
significant size issue in the original version of Cisinski in the proof of fullness,
and in an updated version there is a somewhat unsatisfying fix to this issue.
The proof presented below is different from both of these but is also a bit
unsatisfying, and involves a direct construction of fullness.

We write LFiby(A) for the full subcategory of LFib(A) consisting of objects
represented by left fibrations with U-small fibers.

Theorem 1.2.25 The functor p}.,;,: hHom(A,8) — LFib(A) is fully faithful,
and induces an equivalence of categories between h Hom(A, 8) and LFiby(A).

Proof The second statement follows immediately, because any left fibration of
the form pj ;,F has U-small fibers, and conversely every left fibration with
U-small fibers admits a classifying map factoring through §.

Fullness: Let F,G: A — § classify left fibrations X — A and Y — A with U-
small fibers, and suppose that ¢: X — Y is a morphism over A. Let ¢o: 0 X
A — Al x A, then we have a natural map p*Y — ¢ .Y adjoint to the identity,
so we may form a pullback

W — C()’*X

|- Leo.ew

p*Y — cp Y

inside sSet/A! x A. By adjunction, for any presheaf K over Al x A, a map
K — W is a commutative diagram

Ky — X

[

K —Y

over A, where K is the fiber over 0 x A. In particular, an n-simplex of W
lying over (a,0): A" — Al x A is a map from (A", A") — 1 over A. This
construction has the following properties:

1. For each such n-simplex of A! x A, there can be only U-many maps
A™ — Y over A, and only U-many maps A" — X over A, because of the
assumptions that X and Y have U-small fibers over A. Therefore W has
U-small fibers over Al x A.

2. W — Al x A is a left fibration. Suppose we're lifting against A} — A"
for k¥ < n, and assume the n-simplex of (a, o) is so that A”™ C A" has
r < n. Then A" C A}, so the zero fiber is already A} xa1 0 = A", so
the given horn provides a map A" — X over A} — Y. This lower map
lifts over A, producing a morphsim from (A", A™) — 1 as desired. The
other case is r = n, so « is constantly 0, in which case Ky — K becomes
A} = A}, and we just extend the map to X over A.
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3. When « is a constant map at 0 or 1, A" is either A™ or & respectively,
so the simplex is either any simplex of X or any simplex of Y. Thus
canonically Wy = X and W; = Y. By Example 1.1.51 applied to the
inclusion OA' x A € A' C A, we can choose a classifying map Al x A — §
for W — Al x A with endpoints F and G.

To conclude, take K = A! x X and Ky = X with the obvious maps in the
diagram above, producing a map A' x X — W over A! x A. This is the identity
on the zero fiber and v on the one fiber, so by Lemma 1.2.14 in Constr. 1.2.13
we conclude that the associated map F' — G maps to 1.

Faithfulness: Let F,G: A — § be maps classifying X — A and Y — A, and
f,g: F — G two morphisms in Hom(A,8). Assume that f,g: Al x A — §
classify Wy — Al x A and W, — A' x A. Apply Lemma 1.2.17 with A! x 4
to obtain bijections

Homy, grom(atrxa,8)=(f,g) = Homppipatxa)~(Wy, W)
— HomHo(Arr(sSet/A)cov): (t* (Wf)7 t* (Wg))
because mo Equivaiy 4 (Wy, Wy) = Homppinatxa)y(Wy, Wy), along with the
equivalence of Prop. 1.2.23. As f and g vary, this shows that

hHom(A! x A,8)~ — Ho(Arr(sSet/A)= )

cov

is fully faithful. Now, keeping the same notation, assume that the two maps
¢©1,%1: X — Y induced by f and g are equal in LFib(A). Then they are J-
homotopic because X and Y are left fibrant over A, and we can construct a
big diagram

pWy 1 X 2 Tx X 2 X 2% p W,

¢ (Wf)l %l hl wll lt* W,)
Y Y

Y Y Y

using then J-homotopy h. Here the right-most squares are given by Exam-
ple 1.2.22. Each horizontal map is a weak equivalence in LFib(A), and ¢y = ¢;
in LFib(A). Thus viewing the diagram is a zig-zag in Arr(sSet/A)coy, it pro-
vides an isomorphism ¢*(Wy) = t*(W,), which by full faithfulness lifts to an
invertible map a: f ~ g in Hom(A! x A, 8). In other words we have a diagram

FX3F

L do

G35 G
commuting in h Hom(A, 8). Now apply Lemma 1.2.17 to obtain full faithfulness
of hHom(A,8)™ — LFib(A)=. Transporting this diagram along the functor
shows immediately that the image of «; is 1y, so a3 = G. Likewise, oy maps
to the composite

X g x xS x
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in LFib(A), which is the identity because ¢y = ¢; in LFib(A4). Thus ag = 1p
in hHom(A4, 8), so we conclude f = g in that category too. |
Corollary 1.2.26 Let A be a simplicial set.
1. For any choice of the map
@(A1>5) - @SS/SXS(SSO),Sﬂl)),
canonical up to J-homotopy, the induced map
Hom(A',Hom(A4,8)) — Hom (A7I_107mss/s><5(8£0)7 551)))
is an equivalence of co-categories over Hom(A, 8) x Hom(A4,8).
2. For any F,G: A — §, the induced functor
Hom(A, 8)(F,G) — Hom 4 (Plniv I, Piniv G)
on fibers is an equivalence of co-groupoids.

Proof We prove this in a roundabout way, namely starting with (2). For any
simplicial set K, apply Hom (K, —) to both sides of the fiberwise map. By the
canonical identifications coming from Hom-ing to Hom 4, we obtain

@(K X A7S)(FK’ GK) - MKXA(piniVFK7 K x pfmivGK)’

where Fg,Gg represent K x A — A — 8. The functor p} ;, on mor-
phisms was defined by applying 7y to a map of the form above, so applying
mo gives a bijection by full faithfulness of Thm. 1.2.25. On the other hand,
7o Hom (K, —) = Homy (K, —) on oo-groupoids, so by the Yoneda lemma in H
we deduce that the functor is an equivalence of co-groupoids.

(1) The second map is, up to isomorphism, obtained form the first by applying
Hom(A, —). Thus it suffices to prove that the A = A® case is an equivalence
of oo-categories. On the other hand, (2) is the statement that after applying
Hom(A, —) we obtain a fiberwise equivalence. Therefore the result can be
deduced from the following claim:

Claim: Let f: X — Y be a morphism between Joyal fibrations X — B «
Y where B is an oo-category. If Hom(A, X) — Hom(A,Y) is a fiberwise
equivalence of oo-categories over Hom(A, B), then f is an equivalence of
oo-categories.

Proof: Since X and Y are Joyal fibrant over B, the induced diagram

Hom(A, X)= — Hom(A4,Y)~

\ l

Hom(A, B)=

has Kan fibrations as vertical maps by [HCHA, Thm. 3.5.11]. Since (—)=
preserves pullbacks and equivalences of oco-categories, the horizontal map is
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a fiberwise equivalence. Thus Hom(A4, X)~ — Hom(A,Y)= is an equivalence
of oco-groupoids (e.g. by Cor. 1.1.7 and Example 1.1.2), so X — Y is an
equivalence of co-categories by [HCHA, Thm. 3.6.9]. O

Ezxample 1.2.27 This is important to us especially in the case that A = AO°.
It first says that h§ C H is equivalent to the full subcategory of H spanned
by U-small co-groupoids. It also says that if D and D’ are co-groupoids, then
the mapping space 8(D,D’) is equivalent to Fun(D, D’), the oo-groupoid of
functors between them. This is the full justification that § is the right oo-
category of co-groupoids. Repeating the same remarks using A, it is also the
justification that Hom(A,§) is the right co-category of left fibrations over A,
and that Hom(A°P, 8) is the co-category of right fibrations over A.

Ezample 1.2.28 In this example, write Sy and 8y for the co-category of spaces
8 associated to the universes U and V. Assume that U € V. Since a U-
small simplicial set is V-small, there is a natural inclusion U C V, and Sy C
8v. It is clear that the inclusion classifies the left fibration Sy« — Sy with
V-small fibers. We deduce immediately from Cor. 1.2.26 that the induced
map Hom(A4, 8y) — Hom(A,Syv) is fully faithful, because the left fibrations
classified by two maps are the same regardless of the universe. Note that as a
consequence, the natural map from 8y to the full subcategory of Sy consisting
of co-groupoids which are equivalent to U-small co-groupoids, is fully faithful
and essentially surjective, by Lemma 1.2.17.

The next corollary uses the universe axiom in a somewhat essential way.
Corollary 1.2.29 The following conditions are equivalent for a left fibrant
presheaf X over A:

(1) There is an equivalence of left fibrant objects X ~ X' over A such that
X' — A has U-small fibers.

(13) For each object a of A, the oco-groupoid X, is equivalent to a U-small
00-groupoid.

(7it) There exists a homotopy cartesian square of the form

X -+ 8,
l 4 ipuniv
A--—58

in sSet 5oy

Proof (i) = (i4i) is immediate, because we can just replace the cartesian
square classifying X’ — A with X — A, as it is homotopy cartesian by
Prop. 1.2.6 (and the fact that this is equivalent to being a weak categorical
equivalence). (ii7) = (i7) By Prop. 1.2.6 and the pasting lemma, we deduce
that for each a in A, X, — A° is a homotopy pullback of 8 — 8. The same
result again implies that X, — {a} Xg S, is a weak categorical equivalence,
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hence an equivalence of co-groupoids. But {a} x g8, is isomorphic to a U-small
simplicial set, so we take it to be U-small.

(#4) = (i) Choose a universe V 3 U such that X — A has V-small fibers.
Let 8, be the full subcategory of 8y of co-groupoids equivalent to U-small
oo-groupoids, then we saw in Example 1.2.28 that Sy — 8%, is an equivalence
of oco-categories. Thus

Hom(A, 8y) — Hom(A, 8%,)

is an equivalence of co-categories, hence essentially surjective. Since X — A
is classified by a map in the RHS, we can choose a classifying map in the
RHS equivalent to it. If this classifies X’ — A with U-small fibers, then
Lemma 1.2.17 shows that X’ ~ X as Equiv 4 (X', X) ~ Hom(A, 8v)(Fx, Fx)
is nonempty. O

We sometimes say that a left fibration X — A has essentially U-small fibers
if it satisfies one of the equivalent conditions of the previous result. As we will
see, the Joyal homotopy pullback coincides with the co-categorical pullback
in Cat..; thus, when working in a universe containing U as an element, the
left fibrations with essentially U-small fibers are the pullbacks of the universal
such fibration in Catgo.

Some remarks on uniqueness: Let p: X — A be a map, and let us temporarily
define the mapping set

M = Hom(X,8*) x  Hom(A,8§),
Hom(X,s)

whose objects are morphisms p — puniv 0of arrows. Since Hom(X, —) preserves
left fibrations, M — Hom(A,8) is a left fibration, and in particular M is an
oo-category. Now assume that p is itself a left fibration. For K a simplicial set,
a map K — M specifies a commutative diagram:

KxX ---» 8,
l lpuniv
KxA----38

Then the following conditions are equivalent:
1. The diagram above is homotopy cartesian.

2. The map K x X — (K x A) xg 8, is an equivalence of left fibrations over
K x A.

3. K — M factors through the full subcategory of M spanned by arrows
(a, B): p — Puniv such that X — AxgS8, is an equivalence of left fibrations
over A.

(1) and (2) are equivalent because of Prop. 1.2.6; (2) and (3) are equivalent
because both conditions are equivalent to the claim that, for every object k of
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K, the map {k} x X — ({k} x A) xg 8¢ is an equivalence of left fibrations,
because everything is checked fiberwise. We therefore define

hClassy(p) € M

to be the full subcategory consisting of commuting maps p — puniv S0 that
X — A xg 8, is an equivalence of left fibrations, or equivalently that the
obvious square is homotopy cartesian. In other words, this is the oo-category
of choices of classifying data for the left fibration p. Note that Cor. 1.2.29 says
that hClassy(p) is nonempty iff p has essentially U-small fibers.

Proposition 1.2.30 Letp: X — A be a left fibration with essentially U-small
fibers. Then hClassy(p) is a contractible co-groupoid.

Proof Then hClassy(p) is nonempty, so choose a classifying map F: A — 8
and pullback F': X — 84 such that X — A xg 8, is an equivalence of left
fibrations. Recall the source-target projection

(5,1): Bqg((84”,8{") -8 x 8

which is a Joyal fibration. Hence s is one too, but it is a section of a trivial
cofibration by Lemma 1.2.10, so s is a trivial fibration. We claim there is a
pullback square:

hClassy(p) — Hom(A4, Eqg ¢ (SEO)7 8&1)))

|- L

AV F L Hom(A,S)

Indeed, a map from K to the pullback is a map K x A — @M(SE‘”,SE”)
over F', or in other words, a map G: A — 8 and morphism F' X g8, — G Xg S,
of left fibrations which is an equivalence. Such a map is an equivalence iff the

map X — G Xg 8, is an equivalence, so we conclude the cartesian property.
This shows that hClassy(p) — AY is a trivial fibration. O

Ezample 1.2.31 Therefore, for a given left fibration (with essentially small
fibers), a choice of classifying map is essentially unique, i.e. unique up to a
canonical contractible groupoid. We also see that in the case A = A?, this
says that for a given oco-groupoid D, there is an essentially unique object of
8 classifying it. We already knew this on the level of the homotopy category
from Thm. 1.2.25.

Remark 1.2.32 Since the projection M — Hom(A,8) is a left fibration, we
also know it is a conservative isofibration. This means that a morphism in M
is invertible iff its image in Hom(A, 8) is invertible. One can use this to deduce
quickly that hClassy(p) < M is an isofibration, because it is a full subcat-
egory closed under equivalences, and hence so is hClassy(p) — Hom(A4,8).
This also means that given two classifying data in hClassy(p), the fact that
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they are equivalent means that the corresponding maps A — 8 are equiva-
lent in Hom(A4, 8), i.e. for each a the map F, — G, of classifying maps is an
equivalence of oo-groupoids.

hClassy(p) is the space of homotopy classifying data; we could also consider
the full subcategory of M spanned by those pairs for which the corresponding
square is literally cartesian. This would then also be a full subcategory of
hClassy(p), hence contractible if it is nonempty.

Remark 1.2.33 The full subcategory construction in the literally cartesian case
described above is not the ‘right’ contractible co-groupoid to study. There is
another non-full simplicial subset classy(p) C M described as follows: We
claim that there is a unique subcomplex such that the maps K — M factoring
through classy(p) are the morphisms (K X X — K X A) — puniy for which

KxX — (KxA)Xxg38e

is an isomorphism. Indeed, we can define it by taking this same condition for
K = A™ and it is easy to check that the condition passes to all K. The objects
of classy(p) are still literal classifying data for p, but the higher morphisms
are also classifying data for A™ x X — A™ x A. Then we claim that if p admits
a classifying map, i.e. p has U-small fibers, the classy(p) is a contractible
groupoid. Indeed, suppose we have a lifting problem K <— L and a map
K — classy(p). We have cartesian squares:

KxX -1y, KxX — LxX
| - |
KxA-fys KxA—LxA

If K # @, then we can simply apply Example 1.1.51 and extend F to a
classifying map G for Lx X — Lx A, which will provide a lift to L — classy(p).
If K = @, then we just need to find any classifying map for L x X — L x A,
which is easy because it is a pullback of X — A, hence has U-small fibers.

These results are important for conceptual understanding, especially since we
do not yet have an instrinsically constructed oo-category of left fibrations over
A. Once we discuss localization, that will be another perspective. We will also
use Prop. 1.2.30 to justify that mapping space functors Mape: CP x € — §
exist and are unique up to contractible co-groupoid.

FEzample 1.2.34 This is a continuation of Example 1.1.32 and Example 1.1.33.
We consider the setup there, in which we had a right fibration F': C — D of
small 1-categories induced by choices of groupoids Fy for each d, with pullback
maps u*: Fy — Fy for each u: d — d’ in D. Now, choose a universe U in
which C'is U-small, so that F°P: C°P — D°P is a left fibration with U-small
fibers. Hence there is an essentially unique functor

F:D® 3§
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classifying F°P, so we can identify F'(d) = Fy for all d € D. We want to see
that under the equivalence Cor. 1.2.26, the map F(d') — F(d) in 8 associated
to u: d — d’ is given by the pullback functor u*. To see this, return to Con-
str. 1.2.13: if CgP is the fiber A" x po» C°P associated to u, we need to come
up with a lift in the diagram:

O0X Fgg —— Cgp

L

A x Fy —— Al

To do this, we have the two functors Fy — CpP and Fy 2B Cop,
and we want to exhibit a natural transformation between them. Indeed there
is the canonical one which is the map u: (d,u*z) — (d’,x) on components
x € Fy, providing the relevant homotopy. This ends at the map u*: Fg — Fy
by definition, so the corresponding map F(d') — F(d) is precisely given by
pullback.

For example, we consider the case of Example 1.1.33. Using a universe/cardi-
nality bound, we can restrict to small enough schemes Sch and small enough
quasicoherent sheaves so that C' and Sch are small categories, and the fiber
Fx = QCoh(X)™ is a small category. Then we write the induced classifying
map as
QCoh™: Sch®® — § X — QCoh(X)~.

By our computation above, a morphism f: X — Y of schemes induces the
pullback map

QCoh™(f) = f*: QCoh(Y)™ — QCoh(X)=,

as we would expect, at least up to natural isomorphism. This is especially
nice because it records various natural coherences that don’t need to be
checked independently, especially associativity-compatibility of the natural
isomorphisms f*g* 2 (gf)*.

1.2.3 Locally U-small co-categories

In this section we mainly prove two size results on U-smallness and locally
U-smallness, and setup the theory of the twisted diagonal and fat twisted
diagonal of an co-category. Both of these are in preparation to state and prove
the Yoneda lemma. In the latter half of this section, we will freely use and cite
to the theory of bivariant model structures, as discussed in [HCHA, Ch. 5.5].

Convention In this section, we will use the temporary phrase ‘cardinally U-
small’ or of U-small cardinality if an object is isomorphic to a U-small object.
So, a cardinally U-small set is one bijective to an element of U, cardinally U-
small simplicial set is one isomorphic to a U-small simplicial set, etc. Later,
when we are not concerned with set theory anymore and just have a fixed
background universe, we will say small to mean cardinally U-small.
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Definition 1.2.35 An oo-category C is locally U-small if for all objects z,y
of €, the oo-groupoid C(z,y) is equivalent to a U-small co-groupoid.

Ezample 1.2.36 If A is a U-small simplicial set, then Hom(A,S8) is locally
U-small. Indeed, its mapping spaces are equivalent to Hom 4(X,Y") for left
fibrations X — A and Y — A with U-small fibers (Cor. 1.2.26). But then X
and Y are isomorphic to U-small simplicial sets, so Hom(X,Y) is isomorphic
to a U-small simplicial set, so Hom 4(X,Y) is too. In particular § is locally
U-small. We'll generalize this below.

Example 1.2.37 By definition, if F': ¢ — D is a fully faithful functor of oco-
categories, then if D is locally U-small we see that C is also locally U-small.
In particular the notion is invariant under equivalences of co-categories.

Ezample 1.2.38 If € is locally U-small, then for any tuple (zq,...,z,) of
objects the n-fold mapping space C(xy, ..., x,) is also equivalent to a U-small
oo-groupoid. Indeed, by [HCHA, 3.7.7] there is a canonical trivial fibration

C(xzo, ..., xn) — Clxo,x1) X -+ X C(Tp—1,Zn),
and the RHS is equivalent to a U-small co-groupoid.

Ezample 1.2.39 Suppose € is a (cardinally) U-small oco-category. Then
Hom(A!, @) is cardinally U-small, so C(z,y) is cardinally U-small for all =
and y. Hence C is locally U-small.

Remark 1.2.40 We recall that an ordinary locally small category C' is locally
U-small if for each z,y, the set Home(z,y) is cardinally U-small. An essen-
tially U-small ordinary category C' is one which is locally U-small, and the
isomorphism classes of objects form a cardinally U-small set. We recall that
this is equivalent to C' being equivalent to a U-small category.

Ezample 1.2.41 If C is cardinally U-small, then hC is obviously also cardinally
U-small. Also clearly (or consequently), C' is cardinally U-small iff N(C) is
cardinally U-small. Suppose C is locally U-small. Then C(x, y) is equivalent to
a U-small co-groupoid D, so moC(z,y) = mo(D) is cardinally U-small. In other
words hC is locally U-small. Conversely, if C is a 1-category in the sense of
Remark 1.0.3 and hC is locally U-small, then C is locally U-small. Indeed, its
mapping spaces are equivalent to mapping spaces of the form N(Hompe(z,y))
where Homype(z,y) is viewed as a discrete groupoid, which is cardinally U-
small.

Proposition 1.2.42 Let F': € — D be a functor between locally U-small
oo-categories. The following conditions are equivalent:

(1) F is fully faithful.

(1) For any U-small simplicial set A, the induced map

F.: Hom(A,€) — Hom(A, D)
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18 a fully faithful functor, with essential image consisting of the maps
p: A — D such that for each a in A, p(a) is in the essential image of F.

(#i1) For any U-small simplicial set A, the induced map
F,: hHom(A, C) — hHom(A, D)
s a fully faithful functor.

(iv) There is a factorization of F into € — € — D where € — € is an
equivalence of co-categories, and € — D has the right lifting property
against OA™ — A" for n > 0.

Remark 1.2.43 If X is a simplicial set and S C X is a subset, we write
Xgs C X for the full simplicial subset spanned by S. Then we recall that
Xg — X has the RLP against all maps which are bijections on objects, in
particular 0A™ — A™ forn > 0. If f: X — Y is a morphism, then it has the
RLP against such inclusions iff the map X — Yj, s is a trivial fibration, where
Yim s is the full subcomplex spanned by fo(Xo) C Yp.

Proof (of Prop. 1.2.42) (i) = (iv) (=) Let D’ C D be the full subcategory
spanned by the image of Fy: €y — Dy, so that F' factors as € — D’ — D. Then
the first map is fully faithful and essentially surjective, and D’ — D is a full
subcategory inclusion so we conclude by the remark above. (<) Given such a
factorization, we may assume € = €’ and that F' has this property. Then again
repeat the same factorization € — D’ — D as above. By the remark, € — D’
has to be a trivial fibration, hence an equivalence, so € — D is fully faithful.

(i) = (i7) One direction is clear by taking A = A®. Conversely, let D’ C D be
the essential image of F', so that € — D’ < D where the first functor is an
equivalence. Then F), factors into

Hom(A, €) — Hom(A,D’) — Hom(A, D)

where the first map is an equivalence, and we claim that the second inclusion
is of the full subcategory spanned by maps ¢: A — D such that p(a) € D’
for all a in A. Indeed, an n-simplex ¢¥: A” x A — D lies in Hom(A, D’) iff the
map factors through D', ie. ¥(i,a) C D', iff p(a): A™ — D lies in D’. This
proves the claim.

(#3) = (i3i) The (=) direction is already known. If (ii¢) holds, we use the nor-
mal trick: starting with the map C(z,y) — D(Fz, F'y), we first observe that it
suffices to show that applying mg Hom(A, —) for all U-small A gives an equiv-
alence. Indeed, this is because if we choose U-small equivalent representatives
&1, &y for each mapping space, then this will imply that

HomHU (A, 81) - HomHU (A, 82)

is an isomorphism for all A € Hy, so &4 —= &5 is an equivalence of oco-
groupoids, hence the original map is one too.
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To prove this claim, observe that we get
mo Hom(4, €)(z, y) — mo Hom(A, D)(Fz, Fy)

where x,y, Fx,Gy denote the corresponding constant-in-A maps. This is
isomorphic to the map

Homy, gom(a,e) (2, y) — Homy gom(a,p) (F'z, Fy),
which we have assumed is a bijection. (Il

The next result will rely on a more in-depth computation regarding minimal
complexes as in [HCHA, Ch. 5.1]. We will use the following lemma, which is
also interesting in its own right. Assume n > 1; if € is an oco-category and
b: OA™ — C is a boundary, we construct a cartesian diagram:

Fillg(b) —— Hom(A™, )~ «—— Hom(A",C)

{b} —— Hom(0A™,€)~ — Hom(0A™,C)
Since OA™ — A™ is surjective on vertices, it follows that the right-hand map is
conservative, so the right-hand square is cartesian. Since € is an oo-category,
the right-hand map is a Joyal fibration ([HCHA, Cor. 3.6.4]), so the middle
vertical map is a Kan fibration ([HCHA, Thm. 3.5.11]), so Fillg(b) is an oco-
groupoid. If b is instead a map A} — A", we use the same notation to denote

the corresponding construction; in this case if n > 2, then we again have
bijectivity on vertices so the result is an oco-groupoid.

Lemma 1.2.44 Let C be an oo-category, n > 0, and b: OA™ — C be a
boundary. If b has a filler f: A™ — C, there is an equivalence

Fillg (b) ~ Q" (C(z0, zn), fo.n)
of co-groupoids, where fon: xo — %, 15 the long edge of f.

Proof For n = 1, Fills(b) = €(z0,x1) by definition. Assuming n > 2, observe
that

A7 N AR = AN = AP
and the union of these two is OA™, giving a bicartesian square. Applying
Hom(—, €), we obtain the bottom right square in the following diagram:

Fillg(b) — Fillg(b|ar) —— Hom(A™, C)
(b} —— Fill;"(97) — Hom(9A",€) — Hom(A™ ', €)
{b|ar} — Hom(A},€) — Hom(9A""1,€)

Here, we have let 7 = b|on1. Then the outer rectangle on the bottom is carte-
sian by definition, so the left-bottom one is; then the middle outer rectangle
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is cartesian, so the middle one is. The outer-upper one is cartesian, so the left
one is.

Since € is an oco-category, restriction along A} — A™ produces a trivial fibra-
tion ([HCHA, Cor. 3.2.8]). Thus Fillg(b[sr) is a contractible co-groupoid. On
the other hand, the map

Fillg (b|ap) — Fillg~' (97)

is a Joyal fibration of Kan complexes, hence a Kan fibration. Therefore the
upper right square is homotopy cartesian. Since b has a filler f, it maps to a
filler of b|x» which maps to the filler 7 of d7. Therefore,

FillZ (b) ~ {7} xgug,l (om) Fillg (blay)

~ {1} xFRng_l(aT) {r} =~ Q(Fillz""(07),7)

where the last step is by Example 1.1.25. On the other hand, by definition
7 = dy1(f) has vertices zg,...,z, with long edge fo,: ©o — x,. By induction,
we conclude

(Fillg~1(97),7) ~ Q" 2(C(x0, n), fon)
as a pair, so combining with the above observation completes the proof. O

We observe that if X is a locally U-small oco-groupoid, then Q(X,zg) =
X (x,x0) is equivalent to a U-small co-groupoid, which is in particular locally
U-small, and we may repeat. In particular, if X is equivalent to a U-small
oo-groupoid then Q"(X, zg) is as well for all n > 0.

Corollary 1.2.45 Let C be an oco-category. The following conditions are
equivalent:

(i) C is equivalent to a U-small co-category.

(i) There exists a U-small simplicial set A and a weak categorical equivalence
C— A.

(7i1) € admits a U-small Joyal minimal model.
(iv) C is locally U-small and hC is essentially U-small.
In this case, we say C is essentially U-small.

Proof (i) = (i¢) One direction is clear, and if € — A is a weak equivalence,
then by Remark 1.1.55 we may factor A — A through an inner fibration
A — D — AY with A — D inner anodyne and D U-small, proving (4).

(7) = (417) One direction is clear because € is equivalent to its minimal model.
Conversely, if € ~ D where D is U-small, and S < D is a minimal model,
then S is minimal and U-small; so if S’ < € is a minimal model, then using
a retract of S — D we can produce a weak equivalence S’ — S. This is an
isomorphism by [HCHA, Prop. 5.1.10], proving the claim.
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(1) = (i) If € ~ € with € U-small, then we know this implies ¢’ and
hence € are locally U-small. Moreover hC ~ h€’, and we have seen that h€’ is
cardinally U-small, so h€ is essentially U-small.

(tv) = (#4¢) Since a minimal model is equivalent to C, the hypotheses transfer
onto any choice of minimal model, so we may assume that € is a minimal
complex. The chosen cylinder is J, and two objects of C are equivalent iff
there is a map J — C connecting them, iff they are equal in € by minimality.
Therefore there are no non-identity isomorphisms in h€, so we conclude that
Cp is cardinally U-small by essential smallness.

We claim by induction that €, is cardinally U-small. Indeed, assume C,,_
is cardinally U-small. Then Hom(9A™, €) is cardinally U-small, so it suffices
to show that for each b: JA™ — C, the set {0 € C,, : o = b} is cardinally
U-small. Indeed, we have the canonical surjection

Obj (Fillz(b)) — {0 € €, : do = b}.

~

If there is a morphism o1 — o9 in Fillg(b) C Hom(A™, €)=, it corresponds to
an invertible map J — Hom(A™, €)=, i.e. J x A™ — €, whose restriction to
J X OA™ is the constant map at b. By minimality, o1 = o2, so the map factors
through a surjection

mo Fillg (b) — {0 € €, : 9o = b}.
By Lemma 1.2.44, if the LHS is nonempty, then it isomorphic to
70 ("1 (Cz0, Tn), fon))

which is cardinally U-small because € is locally U-small. Thus we are done by
choosing a U-small simplicial set isomorphic to €. O

Example 1.2.46 If D is an co-groupoid, we can extract the following argument
from the proof. If D is essentially U-small, then so is Q™ (D, z¢) for all =, thus
(D, zp) is cardinally U-small. Conversely, that m, (D, zo) is cardinally U-
small for all n and g, then we’ll show D is essentially U-small. We may assume
D is a Joyal minimal complex, in which case we may proceed by induction in
the proof. The point is that whenever there is a filler f of b with long map
fon: o — x5, then the assumption implies

Wn(Daxo) = Wn,1(®($0,$n), fOn) = ’/T()Qn_l(g(x(b xn)a fOn)

(by Example 1.1.11), and we know that the RHS surjects onto the {0 : do = b},
completing the proof. (Note that this statement cannot hold for co-categories:
if C is an arbitrarily large (small) 1-category with a terminal object, then it
is weakly contractible.)

In light of the above result, we will also say that a simplicial set X is essen-
tially U-small if there is a U-small simplicial set A and a weak categorical
equivalence X — A. Then (1) by (i) above this coincides with the original
definition for the co-category case, and (2) it is clearly equivalent to saying
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that X has a U-small Joyal fibrant replacement X — C. However, the notion
is not stable under weak equivalences in both directions (i.e. it only goes from
target to source).

Corollary 1.2.47 Let C be a locally U-small co-category.

1. For each essentially U-small simplicial set A, Hom(A, C) is a locally U-
small co-category.

2. For each object x of €, the (fat) slice and coslices

C/x xz\C C//x z\\C
are locally U-small co-categories.
3. Any oco-subcategory B C C is locally U-small.

Proof (1) A weak categorical equivalence A — A’ induces an equivalence of oo-
categories Hom(A’, C) = Hom(A4, €), so we may assume that A is U-small.
Let f,g: A — € be maps; the union f(Ag) U g(Ap) C Ob(C€) is cardinally U-
small, so let €’ C € be the full subcategory spanned by these objects. Then €’
is locally small and has a cardinally U-small set of objects, so by Cor. 1.2.45 it
is essentially small, so choose an equivalence F': €' ~ D where D is U-small.
Hom(A, €") — Hom(A, @) is fully faithful by Prop. 1.2.42, so

Hom(A, D)(Ff, Fg) ~ Hom(A, €')(f,g) — Hom(4, €)(f,9)

is an equivalence. Since Hom (A, D)(F'f, Fg) is U-small we're done.

(2) Let us do €/z, as the others will follow either by duality or from being
equivalent to this one. An n-simplex of €/x is an (n + 1)-simplex of € with
last vertex z; therefore if ¢’ C € is a full subcategory containing x, then
C'/x C C/x is a full subcategory. In light of this, choose objects «, 8 of C/x,
then we can as in (1) choose a full subcategory €’ C € containing a, 8,z with
a U-small object set. Thus we may assume that C has a U-small object set.
By Cor. 1.2.45, € is essentially U-small, hence choose F': € ~ D where D is
U-small. By Remark 1.1.17, we deduce that C/z ~ D/F(x), and the latter is
U-small.

(3) For z, y in B, choose D ~ C(z,y) a U-small co-groupoid. Form the cartesian
square:

B(z,y) — C(z,y)
We know from Remark 1.0.8 that the lower map is an monic Kan fibration,
the left-hand map is an equivalence of oco-groupoids while D’ is cardinally U-
small, as a subcomplex of D. O

From what we have said, we already have one-sided functorial mapping spaces.
Indeed, by Cor. 1.2.29, it is clear that € is locally U-small if and only if for each
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object z, the left fibration z\C — € has essentially U-small fibers. Thus by
choosing a homotopy classifying map Mape (z, —): € — 8 for this left fibration,
the homotopy fiber over y is C(z,y). We can even use x\\C to make it more
natural.

In the last part of this section, we will develop the theory of the twisted
diagonal, which is an co-category S(C) equipped with a canonical left fibration
S(C) — €°P x €. Its homotopy fibers are the mapping spaces C(z,y), and
a choice of classifying data (which is unique up to contractible co-groupoid)
produces a mapping space functor

Mape: CP x € — §

which is (almost) equipped with canonical equivalences Mape(x,y) ~ C(z,y).
This will be essential to the Yoneda lemma and the next section.

Definition 1.2.48 Let A be a simplicial set. We define two bisimplicial sets
S(4) = ((m.n) — Hom((A™)° » A", 4))
So(A) = ((m.n) > Hom((A™)°P o D", A))
which are equipped with their natural maps
S(A) - AP X A Se(A) — AP X A.
We write S(A) = §*(S(S5)) and S,(A) = 6*(S.(S5)), equipped with
S(A) — AP x A Se(A) — AP x A

for their diagonals. In the case that A = € is an oo-category, we call S(C) —
C°P x C the twisted diagonal of C, and S4(€) — C°P x € the fat twisted diagonal.

We observe that since the natural map (A™)°P % (A™) — (A™)°P o (A™)
(Prop. 1.1.12) is a morphism under the component inclusions, the induced map
S(A) — S, (A) is a morphism over A°P x A.
Lemma 1.2.49 Let C be an oo-category.
1. The natural maps
S(C) —CPXC S.(C) —CPKE
are left bifibrations.
2. The natural maps
S(€) — CP xC Se(€) = CP x €
are left fibrations.

In particular, S(C) and Ss(C) are co-categories.
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Proof The left adjoint &, sends left bi-anodyne extensions to left anodyne
extensions by [HCHA, Cor. 5.5.25], so 0* sends left bifibrations to left fibra-
tions by [HCHA, Prop. 2.1.12]. Thus we may prove (1). There are two classes
to check right lifting against, and the proof in each case is similar so we do the
first one. For m > 1,n > 0, and 0 < k < m, we have the the following lifting
correspondence:

(A™)P % OA™ U (AJ)°P + A" — € AT ROAT"UAP KA — S(€)

-

L |

(A™)oP 5 A" 5 AD AMRAY 5 @PRC

Since applying (—)°P to A} — A™ gives A7, — A™, the left hand inclusion
is isomorphic to

(Am % QA" UA%% x A" < A™ *An) _ (Am+n+1 PN Am+n+1)7

m—k

where the equality is due to [HCHA, Prop. 3.4.17). Nowm —k <m+n+1
and m—k > 0 by our assumptions, so this is an inner horn inclusion. Thus the
lift exists since € is an oco-category. For the case of So(C), all #’s are replaced
with ¢’s, so the strict equality above is false. However, since A", — A™ is
a right anodyne extension, the map above is still a Joyal trivial cofibration by
[HCHA, Lemma 5.6.11], hence € — AY still lifts against it. O

If A is a simplicial set and a is an object of A, we define
£ S(A) = ({a} X A) X aorra () S(A)y = (A x {a}) X 4w S(A)
and likewise for 4 So(A) and So(A),.

Proposition 1.2.50 Let C be an oco-category. For each object x of C, there
are canonical equivalences of left fibrations

2\C == , S(C) 2\\C = , S, (C)

over C, and

(€/x)® = 5(C)e  (€//2) == So(C)
over C°P. Consequently, the canonical map S(C) — So(C) is an equivalence of
left fibrations over C°P x C.

Proof By definition , S(C) is defined by applying 6* to the fiber product on
the left below:

+S(€) —— S(€) A (.8(€) — 2'(8(e)
I L
AVRE — CPRE e 29, opee) x e

Therefore, we have the one on the right as well. The n-simplices of the upper-
right simplicial set are Homgget (A * A™, €), and the square asserts precisely
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that the n-simplices of the pullback will be
Hoon\Sset(AO * A" C) = Homgget (A", 2\C) = (2\C),.

Thus 2°(,S(€)) = 2\€. The same logic works for 2\\€ given its adjunction
definition in terms of ¢. Thus we obtain the asserted functorial equivalences by
[HCHA, Lemma 5.5.20]. By functoriality, we have for each x a commutative
diagram

7\C —=— 2\\C

l= =|
T S(e) — T So(e)
where the upper map is an equivalence of co-categories over €, and hence of left
fibrations, by Cor. 1.1.16. Therefore passing to all fibers over y in € produces
equivalences, in the lower map, so S(€) — S, (C) is a fiberwise equivalence over
C°P x €, hence an equivalence of left fibrations. (]

According to the previous proposition, if € is an oco-category, we have the
canonical equivalence of left fibrations x\C ~ , S(C), and thus an equivalence
(#\C)y =~ S(C€)(s,y), whilst on the other hand (z\C), ~ C(z,y), so there is a
canonical zig-zag of equivalences

C(z,y) — (2\C)y = S(C)(a,y)- (%)

The situation is even better if we use S,(C), since in this case we just have
the literal identification C(z,y) = (z\\C€),, and hence a canonical equivalence
C(x,y) — So(C€)(a,y)- This is nice because by choosing one inverse equivalence
to S(€) — So(€) over C°P x €, we can get an equivalence of both sides of (x)
which at least doesn’t depend on = and y.

Ezample 1.2.51 Let F': € — D be a functor of co-categories. Then this induces
a canonical morhpism

5(€) = S(D)  x (€7 x¢) (+)

of left fibrations over C°P x €, which is canonically equivalent to the corre-
sponding version using C,. Thus we may form a commutative diagram:

C(z,y) ———— S.(€)

l " l

D(Fz, Fy) — So(D) x (€ x €) —— So(D)

DorP x D
L |
0 o FPx F o
AV —— 3 CPx @ ————— DPxD

(z,y)

Thus the natural map C(z,y) — D(Fz, Fy) is a homotopy pullback of the one
above. In particular, we observe that this morphism detects all co-categorical
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properties of this induced map; for instance, the functor F' is fully faithful iff
(%) is an equivalence of left fibrations.

From what we have said, it is clear that the following conditions are equivalent
for an oco-category C:

(i) € is locally U-small.
(#4) The left fibration S(C) — €°P x € has essentially U-small fibers.
(#i1) The left fibration So(€) — €°P x € has essentially U-small fibers.

Therefore, if € is a locally U-small oo-category, the space hClassy(S(Q)) is a
contractible co-groupoid by Prop. 1.2.30.

Definition 1.2.52 Let € be a locally U-small co-category. A choice of map-
ping space or a mapping space functor for C is an object of the contractible
oo-groupoid hClassy (S(G) — G x G). In particular, it is the choice of
functors

Mape: CP x € — § oe: S(C) — 8.
making the diagram

homotopy cartesian.

Remark 1.2.53 Here are the initial immediate remarks about this definition.

1. We saw previously that contractibility of hClass(S(€)) has the following
consequence: Given any two choices of mapping space functors for €, the
homotopy cartesian property induces a homotopy between the two choices
of oe and Mape. We also know separately that this map is unique in the
homotopy category from 1.2.25.

2. Suppose that we instead make a choice of mapping space for the fat
twisted diagonal first. Then the diagram

S(€) —— So(@) -5 8,

! Lo e

EP X @ —— CP x @ 1% g

is homotopy cartesian by the previous result, so we can always choose our
mapping space to factor through S,(€C). The advantage of doing this is
that in this case we have a canonical homotopy cartesian diagram

C(z,y) — So(@) -+ 8,
Puniv

A0 TV, gop @ MR g
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and hence a canonical equivalence C(x,y) == Mape(z,y). If we don’t
choose to factor through the fat twisted diagonal, then we instead have a
canonical zig-zag

C(z,y) «— (#\€)y — Mape(z,y)

of equivalences. In particular, if we apply the functor 7y, we do get a
uniquely determined isomorphism Homye(z,y) 2 mo Mape(z, y).

. Of course, the advantage of this construction is that Mape forms a

(bi)functor to 8. In particular, any morphism (z,y) — (2/,9’) gives a
morphism Mape(2’,y) — Mape(z,y') in 8, and under the equivalence

§(Mape(z',y), Mape(z,y')) ~ Hom ( Mape (2, y), Mape (,y'))

corresponds to a functor Mape(z',y) — Mape(z,y’) of oo-groupoids.
Recall that since we have fixed a universal choice of the equivalences
above (depending only on the universe U), the map actually gives such a
functor. It also gives a map C(z’,y) — C(z,y’) which is well-defined up to
homotopy. For instance, since we know that equivalences correspond to
equivalences, we deduce that if (x,y) — (2',y’) is an equivalence of pairs
in € x C, then the induced map

Mape (', y) — Mape(z,y)

is an equivalence in 8, or an equivalence of co-groupoids when taking
the corresponding functor. It is clear from (2) that applying 7o to this
produces the induced map Homype(z',y) — Hompe(z,y’). This is an
expression of the Yoneda lemma.

. This is a continuation of Example 1.2.51. Let F': € — D be a functor, and

suppose we have chosen mapping spaces Mape and Map4,. Then consider
the pullback (F°P x F')* Mapq, which on objects is Mapg, (Fz, F'y). Then
we have a chain of equivalences

Hom(C°P x €, 8)(Mape, (F°P x F)* Map)

Homeop y o (Piniy MaDe; Piniy (F°P X F))* Mapy)

1=

Homeon ¢ (S(C), piiy (F°P X F)* Mapy,)

by Cor. 1.2.26 and then the structural equivalence S(C) — p,;, Mape.
On the other hand, we have the canonical map

S(C) = (F" X F)"S(D) = puniv (F x F)" Maps,

from Example 1.2.51 followed by the structural map. The homotopy fiber
of this object under the above equivalence gives a unique morphism

Mape — (F°P x F)*Mapy,  in Hom(€° x €, 8)
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up to contractible co-groupoid. For instance, we see that this is invertible
iff Mape(z,y) — Mapq (Fz, Fy) is invertible for all z,y, iff the map
S(C) — (F°P x F*)S(D) is an equivalence, iff F' is fully faithful. More
specifically, using the canoncial zig-zag identifying the fibers of Mape
with C(z,y), the same zig-zag for D provides equivalences between the
fiberwise map on C(z,y). In other words, we have a strictly commutative
diagram

~] IE

(\)y —— (Fz\D)ry

Map@(xvy) s MapD(Fvay)

in which all maps are canonical once the mapping spaces are chosen except
for the lower map, which is induced by the choice of natural transforma-
tion above. However, the morphism in Fun(C°P x €, §) is independent of
the choice of object. As previously explained, we can remove the middle
step by using S, but this doesn’t change the literal non-uniqueness of the
corresponding lower map of co-groupoids.

The composite functor h§ =~ Hy —% Sety induces a functor my: § — Sety,
where we identify Sety = N(Sety). We explained the canonical isomorphism
Hoth (ZL’, y) — ’/TO(Map(f (1'7 y))

In the remainder of this section, we will prove one more result in preparation
for the Yoneda lemma.

Lemma 1.2.54 Let C,D,E be oco-categories, and consider a commutative
diagram
x5y
»| K
CxD — CxE&
1xg

i which p and q are left fibrations. If for each a € C, the fiberwise map
X, — Y, is cofinal, then X —Y is cofinal.

Proof Since q is a left fibration, we may show that f is a weak equivalence in
(sSet/C x &)cov, which is equivalent to showing that

R(c,e)*X — R(c,e)'Y € LFib(C x &)

is an isomorphism for all ¢, e, by Lemma 1.1.37. This map is Rc¢* applied to
R(C x e)*X — R(C x €)*Y, and moreover since e — /e is a (right anodyne)
fibrant replacement for e over in (sSet/&)con, it follows that € x e — C x & /e
is one for C x e over € x €. Therefore we have to show that the top map in the
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diagram

X x (€x¢&le) LY x (€x&fe)
Cx¢& CxE&

Xje — I Ly

l l

CxDfe — 5 Cx Efe

is a weak equivalence in (sSet/C).o, for all e. The fibers over ¢ are X./e —
Y./e, and the functor (—)/e = (=) x¢ &/e preserves cofinality since £/e — &
is a right fibration, hence smooth. Thus the upper map is still fiberwise cofinal
over ¢, and the vertical maps are still left fibrations, hence proper. Therefore
by composing with the projections to C, we see that f/e is a morphism of
proper maps over C which is fiberwise cofinal, hence a fiberwise weak homotopy
equivalence. This proves that f/e is a covariant weak equivalence over € by
[HCHA, Cor. 4.4.28]. O

If C is an oco-category, then we can factor the morphism of Example 1.2.51
through intermediate steps, either via C°P? x D or D°P x €. In particular we
have maps as in the following proposition:

Proposition 1.2.55 Let F': C — D be a functor of co-categories. The maps

S(€) — (C°? x D) ol S(D) S(C) — (D°P x €) Dl S(D)

are both cofinal and fiberwise cofinal over C°P and C respectively.

Proof Here is the proof of the first one. We have a commutative diagram

$(€) —— (€ x D) x S(D) —— S(D)

CPXxC ——— CP XD —— DPxD

where the right-hand square is cartesian, so the middle vertical map is a left
fibration. By the previous lemma, it suffices to show that for all x, the lower
horizontal map in the square

2\C —— F(z)\D

=

2S(C) — p@)S(D)

is cofinal. Indeed, the vertical maps are both equivalences of left fibrations
over the respective oo-categories by Prop. 1.2.50, hence cofinal. The upper
horizontal map is cofinal because both source and target have initial objects
1z and 1p(,), and the map sends one to the other. Thus the remaining map is
cofinal by the cancellation property of cofinality (Remark 1.1.19). ]
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1.2.4 The Yoneda lemma

In line with thinking of co-categories as akin to categories enriched in spaces
(i.e. 8), we should expect them to embed into Fun(C°P, 8) and admit a Yoneda
lemma. If € is a locally U-small oco-category with a chosen mapping space
functor Mape: C°P x € — §, then by adjunction we obtain an induced functor

fe: € — Fun(CP,8),
called the Yoneda embedding. By definition, there are canonical equivalences
z\C = ; 3(C) = X(x),

or more precisely &(x): €°P — § classifies up to equivalence the left fibrations
above. In other words, we have a canonical homotopy cartesian square

(€/z)°P — 8,

| l

cor 2, g

classifying the right fibration €/2 — €. For example, we should already expect
this functor to be fully faithful, because we have abstract equivalences

C(x,y) = Home(C/x, €/x) ~ Hom (€, 8) (& (x), & (y))-

However, both intermediate steps here were defined somewhat abstractly, and
it is not clear that this map is also the induced map by . Thus, much of
this section will be about checking functoriality /naturality of the constructions
above. As an example, we will explicitly check such a compatibility from the
previous section.

Lemma 1.2.56 Let C and D be co-categories with mapping spaces Mape and
Mapq,.

1. For all objects x and morphisms u: y — vy’ in C, the induced diagram

Homye(z,y) - Homye(z,y")

% |

7o Mape (7, y) LLICH 7o Mape (7, y')
18 commutative.

2. For all objects x,y of C and functors F': C — D of co-categories, the
induced diagram

Homype(z,y) N Homyp (Fz, Fy)

gi lg

7o Mape (2,) =5 70 Mapy, (Fz, Fy)

18 commautative.
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Proof (2) follows from part (4) of Remark 1.2.53, so let’s show (1). Let E — €
be the left fibration classified by Mape(x, —): € — 8, then we know that there
is a canonical equivalence 1: \C — E of left fibrations over €. Form W as
the successive pullback as in the diagram below:

0x By w I Se
/a 4 J
[ R
1 1
AT x By A =i Qe

Then to compute the induced map, we choose a lift ¢ and take the 1-fiber
¢p1: By — Wy = Ey; what we have to show is that in the following diagram

(2\C)y — E,
< l#%

(@\C)y —> Ey

a morphism f: x — y in € corresponds after applying ¢; to a choice of compos-
ite uf. Indeed, choose a 2-simplex o: A? — @ witnessing uf as the composite,
which is equivalently a morphism o in 2\C from f to uf. Its projection to C
is u, hence (o) is a morphism in E lying over u, so this defines a morphism
v: Al — W over Al from ¥(f) € E, to ¢(uf) € E,.

In particular, this defines a morphism 0 x E, UA! x {¢(f)} — W, and since
0x B, UA" x {¢p(f)} — A x B,

is left anodyne, we may choose a lift ¢: A! x E, such that larsipsy =7 In

particular, p1(¢(f)) = v(1) = ¥(uf), which is what we wanted to show. O

In particular, given Mape, the diagram
Map,
heP x hC —25 h§
Horm lﬂo
Set
commutes up to a specified natural isomorphism.

Lemma 1.2.57 Let A be a simplicial set and ®: A°P? — 8 be a map classifying
a right fibration q: V. — A with U-small fibers. Ifi: U — V is a right anodyne
extension, then the oo-category

W = Hom/(A°P, 8) X Hom(U®P, 8,)
Hom(U°r,8)

has as an initial object (D, U°P — VP — §,).

The simplicial set W in the lemma above is an oco-category of mapping spaces
out of U°P over A°P, parameterized by classifying maps. To see this, consider
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the projection W — Hom(A°P, 8), which is a left fibration as it is the pullback
of Hom(U®P,8) — Hom(U®P,8,). If F': A°® — 8§ is a map classifying a left
fibration X — A°P, then we compute the fiber Wg as follows:

Hom 40, (U°P, X) —— Hom(U°P, X) —— Hom(U°P, §,)
A — 2 Hom(U°P, A%) 5 Hom(U°P,8)

The left square is the definition of Hom 40, (U°P, X), and the right square is
the definition of X. On the other hand the outer square defines the fiber Wg,
showing Wr = Hom 40, (U°P, X).

Proof (of Lemma 1.2.57) Under the identification Wr = Hom 40, (U°P, X)
explained above, the object described in the statement is i°? € Wg, which we
write as wyg € W. We will show this is initial by giving two alternative con-
structions of a certain morphism and proving that they agree. First of all, fix
F: A°? — § classifying X — A°P. Then we have a composite

Hom(A%, 8)(®, F) = Hom 4op (V, X) - Hom 4or (U, X) (%)

where the first map is the equivalence of Cor. 1.2.26. On the other hand,
since W — Hom(A°P,8) is a left fibration, the induced map wo\W —
@\ Hom(A°P,8) is a trivial fibration (by Lemma 1.1.22), so we may choose
section and compose to obtain

@\ Hom(A°P,8) --» wo\W — W,

viewed as a morphism of left fibrations over Hom(A°P, §). Pulling back (i.e.
taking the fiberwise map over F') provides a diagram

Hom(A°P,8)(®, F) < (®\ Hom(A°P,8)),. — Hom 4o, (UP, X)
. l

@\ Hom(A%,8) —— W

and by choosing an inverse we obtain a composite Hom(A°P, 8)(®, F) —
Hom 40, (U°P, X), called ().

Claim: The maps (x) and (*%) are equal in Hj,y.

Assuming this claim, here’s why it completes the proof: It implies that the
homotopy fibers of both maps over an object s: U°® — X are weakly
eqiuvalent in sSet o, . Using (), we obtain

Hom(A°P, 8)(®, F) xR {s} == Hom 40, (V°P, X) xR {s}.

Hom 4op (U°P,X) Hom ,op (U°P, X)

But note that Hom 4o, (V°P, X) — Hom 40, (U°P, X) is a trivial fibration by
Lemma 1.1.3(b): Therefore we have both that the RHS is computed by the
underived pullback, and that it is contractible.
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On the other hand, consider the homotopy fiber at s of (xx); by definition,
we may instead work with the homotopy fiber of the upper composite in the
cartesian diagram:

(@\ Hom(A, 8)) . —— (wo\W)r —— Hom 4o, (U, X)

Since wo\W — W — Hom(A°P, §) is a composite of left fibrations, the dashed
arow is an equivalence of left fibrations over Hom(A°P,8), hence a fiberwise
equivalence. In particular the left-hand upper horizontal map is an equivalence,
so we may compute the homotopy fiber of the upper map in the right-hand
square over s. But this map is a left fibration, so this coincides with its
usual pullback, namely (wo\W)r,s), and we conclude because we know this
space is equivalent to W (wy, (F,s)). The previous paragraph shows that this
is contractible, and since (F,s) was arbitrary this means wyq is initial.

Proof (of claim): TODO: Fill in this identification using Constr. 1.2.13. O

Corollary 1.2.58 Let f: U — A factor as a right anodyne extension U — V
followed by a right fibration q: V — A with U-small fibers, and let &: AP — §
classify q. There is a homotopy cartesian square

@\ Hom(A, 8) ---+ Hom(U°P, 8,)

i ipuniv,x

T3

Hom (A, 8) —— Hom(U°P,8)

where the upper horizontal map is canonical up to a contractible oo-groupoid.

Proof Let W be as in Lemma 1.2.57 and w the initial object mapping to .
This time, both maps in

@\ Hom(A°P,8) — w\W — W

are trivial fibrations, by Thm. 1.1.27, so by choosing a section of the first map
and pasting it with the square defining W, we obtain the claimed homotopy
cartesian square. The final statement is simply because the space of sections
of a trivial fibration is contractible. O

Ezample 1.2.59 Consider the case where U = V = A = A% Choose an object
e of § classifying A°, which is clearly a terminal object by Cor. 1.2.26. Then
the corollary above supplies an equivalence of co-categories e\8 — 8,, which
makes sense as 8, is supposed to be the pointed version of 8. If we choose Mapg,
we saw that e\8 is (homotopy) classified by Mapg(e, —), and since 84 — 8 is
classified by the identity map, this lifts to an equivalence Mapg(e, —) —> idg
in Hom(8,8). We can upgrade this as follows: if A is a U-small simplicial set,
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then we obtain an equivalence
¢\ Hom (A, 8) — Hom(4, €\S) -~ Hom(4,,)
where the left-hand map is from Prop. 1.1.18.
Our next result is an intermediate version of the Yoneda lemma, which will be

functorial in the presheaf but not in the object. The statement will look very
similar to the classical Yoneda lemma.

Construction 1.2.60 Let C be an essentially U-small oco-category with an
object a. Fix mapping space functors for C,8, and Hom(€°P,§), which are
all locally small by assumption. The evaluation functor ¢*: Hom(€C°P,§) —
S induces a (canonical up to contractible space) map on Hom-spaces, i.e. a
morphism in the co-category 8

Mapyom(eor,s)(F's F') — Mapg (F'(a), F(a))

which is functorial in F’ and F', but possibly not in a. On the other hand, the
map a: A? — € induces a morphism

€= MapAO (Oa O) - Ma'p(f(aa a)

in 8, where the LHS is a terminal object of 8. Now taking F’ = X¢e, and com-
bining the induced map above with the natural equivalence of Example 1.2.59
we obtain a map

Mapyoy(eor sy (£ e(a), =) — Maps(Mape(a, a), a*(—))
— Mapg(e,a*(=)) = a”
in Hom(€°P, §8). In particular, for each F': C°P — § we obtain a Yoneda map
Mapgom(eor,s)(£el(a), F') — F(a)
in 8§ which is natural in F.

Theorem 1.2.61 Let C be an essentially U-small co-category with an object
a. The morphism of Constr. 1.2.60

Mapgom(eor,s)(£el(a), F) — F(a)
i 8 is an equivalence for each F: A°P — 8.
Proof Let the two maps
Mapgom(eer,s)(£e(a), —), a*: Hom(CP,8) — 8

classify left fibrations V and W — Hom(C°P,8) respectively. The Yoneda
morphism (before choosing F') induces a morphism V' — W of left fibrations,
canonical up to homotopy, and it suffices to show that this is an equivalence
(by Thm. 1.2.25). The choice of mapping space for Hom(C°P,§) comes with
an equivalence &e(a)\ Hom(C°P,8) =~ V', so we may prove that

*e(a)\Hom(CP,8) =V — W (%)
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is an equivalence of left fibrations.

Now write E — C° for the left fibration classified by X(a): C°? — §, which
comes with an equivalence 9: (€/a)°® =~ E over C°P. Thus ¢(1,) € E°P is a
terminal object, so in the factorization

(A% Lo e/a L BP) — ¢,

the first map is a right anodyne extension, and E°? — C is a right fibration.
Thus we may apply Lemma 1.2.57: the composite above is a: A — €, so the
W from that lemma conicides with the W defined here. The lemma says that
W has the initial object (X(a),?¥(1,)), or more precisely the fiber Wy, =
&(a)(a) = Mape(a,a) contains the initial object corresponding to the chosen
e — Mape(a, a).

Therefore, to show that () is cofinal, we may show that it maps 1,4) to the
initial object of W described above. These both lie in the fiber over X(a) in
Hom(C°P, §), so we have to consider the induced map

(¥e(a)\Hom(C,8)) ) — MaDyom(eor 5)(&(a), £(a)) — Mape(a, a).

This is an exercise in unwinding definitions and applying Lemma 1.2.56;
namely, apply my to both sides, then the first step of the Yoneda construction
is applying a* to the mapping spaces:

Homy, gom(eor 5) (& (a), & (a)) —— Homy,s(Mape(a, @), Mape(a, a))

!
~

g

<R-

0 Mapmim(eop,s)(gz(a), &(a)) — mo Mapg(Mape(a, a), Mape(a, a))

On the upper horizontal, 1) maps t0 Irap, (a,q) Decause a* is a functor. The
next step is to use the morphism e — Mape(a, a), producing

Homy,g(Mape(a,a), Mape(a, a)) —— Homyg(e, Mape(a,a))

- I-

mo Mapg (Mape(a, a), Mape(a,a)) — w9 Mapg (e, Mape(a, a))

which on top is precomposition by e — Mape(a,a). So the identity is sent
precisely to this morphism. The last step is to use Mapg(e,—) —> idg,
producing:

Hom, (e, Mape(a,a)) ----- > Hompe(a,a)

l= l=
7o Mapg (e, Mape(a,a)) — mp Mape(a, a)
Regardless of the upper map, by definition the initial object of W is the one
corresponding to e — Mape(a,a), so this morphism viewed in the upper left
corner maps to the component of the initial object in my Mape(a,a) (this is
also shows it maps to 1, € Homye(a, a)). This proves that the composite (*)
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maps the initial object Lya) to an object equivalent to an initial object of W,
hence an initial object. Thus (x) is an equivalence of left fibrations. g

The last goal will be to prove the version of the Yoneda lemma which is func-
torial in both variables. Until the end of the proof, we establish the following
notation: Let € be a locally U-small co-category, write W — €°P x Hom(C°P, §)
for the left fibration classified by

ev: C°P x Hom(CP,8) — 8.

Therefore we have a diagram

S(€) w w Se

Ix ke l J l

CP x € —= C°P x Hom(C°?,8) —— 8

factoring Mape through evaluation via the Yoneda embedding. On the other
hand, we define V' — C°P x Hom(C°P, §) by the pullback:

S(e) v 1 S(Hom(€°P, 8))
l l

P x @ XEF @op Hom(C°P,8) —— Hom(C°P, §)°P x Hom(C°P, §)

In particular, for any choice of mapping space Mapgom(eor,sy Of the presheaf
category, the left fibrant object V' is a homotopy classifier for the functor
Mappom(eer,s)(Fe(—), —). Therefore, the functorial Yoneda lemma consists of
finding an equivalence V ~ W of left fibrations over C°P x Hom(C°P,§).

Lemma 1.2.62 Let C be a locally U-small co-category. The maps
w: S(€) =W v: S(€) =V
constructed above are both cofinal.

Proof The case of v is Prop. 1.2.55 applied to the Yoneda embedding &: € —
Hom(€°P, §), which also says that v is fiberwise cofinal over €°P. This means
that for each a, the map 4 S(C) — V, = 1(4) S(Hom(€C°P, §)), is cofinal, or by
naturality the map a\C — X(a)\ Hom(C°P,§) is cofinal. On the other hand,
we know from Cor. 1.2.58 (or the previous proof) that there’s an equivalence

& (a)\ Hom(€, 8) — W, (%)

of left fibrations over Hom(€°P, 8) sending 1, (4) to the initial object (k(a), 14)
of W,. We claim that the diagram

a\€ —— X(a)\ Hom(C°?,§)

= -

S — W,
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commutes in LFib(Hom(C°P,8)). This will complete the proof: the upper
map is cofinal, and the vertical maps are both equivalences of left fibrations
(over something, hence cofinal). Thus this will show that the lower map is an
isomorphism, hence cofinal because W, is left fibrant over Hom(C°P,8). By
Lemma 1.2.54 we will deduce that w is cofinal.

To show homotopy commutativity, we observe that both composites a\C — W,
are possible lifts in the commutative square below:

{l} —— W,

L1

a\C —— Hom(C°P,§)

Here the upper map has image {(X(a), 1,)}; the lower map is defined using
a\C — S(C) — W, — Hom(C°?, 8), and it’s commutative because both direc-
tions map to &(a): C°? — 8. Thus one composite is tautological, while the
other one holds because the chosen equivalence (x) sends 1) — (&(a), 1a),
and 1, — X(a). Since 1, € a\C is initial, the left-hand map in the square is
left anodyne, so in LFib(Hom(C°P,8)) it becomes an isomorphisms. Thus the
two composite directions must be equal in that category. O

Theorem 1.2.63 Let C be a locally U-small category, V. O U a universe such
that Hom(C°P, 8) is locally V-small where 8§ = 8y. Let

Mape: € x € — 8, Mapgom(eer,s): Hom(C?, 8)°? x Hom(CP,8) — Sv
be choices of mapping spaces for € and Hom(C°P, §).

1. The Yoneda embedding ke: € — Hom(C°P,8) is fully faithful, so in
particular any choice of induced map

Mape (7, y) — Mapgom(eor,s)(Fe (), ¥e(y)) (*)
s an equivalence of co-groupoids for all objects x and y of C.
2. There is a natural equivalence between the functors
Mapmim(e()pvs)(cke(—), —) > ev: C°? x Hom(C?, §) — Sy,
i.e. for each x in C and F': C°P — §, there is an equivalence
Mapgom(eor,s)(£e(®), F) = F(z)

in 8v natural in F and x. This equivalence is characterized up to a
canonical contractible co-groupoid by the property that for F = Xe(y), it
provides an inverse to ().

Proof Let D = C°P x Hom(CP,8). We know that W — D is a left fibration
with U-small fibers, but V' — D has only essentially V-small fibers, so we let
V' — D be the left fibration classified by

Mapgom(eor,s)(£e(—), —): D — Sv,
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then we have an equivalence 1: V — V' of left fibrations over D. As the map v
of Lemma 1.2.62 is cofinal and V' is left fibrant over D, it is a weak equivalence
of (sSet/D)cov. By Lemma 1.1.3, the induced map

Hom,, (V/, W) < Hom, (V, W) = Homy, (S(€), W) (+%)

is an equivalence of co-groupoids. Therefore the homotopy fiber over the func-
tor w: S(€) — W is a contractible oco-groupoid; choosing an object in it
provides a map v: V' — W and a J-homotopy h: yiv ~ w over D. Moreover,
since mo Homy, (—, W) = Homy pip(p)(—, W), the diagram

S 2 vV L v

\/

commutes in LFib(D) (via the specified homotopy h). By Lemma 1.2.62,
v,w, 1 are all weak equivalences, so 7 is a weak equivalence, hence an equiv-
alence V! — W of left fibrations over D. Therefore it corresponds to an
equivalence
61 Mapgom(eor,s)(Fe(—), =) = ev

of functors D — 8y, by Lemma 1.2.17. The homotopy fiber of (xx) is the
canonical contractible co-groupoid parameterizing choices of the isomorphism
above, at least after applying Cor. 1.2.26.

It remains to prove full faithfulness and the characteristc essential uniqueness.

Restrict all the data above along C°P x € X%, D, Then v restricts to the

functoriality map of Remark 1.2.53(4), i.e. restricting h provides a homotopy
commutative square

S(€) — Vixy —= V.,

Ay

Wik

which in particular commutes in LFib(C°P x €). The restrictions of 1 and
v over 1 X X are still equivalences between left fibrations because they are
fiberwise eqiuvalences. The map W becomes the structural equivalence of S(@)
with the left fibration classifying Mape, by definition of W. Therefore v is an
equivalence, meaning X is fully faithful by Example 1.2.51. Hence any choice
of induced map in (1) is an equivalence, by Remark 1.2.53.

Finally, the characterization statement: Most importantly, the homotopy com-
mutative diagram shows that under the equivalence w, the restriction of v
indeed gives a homotopy inverse to (x). Moreover, we have the following
alternative description of the map (xx) given by

YU
Hom'D(V W) — Homeovxe(‘ﬁx;kux) g’ Homeopy e(S(C), Wix )
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where the right-hand space is equal to Homq (S(C), W) by adjunction. In
particular, this is an equivalence, and on the other hand the second map is
also an equivalence because we established that S(C) — V{, , is an equiva-
lence. Therefore the restriction along 1 x X map induces an equivalence of
oo-groupoids.

Hence there is a canonical equivalence between the homotopy fiber over w
described before, and the homotopy fiber of the equivalence (¢v)* above at

w. Since W is the structural equivalence to Mape(—, —), its homotopy fiber
corresponds to those maps inverting 7, i.e. providing homotopy inverses to ().
This provides the desired characterization. O

It is easy to check in this proof that, if we restrict to a specific object a € C°P in
the first factor, then we will obtain a case of Constr. 1.2.60, so the equivalence
of Thm. 1.2.61 coincides up to homotopy with the one constructed in this
theorem.

1.3 oo-category theory

This section is all about carrying out the standard constructions of category
theory, such as adjunctions, limits and colimits, and Kan extensions, in the oco-
categorical setting. The development of these concepts in [HCHA] differs from
that in [HTT] in that, roughly, the standard category-theoretic definitions are
used but Set is replaced with 8.

We will present this material as follows: The first will be an overview of the easy
material: we define, the co-categorical concepts corresponding to the classical
ones, and prove the most immediate properties from the definition. The second
section proves the major technical results which allow us to extend the theory
further. Its consequences are derived in the third section. In general, however,
this will mostly be easier and more conceptual than the previous section.

We also make the following conventions: We work within a fixed universe U,
and thus we will use the adjectives small, locally small, essentially small, or no
qualifer to mean cardinally U-small, locally U-small, essentially U-small, or
arbitrary. 8§ will always mean Sy, the co-category of U-small co-groupoids. If €
is an oco-category, a presheaf over C is a functor C°P — 8. If € is a locally small
oo-category, then it comes equipped with a choice of mapping space functor

Mape: CP x € — 8,

(and its associated data, namely a map S(C) — 8, making the canonical square
homotopy cartesian), which is unique up to contractible choice. In particular
it comes with a Yoneda embedding ke: € — Hom(C°P,8). If F: € — D is a
functor of co-categories, then we will assume there is a chosen ‘canonical’ map

Mape(z,y) — Mapy (Fz, Fy),

which is indeed functorial in z and gy, but only canonical up to contractible
choice. We will sometimes use the notation Fun(C, D) if we want to emphasize
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the objects as functors, instead of Hom(€, D) emphasizing the objects as maps
of simplicial sets.

1.3.1 Adjunctions and (co)limits

Definition 1.3.1 Let € and D be locally small co-categories. An adjunction
from € to D is a pair of functors F': € = D : G equipped with an equivalence

a: Mape(—, G(=)) == Mapy (F(-), -)

in the oco-category of functors Fun(C°P x D;8§). Given F and G, we say that
F is left adjoint to G, or G is right adjoint to F, if there exists an adjunction
from € to D involving these functors; then « is called an adjunction formula.
This relation between F' and G is expressed as F' 4 G.

This definition is technically asymmetric, but of course an inverse to a in
the functor category is unique up to contractible choice. In any case, the
equivalence
ac.q: Mape(e, Gd) = Mapq, (Fe, d)

does not canonically associate a morphism ¢ — Gd with a morphism Fc — d.
Indeed, even if we assume that the equivalence of Cor. 1.2.26 is ‘canonical’, a
map f: ¢ — Gd is associated to some object of Mapq, (F¢,d), and we would
need to choose an object of the homotopy fiber of the equivalence (Fc\D), ==
Map, (Fe,d). In other words, the space of corresonding maps is contractible.

Example 1.8.2 Suppose we have an adjunction F': ¢ = D : G with an
adjunction formula a as above, and transport « along the canoncial map

O,

hFun(€° x D,8) — Fun(hC? x hD, h8) —= Fun(hC°? x hD, Set).

It follows from Lemma 1.2.56 and the natural isomorphism directly following
it that the image of a produces a canonical natural isomorphism

a: Hompe(c, Gd) = Homyp (Fe, f),

so in particular an adjunction F': hC &= hD : G.

Let X be a presheaf in Fun(C°P, §). The co-category of elements of X, denoted
€/X or [, X, is defined by the pullback:

C/X — Hom(C?,8)/X

b

€ —=— Hom(C°?,8)

C/X — Cis a right fibration, so €/X is an oco-category. Let V be a universe
containing U in which Hom(C°P, §) is locally V-small; then the right-hand map
is homotopy-classified by Mapgom(eer,s)(— X), so €/X — € is homotopy-
classified by

Mapm(@op73) ( J:e(—), X) ~ X,
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by the Yoneda lemma (Thm. 1.2.63). Therefore C/X is canonically equiva-
lent (over C) to the right fibration classified by X, and we have a homotopy
cartesian square:

(€/X)°r — 8,
l lpuniv
er X 48
Consider the representable case X = Xe(a). Then the Yoneda embedding

induces the canonical map €/a — Hom(C°P,§8)/X(a), and hence a canonical
map C/a — €/ Xe(a) over €. On the fiber over z, this is equivalent to

C(z, a) —% Hom(€P, 8)(%(x), X(a)),

which is an equivalence because the Yoneda embedding is fully faithful, and
hence €/a == C/Xe(a) is an equivalence of right fibrations. We will use
these notions to make some elementary observations about adjunctions and
universality in the next few lemmas.

Lemma 1.3.3 Let C be a locally small co-category and X : C°P — § a presheaf.
The following conditions are equivalent:

(i) X is equivalent in Fun(C°P,8) to Xe(a) for some a in C.

(i4) The co-category C/X has a terminal object.

In this case, we say that X is representable. If e is a terminal object of C/X,
then X is representable by px(e) € C.

Proof Since €/X classifies X, having C/X ~ €/ X¢(a) over € is equivalent to
X =~ Xe(a) in the functor category, which is therefore further equivalent to
C/X ~ €/a by above. Thus (i) = (ii), because €/a has terminal object 1,.

If €/X has terminal object e, then we know that (€/X)/e — €/X is a trivial
fibration, and since px is a right fibration we know (C/X)/e — C/px(e) is a
trivial fibration (Lemma 1.1.22). Both maps are over €, so /X ~ C/px/(e),
and thus X ~ Xe(px(e)). O

Lemma 1.3.4 Let F': C — D be a functor between locally small co-categories.
The following conditions are equivalent for an object d € D:
(i) There exists an object x of € and an equivalence
Mape(c, x) == Mapqy (Fe, d)
in & which is natural in c.
(i) C/d has a terminal object.
(#it) The presheaf F* X (d) over C is representable.
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More specifically, f: F(x) — d represents a terminal object of C/d if and only
if any composite

Mape(c. 2) = Mapyy (Fe, Fr) *— Mapy (Fe, d)
gives a natural equivalence for all ¢ as in (7).

Proof If ke(x) ~ F*Xp(d) for some z, then evaluated pointwise this is the
definition of (7); thus (i) = (i2i). There is an immediate proof if we ignore
the last statement: Namely, since D/d — D is a right fibration, the defining
square of €/d is homotopy cartesian, so it follows from the pasting lemma that
C/d — @ is homotopy classified by the composite C°P — D°P — §_ i.e. exactly
F* % (d). Therefore

(€/d)°P ~ F* x(d) xB 84 ~ (€/F* x(d))°P.

Thus by the previous lemma we conclude (i) = (i4¢). The more specific state-
ment follows immediately from the diagram of Lemma 1.A 4. O

Conceptually, the more specific statement in the proof is important for
the general notion of oco-categorical universal properties, and generalizes the
comparatively obvious statement for ordinary categories.

Lemma 1.3.5 Let F: C¢ — D and f: B — D be functors between oo-
categories, and define

€C(@xB) x Hom(A',D)
DxD
to be the full subcategory spanned by objects (¢,b,u: Fc — f(b)) such that
(c,u) is terminal in C/f(b). Then the projection & — B is a trivial fibration,
provided that C/f(b) has a terminal object for each b € B.

Proof Let us write A = (CxB) xpxpHom(A!, D), so that A — B is a pullback
of evaluation-at-1 € xp oy, Hom(A!, D) — D, which is a Joyal fibration by
Example 1.A.6. We now make the following observations:

1. We first claim that &€ C A is closed under equivalences, which will mean
that the inclusion is an isofibration, and thus & — B is a Joyal fibration.
Indeed, given an equivalence (x, b, u) ~ (2/,b',u") in A, it follows from the
specific statement in Lemma 1.3.4 and functoriality of mapping spaces
that one is terminal in C/f(b) iff the other is terminal in C/f(b').

2. We claim that &€ — B is fully faithful. Indeed, consider the cartesian
diagram:
.A((ZC, b7 u)a (SU/, b/; u/)) — (e XD AI‘I‘(D)) ((xa u)> (xlau/))
B(b, 1) D(f(b), (1)
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Since € xp Arr(D) — D is a Joyal fibration, it follows from Lemma 1.0.7
that the right-hand map is a Kan fibration. Thus it suffices to show that
the right-hand map is an equivalence as long as (z,b,u), (z/,b',u’) € €.
We showed in Example 1.A.6 that this map is a homotopy pullback of

e(z,2') £ D(Fz, Fx') s D(Fz, f()),

where the right-hand arrow is a choice of composition. But Lemma 1.3.4
shows that this being an equivalence is precisely the statement that
(2,0, u') lies in &.

To conclude, note that we have explicitly assumed that & — B is surjective on

objects, so we have shown that it is an equivalence of co-categories as well as
a Joyal fibration. O

Proposition 1.3.6 Let F': C — D be a functor between locally small co-
categories. The following conditions are equivalent:

(i) F has a right adjoint.
(i¢) For each d € D, there exists an object x4 of C and an equivalence
Mape(c, z) == Mapy, (Fe,d)
in 8 which is natural in c.
(t3i) For each d € D, C/d has a terminal object.

Moreover, suppose that {(x4,eq: F(xq) — d)} is a choice of terminal object
of €/d for each d € D. Then there is a right adjoint G: D — C such that
G(d) = x4, equipped with a natural transformation e: FG — Idp extending
{ea}, and such that the composite

Mape(c, zq) ELN Mapy, (Fe, Fzg) <% Mapg, (Fe, d)

provides an adjunction formula for all ¢ and d. The choice of (G, €) satisfying
these conditions is essentially unique.

Proof We already know that (i7) = (i%) and that these are equivalent to
F* X5 (d) being representable for all d, by Lemma 1.3.4. By definition (i) =
(3). Assume (iii), and choose the data {(z4,£4)} as in the more specific state-
ment. Let & C €xp oy, Hom(A!, D) denote the full subcategory spanned by the
pairs (c,u: F¢ — d) which represent terminal objects of €/d. The composite
p: &€ — D is a trivial fibration by Lemma 1.3.5 (taking f = idp).

To conclude, we have a map Ob(D) — & given by d — (z4,4). Choose a lift
in the commutative diagram:

!

Ob(D) — &

L
D - D
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The space of lifts forms a contractible co-groupoid, and a lift D — & con-
sists precisely of the following data: a functor G: D — € with Gd = xy4,
together with a natural transformation F'G' — idp extending the given data
€4. Then Lemma 1.3.4 shows that it induced the required equivalence on map-
ping spaces. O

Remark 1.3.7 The natural transformation : FG — idp is called the counit
of the adjunction F' 4 G. It follows from the Yoneda lemma that any natural
transformation Mape(—,2) — F* Mapy(—,d) is induced, up to homotopy
(i.e. in hS), by an object of F*Map (—,d)(x) = Mapq (Fz,d) ~ C(Fz,d).
Unwinding the definitions shows that such a map v: Fax — d induces

Mape(c, z4) E, Mapq, (Fe, Fzq) £d, Mapq, (Fe,d)

up to homotopy. Lemma 1.3.4 shows that this map being an equivalence is
equivalent to (x,u) being terminal in C/d. In particular, every adjunction
formula is, up to homotopy, induced by an essentially unique counit map
¢: FG — idp which chooses such a terminal object of €/d at each d. Likewise,
by considering the dual situation via a homotopy inverse of the adjunction
formula, we can construct a unit.

Remark 1.3.8 In light of the previous two results, we see firstly that the exis-
tence of a right adjoint is independent of the ambient universe. For a functor
F: C — D of arbitrary oo-categories, we sometimes say that F has a par-
tial right adjoint at d if €/d has a terminal object. Limits, colimits, and Kan
extensions will all be defined by this condition. Thus F' has a right adjoint in
any universe iff it has a right adjoint at every d. This condition in ordinary
categories is sometimes called the existence of a universal morphism from F
to d, and the terminal pair (¢,u: Fe¢ — d) is the universal morphism.

Remark 1.3.9 Here are some immediate properties of adjunctions which we
can deduce from the definitions or the previous result.

1. If F': € — D has a right adjoint, then it is cofinal by Quillen’s Theorem A
(Cor. 1.1.38): the slices are weakly contractible because they have terminal
objects.

2. If F: €= D : G is an adjunction between locally small categories, then
for any naturally equivalent functor G ~ G’ we canonically obtain an
adjunction F': € 2 D : G, simply by choosing a composition of the
adjunction formula with the induced equivalence in Hom(C°P x D, §).

B F:C=2D:Gand H: D = £ : K are adjunctions between locally
small co-categories, then there is a canonical adjunction

HF:C= ¢ :GK,

again by restricting the adjunction formulae and choosing a composition.
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The next two properties require slightly more sophistication, but are basic
applications of the Yoneda lemma.

4. If F: € — D is a functor, there is a canonical space of right adjoints
RAdj(F'), which is given by the homotopy fiber of

Fun(D, €)* — Fun(D, Hom(€C°?,8))~™ = Fun(C°® x D,8)~

at F* X p. Indeed, an object is precisely a functor G: D — € equipped
with a natural isomorphism XeG =5 F*Xq. If F has no right adjoint
then it is empty. Otherwise, we note that the functor above is fully faithful
by the Yoneda lemma (and Prop. 1.2.42), and the mapping spaces of the
homotopy fibers are the homotopy fibers of the mapping spaces, which
are contractible oo-groupoids. Therefore RAdj(F) is a contractible co-
groupoid if F admits a right adjoint. This shows not only that any two
right adjoints of F' are equivalent, but that the space of equivalences
between them is also contractible.

5. Suppose F': € — D is an equivalence of locally small co-categories. Then
G: D — Cis aright adjoint of F iff it is a homotopy inverse to F'. (TODO:
Fill in the proof.)

Our next topic is defining limits and colimits. We will primary state the case
for limits, and those for colimits will follow dually.
Definition 1.3.10 Let € be an oo-category and I be a simplicial set.

1. An I-shaped diagram in € is a morphism D: I — € of simplicial sets.

2. Write ¢;: € — Hom(/, @) for the constant diagram functor. The oo-
category of cones over a diagram D is
Conee(D) =€ X Hom(I,€)/D
cr,Hom(I,€)
equipped with its canonical right fibration Conee(D) — C. If z € €, the

fiber is the oo-groupoid denoted Conee(x, D), whose objects are natural
transformations ¢;(z) — D in Hom(7, C).

3. Given an an I-shaped diagram D in C, a limit of D is a terminal object
(z,A: cy(x) — D) of Conee(D). We also use the notations

(x,\) =lim D r = lim D,
- iel

the right-hand one especially when ) is clear from context. Equivalently,
lim D is a choice of partial right adjoint to ¢;: € — Hom([, €) at D.

4. Dually, we write Coconee(D) = € Xpem(r,e) D\ Hom(I,C) equipped
with its canonical left fibration Coconee(D) — €, and the fiber over
x € € is denoted by Cocone(D,x). A colimit of D is an initial object of
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Coconee (D), of the form (z,A: D — cy(z)), and we write

(z,A) =lim D x = lim D;
— iel

as alternative notations. Equivalently lii>nD is a choice of partial left
adjoint to ¢y at D. Note that

Coconee (D) = C° Xgom(ror,cor) Hom(1°P, €P) / DP
= Conegon (D°P),

so a colimit in € of D is the same thing as a limit in C°P of D°P.

Here are the very immediate observations from the definition of limits (and
colimits). For instance, we have a canonical equivalence

Conee(z, D) = C(¢;(z), D)

of oco-categories for all x.

Remark 1.3.11 Let C be an oco-category and D an I-shaped diagram in C.

1. A morphism of cones (¢, \) — (¢/, \’) consists of a morphism u: ¢ — ¢’ in
C and a 2-simplex of Hom(7, €) recording commutativity of the triangle

cr(x T

s
w N AN
cr(z) - D x’ T> D;

on the left-hand side above. In particular it consists of u with a map
n: A%2 x I — @ such that 7; records commutativity of the right-hand
triangles in € for each . Since Cone(€) — C is conservative, such a map
is an equivalence of cones iff u is an equivalence in C.

2. The space of limits of D is the full subcategory of Cone(D) spanned by
terminal objects, which is either empty, or a contractible co-groupoid
whenever D admits a limit in € (Cor. 1.1.30). In particular between any
two limit cones there is an equivalence as described in (1). Conversely, if
(x,\) = lim D and u: ' — x is an equivalence of C, then we may extend
it to an eqiuvalence of cones via (z’,cr(2') == ¢j(x) — D).

3. Suppose € = N(C) where C is a small ordinary category. Then the
diagram D is induced from D: 7(I) — C, so

Hom(1, €) = N(Fun(r(I),C))  Hom(I,€)/D = N(Fun(r(I),C)/D),

and it follows that Conee(D) is the nerve of the ordinary category of cones
over D. Therefore lim D =lim . D, recovering the 1-category case.
—1I —7(I)
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4. If € is locally small and I is small, then we may use Lemma 1.3.4 to
observe that (z,A) = lim D if and only if

Mape (¢, ) — Maper(cr(c), cr(z)) — Mape: (cr(c), D)

is invertible in § for all ¢. Alternatively we can write it without referring
to the universe as saying that

Ce, ) 5 X (er(e), er(x)) 22 €1 (er(c), D)

is an isomorphism in H for all ¢. Then Prop. 1.3.6 says that ¢y has a right
adjoint iff all I-shaped diagrams in € have a limit, in which case there is
an essentially unique choice of right adjoint which we call

lim : Hom(/,€) — €

a limit functor. Moreover, the same result shows that we may prescribe
for each diagram D the limit cone (z, ), so that lim (D) = z, and the
counit cy m — ide records the limiting cone .

5. Let F': € — D be a functor of co-categories, and write F, D = F' D for the
composite I-shaped diagram in D. Since F' induces a compatible map on
the legs of the defining pullback, we obtain an induced functor

F,: Conee(D) — Conen (F.D)

on cone categories. For instance, by [HCHA, Cor. 2.3.29] this map is an
equivalence of co-categories if € — D is an equivalence. We say that F'
preserves the limit of D if the functor above is final; if F' preserves the
limit of D of all I-shaped diagrams D, we say F preserves I-shaped limits.
Note that strictly speaking we don’t require C to actually have the limit;
if it does, then this is simply asking that whenever (z, A) is a limit cone,
(Fz,F.\) = lim F. D. It’s equivalent to saying that the map above is
a weak contravariant equivalence over D, because Coneq (F, D) is right
fibrant, and if F is a right fibration then it’s equivalent to saying that F
above is an equivalence of co-categories.

FExample 1.3.12 Take I = @&, then D is the unique empty diagram and
Hom(I,€)/D = Hom(I, @) = &, so

Coneg () = Coconee (@) = C.

In particular a limit (resp. colimit) of & is precisely a terminal (resp. initial)
object of C. If F': € — D is a functor, then we say F preserves terminal objects
if it preserves limits of the empty diagram, or equivalently if F' is final.

Remark 1.3.18 It is important to be careful with our notion of a functor pre-
serving limits of a given diagram in the case that the limit doesn’t exist,
because it is not identical to the corresponding notion for a 1l-category. For
instance, a functor between nerves of ordinary categories preserving terminal
objects means final, which is not equivalent to being final in the 1-categorical
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sense, but rather it is stronger (and asserts weak contractibility of relative
slices rather than mere connectedness).

Ezample 1.5.14 This is a more specific version of Remark 1.3.11(4) in the case
that not all limits of a given shape exist. Namely, suppose f: B — Hom(I, C)
is a functor of oo-categories such that the diagram f(b) has a limit for all b.
Then let us define

& C (G X B) XHom (9A! xI,€) @(Al X I, (3)

to be the full subcategory spanned by those pairs (z,b,u: ¢f(x) — f(b)) such
that (z,u) = lim f(b). Then Lemma 1.3.5 shows that the projection & — B
is a trivial fibration. In particular, any choice of section B — €& provides a
functorial assignment of b to a limit cone lim f(b), and we can further project
to € to extract the actual limiting object. For instance if we let B be the
full subcategory of Hom(/,C) spanned by diagrams with a limit, then the
aforementioned map is just a limit functor lim: B — C.

Suppose u: I’ — I is a morphism of simplicial sets. This induces a map
u*: Conee(D) — Conee(Du) on pullbacks over C. Given a cone (z,\), this
gets sent to a restricted cone (z,u*)). Note that we have a canonical cartesian
square

Conee(D) Hom(I,C)/D
Conee(u*D) — Hom(I,€) x  Hom(I’,C)/u*D
Hom(I’,€)

where the right-hand map is a right fibration (by [HCHA, Thm. 3.4.22]) since
Hom(I,€) — Hom([’, C) is a Joyal fibration. In particular u* is a right fibration
between right fibrant objects over C.

Lemma 1.3.15 Let u: I’ — I be a cofinal map and D an I-shaped diagram
of €. Then the induced functor

Conee (D) — Conee(u*D)

is a trivial fibration (over ©). In particular, a cone (x,\) over D is a limit if
and only if (x,u*)\) is a limit of Du.

Proof Since the map is a right fibration between right fibrant objects over
G, we may show the corresponding fiberwise statement that for all z,
Conee(x, D) — Conee(z, Du) is an equivalence of co-groupoids. Consider the
canonical equivalence

Conee(z, D) = (2\\ Hom(/, €)) p = Hom(I, 2\\€)p = Home(1, z\\C),
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and likewise Conee(x, Du) == Home (I', z\\@), which fit into:

Cone(z, D) —“— Cone(x, Du)

~| 1=

Home (1, 2\\€) ~“~ Home (I, z\\C)

Since I' — I is cofinal, it is a weak equivalence in (sSet/C).o, with structure
maps the respective diagrams, so the lower horizontal map is an equivalence
of co-groupoids by Lemma 1.1.3. |

As a special case, restricting a diagram along a weak categorical equivalence
doesn’t change a colimit/limit (Cor. 1.2.4). More generally, this mirrors the
alternative characterization of cofinality /finality in ordinary category theory.

Ezample 1.3.16 Suppose that I has an initial object ig, so that {ig} — I is
cofinal. Then for any I-shaped diagram D, Conee(D) — Conee(D;,) is an
equivalence of categories. By definition

Conee(DiO) = G/Dlo y

so limD = D;,. The limiting cone is given by any natural transformation
¢1(D;,) — D, i.e. which must pick out a initial map D;, — D; for each i. For
example, we see that if C has an initial object ¢y, then @ide = Cp.

Ezample 1.3.17 Let F': € — D be a functor between oco-categories and D an
I-shaped diagram in C. If the limit of D exists, then F' preserves the limit iff
the limit of F,D exists in D, and the canonical map FQLD D) — liLnF*D is
an equivalence in D. Proof This is obvious once we interpret what it means.
Namely, choose (z,A) = limD and (y,n) = lim F,.D. Because (Fz, Fi)) is
a cone, there is a contractible space of maps (Fz, F.\) — (y,n), which is
what we mean by ‘the’ canonical map Fz — y. The morphism of cones is
an equivalence iff this map in D is an equivalence (Remark 1.3.11), so both
conditions are equivalent to F(z, A) being terminal, and thus F being final.

Remark 1.3.18 As usual, there is a corresponding construction of the cone
category using the fat slice. We define Coneg (D) by

Coneg (D) = C X pom(r,e) Hom(Z,C)//D

so that the pullback map Coneg (D) — € is again a right fibration. Since the
map Hom(7,C)/D — Hom(I,€)//D is an equivalence of right fibrations over
the functor category, it induces a canonical equivalence of right fibrations

Conee (D) — Coneg (D) (%)
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over C. Here is one reason this description is useful: We can paste the defining
pullback to obtain:

Conel (D) — Hom(I,C)//D —— Hom(A! x I, @)
¢ — Hom(z,¢) X Hom(9A! x 1,€)

It follows that a map A — Coneg(D) is a map A o I — € restricting to D on
I, or in other words a map A — €,,p. This provides a canonical identification
€//p = Coneg (D), and hence we have a canonical zig-zag

G/D - G//D — Conee(D)

of equivalences, relating the cone category to the literal (join) slice. We know
that the second map is a bijection on objects because (%) is, and on the other
hand an object of C,p is a map A® x I — C under I, which is somewhat like
a geometric cone from some object to the diagram D. Some final remarks:

1. This zig-zag is compatible with restriction along u: I’ — I, as is clear
from the definitions. Namely, the induced map €,p — €/, p fits into a
diagram of equivalences with Conee(D) — Conee(u* D). In particular if
u is cofinal, then €,p — C/,~p is an equivalence of oo-categories.

2. We also remark that this is the natural object appearing in Exam-
ple 1.3.14: With respect to the trivial fibration &€ — B constructed in
that example, the fiber &, is precisely the full subcategory of Coneg (f(b))
consisting of terminal objects.

1.3.2 (Co)products and (co)cartesian squares

The next topic is some specific limits, namely products and pullbacks. Fix an
oo-category €. Given a discrete family {x; : i € I} of objects, we view this as
a discrete diagram In C. Since

Hom(JT A% ¢)=]]e,
iel i€l
we conclude that
Conee({z;:i € 1}) =C xer He/xl = lim (€/z; — €).
i el

In particular a cone over the diagram is an object ¢ equipped with a collection
of maps f;: ¢ — x;. A morphism of cones is a morphism u: ¢ — ¢’ equipped
with commutative triangles

c—

P
i

in € for all i. We can already see that because of the discreteness of the
diagram, the condition is a lot like standard products, with the only new
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addition is homotopy commutativity and homotopy uniqueness. The following
is an instance of this:

Example 1.3.19 If € is an oo-category, then € — hC€ preserves products which
exist in C. We’ve seen that it preserves terminal objects which exist. To see
this, let « = [[, z;, meaning that we have maps p;: @ — z; exhibiting (z, {p;})
as the product of {z;}. Then the (any choice of) induced map

Mape (¢, ) — Maper ((¢)ier, (zi)icr)

is an equivalence, so applying my produces an isomorphism. The key point is
that h(C!) = (hC)! because I is a discrete index set, and therefore the cone
(x,{pi}) viewed in hC induces

Homye (¢, z) = Homyer (¢, (x;)icr) = H Homye(c, z;),
il

showing that that « =[], #; in hC. There are two warnings:

1. The natural map € — hC doesn’t preserve products in our generalized
sense, because it doesn’t even preserve terminal objects in general, as
€ — hC may not be final. For instance if € were an oo-groupoid, then
finality would imply that € is a 1-category (Remark 1.0.3).

2. By duality € — hC also preserves coproducts which exist in €, but it
generally doesn’t preserve (co)limits of non-discrete diagrams (unless €
is a 1-category, in which case the map is an equivalence). Firstly, a cone
over the diagram in the homotopy category may not admit a lift to an
oo-categorical cone, and even if it does, there may be two non-homotopic
lifts. The failure of this property for pullbacks and pushouts is one of
the things which will make stable co-categories much more powerful than
triangulated categories.

Ezample 1.8.20 1If C is an co-category and e € C is a terminal object. For each

object x, given any choice of map t: z — e, the pair x oo b e exhibits
x ~ x X e. Indeed,

Conee({z,e}) =0C R (C/x x C/e) = C/x xe Cfe.

Since €/e — € is a trivial fibration, so too is Conee({z, e}) — €/x, so any cone
with the first component as 1, will be terminal. Very slightly more generally,
a cone x <~ x’ — e is limiting iff u is an equivalence, because an object (2, u)
of €/x is terminal iff u is an equivalence.

Ezample 1.3.21 Let zy € € be an object for which the product zg X ¢ exists
for all ¢ € €. Apply Example 1.3.14 to the functor € — Hom({0, 1}, C) sending
¢ — (x9,c), so we obtain a trivial fibration & — € where € is the space of
triples (p,c,u) where u exhibits p = xg X ¢. Choosing a section provides a
functor assigning ¢ to a product zg x ¢ with its limit cone, and projecting to
€ we obtain a product functor zy x (—): € — C.
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For intsance, If g = e is a terminal object, then first choose a section of
€//e — € to obtain a functorial map te: € — Arr(C), then we obtain a functor

c— (¢ ¢, (te, 0))

where the third component means (to,ide): € — Hom(A! x {0, 1}, C). By the
previous example, the induced map factors through ¢ — €&, and this gives a
section of the trivial fibration &€ — €. Since the space of sections is contractible,
there is a natural equivalence between any two sections, and in particular
e X (=) ~ide for any choice of product functor e x (—).

In the case of products in a locally small oco-category €, we can re-express
the universal property similarly to how, in ordinary categories, we may write
Home (a, b x ¢) = Home(a, b) x Home (a, ¢). The only difference is that we use
8 instead of sets.

Construction 1.3.22 Let I be a (discrete) U-small index set. We define the

product functors

IIs.—s. J[s—s

i€l i€l
as follows: They will be the two maps involved in classifying data for the left
fibration [, 8¢ — []; 8, so that we have a cartesian square on the left:

I,
[LicrSe —— S P ﬁ [LicrSe
ST T
HiGIS — S A —— Hze[

But, we will give an explicit construction of these maps via Lemma 1.1.48,
namely by specifying preferred U-small pullbacks in all diagrams of the form
on the right above for all n-simplices in the product. In particular, the universal
left fibration 8, — 8§ already provides pullbacks P; = A™ X, s 8, where f; is
the ith factor. We form P as the pullback in

P— L, P — 1

| el 161
| T
A" — [[ie; A" — [Lier 8

uniquely so that P C [], P; is a subobject of the product. Explicitly, it is the
subobject on which all maps to A™ agree. For instance, if {X;} is a collection
of U-small co-groupoids in 8, corresponding to the case that n = 0 above,
so P; = Xj, then P = [], X;. We also note that the property on simplices
above generalizes to all maps A — 8: if we have a family of maps F;: A — §
classifying left fibrations X; — A, then pasting shows that

H(Fz) — 4 (Fi)ier HS l S
I

i
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classifies the pullback projection A x 4r [, X; — A. The projections A X 41
I, Xi — X; correspond (essentially uniquely) to natural transformations

Recall that there is a canonical choice of terminal object ey in §, namely the
one classifying A° with all of the chosen products A™ x A? simply equal to
A",

Proposition 1.3.23 Let I be a small set, C a locally small co-category, and
pi: x — x; an I-indexed family of maps in C.

1. There is an essentially canonical natural transformation

®: Mape(—,z) — H (Mape(—,xi))
il
in Fun(C°P, 8), whose components Mape (¢, z) — [[, Mape(c, ;) are iden-
tified in H with the map induced by the maps Mape(c, z) — Mape(c, x;).

2. The cone (x,(pi)icr) over the discrete diagram I is a limit cone if and
only if the natural transformation of (1) is an equivalence.

Proof We apply our description of Conee({x;}) above. Since €/z; is homo-
topy classified Mape(—,2;), it is clear that Cone({z;}) — € is homotopy
classified by [ [, Mape(—, ;) as defined in Constr. 1.3.22. The cone projections
Conee({z;}) — C/x; correspond to the product projections [ [, Mape(—, z;) —
Mape(—, ;) from the same construction.

Now by Lemma 1.1.3, the inclusion {1,} — €/x induces the trivial fibration
Home (€/x, Conee({zi})) — Conee({z:})a-

So if X\ := (x, (p;)) is the given cone, this corresponds to an essentially unique
map C/x — Cone({z;}), and under the equivalence

Fun(C°P, 8) ( Mape(—, z), H Mape(—, xl)) ~ Hom(C/xz, Conee ({x;}))
iel
of Cor. 1.2.26, this corresponds to a canonical (up to homotopy) map @ as
in (1). The characterization of this map up to homotopy is by Lemma 1.A.7,
because both the composition m; o @ as well as p; .: & (x) — k(x;) send 1, to
p;. For (2), recall by Cor. 1.A.8 that ® is an equivalence iff the corresponding
object under the Yoneda lemma is terminal. Under our homotopy identifica-
tions, this is precisely A within Conee({z;}). O

Ezample 1.3.24 In the next section we will show that small (co)limits exist in
8. Therefore, suppose that objects z; of 8 classify small co-groupoids X;. Let x
be the supposed categorical product, and apply the previous result; evaluating
the natural equivalence ® at a terminal object e, and using Mapg(e, —) ~ idg,
we deduce that « ~ [, z;, with the cone being supplied by m;: [[, z; — ;.
In particular the product in 8 is the literal product [], X; of co-groupoids.
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Our next topic is pullbacks. Let € be an oco-category. Recall that a commutative
square in € is a functor f: A' x Al — @, which we usually represent as a
diagram:

l l
f(0,1) — f(1,1)
Depending on context, we either view this as an object of €5 := Hom(A! x
Al @), or amorphism in Arr(€). If we use the description A x Al = A?x 5 (0.2}
A?, then we obtain the equivalent description

€ = Hom(A?, €) X prom(at,c) Hom(A%, €).

In other words a commutative square consists of four objects as the endpoints
of a square, four morphisms between them, a diagonal map (foo — f11), and
2-simplices witnessing that foo — fio — f11 and foo — fo1 — f11 compose to
the diagonal. In particular it is clear that a commutative diagram induces a
commutative diagram in hC.

There are two possible meanings of a diagram such as

rT—y —> 2

Ll

x/ yl Z/

in an oo-category C. First, we could mean two adjacent commutative squares
which share the arrow y — %/, i.e. a map A? x A! — €. This is also a pair of
composable arrows in Arr(C). Alternatively, this could also mean the data of a
map A% x Al — € such that e.g. A2 x A' — € is the shown restriction. We call
such data a commutative rectangle in €. Thus it comes with adjacent squares,
but also a choice of composition for both rows, and commutavity data for the
composite morphisms to form a commutative square. Since A? x A’ — AZx Al
is inner anodyne, the restriction map

Hom(A? x A',€) — Hom(A? x A',€) = €7 x5 e) C”

is a trivial fibration. Thus given adjacent commutative squares, there is a
contractible co-groupoid of coherent composites to a rectangle.

Remark 1.3.25 In ordinary category theory, the data of a commutative square
is the same as a cone over the lower-right cospan. This holds for co-categories
but only up to equivalence. We use the Coneg model. Given a cospan a —
b« cin C, i.e. a diagram of shape A2, a cone is a morphism from a constant
diagram to the diagram in Hom(A3, €), or in other words adjacent commutative
squares:

1o 1,
T — T —x

N ’
N -,
N ’
N e

a——b+—c¢
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This is the data of a commutative square from x to the cospan precisely when
the two triangles © — x — b are both degenerate. Here’s how to turn this into
a map:

1. First, we have a map ¢: Al x (Al x AY) — Al x Al defined by
(0,0) e=0

90(67 (Z7]>) = {(Z,]) e=1

This is an order-preserving map: obviously its restrictions to e = 0,1 are
order preserving, and if (0, (¢,7)) < (1, (4,7)), then (0,0) < (¢,7). This is
also described as a homotopy from the inclusion of (0,0) to the identity.

2. Write A2 = Al Uiy Al so that A% A3 = A2 Up2y A2 = Al x Al In
particular we have the inclusion A3 — A! x Al and we restrict along it
to obtain p: Al x A2 — Al x Al this is, up to homotopy, the quotient
map collapsing the spots where the 1,’s go in the diagram above. Indeed
we have cocartesian squares

0x A3 — (AY x A2)UA3 == 9A! x A3 — Al x A3
l - - -

A s AV A =——— A"UAZ —— AP0 A3

by definition. Under the canonical equivalence A% A3 = APAZ = Al x
A, the right-hand map goes precisely to ¢, and the bottom map is the
inclusion of (0,0). In other words

0x A3 — Al x A3
@
0,0
A0 OO AL A
is homotopy cocartesian as the upper map is a monomorphism.

3. Thus for any oo-category C we get a homotopy cartesian diagram which
forms the lower square in the diagram:

€™ XHom(az,¢) D — Hom(A3,€)//D ——— {D}

|- |- |

0 —* Hom(A! x A},€) = Hom(AZ,€)
€vo,0 evo

L.,

e ———=—— Hom(A3,0)

Now let D = (a — b < ¢) be a cospan. Form the right-hand pullback
above, and hence the top pullback. ev; is a Joyal fibration and so is evyp*
because it is induced by the monomorphism A3 < A! x Al. Thus by the
pasting lemma both upper squares are homotopy cartesian. Hence the
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left-hand outer rectangle is homotopy cartesian. Since Hom(A3, €)//D —
Hom (A2, €) is a right fibration, the induced map

€™ Xpomaz,e) {D} = € Xpom(az.e) //D = Coneg (D)
O

a—b—c"

is an equivalence of co-categories. We write the LHS as C

4. We may also fix the apex of the corresponding cone. Namely, since evg g is
also a Joyal fibration, so adding the pullback along {x} — C and another
application of the pasting lemma will show that

CD,m

a—b—c

— Coneg(z,a — b+ c)
is an equivalence of (co-groupoids).

5. Also note that that both non-degenerate 2-simplices of A! x Al are in the
image of ¢, so it is degreewise surjective. Thus the map ¢* in the diagram
above is a monomorphism, and so too is its pullback over D. Thus the
equivalence Ca':'ﬁb&c — Coneg(a — b « ¢) composed with a projection is
a monomorphism, so it is itself a trivial cofibration.

We note that this is not a fibration, so the canonical associated contractible
space is the homotopy fiber as opposed to the strict fiber. However, if ever we
are given a cone as adjacent commutative squares shown above, this comes
with maps ¢ — a,z — b,x — ¢. Then We may always take a representative
in the homotopy fiber with the same morphisms: We start with a bottom face
diagram:

We want to find an extension so that the back face is constant at z, the
standing triangles are all degenerate at the given maps x — a,b, ¢, and both
2-simplices © — = — b on the top face are degenerate at z — b. Since we may
glue along the middle 2-simplex, we can do each side individually, so focus on
the left side.

Now we apply Example 1.A.13: this is exactly what we need because we have
specified the bottom and back squares, assembling into A? x A — €, and
the left- and right-hand 2-simplices, defining the map on A? x 9A!. Finally,
Al0001.21] 45 exactly the 2-simplex [z, z, b] lying on the top face, which we can
set to be degenerate at x — b. This is compatible with our choice of back-
and right-face, so the result gives an extension to A% x A! with the desired
properties. Note that we have exhibited a morphism between the two cones
in Cone(xz,a — b < ¢); this is an oo-groupoid, hence gives an equivalence in
Cone(a — b « ¢), and thus in Cone®(a — b « c) as well.
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Proposition 1.3.26 Let C be an oo-category and

r — C

Lo

a—b

be a commutative diagram in C. The following conditions are equivalent:
O

a—b—c"

1. The square is a terminal object of C
2. Its image in Coneg(a — b« ¢) exhibits x as the limit of a — b « c.

3. The diagram a — b < ¢ in C has a limit a Xy ¢, and the canonical map
T — a Xyp ¢ 1s an equivalence in C.

In this case we say that the square is cartesian.

Proof Clearly (1) = (2), because ¢*: 2, — Coneg(a — b « c) is an
equivalence, hence preserves and reflects being terminal. ‘The’ canonical map
of (3) is the one induced by taking the corresponding cone under ¢*, which
then provides a morphism of cones (z,1) — (aXxpc, u). We know that this being
an equivalence is checked in € because Coneg(a — b « ¢) — € is conservative,

which finishes the proof. O

Example 1.8.27 Let D — D’ be an equivalence of squares in CH. Then one
is cartesian iff the other is. To see this, let 7: €~ — Hom(A3, €) be the canon-
ical Joyal fibration, and extend the equivalence to a map f: I. — €Y. By
composing with r, form the pullback G? = eU X Hom(A2,€) L~ Then we have
cartesian diagrams:

Cpy — CF «— €p)

L

0 1. 1
The two lower horizontal maps are equivalence, and the center map is a
pullback of r, hence a Joyal fibration. Thus the upper horizontal maps are
equivalences; by design, f induces a section f: I, — (??7 which supplies an
equivalence in G?’ between the image of D and the image of D’ under the
upper horizontal maps. Since they are equivalences they preserve and reflect
terminal objects, proving the claim.

Remark 1.3.28 Thus there is a cartesian square including a — b « c iff this
cospan has limit in €, and any such cartesian square canonically induces a
limit cone. Our previous computation says the following thing: if (a X ¢, u) =
pin(a — b« ¢), then p in particular includes maps to a, b, and ¢, and we can
arrange for a cartesian square

I
aXpCc—=c

Mal ) 1223 l
A

a——b
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with the three given maps whose image under ¢* is equivalent to (a X3 ¢, ).

However we can not say anything about the two homotopies; for this reason it
is usually more convenient to just present our pullbacks as cartesian squares,
which include more refined (and less redundant) data than that of a limit cone.

Ezxzample 1.3.29 Because of Prop. 1.3.26, if we have a cartesian square as shown
on the left,

/

r—c r — ¢
| !
a—b a—b

and a commutative diagram as on the right, then there is supposed to be an
essentially unique from the right square to the left, fixing the cospan. In other
words a diagram

of the form A! x Al x Al — €. Here the bottom and right faces are degenerate
at the corresponding maps, but a priori there’s no reason that the embedded
2-simplices '’ — ¢ = ¢, 2’ — b = b, and 2’ — a = a have to be degenerate.
For more refined data, we can view both squares as objects in C,p where D is
the diagram, in which case we know that z’ is terminal. A morphism between
them is a map A! x A2 — € restricting to the two squares on the endpoints.
Since these are both nerves of categories, the result is too; we can view this as
A% % (A% % A3) = A% % (Al x Al) — € (which is also a square in the coslice
2’\C). This is also the same data as a pair of 3-simplices in € glued along a
2-simplex:

Here, the solid square is the cartesian one, which comes with the two
2-simplices in the middle. The dashed arrows are the other commutative dia-
gram, which also come with two 2-simplices between those and the solid arrows
a — b and ¢ — b. The morphism of squares consists of ' ~ z, equipped
with three 2-simplices recording that 2’ ~ z makes the maps in the commu-
tative diagram factor through those of the cartesian square; and finally two
3-simplices recording an associativity constraints between the given data.

One useful observation is that we can still obtain strong functoriality state-
ments if we force our cospan limit cones to come from cartesian squares. If we
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let G(‘:jart C @Y denote the full subcategory spanned by cartesian squares, then
the following lemma reformulates Example 1.3.14.

Lemma 1.3.30 Let C and B be co-categories and f: B — Hom(A3,C) be a
functor such that f(b) has a pullback for each b € B. Then the projection

O
eca.rt ><Hom(A%,C) B—-3B
s a trivial fibration.

Proof Consider the composite €5, — €Y — Hom(A3, C), which is a Joyal
fibration because we know the latter one is and the former is an isofibration by
Example 1.3.27. Thus the map in the lemma is a Joyal fibration. The homotopy
cartesian square of Remark 1.3.25(3) shows that

C” = € Xpom(A2,¢),evo Hom(A! x A3, €) =: &

is an equivalence of co-categories over ev; to Hom(A3, €). Since we have seen
that both evaluation maps are Joyal fibrations, the induced map

€ Xpom(a2.0) B = € Xpom(az,e) B

is an equivalence (over B). A pair (Q,b) in the left-hand side is a cartesian
square (with lower-right cospan f(b)) if and only if the corresponding cone
©*Q over f(b) is a limit cone, by Prop. 1.3.26. It follows that the equivalence
restricts to an equivalence between the full subcategory of the LHS consisting
of cartesians squares and of the RHS consisting of limit cones. In other words
we have a commutative diagram

el . XHom(r2,¢) B ——— &
\ /

where &' is the aforementioned full subcategory. Example 1.3.14 says that the
right-hand map is a trivial fibration, so we conclude that the left-hand map is
too by our observation at the start. O

Example 1.3.31 Let F: C — D be a functor of co-categories, and D: A3 — €
be a cospan. We have a commutative diagram

Conee(D) —=— Conep (D) +—=— €

i 1 1

Conep (F,.D) ==+ Cone§,(F.D) +— DY

with horizontal equivalences. Since everything is a right fibrant object over C,
one vertical map is final iff all three are. I.e. preservation of pullbacks can be
checked on (and applied to) cartesian squares. It is also clear that one map will
preserve terminal objects that exist if all three do, so preservation of existing
pullbacks is also checked on (and applied to) cartesian squares.
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Ezample 1.3.32 Let C be an co-category with b € C. Let u: a — bandv: ¢ — b
be morphisms, and D the corresponding diagram A2 — C. Then we have the
canonical isomorphism €/D = (€/d)/{u,v} because (A° LI A%) x A = A3
Hence we obtain an equivalence of zig-zags:

(€/b)/{u, v} —> Coneg,({u,v}) = Conee({u,v})

|

€/D —=—— Cone}(D) +—=—— Conee(D)

Let’s unwind the definitions: An object of C/D is amap A%*A3 = AlxAl — €,
so by construction the map €/D — €//D = Coneg (D) is restriction along ¢
(sending a square to its cone). The vertical isomorphism views the two triangles
in a diagram

l \\\ lv
S
a T> b
as a pair of morphisms from z € €/b (by the diagonal) to u and x to v. Then
the first equivalence to Coneg /» again views this as a pair of morphisms from
x — b to u and to v. To summarize, a commutative square canonically induces
a product cone in €/b, and the square is cartesian iff the cone exhibits z — b
as the product of u and v in €/b. This is clearly reversible (at least on objects),

i.e. commutative diagrams are in literal bijection with cones over {u,v} in €/b

Example 1.3.833 As a consequence of the previous example, we see that if e € C
is a terminal object, then we have a canonical equivalence = X,y =~ x X y.
More precisely, choosing any map x — e and y — e, the limit on one side exists
iff the one on the other does, and the projections z X,y — z and x X,y — y
induce an equivalence x X,y — x X y. This is because €/e — € is a trivial
fibration. So, we may choose a cartesian square

TXelYy — Y

Loyl

r———e

This exhibits « X, y as the product of x and y in C/e, hence as the product of
xz and y in C.

Ezample 1.3.34 Here is another consequence of Example 1.3.32. Given a
commutative square

in € where 3y’ — y is an equivalence, the square is cartesian iff z’ — z is an
equivalence. Indeed, it is cartesian iff it exhibits 2’ as the product of z — y and
y' — y in C/y, and the latter object is terminal. Thus by Example 1.3.20 this
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happens iff the two simplex [2/, x,y] is an equivalence in €/y, which happens
iff #/ — x is an equivalence because C/y — € is conservative.

Our final result will be the pasting lemma for oco-categories. This will play
an important role in the development of stable co-categories. We will prove it
using a similar technique to the result above, namely by passing to the join-
slice and using geometric properties there. Colloquially, the result says that
& Xy (Y X 2) o’ Xy oz,

Proposition 1.3.35 Let C be an oo-category, and

r—y — 2
[
 —y — 2

be a commutative rectangle A2 x A' — C in which the right-hand square is
cartesian. Then the left-hand square is cartesian if and only if the outer square
18 cartesian.

The result itself assumes a fixed rectangle restricting to the diagram shown.
But even if we start with two adjacent diagrams, the condition of the outer
square being cartesian is independent of such a choice: We can see it either
because the choice is unique up to equivalence in Hom(A?2, €), and hence in
Hom(A!, C), or alternatively the pasting lemma itself shows independence.

Proof (of Prop. 1.3.35) Let D: A?2xA' — € be the rectangle in consideration.
Let K’ ¢ K C A? x Al be, respectively, the full subcategories spanned by
objects except for {00,10} and for {00}. Lastly, let

Ri: A2 K Ry, Rpp: A2 — K’

be the left, right, and outer cospans, respectively. By Example 1.A.14, the
maps R; and Rj5 are cofinal, so the maps

C/pix = C€/plr,  C/Dlr = C/Dlgy,

are equivalences by Remark 1.3.18. Note that K = K’ U AtL2} x Al and the
intersection is precisely Rs. This gives the bicartesian square on the left,

Ry — {10} * Ry C/pjx — (e/D\Rz)y
K «—— K C/pler — C/D|,

which translates to the one on the right by adjunction and associativity of join.
Here, the object y of the slice refers to the object corresponding to the right-
hand square in the rectangle, and since this square is cartesian the right-hand
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vertical map is a trivial fibration. To summarize, all three maps in

€/plx — C/D|n,

|

C/plr — €/Dlny,

are equivalences. Since {00} * K = A? x A, the whole diagram D is an object
of €/p|,, and its two images in the diagram are the objects corresponding to
the left-hand square and the outer square. In particular one is terminal iff the
other is. (]

Remark 1.3.36 In ordinary category theory, practical applications of the past-
ing lemma often consist a very slight variation on the statement above, which
is that given a cartesian square and a factorization of the bottom arrow, we
get a factorization of the whole square. The best possible translation of this
to oo-categories holds: Our setup is a diagram

in €, where we are given the cartesian square on the right face, as well as the
following data:

(i) The bottom face 2-simplex recording ' — ¢y — 2.
(ii) The back face commutative square with vertices x, z, 2’2’
(iii) (Optionally) The left-hand 2-simplex recording  — 2’ — y/'.

The statement is that this data extends (essentially uniquely) to a rectangle
A% x A! — @. The pasting lemma then implies that if the back face square
is cartesian, then we have the essentially canonical map = ~» y making the
left face cartesian. Proof If the left-hand 2-simplex of (i) is not already
chosen, then fill it. In the A3 spanned by [z, 2,3/, 2], we have supplied the
faces [z, 2’ y'], [2/, v, 2], and [z,2’, 2] (as part of the back face square). This
corresponds to A3, so we can fill to [z, 2,3/, 2/]. In particular this has a face
[z,9, 2'] that agrees with the given [z, z,2'] on the overlap [z,z’], which is
the data of a commutative square with vertices x, z,3’, 2’. By the cartesian
property and Example 1.3.29, we obtain a map = ~ y along with (in particular)
the following data:

1. A 2-simplex [z, y, 2], along which the following two 3-simplices are glued.

2. A 3-simplex [z,y,y', 2’] such that [z,y’, 2] agrees with the prior one.
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3. A 3-simplex [z, vy, 2, '] such that [z, z, 2] agrees with the prior one.
Thus under the identification A% x Al = A3 Uxz A% Ua2 A3, the simplices

[x,2,y,2]  [zuy. 7] [r,y,27]

agree on intersections, hence glue to a unique commutative rectangle incorpo-
rating all of the given data.

1.3.3 More on adjunctions and (co)limits

In this subsection, we will prove significantly more powerful results than where
we have stopped in the first section. We will give more precise criteria for
adjunctions and (co)limits, and introduce techniques to generalize classical
results of category theory, such as the (co)completeness of 8, that right adjoints
preserve limits, and more. This is the most technical part of this section.



Vihaan Dheer 119

Appendix 1.A More on oco-categories
1.A.1 Mapping spaces in the homotopy category

In this section there are some basic but annoying verifications we carry out,
especially regarding mapping spaces. The premise is that there are a few dif-
ferent constructions for mapping spaces of an oo-category, each with different
functoriality properties. In all cases we have verified that taking my recovers the
right thing, which often suffices for the proofs. However there is usually some-
thing much stronger than that, which is that the constructions are well-defined
on the equivalences classes in H, the homotopy category of Kan complexes.

Throughout this section, we use the convention that if € is an co-category, then
C(z,y) refers to both the space from earlier, and the corresponding object of
the homotopy category H, or Hjoy. But outside of this section - and because of
the results proven here - we will be comfortable using Mape(z,y) as an object
of the homotopy category. First we recall the relevant objects:

L. C(z,y) = {(=,9)} XHom(9a1,e) Hom(A!, @), and similarly we define
(‘B(x, Y, Z) = {(xa Y, Z)} Xexexe M(A2a e)v

i.e. the space of all morphisms z — z equipped with homotopy coherent
factorizations through y.

2. We have a canonical equivalence C/y — €//y of right fibrations over C.
Since the literal fiber of C/y over x is C(z,y), this induces a canonical
equivalence (C/y), — C(z,y) for each x. In particular this provides a
canonical isomorphism in H. We remark the following from the definition:
C/y — €/ /y is a bijection on objects, which in both categories are simply
pairs (z, f) where f: x — y is a morphism in €. A morphism in C/y
between (z, f) — (2/, f') is a 2-simplex ¢ with boundary

z — 7 r — z
f\/‘lf’ lfly 17
Yy y—>y

on the left above. A morphism in €//y between the same objects is a
commutative diagram in € of the form to the right above. The natural
functor C/y — @/ /y sends u: (x, f) — (', f') to the corresponding com-
mutative diagram where the diagonal  — y is f, one composite 1, f ~ f
is recorded by the degenerate 2-simplex s1(f). The other composite is
recorded by the given simplex itself. Another way to phrase this is as
precomposition along A! x Al — A2 induced by (i,7) + i + j.

3. Let U be a universe so that € is locally U-small. Choose a mapping space
(Mape, o¢) for € valued in 8. This comes with the data of an equivalence
S(C) — p} iy Mape of left fibrations over C°P x €, and hence furthermore
canonical equivalences

2\C — 4 5(C) — pliniy Mape(z, —)
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of left fibrations over €. We usually write Mape(x,y) both for the object
of 8, and for the left fibrant object (Kan complex) over A® classified by
it, which is uniquely part of the data of this object. In particular this
induces a canonical zig-zag

C(z,y) — (z\€)y = Mape(z,y)

of equivalences, and hence a canonical isomorphism C(z,y) = Mape(z, y)

in H.

Next, we write down the various possible notions of composition morphisms.
When there are two variances (e.g. C/x vs. £\C), we will just do one of the two.

1. Simplicial composition law: The inner anodyne extension A? — A2
induces for each z,y, z a canonical trivial fibration C(z,y, z) — C(z,y) X
C(y, z). In particular we may choose a section and compose:

G(‘T7y) X G(y,Z) - @(x,y,z) - G(I,Z),

where the second map is induced by A{%2} < A2 Therefore this map
is unique in H. We will treat this as the default canonical composition
map. If we apply my to this map, then under the canonical identification
m0C(x,y) = Hompe(z,y) it corresponds to the composition law

Homye(z,y) x Homye(y, 2) — Homye(x, 2)

in hC. Indeed, given f: z — y and g: y — =z, choose a composition
h ~ gf witnessed by o: A? — €. Thus o maps to (f, g) under C(xz,y, 2) —
C(z,y) x C(y, z), meaning that after applying 7o the class of (f, g) maps
to o, and then to h.

2. Fiber transport: Next there is the special case of getting an induced map
from a morphism of the base to a morphism on fibers of a left/right
fibration. For this, we start with a morhpism u: x — z’ in €, and use the
fact that we have maps

(€/y)a = Home (z, C/y) < Home(u, €/y) — Home (2", C/y) = (C/y)ar

where e.g. = (A% x),u = (Al,u) over €. Since 2/ — u here means
{1} — A, which is right anodyne, the right-hand map above is a trivial
fibration by Lemma 1.1.3. Therefore we get an induced map

(€/y)zr --» Home(u, C/y) — (€/y)s

of Kan complexes. This gives another notion of composition. We could
also repeat the same thing but with C//y instead.

3. Global transport 1: Another construction is to get an actual morphism of
right fibrations, and then take fibers. To do this, we consider a morphism
u: y — 3 in € and take the zig-zag

Cly — (€/y')/(y,u) — C/y".
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The left-hand map is a trivial fibration by Lemma 1.1.22 and the
right-hand map is a right fibration. Thus we get a composite C/y --+
(€/y")/(y,u) — C/y’ of right fibrations over €, inducing (€/y), — (C/y').
for all . We could do this for €//(—), but the middle term has to remain

(©//y")/(y,w).

4. Global transport 2: The more intrinsic form of global transport is to slice
over the morphism itself: Namely, given u: y — %', we have a zig-zag

Cly — Clu—C/y,

and the first map is a trivial fibration by [HCHA, Lemma 3.4.21]. Thus
we obtain a composite C/y --» C/u — C/y’. In this case the construction
can fully be repeated using €//(—) instead.

5. Mapping space functoriality: With a fixed mapping space Mape: C°P X
€ — 8, we in particular have morphisms

Mape(—,y) — Mape(—,y')  Mape(z', —) — Mape(a', —)

in Fun(€, 8) and Fun(C°P,§) for x — 2’ and y — ¥'. Upon evaluation at
x or y we can bring them to 8. Moreover, under Cor. 1.2.26 we can view
the pointwise evaluations as functors between Kan complexes, or maps of
left /right fibrations over C. We showed in Lemma 1.2.56 that the induced
bijections

Hompe(z,y) = moC(z, y) — m0((€/y)z) — 7o Mape(2,y),
which agree with the ones using x\C, are natural in z and y.

Our first goal in this section is to ensure that, under the previously defined
isomorphisms in H, all of these composition constructions actually agree with
each other in H, or possibly in LFib(€) or RFib(C).

Remark 1.A.1 Here are some initial observations.

1. First we claim that (3) and (4) are literally the same, under canonical
identification (€/y')/(y,u) = C/u. We simply check that the two maps
coincide. By adjunction, the isomorphism is induced by the isomorphism
of functors

(—+ A% % AD = () x Al
and the two point inclusions corresponding to either factor on the left,
provide (C/y')/u — €/y or (€/y)/u — €/y.

2. The my-description of (1) above does not a priori characterize the composi-
tion maps in the homotopy category. However, applying mo Hom (K, —) for
every simplicial set K does characterize it, since this equals Homy, (K, —)
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on Kan complexes. In particular, we obtain a zig-zag

Hom(K, €)(z,y,z) — Hom(K, C)(x,y) x Hom(K, C)(y, z)

|

Hom(K, €)(z, 2)

after applying Hom (K, —), and using the canonical identification on map-
ping spaces where the x,y, z are viewed as constant maps. These are the
same maps we started with but for Hom (K, C) instead of €, so taking g
of this yields the composition law on h Hom(K, C).

We use these observations to prove the equivalences above. First we show the
equivalence of fiber transport and mapping space functoriality, which is easy
and true much more generally.

Lemma 1.A.2 Let A be a simplicial set, p: X — A a left fibration, and
F: A— 8 a map with an equivalence of left fibrations X —> p? . F over A.
If u: a — b is a morphism in A, the induced diagram

Hom 4 ((A',u), X) — Hom 4 (b, X) _~

l

Hom ,(a, X) — = F(a) —

F(b)

commutes in H. In particular the fiber transport map X, — Xy corresponds
in M to u.: F(a) — F(b).

Proof Because of the commutative diagram

@A(G,X) A E— @A((Alau)ax) — @A(baX)

I—IoiInA(a7p1>'j1nivl?) — I—IoirnA((Alvu):]ﬁ;nivF‘) — I{OirnA(b’plﬁniv}?)
whose vertical maps are equivalences of co-groupoids (by Cor. 1.1.7), we may
assume that X is literally classified by F. Since the left-hand vertical map

in the lemma is a trivial fibration, choose a section s: X, — Hom 4(u, X).
Consider the diagram:

{0} x X, — W — X — 8,

[ e |

Al x X, Al A S

The section corresponds by adjunction to a map A' x X, — X whose
projection to A' over A corresponds to u. Thus it induces a unique map
Al x X, — W over A, and the 1-fiber X, — W; = X, is given by the
composite

Xa imA(u,X) — Xb.
According to Constr. 1.2.13 this is exactly what we wanted to show. O
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Corollary 1.A.3 Let € be a locally small co-category, x an object, and u: y —
y' a morphism in C. The diagram

C(z,y) < (2\€)y —— Mape(z,y)

l l l

C(x,y) <= (2\€)y — Mape(,¢)

commutes in H, in which the three vertical maps are given by simplicial com-
position, fiber transport, and mapping space functoriality by u respectively. The
corresponding results hold for x\C replaced with x\\C or C/y.

Proof The previous lemma shows that the right-hand square commutes.
Lemma 1.2.56 shows that the outer diagram commutes if we apply 7, so in
particular the left-hand square does after my. The equivalences in the left-hand
square are induced by z\C == z\\C, and it is clear from Cor. 1.1.7 that fiber
transport for z\C corresponds to fiber transport for z\\C.

Therefore, it suffices to show that fiber transport (z\\C), — (z\\C),  equals
simplicial composition in H. Since we know this holds on 7, it further suffices
to see that for every simplicial set K, fiber transport for 2\\C induces fiber
transport for Hom (K, z\\C) = z\\ Hom (K, C) over Hom(K, C). The equality
was shown in Prop. 1.1.18. This is purely formal, and follows from the canonical
isomorphism

Hom(K, Hom, (X,Y')) & Homy,y, i, 4) (X, Hom(K,Y))
applied to A = C, X = A’ Al and Y = 2\\C. O
From the original goal it remains to see that global transport agrees with

composition, fiber transport, and mapping space functoriality. We will prove
a slightly more general relative statement which is useful elsewhere.

Lemma 1.A.4 Let F': C — D be a functor between locally small co-categories
and u: Fx — d be a morphism. The canonical diagram

C/d)/(z,u) — C/x — C/Fx —=> p! , F*kp(Fz)

¢/d Pinin I & (d)

1R

commutes in RFib(C). As a consequence:

1. If y — 4 is a morphism in C, the global transport map C/y — C/y’ is
identified in RFib(C) with p ;. e (y) — P £e(y'). In other words, the
diagram

C(z,y) = (€/y)x —== Mape(z,y)

l | l

C(z,y') <= (C/y')r — Mape(z,y’)
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commutes in H, where the vertical maps are induced by simplicial com-
position, global transport, and mapping space functoriality respectively.

2. If ': Fa' — d is another morphism in D, the mapping space of the
relative slice Mapg /4 ((:E’,u’), (x,u)) is equivalent to the homotopy fiber
of the composite

Mape (2, ) ELN Mapy, (Fz', Fx) 2“5 Mapy (Fa', d)
over the object corresponding to u': Fx' — d.

Proof We remark that both (1) and (2) are indeed immediate consequences:
For (1), it suffices to show the right-hand square since the outer one already
commutes by the previous result. This follows from taking F' = Ide and
the definition of global transport. For (2), we observe that C/xz — C/Fz
on the fiber over z’ is C(a’,x) — D(Fz’,Fz), so the composite C/z —
Piniv F* £ (d) indeed represents the displayed morphism on the fiber over x.
Since (€/d)/(x,u) — C/z is a trivial fibration, this displayed map is isomor-
phic in # to the homotopy fiber of ((€/d)/(x,u)) , — (€/d)., which is a right
fibration. Then taking the fiber over v’ computes the homotopy fiber, as well
as the oco-groupoid

(/) (@) 0y = (€/D)((& 1), ),
proving the claim.
The object 1(.) of (C/d)/(x,u) is terminal, so the corresponding right

anodyne extension A — (€/d)/(x,u) induces a trivial fibration

Home ((€/d)/(x,u), iy F* &0 (d)) — Home (A, ply; F™* & (d))

Mapq, (Fz,d)

by Lemma 1.1.3. If we apply 7o to both sides, the left produces Homgpiy(e),
which means that to prove that the two directions of the rectangle coincide
in RFib(€) we need only show that 1, ,) maps into the same component of
Mapy, (Fx,d) over the x fiber. Taking the x fiber, then by Lemma 1.2.56,
applying my produces the diagram:

o Homype(z,z) » Hompp (Fz, Fx)

ol -

Hom, ,, (Fz,d) Hom, ,, (Fz,d)

This obviously commutes, which completes the proof. ([l

This finishes the proof that the five composition constructions agree in H.
There is one other useful compatibility construction, which will also be related
to the map described in (2).
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Example 1.A.5 Let us compute the mapping spaces of an arrow category
Arr(€) = Hom(A!, €). Let u: a — b and v': @’ — ' be morhpisms of €. Since
A x Al = A2 Up 0.2y A2, we have a pullback diagram:

Hom(A!, Arr(€)) — Hom(AZ2,C)
Hom(A?, €) —— Hom(A%,€)
It follows that if we form the cartesian squares:

Sy ——— C(a,b, V) Ty —— % Ca,d, V)
{u} x C(b,0') — C(a,b) x C(b, V) Cla,a’) x {v'} — C(a,a’) x C(a’,¥)
Then by using C(a, b,b') — C(a,b’) «— C(a,a’,b") we deduce Sy Xe(a,p) Tu =

Arr(C)(u,u’). We observe that this is also a homotopy pullback: Indeed, e.g.
Su = {u} Xe(ap) Cla,b,b') can also be written as the pullback of the cospan

{u} x €(a,b’) — C(a,b) x C(a,b’) « C(a,b,b'),

and this right-hand map is a Kan fibration because Hom(A2, €) — Hom(A?Z?, C)
is a Joyal fibration. Thus S,, — C(a,V’) is a Kan fibration, so Arr(€)(u,u’) =
Su xg(wb, T,. Moreover, both right-hand maps in the squares above are trivial
fibrations, so the left-hand ones are too. Choosing sections of the right-hand
ones, commutativity in H of these diagrams shows that we may replace this
with the homotopy pullback

Arr(€)(u, u') = Su X(a ) T = C(b, 1) XF(4 ) Cla,a’)
~ Mape(b, ) Xﬁape(a,b’) Mape(a,a’),

where the maps represent composition by u and u/. This makes sense: a mor-
phism from u to u’ can either be written as a commutative diagram between
u and v, or a pair of maps whose compositions with u,u’ coincide a — ¥'.

Example 1.A.6 This is a relative version of the previous example. Let F': € —
D be a functor between co-categories, and consider the induced evaluation-at-1
map
p: €= C XD ey, M(AI,D) — D.

Note that Hom(A!, D) — D x D is a Joyal fibration by [HCHA, Cor. 3.6.4],
therefore so is € — D x €, and € x D — D is one too because € is an co-
category, so p is a Joyal fibration. Suppose we’re given objects (¢, u: Fc — d)
and (¢/,u': F¢' — d') of &. Borrowing the notation of the previous example,
we have

Eu,u')=S8, x Ty x Cld),
D(Fe,d’)  D(Fe,Fe!)
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and because € is defined using evaluation-at-0, we may group the latter term
using:

T, T D(Fc,Fd,d)

Cle,d) x {u'} — D(Fe, F) x {u'} — D(Fe,Fc') x D(F,d)

Thus €(u,u') = Sy Xp(pe,ary Ty, and induced map on mapping spaces
E(u,u') — Sy, — D(Fe,d,d) — D(d,d)

by p. As in Example 1.A.5, taking sections of the two trivial fibrations to the
product spaces we obtain

E(u,u) = D(d,d) x%(FQd,) Cle, )

where D(d,d’) — D(Fc,d’) represents a composition by u map, and
C(e, ) RN D(Fe,Fcd') — D(Fe,d) represents the other map. Thus &(u,u’) —
D(d,d’) is given up to homotopy by the projection to that factor from the
homotopy pullback.

Our last topic in this section is to complete some more checking work regarding
the Yoneda lemma. Our main goals are to check that the constructions of
Thm. 1.2.61 and Thm. 1.2.63 are actually the same (up to homotopy), and to
give a canonical formula in H for computing the maps on co-groupoids. A nice
feature will be that we don’t need to re-examine the somewhat annoying and
subtle constructions in that section.

Lemma 1.A.7 Let € be a locally small co-category. For each object x of C
and presheaf F': C°P — §, the bijection

Homyppun(eer,s)(£e(r), F) = mo Mape(&e(z), F) = moF(z)

obtained by applying my to the Yoneda isomorphism Thm. 1.2.63(2) sends
a natural transformation a: Xe(x) — F to az(1;). In particular any two
such transformations o, are homotopic in Fun(C°P, 8) iff a,(1,) = B.(1,)
in moF (x).

Proof The second statement follows immediately from the first. By the nat-
urality of Thm. 1.2.63 applied to the morphism «, we have a commutative
diagram in h8 = H:

Mapp,p(eon,5) (5 (2), &(2)) —> Mape(, 7)

l l

MapFun(GOP,S)(ct(x)aF) % F(x)



Vihaan Dheer 127

Applying my and our previously established naturality properties provides
another commutative diagram

Homppun(eor,s) (& (2), &()) —= Homye(z, x)

Lo J @)

HomhFun((‘ZOP,S)(J:(w)vF) — WOF(Q:)

of sets. In the top left, id maps to «, and in the other direction it maps to
oz (1), because Thm. 1.2.63 says that the upper map is inverse to the map
induced by the Yoneda embedding. O

In light of this result, we can talk about ‘the map X(x) — F’ corresponding
to an element of F(z), and it gives a well-defined natural transformation up
to homotopy. For instance:

Corollary 1.A.8 Let C be a locally small co-category, and F: C°P — & be
a presheaf homotopy-classifying a right fibration p: E — C. An object e € E
lying over x € € is terminal in E if and only if the natural transformation

€: ke(x) = F in Fun(C°P, §)
corresponding to e € Ey ~ F(x) under the Yoneda lemma is an equivalence.

Proof This statement makes sense because the being an equivalence is checked
in hFun(C°?, §). Since E — p? . F preserves terminal objects, we may assume
without loss of generality that E is literally classified by F. The induced map
E/e — C/x is a trivial fibration by Lemma 1.1.22 so we may choose a section
s: @/x — E/e sending 1, +— 1., and then further compose to obtain C/x — E,
sending 1, +— e. By 2/3 this map is an equivalence of right fibrations iff
E/e — E is, ie. e is terminal. On the other hand it is also an equivalence
iff the corresponding map €: k(z) — F of classifying maps is an equivalence.
But there is a homotopy commutative diagram

(€/x), —— E,

~| =

£ (z, ) ZN F(x)
which shows that €, (1;) equals the image of e in moF'(z). By Lemma 1.A.7 this

means that € is the map corresponding to e under the Yoneda lemma. (Il

Lemma 1.A.9 Let C be an essentially small oo-category and let x be an
object. The natural transformation

Mapgyn(eor,s)(Fe(x), =) — evy

of functors Fun(C°P,8) — 8 of Constr. 1.2.60 coincides with the Yoneda map
at x of Thm. 1.2.63 in hFun(Fun(C°P, §),§).
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Proof We are going to apply Lemma 1.A.7 to the locally small category
Fun(€°P, §)°P. We can do this beacuse by definition

Mapg,p(eor,8) (¥ e (), =) = Epun(eor,s)or (Fe(2)),
so it suffices to check that both constructions in the statement, when we
evaluate at Xe(x) as in

Ma'pFun(COP,S) ( & @(I)7 S @(I)) - Mape (l‘, x)a

and take the image of 1, ,, that both constructions coincide in 7o Mape(z, x).
For the Yoneda map of Thm. 1.2.63, this is clear because it is required to be
a homotopy inverse of the induced map

¥e: Mape (2, 7) — Mappy,eors)(£e(), £e())

which sends [1,] = [1 x ()] on homotopy classes. For Constr. 1.2.60, we showed
precisely this statement in Thm. 1.2.61. O

In the following construction, we recall that the equivalence S$(X,Y) =~
Hom(X,Y) for small co-groupoids X and Y, technically depends on a universal
choice as a map of Kan complexes, but is canonical in H.

Construction 1.A.10 Let € be a locally small co-category. The Yoneda
emebdding X¢e: € — Fun(€°P, §) induces functor & : h€ — hFun(C°P, §) which
is unique up to natural isomorphism. Thus we obtain a canonical bifunctor

Fun(C°?,8)(ke(—),—): hC°? x hFun(C°?,8) — H.
On the other hand, ev: €°P x Fun(C°P,8) — § induces a bifunctor
ev: hCP x hFun(C°?,8) — hS — H.

There is a canonical morphism in H

eV«

- S(Mape(l‘a JJ), F($))
- Hom (C(z, z), F(x))

Fun(CP,8)(ke(x), F)

1
— F(x)
for each x in € and F: C°? — 8. On objects, a natural transformation

a: Xe(x) — F is sent to ay(1,) € F(z).

Corollary 1.A.11 Let € be a locally small co-category. The family of
morphisms in H of Constr. 1.A.10 form a natural isomorphism

Fun(€%,8)(ke(—),—) == ev

of bifunctors hC°? x hFun(C°P,8) — H. Moreover, componentwise this iso-

morphism is canonically identified with the images of the equivalences of
Thm. 1.2.61 and Thm. 1.2.63 in H.
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Proof Under the identifications in H of functorial mapping spaces Map, with
simplicial mapping spaces D(—, —), it is clear that on components the map in
question coincides with that of Constr. 1.2.60. By Lemma 1.A.9 it also coin-
cides with the fully functorial Yoneda map of Thm. 1.2.63. This implies both
that it is a natural transformation of bifunctors, and that it is an isomorphism,
completing the proof. O

1.A.2 Lifting properties and problems

Lemma 1.A.12 Let D be an oco-category without any non-identity equiva-
lences (e.g. the nerve of a poset).

1. Any Joyal trivial cofibration i: A — D is an inner anodyne exrtension.
2. Any inner fibration p: C — D is a Joyal fibration.

Proof (2) is obvious by the assumption, because all identities lift so p is an
isofibration. For (1), factor i as A — € — D into an inner anodyne extension
followed by an inner fibration. It suffices to show that 7 is a retract of A — C,
whence that € — D is a trivial fibration by the retract lemma. But it is a
Joyal fibration by (2) and a weak categorical equivalence by 2-of-3. O

Example 1.A.13 Label the vertices of A% x Al by (i,5) = ij. The inclusion
K = A2 x AYUA? x AT U ATO0OL21} L A2 5 AL

is an inner anodyne extension. Indeed, since A% — A? is inner anodyne, so
too is

Ko = A2 x A'UA? x A" — A? x A!
by [HCHA, Cor. 3.2.4]. Now KoNA{00.01.21} — A{00,01} j A{01.21} /56 we have
a bicartesian square:

AL00.01} (yAfor2ny g

l |

A{00,01,21} 3 K

It follows from 2-of-3 that K — A% x Al is a weak categorical equivalence,
and hence a trivial cofibration. Lemma 1.A.12 then shows that it is in fact
inner anodyne, because A? x Al is a poset.

The following two cases are used in the proof of the pasting lemma. They
concern the same simplicial set A2 x Al as in the previous example.

Ezample 1.A.14 Let K' ¢ K C A?x A be, respectively, the full subcategories
spanned by objects except for {00,10} and for {00}. Then:

1. The inclusion (01 — 11 « 10) — K is left anodyne.
2. The inclusion (01 — 21 « 20) — K’ is left anodyne.
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Proof Since both K and K’ exclude 00, they don’t have any non-degenerate
3-simplices. It is thus clear from looking at maximal chains that

K'=(00—21 —20)UA2x1 K =A'x1UAL2 x Al

(2) Follows immediately, because the intersection of these two pieces is A10:2}
1, and A{02} < A2 js left anodyne because it preserves the initial object. For
(1), we split the inclusion up into the two pieces

(01 = 11 «— 10) — A0 x 1U AT 1 K.

The second map is a pushout of A? x 1 — A2 x 1, hence is inner anodyne. The
first map is a pushout of 1 x A — A{L2} 5 Al which is left anodyne because
{0} — Al is.

We next prove some simple simplicial lemmas whose proof is in Cisinski, but
we write them down here for fun and to preserve an extra variant. Recall that,
if S C [n], we define generalized horns as

s=JaM = | aFcoan
¢S SCEC|[n]
|E|=n—1
so that A?k} = A}, and A}, = OA™. This allows us to select any of the faces
of the boundary.

Lemma 1.A.15 Let @ C S C [n] and consider j: NG — A",

1. j is an anodyne extension, and if 0 € S (resp. n € S) then j is a left
(resp. right) anodyne extension.

2. If [n] \ S is not an interval, then j is inner anodyne.

Proof For any ¢ € [n], the inclusion of A% N AP\ < AP\ is jsomorphic to
A% — A" where ' is the preimage of S under d’: [n — 1] < [n]. Thus
we have a bicartesian square:

Agfl An—1

[

Ay —— A’S‘\t

We induct on n, ignoring the claim about right anodyne extensions because it
is obtained by duality. For n = 1, (1) is clear (and (2) is vacuous): the only
generalized horn inclusions are horn inclusions. For n = 2, (2) is clear because
the only valid S is {1}.

In the general case, we induct on the size of S as well, as both (1) and (2) are
known in the case of horn inclusions. If |S| > 1, then the pushout above shows
that j is anodyne, because Ag\t — A" by choosing any ¢t € S. For the left
anodyne case, just choose ¢ # 0. For the inner anodyne case, choose a < b < ¢
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where a,c ¢ S and b € S. Then choose t € S\ {b}, so then [n]\ (S '\ t) is not
an interval, and neither is S’. (]

Remark 1.A.16 We have the following converse statement to inner anodyne
statement above: If an inclusion A% C A”™ is inner anodyne, then [n]\ S is not
an interval.

Lemma 1.A.17 Let n > 2. Then the inclusions
A1 U A{nfl,n} A" ™ < A”
are inmer anodyne ertensions.

Proof Begin with the first one, which we show by induction on n, where n = 2 is
just A? < A2, Assuming the n case shows that AP\ Y A{rn+1l ) Aln+1]-0
is inner anodyne. The bicartesian square

APNO G AL+ AN

l -

A" U A{n,nJrl} SN A[nJrl]\O U A[n+1]\(n+1)

then implies that the lower map is inner anodyne, and the pushout is precisely
AT where S = [n+ 1]\ {0,n + 1}. Since {0,n + 1} is not an interval, we
conclude by Lemma 1.A.15.

For the second one, we also induct on n which has the same base case n = 2.
Assuming the n — 1 case, we consider the two inclusions

I c An—l UA{n—l,n} c An7

so we need only prove that the first is inner anodyne. But since I® = I~ U
Aln=1n} this is a pushout of I"~1 < A?~1 O

We remark that even the (less frequently stated) first part of this result also
has some independent interest. It means that in an co-category, if we’re given a
homotopy-coherent composition of n—1 composable morphisms (i.e. an (n—1)-
simplex), and another single composable map, we can extend this data to a a
homotopy-coherent composition of all » morphisms, and such an extension is
unique up to contractible oo-groupoid.

Example 1.A.18 We can use this to give a specialized criterion that is some-
times useful when arguing about co-categories. Let M be a saturated class of
monomorphisms of simplicial sets satisfying the following properties:

1. M contains the monomorphisms
A" gAY Al A"

for 0 < k < n.
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2. If i: A< B is a monomorphism and @ — A and @ — B are in M, then
i is in M.

Then M contains @ — A for all simplicial sets A. Proof First of all, it fol-
lows directly from the definition of saturated and condition (2) that the class
{A : (o — A) € M} of simplicial sets is saturated by monomorphisms.
Thus it suffices to show that M contains @ — A™ for all n > 0. By (1) and
Lemma 1.A.17, it suffices to show that @ — I™ is in M for n > 0. This is by
induction on n > 2, since 0,1 are assumed. But I"~! — I™ is a pushout of
A — Al and condition (2) guarantees that the latter is in M. Thus @ — I"™.

We next prove a lemma which generalizes Lemma 1.2.44 and will be used in
the next section (TODO: remove the original lemma). Suppose p: X — A is
a right fibration and we have a lifting problem of the form:

K% X
Lol
L5 A

We define the filler space Fill, (o, a) via the cartesian diagram:

Fill,(o,a) — Hom,(L,X) ——— Hom(L, X)
{a} ——— Hom,(K,X) — Hom(K,X) x  Hom(L,A)
Hom(K,A)

Thus by Lemma 1.1.3 Fill (o, a) is a Kan complex whose objects are the solu-
tions of the lifting problem defined above. The point is to relate the homotopy
theory of this space to that of the fibers of p.

Lemma 1.A.19 Let p: X — A be a right fibration and

IA™ 5 X

{ lr

A" T A
be a lifting problem.
1. If mp_1(Xo(0y,a(0)) = 0 for n > 1, then the square has a lift.
2. If f+ A™ — X is a lift for any n > 0, there is an equivalence
(Fill (7, ), £) = 9" (X,(0),a(0))
of pointed Kan complexes.

Proof We prove this by induction on n > 0. In the base case Fill,(0,a) = X, (0
so the claim is clear. For n > 1, we use 0A™ = A Ugan-—1 A1 o obtain the



Vihaan Dheer 133

following cartesian diagram, where 7 := a|an-1:

Fill,(o,a) < Fill,(0,a[ar) — Hom 4 (A", X)
A% —T Fill,(dno, 97) + Hom 4 (9A™, X) — Hom, (A", X)

{alap} — Hom (A}, X) — Hom,(0A" ™!, X)

Since A’ — A" is a right anodyne extension, Lemma 1.1.3(2) shows that
the third column composite is a trivial fibration, hence Fill,(c, alsn) is con-
tractible. Part (1) of the same lemma shows that the first map in the second
column is a Kan fibration, so the left-most square is homotopy cartesian. By
the induction hypothesis and the fact that 7 is a lift of 97, we have

(Fillp(dna, 87’),7) ~ Q"‘l(XU(O),a(O)). (%)

Now we prove the two claims: (1) Taking 7y of the above equation shows
that the LHS is connected, so the long exact sequence associated to the Kan
fibration above contains an exact sequence of pointed sets:

moFill,(0,a) — moFill, (0, alan) — moFill,(d,0o,07)
| |
* *

In particular Fill,(0,a) # @ as desired. (2) The image of f gives a point in
Fill, (o, alar) lying over 7; because Fill, (o, a) is a homotopy fiber, we have

(Filly (o, a), ) ~ {7} Xgillp(dna,a‘r) Fill, (0, alay)
~ {1} XFRiup(dna,ar) {r}
~ Q(Fillp(dno, or), 7')

by Example 1.1.25. Combined with (x) we conclude. O

Remark 1.A.20 Suppose in the lemma above that we take A = A, so that
X is a Kan complex. Furthermore take a = xy to be the constant map at a
point xg. There is a canonical filler A™ — X which is the constant map xg.
Then this filler space, denoted Fill§ (o), satisfies (Fill, 15,) ~ Q"(X,zo),
and therefore
7Tn(X, l’o) = ’/T()FIHSL((ZL'())

In other words we obtain an identification with relative homotopy classes
of maps those maps A™ — X sending JA"™ — z(, or also pointed classes
A" /OA™ — (X, ). Thus this coincides with mop Hom, (A™/OA™, X) where X
is a pointed space. This gives a similar description as in topology. This is dis-
tinct from a different criterion we use frequently, which is that 7 (X) = 0 (at
all basepoints) iff every map dA*T! — X extends to A*T!. One direction fol-
lows immediately from Lemma 1.A.19(1), and the other follows from [HCHA,
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Prop. 3.8.10] and the fact that a pointed map JA"T! — A" — X has trivial
homotopy class, because A™ is contractible.

Lemma 1.A.21 Let A be a simplicial set. The following conditions are
equivalent:

(i) 7(A) is a groupoid.

(74) For each co-category C, the inclusion Hom(A, C~) C Hom(A, C)™ is an
equality.

Proof The inclusion Hom(A,C~) C Hom(A,C) factors through the core
because Hom(A,C~) is an oo-groupoid. (it1) = (i): Taking objects and
€ = N(C) for all small categories C, we deduce that Hom(A4, N(C~)) =
Hom(A, N(C)), hence Fun(r A, C=) = Fun(r A, C). In particular the identity
map TA — TA factors through 7A~, so TA = 7A=.

(i) = (4t) The inclusion of simplicial sets Hom(A, €)= C Hom(A, C) corre-
sponds to Hom(A, €)= x A — €, and it suffices to show that it factors through
C=. By definition of the core, this happens iff the factorization occurs after
applying 7; we conclude because T preserves products, so 7 of the source is a
groupoid. (Il
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1.A.3 Homotopy n-categories of an oco-category

In this section, we will discuss skeleta/coskeleta, give an explicit model for
the homotopy bicategory of an oo-category (in the classical sense), and
then construct some homotopy truncations of co-categories and oco-groupoids.
Most of this section consists of some elementary simplicial constructions and
verifications.

We freely use the notion of the n-skeleton Sk,,(X) of a simplicial set, which is
the largest subcomplex containing all non-degenerate simplices of dimension
< n. In other words, a m-simplex in Sk, (X) is of the form f*c where o € X},
for k < n, and f: [m] — [k]. A simplicial set X is called r-skeletal if the
inclusion Sk, X — X is an equality. For instance, we recall that

SkrAn:{aA r=n-—1
A" r>n

so A" is r-skeletal for » > n. It is clear from the definition that Sk, o Sk, =
Sk, so Sk, X is always r-skeletal.

Example 1.A.22 Let r > 0 and f: X — Y be a morphism of simplicial sets.
Then the following are equivalent:

(1) fr: X — Y is a bijection for each k <.
(#4) The induced map Sk, X — Sk, Y is an isomorphism.
(#i7) For each r-skeletal simplicial set K, the induced map
Homgget (K, X) — Homgget (K, Y)
is a bijection.

Proof (i) = (i1) We may show that if X — Y is a map of r-skeletal simplicial
sets for which f; is a bijection when k£ < r, then X — Y is an isomorphism.
It suffices by the Eilenberg-Zilberg lemma to prove that it induces a bijection
between non-degenerate simplices. Clearly f preserves degnerate simplices,
hence reflects non-degnerate ones. If o is a non-degnerate simplex (hence in
degree k < r), then f(o) must be non-degenerate, since f; is an isomorphism
for i < k. (i1) = (i4i) By definition we may write K as Sk, K; then every map
Sk, K — X factors (uniquely) through Sk, X C X since the image of a cell
of dimension > r is by definition degenerate. But then Homgget (K, Sk, X) —
Homgget (K, Sk, Y) is a bijection by assumption. (iii) = (i) Take K = AF for
kE<r.

A map f satisfying the equivalent conditions of the example above is called
a (skeletal) r-isomorphism. Tt is easy to see that the class of r-isomorphisms
is both a saturated and cosaturated class of morphisms by (i). We implicitly
saw in the proof that the construction X — Sk, X is a right adjoint to the
inclusion sSetgy, — sSet of the full subcategory of r-skeletal simplicial sets.
When its target is viewed as sSet, it has a right adjoint as well.
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Construction 1.A.23 Let X be a simplicial set. We define a simplicial set
cosk,.(X) as given by the formula

[n] — Homgget (Sk, A™, X),

so that Sk, A™ — A" induces a canonical map X — cosk,.(X). Since Sk, A™ =
A™ for n < r, it follows that X — cosk,(X) is an r-isomorphism, i.e. we have
Sk, X = Sk, cosk,.(X). Moreover, since Sk, A" is r-skeletal, we have

(cosk, X),, = Homgget (Sk, A™, Sk, X) = (cosk, Sk, X)),
i.e. cosk, Sk, X =5 cosk, X. Under these two identifications, it is clear that
Sk, X — X X — cosk, X

form the counit and unit of an adjunction Sk, = cosk,, since they tautologically
satisfy the triangle identities. As a consequence, because Sk, is idempotent,
cosk, X — cosk; cosk, X is also an isomorphism. In general, we say that X is
r-coskeletal if X — cosk, X is an isomorphism.

We have the following simple characterization of a simplicial set being
r-coskeletal, which explains what it is supposed to represent.
Proposition 1.A.24 Let X be a simplicial set. The following are equivalent:
(i) X is r-coskeletal.
(ii) For n > r, each map OA™ — X extends uniquely to an n-simplezx of X.
(ii7) For any r-isomorphism A — B of simplicial sets, the induced map
Hom(B, X) — Hom(4, X)
18 an isomorphism of simplicial sets.

Proof Clearly (iii) = (ii) by applying it to 9A™ — A™ and taking 0-simplices.
(1) = (419) Then A™ x A — A" x B is also an r-isomorphism. This means that

Homgget (A" x B, X) = Homgget (Sk, (A" x B), X)
= Homgget (Sk, (A" x A), X)
= Homgget (A" x A, X)
where we have used the adjunction property twice.

(74) = (i) Consider the commutative diagram:

Hom (A", X) —— Hom(A", cosk, X) =——= Hom(Sk, A", X)

! l l

Hom(0A™, X) — Hom(9A™, cosk, X) == Hom(Sk, 0A™, X)

Suppose the left-hand map is a bijection for all n > r. We prove by induction
that the top row is a bijection for all n > 0, which will prove that X — cosk, X



Vihaan Dheer 137

is an isomorphism. We already know it is an r-isomorphism, so assume now
that n > r and that Hom(A*, X) — Hom(AF, cosk, X) is a bijection for
k <n—1. Thus X — cosk, X is an (n—1)-isomorphism, so by Example 1.A.22
we conclude that the lower row is a bijection, because dA™ is (n — 1)-skeletal.
Since the left-hand map is a bijection, so too is the top one. O

What the result says is that r-coskeletal is an ‘orthogonal’ condition to 7-
isomorphism; more interestingly, there are two different senses in which we
might consider simplices in a simplicial set X to ‘depend’ on lower simplices.
One is in the sense of degenerate simplices, which is skeletality, but another is
in the categorical sense of composites determining higher composites, which is
coskeletality.

Ezample 1.A.25 Akin to the case of the category of r-skeletal objects, we can
also form the inclusion sSetosk, — sSet of the full subcategory of r-coskeletal
objects. Then cosk, forms a left adjoint: indeed, we apply (iii) of the previous
result to the r-isomorphism X — cosk, X and take 0-cells.

Ezample 1.A.26 Suppose X is O-coskeletal. Since Skg A™ = {0,...,n}, we see
immediately that X,, = (Xo)" for all n, which is the nerve of the indiscrete
groupoid on the set of objects Xy: between any two objects there is a unique
morphism. We remark however that if X is r-coskeletal for r» > 1, it need not
be a nerve or even an oo-category. Nonetheless we will give some interesting
results below to see when it is. In general, we see certainly that if X is a Kan
complex and r-coskeletal, then it is (r—1)-truncated, meaning that m; (X, zg) =
0 for all zy and 7 > r — 1. This follows immediately from (i) in the previous
result.

Proposition 1.A.27 Let X be a simplicial set.

1. For eachr >0 and y € X, the canonical diagrams

Sk,_1 X — (Sk,_1 X)* A (cosk, X)/y — cosk,_1(X/y)
Sk, X —— Sk,.(X x A%) cosk, X —— cosk,_1 X

are cocartesian and cartesian respectively.

2. If X is an co-category (resp. oo-groupoid), then cosk, X is an co-category
(resp. oo-groupoid) as well.

Proof (1) Consider applying Hom(K, —) to the right-hand diagram: by the
(co)skeletal and join-slice adjunctions, we obtain Hom(—, X) applied to the the
left-hand square (with K instead of X). In particular the right-hand diagram
for all X implies the left-hand one for all X, and the left hand one for X = A™
implies the right-hand one for all X.
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Thus consider Sk, (A"1); a face of A™*! of dimension at most r either contains
the final vertex {n+1} or not. If it doesn’t, then it belongs to Sk, A™, and if it
does then it is of the form AFx for F a dimension < r — 1 face, i.e. it belongs
to (Sk,_3 A™) * A®. The face can be in both sets iff it in fact has dimension
<r-—1.

(2) We have seen that Sko X is always the nerve of a groupoid, so assume
r > 1. The horn inclusions A} — A™ are r-isomorphisms for » < n — 2, so
cosk, X has unique horn-lifting for n > r + 2 by Prop. 1.A.24. By adjunction,
it remains to consider surjectivity of

Hom(Sk, A", X) — Hom(Sk, A}, X)

for n < r 4 1. But then A} is (n — 1)- (hence r-) skeletal, so the RHS above
is just Hom(A7, X). In particular if a map lifts to A™, we may restrict it back
to Sk, A™. O

Ezample 1.A.28 Let € be an oo-category. If we take fibers over z in part (1)
of the previous result, we obtain

((cosk, C)/y) = (cosk,—1(C/y))x = cosk,—1(C/y)x

(where the last step is because cosk,_; preserves pullbacks), and these iso-
morphisms commute with the structure map from (€/y),. Therefore the map
(€/y)z — ((cosk,@)/y), is an isomorphism is an isomorphism iff (C/y),
is (r — 1)-coskeletal. In particular the latter condition is true if € itself is
r-coskeletal. Therefore:

1. If C is r-coskeletal, then C(z,y) is equivalent to an (r — 1)-cokseletal
oo-groupoid for each x and y, and hence is (r — 2)-truncated.

2. In particular, if C is 2-coskeletal, this means that its mapping spaces are
O-truncated, hence C is a 1-category by Remark 1.0.3.

This suggests that there should be a good theory of co-categories/oo-groupoids
equivalent to coskeletal ones, which should represent some kind of truncation.
This theory should also generalize our observations Remark 1.0.3. We will
develop this theory momentarily, but first we pause to give a quick construction
of the left adjoint to the nerve functor on an arbitrary simplicial set, whose
general description is not included in detail in Cisinski. Nonetheless, this is all
review. We write the adjunction as

T: sSetjoy = (Cat)can : N.

The basic construction is as follows.

Construction 1.A.29 Let X be a simplicial set. Let )?01 be the free category
on the directed graph with vertices Xy and edges X1, so that Ob(Xy1) = Xo
and morphisms are zg — x, are finite composable sequences

f2 fr

il
g — T —> r — Ty
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built from the morphisms in X, where the empty string {z(} is the identity.

We define a categorical congruence on Xo1 which is specified on Hom g | (z,2)
as follows:

1. If z =z, then (z) ~ 1, where 1,: z — x is the degenerate 1-simplex.

: . h
2. For each 2-simplex o with o[y2 = = EN y L zand olpr0e =7 = 2, we

define (vt —y — 2) ~x L zin Homg (z,2).

Let ~ be the congruence relation on )?01 specified by the above relations. We
define 7X := X1 /~. This comes with a specified map X — N(7X) defined
on n-simplices as

Homgget (A", X) — Homgget (1™, X) — Fun([n], 7X)

where the first map is induced by I — A", and the second sends a string of
n composable maps to the corresponding string in 7.X.

Proposition 1.A.30 Using the notions of Constr. 1.A.29, the maps X —
N(1X) for each X are well-defined, and they exhibit uniquely X — 7X as a
left adjoint to N: Cat — sSet with counit X — N(7X).

Proof To show the map is a morphism of simplicial sets, we have to use the
relations. Let o be an n-simplex with spine

Zo f—1> Tl Liﬂz ﬁil_’xi+l o fiﬂﬂn,
which maps to this same string in 7.X. The face operator d; on N (7X) replaces
the middle term with (x;—1 — x; — x;41) i.e. the composite in 7X, to obtain
a string of length n—1. On the other hand d;o replaces this with the morphism
Zi—1 — ;41 given by the third edge in 0| ti-1.:,:+13. But then by the relations
on 7X this 2-simplex shows that the two d;’s agree.

Likewise, a similar argument works for the degeneracy operators s;: on the
nerve side, it adds x; — x; — x;4+1 where the first map is the identity in 7.X,
and in X the new face s;(0)|a:i+11 is precisely the degenerate 1-simplex at
x;. By the other relation in 7X, this shows that the two s;’s agree, completing
the proof that X — N(7X) is a simplicial map.

Now the universal property: Let C' be a small category and f: X — N(C) a
simplicial map. By definition of the free category, this gives a functor Xy; —
C sending x — f(x) and u — f(u). The degenerate simplex 1, maps to

f(x) Lo, f(x) (because f is a simplicial morphism), as does the empty string
(z). Moreover if o is a 2-simplex with inner horn z — y — z, then f(o) is the
composable string f(z) — f(y) — f(z); its remaining face is the composite
f(z) — f(z) in C, so the second relation is also satisfied. Thus the functor
factors through f°: 7X — C, and it is clear that if X — N(7X) — C'is f then
f? is certainly unique with this property because as a functor it is determined
by the 0 and 1-simplices.
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b
It remains to show that X — N(7X) NI, ¢ is indeed f. As explained we
already know they are equal on 0 and 1-simplices. But for any map g: X —
N(C) and o an n-simplex for n > 2, we have

9(0) = 9(o(0)) g9(o(1)) = --- = g(o(n)).

Thus by definition of the nerve, agreement on 0 and 1-simplices suffices. O

g(olpf0,13)
SR Lk AN

There are some obvious corollaries from the construction itself. For instance,
T(X)°P = 7(X°P), and the next example. We note also that in 7X, we have

1,
To— DX I T S Ly =X = T — e — Ty

because we can write this as a composition of three morphsims, with the middle
one 1,: x — x which we have declared to be the identity. In particular, all
morphisms can be written as a string of non-identity morphisms.

Example 1.A.31 If X is a simplicial set, then by construction 7X depends only
on Xo, X1, Xo, so in particular 7(Ske X) =~ 7X. In particular,

Hom (X, N(C)) =~ Hom(Ske X, N(C))

by adjunction for all small categories C, so N(C) - coskgs N(C). Le. the
nerve of a category is 2-coskeletal. Combined with Example 1.A.28, we deduce
yet another characterization of 1-categories, which is being equivalent to a
2-coskeletal co-category.

Remark 1.A.32 Here are some basic computations with computing 7 of non-
oo-categories.

1. Since 9A™ — A™ is a 2-isomorphism for all n > 3, we have 7(9A™) = [n]
for n > 3. Since A}} — A™ is a 2-isomorphism for n > 4, TA} — [n] for
n > 4. We know that AZ and A% are already nerves of categories.

2. Now let’s focus on inner horns. Hom(A?, N(C)) — Hom(A%, N(C)) is a
bijection for any C, because in a category any two morphisms have a
unique composite. So 7(A?) == [2] as well. The remaining inner horns
are A? and A3, and we claim that their 7 is also [3]. One is obtained from

the other by taking opposites so let’s do the former, i.e.
A3 = A{012} () A{013} ;) A {123}

It has 4 vertices, and there is only 1 map 0 — 1,1 — 2 and 2 — 3. By
construction of 7, the three maps which are just composites of the three 2-
simplices making up A3 form only one map. The only remaining possible
maps in 7A$ are from 0 — 3 and they are

0—3 0—-2—3 0—1—2—3.
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Now0 —-3=0—-(1—-3)=0— (1 -2 — 3). Likewise 0 -2 =0 —
1 — 2, so the middle arrow is also equal to 0 — 1 — 2 — 3. We have
shown that for i < j, there is a unique map i — j in 7A$, thus it is [3].

3. There is the following consequence of (2): we have shown that 7 applied to
all inner horn inclusions is an isomorphism; since 7 preserves colimits, the
collection of such maps is saturated, hence TA — 7B is an isomorphism
for any inner anodyne extension A — B. For instance, this means that if
A < A" is inner anodyne, then I™ C A: indeed, TA = [n], so we must
have Ag = (A™)p, and since there is a map from i — ¢ + 1 we must have
Albi+1} © A This shows that I™ is the unique smallest inner anodyne
subcomplex of A"™.

4. Since T preserves colimits, 7(@) = @, 7(0A!) = [0] U [0]. The universal
property says that a map 7(0A2?) — C'is astring z — y — z of morphisms
and a string x — z. In other words, OA? is the free category on the
directed graph 0 — 1 — 2 and 0 — 2.

Example 1.A.38 We can use what we have said to give a simple proof of the
following fact. The following are equivalent for a simplicial set X:

(i) For each n > 2, Hom(A", X)) — Hom(A}, X) is bijective for 0 < k < n.
(#4) For each n > 2, Hom(A", X) — Hom(I", X) is bijective.
(73i) The canonical map X — N(7X) is an isomorphism.
(iv) X is isomorphic to the nerve of a small category.

Proof Since Homgget(—, X): sSet — Set°® preserves colimits, the collection
of morphisms A — B for which Hom(B, X) — Hom(A4, X) is an isomorphism
is saturated. Thus if (7) holds, it includes all inner anodyne maps, so (i7) holds
by Lemma 1.A.17. If (44) holds, then consider the map of (4i7) on simplices,

Hom(A", X) = Hom(I", X) — Fun([n], 7X),

so we just have to show that the latter map is bijective. In particular, we
may show that the set of morphisms x — y in 7X coincides with the set of
morphisms x — y in X. n = 2 implies that any composable maps have a unique
composite, so every map in 7X can be represented by an element of X7, and
we have to check that these are distinct. But n = 3 implies that composition
is associative, so we may form the category C with objects Xy and morphisms
X, using the composition law. The defining property gives a map 7.X — C,
proving uniqueness of representatives. To conclude, (ii7) = (iv) is obvious, and
(iv) = (i) holds because we showed 7(A}) == 7(A") for all 0 < k < n. O

Now we return to generalities about coskeleta. We separately treat the case of
Kan complexes and oco-categories, as the former is a bit simpler.

Proposition 1.A.34 Let X be a Kan complex and r > 0. The following
conditions are equivalent:



142 Derived categories in AG: 11

(i

) For each xy € X, (X, xo) =0 for all k > r, or X is empty.
(1) X is equivalent to an r-coskeletal Kan complex.
)

(ii7) The canonical map X — cosk, X is a homotopy equivalence.

(iv) The canonical map X — cosk, X is a trivial fibration.

In this case we say that X is (r — 1)-truncated.

Under the convention that Sk_; Y should be @, we see that cosk_; X = A°
for all X. Thus one usually extends the above definition to say that X is (—2)-
truncated if X — A® is an equivalence, i.e. if X is contractible (and thus
nonempty). In contrast, we see that X being (—1)-truncated means that it is
contractible or empty.

Proof (of Prop. 1.A.34) We remark that cosk, (&) = & from the definition,

which is why (¢) includes the possibility of X being empty. The implications
(tw) = (1ii) = (it) = (¢) are all clear (the final one is Example 1.A.26).

(i) = (iv) Assume X is nonempty, and consider a lifting problem:

OA" —— X

l !

A" —— cosk, X

Since X — cosk, X is an r-isomorphism, we may assume that n > r. The
existence of a solution is equivalent to surjectivity of the map

Hom (A", X) — Hom(0A™, X) X Hom(A", cosk, X)
Hom(dA™,cosk, X)

= Hom(0A", X) X Hom(Sk, A", X)
Hom(Sk, 0A™,X)

— Hom(dA", X),

where the final step is because n > r gives Sk, JA™ = Sk, A™. This map is
surjective because m,_1(X)=0asn—1>r. O

The generalization of this result to co-categories is similar, but needs an extra
lemma to give us the upgrade to being a trivial fibration.

Lemma 1.A.35 Letp: X — A be a right fibration with k-truncated fibers for
any k > —2. Then p has the RLP against 0A™ — A" forn >k + 1.

Proof If k = —2, so that p has contractible fibers, then we already know p is
a trivial fibration by Example 1.1.8; so assume k > —1. Suppose we have a
lifting problem

OA™ 25 X

[ b

A" 25 A
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where n > k + 1. Then n > 1 and n — 1 > k, so m,—1(X5(0),a(0)) = 0, and
then Lemma 1.A.19 provides a lift. ]

Theorem 1.A.36 Let C be an oo-category and r > 0. The following are
equivalent:
(i) For all objects x,y of C, the co-groupoid C(x,y) is (r — 2)-truncated.
(7i) € is equivalent to an r-coskeletal co-category.
(ii7) The canonical map C — cosk, C is an equivalence of co-categories.
(iv) The canonical map C — cosk, C is a trivial fibration.
(v) € has the RLP against OA™ — A™ for all n > r.
If any of these equivalent conditions hold then C is called an (r — 1)-category

Proof (v) = (iv) is the same as the proof of (i) = (iv) in Prop. 1.A.34.
(iv) = (4it) = (i) are clear. For r > 1, (1) = (i) follows from Example 1.A.28.
For » = 0, Example 1.A.26 showed that O-coskeletal implies contractible oo-
groupoid, hence () follows.

(i) = (v) For each object y of €, the assumption means that the right fibration
C/y — € has (r —2)-truncated fibers. Thus it has the RLP against 90A™ — A"
for all n > r — 1 by the previous lemma. We have a lifting correspondence

OA™ — C/y 3A"*AOUA”ﬁG
[ b [
A" —— €@ A"« A0 —— 5 AD

(where the top map on the right side should map @ * A° to y), by [HCHA,
Lemma 3.4.20]. The inclusion on the left of the right-hand square is pre-
cisely A"+ — A+l ([HCHA, Prop. 3.4.17]). Thus € has the RLP against
OA™ML 5 At for n > — 1. O

Some immediate consequences of the definition: An oco-groupoid D is an n-
category iff it is n-truncated. It also has the pleasant consequence that, for
oo-categories, changing the RLP to the unique RLP precisely corresponds to
changing C — cosk, € from an equivalence to an isomorphism. Moreover:

1. By Remark 1.0.3 it follows that an co-category € is a n-category for n = 1
iff it is a 1-category in the sense defined prior.

2. An oo-category C is a O-category iff its mapping spaces are either con-
tractible are either empty or contractible. In particular it is equivalent
to N(C) where for any objects a,b, Hom¢g(a, b) is either empty or the
one-point set. Thus a 0-category is something equivalent to the nerve
of a preorder, or likewise it is equivalent to the nerve of a poset. This
means that a Kan complex is O-truncated iff it is equivalent to a discrete
groupoid, i.e. a ‘set’.
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3. A nonempty oo-category C is a —1-category iff its mapping spaces are all
contractible co-groupoids, i.e. it is equivalent to the nerve of a contractible
groupoid, or equivalently to A®. This has the same caveat as before: the
empty oo-category is also a (—1)-category, so we define a (—2)-category
to be equivalent to AY.

Ezample 1.A.37 Let € be an oo-category and B C € an oo-subcategory, as
defined in Remark 1.0.8. If € is an n-category (for n > —1), then B is also
one. Indeed, by Remark 1.0.8, for all z,y € B the induced map

B(z,y) — C(z,y)

is both a monomorphism and a Kan fibration. All nonempty fibers are A°,
hence 7 (B(z,y), f) = 7, (C(z,y), f) for all f: z — y in B by the long exact
sequence. In particular, the core €~ of an n-category is n-truncated.

Our next topic is truncations and truncated objects. We again begin with the
case of Kan complexes. The key point is the following lemma:

Lemma 1.A.38 Let p: X — Y be a map of Kan complexes with and n > 0
and Y n-truncated. The following conditions are equivalent:

(i) The induced map p.: (X, x) — 7p (Y, p(x)) is an isomorphism for all
x and for each k < n.

(i) For each n-truncated Kan complex Z, the induced map
Hom(Y,Z) — Hom(X, Z)
s an equivalence of co-groupoids.

(#i1) There is commutative diagram in H of the form

X — coskp41 X

‘ o

Y

p

where the right-hand map is an isomorphism.
(iv) The induced map cosk,11 X — coskn11Y is an equivalence.

Proof Consider the commutative diagram:

X ——Y

! !

cosky+1 X — cosk,41Y

Since each map to the (n + 1)-cokseleta is an (n + 1)-isomorphism, it induces
an isomorphism on 7 for & < n. Both coskeleta are n-truncated. Thus the
lower map is an equivalence iff it induces isomorphisms on 7y, for & < n, which



Vihaan Dheer 145

happens iff the upper map does. This shows (i) = (iv), and moreover since
obviously (iv) = (i4i) and (ii7) = () we deduce (4i7) is equivalent too.

Now let Z be an n-truncated Kan complex; by naturality and the fact that
Z is equivalent to an (n + 1)-coskeletal Kan complex, it suffices to prove the
equivalence when Z is n-coskeletal. Consider the commutative diagram:

Hom(cosk,+1Y,Z) — Hom(Y, Z)

! l

Hom(cosk,+1 X, Z) — Hom(X, Z)

Because X — cosk,41 X and Y — cosk,41Y are (n + 1)-isomorphisms,
Prop. 1.A.24 implies that the horizontal maps are isomorphisms. Thus the
left-hand map is an equivalence iff the right-hand one is. In particular (iii) =
(#3). For the other direction, apply 7y and consider the full subcategory of
‘H spanned by n-truncated Kan complexes. The Yoneda lemma shows that
cosky,+1 X — cosk,, 1 Y is an isomorphism in this subcategory. O

Definition 1.A.39 Let X be a Kan complex. An n-truncation of X is an n-
truncated Kan complex 7<, X equipped with a map p: X — 7<, X satisfying
the equivalent conditions of Lemma 1.A.38.

Note that of course this exists, because X — cosk, 1 X is always a (functorial)
n-truncation. The lemma shows that it is unique up to equivalence, and comes
with a universal property for maps to an n-truncated Kan complex. We also
see that the n-truncation is well-defined directly on the level of the homotopy
category. Now let us repeat this story with oo-categories, which will have a
slightly different universal property.

Proposition 1.A.40 Let F: C — D be a functor of co-categories where D is
an n-category for n > 0. The following are equivalent:
(i) F is essentially surjective, and for all objects x,y of C, the induced map
F.: C(x,y) — D(Fx, Fy)
is an (n — 1)-truncation of Kan complexes.
(13) For each n-category &, the induced map
F*: Fun(D, &) — Fun(C, &)
s an equivalence of co-categories.
(#it) For each n-category &, the induced map
F*: Fun(D, &) — Fun(C, &)~

s an equivalence of co-groupoids.
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(tv) There is a commutative diagram in Hjoy of the form

€ — cosk,41C

‘ o

D

F

where the right-hand map is an isomorphism.
(v) The map cosk,4+1 C — cosk,+1 D is an equivalence of co-categories.

Proof In Example 1.A.28, we showed that ¢ — cosk,41 € induces on slice
mapping spaces the map

(€/y)s — cosk, ((C/y)z)

up to isomorphism. By Lemma 1.A.38, this map is an (n — 1)-truncation; it is
also isomorphic in the #H to the induced maps C(x,y) — (coskm_l G) (z,y), so
this is also an (n — 1)-truncation.

(1) = (iv) Since D is an n-category, D — cosk,y1 D is an equivalence.
Thus essential surjectivity of € — D is equivalent to essential surjectivity of
€ — cosk, 11 D, which is equivalent to essential surjectivity of cosk,+; € —
cosky+1 D (because € — cosk,,4+1 € is bijective on objects). The diagram

C(z,y) ——  D(Fx, Fy)

! !

(coskn 41 €)(z,y) — (coskny1 D) (Fz, Fy)

is commutative. If (iv) holds, then by Lemma 1.A.38(iii) the upper map is an
(n — 1)-truncation, because the left-hand map is, hence (7). If (7) holds, then
all maps except for the bottom one are (n— 1)-truncations, so the bottom is an
isomorphism on homotopy groups below (n — 1); since domain and codomain
are (n — 1)-truncated, it is an equivalence. Thus cosk,+1 € — cosk,+1 D is
essentially surjective and fully faithful.

The implication (v) = (i¢) is identical to (iv) = (i) in Lemma 1.A.38 because
an n-category is equivalent to an (n + 1)-coskeletal co-category. (i7) = (ii1)
is obvious, and then (i7i) = (v) is identical to (i7) = (iv) of Lemma 1.A.38
because moFun(—, —)~ corresponds to Hom’s in H,y.

Finally, clearly (v) = (iv), and we will show that (iv) = (i7). We already know
that € — cosk, 41 C satisfy the other four conditions, and it is clear that if we
postcompose with an equivalence of oo-categories cosk,+; € == D’ then the
other four continue to be satisfied (e.g. by (i¢)). Thus it suffices to show that
if '~ F' are naturally equivalent and F satisfies (i7) then F’ satisfies (7).

Indeed, if a: F — F’ is an equivalence, viewed as a map J — Fun(C, D) i.e.
J x € — D, then precomposition gives a map

Fun(D, &) — Fun(J, Fun(C, &)).
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By adjunction we obtain J — Fun (Fun(D, &), Fun(C, 8)), which represents an
equivalence from F* to (F')*. O

Definition 1.A.41 Let € be an oo-category. A homotopy n-category of € is
an n-category h, C equipped with a map ¢ — h,C satisfying the equivalent
conditions of Prop. 1.A.40.

So, we see that it always exists and can be constructed as € — cosk,+1 C. We
also see that if D is an oco-groupoid, then its n-truncation coincides with its
homotopy n-category. We saw previously then that hy € ~ h€. Moreover, part
(tv) says that it is well-defined up to isomorphism (of arrows) in Hjoy.

We remark that the construction h, is homotopy functorial independent of
the chosen model. More precisely, choose homotopy n-categories for € and D.
If F: @ — D is any functor, then the composite € — h,D is a map to an
n-category, hence factors through h,, € up to homotopy. This is equivalent in
Hioy to the map induced by cosky41.

Remark 1.A.42 Sometimes a property of co-categories can be checked in its in
homotopy n-categories for all n. For instance, it is easy to see that a functor
F:C — D is fully faithful iff h,€ — h,,D is fully faithful for all n. This is
because it induces 7<,—1C(z,y) — 7<p—1D(Fz, F'y) on mapping spaces, so in
particular

anle(xvy) - 7"-71712D(‘F‘,L‘7Pjy)
is an isomorphism for all n.

Here is an interesting observation:

Lemma 1.A.43 Let n > —2.

1. If X is an n-truncated Kan complex, then Hom(A, X) is an n-truncated
complex for all simplicial sets A.

2. If C is an n-category, then Hom(A, C) is an n-category for all simplicial
sets A.

Proof (1) is obviously a special case of (2). By Thm. 1.A.36, we may replace
€ with cosk,+1 € and assume that € is (n + 1)-coskeletal. Since OA™ — A™
is an (n 4 1)-isomorphism for m > n + 1, so too is 9A™ x A — A™ x A. By
Prop. 1.A.24 we deduce that

Hom(A™,Hom(A, €)) =~ Hom(0A™,Hom(A4, C))

by adjunction for m > n + 1. The same result then shows that Hom(A4, C) is
(n + 1)-coskeletal, as desired. O

Based on this, we make an internal definition for what truncated should mean.

Definition 1.A.44 Let C be an oco-category and r > —2
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1. An object yg of € is r-truncated if for each x € C, C(x, yo) is an r-truncated
Kan complex.

2. We define C<, C € to be the full subcategory of C spanned by the r-
truncated objects.

Here are the immediate remarks from the definition:

1. Cis an (r + 1)-category iff C<, = C. (C<y)<s = C<min{r,s}- Also, since
the condition of being r-truncated is clearly invariant under equivalence,
C<, — C is a Joyal fibration.

2. An object e € € is terminal iff it is (—2)-truncated. Being (—1)-truncated
can behave a bit more weirdly, e.g. in the category of (U-small) sets, &
is a (—1)-truncated object.

3. An object yp of C is r-truncated iff C/yg — € is a right fibration with r-
truncated fibers, which we have seen is equivalent to this map having the
RLP against 0A™ — A™ for n > r + 1, or to the property that for each
C has the RLP against 0A™ — A™ for n > r, where the map 0A™ — C
sends n +— yo. Thus this is a simple generalization of Thm. 1.1.27.

4. Let yo be an object of 8 classifying a small co-groupoid Y. Then for
each x classifying X, we know that Mapg(z,yo) ~ Hom(X,Y). Thus yo
is r-truncated iff Y is r-truncated, by the previous lemma. In particu-
lar if C is locally small, an object yg is truncated iff its Yoneda functor
fe(yo): C°P — § factors through S<,..

Here is a natural definition to make based on this. Let i: C<, — C be the
inclusion; a partial right adjoint at some object x is thus an object 7<,z
equipped with a map  — 7<,x so that

Mape (7<,,y) — Mape(z,y)

is an equivalence for each r-truncated object y. We call this an r-truncation
of the object z. Thus all objects of € admit an r-truncation iff €<, — C has
a left adjoint, whose unit map specifies the truncation.

Example 1.A.45 The protoypical instance of this is 8. Based on Lemma 1.A.38,
we have a left adjoint 7<,: & — 8<, as long as we check that each U-small
Kan complex X has an r-truncation which is also U-small. In fact cosk, 1 X
is already U-small, because A™ and hence Sk,; A™ are U-small.

We want to address the same question for presheaves, and ask when a presheaf
is truncated as an object of its functor category. It’s useful to come up with
some more general theory first. For » > —2, let us define an r-truncated
morphism of simplicial sets to be one with the right lifting property against
{0A™ — A™ : n > r+ 2}. So, as expected, a (—2)-truncated morphism is a
trivial fibration.
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Lemma 1.A.46 Let r > —2. The following classes of monomorphisms of
presheaves are equal:

(a) The class of monomorphisms which are (r + 1)-isomorphisms.
(b) The smallest saturated class containing {OA™ — A™ :n > r + 2}.
(¢) The class of morphisms with the LLP against r-truncated morphisms.

Proof (b) = (¢) by the small object argument. (b) is contained in (a) because
all such boundary inclusions are (r 4+ 1)-isomorphisms. Finally let A — B be
an injective (r + 1)-isomorphism; it will suffice to show that A U Sky_1 B —
AUSKky, B is contained in (b) for all k, by closure under transfinite compositions.
Whenever k <7+ 1, Skx_1 B and Ski B are already in A, so this map is just
14, and we may assume k > r + 2. The skeletal filtration gives AUSky_1 B —

AU Sk B as a pushout of
[Toak — T ak.

which is in (b) because k > r + 2. O

Because of this, we have our usual favorite closure properties which apply to
r-truncated morphisms. These in turn apply to r-truncated Kan complexes
and r-categories, because they are the case of the map X — A,

Example 1.A.47 For instance, again let » > —2 and suppose that A — B is
an injective (r 4 1)-isomorphism and U < V is any monomorphism. Then the
pushout product

AxVUBXxU<—= BxV
is again an injective (7 + 1)-isomorphism. Indeed, in degrees k < r+1, we have

(AXVUBXU)k:BkXVkUBkXUk:Bk x Vi
since Ay = By. Therefore by the usual lifting correspondence:

1. If U — V is a monomorphism and X — Y is an r-truncated morphism,
then the induced map

Hom(V, X') — Hom(U, X) X gom(v,y) Hom(V,Y")
is an r-truncated morphism.

2. If A — B is an (r 4+ 1)-isomorphism and X — Y is an r-truncated
morphism, then the induced map

Hom(B, X) — Hom(A, X) XHom(a,y) Hom(B,Y)

is a trivial fibration.

Ezample 1.A.48 A right (or left) fibration p: X — Y is r-truncated if and only
if it has r-truncated fibers. Indeed one direction is clear by pullback stability,
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and the other direction is precisely Lemma 1.A.35. We call such a map an r-
truncated right fibration. We can reformulate the previous example as follows:
Suppose Y — A is an r-truncated right fibration, X’ < X is a monomorphism
over A, and consider the induced map

Hom 4(X,Y) — Hom 4(X',Y)

of Kan complexes. By Lemma 1.1.3 this is a Kan fibration. Since it is pullback
of the restriction maps in Example 1.A.47, it is also r-truncated. If X’ — X
is furthermore an (r + 1)-isomorphism, then it is a trivial fibration.

Ezample 1.A.49 Let Y be an r-truncated Kan complex. Then a Kan fibration
p: X — Y is r-truncated iff X is r-truncated. Indeed, one direction is clear
because the class of r-truncated Kan fibrations is closed under composition.
For the other direction, note that for each y € Y, the fiber X, is r-truncated
by the long exact sequence. Thus Example 1.A.48 implies that X — Y is
r-truncated.

Example 1.A.50 Let A be a small simplicial set. A presheaf F': A°P — § is r-
truncated as an object of Hom(A°P, 8) iff for each a € A, F(a) is r-truncated in
8 (or equivalently classifies an r-truncated oo-groupoid). Indeed, we translate
this problem under Cor. 1.2.26 to showing that Hom 4 (X, Y") is r-truncated for
all right fibrations X — A with small fibers iff Y — A is an r-truncated right
fibration with small fibers. One direction follows from the previous example
(applied to @ — X). For the other direction, choose a right anodyne extension
(A% a) — X giving a fibrant replacement for a € A in (sSet/A)on, with X
having small fibers via Remark 1.1.55. Then Y, ~ Hom 4 (a,Y) ~ Hom 4 (X,Y)
is r-truncated (Lemma 1.1.3), so Y — A is an r-truncated right fibration. In
other words Hom(A°P, 8)<, = Hom(A°P, 8<,.). Moreover:

1. It is clear that if A = € is a locally small co-category, then we can dispense
with the smallnes above: a has a fibrant replacement by C/a which is right
fibrant with essentially small fibers. (Equivalently, the Yoneda lemma.)
Moreover, what we have said means that « € € is r-truncated iff ke(x) €
Fun(C°P,§) is an r-truncated presheaf.

2. Tt also follows from the above that Fun(C°P,8) has truncation functors,
namely 7<,: Fun(C°?, §) — Fun(C°P, 8<,) simply given by postcomposi-
tion with 7<,. If we consider the truncation &(x) — 7<, & (z) (which also
corresponds to 1, € 7<, Mape(z,x)), it induces

Map(r<, &(2), £(y)) == Map(k(z), £(y)) =~ Mape(z,y)

for all r-truncated objects y of C. If 7<, &(x) is representable by some ¢
(equipped with an object in 7<, Mape(¢,z)), then ¢ is r-truncated, and
the case above of y = t corresponding to the equivalence 7<, & (x) =~ X(¢)
provides a map u: x — t. This satisfies the property that the induced map
Mape (& (), X(y)) — Mape(&£(z), £(y)) is an equivalence for all y € C<,,
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so by the Yoneda lemma z — t is a truncation. We remark however that
the converse doesn’t always hold (e.g. it doesn’t hold for §).

Our last result of this section will discuss the r-truncated objects of Cat,
which turn out not to be simply n-categories or (n + 1)-categories, but rather
something in between.

Proposition 1.A.51 Let C be an oco-category and r > —2. The following
conditions are equivalent:

(1) Hom(A, @)= is an r-truncated oo-groupoid for all simplicial sets A.
(#4) Hom(A™, €)= is an r-truncated co-groupoid for n =0, 1.
(7i1) € is an (r + 1)-category and C= is r-truncated.
Proof Clearly, (i) = (ii); we show (i1) < (iii). We have to show that if €=
is r-truncated, then C is an (r + 1)-category iff Hom(A!, €)= is r-truncated.
Indeed, the Kan fibration
Hom(A', @)~ — €= x €=

is r-truncated iff its fibers C(z, y) are r-truncated, iff the domain is r-truncated
by Example 1.A.49.

(#4) = (i) Let M be the class of monomorphisms A < B for which the induced
Kan fibration

@(Bv e): - @(A7 e):
is r-truncated. Then M satisfies the following properties:

1. M is saturated.
2. M contains @ — A° @ — A! and inner horn inclusions.
3. If A— B and & — A and & — B are in M, then A — B is in M.

Indeed, (2) is by the assumption and the fact that the induced map
Hom(A”, €)™ — Hom(A},C)™ is a trivial fibration for 0 < k < n. (3) is a
consequence of Example 1.A.49. (1) is because, by the standard lifting corre-
spondence, this relevant map having the RLP against 0A™ — A™ is equivalent
to A — B having the LLP against h(A™,C) — h(0A™,€). Thus by Exam-
ple 1.A.18 we conclude that M contains @ — A for all A. ([l

In particular, for the co-category Cat,, of small co-categories, it follows that
€ is r-truncated iff the conditions of the result above hold, namely that € is
an (r + 1)-category with r-truncated core.

We would like to have an intrinsic theory of r-truncated maps in an co-category
as well. To do this we need some more homotopy-invariant statements on the
level of Kan complexes.
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Lemma 1.A.52 Let f: X — Y be a map of Kan complexes. The following
conditions are equivalent for r > —2:

(1) f has r-truncated homotopy fibers.

(ii) For each xy € X, the induced map f.: mp(X,z0) — (Y, f(xo)) is
injective for k =r + 1, and an isomorphism for k > r + 1.

(#41) Given any Kan fibration f': X' — Y’ between Kan complexes for which
there is commutative diagram in H

x 1.y

gl ; lg

X — Y’
with vertical isomorphisms, the map f' is r-truncated.

In this case, we say that f is homotopy r-truncated.

Proof The long exact sequence of homotopy groups associated to a homotopy
fiber of f immediately shows that (i) and (i7) are equivalent. Assuming (#ii),
the condition of (i¢) clearly passes to f', so f’ has r-truncated fibers, and hence
is r-truncated by Example 1.A.48. The converse is clear because we can take
a fibrant replacement of f to compute its homotopy fibers. O

Remark 1.A.53 Here are some basic properties of this definition:

1. A homotopy pullback of a homotopy r-truncated map is homotopy r-
truncated. This is clear by criterion (¢) above.

2. For r > —1, a map f: X — Y of Kan complexes is homotopy 7-
truncated iff the homotopy diagonal map X — X ><§L, X is homotopy
(r — 1)-truncated. We may check this after replacing f with a Kan
fibration:

(a) Then note that f is r-truncated iff either projection X xy X — X is
r-truncated. One direction is by pullback stability, and the other is
because the fibers of the projection are Xy, by the pasting lemma,
hence the fibers of f are either empty (i.e. (—1)-truncated, so -
truncated) or r-truncated.

(b) The diagonal X — X xy X is a section of either projection, hence
induces split monomorphisms on all homotopy groups. Hence it is
homotopy (r — 1)-truncated iff its retract mp(X xy X) — m(X)
is a monomorphism for £k > r 4+ 1, in which case both maps are
isomorphisms.

3. We note that being homotopy (—2)-truncated is equivalent to all homo-
topy groups inducing isomorphisms, i.e. to X — Y being an equivalence.
Thus along wiht (2) this gives a complete inductive characterization.
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We note that because of Lemma 1.A.52, being homotopy r-truncated is a
condition which depends only on the corresponding class in H. In particular
it makes sense to speak about a morphism in h8 being homotopy r-truncated
as well.

Corollary 1.A.54 Let € be an co-category with a map u:y — vy, and r >
—2. The following conditions are equivalent:

1) For each x € @, the map Mape(z,y) — Mape(z,y’) is homotopy -
e e
truncated in 8.

(i1) (y,u) is an r-truncated object of C/y'.
In this case, we say that u is an r-truncated morphism of C. Moreover:

1. If e is a terminal object of C, then an object y of C is r-truncated iff any
terminal map y — e is r-truncated.

2. A morphism u: y — y' is (—2)-truncated iff it is an equivalence.

3. Let u:y — y' be a morphism for which the pullback y X, y exists. For
r > —1, u is r-truncated iff the diagonal y — y X, y is (r — 1)-truncated.

Proof 1t follows from Lemma 1.A.4 that
Map@/y, ((CE,U), (y,u)) =~ hofib, (Mape(x,y) - Mape(x,y’)).

Therefore the equivalence (i) = (i¢) is immediate from the definitions.

For the consequences: (1) This is clear by (i4) under €/e ~ €. (2) This holds
iff (y,u) is terminal in €/y’, i.e. u is an equivalence. (3) Applying Mape(z, —)
to the diagonal gives the homotopy diagonal

Map@(x, y) - Map@(xa y) X’K/Iape(z,y’) Map@(‘r’ y)

The diagonal of u is (r — 1)-truncated iff the above map is (r — 1)-truncated for
all z, iff Mape(x,y) — Mape(x,y’) is r-truncated for all z by Remark 1.A.53,
iff y — ¢/ is r-truncated. O

Example 1.A.55 Suppose C has finite limits and F': € — D preserves them.
Then whenever u: y — y' is an r-truncated morphism, F(u) is an r-truncated
morphism in D. Indeed this follows by induction, where the base case is that F'
preserves equivalences. If F' preserves (r — 1)-truncated morphisms, then since
it preserves diagonal morphisms, it also preserves r-truncated morphisms. A
basic corollary is the following: if D is any oo-category with finite limits, then a
morphism of presheaves F' — G in Hom(A°P, D) is r-truncated iff F'(a) — G(a)
is r-truncated in D for all a. In particular Hom(A°?, D)<, = Hom(A°?, D).
This generalizes (and removes the size assumption in) Example 1.A.50.
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2 Stable oo-categories

2.1 Theory of stable co-categories
2.1.1 Stability, (co)fibers, and path/loop functors

We begin with the notion of zero object in an co-category. This behaves exactly
like the corresponding case of a zero object in an ordinary category.

Definition 2.1.1 Let € be an co-category. A zero object of € is an object 0 € C
which is both terminal and initial. We denote by Ze C € the full subcategory
of C spanned by the zero objects. C is pointed if it contains a zero object.

Our convention is that pointedness is an existence statement as opposed to the
structure of a specific zero object. Note that the condition of an object being
zero is one up to equivalence, because both initiality and terminality are. In
particular in a pointed oo-category, Ze coincides with the full subcategory of
initial objects and of terminal objects, and is in particular a contractible oo-
groupoid by Cor. 1.1.30. From the definition (and Cor. 1.1.29), it follows that
a zero object represents a zero object of hC.

FEzample 2.1.2 The remark immediately above implies that between any two
objects z,y € € there’s a unique homotopy class in moC(z,y) corresponding
to a zero morphism. Here is a much stronger statement; assume C has a zero
object 0, and consider the following pullback:

e(_7 07 _) — G(_a Z@7 _) — @(A27 e)
GXGMGXZ@XGHGXGXG
Thus the vertical maps are all Joyal fibrations, and the lower left horizontal
map is a trivial cofibration, since it’s a section of a pullback of Ze¢ — AY. Since

all objects are fibrant, the upper left horizontal map is an equivalence. The
left-most map factors as in the diagram:

e(-,0,—) — C(—,0) x €(0,—) — € xC
Hom(A?, @) —— Hom(A%,C)
The lower map is a trivial fibration since € is an co-category, and €(—,0) =
€//0 and €(0,—) = 0\\C. Since 0 is initial and terminal, the upper right map

is the product of trivial fibrations, so €(—,0,—) — € x € is a trivial fibration.
Combining these observations shows that the projection

C(—,Ze,—) = Cx ZexC—-CxC

on the left is a trivial fibration, as is the one on the right since Zg is a
contractible co-groupoid. The takeaways are:
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1. If we fix z,y € C, then C(z, Ze,y) ~ Ze is contractible, so there is an
essentially unique zero morphism (after projecting to C(z,y)) from z to
y. By also fixing 0 € Ze we can make this factor through any 0 object.

2. Choosing a section and projecting gives
CxC--+C(—,Ze,—) — C(—,—) = Arr(C),

so in other words we may choose a functorial arrow (z,y) — (x — 0 — y)
which is essentially unique. We can also do this after fixing 0 € Ze, which
gives us a functor assigning factorizations through the same zero object
for all x and y.

The latter property of (2) is very convenient: it means that we can prescribe
a zero object 0 and and arrange for the rectangles

r— 00—y

L

— 00—
to commute (as Al x A? — @) functorially in  — 2’ and y — ¥/’

Definition 2.1.3 Let C be a pointed oo-category. A triangle in C is a
commutative square A' x A' — @ of the form

r—Y

L

0— 2

where 0 is a zero object of C. We often write this as x — y — z, with the data
of the maps ¢ — 0 — y, © — 2z, and the homotopies recording both composites
suppressed. Moreover:

1. We say the triangle is a fiber sequence if the square above is cartesian,
and a cofiber sequence if the square is cocartesian.

2. If it is a fiber sequence, we call (z,z — y) the fiber of y — 2. If it is a
cofiber sequence, we call (z,y — z) the cofiber of x — y.

Appendix 2.A More on stable co-categories
2.A.1 Recollections on Dold-Kan

Here we recall some material regarding the Dold-Kan correspondence, and ver-
ify its interactions with the Kan-Quillen model structure on simplicial sets.
Initial references are in the author’s expository paper Extending the Dold-Kan
Correspondence. An alternative reference is [HA]. For the following construc-
tions, we work mostly over Ab = Mod(Z). Recall that a simplicial abelian
group is a functor A°® — Ab, and the corresponding functor category is
written sAb.
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Remark 2.A.1 Here we recall the three major constructions of chain complexes
associated to a simplicial abelian group A.

1. Moore complex: We denote this simply by A, € Chxo(Z), as its nth
term is simply A,,, with differential 9,,: A,, — A,_1 given by the formula
On = > i o(—1)%d;. This gives a well-defined chain complex and defines a
functor sAb — Chxo(Z).

2. Reduced complex: Within A,, there is a subcomplex (DA), C A, where
DA, C A, is the abelian subgroup generated by the degenerate simplices
Of A,,. The reduced complex (A/DA), = A./DA, is the quotient complex
by such degenerate simplices, and is likewise functorial in A with quotient
map a natural transformation.

3. Normalized complex: For each n > 0, we define a subcomplex N, A C A,
by NoA = Ag, and

N, A = ﬁ kerd; C A,,

i=1
so that the restricted boundary map 9,,: N, A — N, _1 A coincides with
dy- This is again functorial in A with inclusion a natural transformation.

The initial relationship between these three constructions is that the map
N,A® DA, — A, induced by the inclusions is an isomorphism, so that in
particular we have a canonical isomorphism N, A = A, /DA.,.

Example 2.A.2 One uses the following elementary argument to show that the
inclusion N,A — A, is in fact a homotopy equivalence. Indeed we already
have the chain retract p: A, — A,/DA, =~ NA,, so we just need to check
that ip ~ Id4. We define a decreasing sequence of subcomplexes {F} where
F' = ﬂ ker di,

n
i=max{1l,n—r+1}

which are indeed subcomplexes by the simplicial identities. Then F? = A,,
and for » > n we have F) = N, A. One shows that each inclusion F" — Frt
is a chain homotopy equivalence by explicitly defining the inverse using face
and degneracy maps. The degreewise stabilization shows that this sequence
provides the map p above and completes the proof. We usually won’t use this
result or A,, since it is usually too big of an object to work with directly.

Ezample 2.A.3 Since the free abelian group functor Z[—] is left adjoint to the
forgetful functor Ab — Set, the same degreewise functor Z[—|: sSet — sAb
is left adjoint to the forgetful functor. If X is a simplicial set, we define C, (X)
or Cy(X; Z) to be N, Z[X], and H,(X; Z) = H,(C.(X)) to be the homology

of X. Here are some preliminary remarks:

1. We usually like to think of this in the model A/DA instead; this is
because the subcomplex DZ[X] in degree n is precisely the free abelian
group on the degenerate n-simplices, and (Z[X]). is the free abelian group
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on all n-simplices. Thus (Z[X]/DZ[X]), is the free abelian group on
non-degenerate simplices. For small simplicial sets this is reasonable to
compute, as shown below.

2. f W C X is a simplicial subset, then the induced inclusion C,(W) C
C(X) corresponds to (on the basis) identifying the non-degenerate n-
simplices of W as those in X. We define C,.(X, W) = C.(X)/Cy(W) as
the quotient, and Hy (X, W) := Hy(C(X, W)) to be the relative homology
of (X, W). In particular C\ (X, W) may be thought of as spanned by non-
degenerate simplices of X not contained in W. Moreover we have a long
exact sequence

c = Hy(W) — Hp(X) = Hi(X, W) — Hg (W) — -+
of the corresponding homology groups.

3. For instance, C,,(A™) = Z spanned by the single non-degenerate n-
simplex and we see that C.(A",0A™) = Z[-n] (here we are using
homological shifts). Similarly, C.(A™/JA™) = Z[—n — 1], so in particular
Hi(A"/OA™) =0forall k #n+1, and Z for k =n+ 1.

Before even using the Dold-Kan correspondence, we can say interesting things
about this definition of homology.

Proposition 2.A.4 Let f: X — Y be a weak homotopy equivalence of
simplicial sets. Then Cy(X) — Ci(Y) is a quasi-isomorphism.

Proof The class of quasi-isomorphisms in Chxo(Z) contain the isomorphisms
and satisfy two-out-of-three. By Ken Brown’s lemma ([HCHA, Prop. 2.2.7]),
it suffices to prove that C, sends anodyne extensions to quasi-isomorphisms.
We first claim that the class of monomorphisms whose image under C, is a
quasi-isomorphism is saturated.

A retract of a quasi-isomorphism is a quasi-isomorphism. If {A,} is an increas-
ing sequence of simplicial sets, it induces an increasing sequence of inclusions
on n-simplices, and thus it is clear that lim C,(Aa) = Ci(U, Aa). If all of
the transition maps induce quasi-isomorphisms, it follows that the transfinite
composition is a quasi-isomorphism because homology commutes with filtered
colimits. Third, suppose A < B induces a quasi-isomorphism and we have a
pushout diagram:

A— A

[

B — B
Such a pushout gives an identification B}, = (B,, \ 4,) U A}, which preserves
non-degnerate simplices. Hence the non-degenerate simplices of B’ not in A’
are canonically identified with those of B not in A. This provides an isomor-
phism C,(B’, A") = C.(B, A), which is a chain map by commutativity of the
diagram above. The assumption is equivalent to C. (B, A) being acyclic, so
C.(B’, A is also acyclic, i.e. A’ — B’ induces a quasi-isomorphism.
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We have now reduced to showing that A} < A™ induces a quasi-isomorphism
for all n > 1 and 0 < k < n. The simplices in A™ which aren’t in A} are
precisely the unique non-denderate n-simplex, as well as the face corresponding
to di: A"~! — A" Thus C, (A", A7) is precisely the complex

(-n*
-—

0—27Z Z — 0

with the non-trivial terms in degrees n and n — 1 from left to right. This
complex is contractible, completing the proof. O

Ezample 2.A.5 This shows that the induced functor sSetkq — Ch>¢(Z) —
D~ (Z) factors through H — D~ (Z). In particular we have well-defined homol-
ogy functors on the homotopy category, so e.g. homotopic maps between Kan
complexes induce the same map on homology. Some new applications:

1. It is clear from the definition that C.(A%) = Z[0], so it only has Oth non-
trivial homology. In particular, the same is true for A™, and any weakly
contractible simplicial set (such as co-category with an initial or terminal
object).

2. Our computation in Example 2.A.3(3) implies, based on (1), that the
map Z = H,(A"™, 0A™) — H,_1(0A™) is an isomorphism, and that
Hi(0A™) =0 for k # n — 1 for n > 2. Unwinding the definitions, a gen-
erator is Y_,(—1)![AMN]. For n = 1, the map is Z — Hy(0A!) = 72
sending 1 +— [0] — [1].

We remark that this is our first real proof that JA™ is not weakly equivalent
to A™, so that 0A™ — A™ isn’t anodyne which was not obvious previously.

The Dold-Kan functor or FEilenberg-MacLane functor is a functor
DK: Ch>((Z) — sAb
assigning a chain complex to a simplicial abelian group. For n > 0, we define
DK, (C.) = P Ak
[n]—[K]

where the sum is taken over all surjections in A out of [n]. The corresponding
morphism is given by factorization of simplicial operators, but we will not write
this down explicitly here because we don’t need it. The classical Dold-Kan
correspondence says that the pair

N,:sAb = Ch>¢(Z) : DK
forms an equivalence of categories. Here is our first simple consequence:
Lemma 2.A.6 A map f: A — B of simplicial abelian groups is a Kan fibra-

tion if and only if Ni.f: Ny A — NiB is surjective for k > 0. In particular,
any simplicial abelian group is a Kan complex.
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Proof Denote by U: sAb — sSet the forgetful functor. Then U(0) = A°, and
U(A) — A% is U(A — 0), which assuming the result is always a Kan fibration
because N, A — N,0 = 0 is degree-wise surjective.

For the main result, we have a lifting correspondence
A} — U(4) ZIAY] — A Ci(A}) — N, A

l Rt i i /’7 l i /7 l

A" — U(B) Z|A"] — B C.(A") — N.B

where the first is by the adjunction Z[—] 4 U, and the second is by the Dold-
Kan correspondence. We have already seen that C,, (A™, A}) is the contractible

_\k
complex Z 07 Z. 1t follows that the above lifting problems are also in

correspondence with:

0 — N, A
L

\k
z " z)-n] — N.B

The contractible complex is in degrees [n — 1,7n], and a map from it to a chain
complex is the same data as a choice of degree n element (equipped with (—1)*
times its boundary). Thus this lifting problem expresses surjectivity in degree
n, regardless of the chosen horn (provided that n > 1). O

Our next goal is to study the homotopy theory of a simplicial abelian group
A, and show that it coincides with the homology theory of the corresponding
chain complex N, A = (A/DA).. Let us make a few preliminary observations:

1. Every simplicial abelian group A comes with a distinguished point 0 € Ay,
which we view as a canonical basepoint. In particular we write m,(A4) =
mn(A,0). Since all maps are required to preserve 0, this is functorial on
simplicial abelian groups.

2. Note that mp(A), is now automatically an abelian group. Indeed, since A
is a Kan complex, points ag,a; have the same class iff di(c) = ap and
do(o) = ay for some o € A;. In other word, this happens iff ag — a; €
im (dy — dp), so mo(A) = Ag/im (d1 — dp). On the other hand, note that
NoA = Ap, and N1 A = Ay /(im sg + s1), and the differential Ny A — Ny A
is precisely dg — dy, so canonically mo(A) = Hy(N.A) as quotients of Ag.

3. If B is a simplicial abelian group and X is a simplicial set, then
Hom(X, B) is a simplicial abelian group; this is clear by its n-simplices
Homgget (A™ X X, B) being abelian groups by pointwise addition, and
simplicial operators acting through the first component by composition

4. For the same reason, most of our natural constructions behave well with
respect to the group structure. For example, if A is a simplicial abelian
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group and Y — A is a map of simplicial sets, then A/Y and A//Y are
both again simplicial abelian groups, because the assignments

Homy\sset (An * K A) HomY\sSet (An < Y7 A)

make n-simplices abelian groups and simplicial operators act through the
first component by composition.

Remark 2.A.7 Let A be a simplicial abelian group, then by (3) above we see
that Q(A) := A(0,0) is canonically a simplicial abelian group, thus so too is
Q" (A) for all n. By (2) above, moQ2"(A) is a group in two ways, one from the
simplicial abelian group structure and another from the structure of 7, (A) =
Hompon-1(4)(0, 0). In fact these two structures are the same: first by replacing
A with Q"~1(A) we may assume n = 1. Since A is an abelian group object in
sSet and 7: sSet — Cat preserves products, it follows that hA is an abelian
group object in Cat, i.e. the group operation hA x hA — hA is a functor. The
0 € mQ2(A) comes from the zero of Q(A)y which is s¢(0) = 1p, i.e. the zero
in A;. Functoriality above implies that the composition group structure on
Homy, 4(0,0) satisfies the interchange law with respect to the group strutcure
on mo(2A), so Eckman-Hilton shows that the structures coincide.

Remark 2.A.8 Let Y be a simplicial set, A be a simplicial abelian group, and
Y — A a map of simplicial sets. Then canonical equivalence A/Y = A//Y
is a morphism of simplicial abelian groups. Indeed, this is obvious, because in
degree n this map is

HomY\sSet(An *Y, A) - HomY\sSet (An oY, A)

which is precomposition by A" oY — A" %Y hence a group homomorphism.
As a particular case of this, we will temporarily use the following notation: let
MP(A) = A and inductively M™(A) = (M™ 1(A)/0)o. Then this says that the
equivalence M™(A) == Q(M™ 1(A)) is one of simplicial abelian groups, and
hence inductively we have a pointed equivalence M™(A4) = Q"(A). The previ-
ous remark shows that the induced map moM™(A4) = 7, (A) is an isomorphism
of abelian groups, not just sets.

We will use the two preceding remarks to show that under the Dold-Kan
correspondence, homotopy groups are mapped to homology groups. In the next
lemma we will use the smart truncation 7>g defined in [DcAG].

Lemma 2.A.9 Let A be a simplicial abelian group. There is a canonical
isomorphism of chain complezes

N, (M™(A)) = 750 (Nu(4)[~n])

natural in A. In other words, for any C,. € Ch>o(Z), there is a canonical
isomorphism M, (DK(C,)) = DK (750(C.[-n])).
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Proof The second statement indeed follows immediately from the Dold-Kan
correspondence. For the first statement, note that

20 (720N (A)[—1])[-n + 1]) = 720(N:(4)[-n),

so inductively it suffices to prove the case that n = 1. It follows from the
definition that

MY(A), ={c € A,i1:dpi1(0) =0,0(n+1) =0},

and that the group structure is inherited as well from A,, ;1. Hence N, M!(A)
adds the relations dy (o) = --- = d, (o) = 0. Note that for n > 1, the vertex
n + 1 is contained in dyo, so the condition is vacuous and we conclude that
N, (M'A) = N, ;+1(A) for n > 1. The differential remains dy in all degrees > 1.

For n = 0 however, we have No(M'A) = {0 € A; : d1(0) = dy(c) = 0}, which
in other words is ker(N; A Lo, NoA). Thus N, (M*!A) is precisely the complex
o — N3A So, NoA o, ker(N1A — NgA) — 0
in degrees 2,1,0, —1. We conclude the lemma by adding a sign of (—1)" to the
nth differential to match the standard convention of shifts. O

Corollary 2.A.10

1. The functors (=), Ni: sAb — Chxo(Z) send weak homotopy equiva-
lences to quasi-isomorphisms, and DK: Chx¢(Z) — sAb sends quasi-
isomorphisms to weak homotopy equivalences. The functor Z[—]: sSet —
sAb preserves weak homotopy equivalences.

2. For allm > 0, there are canonical quasi-isomorphisms
roo(N.(A)[-n]) = N.(@"(A))
natural in A € sAb, and weak homotopy equivalences
DK 75¢(Ci[—n]) == Q" (DK(C\))
natural in C, € Chx(Z).

3. Applying Hy and mo respectively to the maps of (2) provides canonical
isomorphisms

H, (N.(A)) = m,(A) H,(C.) = 7,(DK(C,))
for allm >0, natural in A and C,.

Proof In (2) and (3), the versions involving DK are immediate from the N,
versions and the Dold-Kan correspondence. The map in (2) is the composite

T20(N«(A)[=n]) = N.(M"(4)) — N.(2"(4))

where the first map is from Lemma 2.A.9, but we don’t yet know that the
second map is a quasi-isomorphism. In any case, if we apply Hy and use the
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identification Hy o N, = mg, we obtain
H,(N.(A)) = HN.M"A =n1gM"A = 7oQ" A = 7, (A),

because M™(A) — Q"(A) is a homotopy equivalence. This gives (3). Now if
A — B is a map in sAb which is a weak homotopy equivalence, then by
naturality of (3) we deduce that H,, x (N,A) — H,(N,B) is an isomorphism
for all N, i.e. N,A — N,B is a quasi-isomorphism. This retro-actively proves
that N.M™A =5 N,Q"A is a quasi-isomorphism, and hence completes (2).

Since the natural map N, — (—). is a component-wise chain homotopy
equivalence (Example 2.A.2), this also completes the first part of (1). Quasi-
isomorphisms, by naturality in (3), are sent to maps inducing isomorphisms
on all homotopy groups, hence the middle part of (1). Finally if X — Y
is a weak homotopy equivalence of simplicial sets, then the induced map
C.(X) — C.(Y) is a quasi-isomorphism by Prop. 2.A.4, and applying DK
shows that Z[X] — Z[Y] is a weak homotopy equivalence. O

Remark 2.A.11 When we’re working with a simplicial abelian group A, base-
points essentially don’t matter: indeed, the multiplication map Ax A — Aisa
map of simplicial sets, and hence for each ag € A we have a canonical isomor-

phism (—)4ag: A — A (of simplicial sets). In particular this sends Q"(A) =>
Q,(A4, ap), and hence yields canonical isomorphism 7, (A) == 7, (A, agp).

~

Ezample 2.A.12 In particular, for a simplicial set X we have H,(X) =
mn(Z[X]), so the homology is the homotopy of the ‘abelianization’, in some
sense. If G is an abelian group and n > 0, we write K(G,n) := DK(G[—n]),
which defines a functor K(—,n): Ab — sAb. Then K(G,n) is a Kan com-
plex with only one nontrivial homotopy group, namely G in degree n. More
generally, we can use DK to make a space with any homotopy groups we like.

Ezample 2.A.13 Let A be a simplicial abelian group, and define the functor
B(—): sAb — sAb by sending A — DK(N,(A)[1]). Thus by Lemma 2.A.9 we
have a canonical isomorphism M*!(BA) = A, and hence a canonical equivalence
A = Q(BA). If we write EA := P(BA,0), the canonical fiber sequence
Q(BA) — P(BA) — BA provides a homotopy fiber sequence A — FA —
BA with FA — BA a Kan fibration and EA contractible, whose long exact
sequence records the shift in homotopy groups. If f: A — B is any map of
simplicial abelian groups, we can take the cone sequence

0 — N.B — Cone(N,f) — N, A[1] =0

which gives an exact sequence 0 — B — Ey — BA — 0 of simplicial abelian
groups. Since the latter map is degree-wise surjective, £y — BA is a Kan
fibration with fiber B.

To say more about this, it is useful to have a more concrete construction of
the homotopy groups, precisely the group structure, than via loop spaces. We
discuss this now: Generalizing our notation before, if (X, () is a pointed Kan
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complex we define M (X, xg) = ((X/CEO):,;O, 110), which is again a pointed Kan
complex, and then M™(X,x¢) = M(M" (X, x0)) inductively for n > 2. By
convention we set M°(X, z0) = (X, x¢). This construction provides functors
Kan, — Kan,. Of course, we could also define this just as well for arbitrary
simplicial sets.

The canonical pointed equivalence (X/zg)z, —= X(zo,2z0) = (X, o) pro-
vides a canonical equivalence M™(X,zo) —= Q(M" }(X,x0)), and then
inductively we obtain an equivalence M" (X, z¢) =~ Q"(X, o) by composing.
In particular this induces an isomorphism mwoM™(X, zg) & m,(X, z). After
we get a good understanding of the structure of m, through the LHS, we will
treat this as an identification.

Lemma 2.A.14 Let (X, ) be a pointed Kan complex and n > 1.

1. M™(X,x0) is canonically a subcompler of X/(A" 1 xq) sliced over the
constant map A" — X at xo. As such, a k-simplex A¥ x A"t — X
belongs to M™(X,zo) if and only if its restriction along

Ak *aAn—l U,@*An_l PN Ak *An_l
18 constant at xzg.

2. In particular a point of M™ (X, x0) is a map a: (A™,0A™) — (X, x0) of
pairs. There is an edge between any two such pairs o, 8 if and only if
there is a map

h: (A x A", Al x OA™) — (X, x0)
of pairs such that hloxar = @ and hlixar = .

Proof (1) For n = 1, we have M(X,x0) C X/xo, and inductively if
M"Y (X, z0) C X/(A"2, 2¢) then

M™(X,20) € ((X/(A"2,20)) ey ) C X/(A",20)
Cxg
by associativity of joins. For the second part, this is by induction on n. For n =
1 the statement is tautological. Suppose the formula holds for M~ (X, zo) C
X/(A"2 x4). Then a k-simplex of M™(X,xq) is firstly a map AF x A? —
M 1(X,xg), i.e. a map AF x A x A2 — X such that the restriction to

AF s AV A" 2 U x o x A" 2 C AF % Al x A2

is constant at xg; the further conditions imposed are that we are slicing over
Czy» SO it is constant at zg over @ * A?x A"~2 and then we take the fiber over
xg, which requires the restriction over A* x @ *+ A"~2 to be constant. Taking
the union of the three subcomplexes of AF x AV x A"=2 = AF x A"~ gives

AF 5 (AY %« OA" 2 U@« A"T?) U@ A"
= AP x9A" Tu g« ATTE
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as desired.
(2) The first sentence holds because, taking k = 0 in (1) gives
AP+ 9A" U@ x A" = 9A™ € A« AT = AT,

providing the description as maps of pairs. Let L = A« JA" 1 U@ A"~ ! C
A x A1 and consider the inclusion j: A" < Al x A" corresponding to

(0,0) = (0,1) — (1,1) = --- — (1, n).

We claim that j7!(A! x 9A™) = L. Indeed, as a subcomplex of A™*! [
coincides with the union:

n+1
A{Q,...,n+1} U U A[n—i—l]\i
=2

Further viewing this in A' x A™, the left component becomes A'%17 and
the right one becomes:

n

U A{OO,Ol,ll,..‘,lAi,.wln}

i=1
Thus the intersection of Al x JA™ with this copy of A"*! is precisely L.
Moreover, there is a retract r: Al x A” — A™F! of j defined by

r(e, 1) = ¢ =0
)i+l i>1

with 7§ = 1ant1, and 7(A! x 9A™) C L. Both j and r respect the endpoints,
and allow us to go between maps from (Al x A" Al x 9A™) and maps of pairs
from (A"*t1, L), which is what we wanted. O

The lemma means that under mgM"™ (X, zg) == 7, (X, o), we can describe an
element of 7, (X, x0) as a class [a] with a: (A™,0A™) — (X, x¢), where any
a, B satisfy [a] = [B] iff there is a relative homotopy (A! x A", Al x JA") —
(X, zp) between them. This is clearly functorial in (X, z(). As a convention,
when we talk about specific elements of m,, as classes, we will mean this.

To complete the identification, we want to explicitly identify the group struc-
ture on oM™ (X, xo). Because of the equivalence M"™(X,z) == Q™(X, zo),
it is precisely given by the group structure in the automorphism group

Homy, prn—1(x,20) (Cas €2) = moM™ (X, 20).

In what follows, we will write this as addition even though for n = 1 the group
may not be abelian.

Lemma 2.A.15 Let (X,x0) be a pointed Kan complex. Under the canonical
identification of sets for n > 1

{maps (A", 0A™) — (X, x0)}/~ == mn (X, 20)
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described above, the group operation is determined as follows: If [a], [b], [c] are
classes on the left-hand side, then [b] = [a] + [c] iff there is an (n+ 1)-simplex
o € Xpy1 such that

doU =a, dlo = b, ng’ =cC,
and d;o = ¢y, for 3 <i<n+1.
Proof This is essentially by definition. Indeed, we view [a], [b], [c] as morphisms
cx — ¢z in the oo-groupoid M™ 1(X, x¢), then we know that [a] + [c] =
[a]o[c] = [b] iff there is a 2-simplex o: A? — M,,_; whose boundary represents

aoc~b. For n =1 this is tautological, so assume n > 1.

By Lemma 2.A.14, any 2-simplex in M,,_; can be described as an (n + 1)-
simplex o: A™t! — X such that

0’|A{3 ..... nt+1} — TQ di(T:fEO 3§Z§TL+1

The additional conditions that make it a witness to [a] o [c] ~ [b] are precisely
that dgo = a,dyo0 = b,dyoc = c. Then the first condition above becomes
vacuous, since e.g.

A{B,m,n+1} C A{Z,...,n+1} C 8A{1,m,n+1}’

and the restriction to A{l--"+1} ig already required to be o, and do is required
to be xy by definition. a

Remark 2.A.16 Here’s another useful version of the previous description
connecting this with simplicial abelian groups.

1. Let A be a simplicial abelian group, and consider 7, (A). It follows from
our observations in Remark 2.A.7 that, if we view the elements as repre-
sentatives (A™, 0A™) — (A4,0), the addition in 7, (A) coincides with the
addition induced by A, namely by addition in A,.

2. More precisely, consider the isomorphism of Lemma 2.A.9; in degree 0
this sends a map (A", JA™) — (A,0) to an n-cycle Z,(N,A) =), ker d;,
which are the same thing. In particular the isomorphism m,(A) ==
H,(N,A) simply sends [a] — [a].

3. Tt is sometimes useful to view (2) using the quotient-by-degeneracies
model of N, A, especially when A = Z[X]. Namely, let X be a pointed
simplicial set and consider the composite

M™(X,xo) = M™(Z[X], ) == M"™(Z[X]) = DK(7>0 (Cs(X)[-n]))

where the middle map is subtraction (—)—x¢. This sends a: (A", 0A™) —
(X, o) first to @ — xp, and then to the corresponding cycle. However if

we use N, A = A,/DA,, then [a — zg9] = [a] because z( is degenerate
(for n > 1). In particular by taking my we obtain the natural group
homomorphism

B T (X, 20) — Hp(X)
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sending [o] — [ — zo] = [o] for n > 1. For n = 0 it just sends a 0-cell
x to [x — zo] € Ho(X). This is called the Hurewicz map, and is natural
with respect to pointed maps for all n.

We are next going to prove a much stronger condition which will be useful in
establishing a few non-trivial homotopy theoretic results. First of all we use
the elementary notion of connectedness and reducedness.

Proposition 2.A.17 Let X be a Kan compler and n > 0. The following
conditions are equivalent:

(1) mo(X) = {x}, and for each xo and 1 < k < n we have m,(X,x9) = 0.
(i4) The n-truncation 1<, X is contractible.

(13i) There exists a Kan complex X' such that Xj, = {*} for 0 < k <n and
an equivalence X' ~ X.

(tv) The minimal model X' C X satisfies the condition that X, = {x} for all
0<k<n.

Proof Indeed, (4) = (3) because the minimal model is equivalent to X. (3) =
(2) In this case clearly m(X},,*) = 0 for all 0 < k < n, so the composite
A — X' = X — 74, X induces isomorphisms on all homotopy groups.
(2) = (1) This is immediately clear using X — 7<,X.

(1) = (4) The trivial cofibration X’ < X inherits the property (1). We prove
the condition by induction on n > 0. If n = 0, any two points of X’ are 0-
equivalent iff they are connected by a path, so mo(X’) = {*} implies X = {x}.
For general n > 1, X’ also satisfies the same condition for (n — 1) and thus by
induction has only 1 (n— 1)-simplex. In particular all elements of X/, represent
classes of m,(X’,*), and it follows from Lemma 2.A.14 and the definition
([HCHA, Defn. 5.1.3]) that any two n-simplices are J-equivalent. Thus there
is only one. O

Definition 2.A.18 Let X be a Kan complex and n > 0.
1. X is n-reduced if for 0 < k < n, | X;| = 1.
2. X is n-connected if it satisfies the equivalent conditions of Prop. 2.A.17.

More generally, a simplicial set X is n-connected if for all zg € X, 7, (X, o) =
0 for 0 < k < n; equivalently its Kan fibrant replacements are n-connected
Kan complexes.

Lemma 2.A.19 Letn > 1 and X be an (n—1)-reduced Kan complex. Assume
f: Xn — G is a function (of sets) where G is an abelian group, and that f
satisfies the following conditions:

1. f(cs) =0.
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2. Whenever u € X, 41 and d;u = ¢, for all i > 3, we have
f(dou) — f(diu) + f(dau) =0
in G.
Then for all T € X, 11, we have Y./ (1) f(diT) = 0.

The main use is the following result, called the homotopy addition lemma.

Corollary 2.A.20 Let n > 2 and (X, x0) be a pointed Kan complex with a
sequence 1;: (A", 0A™) — (X, x9) fori=0,...,n+ 1. Then (10,...,Tnt+1) 8
the boundary of an (n + 1)-simplez iff the relation

n+1

Y (=1)"m =0

i=0
holds in mp (X, xg).

Proof (=) If X is (n — 1)-reduced, then in light of Lemma 2.A.15, this follows
from applying Lemma 2.A.19 to the function X,, — 7, (X, %) sending o — [o],
which is well-defined since there’s only one (n — 1)-simplex.

For general X, take the fiber X’ of X — cosk,_1 X over zy. Then X, = {0 :
Olsk, 1 am = xo}, so X, = {zo} for m < n — 1. In particular X}, admits
trivial horn fillers in dimensions < n. Given A7* — X’ for m > n, we have
Sky,—1 A™ C A}, so afiller in X already lies in X’. In particular X’ C X is an
(n — 1)-reduced Kan complex containing the {7;}, so the previous paragraph
applies to it.

(<) Since the {7;} have constant boundary xg, we may fill the horn AZE —

A" to some 7/ prescribing d;7' = 7; for i < n. Applying the forward direction
to 7" and cancelling terms shows that [d,,+17] = [T41] in 7, (X, zo). Hence
there is a homotopy h: A! x A" — X between the two n-simplices fixed on
Al x QA™. Moreover the inclusion

{0} x A"TLU AL x QAT <5 AL x AT

is anodyne because {0} — Al is anodyne. On 0 x A™*! we prescribe 7/; next
use the decomposition A" = A1 U Al+HIAn+L “then on Al x AZT] use
the (n+ 1)-horn we started with (constant along A'), and on A! x Alr+H\n+1
use h. On the intersection A! x JA™ both are constant.

Our maps out of 0 x A”! and A x QA™! are compatible because on the
intersection 0 x OA™ ! both are d7/. Thus there is a lift, whose restriction to
1 x A" we call 7 € X, ;1. It has the properties that

T|A:£ii e (7'07 A 77'71) TAIn+1\nt+1 = h(l, ,) = Tnii,

which completes the proof. O
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We remark that the argument at the end of the proof is just the following
simple fact: if we have a simplex in a Kan complex and a homotopy of one of
its faces fixed on the boundary, we can extend to a homotopy of the simplex
fixing the other faces and modifying the one with the homotopy.

Proof (of Lemma 2.A.19) This is actually a pretty easy but slightly confusing
proof, so here are the steps we’ll follow:

1. Note that the statement is tautological when n = 1, so we proceed by
induction on n. We first form the Kan complex X’ = (x\X)., which by
definition satisfies

X, ={0 € Xpy1:doo = *}
since there’s only one vertex *, so in particular X’ is (n — 2)-reduced and
X/ _; = X,,. The main part will be showing that f, viewed as f: X/, _; —
@, satisfies the listed conditions for n — 1, thus allowing us to apply the
inductive hypothesis.

2. Assuming this verification, take 7 € X, 1. We can’t apply (1) yet because
doT may not be %, so instead we first construct an n-simplex b such that

f(b) = f(di7) = f(doT).

3. Then we build a new 7 € X, .1 such that do7’ = *, di7/ = b, and
d;7" = d;T for i > 2. Now 7/ does form an n-simplex of X', so (1) gives

0= f(b) — f(dot') +--- = —f(doT) + f(di7) — f(doT) + - -~
as desired.

Let’s finish steps (2) and (3). We can construct u € X,y; by filling along
AT < A"+ with the requirements that

dou = doT, diu = diT, diu = *,1 > 3,

because all restrictions to an (n — 1)-face is necessarily constant. We take b :=
dou, then our assumption implies the desired relation f(b) = f(di7) — f(doT).
For (3), we can construct U € X,, 5 by filling along A2 < A"+2 where

UO :So(doT) U1 =Uu UQ =T UiZSQ(di_lT),’L'le,
with d;U = U;. Indeed, first note that

d /=12
d—1Up = dg_150doT = or ’
* {>2

by simplicial identities, which agrees with the other doUy, and in the case of
£ > 4 this is because doU; = s1dod¢_17 = *. The same shows that d;U, = %
for £ > 4, and so we have dy_1u = d U, for £ > 1. Third, for dy_1Us = dp_17
for ¢ > 2, which agrees with

dng = dQSQ(d[_lT) = dg_l’r.

Finally, the {U4,Us,...} are all compatible amongst each other, because
applying dj, for k > 4 produces a degneracy of an (n — 1)-simplex, i.e. *.
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Therefore there exists a lift U, and we set 7/ := d3U. We have d;7" = dyU; for
1 < 2, and d;7" = d3U; 11 for i > 3. Writing this out gives:
doTI:* le/:dQ’LL:b dgT/:dQT,
and d37’ = ds(s2(d;7)) = d;7 for i > 3. This completes the proof of step (3).

It remains to finish Step (1), namely showing that X' satisfies the (n — 1)
hypothesis. Write d’, s’, f’ for the corresponding versions for X’ instead of X.
First of all, f'(x) = f(*) = 0. Let v/ € X/ such that dju = x for i > 3. In
other words v’ = u € X, satisfies

do’u:* d4u:~-~=dn+1u:*,

so we need to shift the (1,2,3) faces to (0, 1,2)-faces. Fill the horn AZ™" —
A" whose faces are

Uo = 52d3u U1 =Uu UQ = S14a U4 = Sodgu

with U; = * for ¢ > 5. Here’s why we can do this:

d , = 2,3 d ,=1,2 d ;= 0,1
diUOZ{ st =S ,diUzz{ e 7diU4—{ st

* else * else * else

The compatibilities between these three are
d0U2 =% = don d0U4 = d3u = ngQ d2U4 = * = d3U27

and it follows by definition that they are all compatible with Uy = u. For j > 5,
and ¢ = 0,1, 2,3, the higher compatibilities would be d;U; = * = d;_1U;, but
j—1>4,s0d;_1U; = by the relations above (and the case for u).

Let U be a filler and write w = d3U for the new face; then for ¢ = 0,1, 2, we
have d;w = doU; which is dsu, dau, dyu, respectively. For ¢ > 3, dyw = dsU,; 11,
which are all * either by assumption or by the equation for d;U; above. Now
applying the assumption to w shows that

fdsu) — f(dau) + f(diu) =0,
which is exactly what we wanted. O

The primary application of the homotopy addition lemma is to prove the
simplicial Hurewicz theorem, whose proof is now easy.

Theorem 2.A.21 Let X be an (n — 1)-connected simplicial set for n > 1.
Then Hip(X) =0 for 1 <k <n-—1, and for each xy € X, the Hurewicz map
induces an isomorphism

By s p (X, )P =5 H,(X)
of abelian groups; in particular m,(X,xo) == H,(X) if n > 2.

Proof Both conclusions of the theorem are stable under weak homotopy equiv-
alence, the second because the Hurewicz map (and hence the map from the
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abelianization) is natural with respect to pointed maps. Hence we may assume
X is a Kan complex, and therefore an (n—1)-reduced Kan complex. H,(X) =0
for 1 < k < n — 1 immediately follows because there are no non-degenerate
cells in these dimensions.

Now, all n-cells of X are non-degnerate besides *, and as C,,—1(X) = 0, we
have a cokernel in the top row of:

Crs1(X) =25 Cu(X) — Ho(X) —— 0

~

Wn(Xv *)ab

Here C,(X) = Z[X, \ {*}], so we have a canonical map C,(X) — m,(X)2P
sending 7 +— [7], which makes sense because all boundaries must be *. The
homotopy addition lemma (Cor. 2.A.20) ensures that its composite with 0 is
zero, where the n = 1 case is supplied directly from Lemma 2.A.15. Thus
this descends to a unique map H,(X) — m,(X,*)*" sending [r]g, + [T]x,.
Conversely the Hurewicz map sends [7],, +— [7]m, by Remark 2.A.16. O

n

Remark 2.A.22 The Hurewicz theorem is one which has a much more pleasant
and elementary proof for simplicial sets. It can also be reformulated in a much
nicer way; if X is an (n — 1)-connected Kan complex for n > 2, then the
theorem says that X — Z[X] induces an equivalence 7<, X — 7<,Z[X] of
n-truncations. This gives a basepoint-free formulation.

Ezample 2.A.238 Let n > 1 and suppose that X is a simplicial set which is (n—
1)-reduced. Since Sd(A*) is k-skeletal, we conclude that Ex(X); =  for each
k < n — 1. Iterating implies Ex*°(X) satisfies the same property, i.e. Ex>(X)
is an (n — 1)-connected Kan complex, meaning that X is (n — 1)-connected.

Let’s apply this to X = S} = A"/OA™ for n > 1, so this is (n — 1)-connected.
Thus we deduce that the Hurewicz map 7, (SR) — H,(SR) = Z is an isomor-
phism, just as in topology. Hence the same also applies to JA™ !, Technically
for n = 1, we have only shown that 7 (S} )% = Z; we will compute all of its
homotopy groups momentarily.

Proposition 2.A.24 Let (X,x0) be a pointed connected simplicial set, and
assume there exists n > 1 such that m;(X,x0) = 0 for all i # n. Assum-

ing T, (X, o) is abelian, there is a weak homotopy equivalence my, (X, xo) ==
K(’]Tn(X, xo),n).

Proof First take a fibrant resolution, and then choose an equivalence to an
(n — 1)-reduced Kan complex; so we may assume X is (n — 1)-reduced. Writ-
ing G = m,(X,x), the Hurewicz map G — H,(X) is an isomorphism by
Thm. 2.A.21. Since Ci(X) =0 for 1 < k < n, we may define C(X) — G[—n]
which is the quotient map in degree n (and the zero map in degree 0); this
induces an isomorphism on H,. By adjunction, this corresponds to a map
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X — DK(G[—n]) = K(G,n) inducing an isomorphism on m,. We conclude
since it trivially induces an isomorphism on all other homotopy groups. O

In light of this result, we call such a space satisfying the above property a
K(G,n), even if it is not literally the functorial K(G,n) constructed above.

Example 2.A.25 Let G be a possibly non-abelian group, and consider the sim-
plicial set BG, which is the nerve of the category with one object and whose
morphisms are the elements of G. In particular it is a 0-reduced 1-truncated
Kan complex. Moreover m (BG, ) = Homypg)(*,*) = G. Thus BG gives a
non-abelian ‘K (G, 1)’. The previous result also holds in this case: if X is con-
nected and has all trivial homotopy groups except 71, then its Kan model is
1-truncated so X — N(7X) is a weak homotopy equivalence, where N(7X) is
connected and 1-truncated, and 7X is a groupoid. Connectedness implies that
we may take 7X to have 1 object, and hence N(7X) = B Aut, x (*).

Proposition 2.A.26 The canonical map S\ — BZ is a cofinal and final
monomorphism. In particular S} is a K(Z,1).

Proof Let BN be the nerve of the category with 1-object whose morphisms
form the monoid N = {0,1,...}. The inclusion BN — BZ is cofinal and
final; we apply Quillen’s Theorem A (Cor. 1.1.38) and its opposite. There is
only one object, and the two relevant comma categories are simply the posets
(Z,>) and (Z, <), which are isomorphic by n — —n. We claim they are weakly
contractible: consider the inclusion (Z>¢, <) < (Z, <), then for cach n € Z we
have n\(Z>0, <) = (Z>max(0,n), <). This has initial object max(0,n), hence
is weakly contractible, so another application of Quillen’s theorem A shows
that the inclusion is final. Since (Z>¢, <) has initial object 0, it is also weakly
contractible, and we conclude the original application of Quillen A.

We will finish the proof by showing that there is an inner anodyne extension
SX < BN. Identifying (BN); = N¥, for each k > 0 we define the subset

(Yk)n:{(alv"'uan)zzai Sk}

Since the identity of BN is 0, degeneracies don’t change the sum, and neither
do inner faces (since they just perform adjacent addition). Outer faces remove
either a; or a, and hence can only decrease the sum, thus Y, C BN is a
subcomplex. Yy has a canonical non-degnerate k-simplex (1,...,1), we first
compute the pullback:

P— Y. 4

AF —— Y.
An (-face of A¥ corresponds a sequence of (k— /) contractions of the k-simplex
(1,...,1), all of which preserve the sum k unless one of the outer face operators
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is involved, which reduces the sum into Y;_1. In particular an ¢-face maps into
Y1 iff it excludes one of the vertices 0 or £ — 1, and therefore

P = A{O,...,kfl} U A{l""’k} _ A?l,,,,,k—l}

Note that for k¥ > 2 P — A* is inner anodyne by Lemma 1.A.15. Now we
show that the diagram is a pushout, hence that Y;_; — Y is inner anodyne
for k > 2. Since BN = |J,, Y}, this will imply that Y}, — BN is inner anodyne
for all k£ > 1.

We have to show that the diagram induces a bijection ND,(AF)\ ND,(P) -
ND;(Y3)\NDy(Yx—1). On the right-hand side is the set of sequences (ay, . . ., as)
of strictly positive numbers such that ), a; = k. On the left-hand side is the set
of (-faces of AF containing both 0 and k, in other words increasing sequences

O=ap< a1 < - <ap_1 <ay=k.

The map sends such a sequence to the sequence of differences (a; — a;—1)4,
which is evidently a bijection. This proves the diagram is a pushout, so in
particular Y7 < BN is inner anodyne. But this pushout in the case k = 1 is
precisely
{0yu{1} — A°

\E J

Al — V7
because Yy = A%, thus A'/OA! 22 Y] completing the proof. ]

Remark 2.A.27 This replaces the standard universal cover proof for S' in
topology. It is interesting that the fundamental fact behind this proof is the
correspondence between length-¢ partitions of k£ and increasing sequences of
length ¢ to from 0 to k. This proof also gives the computation 75X = BN,
and it is easy to check that the inclusion into BZ factors Sy — Ex*(S});
the point is that the morphisms in BZ already represent all of the homotopy
classes in m (S}) = Z.

We conclude by explaining how to compute 73(S3) = Z in a purely simplicial
manner, which takes an extra step because we can’t identify the Hopf bundle as
easily. Nonetheless we will use the same Hopf bundle proof. We will emphasize
being able to do this purely abstractly, i.e. without any ‘explicit’ computations.

Ezample 2.A.28 First we compute the homology of the K(Z x Z,1) space
SX x SX. Since S} is generated by its non-degenerate 1-cell e, we know that
the product is generated by the distinct two non-degenerate cells

A2 DAL x A 99D, g1 gL

where i represents either A{00:0L.11} gp A100,10.11}  Thege are the two top non-
degenerate simplices; on the other hand we know it has one 0-simplex, and 4
1-simplices (e, *), (x, e), (e, €), (*, *), the first three of which are non-degenerate
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and the last one is obviously degenerate. In particular the Euler characteristic
of C,(SX x SX)is 1—3+2 = 0. On the other hand we know already know that

Ho(SA x SA)=Z  Hi(SAxSp)=ZxZ

by Thm. 2.A.21, and that Hy(Sk x SX) is a subgroup of the free abelian group
Ca(SX x S}) in particular it is free. Hence its rank r satisfies 1 — 2 +r = 0,
sor = 1. Thus Hz(S} x S1) = Z is the top nonzero homology.
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