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PREFACE

These notes are intended as a kind of annotated index to the various standard
references in homotopical algebra: the focus is on definitions and statements of
results, not proofs.
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FOUNDATIONS

Set theory

In category theory it is often convenient to invoke a certain set-theoretic device
commonly known as a ‘Grothendieck universe’, but we shall say simply ‘uni-
verse’, so as to simplify exposition and proofs by eliminating various circumlo-
cutions involving cardinal bounds, proper classes etc.

Definition 0.1.1. A pre-universe is a set U satisfying these axioms:
I. f xeyand y € U, then x € U.
2. If x € U and y € U (but not necessarily distinct), then {x, y} € U.
3. If x € U, then £(x) € U, where 9(x) denotes the set of all subsets of x.
4. fxeUand f : x - Uis amap, then |, f(i) € U.
A universe is a pre-universe U with this additional property:
5. w € U, where w is the set of all finite (von Neumann) ordinals.

Example 0.1.2. The empty set is a pre-universe, and with very mild assumptions,
so is the set HF of all hereditarily finite sets.

1 o.1.3. The notion of universe makes sense in any material set theory, but
their existence must be postulated. We adopt the following:

¢ Grothendieck—Verdier universe axiom. For each set x, there exists a
universe U with x € U.
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For definiteness, we may take our base theory to be Mac Lane set theory, which
is a weak subsystem of Zermelo—Fraenkel set theory with choice (ZFC). Readers
interested in the details of Mac Lane set theory are referred to [Mathias, 2001],
but in practice, as long as one is working at all times inside some universe, one
may as well be working in ZFC. Indeed:

Proposition 0.1.4. With the assumptions of Mac Lane set theory, any universe
is a transitive model of ZFC.

Proof. Let U be a universe. By definition, U is a transitive set containing pairs,
power sets, unions, and @, so the axioms of extensionality, empty set, pairs,
power sets, unions, choice, and infinity are all automatically satisfied. We must
show that the axiom schemas of separation and replacement are also satisfied,
and in fact it is enough to check that replacement is valid; but this is straightfor-
ward using axioms 2 and 4. [ |

Definition 0.1.5. Let U be a pre-universe. A U-set is a member of U, a U-class
is a subset of U, and a proper U-class is a U-class that is not a U-set.

Lemma 0.1.6. A U-class X is a U-set if and only if there exists a U-class Y such
that X € Y. H

Proposition 0.1.7. If U is a universe in Mac Lane set theory, then the collection
of all U-classes is a transitive model of Morse—Kelley class—set theory (MK),
and so is a transitive model of von Neumann—Bernays—Gadel class—set theory
(NBG) in particular. [ |

Definition 0.1.8. A U-small category is a category C such that ob C and mor C
are U-sets. A locally U-small category is a category D satisfying these condi-
tions:

¢ ob D and mor D are U-classes, and
* for all objects x and y in D, the hom-set D(x, y) is a U-set.

An essentially U-small category is a category D for which there exist a U-small
category C and a functor C — D that is fully faithful and essentially surjective
on objects.

Proposition 0.1.9. IfD is a U-small category and C is a locally U-small category,
then the functor category [D, C] is locally U-small.
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Proof. Strictly speaking, this depends on the set-theoretic implementation of
ordered pairs, categories, functors, etc., but at the very least [D, C] should be
isomorphic to a locally U-small category.

In the context of [D, C], we may regard functors D — C as being the pair
consisting of the graph of the object map obD — ob C and the graph of the
morphism map morD — morC, and these are U-sets by the U-replacement
axiom. Similarly, if F and G are objects in [D, C], then we may regard a natural
transformation a : F = G as being the triple (F, G, A), where A is the set of all
pairs (c, ac). [ |

One complication introduced by having multiple universes concerns the ex-
istence of (co)limits.

Theorem 0.1.10 (Freyd). Let C be a category and let k be a cardinal such that
lmor C| < k. If C has products for families of size k, then any two parallel
morphisms in C must be equal.

Proof. Suppose, for a contradiction, that f,g : X — Y are distinct morphisms
in C. Let Z be the product of k-many copies of Y in C. The universal property
of products implies there are at least 2*-many distinct morphisms X — Z; but
C(X, Z) C morC, so this is an absurdity. [ |

Definition 0.1.11. Let U be a pre-universe. A U-complete (resp. U-cocomplete)
category is a category C with the following property:

* For all U-small categories D and all diagrams A : D — C, a limit (resp.
colimit) of A exists in C.

We may instead say C has all finite limits (resp. finite colimits) in the special
case U = HF.

Proposition 0.1.12. Let C be a category and let U be a non-empty pre-universe.
The following are equivalent:

(1) Cis U-complete.

(i1) C has all finite limits and products for all families of objects indexed by a
U-set.
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(i11) For each U-small category D, there exists an adjunction
A—|1(iLnD:[ID,C]—>C
where AX is the constant functor with value X.
Dually, the following are equivalent:
(i") Cis U-cocomplete.

(ii") C has all finite colimits and coproducts for all families of objects indexed
by a U-set.

(iii") For each U-small category D, there exists an adjunction
lim 4A:C—- [D,C]
—D
where AX is the constant functor with value X .

Proof. This is a standard result; but we remark that we do require a sufficiently
powerful form of the axiom of choice to pass from (ii) to (iii). O

1 o.1.13. In the explicit universe convention, the words ‘set’, ‘class’, etc.
have their usual meanings, and in the implicit universe convention, these in-
stead abbreviate ‘U-set’, ‘U-class’, etc. for a fixed (but arbitrary) universe U.
However, the word ‘category’ always refers to a category that is contained in
some universe, which may or may not be locally U-small, and we shall use the
word ‘ensemble’ to refer to sets which may or may not be in U. In subsequent
chapters, the implicit universe convention should be assumed unless otherwise
stated.

We now recall some definitions and results about ordinal and cardinal num-
bers. Readers familiar with axiomatic set theory may wish to skip ahead.

Definition 0.1.14. A von Neumann ordinal is a set @ with the following prop-
erties:

e Ifxeyandy € a, then x € a.
* The binary relation € is strict total ordering of a.

e If S is a subset of a such that
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-g€es,
—IfpeSandpu{pf} €a,thenpu{p} es.
-IfT CS,thenJT € S.

then .S = «a.

We identify O with the von Neumann ordinal @, and by induction, we identify
the natural number n + 1 with the von Neumann ordinal {0, ..., n}.

Proposition 0.1.15.
(1) If a is avon Neumann ordinal, then every member of a is an initial segment
of @ and is in particular a von Neumann ordinal.

(11) If a is a von Neumann ordinal, so is a U {a}. (This is usually denoted by
a + 1 and called the successor of a.)

(i11) The union of a set S of von Neumann ordinals is another von Neumann
ordinal. (This is usually denoted by sup S and called the supremum of
S.)

(iv) If' U is a pre-universe and x(U) is the set of von Neumann ordinals in U,
then k(U) a von Neumann ordinal, but x(U) & U.

Proof. Claims (i) — (1i1) are all easy, and claim (iv) is Burali-Forti’s paradox. Q

Theorem 0.1.16 (Classification of well-orderings).
(1) In Zermelo—Fraenkel set theory, every well-ordered set is isomorphic to a
unique von Neumann ordinal.

(i1) In Mac Lane set theory, if U is a pre-universe and X is a well-ordered set
in'U, then X is isomorphic to a unique von Neumann ordinal in U.

Proof. Claim (i) is a standard result in axiomatic set theory, and claim (ii) is an
obvious corollary. |

Definition 0.1.17. A transitive set is a set T such that, given x € y,if y € T,
then x € T as well. The transitive closure of a set X is a set tcl(X) such that,
for all transitive sets T" with X C T', we have tcl(X) C T as well.

Lemma 0.1.18. In Mac Lane set theory, every set has a unique transitive closure.
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Proof. One of the axioms of Mac Lane set theory states that every set X is a
member of some transitive set 7', and so X C T'. Clearly, the intersection of any
family of transitive sets containing X is again a transitive set containing X, so
tcl(X) exists and is unique so long as there is at least one transitive set containing

X. |

Definition 0.1.19. A partial rank function from a transitive set T to a well-
ordered set W is a partial function p : T — W with these properties:

 If @ € T, then p(@) is the least element of W'
e If y € T and p(x) is defined for all x € y, then
p(y) =min{w € W |Vx € y. p(x) < w}
provided the RHS is defined.

* Otherwise p(y) is undefined.

A total rank function is a partial rank function that is defined on its entire do-
main. The rank of a set X, if it exists, the least von Neumann ordinal rank(X)
for which there exists a total rank function tcl(X) — rank(X).

Proposition 0.1.20. In Mac Lane set theory:

(1) If T is a transitive set and W is a well-ordered set, then there is a unique
partial rank function p : T — W.

(1) If U is a pre-universe and x € U, then rank(x) can be defined by a A-for-
mula with U as a parameter, and for each von Neumann ordinal « in U,
the set

V,={x € U|rank(x) < a}

is a U-set.

(iii) Assuming the Grothendieck—Verdier universe axiom, rank(x) is defined for
all x.

Proof. (1). This is a straightforward application of well-founded induction.

(i1). U is a transitive set and the set x(U) of all von Neumann ordinals in U is
well-ordered by inclusion, so by claim (i) there is a partial rank function p :

6
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U — «x(U). ZFC proves that every set has a rank, so p must in fact be a total
rank function; hence, for any x € U, rank(x) is defined. It is clear that p can be
defined by a A,-formula with only U as a parameter, and the rest of the claim
follows.

(iii). Obvious, assuming claim (ii). O]

Definition 0.1.21. Two sets are equinumerous if there exists a bijection between
them. A cardinality class in a pre-universe U is an equivalence class under the
relation of equinumerosity.

Definition 0.1.22. An X-number is an infinite von Neumann ordinal x such that,
for any von Neumann ordinal A such that ¥ and A are equinumerous, we have
K C A

Example 0.1.23. The first infinite von Neumann ordinal, i.e. ® = {0, 1,2, ...},
is the NX-number N,,.

Theorem 0.1.24 (Classification of cardinalities).
(1) In Zermelo—Fraenkel set theory, for every well-ordered infinite set X, there
exists a unique N-number k such that X and k are equinumerous.

(i1) In Zermelo—Fraenkel set theory with the axiom of choice, the same is true
for any infinite set whatsoever.

(ii1) In Mac Lane set theory, if U is a universe and X is an infinite set in U,
then there exists a unique N-number « in the cardinality class of X.

(iv) In Mac Lane set theory with the Grothendieck—Verdier universe axiom, if
U is a pre-universe and k is an R-number not in U, then the cardinality of
U is at most k.

Proof. Claim (i) is a standard fact, whence claims (ii) and (iii), by the well-
ordering theorem. Claim (iv) can be proven using axiom 4 for pre-universes. []

1 o.1.25. Henceforth, we identify the cardinality class of a finite set with the
unique von Neumann ordinal contained in that class, and similarly we identify
the cardinality class of an infinite set with the unique R-number in that class.
These are the cardinal numbers.
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Definition 0.1.26. A cofinal subset of a partially-ordered set X is a subset
Y C X such that, for all x in X, there exists some y in Y such that x < y.
A regular cardinal number is an X-number x such that any cofinal subset of k
has cardinality equal to k. A singular cardinal number is an X-number that is
not regular.

The following helps to motivate the definition of regular cardinal numbers.

Definition 0.1.27. Let U be a pre-universe. An arity class in U is a U-class K
of cardinal numbers satisfying the following conditions:

e 1 K.

e If x € K and A : k —» K is a function, then the cardinal sum Z
alsoin K.

Ma) is

aek

e If x € K and 4 : k — U is a function such that each A(«a) is a cardinal
number and Zaa AMa) € K, then A(a) € K as well.

Theorem 0.1.28 (Classification of arity classes). In Mac Lane set theory, if K is
an arity class in a pre-universe U, then K must be either

e {1}, or
e {0,1}, or

* of the form {4 € U| A is a cardinal number and A < '} for some regular
cardinal number x (possibly not in U).

Proof. The notion of arity class and this result are due to Shulman [2012]. []

Definition 0.1.29. Let k be a regular cardinal number. A x-small category
is a category C such that mor C has cardinality < x. A finite category is an
N,-small category, i.e. a category C such that mor C is finite. A finite diagram
(resp. k-small diagram, U-small diagram) in a category C is a functor D — C
where D is a finite (resp. k-small, U-small) category.

Theorem 0.1.30. Let U be a pre-universe, let U' be a universe with U € U™, let
Set be the category of U-sets, and let Set™ be the category of U" -sets.

(1) If X : D — Set is a U-small diagram, then there exist a limit and a colimit
for X in Set.
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(ii) The inclusion Set < Set™ is fully faithful and preserves limits and colimits
for all U-small diagrams.

Proof. One can construct products, equalisers, coproducts, coequalisers, and
hom-sets in a completely explicit way, making the preservation properties ob-
vious. ¢

Corollary 0.1.31. The inclusion Set < Set™ reflects limits and colimits for all
U-small diagrams. [ ]

Corollary 0.1.32. For any U-small category C:

(i) The functor category [C, Set] is U-complete and U-cocomplete, with limits
and colimits for U-small diagrams computed componentwise in Set.

(ii) The inclusion [C, Set] < [C, Set*] is fully faithful and both preserves and
reflects limits and colimits for all U-small diagrams. [ ]

Definition 0.1.33. An strongly inaccessible cardinal number is a regular car-
dinal number x such that, for all sets X of cardinality less than «, the power set
P(X) is also of cardinality less than «.

Example 0.1.34. ¥, is a strongly inaccessible cardinal number and is the only
one that can be proven to exist in ZFC. It is more conventional to exclude N,
from the definition of strongly inaccessible cardinal number by demanding that
they be uncountable.

Proposition 0.1.35. In Mac Lane set theory:

(1) If U is a non-empty pre-universe, then there exists a strongly inaccessible
cardinal number k such that the members of U are all the sets of rank less
than k. Moreover, this k is the rank and the cardinality of U.

(1) If U is a universe and « is a strongly inaccessible cardinal number such
that x € U, then there exists a U-set V_ whose members are all the sets of
rank less than k, and V. is a pre-universe.

(iii) If U and U’ are pre-universes, then either U C U’ or U C U, and if
UGU, thenU€eU'.



0.2

0. FOUNDATIONS

Proof. (i). Let k be the set of all von Neumann ordinals in U; this exists by
A,-separation applied to U. Since U is closed under power sets and internally-
indexed unions, k must be a strongly inaccessible cardinal.

We can construct the set all of U-sets of rank less than x using transfinite
recursion on k as follows: starting with V, = &, for each von Neumann ordinal &
less than k, we set V., = 9(V, ), and for each ordinal A that is not a successor,
weset V, =, _, V,. The well-foundedness of € (restricted to U) implies that
in fact this must be all of U.

Clearly, every set of rank less than x is in fact a U-set, and U is itself a set of
rank k. The cardinality of U is also k, since k is a regular cardinal number and
any cardinal number less than x is a member of U.

(i1). We may construct V. using the same method as in (i). By construction V.
satisfies axiom I; since x is infinite, V_ satisfies axioms 2 and 3; and since « is
strongly inaccessible, V. satisfies axiom 4. Thus V. is a pre-universe.

(iii). Again, let k be the rank of U. If k € U’ then we can show by transfinite
induction that V. € U and so U G U’; else we musthave U' CV_ =U. N

Accessibility and ind-completions

Prerequisites. § 0.1.

A classical technology for controlling size problems in category theory, due
to Gabriel and Ulmer [1971], Grothendieck and Verdier [SGA 4a, Exposé I, § 9],
and Makkai and Paré [1989], is the notion of accessibility. Though we make use
of universes, accessibility remains important and is a crucial tool in verifying the
stability of various universal constructions when one passes from one universe
to a larger one.

Definition 0.2.1. Let x be aregular cardinal. A x-filtered category is a category
J satisfying these conditions:

* Jis inhabited, i.e. there exists an object in J.

e If A is a cardinal number strictly less than k¥ and .S is a subset of ob J of
cardinality A, then there exist an object j and arrows f; : i — j for each
objectiin S.

10



0.2. Accessibility and ind-completions

e If f,g :i — j are a pair of parallel arrows in 7, then there exist an object
k and an arrow h : j — ksuchthathe f = hog.

A k-directed preorder is a preordered set that is k-filtered when considered as
a category; note that the third condition is then vacuous. A k-filtered diagram
(resp. k-directed diagram) in a category C is a functor D — C such that D is a
k-filtered category (resp. k-directed preorder). It is conventional to omit mention
of k when k¥ = N,

Example 0.2.2. The category with one object * and only one non-trivial arrow
fisfiltered if and only if f = f o f.

Example 0.2.3. Let X be any set. The set of all finite subsets of X, partially
ordered by inclusion, is a directed preorder. More generally, if x is any regular
cardinal, then the set of all subsets of X with cardinality strictly less than « is a
k-directed preorder.

Theorem 0.2.4. Let U be a pre-universe, let Set be the category of U-sets, and
let k be any regular cardinal. Given a U-small category D, the following are
equivalent:

(1) D is a x-filtered category.

(i1) The functor li_r)nD : [D, Set] — Set preserves limits for all diagrams that
are simultaneously x-small and U-small.

Proof. The claim (i) = (ii) is very well known, and the converse is an exercise
in using the Yoneda lemma and manipulating limits and colimits for diagrams
of representable functors; see Satz 5.2 in [Gabriel and Ulmer, 1971]. ]

Definition 0.2.5. Let x be a regular cardinal in a universe U*, let U be a pre-
universe with U C U™, and let Set* be the category of U*-sets. A (x, U)-compact
object in a locally U*-small category C is an object A such that the representable
functor C(A,—) : C — Set* preserves colimits for all U-small x-filtered dia-
grams. A k-compact object is one that is (x, U)-compact for all pre-universes
U.

Though the above definition is stated using a pre-universe U contained in a
universe U™, the following lemma shows there is no dependence on U™.

11
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Lemma 0.2.6. Let A be an object in a locally U*-small category C. The follow-
ing are equivalent:

(1) Aisa (x,U)-compact object in C.

(i1) For all U-small k-filtered diagrams B : D — C, if A : B = AC isa
colimiting cocone, then for any morphism f : A — C, there exist an
object i in D and a morphism f' : A — Biin Csuchthat f = A, f'; and
moreover if f = A; o f" for some morphism f" : A — Bj in C, then there

exists an object k and a pair of arrows g : i — k, h : i — k in D such that
Bgo f'=Bho f".

Proof. Use the explicit description of li_n}D C(A, B) as a filtered colimit of sets;
see Definition 1.1 in [LPAC], or Proposition 5.1.3 in [Borceux, 1994b]. ]

Corollary 0.2.7. Let B : D — C be a U-small k-filtered diagram, and let A :
B = AC be a colimiting cocone in C. If C is a (k, U)-compact object in C, then
for some object i inD, A, : Bi — C is a split epimorphism. [ |

Lemma 0.2.8. Let A be an object in a category C.

(i) If U is a pre-universe contained in a universe U" and « is a regular car-
dinal such that A is (x, U%)-compact, then A is (x, U)-compact as well.

(1) Ifk is aregular cardinal such that A is (x, U)-compact and A is any regular
cardinal such that k < A, then A is also (4, U)-compact.

Proof. Obvious. ¢

Lemma 0.2.9. Let A be a regular cardinal in a universe U, and let U be a
pre-universe withU C U*. If B : D — Cis a A-small diagram of (A, U)-compact
objects in a locally U*-small category, then the colimit li_r)nD B, if it exists, is a
(4, U)-compact object in C.

Proof. Use theorem 0.2.4 and the fact that C(—, C) : C°? — Set™ maps colimits
in C to limits in Set™. [ ]

Corollary o0.2.10. A retract of a (A, U)-compact object is also a (4, U)-compact
object.

12
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Proof. Suppose r : A - Bands : B — A are morphisms in C such that
reos =1dg. Then e = s o r is an idempotent morphism and the diagram below

id,
% r
A _ {A—— B

is a (split) coequaliser diagram in C, so B is (4, U)-compact if A is. [ |

Proposition 0.2.11. Let U be a pre-universe and let Set be the category of U-sets.
For any U-set A, the following are equivalent:

(1) A has cardinality less than k.

(ii) The representable functor Set(A, —) : Set — Set preserves colimits for all
U-small x-filtered diagrams.

(iii) The representable functor Set(A, —) : Set — Set preserves colimits for all
U-small x-directed diagrams.

Proof. The claim (i) = (ii) follows from theorem 0.2.4, and (ii) = (iii) is obvi-
ous. To see (iii) = (i), we may use corollary 0.2.7 and the fact that every set is
the directed union of its subsets of cardinality at most . [ |

Corollary 0.2.12. A set is k-compact if and only if its cardinality is < k. [ ]

Definition 0.2.13. Let x be a regular cardinal in a universe U. A k-accessible
U-category is a locally U-small category C satisfying the following conditions:

* C has colimits for all U-small x-filtered diagrams.

* There exists a U-set G such that every object in G is (x, U)-compact and,
for every object B in C, there exists a U-small k-filtered diagram of objects
in G with B as its colimit in C.

We write KY(C) for the full subcategory of C spanned by the (k, U)-compact
objects.

Example 0.2.14. The category of U-sets is a x-accessible U-category for any
regular cardinal x in U.

REMARK 0.2.15. Lemma 0.2.9 implies that, for each object A in an accessible
U-category, there exists a regular cardinal 4 in U such that A is (4, U)-compact.

13



0. FOUNDATIONS

Theorem 0.2.16. Let C be a locally U-small category, and let k be a regular
cardinal in U. There exist a locally U-small category Ind(C) and a functor
y : C = Indy(C) with the following properties:

(1) The objects of Indy;(C) are U-small k-filtered diagrams B : D — C, and
y sends an object C in C to the corresponding trivial diagram 1 — C with
value C.

(ii) The functor y : C — Indy(C) is fully faithful, injective on objects, pre-
serves all limits that exist in C, and preserves all k-small colimits that
exist in C.

(iii) Indg(C) has colimits for all U-small x-filtered diagrams.

(iv) For every object C in C, the object yC is (x,U)-compact in Indy(C), and
for each U-small x-filtered diagram B : D — C, there is a canonical
colimiting cocone y B = AB in Indy(C).

(v) If D is a category with colimits for all U-small k-filtered diagrams, then
for each functor F : C — D, there exists a functor F : Ind;;(C) = D that
preserves colimits for all U-small k-filtered diagrams in Indy,(C) such that
yF = F, and given any functor G : Ind;;(C) — D whatsoever, the induced
map Nat(F, (_?) — Nat(F, y(_?) is a bijection.

The category Indy;(C) is called the free (x, U)-ind-completion of C, or the cat-
egory of (x, U)-ind-objects in C.

Proof. If B: D — Cand B’ : D' — C are two U-small «-filtered diagrams, then
properties (ii) and (iii) together imply that

Hom(B’', B) = limlim C(B’, B)
Y

and so, taking the RHS as the definition of the LHS, we need only find a suitable
notion of composition to make Indg;(C) into a locally U-small category. How-
ever, we observe that, if N : C — [C®P, Set] is the Yoneda embedding, then

Hom( limNB’,limNB | = limlim C(B’, B)
o Y LY

and, assuming property (v), the Yoneda embedding N : C — [C°P, Set] must
extend along y to a functor N : Indj;(C) — [CP,Set] that preserves colimits

14



0.2. Accessibility and ind-completions

for U-small x-filtered diagram, so, in consideration of properties (i) and (iv), we
may as well define the composition in Indg;(C) so that N becomes fully faithful.
This completes the definition of Indy,(C) as a category.

It remains to be shown that Ind;(C) actually has properties (ii), (iii), (iv), and
(v); see Corollary 6.4.14 in [Borceux, 1994a] and Theorem 2.26 in [LPAC]. Note
that the fact that y preserves colimits for k-small diagrams essentially follows
from theorem 0.2.4. ]

Proposition 0.2.17. Let B be a U-small category and let k be a regular cardinal
in U.

(i) Indy(B) is a x-accessible U-category.

(i1) Every (x,U)-compact object in Indy(B) is a retract of an object of the
formyB, wherey : B — Indy(B) is the canonical embedding.

(i11) KE (Indfj(B)) is an essentially U-small category.

Proof. (i). This claim more-or-less follows from the properties of Indy(B) ex-
plained in the previous theorem.

(i1). Use corollary 0.2.10.

(iii). Since B is U-small and Indy;(B) is locally U-small, claim (ii) implies that
K (Indj,(B)) must be essentially U-small. [

Definition 0.2.18. Let « be a regular cardinal in a universe U. A (k, U)-access-
ible functor is a functor F : C — D such that

* Cis a k-accessible U-category, and
» F preserves all colimits for U-small x-filtered diagrams.

We write AccE(C, D) for the full subcategory of the functor category [C, D]
spanned by the (x, U)-accessible functors. An accessible functor is a functor
that is (x, U)-accessible functor for some regular cardinal x in some universe U.

Theorem o0.2.19 (Classification of accessible categories). Let k be a regular
cardinal in a universe U, and let C be a locally U-small category. The following
are equivalent:

(1) Cis a k-accessible U-category.

15
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(i1) The inclusion KE(C) < C extends along the embedding y : C — Indy(C)
to a (x,U)-accessible functor Inde(KE(C)) — C that is fully faithful and
essentially surjective on objects.

(iii) There exist a U-small category B and a functor Indy;(B) — C that is fully
faithful and essentially surjective on objects.

Proof. See Theorem 2.26 in [LPAC], or Theorem 5.3.5 in [Borceux, 1994b].
L]

Corollary 0.2.20. If Cis a k-accessible U-category and D is any category, then:

(1) The restriction AccE(C, D) — [KE(C), D] is fully faithful and surjective
on objects.

(i) In particular, if D is also locally U-small, then Acce(C, D) is equivalent
to a locally U-small category.

(i11) If D has colimits for all U-small x-filtered diagrams, then the inclusion
AccY(C, D) < [C, D] has a left adjoint. |

Proposition 0.2.21. Let C be a k-accessible U-category and let D be a locally
U-small category. Given an adjunction F 4 G : D — C, if G is fully faith-
ful and preserves colimits for all U-small k-filtered diagrams, then D is also a
k-accessible U-category.

Proof. Under our hypotheses, given any U-small k-filtered diagram A : J — D,
we may take F l'i)nj G A as its colimit in D. Our hypotheses also imply that F
sends (x, U)-compact objects in C to (kx, U)-compact objects in D; thus if G is a
U-small set of objects that generates C under U-small x-filtered colimits, then
{FX | X € G} isaU-small set of objects that generates D in the same sense. [l

Definition 0.2.22. Let ¥ be a regular cardinal in a universe U. A locally «-
presentable U-category is a k-accessible U-category that is also U-cocomplete.
A locally presentable U-category is one that is a locally x-presentable U-cat-
egory for some regular cardinal x in U, and we often say ‘locally finitely present-
able’ instead of ‘locally N -presentable’.

Example 0.2.23. The category of U-sets is a locally k-presentable U-category
for any regular cardinal x in U.

16
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Lemma 0.2.24. Let C be a locally k-presentable U-category.

(1) For any regular cardinal Ain'U, if k < A, then Cis a locally A-presentable
U-category.

(i) With A as above, if F : C — Dis a (x,U)-accessible functor, then it is also
a (A, U)-accessible functor.

(iii) If U* is any universe with U € U™, and C is a locally x-presentable
U™ -category, then C must be a preorder:

Proof. (1). See the remark after Theorem 1.20 in [LPAC], or Propositions 5.3.2
and 5.2.3 in [Borceux, 1994b].

(i1). A A-filtered diagram is certainly k-filtered, so if F preserves colimits for all
U-small x-filtered diagrams in C, it must also preserve colimits for all U-small
A-filtered diagrams.

(iii). This is a corollary of theorem o.1.10. [ ]

Corollary 0.2.25. A category C is a locally presentable U-category for at most
one universe U, provided C is not a preorder.

Proof. Use proposition 0.1.35 together with the above lemma. [ |

Theorem 0.2.26 (Classification of locally presentable categories). Let k be a
regular cardinal in a universe U, let Set be the category of U-sets, and let C be
a locally U-small category. The following are equivalent:

(1) Cis a locally k-presentable U-category.

(11) There exist a U-small category B that has colimits for k-small diagrams
and a functor Indy(B) — C that is fully faithful and essentially surjective
on objects.

(iii) The restricted Yoneda embedding C — [KU(C),Set| is fully faithful,
(x, U)-accessible, and has a left adjoint.

(iv) There exist a U-small category A and a fully faithful (x,U)-accessible
functor R : C — [A, Set] such that A has limits for all k-small diagrams,
R has a left adjoint, and R is essentially surjective onto the full subcat-
egory of functors A — Set that preserve limits for all k-small diagrams.

17
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(v) There exist a U-small category A and a fully faithful (x,U)-accessible
functor R : C — [A, Set] such that R has a left adjoint.

(vi) Cis a k-accessible U-category and is U-complete.

Proof. See Proposition 1.27, Corollary 1.28, Theorem 1.46, and Corollary 2.47
in [LPAC], or Theorems 5.2.7 and 5.5.8 in [Borceux, 1994b]. O]

REMARK 0.2.27. If C is equivalent to Indy;(B) for some U-small category B that
has colimits for all k-small diagrams, then B must be equivalent to KV(C) by
proposition 0.2.17. In other words, every locally k-presentable U-category is,
up to equivalence, the (k, U)-ind-completion of an essentially unique U-small
k-cocomplete category.

Example 0.2.28. Obviously, for any U-small category A, the functor category
[A, Set] is locally finitely presentable. More generally, one may show that for
any k-ary algebraic theory T, possibly many-sorted, the category of T-algebras
in Uis alocally k-presentable U-category. The above theorem can also be used to
show that Cat, the category of U-small categories, is a locally finitely presentable
U-small category.

Corollary 0.2.29. Let C be a locally k-presentable U-category. For any U-small
k-filtered diagram D, li_r)nlD : [D, C] = C preserves k-small limits.

Proof. The claim is certainly true when C = [A, Set], by theorem 0.2.4. In
general, choose a (k, U)-accessible fully faithful functor R : C — [A, Set] with
a left adjoint, and simply note that R creates limits for all U-small diagrams as
well as colimits for all U-small «-filtered diagrams. [ |

Proposition 0.2.30. If C is a locally x-presentable U-category and D is any
U-small category, then the functor category [D, Cl is also a locally k-presentable
category.

Proof. This can be proven using the classification theorem by noting that the
2-functor [D, —] preserves reflective subcategories, but see also Corollary 1.54
in [LPAC]. O

It is commonplace to say ‘A-presentable object’ instead of ‘A-compact ob-
ject’, especially in algebraic contexts. The following proposition justifies the
alternative terminology:

18
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Proposition 0.2.31. Let C be a locally k-presentable U-category, and let A be a
regular cardinal in U with A > k. If H is a small full subcategory of C such that

* every (x, U)-compact object in C is isomorphic to an object in H, and
* H is closed in C under colimits for A-small diagrams,

then every (4, U)-compact object in C is isomorphic to an object in H. In par-
ticular, KE(C) is the smallest replete full subcategory of C containing KY(C) and
closed in C under colimits for A-small diagrams.

Proof. Let C be any (4, U)-compact object in C. Clearly, the comma category
(H ] C) is a U-small A-filtered category. Let G = H N KS(C). One can show
that (G | C) is a cofinal subcategory in (H | C), and the classification theorem
(0.2.26) plus proposition A.4.20 implies that the tautological cocone on the dia-
gram (G| C) — C is colimiting, so the tautological cocone on the diagram
(H ] C) — C is also colimiting. Now, by corollary 0.2.7, C is a retract of an
object in H, and hence C must be isomorphic to an object in H, because H is
closed under coequalisers.

For the final claim, note that KE(C) is certainly a replete full subcategory of
C and contained in any replete full subcategory containing KY(C) and closed in
C under colimits for A-small diagrams, so we just have to show that KS(C) is also
closed in C under colimits for A-small diagrams; for this, we simply appeal to
lemma 0.2.9. [ |

Proposition 0.2.32. Let C be a locally k-presentable U-category and let D be
a u-small category in U. The (4,U)-compact objects in [D, C] are precisely
the diagrams D — C that are componentwise (A, U)-compact, so long as A >
max {k, u}.

Proof. First, note that Mac Lane’s subdivision category!!! D® is also y-small, so
[D, C](A, B) is computed as the limit of a u-small diagram of hom-sets. More
precisely, using end notation,”!

[ID,C](A,B)E/ C(Ad, Bd)
d:D

and so if A is componentwise (4, U)-compact, then [D, C](A, —) preserves colim-
its for U-small A-filtered diagrams, hence A is itself (4, U)-compact.

See [CWM, Ch. IX, § 5].
See § A.5.
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0. FOUNDATIONS

Now, suppose A is a (4, U)-compact object in [D, C]. Let d be an object in
D, let d* : [D,C] — C be evaluation at d, and let d, : C — [D, C] be the right
adjoint, which is explicitly given by

(d,C)(d")=D(d',dym C
where M is defined by following adjunction:
Set(X,C(C,C")) = C(C, XM C")

The unityn, : A — d,d* A is constructed using the universal property of m in the
obvious way, and the counit e : d*d,C — C is the projection D(d,d)mMC — C
corresponding to id, € D(d, d). Since C is a locally A-presentable U-category,
there exist a U-small A-filtered diagram B : J — C consisting of (4, U)-compact
objects in C and a colimiting cocone a : B = Ad*A, and since each D(d’, d)
has cardinality less than y, the cocone d,a : d,B = Ad,d* A is also colimiting,
by corollary 0.2.29. Lemma 0.2.6 then implies 7, : A — d,.d" A factors through
d.a;:d/(Bj)— d.d"Afor some jin J, say

nA = d*aj °0
for some o : A — d,Bj. But then, by the triangle identity,
idAd =£Adod*,,lA =£Adod*d*ajoa’*6=ajogBjod*6

and so a; : Bj — Ad is a split epimorphism, hence Ad is a (4, U)-compact
object, by corollary 0.2.10. [ |

REMARK 0.2.33. The claim in the above proposition can fail if 4 > A > k. For
example, we could take C = Set, with D being the set @ considered as a discrete
category; then the terminal object in [D, Set] is componentwise finite, but is not
itself an N,-compact object in Set.

Lemma 0.2.34. Let k and A be regular cardinals in a universe U, with k < A.

(1) If Dis alocally A-presentable U-category, C is a locally U-small category,
and G : D — Cis a (A, U)-accessible functor that preserves limits for all
U-small diagrams in C, then, for any (x,U)-compact object C in C, the
comma category (C | G) has an initial object.
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(1) IfCis alocally x-presentable U-category, D is a locally U-small category,
and F : C — D is a functor that preserves colimits for all U-small dia-
grams in C, then, for any object D in D, the comma category (F | D) has
a terminal object.

Proof. (i). Let F be the full subcategory of (C | G) spanned by those (D, g)
where D is a (4, U)-compact object in D. G preserves colimits for all U-small
A-filtered diagrams, so, by lemma 0.2.6, F must be a weakly initial family in
(C | G). Proposition 0.2.17 implies F is an essentially U-small category, and
since D has limits for all U-small diagrams and G preserves them, (C | G) is
also U-complete. Thus, the inclusion 7 < (C | G) has a limit, and it can be
shown that this is an initial object in (C | G).

(i1). Let G be the full subcategory of (F | D) spanned by those (C, f) where
C is a (kx, U)-compact object in C; note that proposition 0.2.17 implies G is an
essentially U-small category. Since C has colimits for all U-small diagrams and
F preserves them, (F | D)isalso U-cocomplete.m Let (C, f)be a colimit for the
inclusion G & (F | D). It is not hard to check that (C, f) is a weakly terminal
object in (F | D), so the formal dual of Freyd’s initial object lemmal®! gives
us a terminal object in (F | D); explicitly, it may be constructed as the joint
coequaliser of all the endomorphisms of (C, f). [ |

Theorem 0.2.35 (Accessible adjoint functor theorem). Let x and A be regu-
lar cardinals in a universe U, with k < A, let C be a locally k-presentable
U-category, and let D be a locally A-presentable U-category.

Given a functor F : C — D, the following are equivalent:

(1) F has a right adjoint G : D — C, and G is a (4, U)-accessible functor.

(ii) F preserves colimits for all U-small diagrams and sends (x, U)-compact
objects in C to (4, U)-compact objects in D.

(ii1) F has a right adjoint and sends (x, U)-compact objects in C to (4, U)-com-
pact objects in D.

[3] See Theorem 1 in [CWM, Ch. X, § 2].
[4] See the Lemma in [CWM, Ch. V, § 6].
[5] See Theorem 1 in [CWM, Ch. V, § 6].
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On the other hand, given a functor G : D — C, the following are equivalent:

(iv) G has a left adjoint F : C — D, and F sends (x,U)-compact objects in C
to (A, U)-compact objects in D.

(v) G is a (4, U)-accessible functor and preserves limits for all U-small dia-
grams.

(vi) G is a (4,U)-accessible functor and there exist a functor F, : KE(C) - D
and hom-set bijections

C(C,GD) = D(FOC, D)
natural in D for each (k,U)-compact object C in C, where D varies in D.

Proof. We will need to refer back to the details of the proof of this theorem later,
so here is a sketch of the constructions involved.

(i) = (i1). If F is aleft adjoint, then F certainly preserves colimits for all U-small
diagrams. Given a (x, U)-compact object C in C and a U-small A-filtered diagram
B : J — D, observe that

D(FC,IimB) = C(C,GlimB) > C(C,limGB>
— — —

J J J
~ lim C(C,GB) 2 lim C(FC, B)
J J

and thus FC is indeed a (4, U)-compact object in D .

(i1) = (ii1). Itis enough to show that, for each object D in D, the comma category
(F | D) has a terminal object (GD, e D);[6] but this was done in the previous
lemma.

(iii) = (i). Given a (x, U)-compact object C in C and a U-small A-filtered diagram
B : J — D, observe that

C(C,GlimB) = D<FC, limB> =~ lim C(FC, B)
v v v

~ lim C(C, GB) c(c, lim GB>
v v

[6] See Theorem 2 in [CWM, Ch. 1V, § 1].
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because FC is a (4, U)-compact object in D; but theorem 0.2.26 says the restric-
ted Yoneda embedding C — [KY(C)*, Set] is fully faithful, so this is enough to
conclude that G preserves colimits for U-small A-filtered diagrams.

(iv) = (v). If G is aright adjoint, then G certainly preserves limits for all U-small
diagrams; the rest of this implication is just (iii) = (i).

(v) = (vi). It is enough to show that, for each (x, U)-compact object C in C, the
comma category (C | G) has an initial object (FOC, nc); but this was done in
the previous lemma. It is clear how to make Fj, into a functor KY(C) — D.

(vi) = (iv). We use theorems 0.2.16 and 0.2.26 to extend F, : KE(C) — D along
the inclusion KE(C) < Cto get (k, U)-accessible functor F : C — D. We then
observe that, for any U-small x-filtered diagram A : | — C of (x, U)-compact
objects in C,

C(lim A, GD) =~ lim C(A, GD) = lim C(FyA, D)
T T T

= C<1imFA,D> ~ C<FlimA,D>
o o
is a series of bijections natural in D, where D varies in D; but C is a locally
k-presentable U-category, so this is enough to show that F is a left adjoint of G.

The remainder of the claim is a corollary of (i) = (ii). [ |

Corollary 0.2.36. Let C and D be locally presentable U-categories. If a functor
G : D — C has a left adjoint, then there exists a regular cardinal u in U such
that G is a (u, U)-accessible functor.

Proof. Suppose Cis alocally x-presentable U-category, D is a locally A-present-
able U-category, and F : C — D is a left adjoint for G. Since KY(C) is an essen-
tially U-small category, recalling lemma 0.2.8, there certainly exists a regular
cardinal g in U such that 4 > A and F sends (x, U)-compact objects in C to
(u, U)-compact objects in D. The above theorem, plus lemma 0.2.24, implies G
is an (u, U)-accessible functor. [ |

Change of universe

Prerequisites. §§ 0.1, 0.2, A.4.
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Having introduced universes into our ontology, it becomes necessary to ask
whether an object with some universal property retains that property when we
enlarge the universe. Though it sounds inconceivable, there do exist examples of
badly-behaved constructions that are not stable under change-of-universe; for ex-
ample, Waterhouse [1975] defined a functor F : CRing — Set", where CRing
is the category of commutative rings in a universe U and Set" is the category
of U*-sets for some universe U™ with U € U*, such that the value of F at any
given commutative ring in U does not depend on U, and yet the value of the fpqc
sheaf associated with F at the field Q depends on the size of U.

Many of the universal properties of interest concern adjunctions, so that is
where we begin.

Definition 0.3.1. Let F 4G : D —» Cand F' 4 G’ : D' — (' be adjunctions,
andlet H : C - C' and K : D — D’ be functors. The mate of a natural
transformation « : HG = G'K is the natural transformation

e KFeF' aF « F'"Hn: F'H = KF

where 17 : id, = GF is the unitof F 4 G and € : F'G’ = idy, is the counit of
F' - G'; dually, the mate of a natural transformation g : F'H = KF is the
natural transformation

G'Ke+G'fGenHG: HG = G'K

where #’ :id,, = G'F’ isthe unitof F' 4 G' and € : FG = id, is the counit
of F 4G.

Lemma 0.3.2. In the above notation, the two mates constructions constitute a
mutually inverse pair of bijections

Nat(F'H, K F) = Nat(HG, G'K)
and moreover, given a further adjunction F" 4 G" : C" — D" and functors
H :C ->C'andK' : D' -» D", ifa: HG=> G'Kanda' : H'G' = G"K’
have mates f : F'H = KF and ' : F"H' = K'F' respectively, then the

composite natural transformation 'K « H'a : H' HG = H"K'K has mate
K'pep'H:F' H H = K'KF.

Proof. This is an exercise in using the triangle identities for adjunctions. ¢
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Definition 0.3.3. Given a diagram of the form

DX .p

BN

CTC/

where « : HG = G'K is a natural isomorphism, F 4 G and F' 4 G’, we say
the diagram satisfies the left Beck—Chevalley condition if the mate of « is also
a natural isomorphism. Dually, given a diagram of the form

c—H2 ¢

| el

where f : F'H = KF is a natural isomorphism, F 4 G and F' 4 G’, we
say the diagram satisfies the right Beck—Chevalley condition if the mate of f
is also a natural isomorphism.

REMARK 0.3.4. Unfortunately, the Beck—Chevalley conditions are not vacuous.
For example, consider the following (strictly!) commutative diagram of forgetful
functors:

CRing —— Ab

[

Set i—d> Set

The mate of the trivial natural transformation in the above diagram is the group
homomorphism ZX — Z[X] that sends a generator in ZX to the corresponding
generator in Z[ X |; clearly, this is never an isomorphism. However, this is unsur-
prising: we do not expect the additive group of free commutative ring generated
by X to be naturally isomorphic to the free abelian group generated by X.

Example 0.3.5. Let C be a category with pullbacks, and suppose
Z ==X
gl S
W ——Y

w
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is a pullback square in C. Let X, : €,y — C/y etc. be the functor that sends an
objectp: E - X in C/x to the object fep: E - Y in Crys and consider the
induced (strictly!) commutative diagram of functors:

ZZ

2{ lzf

Cw—<—Cn

Since C has pullbacks, %, and X, have right adjoints,”) and the pullback past-
ing lemma then implies that the above square satisfies the right Beck—Chevalley
condition.

Lemma 0.3.6. Given a diagram of the form

DX

T

CT>C’

where a : HG = G'K is a natural isomorphism, F 4 G and F' - G’, the
diagram satisfies the left Beck—Chevalley condition if and only if, for every object
C inC, the functor (C | G) — (HC | G") sending an object (D, f) in the comma
category (C | G) to the object (KD, ap o Hf) in (HC | G') preserves initial
objects.

Proof. We know (FC, nc) is an initial object of (C | G) and (F’HC, n},c) isan
initial object of (HC | G"), so there is a unique morphism g : FFHC — KFC
such that G'f. o ;- = apc o Hy. However, we observe that

J— !’ r. !
Pc=Pc€pipce Fiye

! Pall ro

=¢€xpc° F'G'Pco F'iye

) ' '
=é€xpco Fapce F Hnc

so f 1s precisely the component at C of the mate of a. Thus f is an isomorph-
ism for all C if and only if the Beck—Chevalley condition holds. [ |

See lemma A.1.17.
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Definition 0.3.7. Let k be a regular cardinal in a universe U, and let U" be a
universe with U C U™, A (x, U, U")-accessible extension is a (x, U)-accessible
functor i : C — C* such that

» Cis a k-accessible U-category,

* C'is a k-accessible U*-category,

i sends (x, U)-compact objects in C to (k, U*)-compact objects in C*, and

the functor KY(C) - KV'(C*) so induced by i is fully faithful and essen-
tially surjective on objects.

REMARK 0.3.8. Let B be a U-small category in which idempotents split. Then the
(k, U)-accessible functor Indy(B) — Indy, (B) obtained by extending the em-
bedding y* : B — Indj;, (B) along y : B — Indj(B) is a (x, U, U*)-extension,
by proposition 0.2.17. The classification theorem (0.2.19) implies all examples
of (k, U, U")-accessible extensions are essentially of this form.

Proposition 0.3.9. Leti : C —» C" be a (x, U, U")-accessible extension.

(i) Cis alocally x-presentable U-category if and only if C* is a locally x-pre-
sentable U*-category.

(ii) The functor i : C — C* is fully faithful.

(i) If B : J — Cis any diagram (not necessarily U-small) and C has a limit
for B, then i preserves this limit.

Proof. (i). If Cis a locally x-presentable U-category, then KY(C) has colimits
for all k-small diagrams, so K,I(ﬁ(C+ ) also has colimits for all k-small diagrams.
The classification theorem (0.2.19) then implies C* is a locally x-presentable
U™ -category. Reversing this argument proves the converse.

(ii). Let A : I - Cand B : J — C be two U-small x-filtered diagrams of
(x, U)-compact objects in C. Then,

C(lim A, lim B> ~ limlim C(A, B) =~ limlim C*(iA, i B)
T

~ C*t (limiA,limiB) ~ C*t (ilim A,ilim B>
i T
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because i is (k, U)-accessible and is fully faithful on the subcategory KV(C), and
therefore i : C — C* itself is fully faithful. Note that this hinges crucially on
theorem 0.1.30.

(ii1). Let B : J — C be any diagram. We observe that, for any (x, U)-compact
object C in C,

C+(iC, ilim B) = C(C, lim B> because i is fully faithful
— —
J J
= l(ln C(C, B) by definition of limit
J
~ l(in C*(iC,iB) because i is fully faithful
J

but we know the restricted Yoneda embedding C* — [KY(C)°", Set*] is fully
faithful, so this is enough to conclude that i l(iLnJB is the limitof iBin C*. W

REMARK 0.3.10. Similar methods show that any fully faithful functor C — C* sat-
isfying the four bulleted conditions in the definition above is necessarily (x, U)-
accessible.

Lemma 0.3.11. Let U and U" be universes, with U € U*, and let k be a regular
cardinal in U. Suppose:

* Cand D are locally x-presentable U-categories.
e C* and D" are locally k-presentable U*-categories.
e i:C—>Ctandj: D — D" are (x,U,U")-accessible extensions.

Given a strictly commutative diagram of the form below,

D—L Dt

Gl ly

C——cCt

where G is (x, U)-accessible, G* is (x, U)-accessible, if both have left adjoints,
then the diagram satisfies the left Beck—Chevalley condition.
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Proof. Let C be a (x,U)-compact object in C. Inspecting the proof of the-
orem 0.2.35, we see that the functor (C | G) = (iC | G*) induced by j preserves
initial objects. As in the proof of lemma 0.3.6, this implies the component at C
of the left Beck—Chevalley natural transformation F*i = j F is an isomorphism;
but Cis generated by KV(C) and the functors F, F*, i, j all preserve colimits for
U-small «-filtered diagrams, so in fact F*i = j F is a natural isomorphism. [l

Proposition 0.3.12. Ifi : C - C' is a (x, U, U")-accessible extension and C
is a locally x-presentable U-category, then i preserves colimits for all U-small
diagrams in C.

Proof. Itis well-known that a functor preserves colimits for all U-small diagrams
if and only if it preserves coequalisers for all parallel pairs and coproducts for
all U-small families, but coproducts for U-small families can be constructed in
a uniform way using coproducts for x-small families and colimits for U-small
k-filtered diagrams. It is therefore enough to show that i : C — C* preserves all
colimits for k-small diagrams, since i is already (k, U)-accessible.

Let D be a k-small category. Recalling proposition 0.1.12, our problem
amounts to showing that the diagram

c—"—ct

Al l“

[D,C] —— [D,C*]

satisfies the left Beck—Chevalley condition. It is clear that i, is fully faithful.
Colimits for U-small diagrams in [D, C] and in [D, C*] are computed compon-
entwise, so A and i, are certainly (k, U)-accessible, and A" is (x, U)-accessible.
Using proposition 0.2.32, we see that i is also a (k, U, U*)-accessible extension,
so we apply the lemma above to conclude that the left Beck—Chevalley condition
is satisfied. [ |

Theorem 0.3.13 (Stability of accessible adjoint functors). Let U and U* be uni-
verses, with U € U™, and let x and A be regular cardinals in U, with k < A.
Suppose:

* Cis alocally x-presentable U-category.

* Dis a locally A-presentable U-category.
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e C"is a locally k-presentable U*-category.
e D" is alocally A-presentable U*-category.

Leti : C - C" be a (k,U,U")-accessible extension and let j : D — D" be a
fully faithful functor.

(1) Given a strictly commutative diagram of the form below,

D— D"

Gl lm

where G is (A, U)-accessible and G* is (A, U")-accessible, if both have
left adjoints and j is a (A, U, U"%)-accessible extension, then the diagram
satisfies the left Beck—Chevalley condition.

(i) Given a strictly commutative diagram of the form below,

c—L st

Fl lp

Df>D‘L

if both F and F* have right adjoints, then the diagram satisfies the right
Beck—Chevalley condition.

Proof. (1). The proof is essentially the same as lemma 0.3.11, though we have
to use proposition 0.3.12 to ensure that j preserves colimits for all U-small
k-filtered diagrams in C.

(i1). Let D be any object in D. Inspecting the proof of theorem 0.2.35, we
see that our hypotheses, plus the fact that i preserves colimits for all U-small dia-
grams in C, imply that the functor (F | D) — (F* | jD) induced by i preserves
terminal objects. Thus lemma 0.3.6 implies that the diagram satisfies the right
Beck—Chevalley condition. [ |
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0.3. Change of universe

Theorem 0.3.14. Ifi : C = C" is a (x, U, U")-accessible extension and C is a
locally k-presentable U-category, then:

(i) If A is a regular cardinal and xk < A € U, theni : C —» C'is also a

(A, U, U")-accessible extension.

(ii) If p is the cardinality of U, then i : C — C* factors through the inclu-
sion KE+(C+) < C* as functor C — KE+(C+) that is (fully faithful and)
essentially surjective on objects.

(iii) The (u,U%)-accessible functor Indy,(C) — C* induced by i : C — C* is
fully faithful and essentially surjective on objects.

Proof. (i). Since i : C — C* is a (x, U)-accessible functor, it is certainly also
(4, U)-accessible, by lemma 0.2.24. It is therefore enough to show that i restricts
to a functor KY(C) — KY'(C*) that is (fully faithful and) essentially surjective
on objects.

Proposition 0.2.31 says KE(C) is the smallest replete full subcategory of C
that contains KE(C) and is closed in C under colimits for A-small diagrams, there-
fore the replete closure of the image of KE(C) must be the smallest replete full
subcategory of C* that contains KU (C*) and is closed in C* under colimits for
A-small diagrams, since i is fully faithful and preserves colimits for all U-small
diagrams. This proves the claim.

(i1). Since every object in C is (4, U)-compact for some regular cardinal 4 < p,
claim (i) implies that the image of i : C — C* is contained in KE+(C). To
show i is essentially surjective onto KE+ (C), we simply have to observe that the
inaccessibility of y (proposition 0.1.35) and proposition 0.2.31 imply that, for
C’ any (u, U*)-compact object in C*, there exists a regular cardinal A < y such
that C’ is also a (4, U*)-compact object, which reduces the question to claim (i).

(iii). This is an immediate corollary of claim (ii) and the classification theorem
(0.2.19) applied to C*, considered as a (i, U")-accessible category. [ |

REMARK 0.3.15. Although the fact i : C — C* that preserves limits and colimits
for all U-small diagrams in C is a formal consequence of the theorem above (via
e.g. corollary A.4.25), it is not clear whether the theorem can be proven without
already knowing this.
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Corollary 0.3.16. If B is a U-small category and has colimits for all k-small
diagrams, and p is the cardinality of U, then the canonical (u, U")-accessible
functor Indﬁ+ (Inde(B)) — Indy, (B) is fully faithful and essentially surjective
on objects. [ ]

Theorem 0.3.17 (Stability of pointwise Kan extensions). Let F : A — C and
G : A — D be functors, and leti : C - C" and j : D — D" be fully faithful
functors. Consider the following (not necessarily commutative) diagram:

G j
s D s DF

|

ct

H+

(1) If H™ is a pointwise right Kan extension of jG along iF, and HYi =~ jH,
then H is a pointwise right Kan extension of G along F.

(ii) Suppose jH is a pointwise right Kan extension of jG along F. If H" is a
pointwise right Kan extension of jH along i, then the counit Hi = jH
is a natural isomorphism, and H™ is also a pointwise right Kan extension
of jG along iF; conversely, if H* is a pointwise right Kan extension of
JjG along i F, then it is also a pointwise right Kan extension of jH along
i.

(i11) If U is a pre-universe such that A is U-small and j preserves limits for all
U-small diagrams, and H is a pointwise right Kan extension of G along
F, then a pointwise right Kan extension of jG along i F can be computed
as a pointwise right Kan extension of jH along i (if either one exists).

Dually:

(i") If H" is a pointwise left Kan extension of jG along iF, and H*i = jH,
then H is a pointwise left Kan extension of G along F.

(ii") Suppose jH is a pointwise left Kan extension of jG along F. If H is a
pointwise right Kan extension of jH along i, then the unit jH = H%iisa
natural isomorphism, and H" is also a pointwise left Kan extension of jG
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0.3. Change of universe

along i F, conversely, if H" is a pointwise left Kan extension of jG along
iF, then it is also a pointwise left Kan extension of jH along i.

(iii") If U is a pre-universe such that A is U-small and j preserves colimits for
all U-small diagrams, and H is a pointwise left Kan extension of G along
F, then a pointwise left Kan extension of jG along i F can be computed as
a pointwise left Kan extension of j H along i (if either one exists).

Proof. (i). Theorem A.4.11 gives an explicit description of H* : C* - D* as a
weighted limit:

H*(C") = {C*(C',iF),jG}*
Since i is fully faithful, the weights C(C, F) and C*(iC, i F) are naturally iso-
morphic, hence,

jJH(C) = H*(iC) = {C'(iC,iF), jG}* = {C(C, F), jG}*

but, since j is fully faithful, j reflects all weighted limits, therefore H must be a
pointwise right Kan extension of G along F.

(ii). Let U* be a pre-universe such that .4 and C are U*-small categories and
D, C", D" arelocally U*-small categories, and let Set* be the category of U*-sets.
Using the interchange law (theorem A.5.13) and propositions A.5.7 and A.5.14,
we obtain the following natural bijections:

D*(D',H*(C") = D*(D',{C*(C',i),jH})

= / Set*(C*(C',iC), D*(D’, jHC))
C:C

g/ Set*(C*(C',iC), D* (D', {C(C, F), jG}"))
C:C

= / / Set*(C*(C',iC),Set"(C(C, FA), D*(D', jGA)))
C:CJAA

= / / Set*(C(C, FA),Set"(C*(C’,iC),D* (D', jGA)))
C:CJAA

= / / Set*(C(C, FA),Set"(C*(C',iC), D* (D', jGA)))
AAJCC

= / Set*(C*(C',iF A), D*(D’, jGA))
A:A

~ D" (D', {C*(C",iF),jG}")
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Thus, H* is a pointwise right Kan extension of jG along i F if and only if H" is a
pointwise right Kan extension of j H along i. The fact that the counit H*i = jH
is a natural isomorphism is just corollary A.4.15.

(iii). Apply corollary A.4.14 to claim (ii). [ |

Corollary 0.3.18. Let U and U™ be universes, with U € U™, and let x and A be
regular cardinals in U. Suppose:

* Cis alocally x-presentable U-category.
* Dis a locally A-presentable U-category.
e C*is alocally k-presentable U*-category.
e D% is a locally A-presentable U*-category.

Let F: A — Cand G : A — D be functors, leti : C —» C* be a (x,U,U")-ac-
cessible extension, and let j : D — D" be a (A, U, U")-accessible extension.
Consider the following (not necessarily commutative) diagram:

G j
s D s DF

%

A
d
I i
c*
(1) If H is a pointwise right Kan extension of G along F, then jH is a point-
wise right Kan extension of jG along F, and if H* is a pointwise right Kan

extension of jH along i, then H* is also a pointwise right Kan extension
of jG along iF.

(1) Assuming A is U-small, if H is a pointwise left Kan extension of G along
F, then jH is a pointwise left Kan extension of jG along F, and if H* is
a pointwise left Kan extension of jH along i, then H* is also a pointwise
left Kan extension of jG along iF.

Proof. Use the theorem and the fact that i and j preserve limits for all diagrams
and colimits for U-small diagrams. [ |
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0.4. Small object arguments

Small object arguments

Prerequisites. §§ 0.1, 0.2, 0.3, A.2.

The small object argument is a recurring construction in homotopical al-
gebra, originally due to Quillen [1967, Ch. II, § 3] but refined by many authors
since—notably by Garner [2009]. Roughly speaking, the small object argument
shows that, under certain hypotheses, starting from a small set 7 of morphisms in
a cocomplete category C, one can define the notions of ‘relative Z-cell complex’
and ‘I-fibration’ so that every morphism in C factors as a relative Z-cell complex
followed by an I-fibration.

In this section, we will study the small object argument with a view toward
questions of stability under change-of-universe.

Definition 0.4.1. Let C be a category, and let T be a subset of mor C. A present-
ation for a relative 7-cell complex in C consists of the following data:

* An ordinal @. (We say the presentation is indexed over «a.)

* A colimit-preserving functor X, : [a] — C, where [«] is the well-ordered
set {0, ..., a} considered as a preorder category.

* For each ordinal § < a, a (possibly empty) indexing set T; and for each
element j of Tﬁ, a commutative diagram of the form below,

Up,j
Uﬂ,j » X g

eﬂ,jl lX f—p+1

Vi =077 Xpu

where e; ; : Uy ; = Vj; is a morphism in 7.
These data are moreover required to satisfy the following condition:

* For each ordinal f < y, the coproducts Hjer,, S, and HjETﬁ D, ; existin
C, and the induced diagram

Up

Wjer, eﬁ,jl lx p—p+l

Wier, oy =57 Xps
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is a pushout square in C.

The presentation is said to be U-small (resp. k-small for a regular cardinal «) if
a is an ordinal in U (resp. |a| < k) and the disjoint union | | p<q T 18 1n U (resp.
has cardinality less than «). A sequential presentation is one where each T is
a singleton, in which case we suppress the index j in ey ;, u, ;, and vj ;.

A relative 7-cell complex in Cis amorphism f : X — Y in C for which there
exists a presentation as above with f equal to X, — X,. Given an initial object
0 in C, an I-cell complex in C is an object Y for which the unique morphism
0 — Y is arelative I-cell complex.

REMARK 0.4.2. For any object X in C and any subset 7 C mor C, the morphism
id : X — X is a relative I-cell complex in C, with the obvious presentation
indexed over 0). More generally, every isomorphism in C is a relative I-cell
complex, with a presentation indexed over 1 (and T;, = @); but in order to get a
sequential presentation, one must assume that there is an isomorphism in 7.

Proposition 0.4.3. Let C be a category, let 1T be a subset of morC, let k be a
regular cardinal, and let cell, C be the set of relative T-cell complexes in C that
admit a x-small presentation.

(1) Every morphism in 1 is also in cell;, C.
(i1) For each object X in C, the morphismid : X — X isincelly, C.
(i) If f: X >Yandg:Y — Z are both incell;, C, thensois g f.

(iv) Let a be an ordinal and let X, : a« — C be a colimit-preserving functor. If
la| < k and A is a colimiting cocone from X, to'Y and, for f <y < aq,
the morphism X;_,, : X, — X, is in cell;  C, then each component A, :
Xy = Yisalsoincelly, C

(v) Given a pushout diagram of the form below in C,
Z—=X
gl f

if g is in cell;, C and C has colimits for all k-small diagrams, then f is
also in celly, C.
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Proof. (i). Given any morphisme : U — V in I, we have the following pushout
diagram:

v—4.5yu
V——V

Thuse: U — V isincell; C.
(i1). See remark 0.4.2.

(iii). It is clear that appending any x-small presentation for g to any x-small
presentation for f yields a k-small presentation of g o f.

(iv). The case @ = 0 falls under claim (ii). If « = y + 1, then the component
/ly : X, > Y must be an isomorphism, and thus /lﬁ = Ay ° Xy, is also in cell; C;
and if « is a positive limit ordinal, since every terminal segment of « is cofinal in

a, it is clear that concatenating x-small presentations for X forf<y<a

y—=y+l1
yields a x-small presentation for 4; : X; — Y.

(v). Fix a k-small presentation of g : Z — W. By the pushout pasting lemma,
given a commutative diagram of the form below,

uﬂ N\ N\
Wjer, Up, > Zy > Xy

e, eﬂ,jl Jzﬂ—ml lxﬂ—»/m

Wier, Yoy =5, Zpos — Xpui

if both squares are pushout diagrams, then the outer rectangle is a pushout dia-
gram as well. Since pushout along z : Z — X is the left adjoint of the evident
functor z* : X/C - 4/¢, it preserves all colimits, and thus we obtain a k-small
presentationof f : X — Y. |

Definition 0.4.4. Let C be a category and let 7 be a subset of mor C. An I-inject-
ive morphism in C is a morphism that has the right lifting property with respect
to every morphism in Z.[ An I-cofibration in C is a morphism that has the left
lifting property with respect to every Z-injective morphism.

Equivalently, it is a morphism f : X — Y in C that is an I-injective object in the slice category
Cry.
/Y
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Proposition 0.4.5. Let C be a category, let T be a subset of morC, and let
cell; C, inj* C, and cof; C be the set of relative TI-cell complexes, T-injections,
and I-cofibrations in C, respectively.

(1) We have T C cell; C C cof; C.

(i) A morphism is in inj’ C if and only if it has the right lifting property with
respect to every 1-cofibration.

(iii) In particular, a morphism is in inj’ C if and only if it has the right lifting
property with respect to every relative 1-cell complex.

Proof. (i). Follows immediately from the definition of ‘relative Z-cell complex’
and proposition A.2.12.

(i1) and (iii). See proposition A.2.3. [ ]

Some authors define ‘relative Z-cell complex’ so that every such morphism
admits a sequential presentation. The following lemma and its corollary show
that there is no loss of generality in doing so.

Lemma 0.4.6. Let k be a regular cardinal, let C be a category with colimits for
all k-small diagrams, and let a be an ordinal of cardinality less than k. For each
ordinal f < a, let ep: Uﬁ - Vﬁ be a morphism in C, and for each ordinal f < a,

let
o (1% )u( L v)
y<B p<y<a

be a coproduct in C with coproduct insertions u,, ;, : U, — C; (for f <y < a)
andv, 5V, > Cy(fory <p).

Given ordinals p < p' < a, there is a unique morphism Cﬂ - Cﬂ, such that,
for{ < p<{ < p <L the following diagrams commute:

u:l/,ﬂ

i i i

id ! e’ ! id !
+ + +
I/C Ve gt Cﬂ' I/C’ Vet gt Cﬂ’ Uer ugn gr Cﬂ’
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This yields a functor C, : [a] — C, and it preserves colimits. Moreover, the
diagrams below are pushout squares for all ordinals f < a:

Proof. This is a straightforward exercise. See Proposition 10.2.7 in [Hirschhorn,
2003]. O

Corollary 0.4.7. Let k be a regular cardinal, let C be a category with colimits
for k-small diagrams, and let T be a subset of morC. If f : X — Y is a relative
I-cell complex in C that admits a k-small presentation, and either

* X=Yand f =idy, or
* f is an isomorphism and 1 contains an isomorphism, or
* f is not an isomorphism,

then f also admits a k-small sequential presentation.

Proof. We have already commented on the first two cases in remark 0.4.2. The
third case is proven by transfinite induction, where in the induction step we may
assume that f is presented by just one pushout diagram:

HjeT Uj - > X

I jer ejl Jf

HjGT I/j v Y

By decomposing the morphism [[ ;. e; : [[,c; U; = [ e V; as in the earlier
lemma and applying the pushout pasting lemma, we obtain a sequential present-
ation of f, which is x-small precisely if |T| < k. [ ]

Definition 0.4.8. Let U be a universe, let C be a category, let 7 be a subset of
mor C, and let cell;; C be the set of relative Z-cell complexes in C that have
a U-small presentation. We say (Z,C) is admissible for the U-small object
argument when the following conditions are satisfied:
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* TisaU-set.
* Cbe alocally U-small category with colimits for all U-small diagrams.

* There is aregular cardinal x in U such that, for every morphisme : U — V'
in 7, every ordinal « in U, and every functor X, : a — C, if |a| > «, and
the morphism X, : X; — X, isin cell; C for all ordinals § <y < a,

c(U.X,) = c(U.lim, _ X,)

— f<a

then the canonical comparison map lim
— f<a

is a bijection.
The sequential U-rank of 7 in C is the least cardinal x with the above property.

REMARK 0.4.9. Notice that, if |a| > «, then « is a xk-directed preorder. Thus, for
any locally presentable U-category C and any U-subset 7 C mor C whatsoever,
(1, C) 1s admissible for the U-small object argument.

Definition 0.4.10. Let U be a universe. A U-cofibrantly-generated factor-
isation system on a category C on is a weak factorisation system on C that is
cofibrantly generated by some U-subset of mor C.

Theorem 0.4.11 (Quillen’s small object argument). Let U be a universe, let C
be a locally U-small category with colimits for all U-small diagrams, and let T
be a U-subset of mor C.

(1) There exist a functor M : [2,C] — C and two natural transformations
i :dom = M, p: M = codom such that, for all morphisms f : X - Y
in C, the morphismi, : X — M(f)isincell;y C, andwe have f = p,ei,.

(i1) If (I, C) is moreover admissible for the U-small object argument, then we
may choose M, i, and p so that, for all morphisms f : X — Y in C, the
morphism p, : M(f) = Y in inj’ C.

(1) Inparticular, if (1, C) is admissible, then (cofZ C, inj’ C) is a U-cofibrantly-
generated factorisation system on C and extends to a functorial weak fac-
torisation system.

Proof. (i). Let k be any regular cardinal, and let « be the least ordinal of car-
dinality «.I° For each morphism f : X — Y in C, we construct by transfinite
recursion a colimit-preserving functor M,(f) : [a] — C and a cocone p,, :
M, (f) — Y satisfying the following conditions:

We could also take k¥ = 0, but then the factorisation so obtained is trivial.
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M) =X, Pro =D

For each ordinal § < a, if T;(f) is the set of all commutative diagrams in
C of the form below,

Uy, — My(f)

%l lpf:ﬁ

I/ﬁJ g j Y

isinZandu,; : Uy; = X;isinC, then Ty(f) is a U-set (because T is a
U-set and C is a locally U-small category), and we have a pushout square
of the following form,

up
Wer, Upy — Mp(f)

Wyery) eﬂ,/l JXMM

Wer,n Vi —, 7 Mpa(f)

where u : 11 JET,(h) U;;, — X, is the evident morphism induced by the
universal property of coproducts. Observe that there is then a unique
morphism p.;., * My, (f) — Y such that

Prpi1° Mﬁ—>ﬂ+1(f) = Py
and Prip+1°Upj = Up,

for all j in Ty(f), where 0, ; : Vj;; — My, ,(f) is the evident component
of D : HjeTﬁ(f) Vi = My ().

For limit ordinals y < a, M, (f) = li_r)nﬂ< My(f),andp,: M, (f) > Y is
14
defined by the universal property of X,.

It is not hard to see that the functor M, (f) : [a] — C so defined is itself functorial
in f; in particular, defining M(f) = M, (f), i, = My_,(f), Py = Dsy» WE
obtain a functor M : [2, C] — C with two natural transformations i : M = dom
and p : M = codom; by construction, we have f = p,ei,,andi, : X - M(f)
isincell;y C.
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(i1). Now, take k to be a regular cardinal as in definition 0.4.8. We wish to show
that the morphism p , constructed above has the right lifting property with respect
to all morphisms in 7. Consider a lifting problem of the form below,

U—— M)
I

where e : U — V isin 1. Since T is admissible, there must exist an ordinal
f < a and a morphism u’ : U — M y(f) such thatu = M, (f) o u’. We then
obtain the following commutative diagram:

U —s M,(f)

V—,—Y

Since this is one of the diagrams in the set 7;(f), it must embed in a commutative
diagram of the form below,

U —“— My(f) — M,(f)

117

V%Mﬂﬂ_l(f) pf;(x
V > Y

v

and thus we have the required lift V' — M (f).

(iii). Finally, apply proposition 0.4.5 and theorem A.2.28. [ |

Corollary 0.4.12. With other notation in the theorem, a morphism g : Z — W
is in cof; C if and only if there exists a commutative diagram of the following
form in C,

Z—tsw
| ]
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wherei: Z — W' isincell;y C.

Proof. (i). If g : Z — W is in cof; C, then g has the left lifting property with
respect to p, : M(g) — W, and so there exists a commutative diagram of the
required form. Conversely, suppose we have g = pei,i = jog,andidy, = poj
forsomei : Z — W'incell;yC and some j : W — W'in C. Then g is a

retract of i,
7z 7z 7z
w— w2 w
id

but proposition 0.4.5 says i is in cof; C, so by proposition A.2.12, g is also in
cof; C. [ |

id id

N\
4
\

Lemma 0.4.13. Let C be a full subcategory of a category C*, let T be a subset
of mor C, and let x be a regular cardinal. If C is closed in C* under colimits for
all x-small diagrams, then cell;, C = cell;, . C* N mor C.

Proof. Obvious. ¢

Theorem 0.4.14 (Stability of cofibrantly-generated factorisation systems). Let
U and U* be universes, with U € U*. Suppose:

Cis a locally U-small and U-cocomplete category.

e C'is a locally U*-small and U*-cocomplete category.

The inclusion C < C* preserves colimits for all U-small diagrams.

1 is a U-subset of mor C.

* (1,C) is admissible for the U-small object argument, and (L, R) is the
functorial factorisation system on C constructed by Quillen’s small object
argument argument.

e (I,C") is admissible for the U"-small object argument, and (L*, R") is
the functorial factorisation system on C* constructed by Quillen’s small
object argument argument.
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Under these hypotheses, if the sequential U-rank of T in C is equal to the sequen-
tial U"-rank of T in C*, then:

(1) For each morphism f : X — Y in C, we have a commutative diagram of
the following form in C*,

M*(f)

Lty RYf
X / = \ Y
N

M(f)

and the isomorphism M*(f) — M(f) is moreover canonical and natural
in f.
(i) We have cell;y C C cell;y C* C cell; . CT.

(iii) (cof; C*,inj’ C*) is an extension of (cof; C,inj* C).

Proof. (i). This can be seen by examining the explicit construction in the proof
of theorem 0.4.11.

(i1). This is implied by the lemma.

(iii). Since (cof; C,inj’ C) and (cof; C*,inj* C*) are both cofibrantly generated
by Z, by proposition A.2.18, we have inj’ C C inj* C* and so cof; C D cof, C* n
mor C. It remains to be shown that cof, C C cof; C*, but this is implied by
corollary 0.4.12 applied to claim (i1). B

REMARK 0.4.15. Let k be aregular cardinal in U, let B be a U-small category with
colimits for all k-small diagrams, let C = Indy;(/3), and let Cct= Ind;;, (53). Then
C is a locally x-presentable U-category, the inclusion C & C* is an accessible
(x, U, U") extension, and any U-subset Z C mor C whatsoever will satisfy the
hypotheses of the theorem.

Proposition 0.4.16. Let F 4 U : D — C be an adjunction of categories, let
ICmorC andlet J={Ff|fel}.

(1) F sends relative T-cell complexes in C to relative J-cell complexes in D.

(1) U sends J-injective morphisms in D to 1-injective morphisms in C.
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(ii1) F sends I-cofibrations in C to J-cofibrations in D.

Proof. (1). This is a corollary of the fact that F' preserves all colimits.

(i1). As in the proof of proposition A.2.19, a morphism f : X — Y in D has
the right lifting property with respect to all morphisms in Jif and only if U f :
UX — UY has the right lifting property with respect to all morphisms in 7.

(111). Similarly, a morphism g : Z — W in C has the left lifting property with
respect to all morphisms of the form U f : UX — UY where f : X — Y is
a J-injective morphism f : X — Y inDifandonlyif Fg : FZ - FW is
a J-cofibration in D; but we know that U sends J-injective morphisms in D to
I-injective morphisms in C, so F must send Z-cofibrations in C to J-cofibrations
in D. [ |

Theorem 0.4.17 (Garner’s small object argument). Let C be a locally present-
able U-category and let T be any U-subset of mor C. There then exists an algeb-
raic factorisation system (L, R) on C such that the induced weak factorisation
system is cofibrantly generated by 1.

Proof. See Theorem 4.4 in [Garner, 2009]. ]

Proposition 0.4.18. Let U be a universe, let Set be the category of U-sets, let
B be a U-small category, let C = [B°P, Set], and let T be the subset of mor C
consisting of all monomorphisms e : U — V in C where V is a quotient of a
representable presheaf.

(1) (COfI C, inj’ C) is a U-cofibrantly-generated weak factorisation system.
(i) cellyy Cis precisely the class of all monomorphisms in C.
(iii) cof; C = cell; C.

Proof. (1). Since B is small and C is well-powered and well-copowered, the
full subcategory of [2, C] spanned by T is essentially U-small. We know that
C is locally finitely presentable, thus, taking a U-set of representatives of the
isomorphism classes in Z, and recalling remark 0.4.9, Quillen’s small object
argument (theorem 0.4.11) implies (cof; C,inj* C) is indeed a U-cofibrantly-
generated weak factorisation system.
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(i1). It is clear that the class of injective maps is closed under pushout and
transfinite composition in Set, so the same must be true of monomorphisms in
C, since colimits in C are computed componentwise. Thus every morphism in
cell; C is a monomorphism.

Conversely, suppose f : X — Y is a monomorphism. Fix an ordinal «
and a bijection y, : @ = [z, 5 Y (B), and write By for the object in B such
that y, € Y(Bﬂ). We will construct a U-small presentation for f by transfinite
recursion on a.

* To begin, put X, = X and f, = f.

* For each ordinal f < a, the Yoneda lemma implies there is a unique
morphism aﬂﬁBﬁ — Y in C such that aﬂ(id3ﬂ> = ypletdy 1V, > Y
be the image of ag, and let e; Uy =V and up Uy = Vg be defined by
the pullback square shown below:

Since f, is a monomorphism, e, must also be a monomorphism and hence
is in Z. There is then a commutative diagram in C of the following form,

Up
Up— X,

where f5,, @ Xz — Yistheunionof f; : X; > Yand 0, : V; - Y
considered as subobjects of Y'; note that the inner square of the diagram is
then a pushout square.

* Finally, for limit ordinals y < a, we take fy X, > Yto be the union

Uﬂ<y fﬂ'
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0.4. Small object arguments

This completes the presentation of f : X — Y as arelative Z-cell complex in C,
and it is clearly U-small.

(ii1). Corollary 0.4.12 implies that each morphism in cof; C is a retract of some
morphism in cell; y; C, but the class of monomorphisms is closed under retracts,
so in this case we must have cof; C = cell;; C. Since cell;; C C cell;C C

cof; C, we also deduce that cell;; C = cell; C. [ |
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1

SIMPLICIAL SETS

Simplicial sets, like simplicial complexes, are combinatorial models for spaces
built up by gluing standard n-simplices together; unlike simplicial complexes,
an n-simplex in a simplicial set need not be uniquely determined by its vertices.
It is for this reason that simplicial sets were once known by the unwieldy name
‘complete semi-simplicial (c.s.s.) complex’.

In the 1960s, it was discovered that one can mimic the definitions and con-
structions of classical homotopy theory by combinatorial means using simplicial
sets, and that the resulting theory is moreover equivalent to the classical theory
in a natural, functorial way. More recently, it has been shown that the homotopy
theory of simplicial sets is universal in a precise sense,!!l so it seems fitting that
we begin here.

Basics

Definition 1.1.1. The simplex category is the category A whose objects are the
positive finite ordinals and whose morphisms are the monotone maps. We use
the geometer’s convention: [n] denotes the ordinal {0, 1, ..., n}.

Definition 1.1.2. A simplicial object in a category C is a functor A’ - C,
and a morphism of simplicial objects in C is a natural transformation of such
functors. The category of simplicial objects in C is the functor category [A°P, C]
and is denoted by sC.

See [Dugger, 2001a].
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I. SIMPLICIAL SETS

Definition 1.1.3. The coface maps in A are the morphisms §! : [n — 1] — [n],
where &/ is the unique injective monotone map that misses i; and the codegen-
eracy maps in A are the morphisms ¢! : [n+ 1] — [n], where ¢/, is the unique
surjective monotone map with a,i(i) = aﬁ,(i +1)=i.

Theorem 1.1.4 (Cosimplicial identities). The following equations hold in A:

§li o8, =05, 08, ifO<i<j<n
ohec  =clecll fO<i<j<n
ot sl =600, if0<i<j<n
& ool =0l o8 ifO<i<j<n
ol o8 =id f0<i<n
ot e sl =id if0<i<n

Equivalently, the following diagrams commute:

n—1] —2— [n]
511 J/6j+1 fOrOSiSan

[+ 1] —2— [n]
Uj+1J/ lﬁj forO0<i<j<n

[n] —— [n—1]

] —2 s [n+1]
ﬂl }ﬁlﬁwosiSJSn

[n—1] T> [n]

] —Z— [n— 1]
5/+2l J/ajJrl fOY‘O <i<j<n

[n+ 1] T) [n]
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n—1—2 5 [n]

ﬂ \ lgm for0<i<n

[n] ——— [n—1]
Moreover, every morphism [n] — [m] in A is uniquely a composite of the form

J Jm— Iy i
5”110“.05/:‘](06[:](0'“00-"1

where k < min {n, m}, and

<i_,<--<i <n

O<jpiS<jy<m

The category A is uniquely characterised by these properties.
Proof. See [May, 1967, § 2], [GZ, Ch. 11, § 2], or [Weibel, 1994, § 8.1]. O

Definition 1.1.5. Let A be a simplicial object in a category C. A face operator
for A is a morphism of the form A (6;) : A([n]) = A([n — 1]), and a degeneracy
operator for A is a morphism of the form A(af,) : A([n]) » A([n+ 1]). For
brevity, we will usually write A, instead of A([n]), d]" instead of A(5},), and s/
instead of A(o}).

Corollary 1.1.6 (Simplicial identities). The face and degeneracy operators of a
simplicial object satisfy the formal duals of the equations in theorem 1.1.4.

Corollary 1.1.7. A simplicial object A is uniquely determined by the sequence
of objects A, A, A,, ... together with the face and degeneracy operators. Con-
versely, any sequence of objects equipped with face and degeneracy operators
satisfying the simplicial identities defined a simplicial object. [ |

Definition 1.1.8. A simplicial set is a simplicial object in Set, and the category
of simplicial sets is denoted by sSet.

Lemma 1.1.9.
(1) Limits (resp. colimits) in sSet are constructed degreewise: a cone (resp.
cocone) in sSet over a diagram is limiting (resp. colimiting) if and only if
it is so in every degree.

(i1) A morphism of sSet is monic (resp. epic) if and only if it is degreewise
injective (resp. surjective).
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Proof. These are standard facts about functor categories. |

Definition 1.1.10. The standard n-simplex in sSet, denoted by A", is the rep-
resentable presheaf A(—, [n]).

Theorem 1.1.11. Let A® : A — sSet be the functor [n] — A".

(1) For any simplicial set X, the map sSet(A", X) — X, defined by [ —
£y (id[n]) is a bijection and is moreover natural in [n] and X .

(ii) sSet has limits and colimits for all small diagrams, every epimorphism is
effective, and for all morphisms f : X — Y in sSet, the pullback functor
f* :sSet, — sSet,y preserves colimits.

(iii)) A® : A — sSet is a dense functor, i.e. for any simplicial set X, the tau-
tological cocone?! from the canonical diagram (A® | X) — sSet to X is
colimiting.

(iv) Let & be a locally small category with colimits for all small diagrams. If
F : sSet — & is a functor that preserves small colimits, then it is left
adjoint to the functor £ — sSet defined by E — E(FA®, E).

(v) With € as above, the functor F — FA® from the category of colimit-
preserving functors sSet — & to the category of all functors A — £ is
fully faithful and essentially surjective on objects.

Proof. Claim (i) is just the Yoneda lemma, claim (ii) follows from the lemma
above, and claims (iii)—(v) are just facts about dense functors, pointwise left
Kan extensions, weighted colimits: see proposition A.4.20, theorem A.4.11, and
proposition A.5.11. [ ]

Definition 1.1.12. An element of X, is called an n-simplex of X; in particular,
an element of X, is a vertex of X and an element of X is an edge of X. This
is justified by statement (i) in the above theorem. Given an edge f of X, the
source of f is the vertex d,(f), and the target of f is the vertex d,(f); we write
fix—=ytomeand,(f)=xand d,(f) = y.

See definition A.4.10.
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Definition 1.1.13. The standard »n-simplex in Top, denoted by |A"|, is the to-
pological space

|A"] = {(xo,...,xn) e [0, 1] |x0+ o x, = 1}

where [0, 1] is the closed unit interval with the standard metric. The functor
|A®] : A — Top sends [n] to |A"| and is defined on morphisms by linearly
interpolating the obvious map of vertices.

Corollary 1.1.14. There exists an adjunction
|[—] 4 S : Top — sSet

extending the functor |A®| : A — Top defined above, and this adjunction is
unique up to unique isomorphism. Explicitly, we may take

S(Y), = Top(|A"],Y)

with the evident face and degeneracy operators induced by the coface and code-
generacy maps in A. [ |

Definition 1.1.15. The geometric realisation of a simplicial set X is the topo-
logical space | X |, and the singular set of a topological space Y is the simplicial
set S(Y).

REMARK 1.1.16. The geometric realisation | X | is stable under universe enlarge-
ment, by theorem 0.3.17.

Theorem 1.1.17. Let CGHaus be the category of compactly-generated Haus-
dorff spaces®! and continuous maps.

(i) The topological standard n-simplex |A"| is a compact Hausdorff space.

(ii) For any simplicial set X, the geometric realisation |X| is a compactly-
generated Hausdorff space.

(iii) The previously-constructed adjunction |—| 4 S : Top — sSet restricts
to an adjunction between CGHaus and sSet, and moreover the functor
|—| : sSet - CGHaus preserves finite limits and reflects isomorphisms.

Proof. Claim (i) is a standard fact, while claims (ii) and (iii) are proven in [GZ,
Ch. 111, § 3]. L]

[3] See definition A.1.26.
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Nerves, skeletons, and coskeletons
Prerequisites. §§ 1.1, A.1.
Proposition 1.2.1. Let N : Cat — sSet be the functor defined by the formula
N(C), = Fun([n], C)
where [n] here denotes the preorder category {0 — --- — n}.
(1) N : Cat — sSet has a left adjoint T, : sSet — Cat such that t,A" = [n].

(ii) The functor N is fully faithful and exhibits Cat as a reflective subcategory
of sSet.

(iii)) N : Cat — sSet is a cartesian closed functor.
(iv) The functor t, preserves finite products.

Proof. (1). Apply theorem 1.1.11.

(i1). A functor is entirely determined by its action on objects, arrows, and com-
posable strings of arrows, so N is fully faithful.

(ii1). N preserves binary products, so we have the following natural bijections:

sSet(A", N([C, D])) = Fun([~n], [C, D])
=~ Fun([n] X C, D)
=~ sSet(N([n] x C), N(D))
=~ sSet(N([n]) X N(C), N(D))
= sSet(N([n]), [N(C), N(D)])
=~ sSet(A”, [N(C), N(D)])

Thus, by the Yoneda lemma, the canonical morphism N([C, D]) — [N(C), N(D)]
is an isomorphism.

(iv). Itis clear that 7, preserves terminal objects. Let X and Y be simplicial sets.
We wish to show that the canonical morphism 7,(X XY) — 7,X X 7;Y is an
isomorphism; but since 7, is a left adjoint and both sSet and Cat are cartesian
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closed, it is enough to check the claim for Y = A", because sSet is generated
under colimits by {A" | n € N}. We have the following natural bijections:

Fun(z,(X X A"),C) = sSet(X x A",N(C))
=~ sSet(X,N(C)*")
=~ sSet(X, N([[n],C]))
~ Fun(z, X, [[n], C])
= Fun(rlX X [n], C)
= Fun(rlX X 7, A", C)

The claim follows by the Yoneda lemma. [ |

Definition 1.2.2. The fundamental category of a simplicial set X is the small
category 7, X, and the nerve of a small category C is the simplicial set N(C).

REMARK 1.2.3. Given a simplicial set X, the fundamental category 7, X admits
the following presentation by generators and relations: the objects are the ver-
tices of X, and the arrows are generated by the edges of X, modulo the relation
dy(a) o dy(a) = d,() for all 2-simplices a in X. This shows that 7, X is stable
under universe enlargement.

Proposition 1.2.4. Let disc : Set — sSet be the functor defined by the formula
(discY), =Y
with idy for all the face and degeneracy maps.
(i) disc : Set — sSet has a left adjoint ;) : sSet — Set such that m,A" = 1.

(i1) The functor disc is fully faithful and exhibits Set as a reflective subcategory
of sSet.

(iii)) N : Set — sSet is a cartesian closed functor.
(iv) The functor r, preserves products.

Proof. (i). We could apply theorem 1.1.11, but it is also fairly straightforward to
check that this explicit construction works: for each simplicial set X, we define
7y X by the coequaliser diagram in Set shown below,

dy
—
X, — Xy — mpX
1
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and for each morphism f : X — Y in sSet, we define z,,f to be the unique
morphism making the evident diagram commute.

(i1). It is clear that disc is fully faithful.

(ii1). By proposition A.1.15, we have an analogous adjunction z,, - disc : Set —
Cat. It is clear that we have a natural isomorphism N(disc Y)) = disc Y for every
set Y, and we know disc : Set — Cat and N : Cat — sSet are cartesian closed
functors, so disc : Set — sSet must also be cartesian closed.

(iv). Similarly, for any simplicial set X, we have a natural isomorphism 7, X =
7,7, X; but we know that z, : Cat — Set preserves finite products, and 7, :
sSet — Cat preserves finite products by proposition 1.2.1, so z, : sSet — Set
must also preserve finite products. |

Definition 1.2.5. The set of connected components of a simplicial set X is the
set r, X, and a discrete simplicial set is one that is isomorphic to disc Y for some
setY.

1 1.2.6. We will usually not distinguish between Y and disc Y notationally.
Proposition 1.2.7. Let N : Grpd — sSet be the functor defined by the formula
N(G), = Fun(I[n], G)

where I[n] here denotes the groupoid obtained by freely inverting the arrows in
the preorder category [n].

(1) For any groupoid G, the nerve N(G) is the same (up to isomorphism)
whether computed for G as a groupoid or G as a category.

(i) N : Grpd — sSet has a left adjoint rr| : sSet — Grpd such that 7, A" =
I[n].

(iii) The functor N is fully faithful and exhibits Grpd as a reflective subcategory
of sSet.

(iv) N : Grpd — sSet is a cartesian closed functor.

(v) The functor &, preserves finite products.
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Proof. (i). By the universal property of I[#n], there is a natural bijection
Fun(I[n], G) = Fun([n], G)

for all groupoids G, so the two nerve constructions do indeed agree.

(i1) and (iii). These are proven in exactly the same way as in proposition 1.2.1.

(iv) and (v). These are proven in exactly the same way as in proposition 1.2.4.

Definition 1.2.8. The fundamental groupoid of a simplicial set X is the small
groupoid 7, X.

REMARK 1.2.9. Given a simplicial set X, the fundamental groupoid 7z, X admits
a presentation of the same kind as the fundamental category 7, X, and in fact 7; X
1s isomorphic to the groupoid obtained by freely inverting the arrows in 7, X:

Fun (7, X,G) = sSet(X,N(G)) = Fun(7, X, G)
This shows that 7, X is stable under universe enlargement.

Definition 1.2.10. Let n be a natural number, and let A_, be the full subcategory
of A spanned by the objects [0], ..., [n]. An n-truncated simplicial set is a func-
tor A_,°? — Set, and we write sSet_, for the category of n-truncated simplicial
sets. The brutal n-truncation of a simplicial set X is the n-truncated simplicial
set X, defined by the evident reduct:

X, ([m]) = X ([m])

Proposition 1.2.11. Let n be a natural number, and let j : A_, — A be the
inclusion.

() The functor j* : sSet — sSet_, has a left adjoint Lan; : sSet_, — sSet.
(ii) The unitid = j* Lan; is a natural isomorphism.
(iii) Lan; : sSet_, — sSet is a fully faithful functor.

(i") The functor j* : sSet — sSet_, has a right adjoint Ran; : sSet_, — sSet.

(ii") The counit j* Ran ; = id is a natural isomorphism.
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(iii") Ran; : sSet_, — sSet is a fully faithful functor.
Proof. (i) and (i"). Use theorem A.4.11.

(ii) and (ii"). The inclusion j : A_, — Ais fully faithful, so the unitid = j* Lan ;
and the counit j* Ran; = id are natural isomorphisms, by corollary A.4.15.

(iii) and (iii"). It is a well-known fact that the unit (resp. counit) of an adjunc-
tion is a natural isomorphism if and only if the left (resp. right) adjoint is fully
faithful.[* |

Definition 1.2.12. For each natural number »n, with notation as above, let sk, :
sSet — sSet be the composite Lanj J*, and let cosk, : sSet — sSet be the
composite Ran; j*. The n-skeleton of a simplicial set X is the simplicial set
sk, (X), and the n-coskeleton of a simplicial set is the simplicial set cosk,(X).
A n-skeletal simplicial set is one that is isomorphic to the n-skeleton of some
simplicial set, and an n-coskeletal simplicial set is one that is isomorphic to the
n-coskeleton of some simplicial set.

REMARK 1.2.13. In the special case n = 0, Lan; may be identified with the func-
tor disc : Set — sSet defined in proposition 1.2.4. Thus, o-skeletal simpli-
cial sets are precisely the discrete simplicial sets. On the other hand, given a
set X, Ran; X can be identified with the simplicial set whose m-simplices are
(m + 1)-tuples of elements of X, with face and degeneracy maps induced by the
appropriate projections.

Proposition 1.2.14. Let n be a natural number.

(1) The full subcategory of n-skeletal simplicial sets is a coreflective subcat-
egory of sSet, with coreflector sk,

(i1) sk, is the underlying endofunctor of an idempotent comonad on sSet.

(ii1) A simplicial set X is n-skeletal if and only if the counit sk,(X) — X is an
isomorphism.

(iv) If m > n, then any n-skeletal simplicial set is also m-skeletal.

(i") The full subcategory of n-coskeletal simplicial sets is a reflective subcat-
egory of sSet, with reflector cosk,,.

[4] Seee.g. [CWM, Ch. 1V, § 3].
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(ii") cosk, is the underlying endofunctor of an idempotent monad on sSet.

(iii") A simplicial set X is n-coskeletal if and only if the unit X — cosk,(X) is
an isomorphism.

(iv") If m > n, then any n-coskeletal simplicial set is also m-coskeletal.

Proof. All straightforward from the definitions. ¢
Proposition 1.2.15. Let n be a natural number, and let X be a simplicial set.

(1) We have the following adjunction:

sk, - cosk, : sSet — sSet

(1) The counit sk, (X) — X is a monomorphism, and X is n-skeletal if and
only if all m-simplices of X are degenerate for m > n.

(i11) X is n-coskeletal if and only if, for all natural numbers m, the map
n = sSet(A”, X) — sSet(sk,(A™), X)
induced by the counit sk,(A™) — A™ is a bijection.

Proof. (1). Immediate from the definition of sk, and cosk,,.

(i1). The most straightforward way of seeing this is to construct sk, (X) explicitly
as the smallest simplicial subset of X containing all of its n-simplices.

(ii1). Apply the Yoneda lemma in conjunction with claim (i). [ |

Example 1.2.16. For any small category C, the nerve N(C) is a 2-coskeletal
simplicial set: by definition, an m-simplex of N(C) is just a functor [m] — C,
but the property of being a functor can be detected by only inspecting the vertices,
edges, and 2-cells.

Proposition 1.2.17. The following full subcategories are exponential ideals of
sSet:

(1) Discrete simplicial sets.

(1) Simplicial sets isomorphic to the nerve of some category.
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(ii1) Simplicial sets isomorphic to the nerve of some groupoid.
(iv) n-coskeletal simplicial sets for some natural number n.

Proof. Apply proposition A.1.13 to propositions 1.2.4, 1.2.1, 1.2.7, and 1.2.14.

The Kan—Quillen model structure

Prerequisites. §§ 0.4 1.1, A.2.

In [1967], Quillen constructed an axiomatic framework for doing homotopy
theory in abstract categories, which he called ‘closed model categories’, and
showed that sSet can be endowed with a model structure such that the result-
ing homotopy theory is equivalent in a strong sense to the homotopy theory of
topological spaces.

Definition 1.3.1. A horn is a simplicial subset of the form A} C A", where A}
is the union of the images of 6°,...,85!, 651, ..., 6" : A"™' — A" in sSet. In
other words, A} is the union of all the faces of A" that include the k-th vertex.
The boundary of A" is the simplicial subset dA" C A" generated by the images
of 8, ...,87 : A" — A",

REMARK 1.3.2. The boundary 0A" may be identified with sk,_;A".

Definition 1.3.3. A cofibration in sSet is a monomorphism. A Kan fibration
is a morphism f : X — Y in sSet that has the right lifting property with respect
to the horn inclusions A} < A", where n > 1 and 0 < k < n. A Kan complex
is a simplicial set X such that the unique morphism X — 1 is a Kan fibration.

REMARK 1.3.4. In other words, a Kan complex is a simplicial set X satisfying
the Kan condition: every horn a’ : A} — X has a filler, i.e. a morphism « :
A" — X (equivalently, an n-simplex of X') such that &’ is the restriction along
the inclusion A} < A"

Lemma 1.3.5. If X is a Kan complex, then the fundamental category t,X is a
groupoid, and the unitny : X — N(TlX) is an epimorphism.

Proof. Let x, y, and z be vertices in X, andlet f : x - yand g : y — z be
edges in X 5! Then the pair (f, g) defines a horn Af — X, and so by the Kan

Recall definition 1.1.12.
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condition, there exists a 2-simplex a of X such that d,(a«) = f and dy(a) = g.
By remark remark 1.2.3, the composite g o f defined in 7, X must correspond
to the edge d,(a). Since the arrows in 7, X are generated by the edges of X, we
conclude by induction that 7, : X — N(”L'lX ) is a surjection on vertices and
edges.

Similarly, given an edge f : x — y, the Kan condition ensures that there
exist two 2-simplices f and y such that

dy(a) = f di(a) =id,
do(a) = f di(a) =id,

where id, : x — x is the edge 54(x), and id, : y — y is the edge s,(y). Together
with the argument in the previous paragraph, this shows that 7, X is a groupoid.

Finally, to show that , : X — N(TIX ) is a surjection on n-simplices for
n > 2, we simply observe that an n-simplex of N(TlX ) is just a string of n
composable edges of X, so we may appeal to the Kan condition again to obtain
the corresponding n-simplex of X. [ |

Corollary 1.3.6. If X is a Kan complex, then the unit 5y : X — N(;th) is an
epimorphism.

Proof. Since 7, X is already a groupoid, the canonical functor 7, X — 7, X must
be an isomorphism. (See remark 1.2.9.) [ |

Proposition 1.3.7. Let T and [J be the following subsets of mor sSet:

I={A, > A"|n>1,0<k<n}
J={0A" & A" |n > 0}

(1) There exist a pair of functorial factorisation systems on sSet, one indu-
cing a weak factorisation system cofibrantly generated by 1, and the other
inducing a weak factorisation system cofibrantly generated by J.

(11) A morphism is T-injective if and only if it is a Kan fibration, and every
I-cofibration is a monomorphism (but not vice versa).

(iii) A morphism is a J-cofibration if and only if it is a monomorphism, and
every J-injective morphism is a Kan fibration (but not vice versa).
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Proof. (i). Since sSet is a locally finitely presentable category, we may apply
Quillen’s small object argument (theorem 0.4.11).

(i1). The definition of ‘Kan fibration’ is exactly the definition of ‘Z-fibration’; on
the other hand, the class of monomorphisms is closed under pushout, transfin-
ite composition, and retracts in Set, so the same is true for sSet, and thus, by
corollary 0.4.12, every I-cofibration must be a monomorphism.

(iii). To prove that inj* C D inj” C, it is enough to check that I C cof 7C; since
every morphism in 7 is a monomorphism, it will suffice to show that cof ;C
is precisely the class of all monomorphisms. For this, see the remarks at the
beginning of [Joyal and Tierney, 2008, § 3.1], or Proposition 1 in [Quillen, 1967,
Ch.1I, § 2]. L]

Definition 1.3.8. An anodyne extension, or trivial cofibration in sSet, is a
cofibration that has the left lifting property with respect to all Kan fibrations. A
trivial Kan fibration is a Kan fibration that has the right lifting property with
respect to all cofibrations.

Proposition 1.3.9. Leti : Z — W be a cofibration in sSet and letp : X — Y
be a Kan fibration. Suppose we have a commutative diagram

N‘
g

LG, p) —— [Z,X]

N

(W, X]

(W .p]

where the square in the lower right is a pullback square.

(1) The unique morphism [W, X]| — L(i, p) making the diagram commute is
a Kan fibration.

(i) Ifi: Z — W is an anodyne extension, then [W, X] — L(i, p) is a trivial
Kan fibration.

(i) If p: Z — W is a trivial Kan fibration, then so is [W, X]| — L(i, p).
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Proof. (i). See Theorem 3.3.1 in [Hovey, 1999], or Proposition 5.2 in [GJ, Ch. I].

(i1) and (iii). See Proposition 11.5 in [GJ, Ch. I]; for a purely combinatorial
proof, see Theorem 3.2.1 in [Joyal and Tierney, 2008]. ]

Corollary 1.3.10.
(1) If p: X = Y is a Kan fibration (resp. trivial Kan fibration), then for all
simplicial sets W, the morphism [W,p]| : [W,X] — [W,Y] is also a
Kan fibration (resp. trivial Kan fibration).

(i) Ifi : Z — W is a cofibration (resp. anodyne extension) and X is a Kan
complex, then the morphism [i, X] : [W, X] — [Z, X] is a Kan fibration
(resp. trivial Kan fibration).

(ii1) If W is any simplicial set and X is a Kan complex, then [W, X] is also a
Kan complex.

Proof. (1). Take Z = @; noting that the canonical morphism @ — W is a
cofibration, and that [@, p] : [@, X] — [@, Y] is an isomorphism, the proposition
above then implies [W, p] : [W, X] — [W,Y] is a Kan fibration (resp. trivial
Kan fibration).

(ii). Take Y = 1; since [W,1] — [Z,1] is an isomorphism, the proposition
above implies [i, X] : [W,X] — [Z, X] is a Kan fibration (resp. trivial Kan
fibration).

(iii). Noting that [, X] is a terminal object in sSet, we apply claim (ii) to the
case Z = @ to obtain the desired conclusion. [ ]

The following combinatorial definition of weak homotopy equivalence is due
to Joyal and Tierney [2008]. Recalling the definition of z,, : sSet — Set from
proposition 1.2.4 as the functor sending a simplicial set X to the set x, of its
connected components,

Definition 1.3.11. A weak homotopy equivalence of simplicial sets is a morph-
ism f : W — Z such that, for every Kan complex K, the induced map

”()[f’ K] . ﬂO[Z’ K] d ]TO[W’ K]
is a bijection of sets.
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Proposition 1.3.12.
(1) A Kan fibration p : X — Y is trivial if and only if it is a weak homotopy
equivalence.

(i) A cofibration i : Z — W is an anodyne extension if and only if it is a
weak homotopy equivalence.

Proof. See Propositions 3.4.1 and 3.4.2 in [Joyal and Tierney, 2008]. [l
In summary, we have:

Theorem 1.3.13. sSet, regarded as a sSet-enriched category via its cartesian
closed structure, is a simplicial model category where

* the cofibrations are the monomorphisms in sSet,

* the fibrations are the Kan fibrations, and

* the weak equivalences are the weak homotopy equivalences.
This is the Kan—Quillen model structure on simplicial sets.

Proof. We know sSet has limits and colimits for all small diagrams and is a
cartesian closed category, so it satisfies axioms CM1 and SMO. Using the defin-
ition of weak homotopy equivalence given above, the class of weak homotopy
equivalences has the 2-out-of-6 property by lemma A.3.13, hence axiom CM?2 is
satisfied. Proposition 1.3.7 plus theorem 3.1.7 then shows that the announced
cofibrations, fibrations, and weak equivalences do indeed constitute a closed
model structure on sSet.

Finally, we note that proposition 1.3.9 is precisely the condition required by
axiom SM7. [ |

Proposition 1.3.14. There exist a functor R : sSet — sSet and a natural trans-
formation n : idge = R such that, for all simplicial sets X, RX is a Kan com-
plex and iy : X — RX is an anodyne extension. Moreover, any such functor R
preserves weak homotopy equivalences.

Proof. By proposition 1.3.7, for each X, there is a factorisation of the unique
morphism X — 1 as an anodyne extension iy : X — RX followed by a Kan
fibration RX — 1, and this is moreover functorial in X. Finally, if f : X - Y
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is a weak homotopy equivalence in sSet, then the commutativity of the diagram
below _
X —* RX

'

Y —— RY
ly

plus proposition 1.3.12 and the 2-out-of-3 property for weak homotopy equival-
ences implies Rf is also a weak homotopy equivalence. [ |

Intrinsic homotopy

Prerequisites. §§ 1.3, A.3.

Definition 1.4.1. Let f, f; : X — Y be a parallel pair of morphisms in sSet.
An intrinsic homotopy a : f, = f, is an edge of the exponential object [ X, Y]
such that d|(a) = f, and d,(«@) = f,. (Note the subscripts!) We say f, and f;
are intrisically homotopic if there is a zigzag of intrinsic homotopies connecting
fo and f,, or equivalently, if f, and f, are in the same connected component of
[X,Y].

REMARK 1.4.2. By the Yoneda lemma,
[X,Y], =sSet(A',[X,Y]) = sSet(A' x X,Y)

so an intrinsic homotopy a : f,, = f is essentially the same thing as a morphism
&:A'"XX - Ysuchthat@o (6' xidy) = fyand @ o (8° xidy) = f, (where
we have suppressed the canonical isomorphism X = A°X X), just as in classical
homotopy theory. Also,

sSet(A' X X,Y) = sSet(X, [A',Y])

so intrinsic homotopies @ : f, = f, correspond to morphisms & : X — [Al, Y]
such that [51, Y] o = f,and [50, Y] o & = f, (where we have suppressed the
canonical isomorphism [AO, Y] =~Y).

The notion of intrinsic homotopy is not well-behaved for general simplicial
sets Y. For example, the existence of an intrinsic homotopy f, = f, does not
guarantee the existence of an “inverse” intrinsic homotopy f, = f|,, and even
if we have intrinsic homotopies f, = f, and f, = f,, there need not be an
intrinsic homotopy f, = f,. However:
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Proposition 1.4.3. For any simplicial set X and any Kan complex Y, the relation
~ on sSet(X,Y) defined by

fo ~ f1 if and only if there exists an intrinsic homotopy f, = f;
is an equivalence relation.

Proof. The relation ~ is certainly reflexive whether or not Y is a Kan complex.
Recalling lemma 1.3.5, the transitivity of ~ may be deduced from the fact that the
unit 7y : X — N(7,X) is an epimorphism, and the symmetry of ~ corresponds
to the fact that 7, X is a groupoid. [ ]

1 1.4.4. Let Kan be the full subcategory of sSet spanned by the Kan com-
plexes. For each category C with finite products and each functor F : sSet — C
that preserves finite products, let F[Kan] denote the following C-enriched cat-

egory:
e ob F[Kan] = ob Kan.

* For each pair of Kan complexes X and Y, the hom-object is F[X, Y],
where [X, Y] is the exponential object in sSet.

* Composition and identity morphisms are induced by F from the cartesian
closed structure of sSet.

The next definition is a prime example of the above construction.

Definition 1.4.5. The homotopy category of Kan complexes is the category
H = 7,[Kan]. A homotopy type is an isomorphism class of objects in H.

Proposition 1.4.6. For each simplicial set Z, letn, : Z, — nyZ be the map of
vertices induced by the adjunction unit idg,, = disc x,.

(1) There is a (unique) functor m : Kan — H that acts as the identity on
objects and as nx y, : [X, Y]y = my[ X, Y] on morphisms.

(1) The functor m is full, surjective on objects, and preserves finite products.

(ii1)) Kan is closed under products for all small families in sSet, and H has
products for finite families.

(iv) Kan and H are cartesian closed categories, and ® : Kan — H is a
cartesian closed functor.
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(v) A morphism f : X — Y in Kan is a weak homotopy equivalence if and
onlyiff : =X — ®Y is an isomorphism in H.

Proof. (1). The construction of H as z,[Kan] ensures that 7 is indeed a functor.

(i1). Itis clear from the construction of 7, Z as a coequaliser thatn, : Z, = n,Z
is a surjection; thus 7t is a full functor. It is obviously surjective on objects, and
it preserves finite products because r,, does.

(ii1). By proposition A.2.12, the class of Kan fibrations is closed under products
for small families, so Kan is as well. By claim (i1), H inherits finite products
from Kan.

(iv). By proposition 1.3.9, [Y, K] is a Kan complex whenever K is, which com-
bined with claim (iii) implies Kan is cartesian closed. Proposition A.1.11 says
we have natural isomorphisms [X X Y, K] = [ X, [Y, K]], so it follows that we
have natural bijections

mo[X XY, K] = [ X,[Y,K]]

for all X, Y, and K in Kan, and this descends along m to make H cartesian
closed.

(v). The Joyal-Tierney definition says f : X — Y is a weak equivalence if and
only if zy[ f, K] : 7,[Y, K] = 7,[ X, K] is a bijection for all Kan complexes K;
but this is natural in K, so the Yoneda lemma implies this happens if and only if
ntf : X — wY is an isomorphism in H. [ |

Proposition 1.4.7.
(i) For each simplicial set X, there exists a Kan complex RX such that the
functors my[ X, -], 7y RX, —] : Kan — Set are isomorphic.

(i1) For each simplicial set X, the functor m,[X,—] : Kan — Set factors
through 1t : Kan — H as a representable functor on H.

(iii) The functor ® : Kan — H extends to a functor ® : sSet — H that
sends weak homotopy equivalences to isomorphisms, and this extension is
unique up (not necessarily unique) isomorphism.
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Proof. (i). By proposition 1.3.14, there is an anodyne extension i : X — RX
where RX is a Kan complex; but proposition 1.3.12 says that anodyne extensions
are weak homotopy equivalences, so z,[i, K] : 7y[RX,K] — 7z [X,K]is a
bijection natural in K, as required.

(i1). The claim is certainly true if X were a Kan complex, and by claim (i),
o[ X, —] 1s always isomorphic to zy[ RX, —] for some Kan complex RX.

(iii). Formally, what we seek is a functor F : sSet — H such that, for all Kan
complexes Y and K,
H(FY,nK) = n,[Y, K]

and, for all weak homotopy equivalences f : X — Y in sSet, the induced
hom-set map H(F f,nK) : H(FY,nK) — H(FX,nK) is a bijection for all
Kan complexes K. Clearly, for any such F and any simplicial set X, there must
be bijections

H(FX,nK) = n,[ X, K]

that are natural in K, but by claim (ii), this is representable as a functor H — Set
for each X, so we can certainly construct such a functor F, and it is unique up
to isomorphism. [ |

Proposition 1.4.8. Let F : Kan — C be any functor that sends trivial Kan
fibrations in Kan to isomorphisms in C.

W) If fo. f1 : X = Y are a parallel pair of morphisms in Kan and there exists
an intrinsic homotopy f, = f,, then F f, = F f,.

i) If fy, f1 + X = Y are an intrinsically homotopic pair of morphisms in
Kan, then F f, = F f,.

(iii) There exists a unique functor F : H — C such that F = Fr.

Proof. (i). By remark 1.4.2, given any intrinsic homotopy a : f, = f,, we
may construct a morphism & : X — [AI,Y] such that [51,Y] o = f, and
[SO,Y] o = f,. Clearly, 8' : A - A' is isomorphic to the horn inclusion
Ay < A',and 6° : A° > Al is isomorphic to the horn inclusion A} & A, so by
proposition 1.3.9, the morphisms [5',Y], [6°, Y] : [A', Y] — Y are both trivial
Kan fibrations. Thus, we must have F f, = F f.
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(i1). Proposition 1.4.3 implies that f, and f, are intrinsically homotopic if and
only if there exists an intrinsic homotopy f,, = f,, so this reduces to claim (1).

(ii1). The uniqueness of F : H - Cis an immediate corollary of the fact that
7 : Kan — H is full and surjective on objects; it remains to be shown that such
an F exists. However, given any parallel pair f, f; : X — Y in Kan, by the
construction of H, we have it f, = = f| if and only if f, and f, are intrinsically
homotopic, so F indeed factors through 7. [ |

Corollary 1.4.9.
(1) Any functor F : Kan — C that sends trivial Kan fibrations in Kan fo
isomorphisms in C must also send weak homotopy equivalences in Kan to
isomorphisms in C.

(i1) H is the localisation of Kan away from weak homotopy equivalences.

(iii) If HosSet is the localisation of sSet away from weak homotopy equival-
ences, then the functor m : sSet — H induces a functor Ho sSet — H that
is fully faithful and essentially surjective on objects.

Proof. (1). The above proposition says F' = Fx for some F, and we know from
proposition 1.4.6 that s inverts weak homotopy equivalences, so F must also
invert weak homotopy equivalences.

(i1). This is a restatement of claim (iii) of the above proposition.

(ii1). Apply proposition 1.4.7. |

REMARK 1.4.10. Fixing a fibrant replacement functor R : sSet — sSet as in
proposition 1.3.14, we have the following explicit construction of Ho sSet:

* The objects are simplicial sets.
* For any two simplicial sets X and Y, HosSet(X,Y) = 7 )[RX, RY].
* Composition and identity morphisms are constructed as in H.

* The localising functor y : sSet — HosSet inverting weak homotopy
equivalences is the one sending f : X — Y to the homotopy class of
Rf : RX — RY.

The homotopy category of simplicial sets is the category Ho sSet.
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Definition 1.4.11. An intrinsic homotopy equivalence in sSet is a pair (f, g),
where f : X — Y and g : Y — X are morphisms in sSet such that g o /' ~ idy
and f o g ~ idy,. Two morphisms f : X - Y and g : Y — X are mutual in-
strinsic homotopy inverses when (f, g) constitute an intrinsic homotopy equi-
valence.

Proposition 1.4.12 (Formal Whitehead theorem).
(1) If (f, g) is an intrinsic homotopy equivalence in Kan, then mtf and mg are
mutual inverses in H.

(i1) A morphism in Kan is a weak homotopy equivalence if and only if it has
a intrinsic homotopy inverse.

Proof. The claims are immediate consequences of propositions 1.4.6 and 1.4.9
applied to the definition of intrinsic homotopy equivalence. [ |
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HOMOTOPICAL CATEGORIES

Basics
Prerequisites. § A.3.

Definition 2.1.1. A relative category C is a category with weak equivalences
if it is semi-satured and weq C has the 2-out-of-3 property, and it is a homotop-
ical category if weq C has the 2-out-of-6 property. A homotopical functor is a
relative functor between homotopical categories.

REMARK 2.1.2. If Cis arelative category such that weq C has the 2-out-of-6 prop-
erty, then every isomorphism in C is automatically a weak equivalence. Indeed,
suppose f : X — Y and g : Y — X are mutual inverses in C; then the fact that
ge f =1dy and f o g = id, are in weq C implies that f and g must also be in
weq C. Recalling lemma A.3.13, it follows that every homotopical category is a
category with weak equivalences.

1 2.1.3. To simplify notation, we will usually not distinguish between und C
and C. For example, when C and D are relative categories, then by ‘ordinary
functor C - D’ we mean a functor und C — und D.

Example 2.1.4. Any saturated relative category is automatically a homotopical
category, by corollary A.3.14. In particular, any minimal saturated relative cat-
egory is a homotopical category. On the other hand, any maximal relative cat-
egory is obviously a homotopical category.

REMARK 2.1.5. A relative category C is a category with weak equivalences or a
homotopical category if and only if the opposite relative category C°P is.
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Lemma 2.1.6. Let A be an object in a homotopical category (resp. category
with weak equivalences) C. Then the slice category C,, is also a homotopical
category (resp. category with weak equivalences) if we declare a morphism in
C, 4 to be a weak equivalence if and only if it is a weak equivalence in C.

Proof. Use lemma A.3.13 on the projection functor C,, — C. [ |

Lemma 2.1.7. Any relative subcategory D of a homotopical category (resp. cat-
egory with weak equivalences) C is also a homotopical category (resp. category
with weak equivalences).

Proof. Use lemma A.3.13 on the inclusion D < C. [ |

Lemma 2.1.8. Let C and D be two relative categories. If D is a homotopical cat-
egory (resp. category with weak equivalences), then the relative functor category
[C, D], is also a homotopical category (resp. category with weak equivalences).

Proof. This is a straightforward check. ¢

Definition 2.1.9. Two objects in a relative category are weakly equivalent if
they can be connected by a zigzag of weak equivalences; we write X ~ Y to
mean that X and Y are weakly equivalent.

REMARK 2.1.10. If X and Y are weakly equivalent in a relative category C, then
they are isomorphic in Ho C. The converse is certainly true if C is saturated, but
is false if C is not semi-saturated.

Definition 2.1.11. A parallel pair of morphisms in a relative category C are
weakly homotopic if they are equal in Ho C; we write f ~ g to mean that f
and g are weakly homotopic.

Definition 2.1.12. An equivalence in a relative category C is a pair (f, g), where
f:X > Yand g :Y — X are morphisms in C such that g o f ~ id, and
fog ~idy. Two morphisms f : X - Y and g : Y — X in C are mutual
quasi-inverses when (f, g) constitute an equivalence in C.

REMARK 2.1.13. It follows from the definitions that quasi-inverses are unique up
to weak homotopy.

Lemma 2.1.14. If the localisation functor y : C — Ho C for a relative category
C is full, then the following are equivalent for all morphisms f : X — Y in C:
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* f is a morphism in C and has a quasi-inverse.
e yf is an isomorphism in C.
Proof. Obvious. ¢

REMARK 2.1.15. Clearly, any isomorphism in any relative category has a quasi-
inverse; but this implies that in a relative category that is not semi-saturated, a
morphism that has a quasi-inverse need not be a weak equivalence. On other
hand, if f is a morphism in a saturated homotopical category and f has a quasi-
inverse, then f must be a weak equivalence.

Definition 2.1.16. A relative category C has the Whitehead property when the
following are equivalent:

* f is a weak equivalence in C.
e fis a morphism in C and has a quasi-inverse.
Theorem 2.1.17. Let C be a relative category. The following are equivalent:
(1) C has the Whitehead property.

(i1) The localisation functor y : C — Ho C is full, and C is a saturated homo-
topical category.

Proof. (1) = (i1). By theorem A.3.21, every morphism y X, — y X, in Ho C is of
the form
(rfo) o orhye (nf1) " o rhy

for some morphisms h, : X, = Y,, f, : X, = Y}, h, : X, = Y,, etc.in C, where
fi» ..., f, are weak equivalences. By the Whitehead property, each f; : X; = Y,

1

has a quasi-inverse in C, say g; : Y, = X,. Since yg, = (yfi)_l, it follows that

1

(yfn>_l 0 +ee 0 h2 ° (}/fl>_1 oyhl = y(gn 0 ees 0 h2 ° g ohl)

and therefore y : C — Ho C is indeed full.

In particular, every morphism f : X — Y inCsuchthatyf : yX — yY is
an isomorphism in Ho C must have a quasi-inverse, and hence must be a weak
equivalence, in view of the Whitehead property. We therefore conclude that C is
a saturated homotopical category.

(i1) = (i). The converse follows from the definitions and lemma 2.1.14. [ ]
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REMARK 2.1.18. The Whitehead property is in general not inherited by slice cat-
egories or by functor categories. For example, if go f = p and g is a quasi-inverse
for f,itis only guaranteed that g ~ po g.

Definition 2.1.19. Let F,G : C — D be two ordinary functors between relative
categories. A natural weak equivalence « : F' = G is a natural transformation
such that a. : FC — GC is a weak equivalence in D for all objects C in C, and
we say F and G are naturally weakly equivalent if they can be connected by a
zigzag of natural weak equivalences.

REMARK 2.1.20. This is precisely the notion of weak equivalence in the relative
functor category [minund C, D],. Although the definition above applies to all
functors, if H : D — £ is an ordinary functor, then the natural transformation
Ha : HF = HG is only guaranteed to be a natural weak equivalence if we
assume H is a relative functor.

Definition 2.1.21. A relative equivalence is a relative functor F : C — D for
which there exists a relative functor G : D — C such that GF is naturally weakly
equivalent to id and FG is naturally weakly equivalent to id;,. Such a G is said
to be a relative inverse of F. If C and D are homotopical categories then we
may say homotopical equivalence and homotopical inverse instead of ‘relative
equivalence’ and ‘relative inverse’.

Proposition 2.1.22. If F : C — D is a relative equivalence of relative categories
with relative inverse G : D — C, then Ho F : HoC — Ho D is an equivalence
of categories, with quasi-inverse HoG : HoD — Ho C. [ ]

Homotopical Kan extensions
Prerequisites. §§ 2.1, A.3.

Definition 2.2.1. Let C be a homotopical category. A homotopically initial ob-
jectin Cis an object A for which there exists a zigzag of natural transformations
of the form

AA e F —% 5 G~ id,

where AA : C — C is the constant functor with value A, a, : FA — GAis
a weak equivalence in C, and the squiggles denote (possibly trivial) zigzags of
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natural weak equivalences. Dually, a homotopically terminal object in C is a
homotopically initial object in C°P.

Proposition 2.2.2. Let C be a homotopical category. If A is a homotopically
initial (resp. homotopically terminal) object in C, then:

(1) Anyobjectin Cweakly equivalent to A is also a homotopically initial (resp.
homotopically terminal) object in C.

(i) A is an initial (resp. terminal) object in Ho C.

(ii1) If C is a minimal homotopical category, then A is an initial (resp. terminal)
object in C as well.

Conversely, any initial (resp. terminal) object in C is also homotopically initial
(resp. homotopically terminal).

Proof. Obvious. (This is Proposition 38.3 in [DHKS].) Q

Proposition 2.2.3. If A is a homotopically initial object in a homotopical cat-
egory C, then for any object Z in C, the zigzag category CV(A, Z) is connected.

Proof. By theorem A.3.21, there is a bijection between the connected compon-
ents of C'P(A, Z) and the morphisms A — Z in Ho C; but we know A is an
initial object in Ho C, so CP(4, Z) has exactly one connected component. [l

Lemma 2.2.4. Let H : C — D be a relative functor and let F : C — D be
an ordinary functor. If If weq D has the 2-out-of-3 property and F is naturally
weakly equivalent to H, then F is also a relative functor.

Proof. Apply the 2-out-of-3 property inductively. ¢

Lemma 2.2.5. If A and A’ be homotopically initial objects in a homotopical
category C, then A =~ A’, and moreover every morphism A — A’ in C is a weak
equivalence.

Proof. This is paragraph 38.5 in [DHKS].

Suppose, as in the definition, that we have endofunctors F, F', G, G’ on C
and natural transformations « : F = G, a’ : F' = G’', such that F ~ AA,
F' & AA’, G = id., and G' = id, and the morphisms a, : FA — GA and
o), : FA" - GA’ are both weak equivalences. Note that the previous lemma
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implies G and G” are both homotopical functors, while a similar argument shows
that F and F' sends all morphisms to weak equivalences.

Let f : A —» A’ be a morphism in C. By applying the 2-out-of-3 property
repeatedly in the following diagram,

FA— 4 GA A

A e |

A—«AvahFA’a—A,>GA’—MMN-A’

A

we see that f is a weak equivalence if and only if a,, : FA" — GA’ is a weak
equivalence. Since a),, : F'A" — G'A’ is a weak equivalence, and GA’ S A
it follows that a,,, : FGA" — G'GA’ is a weak equivalence, and since G
is homotopical, so Ga,, : GFGA" - GG'GA’ is also a weak equivalence.
Similarly, @, : FA — GA is a weak equivalence, and A X FA X G'FA', so
agpa - FG'FA" - GG'FA' is a weak equivalence as well.

Now, by applying the 2-out-of-6 property to the diagram below,

FF'FA 2 GF'FA’ S5 GF'GA'

Fa;A,l Ga;A,l lGa’GA,

FG'FA’ T GG'FA’ — GG'GA’
G/ Fa’ GG'ay

we may deduce that GG'a,, : GG'FA' — GG'G A’ is a weak equivalence, and
hence that a,, : FA" - G A’ is a weak equivalence, as required. [ |

Definition 2.2.6. A homotopically contractible category is a homotopical cat-
egory C such that the unique (homotopical) functor C — 1 is a homotopical
equivalence, where 1 is the trivial category with only one object.

1 2.2.7. We will say that an object in a homotopical category C characterised
by a homotopical universal property is homotopically unique if the full subcat-
egory spanned by such objects inside the homotopical category of objects in C
equipped with the relevant additional structure.

Proposition 2.2.8. Let C be a homotopical category. The following are equival-
ent:

(i) Cis homotopically contractible.
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(i1) C is inhabited, and for every object A in C, the constant functor AA is
naturally weakly equivalent to id.

(ii1) There exists an object A in C such that AA and id, are naturally weakly
equivalent.

Proof. Obvious. (This is paragraph 37.6 in [DHKS].) ¢
Proposition 2.2.9. Let C be a homotopically contractible category.

(1) Every morphism in C is a weak equivalence.

(i1) The unique functor Ho C — 1 is an equivalence of categories.

(i11) If Cis a minimal homotopical category, then C — 1 is also an equivalence
of categories.

(iv) The opposite homotopical category CP and the homotopical functor cat-
egory |D, Cl,, (for any homotopical category D) are also homotopically
contractible.

(v) Everyobject in C is both homotopically initial and homotopically terminal.
Proof. Obvious. (This is paragraph 37.6 in [DHKS].) ¢

Proposition 2.2.10. Let C be a homotopical category. If D is the full homo-
topical subcategory of C spanned by the homotopically initial (or homotopically
terminal) objects, then D is homotopically contractible.

Proof. This follows from lemma 2.2.5. [ ]

REMARK 2.2.11. Even if C is a saturated homotopical category, an object that
is initial in Ho C need not be homotopically initial in C. Indeed, let C be the
maximal homotopical category generated by a graph of the following form:

pi \ 2 \ 2 \
® < [ 7 @ < L4 7 @ < ® 7 ottt

No object in C is homotopically initial, because the length of the shortest zigzag
connecting two objects cannot be bounded above; yet every object in Ho C is
initial. The same argument shows that C is not homotopically contractible, but
Ho C is certainly contractible.
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Definition 2.2.12. Let F : C - D and G : C — & be two ordinary functors
between homotopical categories. A homotopical left Kan extension (resp. ho-
motopical right Kan extension) of G along F is a homotopically initial (resp.
homotopically terminal) object of the homotopical category (G | F™), (resp.
(F* | G),) described below:

* The objects are pairs (H, a) where H is a homotopical functor D — £ and
a is a natural transformation of type G = H F (resp. HF = G).

* The morphisms (H',a') — (H, a) are those natural transformations f :
H' = H suchthat fF ea’ = a (resp. a ¢« pF = a’).

* The weak equivalences are the natural weak equivalences.

REMARK 2.2.13. Note that any homotopical Kan extension of F : C — D along
G : C — £ has, by definition, an underlying homotopical functor D — €.

Corollary 2.2.14. Homotopical Kan extensions are homotopically unique, any
two homotopical left (resp. right) Kan extensions of G along F are naturally
weakly equivalent. [ ]

Definition 2.2.15. Let F : C - D and G : C — & be two ordinary functors
between homotopical categories, and let L : £ — F be a homotopical func-
tor. We say L preserves a homotopical left (resp. right) Kan extension (H, a)
of G along F if (LH, La) is a homotopical left (resp. right) Kan extension of
LF along G. If a homotopical Kan extension is preserved by all homotopical
functors, then it is said to be absolute.

Quillen—Verdier derived functors

Prerequisites. §§ 2.1, A.3, A4

The fact that Ho : RelCat — Cat is a 2-functor means that relative functors
F : C - D descend to functors Ho F : HoC — Ho D in a very well-behaved
way. However, what can we say about ordinary (i.e. not necessarily relative)
functors C - D?

In this section, we follow [DHKS, §§ 40-43].

Definition 2.3.1. Let C and D be relative categories. A left deformation retract
for an ordinary functor F : C — D is a triple (C°, O, p) where
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e O : C — Cis arelative functor,

* (° is a full subcategory of C with the induced relative subcategory struc-
ture, and

* p: Q0 = id. is a natural weak equivalence,
and these data are required to have the following properties:

* For all objects X in C, the object QX is in C°.

* The restriction F|. : C° — D is a relative functor.

An ordinary functor F : C — D is left deformable if there exists a left deform-
ation retract for F.

Dually, a right deformation retract for an ordinary functor G : D — Cisa
triple (D°, R, i) where

e R:D — Dis arelative functor,

* D¢ is a full subcategory of D with the induced relative subcategory struc-
ture, and

* i :id, = R s a natural weak equivalence,
and these data are required to have the following properties:
* For all objects A in D, the object RA is in D°.

¢ The restriction G

p- . D° — Cis arelative functor.

An ordinary functor G : D — C is right deformable if there exists a left right
deformation retract for G.

REMARK 2.3.2. Every relative functor is both left deformable and right deform-
able, with trivial left and right deformation retracts.

Lemma 2.3.3. Let C and D be relative categories.

o If(C°, Q, p)is a left deformation retract for F : C — D, then the composite
FQ : C— Dis a relative functor.

e If (D°, R,i) is a right deformation retract for G : D — C, then the com-
posite GR : D — C is a relative functor.
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Proof. Immediate from the definitions. [ ]

The following definition is essentially due to Verdier [1963], but we use the
formulation of Quillen [1967, Ch. I, § 4].

Definition 2.3.4. Let C and D be relative categories, and let y,. : C - Ho C and
vp : D — Ho D be the localising functors. A total left derived functor for an
ordinary functor F : C — D is aright (!) Kan extension of y,F : C - HoD
along y. : C — HoC. Dually, a total right derived functor for an ordinary
functor G : D — Cis a left (!) Kan extension of y.G : D — HoC along
yp: D — HoD.

REMARK 2.3.5. As with everything with a universal property, total derived func-
tors are unique up to unique isomorphism if they exist.

Theorem 2.3.6. With other notation as in the definition:

(1) Let F : C — D be an ordinary functor. If (C°, Q, p) is a left deformation
retract for F, then (HO(F 0),ypF p) is an absolute right Kan extension of
ypF : C = HoD along y.: C = HoC.

(ii) Let F,F' : C — D be a parallel pair of ordinary functors. If (LF, &) and
(LF',6") are total left derived functors for F and F' (respectively), then
for any natural transformation @ : F = F', there exists a unique natural
transformation Lo : LF = LF' such that 6" « (L@)y. = yp® * 6.

(iii) Moreover, if (C°, Q, p) is a left deformation retract for both F and F', then
we may take Lo = Ho(@Q).

(iv) Let F : C - Dand G : D — & be ordinary functors between re-
lative categories. If (LF,8"), (LG,5%), and (L(GF),5°") are total
left derived functors for F, G, and GF (respectively), then there is a
unique natural transformation p; p . (LG)LF) = L(GF) such that
8" e pg pye = 6°F « (LG)S".

) If (C°, Qco,pco) is a left deformation retract for F, (D°, QDO, pDc) is a left
deformation retract for G, and F maps objects in C° to objects in D°, then
(C°, o<, pco) is also a left deformation retract for GF, and the canonical
comparison g . . (LG)(LF) = L(GF) is an isomorphism.

Dually:
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2.3. Quillen—Verdier derived functors

(i") If G : D — C is an ordinary functor and (D°, R, i) is a right deformation
retract for F, then (HO(GR), yCGi) is an absolute left Kan extension of
v¢G : D = HoCalong y;, : D — HoD.

(ii") Let G,G’ : D — C be a parallel pair of ordinary functors. If (RG, ) and
(RG', &') are total right derived functors for G and G' (respectively), then
for any natural transformation v : G' = G, there exists a unique natural
transformation Ry : RG' = RG such that (Ry)yp 6’ =6 eyy.

(iii") Moreover, if (D°, R,i) is a right deformation retract for both G and G’,
then we may take Ry = Ho(y R).

(iv') Let F : C - Band G : D — C be ordinary functors between re-
lative categories. If (RF,5F), (RG, 5G), and (R(FG),&FG) are total
right derived functors for F, G, and FG (respectively), then there is a
unique natural transformation 6, : R(FG) = (RF)(RG) such that
8:6rp* 6" = (RF)5 «67G.

v If (C°, R, iCO) is a right deformation retract for F, (D°, R, iDo) is a
right deformation retract for G, and G maps objects in D° to objects in
C°, then (D°, QDO, iDo) is also a right deformation retract for FG, and the
canonical comparison 8. ; : R(FG) = (RF)(RG) is an isomorphism.

Proof. (i). To simplify notation, let LF = Ho(FQ). Let H : HoD — &£ and
K : HoC — & be any two ordinary functors, and let a : Ky, = Hy,F be any
natural transformation. Observe that the following diagrams commute for every
object X in C:

14 ypFp,
7:00X —= 70X rpFQOOX =—= y,FQOX
7¢Qp xl l}’cl’x roF QPQXJ/ l}’v Fpox
DI Pox

Since y.p and y, FpQ are natural isomorphisms, we must have these equalities:
¥eQp = 7cpQ rpFOpQ = ypFpQQO
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Now, suppose we are given & : K = H(LF) suchthata = Hy,Fpeay,. Then:

@y =ares Krep+ K (vep) ™'
= H(LF)ycpeay QO o K(VCP>_1
= HypFOp+ayr.Q«K(rep)™

and so, recursing once and applying the equations above,

&ye = Hyp,FQp e (HJ/DFQP «aycQ K(ycp)_l)Q «K(yep)™
= HypFQp+ HypFOpQ « @700 « K (ycp) "' Q + K (vcp) ™'
= HypFQOp e Hy,FpOOQ « &y.00 « K (1cp) 'O ¢ K (vcp) ™
= Hyp,FOps (HypFpeay:)00 « K(yep) 'O« K(yep)™

HypFQpe+aQQ « K (yp) 'O« K(yep)™

=aQ e+ Ky.0p+K(7p)"'Q+ K(ycep)”™

=aQ«KypQ+K(yp) ' Qe K(rep)™

=aQ+K(yep)™

However, the 2-dimensional universal property of Ho C implies that the map
shown below is a bijection,

[HoC, £I(K, H(LF)) = [C, &] (Kyc, H(LF)J’c)
Q- ay.

and so this calculation determines @ : K = H (L F) uniquely. Conversely, define
& to be the unique natural transformation such that &y, = @Q « K (ycp)~'; then,

HypFpeay. = Hyp,FpeaQ«K(yp)™
=asKypeK(yep)™

=a

and therefore (LF s vpF p) is indeed an absolute right Kan extension of y, F :
C - HoD along y.: C - HoC.

(ii). Noting that y,@«6 is a natural transformation (L F)y. = y, F’, the universal
property of (LF’,$") yields a unique natural transformation Lg : LF = LF’
such that y,@ « 6 = 6" « (L@)y,, as required.
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(iii). Ho(@Q) is a natural transformation Ho(FQ) = Ho(F'Q), and we have

ypFpeHo(yp@Q)ye = ypFperp9Q =yp@* rpF'p
as required.

(iv). Since 6°F « (LF)6 is a natural transformation (LG)(LF )Ye = vpGF, the
universal property of (L(GF ), 6¢F ) yields the required natural transformation
He.r - (LG)LF) = L(GF).

(v). Our hypotheses imply that the restriction GF|. : C° — £ is a relative
functor, so (C°, Q< p“’) is indeed a left deformation retract for GF : C — €. It
follows that GOP" FO® and GF Q€ are both relative functors C — &; moreover,

1:GFp® « Ho(Gp” FQ )y = ysGFp" «y,Gp” FQ
= y¢Gp” F «y,GQ" Fp“
= y,Gp” F « Ho(GQ™) (rp,Fp)
so we must have u; » = Ho(Gp” FQ"). However, because FQ X is in D° for
all objects X in C, GpP? FQ® : GOQP'FQ® = GFQ® must be a natural weak

equivalence, and so Yg . : HO(GQDD) Ho(F QCO) => HO(GF QCO) is indeed a
natural isomorphism. [ |

Definition 2.3.7. The 2-category of small left deformation retracts is defined
as follows:

« The objects are pairs (C,C°, Q¢ p°) where C is a small relative category
and (C°, QCO, pco) 1s a left deformation retract forid : C — C.

* A 1-morphism F : (C,(°, QCO,pCO) - (D, D, QDO,pDO) is an ordinary
functor F : C — D, such that (C°, 0, p“) is a left deformation retract
for F, and F sends objects in C° to objects in D°.

e The 2-morphisms are ordinary natural transformations.

* All compositions and identities are inherited from 2-category of small cat-
egories.

We write Def for this 2-category, and we write LDefFun for its hom-sets.
The 2-category of small right deformation retracts is defined dually:
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* The objects are pairs (D, D°, R”", iDo) where D is a small relative category
and (D°, R”",i"") is a right deformation retract forid : D — D.

* A 1-morphism G : (D,D°, R™,i”") - (C, C°,RC°,iC°) is an ordinary
functor G : D — C, such that (D°, RY, iDo) is a right deformation retract
for G, and G sends objects in D° to objects in C°.

* The 2-morphisms are ordinary natural transformations.

* All compositions and identities are inherited from 2-category of small cat-
egories.

We write RDef for this 2-category, and we write RDefFun for its hom-sets.

REMARK 2.3.8. The duality principle for deformation retracts can be formalised
as follows: there is a 2-functor 2Defco — RDef that sends (C, C°, o°, pco)
to its opposite (C°P,(C°)P, (QCO)OP, (pco)"p), and it has an evident strict in-
verse RDefco — XDef. Note that these two 2-functors reverse the direction
of 2-morphisms but preserve the direction of 1-morphisms!

Corollary 2.3.9. There are two pseudofunctors, L. and R, where:
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* L is a pseudofunctor Def — Cat that sends an object (C, c°,0°, pCo)
to the homotopy category Ho C, a 1-morphism F : (C, c°,0°, pco) -
(D, D, QDo,pDO) to its total left derived functor LF : HoC — HoD,
and a 2-morphism ¢ : F = F' to the derived natural transformation
Lo : LF = LF’, and L preserves identity 1-morphisms strictly.

* Ris a pseudofunctor RDef — Cat that sends an object (D, D°, RY, iDO)
to the homotopy category Ho C, a 1-morphism G : (D, D°, R”", iDo) -
(C,C°, RE, i) to its total right derived functor RG : HoD — HoC,
and a 2-morphism v : G' = G to the derived natural transformation
Ry : RG' = RG, and R preserves identity 1-morphisms strictly.

* L and R are compatible with the duality principle, in the sense that the
following diagrams commute (strictly):

LDefco —2 Gatco RDefco —< Catco
<—>°pl l(—)“? <—>°Pl l(—)‘“’
RDef — Cat LDef — Cat
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Proof. The main claims follow from theorem 2.3.6; the only thing left to check
is that the collection of 2-isomorphisms u and é satisfy the coherence laws for
pseudofunctors; that is, we should show that the following diagrams commute:

(LH)pg p

FH,G(LF)\[ lFH,GF

L(HG)(LF) —er L(HGF)

R(FGH) —*"_ (RF)R(GH)
5FG$HJ/ l(RF )86, 1
R(FG)RH) ;— (RF)YRG)(RH)

However, using the explicit formulae for p and 8 in the proof of the theorem, it
is easy to see that these diagrams do indeed commute. [ |

Definition 2.3.10. A deformable adjunction between two relative categories
is an ordinary adjunction where the left adjoint is left deformable and the right
adjoint is right deformable.

Theorem 2.3.11. Let C and D be two relative categories, and let
F4G:D->C
be an adjunction of ordinary categories, with

n:id. = GF
e: FG=>id,

as the unit and counit (respectively).

(1) If (C°, 0, p) is a left deformation retract for F, and (D°, R, i) is a right
deformation retract for G, then for LF = Ho(FQ) and RG = Ho(GR),

LF ARG :HoD — HoC

is an adjunction with the following unit and counit:

i =Ho(GiFQ «nQ)+ (Hop)™" : idy, - = (RG)(RF)
£ =(Hoi)™' «Ho(eR » FpGR) : (LF)(RG) = idy, p,

85
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(ii) Let F' 4 G' : D' — C’ be another adjunction, with unit n' and counit €',
andlet H : C' - Cand K : D' — D be homotopical functors. If
* (C°,Q,p) is a left deformation retract for F,
o (C'°,Q',p") is a left deformation retract for F',
* H sends objects in C'° to objects in C°,
* (D°, R,i) is a right deformation retract for G,
e (D'°,R,i") is a right deformation retract for G', and
* K sends objects in D'° to objects in D°,

then for any conjugate pair of natural transformations ¢ : FH = KF’,
v : HG' = GK, i.e. a pair (@, y) satisfying the equations below,

eK ¢« Fy = Ke' o oG’ GopenH =ywF' « Hy'

the derived natural transformations L : (LF)(Ho H) = (Ho K)(LF")
and Ry : (Ho K)(RG") = (RG)(Ho K) also constitute a conjugate pair.

(iii) Let F' 4 G' : D' — D be another adjunction, with unit 5" and counit €'.
If
* (C°,Q,p) is a left deformation retract for F,
e (C'°,Q',p") is a left deformation retract for F’,
* F sends objects in C° to objects in C'°,
* (D°, R,i) is a right deformation retract for G,
e (D'°,R',i") is a right deformation retract for G', and
* G’ sends objects in D'° to objects in D°,
then the three derived adjunctions
LF ARG :HoD — HoC
LF' ARG’ :HoD' - HoD
L(F'F) 41R(GG') : HoD' — HoC

are compatible with the comparison isomorphisms pp,  and 8 ./, i.e.

1" = (856 ° M) * RO (LF) 7
é” — é/ ° (LF/)E(RGI) ° (IJ;‘},F o 6G,G,)
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where ij" and " are the unit and counit for L(F'F) 4 R(GG") as con-
structed in claim (i), and o denotes the horizontal composition'!) of natural
transformations.

Proof. (1). We will check that the triangle identities hold for the announced unit
and counit. First, observe that these diagrams commute:

FO -2 FOGF 2% FOGRF

Fpl FpGFl leGRF

F ——— FGF ——— FGRF

\ | [

F—)RF

0G 2%, 6FoG %% GRFOG

pGl GFpGl lGRFpG

G ——— GFG —(—-— GRFG

S

G ———GR

Thus, we have the following equations:

E(LF) « (LF)ij = Ho(iFQ)™' « Ho(e RFQ » FpGRFQ)
«Ho(FOGiFQ « FOnQ) « Ho(FQp)™'
= Ho(iFQ)™" « Ho(iFQ « FpQ) « Ho(FQp)™
= Ho(FpQ) « Ho(FQp)™'

(RF)E « (RG) = Ho(GRi)™' « Ho(GReR « GRFpGR)
« Ho(GiFOGR « nOGR) « Ho(pGR)™!
= Ho(GRi)™' « Ho(GiR « pGR) « Ho(pGR) ™!
= Ho(GRi)~' « Ho(GiR)

[1] — also known as the Godement product.
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We must now show that

Ho(FpQ) « Ho(FQp)™ = 1dyy(ro)
and Ho(GRi)™' « Ho(GiR) = 1dyoGr)

but those equations hold because the diagrams of natural weak equivalences be-
low commute:

FO+2  Foo —" , FQ

F QPT F QQPT TF Op

FO 2 FQQ <22 F000 2% Foo - FOQ

FQWFQQWFQQQWFQQWFQ

FO FQ

GR —%R . GRR «%®_GR

GRil GRRil lGRi
GRi

GR —R®, GRR -“R®R, GRRR <®R_GRR <“®_ GR

GR T GRR CRR GRRR CRR GRR R GR

GR GR

(Recall theorem A.3.21.)

(i1). We use the following explicit formulae for L and Ry:

Ly = Ho(¢Q') « Ho(FpHQ') s Ho(FQH p')™!
Ry = Ho(GRKi')™' « Ho(GiKR’) » Ho(y R')

We wish to show that these equations hold:

(1) £(Ho K) « (LF)(Ry) = (Ho K)¢" » (Lp)(RG")
(2) (RG)(Le) «7(Ho H) = (Ry)(LF") « (Ho H)7’

Observe that the following diagrams commute,

88



2.3. Quillen—Verdier derived functors

FOGRK 7", pGRK —RX , Rk Xk

FQGRKi' RKi’ Ki'

FOGRKR "“®X pGRKR KKK, RKR' <XR_ KR’

AN
FQGIiKR' iKR' H

FOHG'R 2%, FoGKR %%, FGKR —KXR _, KR’

FOHG'R mFHGR WFGKR

KR’

FHO'G'R 22X kFr o6’ R SSKFG'R

FHO'G'R 2R rac'R 2“2, kF6'R KER, kR Xk

FpHQ'G'R’ FpHG’R’T

FOHO'G'R™" S roHG' R

FOHP' G'R' H
FQ};G’R’ ——— FQHG'R'
and so we have the identities shown below:
E(Ho K) « (LF)(Ry) = Ho(Ki')™' « Ho(eKR' « FwR' « FpHG'R)
(Ho K)é' « (L@)(RG') = Ho(Ki')™' « Ho(K&'R' « G'R’ « FpHG'R')
Since eK « Fy = Ke' » ¢G’, we conclude that equation (1) holds. The dual

calculation proves equation (2).

(ii1). Recall that the comparison isomorphisms have the following explicit forms:
”F’,F = HO(F/p,FQ) 6G,G’ = HO(GZG,R/)

Thus, (85 © M ;) « (RG)'(LF) « 7j expands to

Ho(GiG'R'F'FQ)™' « Ho(GRG'R'F'p' FQ)
«Ho(GRG'i'"F'Q'FQ « GRyQ' FQ) « Ho(GRp' FQ)™!
«Ho(GiFQ «nQ) « (Ho p)™'

89



II. HOMOTOPICAL CATEGORIES

and a straightforward calculation then shows
(655 < M ) = (RG) (LF) « i = Ho(GG'i' F'FQ + G FQ + Q) » (Ho p)”'

but the RHS is precisely the definition of #”. The dual calculation proves the
other equation. [ |

Proposition 2.3.12. Let C and D be two relative categories, let F 4G : D — C
be an adjunction of ordinary categories with unit n and counit €, let (C°, Q, p) be
a left deformation retract for F, and let (D°, R, i) be a right deformation retract
for G. Consider the following statements:

() For all objects X in C° and all objects B in D°, if FX — B is a weak
equivalence in D, then its right adjoint transpose X — GB is a weak
equivalence in C.

(i1) The natural transformation GiFQ « nQ : O = GRFQ is a natural weak
equivalence.

(ii1) The derived adjunction unit ij : idy, » = (RG)(LF) is a natural isomorph-
ism.

(") Forall objects X in C° and all objects Bin D°, if X — GB is a weak equi-
valence in C, then its left adjoint transpose FX — B is a weak equivalence
in D.

(ii") The natural transformation eR « FpGR : FOGR = R is a natural weak
equivalence.

(iii") The derived adjunction counit € : (LF)(RG) = idy, p, is a natural iso-
morphism.

We have the implications (i) = (ii) = (iii); if weq C has the 2-out-of-3 property,
then (i1) = (1); and if C is a saturated homotopical category, then (ii1) = (ii).
Dually, (i") = (ii") = (iii’); if weq D has the 2-out-of-3 property, then (i) =
(i"); and if D is a saturated homotopical category, then (iii") = (ii").

Proof. (i) = (ii). We have a natural weak equivalence i FQ : FQ = RFQ, so,
by the hypothesis, its right adjoint transpose Gi FQ « nQ is also a natural weak
equivalence.
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(i1) = (iii). The derived adjunction unit is given by 7 = Ho(GiFQ ¢ nQ) «
(Ho p)~!, which is certainly a natural isomorphism if GiFQ  #Q is a natural
weak equivalence.

(i) = (i). Assume weq C has the 2-out-of-3 property. Given X in C°, the diagram
below commutes,

~ 7 ~ Gi 7 ~
0X M, GFoX =°% GRFOX
pil lGRFp)z

)? —_— GFX —_— GRFX
nx Gipx

but the top row and the two vertical arrows are weak equivalences in C, so the
bottom row must be a weak equivalence as well, by the 2-out-of-3 property.

Letg : FX — B be a weak equivalence in D, and let f = Gg o n; be its
right adjoint transpose in C. We know GR : D — C is a relative functor, so
GRg : GRF X — GRB is a weak equivalence in C; but

Gigo f =GigoGgong = GRg~ (Gipg ony)

and we know Gi : G B — GRB is a weak equivalence in C, so by the 2-out-of-3
property again, f must be a weak equivalence in C.

(ii1) = (i1). Now assume C is a saturated homotopical category. If 7 is a natural
isomorphism, then Ho(Gi FQ « nQ) must also be a natural isomorphism, and so
GiFQ « nQ is a natural weak equivalence, by the saturation hypothesis. [ |

Corollary 2.3.13. With notation as above, suppose the Quillen equivalence
condition is satisfied:

e Forall objects X in C° and all objects B in D°, a morphism FX — Bisa
weak equivalence in D if and only if its right adjoint transpose X — GB
is a weak equivalence in C.

Then the derived adjunction is an adjoint equivalence of categories. [ ]

DHKS derived functors

Prerequisites. §§ 2.1, 2.2, 2.3.
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II. HOMOTOPICAL CATEGORIES

Notice that in theorem 2.3.6, we constructed derived functors by applying
the 2-functor Ho : RelCat — Cat to a relative functor that is naturally weakly
equivalent to the original functor, and then we showed that its homotopy version
has a universal property. This suggests that the intermediate relative functor
might itself have a homotopical universal property.

In this section we follow [DHKS, Ch. VII].

Definition 2.4.1. Let C and D be homotopical categories. A homotopical left
approximation for an ordinary functor F : C — D is a homotopical right (!)
Kan extension of F along id.. Dually, a homotopical right approximation for
an ordinary functor G : D — C is a homotopical left (!) Kan extension of G
along id,,.

REMARK 2.4.2. More explicitly, a homotopical left approximation for F : C - D
is a homotopically terminal object in the homotopical category ([C, D), | F )h
described below:

* The objects are pairs (K, a) where K is a homotopical functor C — D and
a is a natural transformation of type K = F.

* The morphisms (K',a’) — (K, «) are those natural transformations y :
K’ = K suchthata ey = a'.

* The weak equivalences are the natural weak equivalences.

Dually, a homotopical right approximation for G : D — C is a homotopically
initial object in the homotopical category (F D, C]h)h. By corollary 2.2.14,
homotopical approximations are homotopically unique.

We have the following special case:

Proposition 2.4.3. Let Q be a homotopical endofunctor on a homotopical cat-
egory C and let p : Q = id. be a natural transformation. The following are
equivalent:

(1) (Q,p) is a homotopical left approximation for id,.
(1) (C,C, Q,p) is a left deformation retract for id .

Dually, let R be a homotopical endofunctor on a homotopical category D, and
leti:idy = R be a natural transformation. The following are equivalent:
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2.4. DHKS derived functors

(i") (R, i) is a homotopical right approximation for id,.
(ii") (D, D, R,i) is a right deformation retract for id,.

Proof. (1) = (i1). If (Q, p) is a homotopical left approximation for id, then there
must exist a commutative diagram of the form below,

idl P1l le ll’

where all the arrows in the top row are natural weak equivalences. Using 2-out-
of-3 property, we deduce (by induction) that p,, p,, ..., p are also natural weak
equivalences; thus (C, C, Q, p) is indeed a left deformation retract for id.

(i) = (1). If (C, C, Q, p) is a left deformation retract forid., then p : Q = id.isa
natural weak equivalence; but (id, idy, ) is a terminal object in ([C, C], | i), ,
so by proposition 2.2.2, (Q, p) must be a homotopically terminal object. [ ]

Definition 2.4.4. Let F, F’' : C — D be ordinary functors between homotopical
categories, and let @ : F = F’ be a natural transformation. We define the
homotopical category ([min2, [C, Dl,], | @), as follows:

* The objects are tuples (H, H',a,a’, ) where H and H' are homotopical
functors C - D, a and a’ are natural transformations of type H = F and
H' = F’ (respectively), and @ : H = H' is a natural transformation such
that pea = a' 0.

* The morphisms (H, H',a,a’,0) - (K,K',p,p’, y) are pairs ({,{’) of
natural transformations, where { : H = K and {' : H' = K', such that
yol=C"00,pel=a,and f' o (' =a'.

» The weak equivalences are those (£, ") where both ¢ and ¢’ are natural
weak equivalences.

A homotopical left approximation for ¢ is a homotopically terminal object
(LF,LF’,5,8,Lg) in ([min2,[C, D], | (p)h such that (LF,§) is a homotop-
ical left approximation for F and (LF’, ") is a homotopical left approximation
for F'.
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II. HOMOTOPICAL CATEGORIES

Dually, let G,G" : D — C be ordinary functors between homotopical cat-
egories, and let  : G' = G be a natural transformation. We define the homo-
topical category (w | [min2,[D, C]h]h)h as follows:

* The objects are tuples (H, H',a,a’, ) where H and H' are homotopical
functors D — C, a« and a' are natural transformations of type G = H and
G' = H' (respectively),and 6 : H' = H is a natural transformation such
thataey =0 ea’.

e The morphisms (K,K',5,6', y) - (H,H',a,a',0) are pairs ({,{’) of
natural transformations, where { : K = H and {’' : K' = H’, such that
C'}(ZG'C/,C'ﬂZOl,aHdZ:,Oﬂ/=0{'.

» The weak equivalences are those (£, ") where both { and ¢’ are natural
weak equivalences.

A homotopical right approximation for y is a homotopically initial object
(RG,RG'",8,6',Ry) in (y | [min2,[D,Cl], ), such that (RG, ) is a homo-
topical right approximation for G and (RG’, ") is a homotopical right approx-
imation for G'.

Theorem 2.4.5. Let C and D be homotopical categories.

(1) Let F : C = D be an ordinary functor. If (C°, Q, p) is a left deformation
retract for F, then (FQ, F p) is a homotopical absolute right Kan extension
of F along id,..

(ii) Let F,F' : C — D be a parallel pair of ordinary functors. If (C°, Q, p) is
a left deformation retract for both F and F', then for any natural trans-
formation ¢ : F = F', (FQ,F'Q, Fp, F'p, Q) is a homotopical left
approximation for .

(i) Let F : C - Dand G : D — & be ordinary functors between ho-
motopical categories. If (C°,QCQ, pCO) is a left deformation retract for
F, (D°,QD°, pDo) is a left deformation retract for G, and F maps ob-
jects in C° to objects in D°, then, for any homotopical left approximation
((I]_F ), 6F ) for F and any homotopical left approximation ((I]_G), 50) for
G, (([LG)([I_F), 6% 5F) is a homotopical left approximation for G F.

Dually:

94
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(i") Let G : D — C be an ordinary functor. If (D°, R, i) is a right deformation
retract for F, then (G R, Gi) is a homotopical absolute left Kan extension
of G along id,,.

(ii") Let G,G' : D — C be a parallel pair of ordinary functors. If (D°, R, i)
is a right deformation retract for both G and G', then for any natural
transformation v : G' = G, (GR,G'R,Gi,G'i,yR) is a homotopical
right approximation for y.

(iii") Let F : C - Band G : D — C be ordinary functors between ho-
motopical categories. If (C°, RC, ico) is a right deformation retract for
F, (D°, R”, iDo) is a right deformation retract for G, and G maps ob-
jects in D° to objects in C°, then, for any homotopical right approximation
(([RF ), 6" ) for F and any homotopical right approximation (([RG), 5G)
for G, ((RF)([RG), 6o 50) is a homotopical right approximation for FG.

Proof. (i). Let H : D - £and K : C — Ebe any two homotopical functors, and
let « : K = HF be any natural transformation. Then, we have the following
commutative diagram of natural transformations,

Kp aQ

K < KO s HFQ
HF

and, for any other homotopical functor K’ : C — & and natural transformation
v : K' = K, fora’ = a ey, the diagram

K <& ko0o-"%, HFO
e
K+~ k0—"2,HFQ
x l A
HF

also commutes; thus, (H FQ, H Fp) is indeed a homotopically terminal object
in ([C,€], ) HF),.
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(ii). Suppose (H, H',a,a’,#) is an object in ([min 2,[C, D]h]h l (p)h. The dia-
gram below commutes,

H/ pege)
aQJ/ ,
a FQ —— F'0O

and (Hp, H'p) is a weak equivalence, so (FQ, F'Q, Fp, F'p, Q) is indeed a
homotopically terminal object in ([min 2, [C,D},], | ),
(iii). To begin, observe that Gp? FQ¢ : GQP'FQ® = GFQ€ is a natural
weak equivalence; and, as established above, both 67Q : (LF)Q¢ = FQY
and 5GQD° : (ILG)QDO => GQDo are natural weak equivalences, so their hori-
zontal composite (6GQC°) 0 (6F QDO) is also a natural weak equivalence. We also
know that (C°, QCO, pcc) is a left deformation retract for G F, so (GF QCO, GF pco)
is a homotopical left approximation for G F. Now, noting that the following dia-
gram commutes,

(LG)OP' (LF)Q® M GO FO“ ﬂ) GFO®
(<[LG>pD°>°(aLF>PC°>l (GoP*)o(Fp™" d lGFpCQ
(LG)(LF) GF GF

5%.67

we conclude that ((LG)(LF), 5%« 6") and (GFQ,GFp“) are weakly equi-
valentin ([C, €], | GF),, and so ((LG)(LF),5% » 6") is also a homotopical left
approximation for G F, by proposition 2.2.2. [ |

REMARK 2.4.6. Unfortunately, the assignment F — FQ (resp. G — GR) does
not extend to lax (resp. oplax) 2-functors, because we do not have a natural trans-
formation id. = Q (resp. R = idp).

Corollary 2.4.7. Let C and D be homotopical categories, and let y. : C - HoC
and y, : D — Ho D be the respective localising functors.
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2.4. DHKS derived functors

e If F : C — Dis a left deformable functor and (LF, ) is any homotopical

left approximation for F, then (HO(I]_F ), }/Dé) is a total left derived functor
for F.

* IfG : D — Cisarightdeformable functor and (RG, o) is any homotopical
right approximation for G, then (HO(IRG), }/C(S) is a total right derived
functor for G.

Proof. Combine theorems 2.3.6 and 2.4.5. [ ]
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— I —

MODEL CATEGORIES

Basics

Prerequisites. §§ 2.1, A.2.

In [1967], Quillen introduced the notion of a ‘closed model category’ (but
we shall say simply ‘model category’) for homotopy theory, so as to formalise
the similarities between the homotopy theory of spaces and homological algebra.
The idea was that, to do homotopy theory, one really only needed to know which
morphisms are cofibrations, which are weak equivalences, and which are fibra-
tions.

Definition 3.1.1. A model category is a locally small category M equipped
with three subclasses C, W, F of mor M satisfying the following axioms:[!)

¢ CM1. M has finite limits and finite colimits.
e CM2. W has the 2-out-of-3 property.
e CMB3. C, W, and F are closed under retracts.

* CMA4. Given a commutative diagram

B

—

N.
~

T

This presentation is due to Quillen [1969].
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III. MODEL CATEGORIES

where i is in C and p is in F, if at least one of i or p is also in W, then there
exists a morphism B — X making both of the evident triangles commute.

* CMS. Any morphism f in M may be factored in two ways:

— f=peiwhereiisinCNn Wand pisin F, and
— f=qej,wherejisinCand gisin WN F.

The triple (C, W, F) is said to be a model structure on M. Given such a model
structure on M,

* a cofibration is a morphism in C,

» a weak equivalence is a morphism in W,

a fibration is a morphism in F,

a trivial cofibration (or acyclic cofibration) is a morphism in CNn' W, and

a trivial fibration (or acyclic fibration) is a morphism in WN F;

a cofibrant object is an object X such that the unique morphism 0 — X
is a cofibration, and

a fibrant object is an object X such that the unique morphism X — 1 is
a fibration.

a cofibrant—fibrant object is an object that is both cofibrant and fibrant.

Definition 3.1.2. A DHK model category is a model category satisfying the
following variants of CM1 and CMS5:

* CM1*. M is complete and cocomplete.

e CMS5*, The (Cn W, F) and (C, W N F)-factorisations can be chosen func-
torially in the sense of definition A.2.21.

REMARK 3.1.3. Hovey [1999] and Hirschhorn [2003] attribute the stronger defin-
ition of ‘model category’ to Dwyer, Hirschhorn and Kan [DHK], hence the name
‘DHK model category’; of course, this is the definition used in the cited works,
as well as in [DHKS]. Note also that the definition in [Hovey, 1999] includes the
functorial factorisations as a structure instead of a property. On the other hand,
[DS] and [GJ] use Quillen’s 1969 definition essentially verbatim.
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Example 3.1.4. Let M be any category with finite limits and finite colimits. The
trivial model structure on M is defined by the following data:

* The weak equivalences are the isomorphisms.
* Every morphism is both a cofibration and a fibration.

It is straightforward to directly verify that the axioms are satisfied in this case.
Notice that if M is complete and cocomplete, then the trivial model structure
even makes M into a DHK model category.

REMARK 3.1.5. Let M be a category with finite limits and finite colimits. Then,
(C, W, F) is a model structure on M if and only if (F°P, WP, CP) is a model
structure on M °P.

Lemma 3.1.6. Let M be a category with a pair of weak factorisation systems
(C',F) and (C, F"). Define the following subensemble of mor C:

W={qejlj€eC,qeF'}
i Cnwcc cw.
(i) IfC' CC then FF CFandCnW=_C.
Dually:
i) WnFCF Cw.
(") If FF CF, thenC' CCand WNF=F.

Proof. (i). If j : X — Y isin (', then j is also in W, because id,, is in F; thus
C' CW. Now, suppose i : X — Z isin CN W, then there mustbe j : X —» Y
inC' andq:Y — Z in F such thati = g o j, and so we have the commutative
diagram shown below:

X Y

Z—)Z

!

Since i [] q, i must be a retract of j; hence, by proposition A.2.12, i isin C’, and
therefore Cn W C C'.

(ii). If we know C’' C C, then F' C F by proposition A.2.3, and C' C CN W, so
from claim (i) it follows that C' = Cn W. [ |
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III. MODEL CATEGORIES

Theorem 3.1.7. Let M be a locally small category and let C, W, F be subclasses
of mor M. Assuming M has finite limits and finite colimits, the following are
equivalent:

(1) (C, W, F) is a model structure for M.

(i) W has the 2-out-of-3 property in M, and both (CN W, F) and (C, WNF)
are weak factorisation systems for M.

Proof. (i) = (ii). The fact that we have two weak factorisation systems follows
from Lemma 1.1 in [GJ, Ch. II] or Proposition 7.2.3 in [Hirschhorn, 2003].

(i1) = (i). We may deduce from proposition A.2.12 that C and F are closed under
retracts, and it remains to be shown that W is closed under retracts.

Let w : X — Z be a morphism in W, and consider a commutative diagram
of the form below:

Choose a (CN W, F) factorisation for w’, say w’ = p’ o j', with j' : X" - Y in
CnWandp' :Y' — Z'in F. Construct the following commutative diagram,

X X x X x
11
y X5y 2y
S
A > Z A

Sz rz

where the top left square is a pushout square, v e u = w, and ry o 5, = id,.
Since C N Wis closed under pushouts, u is also in C N W, and by the 2-out-of-3
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property, v is in W. Thus, p’ is in F and is a retract of v:

id
G 7
Y Y

Sz rz

id

Using the 2-out-of-3 property again, choose a (C N W, Wn F)-factorisation of
v,say v = qej. Since j [/] p’, there exists a morphism r such that 7o j = r, and
pler =r,eq;putting s = jos,, weobtain res = ry o5, =idy, thus p’ is a
retract of ¢ and must therefore be in FN W. Hence, w’ = p’ o j’ isin W. O

REMARK 3.1.8. May and Ponto [2012, Ch. 14] define ‘model category’ to mean
a complete and cocomplete locally small category M equipped with a triple of
classes (C, W, F) satisfying condition (ii) of the above proposition; if the two
weak factorisation systems can be extended to a pair of functorial factorisation
systems, then this is a DHK model category.

Lemma 3.1.9. Let A be an object in a model category M. Then the slice
category M, has the slice model structure, where a morphism in M, is a
cofibration, weak equivalence, or fibration if it is so in M.

Proof. Use lemmas 2.1.6 and A.2.11, plus the fact that M, has finite limits and
finite colimits if M does. [ |

Definition 3.1.10. Let X be an object in a model category M.

* A cofibrant replacement for X is a pair (X, p) where X is a cofibrant
object in M and p is a weak equivalence X — X.

* A fibrant replacement for X is a pair (X, i) where X is a fibrant object
in M and i is a weak equivalence X — X.

* A fibrant cofibrant replacement for X is a cofibrant replacement ()? , p)
where p : X — X is a trivial fibration.

* A cofibrant fibrant replacement for X is a fibrant replacement (X, i)
where i : X — X is a trivial cofibration.

Definition 3.1.11. Let M be a model category.
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A cofibrant replacement functor for M is a pair (Q, p), where Q is an
endofunctor on M and p is a natural transformation Q = id,, such that,
for every object X in M, (QX D X) is a cofibrant replacement for X.

* A fibrant replacement functor for M is a pair (R, i), where R is an en-
dofunctor on M and i is a natural transformation id,, = R such that, for
every object X in M, ( RX,i x) is a fibrant replacement for X.

* A fibrant cofibrant replacement functor for M is a pair (Q, p), where O
is an endofunctor on M and p is a natural transformation Q = id,, such
that, for every object X in M, (QX ,D X) is a fibrant cofibrant replacement
for X.

* A cofibrant fibrant replacement functor for M is a pair (R, i), where R
is an endofunctor on M and i is a natural transformation id,; = R such
that, for every object X in M, (RX N X) is a cofibrant fibrant replacement
for X.

REMARK 3.1.12. Note that a fibrant cofibrant replacement for X is precisely a
cofibrant replacement for X that is fibrant as an object in M /X and a cofibrant
fibrant replacement for X is precisely a fibrant replacement for X that is cofibrant
as an object in %/ M.

Moreover, if X is fibrant and (X , p) is a fibrant cofibrant replacement for X,
then X is both fibrant and cofibrant in M, and if X is cofibrant and (X Ji) is a
cofibrant fibrant replacement for X, then X is both cofibrant and fibrant in M.

Proposition 3.1.13.
(1) Any object in a model category has both a fibrant cofibrant replacement
and a cofibrant fibrant replacement.

(11) Any DHK model category has both a fibrant cofibrant replacement functor
and a cofibrant fibrant replacement functor.

Proof. (i). Use axiom CMS5.

(i1). Use axiom CM5%*. [ |

Left and right homotopy
Prerequisites. § 3.1.

104



3.2. Left and right homotopy

Definition 3.2.1. Let X be an object in a model category M.

* A cylinder object for X is a quadruple (Cyl(X )sigs iy, p) , where Cyl(X)
is an object in M, p : Cyl(X) — X is a weak equivalence, and i, and i,
are sections of p such that the morphism [io, i 1] X+ X - Cyl(X)isa
cofibration.

* A path object for X is a quadruple (Path(X ), 1, Pos Py ), where Path(X) is
an objectin M, i : X — Path(X) is a weak equivalence, and p, and p, are
retractions of i such that the morphism (p,, p;) : Path(X) - X X X isa
fibration.

REMARK 3.2.2. Let (Cyl(X )i, i1, p) be a cylinder object for X. By definition,
peiy,=pei, =1dy, and p is a weak equivalence, so by the 2-out-of-3 property,
ip and i; must also be weak equivalences X — Cyl(X).

Dually, if (Path(X ), i, Pos pl) is a path object for X, then p, and p; must be
weak equivalences Path(X) — X.

Proposition 3.2.3. Let X be an object in a model category M.

(1) There exists a cylinder object (Cyl(X )sigs iy, p) for X, where the morphism
p: Cyl(X) — X is a trivial fibration.

(i1) There exists a path object (Path(X ), 1, Pos pl) for X, where the morphism
i : X — Path(X) is a trivial cofibration.

Proof. Use axioms CM1 and CMS5. [ |

Definition 3.2.4. Let f,, f; : X — Y be a parallel pair of morphisms in a
model category M, let (Cyl(X )i, iy, p) be a cylinder object for X, and let
(Path(Y), i, po,pl) be a path object for Y.

* A left homotopy from f, to f, with respect to (Cyl(X), io,il,p) i1s a
morphism H : Cyl(X) — Y such that H i, = f,and H i, = f,.

* A right homotopy from f; to f, with respect to (Path(Y), i, p,, p;) is a
morphism H : X — Path(Y') such that p,o H = f,and p, e H = f.

* We say f;, and f, are left homotopic if there exists a left homotopy from
fo to f, with respect to some cylinder object for X.
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* We say f, and f, are right homotopic if there exists a right homotopy
from f, to f, with respect to some path object for Y.

REMARK 3.2.5. If f,, and f, are either left homotopic or right homotopic, then
they must represent the same morphism in Ho M. For definiteness, let us write
y : M — HoM for the localising functor, and suppose H : Cyl(X) — Y is
a left homotopy from f,, to f,. Since i, and i, are both sections of the weak
equivalence p : Cyl(X) — X, we must have yi, = (yp) ! = yijsbut fo = H o
and f;, = H o i, soindeed y f, = yf,. This is one of the reasons for calling
Ho M the homotopy category of M.

However, it is not quite true that y f, = y f, if and only if £, and f, are either
left homotopic or right homotopic; this only happens in special cases. In general,
being left/right homotopic fails to even be an equivalence relation.

Definition 3.2.6. Let f : X — Y be a morphism in a model category M.

* A left homotopy left inverse of f is a morphism g : Y — X in M such
that g o f and id are left homotopic.

* A right homotopy right inverse of f is a morphism 4 : ¥ — X in M
such that f o A and id, are right homotopic.

* A right homotopy left inverse of f is amorphism g : ¥ — X in M such
that g o f and id are right homotopic.

* A left homotopy right inverse of f is a morphism 4 : ¥ — X in M such
that f o h and id, are left homotopic.

A homotopy equivalence in M is a pair (f, g) such that g (resp. f) is both a left
homotopy left inverse and a right homotopy right inverse for f (resp. g). Two
morphisms f : X - Yand g : Y — X in M are mutual homotopy inverses
when (f, g) constitute a homotopy equivalence in M.

REMARK 3.2.7.Let f : X — Y and g : Y — X be morphisms in a model
category.

* g is a left homotopy left inverse for f if and only if f is a left homotopy
right inverse for g.

* gisaright homotopy left inverse for f if and only if f is a right homotopy
left inverse for g.
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However, note that the dual of ‘left homotopy left inverse’ is ‘right homotopy
right inverse’, and the dual of ‘right homotopy left inverse’ is ‘left homotopy
right inverse’!

Lemma 3.2.8. Let £, f, : X — Y be a parallel pair of morphisms in a model
category, and suppose f, and f, are either left or right homotopic. Then, f, is
a weak equivalence if and only if f, is a weak equivalence.

Proof. Assume f,, and f, are left homotopic; the other case is formally dual.
So, there exist a cylinder object (Cyl(X )sigsiys p) for X and a morphism H :
Cyl(X) = Y such that H oi, = f,and H i, = f,. Suppose f|, is a weak equi-
valence. By remark 3.2.2, i, is a weak equivalence, so the 2-out-of-3 property
implies H is also a weak equivalence; but i, is a weak equivalence as well, so
J1 must be a weak equivalence too. A symmetrical argument proves that f;is a
weak equivalence if f is. [ |

Lemma 3.2.9. Let f : X — Y and g : Y — X be morphisms in a model
category M.

(1) If g o f is either left or right homotopic to 1dy, and [ o g is either left or
right homotopic to 1dy, then (f, g) is an equivalence in M (in the sense of
definition 2.1.12).

(1) If there exist morphisms g, h : Y — X such that g » f is either left or right
homotopic to idy and f o h is either left or right homotopic to idy, then
(the image of) f is an isomorphism in Ho M.

Proof. Obvious, given remark 3.2.5. ¢

Lemma 3.2.10. Let f,, f, : X = Y be a parallel pair of morphisms in a model
category M.

(1) Given any cylinder object (Cyl(X), igs il,p) for X, foep: Cy(X) = Y
is a left homotopy from f to itself.

(i) Given any path object (Path(Y), i, Do pl) forY,io f,: X = Path(Y)isa
right homotopy from [ to itself.

(1) If H : Cyl(X) = Y is a left homotopy from f, to f, with respect to a cyl-
inder object (Cyl(X), igs il,p) for X, then the same H is a left homotopy
from f| to f, for the cylinder object (Cyl(X), i, io,p).
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(iv) If H : X — Path(Y) is a right homotopy from f, to f, with respect to a
path object (Path(Y), i, Do> Dy ) forY, then the same H is a right homotopy
from f| to f, for the path object (Path(Y), i,pl,po).

Proof. Obvious. ¢

Lemma 3.2.11. Let X be a cofibrant object in a model category M. Given two
cylinder objects for X, say (Cyl(X)’, i, i;,p’) and (Cyl(X)”, iq ii’,p”), there
exists a third cylinder object (Cyl(X )sigs iy, p) such that the diagram below com-
mutes,

X X

NN

Cyl(X)' Cyl(X)”

io i 7 il
— Cyl(X) +—
pl p\L P//
X

and the diamond is a pushout diagram.

Dually, if Y is a fibrant object in M, and we have two path objects for Y,
say (Path(Y)', i',pys p;) and (Path(Y)”, i, py.p| ), then there exists a third path
object (Path(Y), i, Pos P1) such that the diagram below commutes,

NG

Path(Y)

[ NN

Path(Y)’ Path(Y)”

and the diamond is a pullback diagram.

Y

Proof. See Lemma 1.5 in [GJ, Ch. II], or Lemma 7.4.2 in [Hirschhorn, 2003].
O]

Corollary 3.2.12. Let f, 1, f, : X = Y be three parallel morphisms in a
model category M.
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(1) If f, and f| are left homotopic, and f, and f, are left homotopic, then f
and f, are also left homotopic.

(1) If f, and f, are right homotopic, and f| and f, are right homotopic, then
fo and f, are also right homotopic. [ |

Lemma 3.2.13. Let f,, f; : X = Y be a parallel pair of morphisms in a model
category M.

(1) If X is cofibrant, and f and f| are left homotopic, given any path object
(Path(Y), i, Do pl) for'Y, there is a right homotopy H : X — Path(Y)
Sfrom f to f.

(1) IfY isfibrant, and f,,and f, are right homotopic, given any cylinder object
(Cyl(X), igs il,p) for X, there is a left homotopy H : Cyl(X) — Y from
foto fi.

Proof. See Proposition 1.8 in [GJ, Ch. II], or Proposition 7.4.7 in [Hirschhorn,
2003]. ]

Proposition 3.2.14. Let X and Y be objects in a model category M.

(1) If X is cofibrant, then being left homotopic is an equivalence relation on
the hom-set M(X,Y).

(1) If Y is fibrant, then being right homotopic is an equivalence relation on
the hom-set M(X,Y).

(ii1) If X is cofibrant and Y is fibrant, then these two equivalence relations on
M(X,Y) coincide.

Proof. Use the preceding lemmas. [ ]

Lemma 3.2.15. Let f,,, f, : X = Y be a parallel pair of morphisms in a model
category M.

(1) If f, and f| are right homotopic and g : W — X is any morphism in M,
then f, o g and f, o g are also right homotopic.

(1) If f, and f, are left homotopic and g : Y — Z is any morphism in M,
then g o f,, and g o f, are also left homotopic.
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Proof. Obvious. ¢

Corollary 3.2.16. Let M be a model category, and let M ; be the full subcat-
egory spanned by the cofibrant—fibrant objects. Then the equivalence relation
induced by homotopy is a congruence on My, in particular, there exist a locally
small category M’ and a full functor M — M’ with these properties:

* The objects of M' are those of M.
e The hom-set M'(X,Y) is M(X,Y) modulo homotopy.

o The functor M, — M’ sends each morphism in M’ to its homotopy
class. [ |

The next result is a version of Whitehead’s theorem; however, this is a purely
formal consequence of the model category axioms and has no real content, unlike
the original theorem.

Proposition 3.2.17. Let X and Y be cofibrant—fibrant objects in a model cat-

egory M. If f : X — Y is a weak equivalence, then f has a homotopy inverse
in M.

Proof. See Theorem 1.10 in [GJ, Ch. II], or Theorem 7.5.10 in [Hirschhorn,
2003]. ]

Lemma 3.2.18. Let £, f, : X = Y be a parallel pair of morphisms in a model
category M.

e Ifg : W — X is a morphism with a right homotopy right inverse in M,
then f,og and f|° g are right homotopic if and only if f, and f, are right
homotopic.

e Ifg : Y — Z is a morphism with a left homotopy left inverse in M,
then g o f, and g o f, are left homotopic if and only if f, and f, are left
homotopic.

Proof. This follows immediately from the definitions and lemma 3.2.15. [ |

Corollary 3.2.19. Let W, X,Y, Z be cofibrant—fibrant objects in a model cat-
egory M, and let f, f, : X = Y be a parallel pair of morphisms.
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e Ifg : W — X is a weak equivalence such that f, o g and f, - g are
homotopic, then f, and f, are homotopic.

e If g 1 Y = Z is a weak equivalence such that g o f,, and g o f, are
homotopic, then f, and f, are homotopic.

Proof. Apply proposition 3.2.17 in conjunction with the above lemma. [ |

3.3 The homotopy category
Prerequisites. §§ 3.1, 3.2, A.3.

Definition 3.3.1. The Quillen homotopy category (or, more simply, homotopy
category) of a model category M is the category Ho M obtained by freely in-
verting the weak equivalences in M, as in definition A.3.9.

Theorem 3.3.2. Let M be a model category and let y : M — Ho M be the
localising functor.

(i) Ho M is equivalent to the locally small category M' defined in corol-
lary 3.3.4, and M is a saturated homotopical category.

(i1) If X and Y are cofibrant—fibrant objects in M, then the hom-ensemble
map M(X,Y) - Ho M(X,Y) induced by y is surjective; and moreover
for any parallel pair f,, f, : X = Y in M, we have y f, =y f, if and only
if f, and f, are homotopic.

(i) For any two objects X and Y in M, every morphism X — Y in Ho M
can be represented as a zigzag of the form

) A Y Ly

where ()? , p) is any cofibrant replacement for X and (f/, i) is any fibrant
replacement for Y .

Proof. (i). This is Theorem 1.11 in [GJ, Ch. II], or Proposition 5.8 in [DS].
(i1). Implied by claim (i).
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(ii1). Using claim (ii), every morphism X — Y in Ho M can be represented as
a zigzag of the form

X2 X Y« ' Y
i’l Tp’
RX — L o7

where (RX, i") is a cofibrant fibrant replacement for X and (QY, p’) is a fibrant
cofibrant replacement for Y; but such a zigzag is manifestly equivalent to the
zigzag

f

) A Y Y

where f =p'o f'oi’. Ol

Corollary 3.3.3. Let f : X — Y be a morphism in a model category M. If
f has a quasi-inverse in M (in the sense of definition 2.1.12), then f is a weak
equivalence in M.

Proof. If f has a quasi-inverse in M, then (the image of) f is an isomorph-
ism in Ho M; but M is a saturated homotopical category, so f must be a weak
equivalence in M. [ |

Corollary 3.3.4. Let M be a model category and let y : M — Ho M be the
localising functor.

(1) If X is a cofibrant object in M and Y is a fibrant object in M, then the
hom-class map M(X,Y) - Ho M(X,Y) induced by y is surjective.

(i1) Moreover, for any parallel pair f, f|, : X = Y in M, if X is cofibrant
and Y is fibrant, we have y f, =y f, if and only if f,, and f| are homotopic.

(i11) The full subcategory M  of cofibrant—fibrant objects in M has the White-
head property (in the sense of definition 2.1.16).

Proof. (i). This immediately follows from statement (ii1) of the above theorem.

(i1). As noted in remark 3.2.5, if f,, f; : X — Y are homotopic, then we must
have y f, = v f,. Conversely, suppose y f, = y f, with X cofibrant and Y fibrant.
Let (RX,i") be a cofibrant fibrant replacement for X and (QY, p’) be a fibrant
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cofibrant replacement for Y. Then, there exists morphisms f{, f{ : RX — QY
suchthat f, = p'ef ei" and f| = p’o f]ei’. Sincei’ : X - RX andp’ : QY =Y
are weak equivalences, we must have y f; = y f| in Ho M. The theorem then
implies f;; and f| are homotopic; thus f;, and f, are also homotopic, by lemmas
3.2.13 and 3.2.15.

(iii). Apply theorem 2.1.17 in conjunction with lemma 3.2.9 and the above co-
rollary. [ |

Corollary 3.3.5. Let f : X — Y be a morphism between two cofibrant objects
in a model category M. The following are equivalent:

(1) f : X — Y is a weak equivalence in M.

@11)) HoM(f,Z) : HoM(Y, Z) - Ho M(X, Z) is a bijection for all cofibrant—
fibrant objects Z in M.

(i) M'(f,Z) : M'(Y,Z) - M'(X,Z) is a bijection for all cofibrant—
fibrant objects Z in M, where M'(Y, Z) (resp. M'(X, Z)) denotes the
set of all morphisms Y — Z (resp. X — Z) in M modulo homotopy.

Proof. (1) = (i1). Every weak equivalence in M becomes an isomorphism in
Ho M, so in particular Ho M(f, Z) : HoM(Y, Z) - Ho M(X, Z) must be a
bijection.

(i1) & (iii). The previous corollary implies that the vertical arrows in the follow-
ing commutative diagram are bijections,

MY, Z) 2D vnx, 7y

| l

Ho M(Y, Z)Ho T, )Ho M(X, Z)
and so M'(f, Z) is a bijection if and only if Ho M(f, Z) is a bijection.

(i1) = (i). Suppose ()? L X) is a cofibrant fibrant replacement for X and (Y, iY)
is a cofibrant fibrant replacement for Y. Then, (by axiom CMS5) there exists a
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morphism f : X — ¥ making the diagram below commute,

AN

S

Y

o
%
R

Sy

_—
7

and by the 2-out-of-3 property, f is a weak equivalence if and only if f is a weak
equivalence. On the other hand, the following diagram also commutes,

HoM (7. 2) "o m(%. 2)

Ho M(iy,Z)l lHo M(iy.Z)

Ho M(Y, Z) i3, Ho M(X, 2)

and so Ho M(f, Z) is a bijection if and only if Ho M(f, Z) is a bijection; but
X and Y are both cofibrant—fibrant objects, so if Ho M(f, Z) is a bijection for
all cofibrant—fibrant objects Z, then f must be a weak equivalence (because M
is a saturated homotopical category). [ |

Proposition 3.3.6 (Joyal). Let M and M' be two model categories with the
same underlying category. If cofibrations in M are cofibrations in M’ and vice
versa, then the following are equivalent:

(i) Every weak equivalence in M is a weak equivalence in M'.
(ii) Every fibrant object in M’ is a fibrant object in M.
(iii) Every cofibrant—fibrant object in M’ is a cofibrant—fibrant object in M.

(iv) Every weak equivalence between cofibrant objects in M is a weak equi-
valence between cofibrant objects in M'.

Proof. This result is due to Joyal [2010].

(i) = (ii). Since every trivial cofibration in M is a trivial cofibration in M’,
theorem 3.1.7 (plus the definition of weak factorisation system) implies every
fibration in M is a fibration in M in particular, every fibrant object in M is a
fibrant object in M.

114



3.3. The homotopy category

(i1) = (iii). Obvious.

(i) = (iv). Let f : X — Y be a weak equivalence between cofibrant objects
in M. X and Y are also cofibrant objects in M, and by proposition 3.2.3, we
may choose cylinder objects for X and Y in M that are also cylinder objects
in M, since the trivial fibrations in M and M’ are the same. Now, if Z is a
cofibrant—fibrant object in M, then it is also a a cofibrant—fibrant object in M,
and so by lemma 3.2.10, we deduce that the homotopy relation on morphisms
X — Z (resp. Y — Z)in M agrees with the homotopy relation on morphisms
X — Z (resp. Y — Z)in M'. Thus, applying corollary 3.3.5, we conclude that
f : X — Y is also a weak equivalence in M.

(iv) = (). Let f : X — Y be a weak equivalence in M, let (X, py) be a
fibrant cofibrant replacement for X in M, and let (Y, pY) be a fibrant cofibrant
replacement for Y in M. There exists a morphism f : X — Y making the
following diagram commute,

) QAN
le lﬁy
X——Y

and by the 2-out-of-3 property, f : X — Y is a weak equivalence between cofi-
brant objects in M. The hypothesis says £ is also a weak equivalence between
cofibrant objects in M, and p, and p, are trivial cofibrations in M’, so we
conclude that f : X — Y is a weak equivalence in M’ as well. [ |

Theorem 3.3.7 (Determination principle). A model structure is uniquely determ-
ined by any one of the following sets of data:

(1) The cofibrations and the weak equivalences.
(i1) The cofibrations and the trivial cofibrations.
(iii) The cofibrations and the fibrant objects.
(iv) The cofibrations and the cofibrant—fibrant objects.
(v) The cofibrations and the weak equivalences between cofibrant objects.

(vi) The cofibrations and the fibrations.
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(vii) The trivial cofibrations and the trivial fibrations.

(i") The fibrations and the weak equivalences.
(ii") The fibrations and the trivial fibrations.
(iii") The fibrations and the cofibrant objects.
(iv") The fibrations and the cofibrant—fibrant objects.

(V") The fibrations and the weak equivalences between fibrant objects.

Proof. (i) and (i1). By theorem 3.1.7, the fibrations are precisely the morphisms
with the right lifting property with respect to every trivial cofibration.

(iii), (iv), and (v). Apply Joyal’s result (proposition 3.3.6) and reduce to case (i).

(vi). The trivial cofibrations are precisely the morphisms with the left lifting
property with respect to all fibrations, and the trivial fibrations are precisely the
morphisms with the right lifting property with respect to all cofibrations, so this
reduces to case (vii).

(vil). Axioms CM2 and CMS5 imply that every weak equivalence is of the form
p o i where i is a trivial cofibration and p is a trivial fibration. Thus, the trivial
cofibrations and the trivial fibrations together determine the weak equivalences.
On the other hand, the trivial cofibrations determine the fibrations, and the trivial
fibrations determine the cofibrations, thus the entire model structure is determ-
ined. [ |

Quillen functors

Prerequisites. §§ 2.3, 2.4, 3.1.

Definition 3.4.1. A left Quillen functor is a functor F : N' — M between
model categories that has a right adjoint and preserves cofibrations and trivial
cofibrations; dually, a right Quillen functor is a functor G : M — N between
model categories that has a left adjoint and preserves fibrations and trivial fibra-
tions. A Quillen adjunction is an adjunction

FAG: M- N
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where M and N are model categories, such that F is a left Quillen functor and
G is a right Quillen functor. A Quillen equivalence is a Quillen adjunction as
above satisfying this additional condition:

* Given a cofibrant object A in N and fibrant object X in M, a morphism
FA — Y is a weak equivalence in M if and only if its right adjoint trans-
pose A — GY is a weak equivalence in V.

Proposition 3.4.2. Let F 4 G : M — N be an adjunction between model
categories. The following are equivalent:

(1) F 4 G is a Quillen adjunction.
(i1) F is a left Quillen functor.
(ii1) G is a right Quillen functor.
(iv) F preserves cofibrations and G preserves fibrations.
(v) F preserves trivial cofibrations and G preserves trivial fibrations.
Proof. Use proposition A.2.19. [ |

REMARK 3.4.3. A functor between model categories that preserves both trivial
cofibrations and trivial fibrations must also preserve weak equivalences, since
axioms CM2 and CMS5 together imply that a morphism is a weak equivalence
if and only if it is of the form p o i where i is a trivial cofibration and p is a
trivial fibration. In particular, a functor that is both left and right Quillen must
be homotopical.

Proposition 3.4.4.
(1) A left Quillen functor preserves cofibrant objects, and a right Quillen func-
tor preserves fibrant objects.

(i1) The composite of two Quillen adjunctions is also a Quillen adjunction.
(ii1)) The composite of two Quillen equivalences is also a Quillen equivalence.

Proof. Obvious. ¢
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Lemma 3.4.5 (Kenneth S. Brown). Let M be a model category and let C be
a category with weak equivalences. If F : M — C sends trivial cofibrations
(resp. trivial fibrations) in M to weak equivalences in C, then F preserves all
weak equivalences between cofibrant (resp. fibrant) objects.

Proof. See Lemma 9.9 in [DS], Lemma 7.7.1 in [Hirschhorn, 2003], or Lemma
14.5 in [DHKS]. O]

Corollary 3.4.6. Let F 4 G : M — N be a Quillen adjunction.

* If Aand B are cofibrant objectsin N'and f : A — B is aweak equivalence
in N, then F f is a weak equivalence in M.

* If X and Y are fibrant objects in M and g : X — Y is a weak equivalence
in M, then Gg is a weak equivalence in N. [ |

Proposition 3.4.7 (Dugger). Let F - G be an adjunction between DHK model
categories. The following are equivalent:

(1) F 4 G is a Quillen adjunction.

(i) F preserves cofibrations between cofibrant objects and all trivial cofibra-
tions.

(iii)) G preserves fibrations between fibrant objects and all trivial fibrations.

Proof. See Proposition 8.5.4 in [Hirschhorn, 2003], or Corollary A.2 in [Dugger,
2001b]. O

Proposition 3.4.8. Let M and N be model categories, let M; be the full sub-
category of fibrant objects in M, and let N, be the full subcategory of cofibrant
objects in N.

e If F: N' = M is a left Quillen functor and (Q, p) is a cofibrant replace-
ment functor for N, then (./\f -0, p) is a left deformation retract for F.

e IfG : M — Nisaright Quillen functor and (R, i) is a fibrant replacement
functor for M, then (Mf, R,i ) is a right deformation retract for G.

Proof. Apply Ken Brown’s lemma (3.4.5). [ |

Theorem 3.4.9. Let M and N be model categories, and suppose both have
fibrant and cofibrant replacement functors.
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G) If F : N = M is a left Quillen functor, then it has a total left derived
functor LF : Ho N' = Ho M as well as a homotopical left approximation
LF: N > M.

(i) If F: N> Mand G : M — L are left Quillen functors, then the com-
posite (LG)(LF) is a total left derived functor for GF, and the composite
(LG)(LF) is a homotopical left approximation for GF.

Dually:

(") If G : M — Nis a right Quillen functor, then it has a total right derived
functor RG : Ho M — Ho N as well as a homotopical right approxima-
tion RG : M — N.

(") If F: N = Pand G : M — N are right Quillen functors, then the com-
posite (RF)(RG) is a total right derived functor for F G, and the composite
(RF)(RG) is a homotopical right approximation for FG.

Furthermore:

i) If F 4 G : M — N is a Quillen adjunction, then there is a derived
adjunction LF 4 LG : HoM — Ho N.

Proof. Apply theorems 2.3.6 and 2.4.5 together with proposition 3.4.4. [ ]
Definition 3.4.10. Let A be a small category and let M be a model category.

* The injective model structure on the functor category [A, M] is a model
structure such that a morphism in [A, M] is a cofibration (resp. weak equi-
valence) if and only if all its components are cofibrations (resp. weak equi-
valences) in M.

* The projective model structure on the functor category [A, M] is a model
structure such that a morphism in [A, M] is a fibration (resp. weak equi-
valence) if and only if all its components are fibrations (resp. weak equi-
valences) in M.

REMARK 3.4.11. The injective (resp. projective) model structure on [A, M] is
unique if it exists, by the determination principle (theorem 3.3.7).
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Proposition 3.4.12. Let M be a model category, let A be a small category, and
let A : M — [A, M] be the functor that sends an object X in M to the constant
functor AX : A — M with value X.

o If M has colimits for diagrams of shape A, then A : M — [A, M] is
a right Quillen functor with respect to the projective model structure on
[A, M] if it exists.

o If M has limits for diagrams of shape A, then A : M — [A, M] is a left
Quillen functor with respect to the injective model structure on [A, M] if
it exists.

Proof. A certainly preserves fibrations (resp. cofibrations) and weak equival-
ences with respect to the projective (resp. injective) model structure, so by pro-
position 3.4.2, li_I’I)ID = A (resp. A l(iLnD) is a Quillen adjunction.” [ ]

Proposition 3.4.13. Let M be a model category and let I be a set.

(1) The functor category [I, M] admits a model structure that is simultan-
eously an injective model structure and a projective model structure.

(1) If M has products and coproducts for families of objects indexed by I,
then A : M — [I, M] is both a left Quillen functor and a right Quilen
functor.

Proof. (1). If we declare the cofibrations (resp. weak equivalences, fibrations)
in [1, M] to be precisely the morphisms that are cofibrations (resp. weak equi-
valences, fibrations) componentwise, then the axioms CM1-5 may be verified
componentwise as well.

(i1). Apply proposition 3.4.12. |

Reedy diagrams

Prerequisites. §§ 3.1, 3.4

Definition 3.5.1. A direct category is a category C equipped with a function
deg : obC — Nsuch that, if f : A — Bisamorphismin C, thendeg A < deg B,

Recall proposition 0.1.12.
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with equality if and only if f =1id, = idz. An inverse category is a category C
such that C°? is a direct category.

REMARK 3.5.2. The degree function for a direct or inverse category is not de-
termined by the underlying category: for example, if deg is a degree function
for C, then sois A — 1 + deg A. However, the partial order induced by deg is
determined by the underlying category of a direct (resp. inverse): deg A < deg B
if and only if there exists a morphism A — B (resp. B — A) in C; note that this
relation is indeed antisymmetric because the only morphisms that do not change
the degree are identity morphisms.

Definition 3.5.3. A Reedy category is a category C equipped with two subcat-
egories, the direct subcategory C_, and the inverse subcategory C_, such that
the following conditions are satisfied:

e obC=0bC_ =0bC(C_.

* There exists a function deg : obC — N such that (Cq,deg) is a direct
category and (C<_, deg) 1S an inverse category.

* Every morphism in C admits a unique factorisation of the form sod, where
disinC_and sisinC_.

A Reedy diagram in a category M is a functor C — M, where C is a Reedy
category.

REMARK 3.5.4. Any direct (resp. inverse) category is a Reedy category in a trivial
way: take the whole category as the direct (resp. inverse) subcategory, and take
disc ob C as the inverse (resp. direct) subcategory.

Example 3.5.5. The simplex category A is a Reedy category, where the direct
subcategory consists of all degeneracy operators and their composites, and the
inverse subcategory consists of all face operators and their composites; note that
the unique factorisation condition is implied by theorem 1.1.4.

REMARK 3.5.6. The opposite of any Reedy category is automatically a Reedy
category, after exchanging the direct and inverse subcategories.

Definition 3.5.7. Let A be an object in a Reedy category C.
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* The latching category of C at A, denoted by 0(6_) l A), is the largest full
subcategory of the slice category (C_, l A) that does not contain the object
id, : A— A.

« The matching category of C at A, denoted by d(A | C_), is the largest
full subcategory of the slice category (A l C(_) that does not contain the
objectid, : A — A.

REMARK 3.5.8. If Cis a Reedy category whose direct (resp. inverse) subcategory
is discrete, then all its latching (resp. matching) categories are empty.

Definition 3.5.9. Let M be a category with limits and colimits for all finite (resp.
small) diagrams, and let X : C — M be a finite (resp. small) Reedy diagram.

* The latching object of X at A, denoted by L ,(X), is the colimit of the
diagram 0(C_, | A) — M obtained by composing X : C — M and the
projection 0(C_, | A) — C.

* The matching object of X at A, denoted by M ,(X), is the limit of the
diagram d(A | C_) — M obtained by composing X : C — M and the
projection d(A | C_) — C.

* The latching morphism of X at A is the morphism L ,(X) — X A induced
by the inclusion 9(C_, | A) & (C_ | A).

* The matching morphism of X at A is the morphism XA — M ,(X) in-
duced by the inclusion d(A | C_) & (Al C_).

REMARK 3.5.10. The latching object L ,(X) is functorial in A (as A varies in the
direct subcategory), and the matching object M ,(X) is functorial in A (as A
varies in the inverse subcategory). Of course, it goes without saying that L ,(X)
and M ,(X) are both functorial in X (as X varies in [C, M]).

Definition 3.5.11. Let M be a category with limits and colimits for all finite
(resp. small) diagrams, and let ¢ : X = Y be a natural transformation between
two finite (resp. small) Reedy diagrams X,Y : C — M.
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* The relative latching morphism X A U"*) L (Y) — Y A is the unique
morphism in M making the diagram below commute,

L (o)

L4(X)

La(Y)

where the arrows L ,(X) - XAandL ,(Y) — Y A are the latching morph-
isms and the square is a pushout square.

* The relative matching morphism XA — M, (X)Xy )Y A is the unique
morphism in M making the diagram below commute,

MX) —5 5 — Mu(¥)

where the arrows XA — M, (X) and YA — M,(Y) are the latching
morphisms and the square is a pullback square.

REMARK 3.5.12. If the direct subcategory of C is discrete, then L ,(X) 1s an initial
object in M for all A and X, so the relative latching morphism of a natural
transformation ¢ : X = Y at any object A in C is (isomorphic to) ¢, : XA —
Y A itself.

Dually, if the inverse subcategory of C is discrete, then M ,(X) is a terminal
object in M for all A and X, so the relative matching morphism of a natural
transformation ¢ : X = Y at any object A in C is (isomorphic to) ¢, : XA —
Y A itself.

Definition 3.5.13. Let M be a model category, let C be a finite (resp. small)
Reedy category, and assume M has limits and colimits for all finite (resp. small)
diagrams.
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* A Reedy weak equivalence in [C, M] is a natural transformation such
that all its components are weak equivalences in M.

* A Reedy cofibration in [C, M] is a natural transformation such that all
its relative latching morphisms are cofibrations in M.

* A Reedy fibration in [C, M] is a natural transformation such that all its
relative matching morphisms are fibrations in M.

Proposition 3.5.14. With notation as in the definition:

* A Reedy cofibration in [C, M] is a Reedy weak equivalence if and only if
all its relative latching morphisms are trivial cofibrations in M.

* A Reedy fibration in [C, M] is a Reedy weak equivalence if and only if all
its relative matching morphisms are trivial fibrations in M.

Proof. This is Theorem 15.3.15 in [Hirschhorn, 2003]. O

Theorem 3.5.15. With notation as in the definition, the announced weak equi-
valences, cofibrations, and fibrations constitute a model structure on [C, M],
called the Reedy model structure; moreover, if M is a DHK model category,
then so is [C, M] when equipped with the Reedy model structure.

Proof. See Theorem 5.2.5 in [Hovey, 1999], or Theorem 15.3.4 in [Hirschhorn,
2003]. [l

Corollary 3.5.16. Let M be a model category, let C be a finite (resp. small)
Reedy category, and assume M has limits and colimits for all finite (resp. small)
diagrams.

 [fthe direct subcategory of C is discrete, then the Reedy model structure
on [C, M] is the injective model structure.

* [fthe inverse subcategory of C is discrete, then the Reedy model structure
on [C, M] is the projective model structure.

Proof. This follows from the theorem and remark 3.5.12. [ |
Corollary 3.5.17. Let M be a DHK model category.

» IfC is a direct category, then the adjunction li_l’I)lC 4A: M- [C,M]is
deformable.
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o IfC is an inverse category, then the adjunction A — l(iLnC [CoM] = M
is deformable.

Proof. Apply theorem 3.4.9 to the above corollary. [ |

Combinatorial model categories
Prerequisites. §§ 0.2, 0.4, 3.1, A.2.

Definition 3.6.1. A cofibrantly-generated model category is a complete and
cocomplete model category M such that there exist a set 1 of cofibrations and a
set 1’ of trivial cofibrations satisfying these conditions:

* (I, M) admits the small object argument, and cof ,, T is the class of all
cofibrations in M.

* (I', M) admits the small object argument, and cof ,, I’ is the class of all
trivial cofibrations in M.

REMARK 3.6.2. By Quillen’s small object argument (0.4.11), any cofibrantly-
generated model category satisfies axiom CM5* and thus is a DHK model cat-

egory.

Theorem 3.6.3 (Kan’s recognition principle). Let M be a complete and cocom-
plete locally small category, let W be a subcategory of M containing all the
objects, and let T and 1" be subsets of mor M. Assume the following hypotheses:

* Wis closed under retracts and has the 2-out-of-3 property in M.
* (I, M) and (I', M) both admit the small object argument.
s infM T CWninM 1.
e cof,, I'" C Wncof,, I
If, in addition, either
o inffM I =Wninjf" T, or
* cof,, I'" =Wncof,, I
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then there exists a unique model structure on M such that cof ,, T is the class
of cofibrations, cof ,, T' is the class of trivial cofibrations, and W is the class of
weak equivalences.

Proof. See Theorem 11.3.1 in [Hirschhorn, 2003]. Il

Theorem 3.6.4 (Kan’s lifting theorem). Let M be a complete and cocomplete
locally small category, let N be a cofibrantly generated model category. Assume
the following hypotheses:

e F 4G : M — Nisan adjunction of categories.
» Jis a generating set of cofibrations in N.
» J is a generating set of trivial cofibrations in N.

e (I, M) and (T', M) admit the small object argument, where T and T' are
the following sets:

I={Ff|f€])
I'={Ff|feJ}
e G sends relative T'-cell complexes in M to weak equivalences in N.
Then:

(1) Thereis a unique model structure on M with cof ,, T as the class of cofibra-
tions and cof ,, 1" as the class of trivial cofibrations.

(i) Amorphismg : A — Bin M is aweak equivalence in this model structure
if and only if Gg : GA — GB is a weak equivalence in N.

(i) F 4 G : M — Nis a Quillen adjunction with respect to this model
structure.

Proof. See Theorem 11.3.2 in [Hirschhorn, 2003]. ]

Theorem 3.6.5 (Existence of cofibrantly-generated projective model structures).
Let M be a cofibrantly-generated model category. If A is a small category, then
the projective model structure on [A, M] exists and is cofibrantly generated.

Proof. See Theorem 11.6.1 in [Hirschhorn, 2003]. ]
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Definition 3.6.6. A combinatorial model category is a cofibrantly-generated
model category that is also a locally presentable category.

REMARK 3.6.7. Since locally presentable categories are automatically complete
and cocomplete,’! in light of remark 0.4.9, to show that a locally presentable
model category M is a combinatorial model category, it is enough to verify that
there exist sets 7 and I’ such that cof,, T is the class of all cofibrations in M
and cof , ' is the class of all trivial cofibrations in M.

Theorem 3.6.8 (Existence of combinatorial injective model structures). Let M
be a combinatorial model category. If A is a small category, then the injective
model structure on [A, M] exists and is combinatorial.

Proof. This theorem is due to Lurie; see [HTT, Proposition A.2.8.2]. ]

Monoidal model categories

Prerequisites. §§ 3.1, 3.4, B.1, B.2.

Proposition 3.7.1. Let C and D be categories with pullbacks, let £ be a category
with pushouts, and let T C mor C, J C mor D and K C mor & be subensembles.
Suppose we have the following functors

©Q:CxD - &
M:DPxE—C
—:EXCP D

and natural bijections:

&CQ@D,E)~C(C,DMNE)
EC Q@ D,E)=~D(D,E o C)
C(C,DMNE)~D(D,E o C)

Then the following are equivalent:

See theorem 0.2.26.
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W) Iff:C—->C'isinl, g: D — D'isinJ and the square in the diagram
below is a pushout square in &,

id-@g

CoD >»C @D’

o 1

C'@D—— (CQ@D)uU®P(C" @ D)

f@idp

C'oD

then the unique morphism f [3 g making the diagram commute is in ©KC.

(i) Ifg: D> D'isinJ, h: E — E'isin K, and the square in the diagram
below is a pullback square in C,

D' hE ghid;

(D' MNE")Xppp (DM E) —> DM E

T

D'mE’ , > DM E’
ghidgr

then the unique morphism g B1 h making the diagram commute is in T2.

(i) Ifh: E > E'isin K, f : C — C' isin I and the square in the diagram
below is a pullback square in D,

(E' = C") X1 ¢ (Eo=C) —> Eo=C

TR

E o C' R > E' = C
EI™

then the unique morphism h T f making the diagram commute is in J2.
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3.7. Monoidal model categories

Proof. (i))=(ii). Let f : C - C'beinI,letg: D - D'bein J,leth: E - E’
be in &, and suppose we have a commutative diagram of the following form:

sD'ME

C

A
fl e lgmh
C

" (D' M E") Xy, (DM E)

By the universal property of pullbacks, this corresponds to a commutative dia-
gram in C of the form below,

C—— D'mE

2 .
L idprhh

e /
C \rmldg D'hNE

\ gmidyl

DhNE — DME'
idph

and, by adjoint transposition, to a commutative diagram in £ of the form

CoD-2%*, copn

foid Dl

cob__ e L E

. i h
idcr@g e

C'oD —— FE'

whence, by the universal property of pushouts, commutative diagram in £ of the
following form:

(C@D)UC®D(C’®D)ﬂE

- |»

C'oD > E'

But (f [d g) [ &, so we conclude that f [1] (g E] h).

(i1) = (iii), (i) = (ii). A similar argument works. [ ]
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Definition 3.7.2. Let C, D, and £ be three model categories. A Quillen adjunc-
tion of two variables consists of three functors @, M, — with natural bijections
as in the proposition satisfying the following (equivalent) axioms:

(a) If h: E -» E’isafibrationin £and f : C — C'is a cofibration in C, then
the morphism AF] f : Eo—C" — (E' o= C") X/ (E o= C) is a fibration
in D, which is a weak equivalence if either 4 or f is.

(b) If f : C — C'is acofibrationin Cand g : D — D’ is a cofibration in
D, then the morphism f[dg: C@ D = (CQ D')U®? (C'@ D)isa
cofibration in &, which is a weak equivalence if either f or g is.

(c) Ifg: D - D’isacofibrationinCand h : E — E’is a fibration in D, then
the morphism g F1h : D'N E — (D' M E’) Xp.p (D M E) is a fibration
in C, which is a weak equivalence if either g or A is.

Proposition 3.7.3. Let (@, M, ) be a Quillen adjunction of two variables as
above.

(1) For each cofibrant object C in C, the adjunction
CO(-)AdA(=)=C:E-D
is a Quillen adjunction.
(i1) For each cofibrant object D in D, the adjunction
(-)@DADM(-):E-C
is a Quillen adjunction.
(ii1) For each fibrant object E in &, the adjunction
Eo—(—)d(—-)MNE:D® > C
is a Quillen adjunction.
Proof. Immediate from the definitions. ¢

Corollary 3.7.4.
(1) Foreach object C in C, C @ (—) preserves weak equivalences between co-
fibrant objects, and (—) @ C preserves weak equivalences between fibrant
objects.
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3.7. Monoidal model categories

(i1) For each object D in D, (—) @ D preserves weak equivalences between
cofibrant objects, and D\(—) preserves weak equivalences between fibrant
objects.

(ii1) For each object E in &, E o— (—) sends weak equivalences between cofi-
brant objects in C to weak equivalences between fibrant objects in D, and
(=) M E sends weak equivalences between cofibrant objects in D to weak
equivalences between fibrant objects in D.

Proof. Apply Ken Brown’s lemma (3.4.5). [ ]

Lemma 3.7.5. Let V be a monoidal category, let M be a model category with
fibrant and cofibrant replacement functors, and let p : I — I be a morphism in
YV, where I is the monoidal unit of V.

If M has a left V-action @ and right adjoint right V°P-action o such that
the adjunction

I@=)A(=)o-T: M—>M
is a Quillen adjunction, then the following are equivalent:

(i) For all cofibrant objects X in M, p@idy : I @ X — I @ X is a weak
equivalence.

(ii) For all fibrant objects Y in M, idy —p : Y = I — Y o I is a weak
equivalence.

If M has a right V-action  and a right adjoint left V°P-action — such that
the adjunction

(ST AT -~ (-): M > M
is a Quillen adjunction, then the following are equivalent:

(i") For all cofibrant objects X in M, idy OQp: X O I - X © I is a weak
equivalence.

(ii") For all fibrant objects Y in M, p—idy : I =Y — I =Y is a weak
equivalence.

Proof. Since ny : X — I @ X is a natural isomorphism, the adjunction
I1o(=-)A(=)-1T - M->M
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is an adjoint equivalence of categories, and a fortiori a Quillen equivalence, and
the natural transformations p @ (—) and (—) o p constitute a conjugate pair.
Theorem 2.3.11 says that the derived natural transformations for p @ (—) and
(—)o—p constitute a conjugate pair of natural transformations between the derived
adjunctions. Applying proposition 2.3.12 to theorem 3.4.9, we deduce that the
following are equivalent:

* For all cofibrant objects X, p @ idy is a weak equivalence.

* The left derived natural transformation for p @ (—) is a natural isomorph-
ism.

* The right derived natural transformation for (=) @ p is a natural isomorph-
ism.

* For all fibrant objects Y, id, o— p is a weak equivalence. [ |

Definition 3.7.6. A monoidal model category is a biclosed monoidal category
M equipped with a model structure satisfying the following additional axioms:

* Pushout-product axiom. The right M-hom system (®, —, o—), where —o
(resp. o—) is the right (resp. left) internal hom functor of M, is a Quillen
adjunction of two variables.

* Unit axiom. For each cofibrant replacement (f , p) of the monoidal unit I
and each cofibrant object X in M, the morphisms p®id, : IRX - IRX
andid, @ p: X ® I - X ® I are weak equivalences in M.

Lemma 3.7.7. Let M be a biclosed monoidal category equipped with a model
structure satisfying the pushout—product axiom, and let X be any object in M.
The following are equivalent:

(1) There exists a cofibrant replacement (f , p) of the monoidal unit I such
that p @ idy and idy @ p are weak equivalences in M.

(i1) There exists a fibrant cofibrant replacement (Q1, q) of the monoidal unit
I such that ¢ @ idy and idy ® q are weak equivalences in M.

(iii) For any cofibrant replacement (f , p) of the monoidal unit 1, both p @ id
and idy @ p are weak equivalences in M.
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Proof. (i) = (i1). Let (Q1, q) be a fibrant cofibrant replacement of I; such ex-
ists by proposition 3.1.13. Since I is cofibrant, axiom CMS5 implies there is a
morphism w : I — QI such that g e w = p, and the 2-out-of-3 property implies
w 1s a weak equivalence. Corollary 3.7.4 says w @ idy and 1dy, ® w are weak
equivalences, thus by the 2-out-of-3 property again ¢ ® idy and idy ® g must be
weak equivalences.

(i1) = (iii). A similar argument works.
(iii) = (i). Obvious, given the existence of cofibrant replacements. [ |

Corollary 3.7.8. Let M be a biclosed monoidal category equipped with a model
structure. If the monoidal unit I is a cofibrant object in M, then the following
are equivalent:

(1) M is a monoidal model category.
(1) M satisfies the pushout—product axiom. [ ]

Definition 3.7.9. A cartesian model category is a cartesian closed category M
equipped with a model structure satisfying the following additional axioms:

* Pushout-product axiom. The left M-hom system (X, [—, —],[—, —])is a
Quillen adjunction of two variables.

* Cofibrant unit axiom. Every terminal object in M is cofibrant.

Example 3.7.10. The Kan—Quillen model structure on sSet makes it a cartesian
model category: sSet is a cartesian closed combinatorial model category (a for-
tiori a DHK model category), all simplicial sets are cofibrant, and the pushout—
product axiom is just proposition 1.3.9.

Definition 3.7.11. An isocofibration is a functor that is injective on objects. An
isofibration is a functor F : C — D such that, for every object C in C and every
isomorphism f : FC — D in D, there exists an isomorphism f : C - Din C
such that Ff = f.

Proposition 3.7.12. Let Cat be the category of small categories. The following
data constitute a model structure on Cat:

» The weak equivalences are the functors that are fully faithful and essen-
tially surjective on objects.
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» The cofibrations are the isocofibrations.
» The fibrations are the isofibrations.

Moreover, the factorisations for axiom CM5 may be chosen functorially, so that
Cat becomes a DHK model category. This model structure is called the canon-
ical model structure on Cat.

Proof. 1t is not hard to show that Cat has limits and colimits for all small dia-
grams, so axiom CM1* is satisfied. It is also clear that the announced class of
weak equivalences has the 2-out-of-3 property, so by theorem 3.1.7, it is enough
to show that we have a pair of compatible weak factorisation systems.

Let I : A — B be an isocofibration and P : C — D be an isofibration, and
suppose we have a commutative diagram of the following form:

o

_r

B+— >
%
~

=]

G

First, suppose P is a weak equivalence. Then, P must be surjective on objects,
so we may define amap H : obB — obC by taking HB = FAif B = 1A
for some A, and if B is not in the image of A, define H B to be any object in C
such that PH B = G B; there is then a unique way of extending H to a functor
B — C making the evident diagram commute.

Next, instead suppose I is a weak equivalence. Then, I may be regarded as
the inclusion of a full subcategory that is essentially surjective on objects. For
each object B in B that is not in the image of I, fix an object A in A and an
isomorphism I A = B. Since P is an 1sofibration, for each such B we may also
choose an object C in C and an isomorphism F A = C whose image under P is
GIA — GB. There is then a unique functor H : B — C that makes the evident
diagram commute and sends B to the chosen C and IA — Bto FA — C.

It remains to be shown that every functor can be factorised in the required
manner. Let F : C — D be any functor. Consider the iso-comma category
(F | D);

ISO

* The objects are triples (C, D, a), where C is an object in C, D is an object
inD, and @ : FC — D is an isomorphism in D.
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* The morphisms (C, D,a) - (C’, D’,a’) is a morphism f : C — C' isin
C together with a morphism g : D - D' in D suchthat gea = a’ o F .14

* Composition and identities are inherited from C and D.

There is an evident isocofibration I : C — (F | D)
to the object (C, FC,id FC)’ and it is easy to see that I is a weak equivalence.
On the other hand, the projection P : (F | D),, — D is an isofibration by
construction, and obviously F = PI. Thus, we have factored F as a trivial
isocofibration followed by an isofibration, and it is clear that this construction is

sending an object C in C

iso

functorial in F.
Now, consider instead the category M(F') defined below:

e obM(F)=0bCIllobD.

e If C and C’ are objects in C, while D and D' are objects in D, then:

Hom(C,C’) = D(FC, FC')
Hom(C, D') = D(FC, D")
Hom(D, C') = D(D, FC')
Hom(D, D') = D(D, D')

» Composition and identities are inherited from D.

There is an evident isocofibration I : C — M(F) that sends an object C in C to
the corresponding object in M(F) and sends a morphism f : C — C’ in C to
the morphism in M(F) corresponding to Ff : FC — FC' in D. On the other
hand, there is an evident projection P : M(F) — D that is fully faithful and
surjective on objects, i.e. P is a trivial isofibration. Of course, F = P1I, so this
is a factorisation of F' as an isocofibration followed by a trivial isofibration, and
it is clear that this construction is functorial in F'. [ |

Theorem 3.7.13. Let Cat be considered as a model category via the canonical
model structure.

(i) Every object in Cat is both cofibrant and fibrant.

(i1) Cat is a combinatorial model category.

However, because « and a’ are isomorphisms, f freely and uniquely determines g.
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(iii) Cat is a cartesian model category.

Proof. (i). The unique functor @ — C is vacuously an isocofibration, and the
unique functor C — 1 is certainly an isofibration.

(ii). Cat is a locally finitely presentable category,! and it remains to be shown
that the canonical model structure is a cofibrantly-generated model structure.

By the very definition of isofibration, the set {1 — I2} is a generating set of
trivial isocofibrations, where 12 is the groupoid containing only a pair of non-
trivial isomorphisms. It is also straightforward to see that a functor is ...

. surjective on objects if and only if it has the right lifting property with
respect to the unique functor @ — 1;

. full if and only if it has the right lifting property with respect to the inclu-
sion disc2 — 2; and

. faithful if and only if it has the right lifting property with respect the sur-
jective functor E — 2, where E is the category with a parallel pair of
non-trivial morphisms.

However, a functor is a trivial isofibration if and only if it is fully faithful and
surjective on objects, so {@ — 1,disc2 — 2,E — 2} is a set of generating iso-
cofibrations.

(iii). Let F : C - C' and G : D — D’ be isocofibrations, and consider the
functor F [d F' defined by the diagram below:

ideXG

CxD s Cx D’

- |

C®D—— (CxD)UP (C' xD)

C' xD’

The functor ob : Cat — Set has both left and right adjoints, so it is easy to
see that F [J G is an isocofibration. Moreover, if F : C — C’ is a trivial

— because e.g. Cat is the category of models for a finite limit sketch; see Proposition 1.51 in
[LPAC] or Proposition 5.6.4 in [Borceux, 1994b].
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isocofibration, one may directly verify that FXxidy : CxD — C'XD and FXidp, :
CxD’ — C’'xD’ are trivial isocofibrations; but trivial isocofibrations are closed
under pushout, so applying the 2-out-of-3 property of weak equivalences, we
conclude that F[JG is a trivial isocofibration if F is. The symmetrical argument
shows that F [ G is a trivial isocofibration if G is.

Having shown that Cat satisfies the pushout—product axiom, we must now
verify that Cat is cartesian closed and has a cofibrant unit; but the former is a
very well-known fact, and the latter follows from claim (i). [ |

Theorem 3.7.14. Let Grpd be the category of small groupoids.
(1) The following data constitute a model structure on Grpd:

» The weak equivalences are the functors that are fully faithful and
essentially surjective on objects.

» The cofibrations are the isocofibrations.

» The fibrations are the isofibrations.
This model structure is called the canonical model structure on Grpd.
(i1) Every object in Grpd is both cofibrant and fibrant.
(ii1) Grpd is a combinatorial model category.
(iv) Grpd is a cartesian model category.

(v) The inclusion und : Grpd — Cat preserves and reflects weak equival-
ences, isocofibrations, and isofibrations, moreover, it is both a left Quillen
functor and a right Quillen functor.

Proof. (1). The proof of proposition 3.7.12 goes through for Grpd without modi-
fications.

(i1) — (iv). These can be proven in essentially the same way as proposition 3.7.12,
though one should note that the generating isocofibrations and generating trivial
isocofibrations for Grpd are different.

(v). It is clear that und : Grpd — Cat has the announced preservation and
reflection properties. One may check that und has a left adjoint I : Cat — Grpd
and a right adjoint iso : Cat — Grpd, so und is both a left Quillen functor and
a right Quillen functor. [ ]
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GENERALITIES

Cartesian closed categories

Definition A.1.1. Let C be a category with binary products, and let Y and Z be
objects in C. An exponential object for Y and Z is an object [Y, Z]. in C and
amorphism evy , : [Y, Z]. XY — Z with the following universal property:

* For all morphisms f : X XY — Z in C, there exists a unique morphism
f:X > [Y,Z].suchthatevy , o (f_xidy) = f.

An exponentiable object in C is an object Y such that, for all objects Z in C,
the exponential object [Y, Z]. exists. We may write [Y, Z] or Z Y instead of
[Y, Z] if there is no risk of confusion.

Lemma A.1.2. Let Y be an object in a category C with binary products. The
following are equivalent:

(1) Y is an exponentiable object in C.

(i1) The functor — XY : C — C has a right adjoint [Y,—]. : C = C, and the
counit of this adjunction is evy _.

Proof. Immediate from the definitions. ¢

Definition A.1.3. A cartesian closed category is a category with finite products,
in which every object is exponentiable. A locally cartesian closed category is
a category C such that, for every object I, the slice category C,; is a cartesian
closed category.
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Example A.1.4. Set is cartesian closed category; in fact, it is even a locally
cartesian closed category.

Proposition A.1.5. Let C be a cartesian closed category.
(i) The assignment (Y, Z) — Y, Z]. extends to a functor C°® X C — C.

(i1) For each object Z, the functor [—, Z]. : C°® — C is a contravariant right
adjoint for itself.

Proof. (1). This is an instance of the parametrised adjunction theorem. !

(i1). We have the following natural bijections:
CX,[Y,.Z)=2C(X XY, Z)

~CYXX,Z)
= CY,[X.Z)])

Lemma A.1.6. Let C and D be cartesian closed categories. If F : C - Dis a
functor that preserves binary products, then:

(i) For any two objects X and Y in C, there is a unique morphism @y , :
F[X,Y]. = [FX, FY], such that the following diagram commutes:

FIX,Y];x FX —— F([X,Y]; X X)

(pX’YXidl lFeVX'Y

_
[FX,FYlp X FX —g— FY

(ii) The morphism @y , is natural in both Y and Z.

Proof. The existence and uniqueness of @y , follows from the universal prop-
erty of [FX, FY], as an exponential object, and a standard argument proves
naturality. ¢

Definition A.1.7. A cartesian closed functor is a functor F : C — D between

cartesian closed categories such that the canonical comparison morphisms @y y :
F[X,Y]. = [FX, FY]; described above are isomorphisms.

See Theorem 3 in [CWM, Ch. 1V, § 7].

140



A.1. Cartesian closed categories

Proposition A.1.8. Let C and D be cartesian closed categories, and let Y be
an object in C and let Z be an object in D. Suppose we have an adjunction
F 4G :D — Cwithunitn :id. = GF and counit € : id. = FG; then:

W) If ypy, @ GIFY,Z]p, — [GFY,GZ]. is the canonical comparison
morphism, then 0y , = [ny, GZ]C ° Wry 7 IS the unique morphism in C
making the following diagram commute:

GIFY,Zlp, XY — GIFY, Z], x GFY

By »xid >
[Y, GZ]C XY G([FY,Z]p, X FY)
Vrez Gevpy 7
Gz Gz

(i1) If the canonical comparison morphism F(X XY) - FX X FY is an iso-
morphism for all objects X inC, and @y ¢, - FIY,GZ]. - [FY,FGZ]
is the canonical comparison morphism, then yy , = [F Y,e Z] »°PyGz IS
the unique morphism in D making the following diagram commute:

FIY,GZ]. X FY —— F([Y,GZ].xY)

Xy, zXid eVy gz
[FY,Z\]/DXFY FEZ
eVry z €z

Moreover, under this hypothesis, G xy 7 ° fiy gz, IS a two-sided inverse
for 0y ,.

(i) If 0y , is an isomorphism for all objects Z in D, then for all objects X

in C, the canonical comparison morphism F(X XY) - FX X FY is an
isomorphism.
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Proof. (i). The claim is proven by the commutativity of the following diagram:

GIFY, ZlyxY —2 GIFY, Z1, X GFY —=— G([FY, Z], X FY)

wry,zXid J/WFY,ZXid
[GFY,GZ]- XY W [GFY,GZ]-XGFY Gevpy ,
Y
["IY’Z]C m
[Y,GZ], 8 G7

(i)). To show that y, , makes the diagram commute, one uses the fact that
eVryz - [FY,Z]p X FY — Z is natural in Z. Since F preserves products
with Y, we have the following natural bijections:

C(X.G[FY,Zlp) 2 D(FX,[FY,Z],) = D(FX X FY, Z)
~DF(XXY),Z)=CXXY,GZ)=C(X,[Y,GZ],)

One obtains explicit isomorphisms by chasing id, in both directions. Taking
X =1Y,GZ]., we find that the isomorphism [Y,GZ]. — G[FY, Z],, is pre-
cisely G yy 7 ° iy gz).» and taking X = G[FY, Z], we find that the inverse is
the right exponential transpose of

G(eVFY,Z ° (5[FY,Z]D X idY)) ° NGIFY,Z1xY

where we have suppressed the comparison isomorphism F (G[F Y,Z], X Y) =
FGI[FY, Z], X FY; but naturality of the comparison morphisms for binary
products gives us the commutative diagram below,

GIFY,Zl,xY —— GF(G[FY,Z],xY)

>~
Vv

G(FGIFY,Z]lp X FY) Gy G([FY,Z], X FY)

o~ o
Vv

G[FY,Z),xY =% GFG[FY, Z], X GFY <% G[FY, Z], X GFY
\//

idxn
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so, suppressing the comparison isomorphisms, we obtain the following equation:

G(E[FY,Z]D X idFY) *Na1ry,z1pxy = GGry, 21, Xy

Thus, the isomorphism G[FY, Z];, — [GY, Z]. is indeed 0y ,, as claimed.

(iii). Now, suppose 0y , : G[FY,Z], — [GY, Z]. is an isomorphism for all
Z. Then, we have the natural bijections

D(FX X FY,Z)=D(FX,[FY,Z]p) = C(X,G[FY, Z]p)
=~ C(X,[Y,GZ],) 2 CX XY,GZ)=D(F(X XY),Z)

and by chasing id , for Z = F X X FY, we conclude that the canonical compar-
ison morphism F(X X Y) - FX X FY is an isomorphism. [ |

Definition A.1.9. A Frobenius adjunction of cartesian closed categories is an
adjunction F 4 G : D — C where C and D are cartesian closed categories, such
that the natural morphisms 0y , : G[FY, Z];, — [Y,GZ] described above are
isomorphisms, or equivalently, such that the left adjoint F : C — D preserves
binary products.

REMARK A.1.10. If C and D are cartesian closed categories and G : D — Cis any
functor that preserves finite products, then G induces a D-enrichment of C from
the cartesian closed structure of C, and the exponential comparison morphisms
vy :GlY,Z]. — [GY,GZ], makes G : D — C into a D-enriched functor.

Now, suppose G has a left adjoint F : C - D. The adjunction F 4 G is a
Frobenius adjunction precisely when it is compatible with the D-enrichments of
C and D. (Of course, this means F is also a D-enriched functor.)

However, not all enriched adjunctions between cartesian closed categories
are of the above form.

Proposition A.1.11. Let X, Y, and Z be any three objects in a cartesian closed
category C.

(i) There is a unique morphism Ay y , : [X XY, Z] — [X,[Y, Z]] making
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the following diagram commute:

(X XY,ZIXxX)XY ——= [X XY, Z]X (X XY)
(Ax,yﬁindX)xidyl

([X’ [Y9 Z]] X X) X Y eVX><Y,Z
eVX,[y,Z]Xidx\\/
Y, ZIxY y Z

(ii) The morphisms Ayy , : [X XY, Z] — [X,[Y, Z]] constitute a natural
isomorphism.

Proof. The existence and uniqueness of Ay y , follows from the universal prop-
erty of [X,[Y, Z]] and [Y, Z] as exponential objects, and a standard argument
shows that Ay y , is natural in X, Y, and Z. By the associativity of cartesian
products, we have the following natural bijections:

CT,[XXY,Z)=2CT X(XXY),Z)
2C(TxX)XY,Z)=((TxX,[Y,Z])) = CT,[X,[Y,Z]])
Chasing id; for T = [X X Y, Z], we find that Ay y , i$ an isomorphism. [ |

Definition A.1.12. Let C be a cartesian closed category. An exponential ideal of
C is a full subcategory D C C such that, for all objects Y in C, if Z is in D, then
the exponential object [Y, Z]. is (isomorphic to) an object in D. A reflective
exponential ideal of C is an exponential ideal D such that the inclusion D < C
has a left adjoint.

Proposition A.1.13. Let C be a cartesian closed category, let G : D — C be the
inclusion of a full subcategory, and suppose G has a left adjoint F : C — D.
The following are equivalent:

(1) F preserves finite products.
(i) F preserves binary products.
(ii1) D is a reflective exponential ideal of C.

(iv) D is a cartesian closed category, G : D — C is a cartesian closed functor,
and the canonical morphisms G| FY , Z], = [Y,GZ] . are isomorphisms.
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Proof. (1) = (ii). Immediate.

(i1) = (iii). Under our hypotheses, the product of two objects X and Y in D can
be computed as F(GX X GY). Let 5 : id. — GF be the unit of the adjunction.
We have the following natural bijections:

C(X.[Y,GZ]) =X XY,GZ)
~D(FX X FY,Z)
~D(FGFX X FY,Z)
2 C(GFX XY, GZ)
~C(GFX,[Y,GZ].)

By chasing these maps explicitly, we find that every morphism X — [Y,GZ].
factors through 7, : X — GF X in a unique way. In particular, we have

dy 6z, = 'v.z ° Ny 621,

forauniquery , : GF[Y,GZ]. - [Y,GZ]. The triangle identity then implies
Fry 7 = €py 62, thus,

NMyezi.°Tv.z = GFry 7 Heriy.cz. = GEF[Y,GZ]C °NGFy,Gz), = idGF[Y,GZ]C

and therefore ry , is an isomorphism.

(iii) = (iv). It is a standard fact that a reflective subcategory is closed under all
limits that exist in C, so D must have finite products and G : D — C preserves
them. If D is an exponential ideal, then #y 6. : [Y,GZ]. —» GF[Y,GZ],
must be an isomorphism, so we obtain natural bijections

DX XY,Z)=C(GX xGY,GZ)
~C(GX,[GY,GZ].)
~ C(GX,GFI[GY,GZ].)
~ D(FGX,F[GY,GZ],)
~ D(X,FIGY,GZ].)
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and therefore we may take [Y, Z], = F[GY,GZ].. Obviously, this makes
G : D — Cinto a cartesian closed functor. We also have

C(X,GIFY,Z],) = C(X,GFIGFY,GZ].)
~ C(X,[GFY,GZ].)
C(GFY,[X,GZ].)
C(GFY,GF[X,GZ].)
C(Y,GF[X,GZ].)
(v,
¢

1R 1R

114

[(X,GZ].)
X.,[Y,.GZ].)

104

and so the canonical morphism G[FY, Z], — [Y,GZ] is an isomorphism.

(iv) = (1). It is not hard to show that #, : 1 — GF'1 is an isomorphism for any
adjunction whatsoever; but G is fully faithful, so this implies F1 is a terminal
object in D. Now apply proposition A.1.8. [ |

Corollary A.1.14. If £ is a reflective exponential ideal of D, and D is a reflective
exponential ideal of C, then & is also a reflective exponential ideal of C. [ ]

Proposition A.1.15. Let Cat be the category of small categories, and let Grpd
be the full subcategory of groupoids.

(1) There exist adjunctions
7, - disc 4 ob - codisc : Set — Cat

where ob C is the set of objects in a category C, disc X is the category with
obdisc X = X and all arrows trivial, and codisc X is the category with
obdisc X = X and a unique arrow between any two objects.

(ii) The functor disc : Set — Cat is fully faithful and exhibits Set as a reflect-
ive exponential ideal of Cat.

(iii) The functor m, : Cat — Set preserves finite products.
(iv) There exist adjunctions
I 4 und Hiso : Cat —» Grpd

where und : Grpd — Cat is the inclusion and iso C is the maximal sub-
groupoid of a category C.
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(v) Grpd is a reflective exponential ideal of Cat.
(vi) The functor 1 : Cat — Grpd preserves finite products.
(vii) The adjunctions in (i) factor through Grpd, yielding adjunctions

7, - disc - ob - codisc : Set — Grpd

where n, : Grpd — Set again preserves finite products.

(viii) The functor Cat — Set that sends a category C to the set of isomorphism
classes in C preserves finite products.

Proof. (i). The functor disc : Set — Cat obviously satisfies the solution set
condition, so the general adjoint functor theorem gives us a left adjoint 7z, :
Cat — Set; the existence of the other adjunctions is obvious.

(i1). It is clear that disc : Set — Cat is fully faithful, and direct computation
shows that [C, disc X] is a discrete category for any C, so Set is indeed a reflect-
ive exponential ideal of Cat.

(iii). Thus, by proposition A.1.13, 7, : Cat — Set must preserve finite products.

(iv). It is not hard to check that the inclusion Grpd — Cat satisfies the solution
set condition, so the general adjoint functor theorem gives us a left adjoint I :
Cat — Grpd; the fact that iso : Cat — Grpd is right adjoint to the inclusion is
obvious.

(v). Direct computation shows that [C, G] is a groupoid whenever G is, so Grpd
is indeed a reflective exponential ideal of Cat.

(vi). Thus, I : Cat — Grpd must preserve finite products.

(vii). Clearly, disc X and codisc X are already groupoids, so the adjunctions do
indeed factor through Grpd.

(viii). The set of isomorphism classes of objects in C is precisely z,isoC. |l

Definition A.1.16. The dependent sum of an object p : X — I in C,; along
a morphism j : I — J in Cis the object jop : X — J in C,;, and we write
X, : €, — C,; for the functor sending an object to its dependent sum along ;.
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Lemma A.1.17. Let j : I — J be a morphism in a category C. The following
are equivalent:

(1) C has pullbacks along j.

(ii) There exists an adjunction

L, AH:Cy—Cy

where X, is the dependent sum functor, and the right adjoint j* : C 1= C
is the pullback functor.

Proof. This is just a matter of unwinding the definitions. ¢

Definition A.1.18. Let C be a category with pullbacks. A dependent product
of an object p: X — I in C,; along a morphism j : I — J in Cis an object II,p
in C,; and a morphism ev; , : j*Il;p — p in C,; with the following universal
property:

¢ F_or all morphisms f : j°¢ — pinC, I there exists a unique morphism
fiq—1ILpinC,; suchthatev; o j*f = f.

A ZII-category is a category C with finite limits such that, for every morphism
j : I — J in C, dependent products along j exist.

Lemma A.1.19. Let j : I — J be a morphism in a category C with pullbacks.
The following are equivalent:

(1) For all objects p: X — I in C, a dependent product of p along j exists.

(ii) The pullback functor j* : C,; — C,; has a right adjoint 11, : C,; - C;
that sends an object to its dependent product along j, and the counit of
this adjunction is ev; _.

Proof. This is just a matter of unwinding the definitions. ¢

Corollary A.1.20. If j : I — J is a morphism in a Zll-category C, then the
pullback functor j* : C,; — C,; preserves all limits and colimits. [ ]

Proposition A.1.21. Let C be a category with a terminal object. The following
are equivalent:

(1) Cis a ZIl-category.
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(i1) Cis a locally cartesian closed category.
Proof. See Proposition 9.20 in [Awodey, 2010]. ]
Theorem A.1.22. Let D be a small category, and let C = [D°P, Set]. Then:

(1) C has limits and colimits for all small diagrams, and these can be construc-
ted componentwise in Set: a cone (resp. cocone) in C over (resp. under) a
diagram in C is a limiting cone (resp. colimiting cocone) if and only if it is
s0 in every component.

(i1) Every internal equivalence relation in C is the kernel pair of its coequal-
iser.

(iii) For all morphisms j : I — J in C, the pullback functor j* : C,; — C/;
preserves all limits and colimits.

(iv) The Yoneda embedding h, : D — C is a dense functor, i.e. for every
presheaf X : D — Set, the tautological cocone!” from the canonical
diagram (ﬁ, X ) — Cto X is a colimiting cocone.

(v) Cis alocally finitely presentable category.
(vi) Cis a ZIl1-category.
Proof. (i). This is a standard fact about presheaf categories.
(i1) and (iii). The claims are true for Set, and hence for C by claim (i).
(iv). See proposition A.4.20.
(v). See theorem 0.2.26.

(vi). Apply theorem 0.2.35 to construct a right adjoint for j* : C,; > C,;. W

REMARK A.1.23. The Yoneda lemma gives us an explicit description of the ex-
ponential objects in [D°P, Set]: given two presheaves Y, Z : D — Set, if ZY¥
is their exponential object, then we must have

Z"(d) = [D", Set](f,, Z") = [D,Set](h, X Y, Z)

and so we may define Y* by Y*(d) = [D*?,Set](f, X Y, Z).

[2] See definition A.4.10.
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Definition A.1.24. Let Y and Z be topological spaces, and let [Y, Z] be the set
of all continuous maps Y — Z. The compact—open topology on [Y, Z] is the
coarsest topology such that the subsets

VK,Uy={f€elY,Zl|Kc f'U}
are open in [Y, Z] for all compact subsets K C X and all open subsets U C Y.

REMARK A.1.25.If Y is a discrete space, then the compact—open topology on
[Y, Z] coincides with the product topology on ZY.

Definition A.1.26. A compactly-generated Hausdorff space is a Hausdorff to-
pological space X such that a subset U C X 1is open if and only if, for every
continuous map f : K — X where K is a compact Hausdorff space, f~'U is an
open subset of K. We write CGHaus for the category of compactly-generated
Hausdorff spaces and continuous maps.

Proposition A.1.27.
(1) IfY is a locally compact Hausdorff space, then for all topological spaces
Z, the set of all continuous maps Y — Z, equipped with the compact—
open topology, is an exponential object [Y, Z] in Top.

(i1)) Top is not a cartesian closed category.
(iii) CGHaus is a cartesian closed category.

Proof. Claim (i) follows from Theorems 46.10 and 46.11 in [Munkres, 2000],
and claim (ii) is Proposition 7.1.2 in [Borceux, 1994a], and claim (iii) is proved
in [GZ, Ch. 111, § 2]. |

Factorisation systems

Definition A.2.1. Let f : X — Y and g : Z — W be morphisms in a category
C. Given a commutative square in C,

z
|
W

z

— X

|

— Y

w
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a lift is a morphism 2 : W — X suchthat feh=wand ho g = z.

We say g has the left lifting property with respect to f and f has the right
lifting property with respect to g, and we write g [[] f, if every commutative
square in C of the form above has a lift. We say f is left orthogonal to g and g
is right orthogonal to f, and we write g L f if lifts exist and are unique.

Given T C mor C, we define the following subensembles of mor C:

BT ={femorC|Vgel fg}
I9={gemorC|Vfel fg}
lI={femorC|Vgel fLlg}
I'={gemorC|Vfel fLlg)

LemmaA.2.2. Let f : X — Y andg : Z — W be morphisms in a locally small
category C. Consider the commutative diagram in Set shown below,

cw, X) s

C(Z,X) — C(Z,Y)

where the inner square is a pullback diagram.
(1) The dashed arrow is a surjection if and only if g [/ f.
(i1) The dashed arrow is a bijection if and only if g L f.
Proof. This is just a restatement of the definition. [ ]
Proposition A.2.3. Let C be a category.
(i) If R C morC, then *R C YR.
(i) If R’ C R CmorC, then YR’ D YR,
(iii) If R’ C R CmorC, then *R’' 2 *R.

Dually:
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(") If £ C morC, then £+ C LY.
(i") If £' C £ C morC, then £L'2 2 LP.
(iii") If£’' € £ CmorC, then L'+ D L£*.
Moreover, we have the following antitone Galois connections:

£ CYR ifand only if R C LY
L C R ifand only if R C £t

Proof. Obvious. ¢

Corollary A.2.4. We have the following identities:

Z((ZR)Z) =R J.((LR)J_> — 1R
ZI([:IZI))IZI=£IZ] (J.(L:J.))J_=£J_
Proof. This is a standard fact about (antitone) Galois connections. [ |

Lemma A.2.5. Let f : X — Y be a morphism in a category C. The following
are equivalent:

(1) f is an isomorphism.
(1) f is right orthogonal to any morphism in C.
(i) f has the right lifting property with respect to any morphism in C.
(iv) f has the right lifting property with respect to itself.
Dually, the following are equivalent:
(i") f is an isomorphism.
(ii") f is left orthogonal to any morphism in C.
(iii") f has the left lifting property with respect to any morphism in C.
(iv") f has the left lifting property with respect to itself.
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Proof. (1) = (i1). Suppose r : Y — X is a morphism such that r o f = id,.
Then, for any commutative square as below,

Z 25X
l ,

we have (rew)eg =ro foz = z;butif for =id, as well, then fo(re- w) = w;
thus ro w : W — X is the required lift. It is clearly unique, as f is monic.

(i1) = (iii), (iii) = (iv). Obvious.
(iv) = (i). Consider the following commutative square:

x 4 . x

1]

Y ——Y
Since f has the right lifting property with respect to itself, there exists a morph-
ismh:Y — Xsuchthathe f =i1dy and f o h =1d,. [ |

Definition A.2.6. A weak factorisation system for a category C is a pair (£, R)
of subclasses of mor C satisfying these conditions:

* For each morphism f in C there exists a pair (g, h) withg € Land h € R
such that f = h e g. Such a pair is a (£, R)-factorisation of f.

* A morphismisin £ if and only if it has the left lifting property with respect
to every morphism in R, i.e. £ = UR.

* A morphism is in R if and only if it has the right lifting property with
respect to every morphismin £, i.e. R = £Y.

An orthogonal factorisation system is defined like a weak factorisation system,
except for replacing ‘... has the left/right lifting property with respect to ...” with
‘... is left/right orthogonal to ... .

REMARK A.2.7. Obviously, (£, R) is a weak (resp. orthogonal) factorisation sys-
tem for C if and only if (R°P, L°P) is a weak (resp. orthogonal) factorisation
system for C°P.
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Proposition A.2.8. Let (L, R) be a weak factorisation system on C. If either
* every morphism in R is a monomorphism in C, or
* every morphism in L is an epimorphism in C,

then (L, R) is an orthogonal factorisation system.

Proof. The two hypotheses are formally dual, so it is enough to check the first
case. Observe that, given a commutative diagram

V4
|
w
where f : X — Y isamonomorphism, forany 2’ : W — X suchthat foh' = w,
we must have A = h’. Thus, for any monomorphism f : X - Y, g [] f if and

only if g L f. Hence, £ = YR = 1R. On the other hand, £* C £¥ = R, so
R = L1 as well. H

— X

Z
h
s
s
s
s

W

// f

—Y

w

Definition A.2.9. A proper factorisation system on a category C is an ortho-
gonal factorisation system (&, M) on C such that every morphism in £ is an epi-
morphism and every morphism in M is a monomorphism.

Example A.2.10. In Set, if £ is the class of surjective maps and M is the class
of injective maps, then (&, M) is a proper factorisation system.

Lemma A.2.11. Let A be an object in a category C with a weak (resp. orthgonal)
factorisation system (L, R). Then the slice category C,, has a weak (resp. or-
thogonal) factorisation system where a morphism is in the left or right class if
and only if it is so in C.

Proof. The projection C,, — C induces a bijection between solutions for lifting
problems in C,, and solutions for the corresponding lifting problems in C. |l

Proposition A.2.12 (Closure properties). Let R C mor C and suppose either
£L=YRorL="R.
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(1) Given a pushout diagram in C as below,

i

7 —Z 57

g/J/ Jg
W' — W
tw
if the morphism g' is in L, then g is also in L.

(1) Let I be a set. If g, : Z, — W, is a morphism in L for all i in I and the
coproduct |1, & : 11, Z; — 11, W; exists in C, then [, g; is also in L.

(111) Given a commutative diagram of the form

"
8

id
> >
iy rz
!
gl

i r

w \ w \
id

|

Z
g/

W
ifgisin L, then so is g'; in other words, L is closed under retracts.

(iv) L is closed under composition.

(v) Lety be an ordinal and let Z : y — C be a colimit-preserving functor. We
write Z, for Z(a), where a <y, and g, : Z, — Zj for the morphism
Z(a — p), where a < f < y. If Ais a colimiting cocone from Z to W
and each g, 4 is in L, then each component A, : Z, — W is also in L.

Proof. (i). Suppose f isin R, and consider the following commutative diagram:
z 'z 7z =

> X
)
> Y

w’ w

~

~

iy w

There exists A’ : W' — X suchthat h’ o g’ = zei,and feh' = weiy. In
particular, there exists a unique morphism 4 : W — X such that ho g = z and
hoiy, = h', by the universal property of pullbacks. Thus feheiy = foh' =
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weiy and fehog = fez=uwoeog, butiy, and g are jointly epic, so f o h = w.
This shows # is the required lift, and A is unique if A’ is.

(i1). We may construct the required lift componentwise.

(ii1). Suppose f is in R, and consider the following commutative diagram:

> X
I
> Y

There exists A : W — X suchthatheg =2zeor,and foh =wery,, and so for
h' =heiy:

z

!

iz rz
Z > Z' >
g’l 8
\
7

W/

4

<N

w s W’

iy rw w

g

fohlzfohoiW=LU°rW°iW=w

h'og':hoiwog’:hogoizzzorzoizzz

Thus A’ : W' — X is the required lift, and A’ is unique if & is (because ry, is
split epic).

(iv). Suppose g’ : Z' > Zandg: Z > W areinLand f : X - Y isin R.
Consider the following commutative diagram:

7z P x

There must exist a morphism z : Z — X suchthat zeg’ = z" and foz' = wog,
and hence a morphism 2 : W — X suchthat heg = zand feh = w. Obviously,
ho(g'og)=z,so his the required lift. Moreover, i unique if £ = *R.

(v). We may assume without loss of generality that « = 0, since any non-empty
terminal segment of y is cofinal in y. Suppose f : X — Y is in R and consider
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the following commutative diagram:

Zp

Z,— X
A f
For each a < y, given z, making the following diagram commute,

4

zZ, - X
ga,u-#ll J/f
Z 1 . W — Y

a

be the unique morphism such that z; o g, , = z, for all < . (Such z; exist
and are unique because Z; = h_r)n < Z,.) Note that the universal property of W

choose a lift z,,, : Z,,; — X; for each limit ordinal g < y,letz;: Z;, -» X

then guarantees that we A5 = f o z;.

Having constructed morphisms z, : Z, — X for all a < y as above, we
may now obtain 4 : W — X as the unique morphism such that h- 4, = z, for
all @ < y, and again we automatically have f o h = w. It is also clear that A is
unique if £ = *R. H

Proposition A.2.13 (Cancellation properties). Let R C mor C.

(i) Let L be either ®R or*R, lete : A — Z be an epimorphism in C, and let
g:Z — W beamorphisminC. If geeisin L, then so is g.

(i1) Suppose (L, R) is an orthogonal factorisation system on R, and let e :
A — Z bein L. Then, a morphismg : Z — W isin L ifand only g - e is
in L.

Dually, let £ C mor C.

(i) Let R be either L2 or L1, letm : Y — B be an monomorphism in C, and
let f: X — Y beamorphisminC. Ifme f isin R, then sois f.

(ii") Suppose (L, R) is an orthogonal factorisation system on R, and let m :
Y — Bbein L. Then, a morphism f : X — Y isin L if and only g - e is
in L.
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Proof. (i). The epimorphism e : A — Z induces a bijection between solutions
of lifting problems in C of the form

z
|
w

z

|

~ e

|

and lifting problems of the form

Zo,

A= X
gwl lf

sog A f (resp.g L f)ifandonlyif gee [ f (resp. gee L f).

(i1). By proposition A.2.12, we know g o e is in L if both g and e are in L; the
converse remains to be shown. Let r o [ be an (£, R)-factorisation of g. If go e
is in £, then there exists a unique s making the diagram below commute,

A—" s M

w — w
so r e s = id;;,, but then we also have

ro(ser)=r

(ser)o(loe)=50(goe)=1lce
and /e e L r, so we must have s o r = id,,. Hence, g is also in L. [ |

Proposition A.2.14. Every orthogonal factorisation system is also a weak fac-
torisation system.

Proof. Let (L, R) be an orthogonal factorisation system on a category C. Pro-
position A.2.3 implies £ C UR and R C £, so by duality it is enough to check
that £ 2 DR.

158



A.2. Factorisation systems

Suppose g : Z — W is in YR, with (£, R)-factorisation g = r o g’. Then
the diagram below commutes,

!

Z—)W
|l
W—)W

so there must exist i : W — W' such that roi =id;, and i o g = g’, and hence
we have the following commutative diagram:

g4 L id
S A
/AN VAR 1 74

\_/

It follows from proposition A.2.12 that g isalsoin £, so £ 2 YR asrequired. W

Definition A.2.15. A weak factorisation system (£, R) on a category C is cofi-
brantly generated by a subensemble T C mor C if R = I¥. Dually, (£, R) is
fibrantly generated by a subensemble F C mor C if £ = @F,

REMARK A.2.16. Of course, (£, R) is always cofibrantly generated by L. The
condition is most useful when (£, R) is cofibrantly generated by a (small) subset
of L, but it is convenient to have the more general definition available.

Definition A.2.17. Let (£, R) be a weak factorisation system on a category C.
An extension of (£, R) along a functori : C — C* is a weak factorisation system
(L*,R*) on C* with the following properties:

e Amorphism f : X - YinCisin R ifandonlyifif :iX — iY isin R*.

* Amorphismg : Z - W inCisin Lifandonly ifig : iZ — iW isin
cr.

Proposition A.2.18. Let C be a full subcategory of a category C*, let (L, R) be a
weak factorisation system on C, and let (L, R*) be a weak factorisation system

on C*.

() IfL C LY, then R 2 R" nmorC.
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(ii) If (L,R) and (L*,R") are both cofibrantly generated by the same en-
semble T, then R = R* N morC.

Dually:
(") If R C R*, then L O L™ nmorC.

(") If (L, R) and (L™, R*Y) are both fibrantly generated by the same ensemble
F, then L = LT nmor C.

Moreover:
(iii) If L C LY and R C R*, then (LY, R") is an extension of (L, R).

Proof. Since C is a full subcategory of C*,if g: Z - Wand f : X - Y are
morphisms in C, then any lifting problem of the following form in C* is already
in C,

Z — X

gl f

W ——Y

and moreover any solution to the above lifting problem in C* is also a solution
in C. Thus, g [ f in Cif and only if g [] f in C*.

(i). Suppose f is in R* N mor C. Then f has the right lifting property in C*
with respect to every morphism in £*, and in particular, f has the right lifting
property in C with respect to every morphism in £; hence f is in R, and therefore
R 2 R"nmorC.

(ii). A morphism is in R (resp. R*) if and only if it has the right lifting property
in C (resp. C*) with respect to every morphism in Z, so by our initial observation,
we must have R = R* N mor C.

(iii). Immediately follows from claims (i) and (i"). [ |

Proposition A.2.19. Let (L, R) be a weak (resp. orthogonal) factorisation sys-
tem for a category C, and let (L', R") be a weak (resp. orthogonal) factorisation
system for a category C'. Given an adjunction

FHU:C - ¢C

the following are equivalent:
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(i) F sends morphisms in L to morphisms in L'.
(ii) U sends morphisms in R' to morphisms in R.

Proof. The adjunction induces a bijection between solutions to the two lifting
problems shown below:

FZ — X Z —UX
R o
Fgl T lf gl L lUf
FW —— Y W — Uy
Thus, Fg [ f (resp. Fg L f)ifandonlyif g [AU f (resp. g L U f). [ ]

1 a.2.20. Let 2 be the category {O — 1}, and let 3 be {0 - 1 — 2}. Thus,
given a category C, the functor category [2, C] is the category of arrows and
commutative squares in C. There are three embeddings d 0d'.d*>:2 > 3:

d°0)=1 d'(0)=0 d*(0)=0
A1) =2 d'(1)=2 d’() =1
These then induce (by precomposition) three functors d), d,, d, : [3,C] = [2,C].

Definition A.2.21. A functorial factorisation system on a category C is a pair
of functors L, R : [2,C] — [2,C] for which there exists a (necessarily unique)
functor F : [2,C] — [3, C] satisfying the following equations:

A functorial weak (resp. orthogonal) factorisation system on Cis a weak (resp.
orthogonal) factorisation system (£, R) together with a functorial factorisation
system (L, R) such that Lf € £ and Rf € R for all morphisms f in C.

Lemma A.2.22. Let A be an object in a category CandletZ, : C,, — C be the
projection from the slice category.

(1) For each functorial factorisation system (L, R) on C, there exists a unique
functorial factorisation system (L 1 R A) on C,, such that

[2,5,] e Ly =L~ [2,%,] [2,2,] e R, = R [2,%,]
where [2, )y A] : [2, C / A] — [2, C] is the evident induced functor.
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(i1) If (L, R) is part of a functorial weak or orthogonal factorisation system
on C, then (L 1R A) is compatible with the induced weak or orthogonal
factorisation system on C,, as well.

Proof. Obvious. ¢

Proposition A.2.23. Any orthogonal factorisation system can be extended to a
functorial one.

Proof. For each morphism f in a category C with an orthogonal factorisation
system (L, R), choose a factorisation f = Rf o« Lf with Lf € L and Rf € R.
Given a commutative square in C, say

z
|
W

the lifting property ensures that the dashed arrow in the diagram below exists,

z

|

~ X

|

w

7 25X

Lg Lf

Rg Rf

and orthogonality ensures uniqueness and hence functoriality. [ |

Corollary A.2.24. If (L, R) is an orthogonal factorisation system on a category
C, then, for any category J, there exists an orthogonal factorisation system on
the functor category [.J, C] where a natural transformation is in the left (resp.
right) class if and only if all its components are in L (resp. R).

Proof. Obviously, every morphism in [7, C] admits such a factorisation, since
(L, R)-factorisations in C are functorial. By considering a commutative diagram
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in C of the form below,

7z — X'

NN
RN

Z X
f/
g
Y

w

g/

|

W/

%

where f and f' are in R while g and g’ are in £, using the fact that (£, M)
is an orthogonal factorisation system, one may show that lifting problems in
[7, C] admit unique solutions, and that these solutions are moreover constructed
componentwise. Thus, (£, R) induces an orthogonal factorisation system on

[T, Cl. |

The following characterisation of functorial orthogonal factorisation systems
is due to Grandis and Tholen [2006]:

Theorem A.2.25. Let (L, R) be a functorial factorisation system on a category
C. The following are equivalent:

(1) L is the underlying endofunctor of an idempotent comonad on [2, C] with
counit given by €, = (iddom o Rk), and R is the underlying endofunctor
of an idempotent monad on (2, C] with unit given by n, = (h, 1d g gom h).

(i1) For all morphisms h in C, RLh and LRh are isomorphisms in C.
(i11) For any two morphisms in C, say h and k, we have Lk 1 Rh.
(iv) (L, R)is an orthogonal factorisation system on C extending (L, R), where:
L = {g € mor C| Rg is an isomorphism in C}
R ={f €morC| Lf is an isomorphism in C}
(v) There exists an orthogonal factorisation system (L, R) extending (L, R).
Proof. (i) < (ii). This is a standard fact about idempotent (co)monads.
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(i1) = (iii). Now, consider the following lifting problem:

Z 25X

il I

Since (L, R) is a functorial factorisation system, we get a commutative diagram
of the form below,

but Rg and Lf are isomorphisms, so (Lf)™' ot o (Rg)™" is the required lift
W — X. On the other hand, if s : W — X is any morphism such that fes = w
and s o g = z, then by taking (L, R)-factorisations of the vertical arrows in the
following diagram,

W — > X >
we find it must be the case that Lf o s e Rg = ¢, so we indeed have g L f.

(iii) = (iv). In particular, g L Rg and Lf L f, so there must exist morphisms i
and r making the diagrams below commute:

I .

zZ = w X945 x
X />( //>(

gl l// le Lf e lf

We then obtain the following equations,

(ieRg)eoLg=Lg (Lfer)eLf=Lf
Rgo(i°Rg)=Rg Rfo(Lfor)=Rf
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andsince Lg 1L Rgand Lf 1 Rf,wemusthaveioRg =1idy,, and L for =1idy,.
Thus, g € £ and f € R, and the same argument now shows that *R C £ and
Lt CR.

It remains to be shown that £ C *R and R C L£*. First, suppose g € £ and
f € R, and consider the following lifting problem:

z b'e
|
W Y

With r and i as in the previous paragraph, we obtain a commutative diagram of

z

——

w

the form below,

g W’ s X s
/igl Rf
W W ——Y —

where the arrow ¢ is obtained by the functoriality of (L, R)-factorisations. Thus,
r ot o iis the required lift W — X, and it is unique, since Rg and Lf are
isomorphisms. (Recall the proof of (ii) = (iii).) We conclude that £ = ‘R and
R =L

(iv) = (v). Immediate.

(v) = (ii1). If (£, R) is an orthogonal factorisation system on C such that Lf € £
and Rf € R for all morphisms f in C, then we must have Lk 1 Rh for all h
and k in mor C, as required.

(iv) = (ii). Immediate. |

REMARK A.2.26. It is clear that a functorial factorisation system is associated
with at most one orthogonal factorisation system: indeed, if (L', R’) is any or-
thogonal factorisation system extending a functorial factorisation system (L, R),
and (£, R) is the induced orthogonal factorisation system as in the theorem, then
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each morphism in £ (resp. R) is a retract of some morphism in in £’ (resp. R');
but by proposition A.2.12, this implies £ C £’ and R C R’, and applying pro-
position A.2.3, we alsoget L D L and R D R'.

Corollary A.2.27. If (L, R) is an orthogonal factorisation system on a category
C, then:

(1) L, considered as a full subcategory of |2, C], is replete and coreflective.
(i1) L is closed under all colimits in [2, C].
(ii1) If a diagram in L has a limit in [2, C], then it also has a limit in L.
Dually:
(i") R, considered as a full subcategory of [2, C), is replete and reflective.
(ii") R is closed under all limits in [2, C].
(iii") If a diagram in R has a colimit in [2, C], then it also has a colimit in R.

Proof. Using proposition A.2.23 and theorem A.2.25, the above claims amount to
standard facts about the Eilenberg—Moore category for idempotent (co)monads.

There is a similar characterisation of functorial weak factorisation systems:

Theorem A.2.28. Let (L, R) be a functorial factorisation system on a category
C. The following are equivalent:

(1) For any two morphisms in C, say h and k, Lk /] Rh.

(i) (L, R) is an weak factorisation system on C extending (L, R), where:
L= {g EmorC|EIi €emorC.iog =Lg/\Rgoi=idcodomg}
R={femorC|IremorC.for=Rf AreLf =idgy }

(iii) There exists a weak factorisation system (L, R) extending (L, R).

Proof. The proof is essentially the same as that of theorem A.2.25. [ |

REMARK A.2.29. As with orthogonal factorisation systems, there is at most one
weak factorisation system extending any functorial factorisation system.
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The two theorems above motivate the following definition:

Definition A.2.30. A algebraic factorisation system'* on a category C is a pair
(L, R) satisfying the following conditions:

* L=(L,¢g,06)1s acomonad on [2,C], where g, = (iddom > Rk).
* R=(R,n, u) is amonad on [2, C], where 1, = (Lh,id ogom 1 )-
* (L, R) constitute a functorial factorisation system on C.

Corollary A.2.31. Any functorial orthogonal factorisation system extends to an
algebraic factorisation system in a unique way, conversely, an algebraic fac-
torisation system induces an orthogonal factorisation system if and only if the
underlying comonad and monad are both idempotent.

Proof. This follows from the definition above and theorem A.2.25. [ |

Proposition A.2.32. Let (L, R) be an algebraic factorisation system on a cat-
egory C.

() Let f : X > Y and g : Z — W be objects in [2,C]. Ifa : Rf — f
is a R-algebra structure and f : g — Lg is a L-coalgebra structure, then
a, Y = Yand p,: Z — Z are identity morphisms, and we have the
following identities:

@ Lf = idy Rgp, = idy
feay=Rf peg=1Lg
(1) If f admits a L-coalgebra structure and g admits an R-algebra structure,

then f 1] g.

(ii1) There exists a (unique) weak factorisation system (L, R) on C such that
Lk € L and Rh € R for all h and k in mor C.

Proof. (1). The claim follows from the L-coalgebra counitality axiom and the
R-algebra unitality axiom:

aon, =1id,; g, o f=1d,

— or natural weak factorisation system in the sense of Grandis and Tholen [2006] and Garner
[2009].
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(ii). It then follows that the diagram below commutes,

id id
Z < sz s x5 X
0

S e
8 W' -5 X' f
%gl RS
W — oY —— Y

where the arrow ¢ is obtained by the functoriality of (L, R)-factorisations; clearly,
@, o t o f; is the required lift.

(ii1). Finally, for any two morphisms in C, say h and k, we simply note that
0, : Lk = LLkis an L-coalgebra structure and y;, : RRh — Rhis an R-algebra
structure, so we may apply theorem A.2.28 to obtain the conclusion. [ |

Relative categories

Prerequisites. § 0.1.
In this section we use the explicit universe convention.

Definition A.3.1. A relative category C consists of a category und C and a sub-
category weq C such that obundC = obweqC. We say und C is the under-
lying category of C, and that the morphisms in weq C are the weak equival-
ences in C. A relative subcategory of a relative category C is a relative cat-
egory C’ such that und C’ is a subcategory of und C, and we further demand that
weqC' =weqCnundC'.

REMARK A.3.2. The subcategory weq C is entirely determined by mor weq C, so
a relative category may equivalently be defined as a category equipped with a
distinguished subset of morphisms closed under composition and containing all
the identity morphisms.

For brevity, we will write ob C for ob und C, mor C for ob und C, and we may
occasionally abuse notation and write weq C instead of mor weq C.

REMARK A.3.3. Every category C can be endowed with the structure of a rel-
ative category in two ways: we can make it into a minimal relative category
min C by taking weq min C to be the set of identity morphisms in C; or we could
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make it into a maximal relative category max C by taking weq max C = mor C.
We may also define the minimal saturated relative category min* C by taking
weqmin™ C to be the set of all isomorphisms in C.

Definition A.3.4. Given a relative category C, the opposite relative category
CP is defined by und C°? = (und C)°? and weq C°? = (weq C)°P.

Definition A.3.5. Let C and D be relative categories. A relative functor C — D
is a functor und C — und D that sends weak equivalences in C to weak equi-
valences in D. The relative functor category [C, D], is the full subcategory
of [und C, und D] spanned by the relative functors, and the weak equivalences
in [C, DJ,, are defined to be the natural transformations that are componentwise
weak equivalences in D.

Definition A.3.6. Let C be a category and let W C mor C. A localisation of C
away from Wis a category C [W‘l] equipped with a functory : C —» C [Wl]
with the following universal property:

* Given a functor F : C — D such that F f is an isomorphism for all f in
W), there exists a unique functor F : C[W™'| - D such that Fy = F.

The functor y : C — Ho C is called the localising functor.

REMARK A.3.7. The universal property in the above definition is strict; as such,
C [W‘l] is unique up to unique isomorphism. Nonetheless, C [W‘l] automatic-
ally has a 2-universal property: if F,G : C — D both factor through C[W‘l],
then so do all natural transformations F = G.

Proposition A.3.8. If C is a U-small category, then there exists a U-small cat-
egory with the universal property of C [W‘l]

Proof. Use the general adjoint functor theorem. O

Definition A.3.9. The homotopy category of a relative category C is a localisa-
tion of und C away from weq C and is denoted Ho C. A semi-saturated relative
category is a relative category in which every isomorphism is a weak equival-
ence. A saturated relative category is a relative category C such that the weak
equivalences in C are precisely the ones that become isomorphisms in Ho C.

REMARK A.3.10. Obviously, there is no loss of generality in considering semi-
saturated relative categories and their homotopy categories instead of localisa-
tions C[W™'| for arbitrary subsets W C mor C.
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REMARK A.3.11. Clearly, every saturated relative category is semi-saturated, and
a minimal saturated relative category is indeed saturated in the sense above.

Definition A.3.12. Let C be a category and let W be a subset of mor C. The
2-out-of-3 property for W says:

* Given any two morphisms f : X - Y, g:Y — Zin C, if any two of f,
g, or go f are in W, then all of them are.

The 2-out-of-6 property for W says:

* Given any three morphisms f : X - Y, g:Y > Z, h:Y - Zin(C,if
both ho gand g f are in W, then so too are f, g, h,and he go f.

Lemma A.3.13. Let C be a category and let YW C mor C.
(1) If W has the 2-out-of-6 property, then it also has the 2-out-of-3 property.
(i1) The set of all isomorphisms in C has the 2-out-of-6 property.

(iii) If F : C' - Cis a functor and W has either the 2-out-of-3 property or the
2-out-of-6 property, then F~'W has the same property.

Proof. (1). Consider the three cases f =id, g = id, h = id in turn.

(i1). If heg and ge f are isomorphisms, then g must be split epic and split monic;
thus g itself is an isomorphism, hence so too are f and A.

(iii). Obvious. |
Corollary A.3.14. If C is a saturated relative category, then weq C has the 2-out-
of-6 property. |

Proposition A.3.15. Let RelCat be the category of U-small relative categories
and relative functors, let SsSRelCat be the full subcategory of semi-saturated rel-
ative categories, and let Cat be the category of U-small categories and functors.

(i) RelCat is a cartesian closed category, where the product of C and D is the
cartesian product C X D with weak equivalences taken componentwise,
and the exponential of £ by D is the relative functor category [D, &);.

(ii) RelCat is a locally finitely presentable U-category,'*! and the two functors
y yP 8OrY,
und, weq : RelCat — Cat are No-accessible[S] and jointly conservative.

See definition 0.2.22.
See definition 0.2.18.

170



(6]

A.3. Relative categories

(iii) SsRelCat is a locally finitely presentable U-category, and the inclusion
SsRelCat < RelCat is R -accessible and has a left adjoint.

(iv) SsRelCat is an exponential ideal in RelCat.

(v) The full subcategory spanned by the minimal relative categories is an ex-
ponential ideal in RelCat.

(vi) The full subcategory spanned by the minimal saturated relative categories
is an exponential ideal in SsRelCat.

Proof. (1). This is straightforward from the definitions.

(i1). Obviously, a relative functor F : C — D such thatund F : und C — und D
and weq F : weqC — weq D are both isomorphisms is itself an isomorphism,
so und, weq : RelCat — Cat are indeed jointly conservative.

Itis also not hard to check that limits for all U-small diagrams and colimits for
U-small filtered diagrams in RelCat exist and can be computed componentwise
in Cat, so (by theorem 0.2.26) it is enough to show that RelCat is a ¥,-accessible
U-category. Clearly, a relative category C such that und C is finitely presentable
in Cat and weq C is a finitely-generated subcategory of und C is itself finitely
presentable in RelCat, so RelCat is indeed ¥-accessible.

(Alternatively, one may appeal to the sketchability theorem!® and the fact
that a relative category is manifestly a model for a certain finite-limit sketch.)

(ii1). Itis clear that SsRelCat is closed in RelCat under limits for all U-small dia-
grams and colimits for all U-small filtered diagrams, and we know that RelCat
is a locally finitely presentable category, so (by proposition 0.2.21) it is enough
to construct a left adjoint for the inclusion SsRelCat < RelCat. This may be
done using the general adjoint functor theorem.

(iv) — (vi). All straightforward. [ |

Proposition A.3.16. Let RelCat be the category of U-small relative categories
and relative functors, let SsSRelCat be the full subcategory of semi-saturated
relative categories and relative functors, and let Cat be the category of U-small

See Proposition 1.51 in [LPAC] or Proposition 5.6.4 in [Borceux, 1994b].
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categories and functors. We have the following strings of adjoint functors:

min 4 und 4 max - weq : RelCat — Cat
Ho -4 min* < und 4 max - weq : SsRelCat — Cat

The functors min, min*, and max are moreover fully faithful, and Ho preserves
finite products.

Proof. All but the last of the above claims are obvious; for the preservation of
finite products under Ho, we refer to proposition A.1.13. [ |

Definition A.3.17. A zigzag type is a relative category T where und 7 is the free
category on an inhabited finite planar graph of the form

where the edges are arrows that point either left or right, and weq T consists of
all identities and all composites of left-pointing arrows. A morphism of zigzag
types is a relative functor that maps the leftmost object to the leftmost object
and the rightmost object to the rightmost object. We write T for the category of
zigzag types.!

A zigzag of type T in arelative category C is arelative functor T — C. Given
objects X and Y in C, we denote by CT (X, Y') the category whose objects are the
zigzags starting at X and ending at Y and whose morphisms are commutative
diagrams in C of the form

I

where the rows are zigzags of type T and the unmarked columns are weak equi-
valences.

Example A.3.18. If f : X — Y is a weak equivalence in a relative category C,
then we have commutative diagrams

X X X Yy« x s Y
I I DI
X ——Y X Y Y Y

Warning: This is the opposite of the category T defined in [DHKS, § 34].
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and these correspond to morphisms of zigzags in C.

REMARK A.3.19. It is clear that C'(X,Y) is a subcategory of the relative func-
tor category [T, C];,. Thus, if Cis a U-small relative category, precomposition
makes the assignment T — CT(X,Y) into a functor T°® — Cat, which we de-
note by C*(X,Y). A Grothendieck construction applied to this functor yields the
following U-small category CP(X, Y):

* Its objects are pairs (T', f), where T is a zigzag type and f is a zigzag of
type T in C.

* A morphism (T', f') — (T, f) is a pair («,f) where « : T — T'is a
morphism in T and § : a*f’ — f is a morphism in C* (X,Y).

e The composite of a pair of morphisms (a’', ") : (T", f") - (T', f') and
(a,p):(T', f")y = (T, f)is given by (a' e at, o a*p").

There is an evident projection functor CP(X,Y) — T°P, and by construction it
is a Grothendieck opfibration with a canonical splitting.

Lemma A.3.20. Given a commutative diagram of the form below in a relative
category C,

x—' sy

l lb

X —=Y

if a and b are weak equivalences in C, then we obtain the following morphisms
of zigzags:

X—-x_— sy b sy
I
X' s X' s Y ——Y'
a f’
X x—L .y Y
| ]
X =X’ > Y’ < Y
! b
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!

. f b a f .
In particular, X - Y - Y' and X - X' = Y’ are in the same connected

a f 1! b
component ofC(T)(X,Y’); and X' « X > Yand X' = Y' <« Y arein the
same connected component of CV(X',Y). [ ]

Theorem A.3.21. Let X and Y be objects in a relative category C.

(i) For each zigzag type T, the map that sends an object in C' (X,Y) to the
corresponding composite in Ho C(X,Y') is a functor when the latter is re-
garded as a discrete category.

(11) The functors described above constitute a jointly surjective cocone from
the diagram C*(X,Y) to HoC(X,Y).

(iii) The induced functor CV(X,Y) — Ho C(X,Y) is surjective, and moreover
two objects in CP(X,Y) become equal in Ho C if and only if they are in
the same connected component.

Proof. All obvious except for the last part of claim (iii), for which we refer to
paragraphs 33.8 and 33.10 in [DHKS]. [ ]

Kan extensions

Prerequisites. § 0.1.
In this section we use the explicit universe convention.

Definition A.4.1. Let F : C - D and G : C — & be two functors. A left Kan
extension (resp. right Kan extension) of G along F is an initial (resp. terminal)
object of the category (G | F*) (resp. (F* | G)) described below:

* The objects are pairs (H, @) where H is a functor D — £ and « is a natural
transformation of type G = HF (resp. HF = G).

* The morphisms (H',a') — (H, a) are those natural transformations f§ :
H' = H suchthat fFea’ = a (resp.as fF = a').

REMARK A.4.2. Clearly, Kan extensions are unique up to unique isomorphism if
they exist. We write (Lan r G, n) for the left Kan extension of G along F and say
n is the unit of Lan - G; dually, we write (Ran, G, €) for the right Kan extension
of G along F and say ¢ is the counit of Ran G.
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Proposition A.4.3. Let U be a pre-universe and let Set be the category of U-sets.
For any two functors F : C - D and G : C — Set, if D is locally U-small, then
the following are equivalent:

(1) (Ran r G, s) is a right Kan extension of G along F.

(ii) The maps (Rany. G)(D) — [C, Set](D(D, F), G) defined by x +— &« F*0,,
where 0, : D(D,—) = G is the unique natural transformation such that
<9x)1)(id1)) = x, are bijections that are natural in D.

Proof. This is a straightforward exercise in applying the Yoneda lemma to the
definition of right Kan extensions. ¢

Definition A.4.4. Let F : C > D, G : C - &, and L : £ — F be three functors.
We say L preserves a left (resp. right) Kan extension (H, «) of G along F if
(LH, La) is a left (resp. right) Kan extension of LF along G.

Let Set be the category of U-small sets, and suppose £ is locally U-small.
We say a left Kan extension (LanG F, n) is pointwise if it is preserved by all
functors of the form &(—, E) : £ — Set°P.

Dually, we say a right Kan extension (RanG F, s) is pointwise if it is pre-
served by all functors of the form &(E, —) : £ — Set.

If a Kan extension is preserved by all functors, then it is said to be absolute.

It is convenient at this juncture to introduce a concept borrowed from en-
riched category theory. The notation below follows [Kelly, 2005, § 3.1].

Definition A.4.5. Let U be a pre-universe, let Set be the category of U-sets, and
let C be alocally U-small category. Given functors W : J — Setand A : J — C,
a W -weighted limit of A is an object {W, A}7 in C together with bijections

C(C,{W,A}7) = [J,Set|(W,C(C, A))

that are natural in C. We may also write l(anJJ Aj instead of {W, A}, if we
J:

wish to use an explicit variable j.
Dually, given functors W : J°® — Set and A : J —» C, a W-weighted
colimit of A is an object W % ; A in C together with bijections

C(W %, A,C) = [J®,Setl(W,C(A, C))

that are natural in C. We may also write liijf Aj instead of W x ; A, if we wish
—>j:
to use an explicit variable j.
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REMARK A.4.6. Clearly, weighted limits and colimits are unique up to unique
isomorphism if they exist.

It is also not hard to spell out the above definition in elementary terms; for
example, one notes that to give a natural transformation W = C(C, A), one
must give a morphism 4, : C — Aj for each object j in J and each element
x of W j, and these are required to make various diagrams commute. This is
a W -weighted cone from C to A, and {W, A}7 is an object equipped with a
universal W -weighted cone to A. Similarly, one may define the notion of a
W -weighted cocone from A to C, and then W x ; A is an object equipped with
a universal W -weighted cocone from A. In particular, if W j = 1 for all j, then
W -weighted limits and colimits reduce to ordinary limits and colimits.

The above discussion also shows that the concept of a weighted limit or
colimit (within a fixed category!) does not depend on U in any essential way.

Lemma A.4.7. Let J be a U-small category. Given functors F,G : J — Set,
the F-weighted limit of G exists in Set, and we have bijections

{F,G}7 = [J,Setl(F,G)
that are natural in F and G.
Proof. One simply has to check that this works. ¢

Proposition A.4.8. Let U be a pre-universe, let Set be the category of U-sets, and
let F : C — D be any functor where C and D are locally U-small categories.

(i) For each weight W : J — Set and each diagram A : J — C, if the
weighted limits {W, A} and {W, FA}? both exist, then there is a ca-
nonical comparison morphism

F{w,AY - {(W,FA}/
corresponding to the natural maps
[T, Set](W,C(C, A)) — [J,Setl(W ,D(FC, F A))
induced by the functor F.

(i) For any object C in C, the functor C(C,—) : C — Set preserves all
weighted limits.
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(iii) The functors C(C,—) : C — Set jointly reflect weighted limits.
(iv) If F has a left adjoint, then F preserves weighted limits.
Dually:

(i") For each weight W : J°° — Set and each diagram A : J — C, if the
weighted colimits W % ; A and W * ; F A both exist, then there is a ca-
nonical comparison morphism

W x;FA— F(W x;A)
corresponding to the natural maps
[T, Set](W,C(A,C)) — [J,Set)(W ,D(F A, FC))
induced by the functor F.

(ii") For any object C in C, the functor C(—,C) : C°P? — Set sends any weighted
colimit in C to the corresponding weighted limit in Set.

(iii") The functors C(—, C) : C — Set®? jointly reflect weighted colimits.
(iv") If F has a right adjoint, then F preserves weighted colimits.
Proof. All straightforward. ¢

Definition A.4.9. Let U be a pre-universe, let Set be the category of U-sets, and
let D be a locally U-small category. Given a functor F : C — D, the F-nerve
functor N* : D — [C°P, Set] is defined by

N*(D)(C) = D(FC, D)
i.e. Nf = F*4,, where i, : D — [D°P, Set] is the usual Yoneda embedding.

Definition A.4.10. Let F : C — D be a functor and let D be an object in D.
The tautological cocone to D induced by F is the cocone ¢ : FP, = AD,
where P, : (F | D) — C is the projection functor sending an object (C, f) in
the comma category (F | D) to the object C in C, and ¢ ;) = f.

Dually, the tautological cone from D induced by F is the cone ¢ : AD =
FPP? where P? : (D | F) — C is the projection functor sending an object
(C, f) in the comma category (D | F) to the object C in C, and ¢ ¢ ;) = f-
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Theorem A.4.11. Let C, D and & be locally U-small categories. Given functors
F:C— Dand G :C — & the following are equivalent:

(1) (H,a) is a pointwise right Kan extension of G along F.

(i) For each object d in D, the weighted limit {NF Op(d), G}C exists in &, and
there are isomorphisms

Hd = {N""(d),G}¢

natural in d, with a, : HFc — Gc corresponding to the element id, of
N (Fc)(c) = D(Fe, Fe).

(iii) (Assuming C is U-small.) For each object d in D, if P* : (d | F) - C
is the projection sending (c, f) in the comma category (d | F) to ¢, and
@ : Ad = FPY is the tautological cone in D, then the cone aP® « Hg :
AHd = GP? is limiting; and for each g : d — d’ in D, the morphism
Hg : Hd — Hd' is the one induced by the functor (d' | F) — (d | F)
sending (c', f') to (¢', f' o g). In particular, a. : HFc — Gc must be
(equal to) the component of the limiting cone AFc = GPY at the object
(c.idp,) of (Fc | F).

In particular, if C is a U-small category and € is U-complete, then the right Kan
extension of G along F exists and is pointwise.
Dually, the following are equivalent:

(i") (H,a) is a pointwise left Kan extension of G along F.

(ii") For each object d in D, the weighted colimit N¥ (d) x. G exists in & and
there are isomorphisms

Hd =Nf(d) .G

natural in d, with a, : Gc = H Fc corresponding to the element id, of
Nf(Fe)(c) = D(Fe, Fe).

(iii") (Assuming C is U-small.) For each objectd in D, if P, : (Fld) — C
is the projection sending (c, f) in the comma category (F | d) to ¢, and
@ : FP; = Ad is the tautological cocone in D, then the cocone H pea P, :
GP, = AHd is colimiting; and for each g : d — d' in D, the morphism
Hg : Hd — Hd' is the one induced by the functor (F | d) — (F | d’)
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sending (c, f) to (c,g o f). In particular, a, : Gc = H Fc must be (equal
to) the component of the colimiting cocone GP, = AFc at the object
(c,idg,) of (F | Fo).

In particular, if C is a U-small category and & is U-cocomplete, then the left Kan
extension of G along F exists and is pointwise.

Proof. (1) < (i1). This is just a matter of unwinding the definitions.

(i) & (ii1). One first proves that the construction in (iii) does indeed define a
right Kan extension in the special case £ = Set; once this is done, showing that
(i) and (iii) are equivalent is simply a matter of applying the Yoneda lemma. See
[CWM, Ch. X, §§ 3 and 5]. ]

REMARK A.4.12. It is possible to extract an elementary characterisation of point-
wise Kan extensions from the results above, thereby showing that the property
of being pointwise does not depend on the choice of universe U.

Corollary A.4.13. Let F : C — D be a functor. If C is U-small and D is locally
U-small, then the functor F* : [D,Set] — [C, Set] has both a left adjoint Lan
and a right adjoint Rany. [ |

Corollary A.4.14. Let L : £ — F be a functor. With other notation as in the the-
orem, if (H, @) is a pointwise right Kan extension of G along F, then (LH, La)
is a pointwise right Kan extension of LG along F, provided either:

(1) L preserves all weighted limits, or
(1) L preserves limits for U-small diagrams and C is U-small.

Dually, if (H, a) is a pointwise left Kan extension of G along F, then (LH, La)
is a pointwise left Kan extension of LG along F, provided either:

(i") L preserves all weighted colimits, or
(ii") L preserves colimits for U-small diagrams and C is U-small. [ |

Corollary A.4.15. With notation as in the theorem, if F is fully faithful and
(H,a) is a pointwise right (resp. left) Kan extension of G along F, then a :
HF = G (resp. a : G > HF) is a natural isomorphism.
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Proof. 1If F is fully faithful, then the comma category (Fc | F) (resp. (F | Fc))
has an initial (resp. terminal) object, namely (c, id FC), so the component a, :
HFc — Gc (resp. a, : Ge — H Fc) must be an isomorphism. [ ]

Proposition A.4.16. Let C and D be any two categories, and let F : C — D and
G : D — C be any two functors. The following are equivalent:

(1) F 4G, withunitn :1d. = GF and counit e : FG = idp,
(11) (F,¢) is an absolute right Kan extension of 1d,, along G.
(1) (F,e€) is a right Kan extension of 1d,, along G that is preserved by F.
(iv) (G,n) is an absolute left Kan extension of id. along F.
(v) (G,n) is a left Kan extension of id along F that is preserved by G.
Proof. See [CWM, Ch. X, § 7]. |

Proposition A.4.17.
(1) Right adjoints preserve all right Kan extensions.

(i1) Left adjoints preserve all left Kan extensions.
Proof. See Theorem 1 in [CWM, Ch. X, § 5]. ]

Definition A.4.18. Let U be a pre-universe, let Set be the category of U-sets, and
let C be a locally U-small category. A dense functor is a functor F : B — C
such that the F-nerve functor N¥ : C — [B°P, Set] is fully faithful. A dense
subcategory of C is a subcategory B such that the inclusion B < C is a dense
functor.

Dually, a codense functor is a functor F : B — C such that the opposite
functor F°P : B°? — C°P is dense, and a codense subcategory of C is a subcat-
egory B such that the inclusion B < C is a codense functor.

Example A.4.19. The Yonedalemma impliesid. : C — Cis a dense and codense
functor.

One may extract an elementary definition for ‘(co)dense functor’ from the
following proposition:

Proposition A.4.20. With notation as in the definition, the following are equi-
valent:
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(1) F : B — Cis adense functor.
(i) For each object C in C, the maps
C(C.C') — [B*,Set] (NF(C), C(F. C"))

induced by N¥ : C — [B°?, Set] are natural bijections, exhibiting C as a
weighted colimit N¥(C) x5 FinC.

(ii1) For each object C in C, the tautological cocone to C induced by F is a
colimiting cocone.

(iv) (idc, id F) is a pointwise left Kan extension of F along F.
Dually, the following are equivalent:
(i") F : B = Cis a codense functor.
(ii") For each object C in C, the maps
C(C',C) — [B,Set](N""(C),C(C', F))

induced by N : C°® — [B, Set] are natural bijections, exhibiting C as
a weighted limit {NFOP(C), F}B inC.

(iii") For each object C in C, the tautological cone from C induced by F is a
limiting cone.

@iv") (idc, id F) is a pointwise right Kan extension of F along F.

Proof. (i) < (ii). The indicated maps are bijections for all C and C" if and only
if N¥ is fully faithful, by definition.

(i1) & (iii) © (iv). This is an application of theorem A.4.11. [ |

Definition A.4.21. Let G : D — C be a functor. A densely-defined partial left
adjoint for G is a triple (F,i,7n), where F : B — Dis a functor,i : B — Cisa
dense functor, and # : i = GF is a natural transformation such that the maps

D(FB, D) — C(iB,GD)
g Ggeong

are bijections that are natural in B and D.
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Dually, given a functor F : C — D, a codensely-defined partial right
adjoint for F is a triple (G, j, €), where G : B — Cis afunctor, j : B — Cisa
codense functor, and € : FG = j is a natural transformation such that the maps

C(C,GB) —» D(FC,jB)
frepeFf

are bijections that are natural in B and C.

Example A.4.22. The Yoneda embedding 4, : B — [B°P,Set] has a densely-
defined partial left adjoint, namely (id 5> fes idﬁ.).

REMARK A.4.23. (F,idc,7) is a densely-defined partial left adjoint for G if and
only if F is a left adjoint for G in the usual sense, with  being the adjunction
unit.

Proposition A.4.24. Let U be a pre-universe, let Set be the category of U-sets,
and let C and D be locally U-small categories. Given functors G : D — C,
F:B— D, andi: B — C, the following are equivalent:

(1) (F,i,n) is a densely-defined partial left adjoint for G.

(11) The functor i : B — C is dense, and there exists a diagram

h
D —— [D°P, Set]

[

C T) [Bop’ Set]

where a factors through n* : N = N’ and is a natural isomorphism.

(ii1) The functori : B — C is dense, and the diagram

D' [D, Set]

C T) [BOp, Set]
commutes up to natural isomorphism.
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Dually, given functors F : C - D, G : B — C, and j : B — D, the following
are equivalent:

(") (G, j,e€) is a codensely-defined partial right adjoint for F.

(ii") The functor j : B = D is codense, and there exists a diagram

coP ", [C,Set]

e e

D°P W} [B, Set]

where P factors through (¢°P)* : NF"¢" = N and is a natural iso-
morphism.

(iii") The functor j : B — D is codense, and the diagram

coP ", [C,Set]

FOPJ/ J/G*

D°P W} [B, Set]

commutes up to natural isomorphism.
Proof. (i) = (i1). This immediately follows from the definition.
(i1) = (iii). Obvious.

(ii1) = (1). The displayed diagram commutes up to natural isomorphism pre-
cisely when there are bijections

app : D(FB, D) — C(iB,GD)

that are natural in both B and D. Taking D = FB, letn, : iB - GF B be the
morphism corresponding to id; : FB — FB. Applying the Yoneda lemma,
we see that the natural bijection a ;, must be the map g = Gg 1. |

Corollary A.4.25. Let C and D be any two categories. If a functor G : D — C
has a densely-defined partial left adjoint, then G preserves:

(1) limits for all diagrams in D,
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(i) weighted limits, and
(ii1) pointwise right Kan extensions.

Dually, if a functor F : C — D has a codensely-defined partial right adjoint,
then F preserves:

(i") colimits for all diagrams in C,
(ii") weighted colimts, and
(iii") pointwise left Kan extensions.

Proof. Choose a universe U such that the domain of i : B — C is U-small and
both C and D are locally U-small, and consider the following diagram:

h
D —— [D*P, Set]

GJ/ l(Fop)x

C T) [Bop’ Set]

Since i is dense, the i-nerve functor N’ : C — [B°P, Set] is fully faithful. Corol-
lary A.4.13 implies (F°P)* : [D°P,Set] — [B°P, Set] is a right adjoint, and the
Yoneda embedding £, : D — [D°P, Set] preserves all limits and weighted limits
(see proposition A.4.8), so we use the fact that N’ reflects limits and weighted
limits to conclude that G preserves them. We then apply corollary A.4.14. |l

Ends and coends

Prerequisites. §§ 0.1, A.4

In this section we use the explicit universe convention.

Definition A.5.1. Let F,G : C°? X C — D be functors. A dinatural transform-
ation @ : F > G is a family (ac : F(C,C) - G(C,C) | C € 0b () such that
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the diagram

F(C,C) —X 5 G(C,0)

F(V wu

F(C,C) G(C',0)

F(fm %’vf)

F(C',C") —— G(C".C")

commutes for all morphisms f : C' — Cin C.

Example A.5.2. Let U be a pre-universe, let C be a locally U-small category, and
let Set be the category of U-sets. Consider the functor Hom, : C°®°’ X C — Set
that sends a pair of objects in C to their hom-set. For each natural number n, we
have an dinatural transformation Hom,. 5 Hom,. defined by e — €", where e"
denotes the n-fold iterate of the endomorphism e.

Definition A.5.3. A wedge from an object D in D to a functor G : C®* X C - D
is a dinatural transformation A D 5 G, where AD : C°? X C — D is the constant
functor with value D; dually, a cowedge from a functor F : C°®* X C - D to an
object D in D is a dinatural transformation F S AD.

Definition A.5.4. An end for a functor G : C°? X C — D is an object E and a
wedge A : AE 2 G with the following universal property:

* For each wedge ¢ : AD 3 G, there is a unique morphism f : D — E in
D such that ¢ = A, o f for all objects C in C.

We write the following formula to mean that E is an end for G:

E:/ G(C,0)
c:C

Dually, a coend for a functor F : C°? X C — D is an object E and a cowedge
A1 F 3 AE with the following universal property:

* For each cowedge ¢ : F 5 AD, there is a unique morphism f : E - D
in D such that ¢ = f o A, for all objects C in C.
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We write the following formula to mean that E is a coend for F':

c:C
E= / F(C,C)

REMARK A.5.5. Let U be a pre-universe, let D be a U-small category, and let C
be a locally U-small category. Then, for all functors F,G : D — C, we have a
bijection
[D,CI(F,G) = / C(Fd,Gd)
d:D
and this is natural in both F and G. (The size restriction ensures that the LHS is
a U-set.) See also lemma A.4.7.

Proposition A.5.6. Let U be a pre-universe and let D be a U-small category. If
C is a U-complete category, then C has ends for all functors A : D? X D — C.
Dually, if C is a U-cocomplete category, then C has coends for all functors A :
DPxD — C.

Proof. It is clear from the definition that an end is a special kind of limit, and a
coend is a special kind of colimit. To make this precise, one can use Mac Lane’s
subdivision category C*: see [CWM, Ch. IX, § 5]. ]

Proposition A.5.7. Let U be a pre-universe, let Set be the category of U-sets, and
let F : C — D be any functor where C and D are locally U-small categories.

(i) For any functor A : J°° X J — C, if the ends /JA and /J F A both exist,
with A being the universal wedge in C, then there is a canonical compar-

F/A—>/FA
J J

induced by the wedge F A.
(ii) For any object C in C, the functor C(C,—) : C — Set preserves all ends.

ison morphism

(i11) The functors C(C, —) jointly reflect ends.
(iv) If F has a left adjoint, then F preserves ends.
Dually:
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(i") For any functor A : J°° x J — C, if the coends fJA and fJFA both
exist, with A being the universal cowedge in C, then there is a canonical

comparison morphism
J J
/ FA-> F / A

induced by the cowedge F A.

(ii") For any object C in C, the functor C(—,C) : C — Set sends any coend in
C to the corresponding end in Set.

(iii") The functors C(—, C) : C — Set°? jointly reflect coends.
(iv") If F has a right adjoint, then F preserves coends.
Proof. All straightforward. ¢

Definition A.5.8. Let U be a pre-universe, let Set be the category of U-sets, and
let 1 be the trivial category with * as its only object. A tensored U-category
is a locally U-small category C such that, for all weights W : 1 — Set and
all diagrams A : T — Set, a W-weighted colimit for A exists in C; if C is a
tensored U-category, then we write X © C for the weighted colimit W % A,
where X = W (%) and C = A(x).

Dually, a cotensored U-category is a locally U-small category C such that,
for all weights W : T — Set and all diagrams A : T — Set, a W -weighted limit
for A exists in C; if C is a cotensored U-category, then we write X m C for the
weighted limit {W, A}', where X = W (%) and C = A().

Proposition A.5.9 (Tensor-hom—cotensor adjunction). Let U be a pre-universe,
let Set be the category of U-sets, let C be a locally U-small category.

(1) If Cis a tensored U-category, then the assignment (X,C) » X O C can
be extended to a functor Set X C — C such that, for each object C, we have
the following adjunction:

- OCHCC,-): C— Set
(1) If Cis a cotensored U-category, then the assignment (X,C) — X M C can
be extended to a functor Set°® x C — C such that, for each object C, the

functors —t C : Set®® — C and C(—, C) : C°° — Set are contravariantly
adjoint on the right.
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(ii1) If Cis a tensored and cotensored U-category, then for each set X, we have
the following adjunction:

XO0-"4Xmh-:C->C

Proof. Claims (1) and (i1) are formally dual and are straightforward applications
of the parametrised adjunction theorem.!®! For claim (iii), simply observe that
we have bijections

C(X ©A,B) ~Set(X,C(A, B)) 2 C(A, X m B)
and these are natural in A, B, and X. [ |

Theorem A.5.10. Let U be a pre-universe, let Set be the category of U-sets, and
let C be a locally U-small category. The following are equivalent:

(1) Cis a U-complete category.

(i) C is a cotensored U-category and, for all U-small categories D and all
functors B : D°P X D — C, an end for A exists in C.

(iii) For all weights W : D°? — Set and all diagrams A : D — Set, C has a
W -weighted limit for A, provided D is a U-small category.

Dually, the following are equivalent:
(i") Cis a U-cocomplete category.

(ii") Cis a tensored U-category and, for all U-small categories D and all func-
tors B : D? x D — C, a coend for A exists in C.

(iii") For all weights W : D°P? — Set and all diagrams A : D — Set, C has a
W -weighted colimit for A, provided D is a U-small category.

Proof. (i) = (ii). It is clear that X M C is nothing more than an X -fold product
of copies of C, so C is certainly U-cotensored if it is U-complete, and proposi-
tion A.5.6 says C also has the required ends in that case.

[8] See Theorem 3 in [CWM, Ch. 1V, § 7].
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(i1) = (iii). We have the following natural bijections:

C(C,{w,A}") = [D,Set|(W,C(C, A))

E/ Set(Wd, C(C, Ad))
d:D

~ / C(C,Wd t Ad)
d:D

= C(C,/ WwWd mAd)
d:D

Thus, using the Yoneda lemma and assuming C is a cotensored U-category, the
weighted limit { W, A}P exists if and only if the end f 4 Wd M Ad exists.

(iii) = (i). Ordinary limits are a special case of weighted limits, as remarked in
A.4.6. [ |

Proposition A.5.11. Let U be a pre-universe, let Set be the category of U-sets,
let C be a locally U-small category, and let J be any category. If C is a tensored
U-category and has weighted limits for all weights W : J — Set and diagrams
A J— C, then:

(i) (W,A) = {W, A} extends to a functor [J,Set]°? X C — C.

(ii) For each diagram A : J — C, the functors {—, A}’ : [J,Set]°? = C and
C(—, A) : C® - [T, Set] are contravariantly adjoint on the right.

(iii) For each weight W : JJ — Set, we have the following adjunction:
Wo--{w,-}:[JCl-C
Here, W © C : J — Cis the diagram j — W j © C.

Dually, if C is a cotensored U-category and has weighted colimits for all weights
W . J° - Set and diagrams A : J — C, then:

(") (W, A) = W % ; A extends to a functor [J°P,Set] x C — C.
(ii") For each diagram A : J — C, we have the following adjunction:
—*;AACA,-):C— [J,Set]
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(iii") For each weight W : J°P — Set, we have the following adjunction:
Wx,—dAWmh-:C-[JC]
Here, W N C : J — Cis the diagram j — W jmC.

Proof. Claim (i) is straightforward, and for claims (ii) and (iii), observe that we
have bijections

C(C,{W,A}) = [J,Set|(W,C(C, A))

= / Set(W j, C(C, Aj))
iJ

E/ CWjoC, Aj)
iJ

> [TCI(W OoC,A)
and these are natural in W, A, and C. [ |

Lemma A.5.12. Let U be a pre-universe, let Set be the category of U-sets, and
let | and J be U-small categories. For all functors A : 1°P X J°P x 1 x J — Set:

(1) The assignment (i’,i) — /j:JJ A(i', j, i, J) extends to a functor 1°° X1 — Set.

(11) There is a unique morphism 0 making the diagram below commute for all

/ / A(i,aj/’i/’j/)—>/ A(iajlai,j/)
il Jjd j'Jd

0|

<~

/ AW 1) ——— AL, 1))
(i J)IxJ

iand j,

where the unlabelled arrows are the components of the respective univer-
sal wedges, and 0 is moreover an isomorphism.
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(ii1) There is a unique morphism ¢ making the diagram below commute for all
iand j,

/ / A(i/’j/7i/7j/)—>/ A(i’j/9i’j/)
i Jjrd JjhJ \

1
1
1
[}

A(i, j,i,))

/ /A(i’,j’,i’,j’>—>/ A<i,j’,i,j’)/
JjhbJirl i’

where the unmarked arrows are the components of the respective universal
wedges, and o is moreover an isomorphism.

Proof. See [CWM, Ch. IX, § 8]. ]

Theorem A.5.13 (Interchange law for ends and coends). Let C be any category
and let A : I°° X JP X I x J — Set be any functor. If the end /i:I A, j',i,J)
exists in C for all j' and j in [J, and the end fj:JA(i’,j, i,]) exists in C for all i’
and i in 1, then the following are equivalent:

(i) The end f(i,j):Ix]A(i’j’ i, ) exists in C.
(i1) The iterated end fi:I fj:JA(i,j, i,J) existsin C.
(ii1) The iterated end /j:J/i:Z A(i, j,i,J) exists in C.

In this case, we have a canonical isomorphism in C:

// A(i,j,i,j)%/ /A(i,j,i,j)
i Jjg J:JJil

Dually, if the coend fi:I A, j',i,J)existsin C forall j' and j in J, and the coend
fj:JA(i’, J-i,j) exists in C forall i’ and i in T, then the following are equivalent:

(i) The coend f(i’j):ZXJA(i,j, i, ) exists in C.
(ii) The iterated coend fi:l /j:JA(i,j, i,]) exists in C.
(iii) The iterated coend /j:J/i:Z A(i, j,i,j) exists in C.
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In this case, we have a canonical isomorphism in C:

i1 iJ jJ iiT
//A(i,j,i,j)z/ / AGi,jois )

Proof. Choose a pre-universe U such that 7 and .7 are U-small categories and C
is a locally U-small category, and use the Yoneda lemma to reduce the claims to
the previous lemma. |

Proposition A.5.14. Let U be a pre-universe, let Set be the category of U-sets,
and let C and [J be locally U-small categories.

(1) Forall j in J and all functors A : J — C, the Yoneda bijection
C(C. Aj) = [J.Set] (. C(C. A))
exhibits Aj as the weighted limit {ﬁj, A}j inC.

(1) If Cis a cotensored U-category, then the end /j,: . JG,jHmAj" exists in
C and can be canonically identified with Aj.

(iii) For all functors H : J°° x J — C, the weighted limit {HomJ, H}JOPXJ
exists in C if and only if the end fj:JH(j,j) exists in C, and there is a
canonical identification of the two.

Dually:
(i") For all j in J and all functors A : J — C, the Yoneda bijection
C(Aj,C) = [J®,Set](f,, C(A,C))
exhibits Aj as the weighted colimit ﬁj *;AinC.

(ii") If C is a tensored U-category, then the coend /jI:J.](j’, J)© Aj' exists in
C and can be canonically identified with Aj.

(iii") For all functors H : J°° X J — C, the weighted colimit Hom jop * jopy 7 H
exists in C if and only if the coend f I H(j, j) exists in C, and there is a
canonical identification of the two.
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Proof. (i). This is an immediate consequence of the Yoneda lemma and the
definition of weighted limit.

(i1). Use the identification constructed in the proof of theorem A.5.10.

(iii). For all objects C in C, using claim (ii) and the interchange law for ends
(theorem A.5.13), there are bijections

U7.0):JPxT

= / / Set(J(', j), CCH (', j)))
Jj:JJjJger

= / C(C.H(,))
iJ

and these are natural in C; now apply propositions A.4.8 and A.5.7. [ ]

193






B.1

—_ B—

HIGHER GENERALITIES

Monoidal categories

Standard references for monoidal categories include [CWM, Ch. VII and Ch. XI]
and [Kelly, 2005, Ch. 1]. To fix notation, we will quickly review the main defin-
itions in the theory of monoidal categories.

Definition B.1.1. A strict monoidal category is a category C together with an
object I and a functor ® : C X C — C satisfying the following axioms:

e (Leftunit). I @ (—) =1id,.
* (Right unit). (-) ® I =id,..
* (Associativity). For all objects X, Y, and Z in C,
XR®Y)®Z=XQ Y ®Z)
and similarly for morphisms in C.
I is called the monoidal unit, and ® is called the monoidal product.

In short, a strict monoidal category is an internal monoid in the metacategory
of all categories.

Example B.1.2. For any category C, the endofunctor category [C, C] is a strict
monoidal category with id, as the monoidal unit and endofunctor composition
as the monoidal product.
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Despite the above example, strict monoidal categories turn out to be less use-
ful than one might hope: not even Set equipped with the usual cartesian product
is a strict monoidal category.!'l The problem is in the equations we have imposed
in the axioms above: in naturally-occurring examples, we do not get identities
but only natural isomorphisms. This observation led Bénabou [1963] to propose
the following notion instead:

Definition B.1.3. A monoidal category is a category C together with an object
1, a functor (—) ® (—) : C X C — C, and three natural isomorphisms A, p, and
a,?! of type
Ay T®X = X
Py X®I>X
Ay, (XQY)IQRZ > XQ(Y ®Z)

such that the following diagrams commute for all choices of objects in C:

WRXQY)®Z
QW W}
(R X)RY)® Z WR(IXRY)R Z))

aW®X,Y,ZJ/ lidw‘g’ax,y,z

WRX)®(Y ®2Z) r— W RXRY R Z))
XQDN®Y — = s Xx@U®Y)
me Ady
X®Y

The natural isomorphisms A, p, and a are called, respectively, the left unitor,
right unitor, and associator of the monoidal category C.

[1] Infact, even if we identify all isomorphic objects, there is still a problem: see the closing remarks
in [CWM, Ch. VII, § 1].
[2] Beware: Mac Lane [CWM, Ch. VII] uses the opposite convention for a.
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REMARK B.1.4. Since A, p, and a are natural isomorphisms, a monoidal structure
on C induces a monoidal structure on C°P. Less obviously, we can define a mon-
oidal category C™" whose underlying category is the same as C, but X ® 'Y =
YRX, AV =p,p =2 anda™ =a .

1 B.1.5. A fairly non-trivial theorem of Mac Lane [1963] and Kelly [1964]
essentially states that these two axioms are enough to prove that “all diagrams
involving only A, p, and @ commute”. For example, using the pentagon axiom
and the triangle axiom, we may derive

ar xy

I®X)QY sy IR (XQ®Y)
Axm A
X®Y

from which the equation (!) below can be obtained:

A =p;

Definition B.1.6. Let C and D be monoidal categories. A lax monoidal functor
C — D consists of a functor F : C — D of the underlying categories, together
with a morphism n : I, — FI.in D and a natural transformation u of type
F(-)®p F(-) = F(— ®c —) making these diagrams commute:

n®pidpy idpx®pn

/‘Fxl lﬂlox pFXl l"‘X-lc
FX ¢ F(I.®:X) FX < — F(X Q1)

(FX ®, FY)®, FZ 2" FX ®, (FY ®, FZ)

Hxy®pidpz idpx®phHy, z
F(X® Y)®p,FZ FXQp F(Y ®. Z)
HBxecy,z Hxy®cz

F((X®CY) ®CZ> a—>F<X®C (Y®CZ))

F XY,z

An oplax monoidal functor C — D is a lax monoidal functor C® — D°P.
A strong monoidal functor is a lax monoidal functor such that n and y are
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isomorphisms. A strict monoidal functor is a lax monoidal functor such that n
and u are identities.

Definition B.1.7. Let C and D be monoidal categories and let F, F' : C - D be
lax monoidal functors. A monoidal natural transformation ¢ : F = F'isa
natural transformation making the following diagrams commute:

I, —"— FI, FX®,FY =5 F(X®.Y)

ldJ/ l(plc ¢X®D(ﬂyJ/ l(pX®cY

Iy —— F'I FX®,FY —— F(X®Y)
Hxy

REMARK B.1.8. Note that if C and D are both strict monoidal categories, then the
diagrams above simplify to more familiar ones:

FX %% pr @, FX FX 80 px @, FI,
N l”’c»X N l"“c
FX FX
FX®,FYQ®,FZ
Hx, YW/ Wﬂy Z
F(X®:Y)®,FZ FXQp, F(Y®. Z)
l‘m Az

Thus, we see one reason for defining lax monoidal functors as we have done: if
1 is the terminal category, then a lax monoidal functor T — D is the same thing
as an internal monoid®! in D, and a monoidal natural transformation of such lax
monoidal functors is the same thing as a homomorphism of internal monoids.

Many natural examples of monoidal categories have a “commutative” mon-
oidal product. For example, the cartesian product in any category satisfies X X
Y =2 Y X X. As usual, to do anything useful, we must demand not only the

[3] — in the monoidal category sense, of course.
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existence of such isomorphisms but also that they be natural and coherent in the
following sense:

Definition B.1.9. A braided monoidal category is a monoidal category C to-
gether with a natural isomorphism y of type

Yy X®Y SY®X

such that the following diagrams commute for all choices of objects in C:

XQ®Y®Z)
XQY)® Z Y®2)® X
YX,Y®ile l’-’}cz,x
YeXxX)®~zZ Y®((ZQX)
m/‘ A){,z
Y®X®Z2)
XQY)®Z
XY Q®2) ZR(XQ®Y)
idX®Yy,zl l“'}j}z,x
X®ZQY) ZRX)®Y
m /fe’idY
X®2H)QY

IQX — " s x®1
X

The natural isomorphism y is called the braiding of C. A symmetric monoidal
category is a braided monoidal category C satisfying the following additional
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axiom:
yey =1id,

A braided / symmetric strict monoidal category is a braided / symmetric mon-
oidal category that is strict as a monoidal category.

There is a coherence theorem for braided and symmetric monoidal categories
as well, but in the braided case it is somewhat subtle compared to the coherence
theorem for monoidal categories — we cannot be so cavalier as to say that “all
diagrams commute” in a braided monoidal category. Instead, just as before,
every braided / symmetric monoidal category is equivalent to a strict one via
functors respecting the various structural isomorphisms.

Definition B.1.10. Let C and D be braided monoidal categories. A lax / oplax /
strong / strict braided monoidal functor C — D is a lax / oplax / strong / strict
monoidal functor F : C — D making the diagram below commute:

FX ®, FY 5 F(X ®.Y)

YFX,FYJ/ J/FYX,Y

FY ®p FX —— F(Y ® X)

REMARK B.1.11. The appropriate notion of natural transformation for lax braided
monoidal functors is precisely that of a monoidal natural transformation: we
need not impose any extra conditions.

Here is an example of an equation that does not necessarily hold in a braided
monoidal category, even though they have the same domain and codomain:

?

P |
YX,Y - YY,X

Indeed, if it were true, then every braided monoidal category would be a sym-
metric monoidal category! On the other hand, in a symmetric strict monoidal
category, it is true that any two composites of braiding operations with the same
domain and codomain are equal — provided each object is identified with a dif-
ferent letter, so that we do not get absurdities like this:

? .
Yxx =1dygy
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A similar restriction applies to our claim that “all diagrams commute” in a mon-
oidal category, so it is not unreasonable to say the same is true in a symmetric
monoidal category.

We pause briefly to indicate an important special case of a symmetric mon-
oidal category.

Definition B.1.12. A cartesian monoidal category is a category with products
for all finite families of objects, and a cartesian monoidal functor is a functor
between cartesian monoidal categories that preserves all finite products.

Proposition B.1.13.

(1) A category with all finite products is automatically a symmetric monoidal
category, with the terminal object 1 as its monoidal unit and the cartesian
product X as the monoidal product.

(1) If C and D are two categories with finite products regarded as symmetric
monoidal categories, then every functor C — D can be equipped with a
canonical oplax braided monoidal functor structure.

(i11) A cartesian monoidal functor is canonically equipped with the structure
of a strong braided monoidal functor.

Proof. (i). The verification of the axioms is straightforward and left to the reader
as an exercise.

(i1). Let F : C — D be a functor. The universal property of the terminal object
gives a unique morphism £ : F1 — 1 in D, and the universal property of binary
products gives a canonical morphism 6y, : F(X XY) - FX X FY. It can be
shown that the diagrams below commute,

s é
F(lexe X) —5 Flex, FX F(X %o 1¢) — FX xp Fl
F/lxl lsxuidFX prl lidFXxDs
FX +——— Ipxp FX FX +——— FXxp 1y
FX
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F((X %X Y) %Xe Z) —2225 B(X % (Y X Z))

6X><CY¢Z 6X,Y><CZ
F(XX.Y)x, FZ FX X, F(Y X Z)
Sx yxpidrz idryXpby z

(FX xp FY) Xp FZ f—— FX xp (FY xp FZ)

6X,Y
F(XX,Y) —=— FX X, FY
FYX,Y\[ JYFX.FY
F(Y®:X) —— FY ®p FX
Y. X
making F into an oplax braided monoidal functor C — D.

(iii). A functor is cartesian monoidal precisely if € and é as defined above are
isomorphisms. O

Definition B.1.14. Let Y and Z be objects in a monoidal category C.

* A right internal hom object for Y and Z is an object Hom(Y, Z) in C to-
gether with a morphism evy , : Hom(Y,Z) ® Y — Z having the follow-
ing universal property: for all morphisms f : X @ Y — Z in C, there is a
unique morphism f : X — Hom(Y, Z) in C such that eVy z© ( f® idY) =
f; equivalently, Hom(Y, Z) is an object in C equipped with bijections

CXQY,Z)~C(X,Hom(Y,Z))

that are natural for each object X in C. We may also write [Y, Z]orY - Z
for a right internal hom object for Y and Z.

* A left internal hom object for Y and Z is a right internal hom object
Y M Z in the reverse monoidal structure on C; equivalently, Y M Z is an
object equipped with bijections

CY®X,Z)=2C(X,YhZ)

that are natural for each object X in C. We may also write Z* or Z =Y
for a left internal hom object for Y and Z.
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* A right-closed monoidal category is a monoidal category that has right
internal hom object for all pairs of objects.

* A left-closed monoidal category is a monoidal category that has left in-
ternal hom objects for all pairs of objects.

* A biclosed monoidal category is a monoidal category that is both left-
closed and right-closed.

Note that in a symmetric monoidal category, Y M Z and Hom(Y , Z) are naturally
isomorphic if they exist; a closed symmetric monoidal category is a symmetric
monoidal category that is biclosed.

Proposition B.1.15. Let C be a right-closed monoidal category.

(i) The assignment (Y, Z) — Hom(Y, Z) extends to a functor C°® x C — C
making the bijection

CXQY,Z)=C(X,Hom(Y, Z))
naturalin X, Y, and Z.
(i) For each object Y, we have an adjunction
QY A Hom(Y,-):C— C
whose counit is evy _ : Hom(Y,—) ® Y = id,.
(ii1) If I is the monoidal unit of C, then there is a bijection
CY,Z)=CU,Hom(Y, Z))
that is natural in Y and Z.
Proof. (i). This is a straightforward example of an adjunction with a parameter.
(i1). This is clear from the definition of Hom(Y, Z) and eVy _.

(ii1). The left unitor A, : Y =y ® Y induces the required bijection. [ |

REMARK B.I.16. A cartesian monoidal category is a closed symmetric monoidal
category if and only if it is a cartesian closed category (definition A.1.3).

See [CWM, Ch. 1V, § 7].
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Categories with actions

Prerequisites. § B.1.

Definition B.2.1. Let V be a monoidal category. A left V-action on a category
C is a strong monoidal functor ¥V — [C, C], where [C, C] is regarded as a strict
monoidal category under composition. Similarly, a right V-action on C is a
strong monoidal functor V — [C, C]™".

REMARK B.2.2. We can unfold the above definition somewhat by taking the left
exponential transpose of the strong monoidal functor ¥V — [C, C]: let @ be the
corresponding functor VX C — C. Since the original functor was strong mon-
oidal, we get a natural isomorphism 7 : 1d, = I @(—) and a natural isomorphism
Hxy : XO XY @(-)) > (X ®Y)Q (—) for each pair of objects X and Y in V,
these moreover satisfy the following coherence laws:

n«(Xo(- (X@(=))en

X0 'ToX @) X0 X x oo -)
idl lﬂl,x idl J/I"X,I
X@(—)W(I®X)®(—) X@(—)W(X®I)®(—)
WoXol o))
By x* (Y @(-) idy @ux.y
W X))o @(-)) Wo((X®Y)(-))
”W@X,Yl lﬂw,x@’
(WRX)QY)o (-) VW RXQ®Y)) ()

ay, xy@id

Conversely, any functor @ : VX C — C equipped with such a collection of
natural isomorphisms defines a left V-action on C.

Proposition B.2.3 (Bénabou). For any monoidal category C, there is a faithful
strong monoidal functor F : C — [C, C] defined by the following data:

FX=X®(-)
n=21"

(FX,Y)Z = a)_(,ly,z
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In particular, this defines a left C-action on C, called the left regular represent-
ation of C.

Proof. F is clearly a faithful functor. In this case, the strong monoidal functor
axioms become the following diagrams:

XQY 2 [@(X®Y) XY 2 xou oY)
idl l“l_.IX,Y idJ l“}_(,ll,y
WX QY R®Z))

G x ez idy ®ayly ,
WRX)®(Y ®Z) WRIXQY)® Z)
aITVl®X,Y,ZJ/ l"l}l,)@y,z
(R X)Y)® Z p—— s W RXQY)R® Z

The left square commutes by the coherence theorem, while the right square and
the pentagon are seen to be immediate consequences of the triangle and pentagon
axioms, respectively. [ |

Proposition B.2.4. Let V be a monoidal category and let C be a category.

* If @ : VX C — Cdefines a left V-action on C such that, for each object
X in 'V, the endofunctor X @ (=) has a right adjoint (=) — X, then the
functor o— : C X V°? — C defines a right V°P-action on C.

e IfQ : CXV — Cdefines a right V-action on C such that, for each object
X in VY, the endofunctor (—) Q X has a right adjoint X —o (=), then the
functor — : VP X C — C defines a left V°P-action on C.

o I[fo— : CX VP — Cdefines a right V°°-action on C such that, for each
object X in V, the endofunctor X o— (—) has a left adjoint X @ (—), then
the functor @ : VX C — C defines a left V-action on C.

o If o : VP X C — C defines a left V°?-action on C such that, for each
object X in V, the endofunctor X — (=) has a left adjoint (—) Q X, then
the functor © : C X V — C defines a right V-action on C.
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Proof. The four statements are related by applying (—)° and (—)™" at the ap-
propriate points, so it suffices to prove the first claim.

First, note that o- is indeed a functor CxX V°P — C, by the parameter theorem
for adjunctions.” Let ev x4 - X @ (Ao X) — A denote the component of
the counit of the adjunction X @ (—) - (=) — X at an object A in C. For each
pair of objects X and Y in V and each object A in C, we define the morphism
(6X’Y)A A= (X®Y) - (Ao X) oY to be the right adjoint transpose of
eVxey.a° (/JX,Y)(A%X)%Y, and for each A, we define €, : A o— I — A to be the
composite ev; 4 o f,. ;. These are clearly natural in A, and it is straightforward
to check that 8y , is also natural in X and Y. One may then use the calculus of
mates to show that £ and 8y , are natural isomorphisms and that they satisfy the
axioms for making the right exponential transpose of — : C X V°? — Cinto a
strong monoidal functor VP — [C, C]™, i.e. a right V°P-action on C. ]

Example B.2.5. Vis a left-closed (resp. right-closed) monoidal category if and
only if the left (resp. right) self-action of V has a parametrised right adjoint as in
the proposition, and the right adjoint right (resp. left) V°P-action so obtained is
precisely a left (resp. right) internal hom functor.

Definition B.2.6. Let V be a monoidal category and let C be a category.

* A right V-hom system for C consists of a left V-action @ : VX C — C, a
functor C : C°? X C — V, and aright V°P-action o— : CX V°? — Vtogether
with natural bijections of the types below,

V(X,C(A, B)) = C(A, B X)
C(X @A B)=C(CA, Bo—-X)
C(X @ A,B)=V(X,C(A, B))

where X varies over the objects in V, and A and B vary over the objects in
C, such that the cyclic composition of the three bijections is the identity.

* A left V-hom system for C consists of a right V-action© : CXV — C, a
functor C : C°® X C — V, and a left V°P-action — : VP X C — V, together

[5] See [CWM, Ch. 1V, § 7].
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with natural bijections of the types below,

V(X,C(A, B)) = C(A, X — B)
C(AQ X,B) = C(A, X —= B)
C(AQ® X, B) = V(X,C(A, B))

where X varies over the objects in V, and A and B vary over the objects in
C, such that the cyclic composition of the three bijections is the identity.

Example B.2.7. If V is a biclosed monoidal category with right internal hom
functor Hom and left internal hom functor M, then (®, M, Hom) is a left V-hom
system for V:

VY, XMNZ)=VX,Hom(Y, Z))
VXQY,Z)x VX, Hom(Y, Z))
VXQRY,Z)=VY,XNZ)

Example B.2.8. If C is a locally small category that has products and copro-
ducts for all small families of objects, then C admits a left Set-action and a right
SetP-action that are related by the following adjunctions:

Set(X, C(A, B)) = C(A, B - X)
C(X @A B)=C(CA,Bo-X)
C(X @ A, B) = Set(X,C(A, B))

(The adjointness claim was checked in proposition A.5.9, and the coherence laws
are straightforwardly verified.) Thus, (@, C, o) is a right Set-hom system for C.

Theorem B.2.9. Let V be a monoidal category and let C be a category.

(1) If @ is a left V-action on C and C : C°P X C — C is a functor with natural
bijections of the form below,

C(X @ A, B) = (X, C(A, B))

then C is the hom functor of a V-enriched category C whose underlying
ordinary category is isomorphic to C.
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(ii) If o= is a right V°P-action on C and C : C°* x C — C is a functor with
natural bijections of the form below,

C(A,B— X)=V(X,(C(A, B))

then C is the hom functor of a V-enriched category C whose underlying
ordinary category is isomorphic to C.

Proof. (i). The natural isomorphism A = I @ A induces a family of bijections
C(A, B) = W1, C(A, B))

natural in A and B, so we have a morphism e, : I — C(A, A) in V for every
object A in C corresponding toid, : A — AinC. Letev, 5 : C(A,B)@ A —> B
be the component at B of the counit of the adjunction (=) @ A - C(A, —), and
define ¢, g : C(B,C) ® C(A, B) — C(A, C) to be the right adjoint transpose of
the following morphism in C:

evge o (idepe) @evap) ° (Hemeyca, B)) :(C(B,C)®C(A,B) @A — C

By definition, the left adjoint transpose of ey is n3', so the left and right unit
axioms are satisfied:

CABB° (eB b idg(A,B)) = /IQ(A,B)

Cp.BC° (idg(B,C) ® eB) = Pc(B,c)

One may similarly verify the associativity axiom:

CaBD° (CB,C,D ® idQ(A,B)) =Cucpn® (idg(c,D) ® CA,B,C) ° &¢(C,D).C(B.C).C(A.B)

(ii). By duality and symmetry, o— induces a left V**"-action on C°?, so we may
construct a V*-enriched category C°? using claim (i) and thence a V-enriched
category C = (C®)P. |

Definition B.2.10. Let V be a monoidal category, and let C and D be categor-
ies with left V-actions. A V-strength for a functor F : C — D is a natural
transformation ¢ : (—) @ F(—) = F(— @ —) making these diagrams commute:

b N

I@FA—)F(I@A)
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XY Q@FA)
idy@oy 4 (Mxy)a
XQFY @A) X®Y)Q FA
F(Xo (Y @A) ) F(X®Y)2 A)

A V-strong functor is a functor equipped with a V-strength.

Definition B.2.11. Let V be a monoidal category, let C and D be categories with
left V-actions, and let F, F' : C — D be functors with V-strengths ¢ and ¢’
respectively. A V-strong natural transformation ¢ : F = F' is a natural
transformation making the following diagram commute:

XQFA -4 F(X @ A)

idXQQAJ/ l‘ﬂxm

XQFA—— F(XQA)
Ox.A

209






BIBLIOGRAPHY

Adamek, Jifi and Jifi Rosicky

[LPAC] Locally presentable and accessible categories. London Mathematical
Society Lecture Note Series 189. Cambridge: Cambridge University Press, 1994.
xiv+316. 1sBN: 0-521-42261-2. por: 10.1017/CB09780511600579.

Artin, Michael, Alexander Grothendieck and Jean-Louis Verdier

[SGA 4a] Théorie des topos et cohomologie étale des schémas. Tome 1: Théorie des
topos. Lecture Notes in Mathematics 269. Berlin: Springer-Verlag, 1972.
xix+525. 1sBN: 3-540-05896-6.

Awodey, Steve
[2010] Category theory. Second. Oxford Logic Guides 52. Oxford: Oxford
University Press, 2010. xvi+311. 1sBN: 978-0-19-923718-0.

Bénabou, Jean
[1963] ‘Catégories avec multiplication’. In: C. R. Acad. Sci. Paris 256 (1963),
pp. 1887-1890.

Borceux, Francis

[1994a] Handbook of categorical algebra. 1. Basic category theory. Encyclopedia
of Mathematics and its Applications 50. Cambridge: Cambridge University Press,
1994. xvi+345. 1sBN: 0-521-44178-1.

[1994b] Handbook of categorical algebra. 2. Categories and structures.
Encyclopedia of Mathematics and its Applications 51. Cambridge: Cambridge
University Press, 1994. xviii+443. 1sBn: 0-521-44179-X.

Deligne, Pierre
[SGA 4V2] Cohomologie étale. Lecture Notes in Mathematics 569. Séminaire de

211


http://dx.doi.org/10.1017/CBO9780511600579

BIBLIOGRAPHY

Géométrie Algébrique du Bois-Marie SGA 4Y2, Avec la collaboration de J. F.
Boutot, A. Grothendieck, L. Illusie et J. L. Verdier. Berlin: Springer-Verlag, 1977.
iv+312.

Dugger, Daniel

[2001a] ‘Universal homotopy theories’. In: Adv. Math. 164.1 (2001), pp. 144-176.
1ssN: 0001-8708. por: 10.1006/aima.2001.2014.

[2001b] ‘Replacing model categories with simplicial ones’. In: Trans. Amer. Math.
Soc. 353.12 (2001), 5003-5027 (electronic). 1ssn: 0002-9947. por:
10.1090/S0002-9947-01-02661-7

Dwyer, William G., Philip S. Hirschhorn and Daniel M. Kan

[DHK] ‘Model categories and more general abstract homotopy theory’. Draft.
28th Mar. 1997. urL: http://web.archive.org/web/*/http://www-
math.mit.edu/~psh/kanmain.dvi.

Dwyer, William G., Philip S. Hirschhorn, Daniel M. Kan and Jeffrey H. Smith

[DHKS] Homotopy limit functors on model categories and homotopical categories.
Mathematical Surveys and Monographs 113. Providence, RI: American
Mathematical Society, 2004. viii+181. 1sBN: 0-8218-3703-6.

Dwyer, William G. and Jan Spaliniski

[DS] ‘Homotopy theories and model categories’. In: Handbook of algebraic
topology. Amsterdam: North-Holland, 1995, pp. 73-126. por:
10.1016/B978-044481779-2/50003-1

Gabriel, Peter and Friedrich Ulmer

[1971] Lokal prdsentierbare Kategorien. Lecture Notes in Mathematics 221. Berlin:
Springer-Verlag, 1971. v+200.

Gabriel, Peter and Michel Zisman
[GZ] Calculus of fractions and homotopy theory. Ergebnisse der Mathematik und
ihrer Grenzgebiete 35. Springer-Verlag New York, Inc., New York, 1967. x+168.

Garner, Richard
[2009] ‘Understanding the small object argument’. In: Appl. Categ. Structures 17.3
(2009), pp. 247-285. 1ssn: 0927-2852. por: 10.1007/s10485-008-9137-4.

Goerss, Paul G. and John F. Jardine
[GJ] Simplicial homotopy theory. Progress in Mathematics 174. Basel: Birkhduser

212


http://dx.doi.org/10.1006/aima.2001.2014
http://dx.doi.org/10.1090/S0002-9947-01-02661-7
http://web.archive.org/web/*/http://www-math.mit.edu/~psh/kanmain.dvi
http://web.archive.org/web/*/http://www-math.mit.edu/~psh/kanmain.dvi
http://dx.doi.org/10.1016/B978-044481779-2/50003-1
http://dx.doi.org/10.1007/s10485-008-9137-4

Bibliography

Verlag, 1999. xvi+510. 1sBN: 3-7643-6064-X. por:
10.1007/978-3-0348-8707-6.

Grandis, Marco and Walter Tholen
[2006] ‘Natural weak factorization systems’. In: Arch. Math. (Brno) 42.4 (2006),
pp- 397-408. 1ssn: 0044-8753.

Hirschhorn, Philip S.
[2003] Model categories and their localizations. Mathematical Surveys and

Monographs 99. Providence, RI: American Mathematical Society, 2003. xvi+457.
1SBN: 0-8218-3279-4.

Hovey, Mark
[1999] Model categories. Mathematical Surveys and Monographs 63. Providence, RI:
American Mathematical Society, 1999. xii+209. 1sBn: 0-8218-1359-5.

Joyal, André
[2010] Model categories. 21st Mar. 2010. urL: http://ncatlab.org/
joyalscatlab/revision/Model+categories/97#determination_79.

Joyal, André and Myles Tierney

[2008] Notes on simplicial homotopy theory. Centre de Recerca Matematica,
Quadern 47. Barcelona, Feb. 2008. URL:
http://mat.uab.cat/~kock/crm/hocat/advanced-course/Quadernd?.pdf.

Kelly, G. Maxwell

[1964] ‘On MacLane’s conditions for coherence of natural associativities,
commutativities, etc’. In: J. Algebra 1 (1964), pp. 397-402. 1ssn: 0021-8693. por:
10.1016/0021-8693(64)90018- 3.

[2005] Basic concepts of enriched category theory. Reprints in Theory and
Applications of Categories 10. Reprint of the 1982 original. 2005, pp. vi+137.

Lurie, Jacob

[HTT] Higher topos theory. Annals of Mathematics Studies 170. Princeton, NJ:
Princeton University Press, 2009. xviii+925. 1sBN: 978-0-691-14049-0;
0-691-14049-9.

Mac Lane, Saunders
[1963] ‘Natural associativity and commutativity’. In: Rice Univ. Studies 49.4 (1963),
pp- 28-46. 1ssn: 0035-4996.

213


http://dx.doi.org/10.1007/978-3-0348-8707-6
http://ncatlab.org/joyalscatlab/revision/Model+categories/97#determination_79
http://ncatlab.org/joyalscatlab/revision/Model+categories/97#determination_79
http://mat.uab.cat/~kock/crm/hocat/advanced-course/Quadern47.pdf
http://dx.doi.org/10.1016/0021-8693(64)90018-3

BIBLIOGRAPHY

[CWM] Categories for the working mathematician. Second. Graduate Texts in
Mathematics 5. New York: Springer-Verlag, 1998. xii+314. 1sBn: 0-387-98403-8.

Makkai, Michael and Robert Paré

[1989] Accessible categories: the foundations of categorical model theory.
Contemporary Mathematics 104. Providence, RI: American Mathematical Society,
1989. viii+176. 1sBN: 0-8218-5111-X. por: 10.1090/conm/104.

Mathias, Adrian R. D.
[2001] ‘The strength of Mac Lane set theory’. In: Ann. Pure Appl. Logic 110.1-3
(2001), pp. 107-234. 1ssn: 0168-0072. por1: 10.1016/S0168-0072(00)00031- 2.

May, J. Peter
[1967] Simplicial objects in algebraic topology. Van Nostrand Mathematical Studies,
No. 11. Princeton, NJ: D. Van Nostrand Co., Inc., 1967. vi+161.

May, J. Peter and Kathleen Ponto

[2012] More concise algebraic topology. Localization, completion, and model
categories. Chicago Lectures in Mathematics. Chicago, IL: University of Chicago
Press, 2012. xxviii+514. 1sBN: 978-0-226-51178-8; 0-226-51178-2.

Munkres, James R.
[2000] Topology. English. Second. Upper Saddle River, NJ: Prentice Hall, 2000.
xvi+537. 1sBN: 0-13-181629-2.

Quillen, Daniel G.

[1967] Homotopical algebra. Lecture Notes in Mathematics 43. Berlin:
Springer-Verlag, 1967. iv+156.

[1969] ‘Rational homotopy theory’. In: Ann. of Math. (2) 90 (1969), pp. 205-295.
1ssN: 0003-486X.

Shulman, Michael A.
[2012] ‘Exact completions and small sheaves’. In: Theory Appl. Categ. 27 (2012),
pp- 97-173. 1ssn: 1201-561X.

Verdier, Jean-Louis
[1963] ‘Catégories dérivées, quelques résultats (Etat 0)’. Mimeographed notes,
Institute des Hautes Etudes Scientifiques. Published in (SGA 4V2). 1963.

214


http://dx.doi.org/10.1090/conm/104
http://dx.doi.org/10.1016/S0168-0072(00)00031-2

Bibliography

Waterhouse, William C.

[1975] ‘Basically bounded functors and flat sheaves’. In: Pacific J. Math. 57.2 (1975),
pp- 597-610. 1ssn: 0030-8730.

Weibel, Charles A.

[1994] An introduction to homological algebra. Cambridge Studies in Advanced
Mathematics 38. Cambridge: Cambridge University Press, 1994. xiv+450. 1sBN:
0-521-43500-5.

215






INDEX

2-out-of-3 property, 170
2-out-of-6 property, 170

accessible category, 13
classification theorem, 15
accessible extension, 27, 29, 30
accessible functor, 15
action
— on a category, 204
adjoint
densely-defined partial —, 181
adjoint functor theorem
accessible —, 21, 29
adjunction
derived —, see derived adjunction
Frobenius —, 143
N-number, 7
anodyne extension, 62
arity class, 8
classification theorem, 8

Beck—Chevalley condition, 25

cardinal, 7
classification theorem, 7
regular —, 8
strongly inaccessible —, 9
cartesian closed category, 139
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cartesian closed functor, 140
category

finite —, 8

locally small —, 2

small —, 2, 8
category with weak equivalences, 71
cell complex, 35

relative —, 35
class, 2
classification theorem

— for accessible categories, 15

— for arity classes, 8

— for cardinalities, 7

— for locally presentable categor-

ies, 17

— for well-ordered sets, 5
cocomplete category, 3
codegeneracy operator, 49
codense functor, 180
coend, 185
coface operator, 49
cofibrant

— object, 100

— replacement, 103

— replacement functor, 103
cofibration, 37, 100

— in the Reedy model structure, 123



INDEX

— of categories, see isocofibration
— of groupoids, see isocofibration
— of simplicial sets, 60
cofinal
— subset of a poset, 8
colimit
weighted —, 175
compact object, 11
compact—open topology, 150
compactly-generated Hausdorff space, 53,
150
complete category, 3
connected components, 56
cosimplicial identities, 50
coskeleton
— of a simplicial set, 58
cotensored category, 187
cowedge, 185
cylinder object, 105

deformable adjunction, 85
deformable functor, 78
deformation retract

— for a functor, 78, 118

2-category of —, 83
degeneracy operator, 51
dense functor, 180
dependent product, 148
dependent sum, 147
derived adjunction, 85, 118
derived functor

total —, 96, 118
dinatural transformation, 184
directed preorder, 10

edge

— of a simplicial set, 52
end, 185
equivalence

— in a model category, 112
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— in a relative category, 72
exponential ideal, 144

exponential object, see also cartesian closed

category

face operator, 51

factorisation system
algebraic —, 45, 167
cofibrantly-generated —, 40, 159
extension of —, 43, 159
fibrantly-generated —, 159
functorial —, 40, 161
orthogonal —, 153, 162, 163

proper —, 154

weak —, 153, 166
fibrant

— object, 100

— replacement, 103
— replacement functor, 103
fibration, 100
— in the Reedy model structure, 123
— of categories, see isofibration
— of groupoids, see isofibration
— of simplicial sets, see Kan fibra-
tion
filtered category, 10
functor
monoidal —, 197
fundamental category, 55
— of a Kan complex, 60
fundamental groupoid, 57
— of a Kan complex, 61

geometric realisation
— of a simplicial set, 53

hom system, 206
homotopical approximation
— for a functor, 92, 96, 118
— for a natural transformation, 93
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homotopical category, 71
slice —, 72
homotopical equivalence, 74
homotopical functor, 71
homotopical Kan extension, 78
absolute —, 78
homotopically contractible, 76
homotopically initial object, 74
homotopically terminal object, 74

homotopy
intrinsic —, 65
left —, 105
right —, 105
weak —, 72

homotopy category, 111, 169
— of a model category, 106, 111
— of simplicial sets, 69
homotopy equivalence
— in a model category, 1006, 112
— of simplicial sets, 70
homotopy inverse
— in a model category, 106, 110
— in simplicial sets, 70
homotopy type, 66
horn, 60

ind-completion, 14

ind-object, 14

injective model structure, 119
combinatorial —, 127
Reedy —, 124

injective morphism, 37

internal hom object, 202

isocofibration, 133

isofibration, 133

Kan complex, 60

Kan extension, 174
absolute —, 175
pointwise —, 175, 178

Kan fibration, 60
trivial —, 62

lifting property, 150
limit
weighted —, 175
localisation, 169
locally presentable category, 16
classification theorem, 17

mate, 24

model category, 99
cartesian —, 133
cofibrantly-generated —, 125
combinatorial —, 127
DHK —, 100
monoidal —, 132
opposite —, 101
slice —, 103

model structure
canonical — for categories, 133
canonical — for groupoids, 137

injective —, see injective model struc-

ture
Kan—Quillen —, 64
projective —, see projective model
structure
Reedy —, see Reedy model struc-
ture
trivial —, 101
monoidal category, 196
braided —, 199
cartesian —, 201
closed —, 202
strict —, 195
symmetric —, 199
monoidal functor
braided —, 200
cartesian —, 201
monoidal natural transformation, 198
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nerve
— functor, 177
— of a category, 55

ordinal, 4
orthogonality, 150

path object, 105

pre-universe, I

projective model structure, 119
cofibrantly-generated —, 126
Reedy —, 124

quasi-inverse, 72
Quillen adjunction, 116, 118
— of two variables, 130
Quillen equivalence
— condition for relative categories,
91
— of model categories, 117
Quillen functor, 116

rank
—ofaset, 6

Reedy model structure, 124

relative category, 168
maximal —, 168
minimal —, 168
opposite —, 169
saturated —, 71, 169
semi-saturated —, 169

relative equivalence, see homotopical equi-

valence
relative functor, 168, 169

set, 2
2I1-category, 148
simplex

— of a simplicial set, 52
simplex category, 49
simplicial identities, 51
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simplicial object, 49
simplicial set, 51
discrete —, 56
singular set, 53
skeleton
— of a simplicial set, 58
small object argument
admissible for —, 39
Garner’s —, 45
Quillen’s —, 40
standard simplex
— as a simplicial set, 52
— as a topological space, 53
strong functor, 208
strong natural transformation, 209

tautological cocone, 177, 180
tautological cone, 180
tensored category, 187
transitive set, 5
trivial cofibration
— of simplicial sets, see anodyne
extension
truncation
— of a simplicial set, 57

universe, 1
universe convention, 4

vertex
— of a simplicial set, 52

weak equivalence, 72, 100
— in the Reedy model structure, 123
— of simplicial sets, 63
natural —, 74
wedge, 185
well-ordered set
classification theorem, 5
Whitehead property, 73



Index
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