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Introduction

When on the 30th may 1832, the night before the duel that was about to put an end to his life,
Evariste Galois (1811-1832) summarized his notes, he was certainly not imagining how many
books and articles of the twentieth and the twenty-first centuries would associate his name
to such a variety of topics that are so far from his original work. Since antiquity, up to the
nineteenth century, no one has been in position to solve the problem of polynomial equations of
degree (strictly) greater than 4. It is only in the nineteenth century that mathematicians reached
the answer: It is impossible to solve by radicals a general polynomial equation of degree greater
or equal to 5, while few formulas where found for particular equations. What is interesting
about this quest to solve such equations is not the set of formulas itself, but all mathematical
theory needed to solve the problem. Many of the fundamental notions of modern algebra that
Galois initiated, such as groups, rings, fields or complex numbers, had to be developed. It is
this theoretical machinery, rather than the few formulas to solve specific cubic or quadratic
equations, that has continued to grow up to this day. The seed that Galois planted then has
now become a forest.

This paper is an attempt to give rise to yet another tree, using the branches of mathematics
that are homotopy theory and category theory. The problem is as follow: Let f: A <— B be an
extension of commutative rings and let G be a finite subgroup of

{g:S — S| gisan R-algebra automorphism},
where B has the A-algebra structure induced by f. This gives rise to two maps

e i: A B defined to be the inclusion of A into the ring BY of fixed elements of B under
all elements of G, and

e h: B®aB — [[,B defined to be the commutative ring homomorphism specified by
h(z®y) = (x-g9(y))gea, where [[ B is the set of all sequences (x4)gecc in B,

which, according to S.U. Chase, D.K. Harrison and A. Rosenberg (cf. [4]), are such that f : A —
B becomes a G-Galois extension of commutative rings if and only if ¢ and h are bijective. We want
to extend this fact to the case where f : A — B becomes a morphism of commutative monoids
in a closed symmetric monoidal model category (C,®, 1), and where the group G becomes a
commutative Hopf monoid in C. The first difficulty is to know what the induced maps i and h
become in this context, and how the monoid G must act on A and B. Using the model category
structure of C, we may then generalize the notion of Galois extension to the case where ¢ and
h are weak equivalences, in order to obtain an appropriate definition of homotopic Hopf-Galois
extensions. The strategy is then to establish different properties related to homotopic Hopf-
Galois extensions which generalize some of the results found in the articles [4] and [19] of S.U.
Chase and J. Rognes respectively, and this, while moving toward the goal of establishing an
homotopic Hopf-Galois correspondence theorem which encompasses the corresponding theorem
for the special case of commutative rings.



6 Introduction

Before being in position to solve this problem, we first have to establish the needed theory
on closed symmetric monoidal model categories and on Galois extensions of commutative rings.
We start in chapter 1 by studying model categories in general. We shall provide the definition
and some examples of a model category, before moving on to the study of the induced homotopy
category and its left and right derived functors. We shall finally introduce Quillen pairs and
Quillen equivalences, and terminate with an important theorem that explains how these two
notions induce adjoint pairs and categorical equivalences respectively.

In chapter 2, we shall restrict our attention to monoidal model categories and cofibrantly
generated model categories, for which we shall need to generalize the notions of monoids, modules
and algebras to specific objects of a monoidal category. We end the chapter with a theorem
that provides a condition under which the structure of a cofibrantly generated monoidal model
category is preserved when we restrict our attention to its underlying categories of modules and
algebras.

Chapter 3 establishes Quillen equivalences between some specific monoidal categories. This
requires in particular a study on simplicial and cosimplicial objects which we shall need for the
rest of the paper.

In chapter 4, we introduce the Galois theory of commutative rings based on the classical
Galois theory of field. This will involve a reinterpretation of what is usually meant by a Galois
extension in terms of morphisms ¢ and h, followed by their generalization to commutative rings.
We end the chapter by providing a Galois correspondence theorem for this context.

It is only at this stage that we may begin the study, in chapter 5, of the above question on
the generalization of Galois extensions to homotopic Hopf-Galois extensions.

For full comprehension of the text, the reader is expected to have a solid knowledge of
general topology, algebraic topology, as well as graduate level algebra which encompasses rings
and modules theory, basic homological algebra, and the Galois theory of finite extension of fields.
A previous knowledge of basic category theory is highly recommended but not essential in the
sense that most of the necessary notions are summarized in the first section; the beginner with
the appropriate mathematical maturity should be able to follow the text with the help of a book
to complement the theory.

I would like to thank Kathryn Hess Bellwald for her guidance, support and availability; and
without whom this project would not have reached its present form.



Chapter 1

Model categories

This chapter is an introduction to the theory of model categories, which was first developed by
D.G. Quillen. Model categories are categories endowed with a supplementary structure given by
three classes of morphisms and a set of five axioms. This provides enough structure to develop
a generalized homotopy theory on the level of categories. It of course encompasses traditional
homotopy theory on the category of topological spaces and can be applied to any of the more
algebraic categories that satisfy the supplementary axioms.

After a concise reminder of the basic theory of category theory needed for this paper in
section 1.1, we will provide, in section 1.2, the definition of a model category followed by some
standard examples such as topological spaces or chain complexes of modules. Proving that a
particular category has a model structure is usually long and very technical. For this reason,
we won't be detailing these examples. We will instead proceed, in section 1.3, to the study of
the homotopy relations in model categories. These are the relations of right homotopy and left
homotopy. We will see under which conditions these two relations form equivalence relations and
coincide to give rise to a generalized general notion of homotopy. From this homotopic relation,
it then becomes possible to derive another category, the homotopy category, whose objects are
the same as in the original model category, but whose morphisms become the equivalent classes
of the original morphisms under the homotopic equivalence relation; this is done in 1.4. We will
end this chapter, in section 1.5, by introducing derived functors. These functors are the direct
generalization of the left and right derived functors used in traditional homological algebra. They
will provide us with a final important result (cf. theorem 1.5.12) which establishes categorical
equivalences between the homotopy categories of two model categories via the notion of Quillen
equivalences.

1.1 Reminder on category theory

In this section we review the necessary notions and constructions we will need for the rest of
the paper. For reference and notational purposes, we briefly state the fundamental definitions
of category theory.

Definition 1.1.1. A (large) category C consists of a pair (ObC, MorC), where C = ObC is the
class of objects of C and MorC the class of morphisms, arrows or maps of C, such that:

e For every morphism f € MorC, there exists a domain X € C and a codomain Y € C
associated to it. We note f : X — Y and denote by C(X,Y) = More(X,Y) the class of
all morphisms having X as domain and Y as codomain.
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For every objects X,Y, Z € C, there exists a composition map
CXY)xC(Y,2) = C(X,Z) : (f,g)—gof

which is associative and such that for every object X € C there is an identity morphism
idx : X — X satisfying foidxy = f for every f € C(X,Y) and idx o g = g for all
g €C(Y, X).

We call small categories those categories which exist within the context of set theory, ie. in
which the class of objects, as well as the class of morphisms between any two given objects, form
sets. Furthermore, we say that a category C is finite if ObC is a finite set and C(X,Y) is a finite
set for any objects X,Y in C.

Notations 1.1.2. The most frequently encountered categories are denoted

Set for the category whose objects are sets and whose morphisms are set maps,

T op for the category whose objects are topological spaces and whose morphisms are con-
tinuous functions,

T op, for the category whose objects are pointed topological spaces and whose morphisms
are pointed continuous functions,

Gr for the category whose objects are groups and whose morphisms are group homomor-
phisms,

Ab for the category whose objects are abelian groups and whose morphisms are abelian
group homomorphisms,

Rng for the category whose objects are rings and whose morphisms are ring homomor-
phisms,

Fld for the category whose objects are fields and whose morphisms are field homomor-
phisms,

rMod (resp. Modpg) for the category whose objects are left (resp. right) R-modules and
whose morphisms are left (resp. right) R-modules homomorphisms,

Ch (resp. Ch™) for the category of chain complexes (resp. N-graded chain complexes) of
abelian groups whose morphisms are the obvious collections of abelian group homomor-
phisms in each dimension that make the appropriate squares commute,

Chy, (resp. Chz) for the category of chain complexes (resp. N-graded chain complexes) of
k-modules for a commutative ring k.

Furthermore, for a given category C and an object A in C, we note

C°P the opposite category whose objects are the same as C and whose morphisms are the
reversed arrows of C,

A | C the under category whose objects are all morphisms A — X in C with X € C and
whose morphisms from a given object f : A — X to a given object g : A — Y are the
morphisms h : X — Y in C which satisfy hf = g,

C | A the over category whose objects are all morphisms X — A in C with X € C and
whose morphisms from a given object f : X — A to a given object g : Y — A are the
morphisms h : X — Y in C which satisfy gh = f.
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e C™ the arrow category whose objects are the morphisms of C and whose morphisms be-
tween any two objects f,g in C™ are the commutative squares of the form

fl

Definition 1.1.3. A functor F': C — D is a pair of mappings

R

oe<——-90
Q

_

in C.

F=F,:0bC — ObD and F=F,, : MorC — MorD,
such that
e if go f is defined in C, then F(g) o F(f) is defined in D and F(go f) = F(g) o F(f),
e for each object X in C we have F(idx) = idp(x).

Definitions 1.1.4. Let F,G : C — D be two functors. A natural transformation from F to G is
amap 7 : ObC — MorD such that for every X € ObC and every morphism (f : X —Y) € MorC
the diagram

Fx) 2 Py

G(f)

G(X) ——=G(),

with 7x := 7(X) and 7y := 7(Y), commutes.
If in addition Tx is an isomorphism, that is if there exists a morphism g : G(X) — F(X) in
C such that go 7x = idg(x) and 7x o g = idp(x), we say that 7 is a natural isomorphism.
Moreover, we say that F' is an equivalence of categories if there exists a functor F' : D — C
such that the composites FF’' and F'F are related to the appropriate identity functors by natural
isomorphisms.

Notation 1.1.5. For two categories C and D, we denote by CP the category whose objects
are the functors from D to C and whose morphisms are all the natural transformations between
these functors.

Definitions 1.1.6. A morphism f : X — Y in a category C is an epimorphism if for every
morphisms g,¢' : Y — Z in C with gf = ¢'f we have ¢ = ¢’. On the other hand, f is a
monomorphism if for every morphisms ¢,¢’ : Z — X in C with fg = fg¢’ we have g = ¢'.

Furthermore, a functor F' : C — D is said to be full (respectively faithful), if for each pair
(X,Y) of objects of C the map

C(X,Y) - D(F(X),F(Y))

induced by F'is an epimorphism (respectively a monomorphism). We then say that a subcategory
C’ of C is full if the inclusion functor ¢ : ¢’ — C is full (the functor 7 is always faithful).

Definition 1.1.7. Let F: C — D and G : D — C be two functors between categories C and D.
The functors F' and G are said to be adjoints or to form an adjoint pair if there is a natural
isomorphism ¢ from

D(F(=),~):C% x D — Set to C(—,G(~)) : C x D — Set;



10 1. Model categories

in other words if for any object X € C and for any object Y € D there is an isomorphism
D(F(X),Y) 2 C(X,G(Y)) such that the diagram

(f:F(X)=Y) ——=2 - (ft. X — G(Y))

>

1R

Px’y!

(¢": F(X") —=Y") (g: X' = GY")).
commutes for any given morphisms f € D(F(X),Y) and g € C(X',G(Y”)). We denote this
F:C<=D:G

and say that F' is the left adjoint of G and G the right adjoint of F'. Since any two left adjoints
of G (respectively any two right adjoints of F') are canonically naturally isomorphic, we then
speak of the left adjoint or the right adjoint of a functor (provided they exist). In addition, the
adjoint pair F': C <= D : G induces two natural transformations

n:Ide - GF and e: FG — Idp

which are respectively called unit and counit of the adjunction. The adjunction (F,G,p) is
uniquely determined by (F,G,n,¢) via the components

nx = p(idp(x)) and gy = go_l(idg(y)).
It can equally well be described by the two identities

Fn nG
F——FGF GFG=—"G
\ ieF Gel /
F G

(cf. [17] section IV.1 for more details).
Definition 1.1.8. Let C be a category and D a small category. We consider the diagonal functor
ACHCP X AX), o AL,
where A(X) € CP is the functor defined by
A(X)(D) =X for every D € ObD and A(X)(g) =idx for every g € MorD,
and where A(f), with f € C(X, X’), is a natural transformation from A(X) to A(X’).

Definition 1.1.9. Let C be a category, D a small category, and F' € CP. A limit for F is an
object limF = limp of C with a natural transformation 7 : A(limF') — F such that for any
object X € C and any natural transformation o : A(X) — F there exists a unique morphism
f € C(X,limF) whose natural transformation A(f) makes the following diagram commute.

A(X)
SINGR
}/
A(limF) — F

If limF exists for every functor F' € CP, we say that C has all small limits or that C is complete;
in this case lim(—) : CP? — C becomes a functor. If in addition D is finite, we say that C has all
finite limits.
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Examples 1.1.10. (1) If D = {X,};cs is a set of objects without any other arrows than the
required identity morphisms, then the limit limF = Hiel X, is the product of the X;’s.
(2) f D={A — B« ('}, then limF is the pullback of the diagram

limF - © = F(C)
|
¥ ;
N
F(A)

F(B).

We denote it limF = F(A) xppy F/(C) and say that i’ (resp. j') is the base change of i (resp.
j) along j (resp. 7).
(3) If D =0, then limF (if it exists) is a terminal object of C.
@HItD={..-n—...—>2—1—0},s0that F: D — Cis a tower in C, then limF is
the inverse limit of the tower F.

Definition 1.1.11. Let C be a category, D a small category, and F' € CP. A colimit for F is an
object colimF = colimp of C with a natural transformation 7 : F' — A(limF’) such that for any
object X € C and any natural transformation o : FF — A(X) there exists a unique morphism
f € C(colimF, X)) whose natural transformation A(f) makes the following diagram commute.

F—U>A(X)
7

! _ TAA()

A(colimF)

If colimF exists for every functor F € CP, we say that C has all small colimits or that C is
cocomplete; in this case colim(—) : CP — C becomes a functor. If in addition D is finite, we
say that C has all finite limits. A category that is both complete and cocomplete is sometimes
called bicomplete.

Examples 1.1.12. (1) If D = {X,}ics is a set of objects without any other arrows than the
required identity morphisms, then the colimit colimF = [],.; X; is the coproduct of the X;’s.
(2) If D={A — B — C}, then colimF is the pushout of the diagram

F(B) —— F(C)
|
J 5’
\
F(A) - - > colimF.

’

We denote it colimF = F(A) Vgp) F'(C) and say that i’ (resp. j') is the cobase change of i
(resp. j) along j (resp. ).
(3) If D =0, then colimF (if it exists) is a initial object of C.
4IfD={0—-1—-2—...—=n— ..}, sothat F: D — C is a telescope in C, then
colimF is the direct limit of the telescope F.

The following results of general category theory will be needed for later. However their proofs
are out of the scope of this paper and will not be given here (cf. [17] and [1] for proofs).

Proposition 1.1.13. Let C be a category, D a small category. If C is bicomplete, then CP too
and we have adjoint pairs

A:C<CP:lim and colim : CP < C: A.
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Proposition 1.1.14. Let F : C <= C' : G be a pair of adjoint functors. Then

(1) F preserves colimits; that is for any functor ¢ € CP, the existence of colimy implies the
existence of colim(F o ¢), and F(colimy) = colim(F o ).

(2) G preserves limits; that is for any functor ¢ € C'P, the existence of limp implies the
existence of lim(G o ), and G(limp) = lim(G o @).

1.2 Model categories: definition and examples

We now enter the core of the subject. In this section we define what a model category is and
give few common examples. Showing that a category is actually a model category is not trivial
at all; it is usually long and very technical. For these reasons, and for the sake of continuity in
the theory development, the proofs will not be given here.

Before establishing the notion of model category, we first need to define what lifts, in a more
general context than those used for the definitions of Hurewicz fibrations and cofibrations, are.
We also need the notion of a retract in a category, from which we shall establish a useful result
called "the retract argument".

Definitions 1.2.1. Let C be a category and £ a set of morphisms in C. A morphism f: A — B
in C satisfies the left lifting property with respect to £, a fact we denote f € LLP(L), if for
every commutative diagram

A4h>c
. /’f
fJ( 5k gi
7/
7k
B——=D

in C with g € L, there exists a morphism k : B — C such that gl% =k and l;:f = h.
Dually, f satisfies the right lifting property with respect to L, a fact we denote f € RLP(L),
if for every commutative diagram

c——A

D——B

in C with g € L, there exists a morphism k: D — A such that fl;: =k and l%g =h.
More generally, we say that a commutative square diagram

h

A——C
T
k
B——D

has a lift, or satisfies the lifting property, if there is a morphism k:B — C, called the lift, such
that h = kf and k = gk.
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Definition 1.2.2. A morphism f: A — B in a category C is a retract of a morphism ¢ : C' —
D € MorC if there is in C a commutative diagram

A C A
B%)DT)B
J

7 T

such that ri = id4 and sj = idp.

Proposition 1.2.3 (the retract argument). Let C be a category and let f = pi be a factorization
in C.

e If i has the left lifting property with respect to f, then f is a retract of p.
o If p has the right lifting property with respect to f, then f is a retract of i.

Proof. Suppose that f has the left lifting property with respect to p with

fi A——=p—>cC
Then, the commutative square
A——>B
b
C=——=C

has a lift  : C' — B which fits into the commutative diagram

A A

A
fl l |
C*T>B*p>c,

so that f is a retract of i. The proof of the second assertion is dual. |

We may now define what suitable structure we need on a category in order to develop
homotopy theory.

Definition 1.2.4. A model category is a category C with three classes of morphisms
WE =WEe, Fib=Fibe and Cof =Cofe in MorC,

each of them being closed under composition and containing all identity morphisms, such that
the following axioms are satisfied:

(Mjy) C has all finite limits and colimits.

(M) If f,g € MorC such that go f is defined in C and such that two of the morphisms f, g, go f
are in W E, then the third one also is.

(M3) If fis a retract of g and ¢ is in WE (resp. Fib and Cof), then f also belongs to WE
(resp. F'ib and Cof).
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(M4) Any commutative square diagram of the form

in C has a lift if either i € Cof and p € FibNWUE, ori € Cof NWE and p € Fib.
(Ms) Each morphism f € MorC can be factored in two ways:

o f=piwithiec Cof andpe FibNWE,
o f=p'i withi € Cof NWE and p’ € Fib.

All morphisms in WE are called weak equivalences and are denoted with an arrow —, all mor-
phisms in Fib are called fibrations and are denoted with an arrow —, and all morphisms in Cof
are called cofibrations and are denoted with an arrow <. Finally, the fibrations (resp. cofibra-
tions) that are also weak equivalences are called acyclic fibrations (resp. acyclic cofibrations).

Remarks 1.2.5. (1) Since WE, Fib and Cof are closed under composition and contain all
identity morphisms, we may also view them as subcategories of C.

(2) Axiom (M) implies the existence of an initial object () and a terminal object * in C.
We say that an object A in C is fibrant if A — % is a fibration, and dually that A is cofibrant is
() — A is a cofibration.

(3) The factorizations of morphisms provided by (Mj;) are not always functorial; being
functorial meaning that there is a functor

(p,i) : C7 = C7 xC7 = [ (pi)(f) = (p(f):i(f)),

where C™ denotes the category of morphisms in C, such that f = p(f) oi(f) for any f € ObC™.
(4) The set of axioms (M;) — (Ms) is not minimal since F'ib, WE determine Cof and
Cof,WE determine F'ib.

Let’s now provide few important examples:

Example 1.2.6. The category 7 op can be provided with a model category structure by defining
a morphism f: X — Y to be

o a weak equivalence if it is a weak homotopy equivalence, ie. m,(f) : mp(X) = m(Y) is an
isomorphism for every n € N,

e a fibration if it is a Serre fibration, ie. any diagram of the form
St——>X
1
St x ] ——=Y,
with n € N, has the lifting property,

e a cofibration if f : X — Y is a retract of a morphism ¢g : X — Y, where Y’ is obtained
from X by attaching cells.

The above model category is the one that comes up the most frequently in everyday algebraic
topology. However, in a topological situation where we require that weak equivalences correspond
to homotopy equivalences, we rather use the following model category structure.
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Example 1.2.7. The category 7 op can be provided with another model category structure by
defining a morphism f: X — Y to be

e a weak equivalence if it is a homotopy equivalence,
e a fibration if it is a Hurewicz fibration, ie. any diagram of the form

Z—=X

Zx[——>Y,

with n € N and Z € ObT op, has the lifting property,

e a cofibration if f : X — Y is a closed Hurewicz cofibration, ie. f: X — Y is an injection
that satisfies the homotopic extension property with f(X) closed in Y.

As one might expect, it turns out that other strictly algebraic categories are model categories
as in the following example.

Example 1.2.8. Let R be a unitary associative ring and consider g Mod the category of left R-
modules. Let RChT be the category of non negatively graded chain complexes of left R-modules,
in which an object M is a collection {M,, },en of R-modules together with boundary mappings
On : My, — M, _1 satisfying 0,,_1 0 0, = 0, and in which a morphism f : M — N is a collection
of morphisms f,, : M,, — N,, in gMod such that f,,_10M = 90X f, for each n > 1. The category
rCh™ can be provided with a model category structure by defining a morphism f : M — N to
be

e a weak equivalence if it induces an equivalence in homology,
e a fibration if for each n > 1 the map f, : M,, — N,, is an epimorphism of g Mod,

e a cofibration if for each n > 0 the map f, : M,, — N, is a monomorphism of pMod which
has a projective R-module as its cokernel.

Based on any given model category, it is also possible to construct many other model cate-
gories. The most basic examples of such model structures are build, from a given model category
C, on the opposite category C°P, the under category A |C and the upper category C | A.

Example 1.2.9. Given a model category C, the opposed category C°P (cf. 1.1.2) can be provided
with a model category structure by defining a morphism f°? : Y — X to be

e a weak equivalence if the corresponding morphism f : X — Y is a weak equivalence in C,
e a fibration if the corresponding morphism f : X — Y is a cofibration in C,
e a cofibration if the corresponding morphism f : X — Y is a fibration in C.

This shows in particular that the five axioms (M;) — (Ms5) are self-dual in the sense that for
any given statement S about model categories and its dual S*, obtained by reversing all arrows
and permuting the words "fibration" and "cofibration", we have that S is true for all model
categories if and only if S* is.

Example 1.2.10. Given a model category C, the under category A | C (cf. 1.1.2) can be
provided with a model category structure by defining a morphism h: (A —- X) - (A —Y) to
be
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o a weak equivalence if the corresponding morphism h : X — Y is a weak equivalence in C,
e a fibration if the corresponding morphism h : X — Y is a fibration in C,
e a cofibration if the corresponding morphism h : X — Y is a cofibration in C.
We can provide a model category structure on C | A in a similar way.
We end this section by establishing the following basic properties.
Proposition 1.2.11. Let C be a model category. Then
(1) Fib=RLP(Cof NWE) and FibNWE = RLP(Cof),
(2) Cof = LLP(FibNWE) and Cof N\WE = LLP(Fib),
(8) Fib and FibNWE are stable under base change,
(4) Cof and Cof NWE are stable under cobase change.

Proof. (1-2) Axiom (M,) implies that all (acyclic) fibrations and all (acyclic) cofibrations in C
already have the desired lifting property, so that all four inclusions "C" are satisfied. Since the
argument for the four reversed inclusions are similar, we only prove

Cof 2 LLP(FibnWE).

Suppose that f : A — B has the left lifting property with respect to all acyclic fibrations. By
(Ms) we can factor f as

f: AA——(C—>B.

% p

By assumption, the square diagram

A——=C
1T
B L B
has a lift g : B — C. This implies, by the commutative diagram

id id

A

A
fl i ,
' >

p
B—— _—

UZJ(i:L

)

that f is a retract of ¢, so that f is a cofibration by (Ms).

(3-4) Since the four assertions use the same argument, we only have to prove one, say Cof is
stable under cobase change. Let i : A < B be a cofibration. We choose a morphism f: A — A’
in C and construct a pushout diagram
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We need to prove that j is a cofibration. In order to do that, since Cof = LLP(FibNWE) it is

enough to show that j € LLP(FibNWE). Let p: C 5 D be an acyclic fibration and consider
the commutative diagram

A —L—=C (%)
J piN
B —2= D,

where a,b € MorC, which we can enlarge to the commutative diagram

ATty (%)
B—ls~p —"~p.

Since ¢ is a cofibration, the diagram (xx) has a lift h : B — C. Finally, the universal property
of pushouts implies that the morphisms h : B — C and a : A’ — C induce the desired lift in
diagram (). O

Remark 1.2.12. The first two properties imply that if, for a given model category, we choose
Cof and WE, then F'ib is pinned down by 1.2.11.(1) Similarly, if we choose F'ib and W E, then
Cof is pinned down by 1.2.11.(2) This shows that the five model category axioms (M;) — (M5)
are overdetermined.

1.3 Homotopy relation in model categories

Now that a more general context has been established for homotopy theory, we need to define
what the actual homotopy relation is for a model category. In the special case of topological
spaces, the homotopy relation can be defined in two ways. If we consider two homotopic contin-
uous functions f,g : A — X between topological spaces, a homotopy is a continuous mapping
H : A x I — X which fits into the commutative diagram

A A<ty

A

X )

where I denotes the interval [0,1] C R, A x I the cylinder on A, and i:(a) = (a,t). Another
way to do this is to use the path space X! = {\ : I — X | X is continuous}, endowed with
the compact-open topology, and to define a homotopy K : A — X! between f and g to be a
continuous map that fits into the commutative diagram

Po P1

X X1 X

N

9
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where pt(\) = A(t). It is clear that both way are equivalent in this context. We want to define
homotopy relations in model categories in an appropriate way, ie. so as to generalize the above
two definitions. However, the two approaches will not always coincide so as the necessity to
study in which cases they will.

Throughout this section, we fix a model category C = (C, WE, Fib,Cof) and two objects A
and X in C. We start with the first approach, by establishing the notion of cylinder object in
our model category C.

Definition 1.3.1. Consider the pushout of ) — A with itself.

|

\sz

A\/A

A

id A

where V : AV A — A is the folding map. A cylinder object on A is an object AA I of C together
with a factorization

AVA—"> AN ——= A
v
of V, where p is a weak equivalence. We define
Qg :=1 01 and iy :=io01ij.
A cylinder object AA I is good if i € Cof, and is very good if in addition p € FibN W E.
Remark 1.3.2. By (M5) there exists at least one very good cylinder object on A.

Property 1.3.3. If A is cofibrant and ANI is a good cylinder object on A, thenig,i1 : A — ANI
are acyclic cofibrations.

Proof. Let’s check this for ig. Since the identity morphism id4 factors as A DANT D A, it
follows from (Ms) that iy is a weak equivalence. Since A V A is defined by the diagram

p—A

cof{ Lié

*>A\/A

it follows from 1.2.11.(4) that 4( is a cofibration. By assumption, i : AVA — AATis a
cofibration, so that the composition iy = i o if, is also a cofibration. The argument is the same
for ;. O

From this, we may define the first type of homotopy relation in C.
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Definition 1.3.4. Let f,g: A — X be two morphisms in C. A left homotopy from f to g is a
morphism H : A AT — X which makes the diagram

A gar<" g

N A

X

commute, where AV A LANT D Adsa cylinder object on A. We say that H is good (resp.

very good) if AAI is. We denote the existence of a left homotopy from f to g by f ~; g, we
say that f and g are left homotopic and we write 7'(A, X) for the set of left homotopy classes
in C(4, X).

Example 1.3.5. If C is the model category of 1.2.6, then a possible choice of cylinder object
for a topological space A is the usual cylinder A x I. In that case, the notion of left homotopy
related to this particular cylinder object coincide with the usual notion of homotopy.

Remark 1.3.6. If f ~; g via H, then (Ms) implies the equivalence f € WE & g € WE.
Indeed, we saw above that iy and i, are weak equivalences. Then if f = Hig € WE, we have
H e WE, so that g = Hi; € WE.

We shall now establish the main results on the relation of left homotopy.

Proposition 1.3.7. If f ~; g: A — X, then there is a good left homotopy from f to g. If in
addition X is fibrant, then there is a very good left homotopy from f to g.

Proof. We can apply (Ms) to the morphism AV A — A A I, where A A I is the cylinder object
of some homotopy, in order to obtain a factorization

AVA—S ANT S ANT S A,

so that A A I’ is a cylinder of a good homotopy. Now choose a good homotopy H : ANT — X
from f to g. Applying (M) and (M>) to the morphism A A I = A we obtain a factorization

ANT S ANT S A,
From this, since X is fibrant, we get a diagram

H

A /f I X
ANT *
which by (My) induces the desired very good left homotopy H : AANT' — X. O

Proposition 1.3.8.

(1) If A is cofibrant, then ~; is an equivalence relation on C(A, X) for any X € C, ie. 7' (A, X)
is the set of equivalence classes of C(A, X) induced by ~;.

(2) If A is cofibrant and p : X SY s an acyclic fibration, then p induces a bijection

P (A, X) = 7(AY) ¢ [f] — [pf].
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(3) If X is fibrant, then
h~k:A— B and f~g:B—X imply fh~igk: A— X
This induces a map

(A, B) x 7'(B,X) — n'(A,X) : ([h],[f]) = [fh].

Proof. (1) Since we can take A itself as a cylinder object for A, it is clear that f is a left
homotopy from f to itself; this proves reflexivity. Consider now the morphism s: AVA — AV A
that switches components. The obvious identity g V f = (f V g)s implies that if f ~; g, then
g ~ f; this proves symmetry. Assume now that we have f ~; g ~; h. We can choose a good
left homotopy H : AANT — X from f to g with Hig = f, Hi; = g, and a good left homotopy
H' :ANI' — X from g to h with H'if = g, H'i{ = h. Let A A I" be the pushout

20

AC — AANT

o

ANT ANT,

where, since A is cofibrant, i, and i(, are acyclic cofibration (cf. 1.3.3). By 1.2.11.(4) and the
universal property of pushouts, it follows that A A I is a cylinder object for A. We can then
apply the universal property of pushouts again to H : AN — X and H' : AANI' — X in order
to obtain the desired left homotopy H” : A A I — X; this proves transitivity.

(2) The map p, is well defined since if f,g : A — X are two morphisms and H is a left
homotopy from f to g, then pH is a left homotopy from pf to pg. Let’s show that p, is
surjective. Let [f] € w!(A,Y). Since A is cofibrant, we have a diagram

) ——X

A1 oy

which, by (My), has a lift g : A — X. We clearly have p.[g] = [pg] = [f], so that the surjectivity
of p, is proven. Let’s now show that p, is injective. Let f,g : A — X and suppose that
pf ~pg: A—Y. By 1.3.7, we can choose a good left homotopy H : AANI — Y from pf to pg.
By (My), the diagram

Avall o x
plw
ANT 2>y

has a lift H’, which is none other than the desired left homotopy from f to g.

(3) Tt is enough to show that if h ~; k : A — B and f ~; g : B — X, then fh and gk
represent the same element of 7!(A, X). For this, we only have to check that fh ~; gh: A — X
and that gh ~; gk : A — X. The second left homotopy is obtained by composing the left
homotopy between h and k with g. It remains to prove the first one. Since X is fibrant, by
1.3.7 there exists very good left homotopy H : B A I — X between f and g. We choose a good
cylinder object for A:

AVAL ANT S A
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By (My), the diagram
AVA—"">BVB——=BAI

j ~
~ h
ANT A B
has a lift k : AANT — B A I. The desired left homotopy is none other than Hk. O

We now get to the second approach. The following definitions and results are essentially dual
to what we saw above.

Definition 1.3.9. Consider the pullback of X — % with itself:

X idx

X——%

where A : X — X x X is the diagonal map. A path object on X is an object X' of C together
with a factorization

J q

A

of A, where j is a weak equivalence. We define

Q0 =4qp°q and a1 = ¢q;0q.
A path object X! is good if ¢ € Fib, and is very good if in addition j € Cof NWE.
Remark 1.3.10. By (M5) there exists at least one very good path object on X.

Property 1.3.11. If X is fibrant and X' is a good cylinder object on X, then qp,q1 : X' — X
are acyclic fibrations.

Proof. The argument is strictly dual to 1.3.3. (]

Definition 1.3.12. Let f,g: A — X be two morphisms in C. A right homotopy from f to g is
a morphism H : A — X! which makes the diagram

commute, where X LXTL XxXisa path object on X. We say that H is good (resp. very

good) if X' is. We denote the existence of a right homotopy from f to g by f ~, g, we say
that f and g are right homotopic, and we write 7" (A, X) for the set of right homotopy classes
in C(A, X).
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Example 1.3.13. If C is the model category of 1.2.6, then a possible choice of path object of
a topological space X is the topological space X! of all paths in X endowed with the compact-
open topology. In that case, the notion of right homotopy related to this particular path object
coincide with the usual notion of homotopy.

Proposition 1.3.14. If f ~,. g : A — X, then there is a good right homotopy from f to g. If
in addition A is cofibrant, then there is a very good right homotopy from f to g.

Proof. Strictly dual to 1.3.7. (]

Proposition 1.3.15.

(1) If X is fibrant, then ~, is an equivalence relation on C(A, X) for any A € C, ie. 7" (A, X)
is the set of equivalence classes of C(A, X) induced by ~,.

(2) If X is fibrant and i : A & B s an acyclic cofibration, then i induces a bijection

o7 (B,X) =" (A, X)) [f] — [fi]

(3) If A is cofibrant, then
frrgi A= X and hr~pk: X —Y imply hf ~. kg: A—Y.
This induces a map

T (A, X) x 7" (X, Y) = 7" (A Y) = ([ [h]) = [nf].

Proof. Strictly dual to 1.3.8. O
We are now able to establish in which case the left and right homotopic relations coincide.
Theorem 1.3.16. Let f,g: A — X be two morphisms in C.
(1) If A is cofibrant and f ~; g, then [ ~., g.
(2) If X is fibrant and f ~, g, then f ~; g.
(3) If both A is cofibrant and X is fibrant, there is an equivalence relation ~ on C such that
frotg o frg e frag

We then say that f and g are homotopic and we denote by w(A, X) the set of homotopy
classes in C.

Proof. (1) By 1.3.7, there is a good cylinder object
AVALT S AnT L A

for A, where by 1.3.3 ig and i3 are acyclic cofibrations, as well as a good homotopy H : AN — X
from f to g. Consider a good path object

J (g0,q1)

X ——XxI X xX
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for X (cf. 1.3.10). By (My4), the diagram

A if

XI

ig |~ i(%,m)
H
AnT P x o x

has a lift K : AAT — X!, which composed with 4; is the desired right homotopy K41 : A — X'
from f to g.

(2) The proof is dual to (1).

(3) This is simply a consequence of (1) and (2). O

Corollary 1.3.17. If A is cofibrant, X is fibrant and cofibrant, and Y is fibrant, then
f~g:A—X and h~k: X —=Y imply hf~kg:A—Y.
Proof. This is an easy consequence of theorem 1.3.16 and propositions 1.3.8 and 1.3.15. ]

Theorem 1.3.16 allows to establish a more general notion of homotopy equivalence, which in
fact coincides with the notion of weak equivalence as the following theorem states.

Definition 1.3.18. If A and X are both fibrant and cofibrant, then a morphism f: A — X is a
homotopy equivalence if there exists a morphism g : X — A such that gf ~id4 and fg ~ idx.
In that case we say that g is an homotopy inverse of f.

Theorem 1.3.19. Let f: A — X be a morphism in C with A and X both fibrant and cofibrant.
Then f is a weak equivalence if and only if it is a homotopy equivalence.

Proof. (=) Suppose that f : A — X is a weak equivalence. Applying (Ms) to f we obtain a
composite
q P

A———C —> X,

in which by (Ms), the morphism p is also a weak equivalence. Since ¢ is an acyclic cofibration
and A is fibrant, the diagram

A4

*

C
has by (My) a lift r : C' — A such that rq = id4. By 1.3.15.(2), ¢ induces a bijection

¢ 7(C,C) = 7" (A,C) : [g] — [gq]-

We then have ¢*([gr]) = [grq] = [q], so that ¢r ~, idc which shows that r and ¢ are homotopy
equivalences inverse to each other. We can use the dual argument to show that p is also a
homotopy equivalence, so that f = pq is itself a homotopy equivalence.

(<) Suppose now that f: A — X is a homotopy equivalence, in other words that f has a
homotopic inverse g : X — A. Applying (Ms) to f we obtain a composite
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in which C is both fibrant and cofibrant. By (M3), in order to prove that f is a weak equivalence,
it is enough to show that p is a weak equivalence. Let H : X AT — X be a homotopy from fg
to idx. By (My) the diagram

ag

X C
io{\’\‘ lp
XAT-2 > x

has alift H' : XAI — C. Let s := H'iy, so that ps = idx. We know that ¢ is a weak equivalence,
so that by the above argument ¢ has a homotopy inverse r. Composing the established equality
pq = f on the right with r gives p ~ fr (cf. 1.3.8.(3)). Since in addition we have s ~ gg via the
homotopy H’, it follows from 1.3.8.(3) and 1.3.15.(3) that

sp~ qgp ~ qgfr ~ qr ~ idc,
so that by 1.3.6, sp is a weak equivalence. The commutative diagram

ido ido

C C C

shows that p is a retract of sp (cf. 1.2.2), so that by (M3) the morphism p is a weak equivalence;
and so is f. |

1.4 The homotopy category of a model category

We fix a model category C = (C,WE, Fib,Cof). The next step is to construct an induced
model category Ho(C) whose objects are the same as C, but whose morphisms are homotopy
equivalences of morphisms in C in the case where left and right homotopy relations coincide,
that is when the domain and codomain of a morphism are both fibrant and cofibrant.

The following categories will be used as tools for defining Ho(C) and constructing a canonical
functor v : C — Ho(C).

Notations 1.4.1. We define:
e C. to be the full subcategory of C generated by the cofibrant objects of C.
o C; to be the full subcategory of C generated by the fibrant objects of C.

e C.r to be the full subcategory of C generated by the objects of C that are both fibrant and
cofibrant.

e 7C. to be the category of cofibrant objects of C whose morphisms are the right homotopy
classes of C.

e 7C; to be the category of fibrant objects of C whose morphisms are the left homotopy
classes of C.

o mC.r to be the category of both fibrant and cofibrant objects of C whose morphisms are
the homotopy classes of C.
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The next step is to define fibrant and cofibrant replacements of an object C. These notions
give rise to two functors () and R which, by restriction to 7C; and 7C., allow to define the
functor v : C — Ho(C).

Construction 1.4.2. For each object X in C, we apply (M5) to the morphism ) — X in order
to obtain a factorization

0 QX X,

on which we impose that if X is itself cofibrant then QX = X such a factorization is a cofibrant

model, or cofibrant replacement, of X. Dually, we apply (M5) to the morphism X — # in order
to obtain a factorization

ix

X—— RX *,

on which we impose that if X is itself fibrant then RX = X; such a factorization is a fibrant
model, or fibrant replacement, of X.

Proposition 1.4.3. For any morphisms f : X — Y in C, there is a morphism f : QX — QY
that makes the following diagram commutative:

QXLQY

PXlN Pylfv
f
X—Y

The induced morphism f depends, up to left homotopy or up to right homotopy, only on f, and
is a weak equivalence if and only if f is. In addition if Y is fibrant, then f depends, up to left
homotopy or up to right homotopy, only on the left homotopy class of f.

Proof. The induced morphism f is obtained by applying (M) to the diagram
) —QY

Nlpy
fpx

QX ——Y,

in other words f is a lift in the above diagram. This, with 1.3.8.(2), imply that f is uniquely
determined up to left homotopy by f. In addition, since QX is cofibrant, 1.3.16.(1) implies
that two morphisms which are left homotopic are also right homotopic. It follows that f is
uniquely determined up to right homotopy by f. The assertion about weak equivalences is an
easy consequence of (Ms). Finally, if Y is fibrant, then so is QY and we only have to apply
1.3.8.(3) to obtain the final assertion. O

Remark 1.4.4. From the uniqueness statements of 1.4.3 it follows that if f = idx, then
f ~r idgx. In addition, this also implies that if we consider two morphisms f : X — Y and

g:Y — Z we have gf ~, Gf. We therefore have a functor

Q:C—mC : X—=QX, (f: X—=Y)— ([fl,: QX — QY).

Proposition 1.4.5. For any morphism f : X — Y in C, there is a morphism f : RX — RY
that makes the following diagram commutative:

X—Y
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The induced morphism f depends, up to left homotopy or up to right homotopy, only on f, and
is a weak equivalence if and only if f is. In addition if X is cofibrant, then f depends, up to left
homotopy or up to Tight homotopy, only on the right homotopy class of f.

Proof. Strictly dual to 1.4.3. O

Remark 1.4.6. From the uniqueness statements of 1.4.5 it follows that if f = idx, then

J ~i idrx. In addition, this also implies that if we consider two morphisms f : X — Y and
g:Y — Z we have gf ~; gf. We therefore have a functor

R:C—nC; : X—RX, (f: X—=Y)~([fli: RX = RY).

Proposition 1.4.7. The restriction to Cy of the functor Q : C — 7wC. induces a functor

Q : 7Cr—7Cep : X — QX , ([flg: X =Y)— ([f] : QX — QY.

Dually, the restriction to C. of the functor R :C — wCys induces a functor

R : 7C.—mCy : X—RX, ([fl,: X —>Y)~ ([f] : RX — RY).

Proof. Since the two statements are dual to one another, we only have to prove one, say the
second one. If we suppose that f,g : X — Y are two morphisms in C between two cofibrant
objects and that they represent the same morphisms in 7C., we must show that Rf = Rg in
mCcs. It is sufficient to prove this for the special case where f and g are directly related by a
right homotopy, ie. f ~, g. This, however, is a direct consequence of 1.4.5. |

Definition 1.4.8. The homotopy category Ho(C) = HoC of a model category C is the category
defined by

ObHo(C) = OC,
Ho(C)(X,Y) = nCes(R'QX, R'QY) = 7(RQX, RQY).

There is then a functor
y=7¢ : C—Ho(C) : X— X, (f: X—=>Y)—[RQ(f): RQX — RQY].

Remark 1.4.9. In the case where X and Y are both fibrant and cofibrant, by construction the
map v : C(X,Y) — Ho(C)(X,Y) is surjective. This induces a bijection

7(X,Y) = Ho(C)(X,Y).

Example 1.4.10. The homology category Ho(7 op) of the model category 7op as given in
1.2.7 is equivalent to the usual homotopy category of topological spaces which has homotopy
equivalence classes of continuous functions as morphisms.

The next proposition help us understand, via the functor -y, what the morphisms in Ho(C)
are with respect to MorC. This will provide a useful corollary.

Proposition 1.4.11. For any morphism f in a model category C, v(f) is an isomorphism in
Ho(C) if and only if f is a weak equivalence in C. Furthermore, the class of all morphisms of
Ho(C) is generated by the class

{y(f) € MorHo(C) | f € MorC}y U {~(f)~* € MorHo(C) | f € WE: C MorC}.
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Proof. Let f : X — Y be a weak equivalence in C. Then by construction RQ(f) can be
represented by a morphism f’' : RQX — RQY which is also a weak equivalence in C. By 1.3.19,
f’ has an inverse up to left or right homotopy, and represents an isomorphism in 7C.; which is
none other than v(f). Inversely, if y(f) is an isomorphism in Ho(C), then f’ has an inverse up
to homotopy and is therefore a weak equivalence by 1.3.19. It follows by construction that f is
a weak equivalence.

For any object X of C the morphism iQXp;(l : X — RQX (cf. 1.4.2) is a weak equivalence
in C. It follows from the above statement that the morphism

Wigx)1(px) "t =ligxpx')  in Ho(C)
is an isomorphism from X to RQX in Ho(C). Furthermore, for any two objects X and Y in C
the functor 7 induces an epimorphism (cf. 1.4.9)

C(RQX,RQY) — Ho(C)(RQX, RQY).

Consequently, any morphism f: X — Y in Ho(C) can be represented as

=y )lior) v (F)liex)v(px) ™

for some morphism [/ : RQX — RQY in C. O

Corollary 1.4.12. Let D be a category and C a model category. If F,G : Ho(C) — D are two
functors and T : Fy — G7v is a natural transformation, then 7, with the obvious appropriate
identifications, also gives a natural transformation from F to G.

Proof. We need to check that for any given morphism A : X — Y in Ho(C), the appropriate
diagram D(h)
F(X) —> GQ(X)

F(h)l lc(n)

F(Y)—"=G(Y)
commutes. By assumption D(h) commutes if h = ~(f) for some morphism f in C or if h = ~(g) ™!
for some weak equivalence in C. If we write h = hyhg, it is clear that D(h) commutes if both
D(hy) and D(hy) commute. This fact proves the desired result, since by 1.4.11 any morphism
in Ho(C) is a composite of morphisms of the form ~(f) and ~(g)~!. O

An even stronger result than proposition 1.4.11 can be established (cf. 1.4.15) via the notion
of localization. This provides the functor v with a universal property with respect to W E¢.

Definition 1.4.13. Let C, D be categories and W C MorC a class of morphisms in C. A functor
F :C — D is a localization of C with respect to W if

(1) F(f) is an isomorphism for any f € W, and

(2) for any functor G : C — D’ which sends elements of W on isomorphisms of D’, there exists
a unique functor G’ : D — D’ such that G'F = G.

C
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The second condition implies that D = D’ and that all localizations of C with respect to W, if
they exist, are canonically isomorphic.

Lemma 1.4.14. Let D be a category, C a model category, and F : C — D a functor sending
weak equivalences in C to isomorphisms in D. If f,g: A — X are are left or right homotopic in
C, then F(f) = F(g) in D.

Proof. Since the other case is dual, we only need to assume that f and g are left homotopic.
We choose (cf. 1.3.7) a good left homotopy H : AANT — X from f to g, so that AAT is a good
cylinder object for A.

AV A AT sy

By construction, wig = wiy = ida so that F(w)F (ip) = F(w)F(i1). By assumption, since w is
a weak equivalence, F'(w) is an isomorphism. It follows that F'(ig) = F'(i1), so that

F(f) = F(H)F(io) = F(H)F (i) = F(g)-
O

Theorem 1.4.15. If C is a model category and WE the class of weak equivalences of C, then
the functor v : C — Ho(C) is a localization of C with respect to WE.

Proof. We need to verify the two conditions of 1.4.13. The first one has already been proven in
1.4.11. For the second one, let’s consider a functor G : C — D which sends weak equivalences
in C to isomorphisms in D. We must construct a unique functor G’ : Ho(C) — D that verifies
G’y = G. Since the objects of Ho(C) are the same as the objects of C, the effect of G’ on objects
is clear. Let’s now pick a morphism f: X — Y in Ho(C) which is well defined up to homotopy
(cf. 1.3.16) and represented by a morphism [’ : RQX — RQY in C. By 1.4.14 G(f’) only
depends on the homotopy class of f’. Letting G’(f) be

G'(f) = G(py)Gliqy) ' G(f)Gligx)G(px) ",

clearly defines a functor from Ho(C) to D. If f is the image by 7 of a morphism h: X — Y in
C, then, after an appropriate altering of f’ up to right homotopy (cf. 1.4.3 and 1.4.5), we obtain
a commutative diagram

ioX
x <" ox % rox
hl ﬁl f’l
2% QY
Y QY RQY,
on which we may apply G to see that G'(f) = G(h), so that G’y = G. The uniqueness of G’ is
simply a consequence of 1.4.11. O

This result allows to interpret Ho(C) in a more conceptual way which, surprisingly enough,
only depends on W E. This shows the importance of the class of weak equivalences as it carries
all the homotopic information of a model category.

1.5 Derived functors

In this section, for any given functor F' : C — D from a model category C to a category D, we
study its left and right derived functors LF, RF : Ho(C) — D, and its total left and right derived
functors LF,RF : Ho(C) — Ho(D). This will lead to the notions of Quillen pairs and Quillen
equivalences, and will provide a criteria for two homotopy categories to be equivalent.
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Definition 1.5.1. Let D be a category, C a model category, and F' : C — D a functor. A left
derived functor for F is a pair (LF,7) which consists of a functor LF : Ho(C) — D and natural
transformation 7 : LF o v — F such that for any pair

(G:Ho(C) > D, 0:Goy— F),
there exists a unique natural transformation ¢’ : G — LF such that 70’y = o.

LF~

o'y
/s T
Ve
Ve

Gy

Vo F

Dually, a right derived functor for F is a pair (RF, 7) which consists of a functor RF' : Ho(C) — D
and natural transformation 7 : F' — RF o~ such that for any pair

(G:Ho(C) =D, 0: F— Gov),
there exists a unique natural transformation ¢’ : RF' — G such that o/y7 = o.

F Yo

G~y

7
7/
T

-
7 o’y
v

RF~y

Remarks 1.5.2. (1) By the universal property of the above definition, two left (resp. right)
derived functors for F' are canonically naturally isomorphic; we will then talk about the left
(resp. right) derived functor of F'.

(2) If F:C — D is a functor from a model category C to a category D that sends weak
equivalences to isomorphisms, then by 1.4.15 there exists a unique functor F’ : Ho(C) — D such
that ' = F'~.

¢ —21~ Ho(C)

\

] ’

\ | 3F
v

D

In this case it is clear that (F’,7), with the identity natural transformation 7 : F'y — F, is a
left and right derived functor of F', ie. RF = F' = LF.

We now give a result (cf. 1.5.4 below) that generalizes this last remark; for this we need the
following lemma.

Lemma 1.5.3. Let C be a model category, D a category, and let F : C. — D (c¢f. 1.4.1) be a
functor such that F(f) is an isomorphism whenever f is an acyclic cofibration between objects

of Ce. If f,9: A — B are morphisms in C. such that f ~, g in C, then F(f) = F(g).

Proof. By 1.3.14, we may choose a right homotopy H : A — B! from f to g such that B! is a
very good path object for B; in other words we have

J

~

q

B¢ B! B x B.
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Since the above morphism j : B — B is an acyclic cofibration and since B is by assumption
cofibrant, the path object B is itself cofibrant. By assumption, it follows that F(j) is defined
and is an isomorphism. By construction we have

F(qo)F(j) = F(q)F(j) = F(idp),
so that F'(qo) = F(q1). Finally, the relations f = goH and g = ¢1 H give
F(f) = F(q)F(H) = F(q)F(H) = F(g),
which is none other than the desired equality. O

Proposition 1.5.4. Let C be a model category, D a category, and let F : C — D be a functor
such that F(f) is an isomorphism whenever f is a weak equivalence between cofibrant objects in
C. Then the left derived functor (LF,T) of F exists, and for each cofibrant object X of C the
morphism

7x : LF(X) — F(X)

is an isomorphism in D.

Dually, if F is such that F(f) is an isomorphism whenever f is a weak equivalence between
fibrant objects in C. Then the right derived functor (RF, ") of F exists, and for each fibrant
object X of C the morphism

T 1 F(X) — RF(X)

is an isomorphism in D.

Proof. Since both assertions are dual to each other, we only have to prove the first one. By
1.5.3 the functor F' identifies right homotopic morphisms between cofibrant objects of C; this
fact induces a functor F’ : 7C. — D (cf. 1.4.1). By assumption, if ¢ is a morphism in 7C, which
is represented by a weak equivalence in C, then F'(g) is an isomorphism in D. We saw earlier
that there is a functor @ : C — wC. that sends any weak equivalence f in C to a right homotopy
class g = Q(f) which is represented by a weak equivalence in C (cf. 1.4.3 and 1.4.4). From this,
it follows that the composite functor F’Q sends weak equivalences in C to isomorphisms in D.
By the universal property of Ho(C) (cf. 1.5.2.(2)), F'Q induces a functor

LF : Ho(C) — D,
and we have a natural transformation
7: (LF)y—F : (Xel)— (F(px): LF(X)=F(QX) — F(X)).

If X is cofibrant then QX = X and the morphism 7x becomes the identity idx; in particular
Tx is an isomorphism.

What remains to prove is that the pair (LF,7) is universal in the sense of 1.5.1. So we
consider a functor G : Ho(C) — D, a natural transformation o : Gy — F, an hypothetical
natural transformation o’ : G — LF, as well as for each object X of C the following commutative
diagram:

TQx =id

G(QX) _oax_ LF(QX) 7S p(QX)

Gv(px)t iLFW(px)—id lF(px)
G(X) —2 o LR(X) 227 o x)

If o/ is to satisfy 1.5.1 we must have

TQXOJéQX :O’QX SO that 0'3( :O—QXG("YpX)71,
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which proves that there is at most one natural transformation o’ satisfying the required universal
property of 1.5.1; in other words, if such a natural transformation exists it is unique. Now if we
define o’ to be

oy = ooxG(ypx) " for every object X € C,

we obtain a natural transformation ¢’ : G — LF, so that its existence is proven. O

Conclusion 1.5.5. The left derived functor LF' : Ho(C) — D of the above proposition is defined

e on objects by LF(X) = F(QX), where QX = X is a fixed cofibrant model,
e on morphisms by LF(f) = F(Qf), where Qf = f is as in 1.4.3.
Dually, the right derived functor RF : Ho(C) — D of the above proposition is defined
e on objects by RF(X) = F(RX), where X < RX is a fixed fibrant model,
e on morphisms by RF(f) = F(Rf), where Rf = f is as in 1.4.5.
We shall now consider the left and right derived functors of a particular kind of functor.

Definition 1.5.6. Let F': C — D be a functor between model categories. The total left derived
functor of F, denoted LF : Ho(C) — Ho(D), is the left derived functor of the composite

vpF : C — Ho(D),

where yp : D — Ho(D) is the canonical functor for D (cf. 1.4.8).
Dually, the total right derived functor of F, denoted RF : Ho(C) — Ho(D), is the right
derived functor of the same composite yp F'.

Remark 1.5.7. Again, these functors are unique up to canonical natural isomorphism.

Example 1.5.8. Let R be a unitary associative ring, and rCh™ the model category of chain
complexes given in 1.2.8. Consider a right R-module M, a left R-module NV and its corresponding
chain complex K(N,0) € grCh* whose only nontrivial module is N in degree 0. The functor
M®—: gMod — Ab = zMod induces a functor F : rCht — zCh™ for which a total left
derived functor LF exists. We then have natural isomorphisms

H,(LF(K(N,0))) = Tor®(M,N)  foreach n €N,
where Tort(M, —) is the usual n’th left derived functor of M ® — from homological algebra.

After strengthening the notion of adjoint pairs to Quillen pairs and Quillen equivalences, we
shall study what relations these pairs induce on the level of homotopy categories. These relations
are in fact given by the total left and right derived functors of the given pair (cf. 1.5.12).

Definition 1.5.9. Let C = (C,WEg, Fibc,Cofc) and D = (D, W Ep, Fibp,Cofp) be model
categories. A pair of adjoint functors

F:C<~—=D:G
is a Quillen pair if one of the following three equivalent conditions is satisfied:
i) F preserves cofibrations and G preserves fibrations.
i’) G preserves fibrations and acyclic fibrations.

") F preserves cofibrations and acyclic cofibrations.
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If in addition we have

ii) (f : F(A) — B) € WEp if and only if its adjoint f* : A — G(B) € WEg for all A € ObC
and B € ObD,

then we say that F': C <= D : G is a Quillen equivalence.

Let’s first prove the above equivalences:

Proof. (i < i") Suppose that F' preserves cofibrations and acyclic cofibrations. Let f: A — B
be an acyclic cofibration in C and g : C' — D be a fibration in D, and consider the adjoint
commutative diagrams

A—"> G(O) F(A)—“~ ¢
f\{N ‘IG(Q) F(f)l g
B—">G(D) F(B) —~—D.

The fact that F preserves acyclic cofibrations implies the existence of a lift w : F(B) — C in
the right-hand diagram whose adjoint w* : B — G(C) is a lift in the left-hand diagram. This
means that

G(g) € RLP(WEcNCofc) = Fibe (cf. 1.2.11),

so that G preserves fibrations. To prove the converse, we only have to follow the steps of the
above argument in reverse order and remember that WE N Cof = LLP(Fib) (cf. 1.2.11).
(i & ') It is simply dual to (i < ). O

Example 1.5.10. The adjoint pair
W:CxC«<=C:A,

where W(AxB) = AvB and A(A) = (A, A), is a Quillen pair (the three distinct classes WE, F'ib
and Cof of the model category C x C are are simply the products W Ee x W E¢, Fibe x Fibe
and Cofe x Cofc respectively).

Before getting to theorem 1.5.12 below, we need the following lemma.

Lemma 1.5.11. If F : C — D is a functor between model categories that sends all acyclic
cofibrations between cofibrant objects to weak equivalences, then F preserves all weak equivalences
between cofibrant objects.

Proof. Consider a weak equivalence f : A — B in C between cofibrant objects. Applying (M5)
to the morphism fVidg : AV B — B, we get

p

AvB—t—c—Ls B

Since A and B are cofibrant the morphisms
ig=t10incy: A — C and i1 =10inc, : B—C

are cofibrations in C (cf. 1.3.3). Since pig and pi; are weak equivalences and p is a weak
equivalence, it follows from (M3) that ip and iy are also weak equivalences. By assumption
F(ig), F'(i1) and F(piy) = F(idp) = idp(p) are then weak equivalences in D, so that F'(p) is a
weak equivalence as well. It follows that

F(pio) = F(pioinco) = F(f)

is a weak equivalence in D. O
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Theorem 1.5.12. Let C and D be model categories.
(1) A Quillen pair F : C <= D : G induces an adjoint pair
LF : Ho(C) <= Ho(D) : RG.

(2) A Quillen equivalence F : C <= D : G induces a category equivalence
LF : Ho(C) = Ho(D) : RG.

Proof. (1) Since F' preserves acyclic cofibrations (cf. 1.5.9), lemma 1.5.11 tells us that F' pre-
serves all weak equivalences between cofibrant objects. In addition, the functor yp : D — Ho(D)
is a localization with respect to WEp (cf. 1.4.15), so that

F' :=~poF:C — Ho(D)

sends weak equivalences in C to isomorphisms in Ho(D). This, by 1.5.4, guaranties the existence
of LF' = LF : Ho(C) — Ho(D). The dual argument demonstrate the existence of RG : Ho(D) —
Ho(C), so that the total derived functors LF and RG exist.

Furthermore, since F is a left adjoint, it preserves colimits (cf. 1.1.14) and therefore initial
objects. On the other hand, since G is a right adjoint, it preserves limits and therefore terminal
objects. It then follows that F' sends cofibrant objects in C to cofibrant objects in D and that
G sends fibrant objects in D to fibrant objects in C.

Now, let’s choose a cofibrant object A in C and a fibrant object X in D, and show that the
adjunction isomorphism C(A, G(X)) = D(F(A), X) preserves the homotopy equivalence relation
(cf. 1.3.16) and gives a bijection

(A, G(X)) = x(F(A), X). (%)

If f,g: A — G(X) represent the same class in 7(A, G(X)), then f ~; g via a left homotopy
H: AANI — G(X) in which the cylinder object A A I is good (cf. 1.3.7) and therefore cofibrant
by 1.3.3. It then follow, using the fact that F' preserves cofibrations and acyclic cofibrations,
that F(AAT) is a cylinder object for F'(A), so that

H’:F(ANI) — X

is a left homotopy between f° and ¢”. Since X is fibrant we obtain f* ~ ¢°, and a dual argument
with right homotopies shows that f” ~ ¢’ implies f ~ g and proves ().

Let the functor @ : C — 7C,. be as in 1.4.4 and the functor S : D — 7D be as in 1.4.6.
It follows from the construction of ILF' given in the proof of 1.5.4 and its dual for RG that the
isomorphism (*) gives a bijection

Ho(C)(A, RG(X)) 2% Ho(C)(QA, G(SX)) ()

Ho(D)(F(QA), $X) ™~ Ho(D)(LF(A), X),

for any object A of C and any object X of D. This bijection gives a natural isomorphism of
functors from C°? x D to Set, and by 1.4.12 a natural isomorphism of functors from Ho(C)°P x
Ho(D) to Set which is none other than the desired adjunction between LF and RG.

(2) Let A be a cofibrant object of C. Since the morphism ip(4) : FI(A) — SF(A) is a weak

equivalence in D (cf. 1.4.2), its adjoint z’i,(A) : A — GSF(A) in C is also a weak equivalence by

assumption. Let
ea=idi p ) A — RG(LF(A)) € Ho(C)
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be the adjoint of the identity morphism idpp(4y in Ho(D). It follows from (xx) that €4 is an
isomorphism. Now since every object of Ho(C) is isomorphic to a cofibrant object of C, it follows
that €4 is an isomorphism for any object A of Ho(C). This fact implies that the functor RGLF
is naturally isomorphic to the identity functor of Ho(C). Finally, a dual argument shows that
LFRG is naturally isomorphic to the identity functor of Ho(D) so that the desired result is
proven. ([l

We shall apply the above theorem to the construction of the homotopy pushout and the
homotopy pullback functors.

Example 1.5.13. Let C be a model category and D the small category {a — b — ¢}. In the
category CP of functors D — C, an object X is pushout data

X(a) X(b) X{(c)

in C, and a morphism f: X — Y is a commutative diagram

X(a) X(b) X(c) (%)
fa lfb lfc
Y (a) Y (b) Y(c)

Given a morphism f: X — Y in CP, let 0,(f) := X (b) and define objects 9, (f) and 9.(f) of C
by the respective pushout diagrams

X(b) — X(a) X(b) — X(c) (xx)
fbl l fbi l
Y(b) ——0a(f) Y(b) ——0.(f)

The commutative diagram (*) induces morphisms
ia(f):0u(f) = Y(a),  i(f):0(f) =Y (b) and  ic(f):0e(f) = V(o).

We then have the following result:

We can define a morphism f: X — Y in CP to be
e o weak equivalence if the morphisms fq, fp and f. are weak equivalences in C,
e q fibration if the morphisms fo, fo and f. are fibrations in C,
e a cofibration if the morphisms i,(f), i(f) and i.(f) are cofibrations in C,
in order to provide CP with the structure of a model category. In this case the adjoint functors
colim : CP <= C: A (cf. 1.1.18)
form a Quillen pair, so that the total derived functors Leolim and RA exist and form an adjoint

pair
Lcolim : Ho(CP) <= Ho(C) : RA. (cf. 1.5.12)
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Proof. Axiom (M) is a consequence of 1.1.13. Axioms (M>) and (Ms) follow from the corre-
sponding axioms for C. Let’s prove the cofibration-acyclic fibration part of (My). Consider the
commutative diagram

(A(a) — A(b) — A(c)) (X(a) — X(b) = X(c))
f{ !
(B(a) — B(b) = B(c)) ———— (Y(a) < Y(b) = Y(¢))

in CP, where f is a cofibration and p an acyclic cofibration. This diagram consists of three
commutative squares

Ala) —— X (a) A(b) — X(b) A(c) — X(e) (s % %)
TP ITE I
B(a) ——Y(a) B(b) ——=Y(b) B(¢) ——=Y(¢)

The facts that f is a fibration and p an acyclic cofibration respectively imply that f, is a
fibration and i,(p) = pp is an acyclic cofibration in C, so that by axiom (My) in C the middle
square diagram (* x %) has a lift. This in turn induces morphisms

w:0q(f) = X(a) and v:0.(f) — X(c).

We now have two commutative diagrams

0a(f) —— X(a) 0c(f) ——= X(c)
ia(f)l ipa ic(f)l lpc
B(a) ——=Y (a) B(c) ——=Y(¢)

which, by (My) in C, have lifts that induce the two remaining lifts in (* * x). The proof of the
acyclic cofibration-fibration part of (My) is similar.

Let’s now prove the acyclic cofibration-fibration part of (Mj5). Consider a morphism f: A —
B in CP. We may use axiom (Ms) in C to factor the morphism f, : A(b) — B(b) as

A >y B(b).

Define X and Z to be respectively the pushouts of
Afa) — A(b) - Y and Y — A(b) — A(o),
so that we have a commutative diagram

A

—~

a) A

—
(=
=
b
—
)
~

2
"

2
"

2
N<—

b
)~<

W =
S
&
§<<7
o}
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in which the lower outside vertical arrows k and [ are constructed using the universal property
of pushouts. We can now use (Ms) in C in order to factor k and ! as respectively

X & X' — Bla) and Z < 7' — Ble),

and thus obtain an object X’ «+— Y — Z’ of CP which is an intermediate object for the desired
factorization of f. A similar argument establishes the second part of (M5), so that CP has the
desired model category structure.

What remains to show is a direct application of 1.1.13 and 1.5.12 with the fact that the
functor A preserves both fibrations and acyclic fibrations. |

The functor Lcolim thus constructed is the homotopy pushout functor. It follows from 1.5.4
that Leolim(X) is isomorphic to colim(X) if X is a cofibrant object of CP.

Dually, it is possible to construct the functor Riim as in the following example.

Example 1.5.14. Let C be a model category and D the small category {a — b « ¢}. Given a
morphism f: X — Y in CP, ie.

X(a) X(b) X(c) (*)
Lfa lfb lfp
Y(a) Y(b) Y (c),

let 6,(f) := X (b) and define objects d,(f) and d.(f) of C by the respective pullback diagrams

da(f) — X(b) bc(f) — X(b)
l ifb l ifb
Y(a) ——Y(b) Y(c) ——=Y(b).

The commutative diagram (*) induces morphisms

pa(f): X(a) = 0a(f),  po(f): X(0) = Gu(f)  and  pe(f): X(c) = dc(f).
We then have the following result:

We can define a morphism f: X — Y in CP to be
o a weak equivalence if the morphisms f,, fi, and f. are weak equivalences in C,
o a fibration if the morphisms pa(f), pp(f) and p.(f) are fibrations in C,
e a cofibration if the morphisms fo, fi and f. are cofibrations in C,
in order to provide CP with the structure of a model category. In this case the adjoint functors
A:C«CP:lim (cf. 1.1.13)

form a Quillen pair, so that the total derived functors Rlim and LA exist and form an adjoint
pasr
LA : Ho(C) <= Ho(CP) : Rlim. (cf. 1.5.12)

Proof. Strictly dual to the proof given in 1.5.13. O

The functor Rlém thus constructed is the homotopy pullback functor. It follows from 1.5.4
that Rlim is isomorphic to lim(X) if X is a cofibrant object of CP.
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Monoidal model categories

Now that the desired context for homotopy theory has been established, the next step is to add
some algebraic structure to it: the structure of a closed symmetric monoidal category. This
monoidal structure, appropriately combined with the homotopy theory of model categories, will
give rise to the theoretical context in which we shall develop the general notion of homotopic
Hopf-Galois extensions.

In order to do this, we are first going to study, in section 2.1, the closed symmetric monoidal
structure of a monoidal category. This will allow to generalize the classical notions of modules
and algebras over a ring without the need to stay within the restricting context of sets, using
instead commutative diagrams to define the appropriate laws of compositions. In section 2.2, we
shall treat an important special case of model categories, namely cofibrantly generated model
categories. In section 2.3, we will combine model and closed symmetric monoidal structures
to give rise to monoidal model categories. We will end the chapter by showing, in section 2.4,
that the subcategories of modules and algebras of a given monoidal model category are actually
cofibrantly generated, and by giving enough conditions under which the homotopy categories of
these subcategories are equivalent.

2.1 Monoidal categories

We start by defining what a monoidal category is; it is a category endowed with a law of
composition, the tensor product, which acts both on the objects and the morphisms of the
category. For this reason, it can be defined as a functor which takes two objects (or morphisms)
into another one modulo some appropriate conditions of compatibility.

Definition 2.1.1. Let C be a category, 1 = 1¢ an object of C and ® = ®¢ : C xC — C a
bifunctor for which we write

®owv(A,B) = A® B € ObC, for every objects A, B € C,
Rumor(fyg9) =f®g € MorC, for every morphisms f,g € MorC.

The triple (C,®, 1) is a monoidal category if the following conditions hold:
e The product ® is associative up to isomorphism; ie. there is a family of isomorphisms

{aapc : A®(B®C)— (A®B)®C | A,B,CeC}

37



38 2. Monoidal model categories

which make the diagram

&A,B,C

A® (B ) (A® B)® C
fe(g@h) (fog)®h
A'® (B ®C) a’,B’,C (A @B ®C'

commute for each morphisms f € C(A, A’), g € C(B,B’) and h € C(C,(C").
e There is in C a family of natural isomorphisms
{pa: A®1 —Aand Ay : 1@ A — A| A€}
which make the diagram

PA Aa

A®1 A 1@ A
f@id1t if ‘/id]@f
! )\ ’
Py ey S Y

commute for each morphism f € C(A, A’).

o We have coherence of isomorphisms «, p and A in the sense that \; = p; and that the
diagrams

))CVA,B,C®D )aA®B,C,D((

A®(B®(C®D (AB)®@ (C®D A@B)®C)®D

idA@aB’C'DL laA,B,(,‘@idD

QA,BR®C,D

AR (B C)® D) (A (Be(C)®D

and
A®(1® B) 2 L (A®1)®B
ida ®)\B‘( lPA ®idp
A® B A® B

commute for any choice of objects A, B,C, D in C.

The operation ® is then a tensor product on C and the object 1 a unit for (C,®).
In addition, we say that the monoidal category (C,®,1) is symmetric if for every objects
A, B € C we have isomorphisms
YaB:ARB=B®A

which make the following diagrams commute:

VB,A ©YA,B = id Aaova1:ARLI=A

QA,B,C YA®B,C
—_—

A® (B2 C) 22 (A B)®C C®(A® B)

ida®YB,C C,A,B

QA,C.B YA,c®idp
—_—

AR(C®B)—= (AR(C)® B (C® A)® B.
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Finally, we say that a symmetric monoidal category (C,®,1) is closed if every functor of the
form

-®B:C—¢C with B € 0OC
is the left adjoint of an endofunctor
(-)F:c—cC.
This latter functor induces an internal Hom functor
[-,-]:CPxC—C
defined by [B, C] := C® on objects of C, and by
[—,=](f?:B' - B, g:C—C") =g/ :CP =" :hsgohof,

on morphisms of C.
Remark 2.1.2. In a monoidal category (C,®, 1), the functoriality of ® implies that

e idagp = ida ® idp for every objects A, B in C,

e (f@go(f'®g)=(fof)®(gog) whenever these compositions are defined in C.

The structure of a monoidal category can be found in numerous situations encountered in
classical mathematics. Instead of stating a great number of them, we shall restrict ourselves to
the fundamental cases of sets and modules, and briefly mention how braids also fits into this
model.

Examples 2.1.3. (1) The category Set has a closed symmetric monoidal structure where
® : Set x Set — Set is given on objects and on morphisms by

®(A,B)=A®B:=AxB and R(f,g)=f®g:=fxg

respectively, where f x g : A x B — A’ x B’ is defined by (f x g)(a,b) = (f(a),g(b)), and the
unit object is a singleton 1 = {*}. Furthermore, for any given object B in Set the right adjoint
functor (—)P : Set — Set is simply given by

(—)B(C) = CB = Set(B,0).

(2) For a given unitary ring R, the category pModg of R-bimodules is endowed with a
closed symmetric monoidal structure given by (rModg, ®pr, A), where ®r denotes the usual
tensor product on R-modules. Again, the right adjoint functor (=)~ : gModr — rModg is
given for an R-bimodule N by

(- )YN(M) = MY = gModr(N, M),

which of course correspond to the closed symmetric monoidal structure given above on Set. In
particular, for R = Z we have a closed symmetric monoidal category (Ab, ®z,Z).

(3) Another example of monoidal category is the n-strand braid group. An n-strand braid
consists of a permutation 7 € S,, and a sequence (aq,...,ay,) of paths

o I — RxIxI, with I=10,1] CR,
the strands, such that

e «;(0) = (4,0,1) (begining of a strand ).
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o «;(1) = (7(4),0,0) (end of a strand 7).
o If a; = (a},a2,a?), then s < t imply a?(s) > a?(t)
(any strand of the braid is decreasing in its third variable).
o If i # j, then a;(I) Nevj(I) = 0 (the strands do not intersect).

Two n-strand braids @ = (151, ...,a,) and 8 = (0;01, ..., 3,) are said to be isotopic if there
exists a continuous function

H: RxIxI)xI — RxIxI
such that
o H(—,0) =idrxrx1,

e H(—,t) is an homeomorphism for every ¢ € I,

(r;H(—,t)oay,...,H(—,t) oay,) is a braid for every t € I,

H(—,1)oa; = f; for every i <m;

in other words if @ can be continuously transformed into § in such a way that each stage of the
transformation is always a braid. We denote by [a] the isotopy class of a braid «, and we define

B, = {[a] | @ is an n-strand braid },

B = UB"'

neN

as well as

For two n-strand braids o = (7;1,...,a,) and 8 = (0; 51, ..., s), we define the braid
axfB = (coT; a1 *Bray, -y Qn* Brn)),
by concatenation of each strand of o with the corresponding strand of 8. Since
[o] =[] and [p]=[3] = [axfB]=[a"*7],

we may define for each n a law of composition - on 5,, by

[a] - [B] = [ax ],
with which (B, ) becomes a group whose unit element is the isotopy class of the braid
en = (idg,; {1} x {0} x I, ..., {n} x {0} x I).

We may then view B as a category by defining

B, if n=m,

ObB =N and B(n,m) = {® -
if n#m,

where the composition of two morphisms is given by the product - of the corresponding braid
classes. From this, we may consider the tensor product ® on B defined by

®op : Nx N — N with  ®op (m,n) =m®@n:=m+n.

and SOMor - Bm X Bn — Bm—i—n with X Mor (f7 g) = f & g,

where f ® g is the braid class obtained by juxtaposing a braid in g on the right of a braid in f.
The unit of ® is 0 € N = B, and the category (B, ®,0) is clearly monoidal but not symmetric.
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The most fundamental generalized algebraic object to be defined within the context of a
monoidal category is certainly the notion of monoid.

Definition 2.1.4. Let (C,®,1) be a monoidal category. A monoid in C is an object M € ObC
together with a multiplication morphism p: M ® M — M and a unit morphism n : 1 — M
which make the two following diagrams commute:

n®idnr

(MeM)o M MeM-L—sMm (associative law)

aM,M,Ml
idpr @ 7

MoMOM)—— MM — M

id id
1o M2 oM< ot (unit law)

I
A l M
M

If in addition we have p o sym = u, where sym : M ® M — M ® M is the map that permutes
components, we say that M is commutative.

We can turn the class Mon¢ of all monoids in C into a category by defining a morphism
of monoids f : (M, u,n) — (M',1',n’) to be a morphism f : M — M’ in C such that both
diagrams

MoM L0 v and | =—1
Mi ;L/l LU ln/
M 7 M’ M?M'

commute. An object of Monc is sometimes called C-monoid.
Example 2.1.5. A monoid, in the traditional sense of the term, is obviously a monoid in the
monoidal category (Set, x,{*}). With the more general definition given above, the monoid
structure of a monoid M = (M, u,n) is given by the multiplication
w(z,y) = zy for every z,y € M
with unit n({*}) € M. The associative and unit laws then become
(ry)z =x(yz)  and  n({sHr =z =an({+})

respectively, for all x,y,z € M. In particular, this is true for groups, rings and fields.

The example above shows how a (generalized) monoid extends the notion of a traditional
ring. Following this line of thought, we may also extend the notion of a module over a given

ring.

Definition 2.1.6. Let (C,®,1) be a monoidal category and (R, u,n) a C-monoid. A left R-
module in C is an object N € ObC together with a morphism [ : R ® N — N which makes the
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diagram

p®idn

(ROR)®@ N RoN ‘>N

XR,R,N

Re(RoN)—=2 . RoN

®id
n zw] /

1N

commute; if that is the case we say that [ is a left R-action on N. The class gMod of left
R-modules in C forms a category by defining a morphism f : (N,1) — (N',I') of left R-modules
to be a morphism f : N — N’ in C which fits into the commutative diagram

N

idr®f

RN ——RQN’

I

N';
N - ;

in which case we say that the left R-actions [ and I’ are R-equivariant.
Dually, a right R-module in C is an object M € ObC together with a morphismr : M@R — M
which makes the diagram

r®idgr

(M®R)®R M®R———M
id " r
M ® (R® R) — % M®R——=M
idwr@nT ot
M®1

commute; if that is the case we say that r is a right R-action on N. Again, the class Modg of
right R-modules in C forms a category by defining a morphism f : (M,r) — (M’,r’) of right
R-modules to be a morphism f : M — M’ in C which fits into the commutative diagram

®id
MeoR—I2"  _wreR

M;
M - ;

in which case we say that the right R-actions r and r’ are R-equivariant.

For another monoid S in C we denote by g Modg the category of (R, S)-bimodules consisting
of all objects of C that are both left R-modules and right S-modules with the obvious appropriate
morphisms. In case the monoid R is commutative, we have an isomorphism of categories

rMod =2 Modr = rModg;

we then speak of the category of R-modules (in C) that we denote by any of the three forms
above.



2.1. Monoidal categories 43

Example 2.1.7. As the above definition generalizes the traditional notion of R-module for
a (commutative) ring R, such an R-module is simply an R-module in the monoidal category
(Ab, x,0) where R is seen as a (commutative) monoid in Ab.

From this, a natural generalization of the tensor product and the hom functor over a given
ring, as encountered in homological algebra, follows.

Construction 2.1.8. Let (C,®, 1) be a monoidal category and (R, i, 7) a monoid in C. Similarly
to the definition of the traditional tensor product, we may define another tensor product, denoted
®R, of a right R-module and a left R-module

—®pr — : Modr xgr Mod — C

using a universal property. This is done via the notion of coequalizer.
Given a pair f,g: A — B of morphisms in C having the same domain and codomain, we call
coequalizer of (f,g) a morphism u : B — E such that

e uf = ug,

e for any morphism h : B — C such that hf = hg, there exists in C a unique morphism
h': E — C such that h = h'u.

f
TN w
A B——F
N |
g
\

In this case we also say that E is the coequalizer of f and g. We say that C has coequalizers if
a coequalizer exits for each pair f,g: A — B in C.

Dually, given a pair f,g: A — B of morphisms in C having the same domain and codomain,
we call equalizer of (f,g) a morphism u : E — A such that

o fu = gu,

e for any morphism h : C — A such that fh = gh, there exists in C a unique morphism
h' : C — E such that uh’ = h.

In this case we also say that E is the equalizer of f and g. We say that C has equalizers if an
equalizer exits for each pair f,g: A — B in C.

Now if C has coequalizers, we define M ®pr N to be the coequalizer in C of the two maps
M®R® N — M ® N induced by the right action of R on M and the left action of R on N.
This new tensor product ® g has R as unit. In case the monoid R is commutative, the categories
rMod and Modpg are equivalent, so that tensoring over R, ie. using ®p, turns Modg into a
symmetric monoidal category with unit R.
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If in addition C has equalizers, there is also a Hom object of R-modules, denoted [M, N]g,
which is defined to be the equalizer of the two morphisms [M, N] — [R ® M, N], the first of
them being induced by the action of R on M and the second as the composition

M,N] —— "~ IR M,R® N] —*—~ [R® M, N],

with « induced by the action of R on N. From now on, we shall always assume that the main
monoidal category in which we are working has equalizers and coequalizers.

We can also provide an R-module with some additional structure to obtain an R-algebra.

Definition 2.1.9. If (C,®,1) is a monoidal category and R a commutative monoid in C, an
R-algebra A € ObC is defined to be a monoid in the category Modgr of R-modules. This is
equivalent to giving the object A a monoid structure (A, ua,n4) together with an R-action
given by a morphism f: R — A which makes the following diagram commute:

RoATZA fgati oy

sym

A RMPL g4t sy

From 2.1.4 and 2.1.6, we obviously have a category Monaea, of R-algebras that we more
concisely denote by Algg.

Example 2.1.10. This new notion obviously generalizes the more traditional notion of a k-
algebra for a commutative ring k: The ring k and a k-algebra A are clearly monoids in the
category (Set, x, {x}) (cf. 2.1.5), and the action of k on A is given by the scalar multiplication
of the ring k£ on the k-algebra A.

Another important notion of category theory we are going to be using is the notion of
monad. It consists of an endofunctor which pocesses the structure of a monoid in the category
of endofunctors of a given category. It leads to the notion of T-algebra which we are going to
use within the context of cofibrantly generated model categories.

Definition 2.1.11. Let C be a category. An endofunctor 7' : C — C has composites
T?=ToT:C—C and T?=ToT?:C—C.

For a natural transformation p : 72 — T with components p, : T?x — Tx for every x € C, we
denote by Ty : T3 — T? the natural transformation with components (T'u), := T(j1.), and by
uT : T3 — T? the natural transformation with components (uT), := pirs.

A monad or a triple T = (T, u,n) in C consists in an endofunctor T : C — C together with
two natural transformations

p:T?> =T and n:Ilde —T

which make the two diagrams below commute:

T
T8 —L s 72 IdT T2 TId

I SN

TQL) T
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We refer to the first diagram as the associative law and to the second as the unit law. we call p
the multiplication and n the unit of the monad T. This is equivalent to saying that the monad
T is a monoid in the category of endofunctors of C with the product being the composition of
endofunctors and the unit the identity functor Ide.

Remark 2.1.12. Every adjunction
(F,G,n,e) = (F:C<=1D:G),

where 7 is the unit and e the counit, gives rise to a monad (GF,GeF,n) in C (cf. [17] section
VI.1).

Definition 2.1.13. Let T'= (T, i, 1) be a monad in a category C. A T-algebra is a pair (x, h)
consisting of an object x in C, the underlying object of the algebra, and a morphism h : Tz — x
in C, the structure map of the algebra, which make both diagrams below commute:

Th nw
T2y ——Tx r——Tx
idy
h
Ty —x X

We refer to the first diagram as the associative law and to the second as the unit law. We obtain
the category C” of all T-algebras in C by defining a morphism of T-algebras f : (x,h) — (2, 1)
to be a morphism f : x — 2 in C such that the diagram

Tl' h% X
Tfl lf
hl
Ty — 2o
commutes.

The following result provides an adjoint pair of canonical functors between a category C and
its corresponding category C” for any monad T in C.

Proposition 2.1.14. Let C be a category and (T, u,n) a monad in C. We have an adjoint pair
(F,U,6,e) = (F:C+=CT:0U),

where U is the forgetful functor and F' the free functor defined respectively by the commutative
squares

(x,h) LA and r—s (T, ps)
ft |f fL lF(f)
(‘rlv h/) }UH xl xl 'HF (TJ?/, ,UJL‘/)7

with 6 =n and e(x, h) = h for each T-algebra (x,h). In addition, the monad defined in C by the
adjunction (cf. 2.1.12) is the given monad (T, u,n).

Proof. Tt is clear that U is a functor and that the pair (Tx, p, : T(Tx) — Tx) is a T-algebra,
by the associative and unit laws of the monad 7', so that F' is indeed a functor. We then have

UFx =U(Tx, jty) =Tz, so that UF =T.
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The unit n of the given monad 7" is therefore the natural transformation n =9 : Ide — UF =1T.
On the other hand we have
FU(.I, h) = F(x) = (Txvlj'ac)a

while the associative law of a T-algebra (z, h) states that the structure map h : Tx — x is in
fact a morphism (T'x, 1) — (x, k) in CT. The resulting transformation

E@n) =h: (T, pu,) = FU(x,h) — (x,h)

is natural by definition of a morphism of T-algebras. From the unit law for the monad 7" and
the unit law for a T-algebra, we respectively obtain both commutative diagrams

TN Nax
Te ——TTx r——Tx
\ iﬂz \ lh
Tx xz,

so that by 1.1.7, § and ¢ define an adjunction. This adjunction determines a monad in C: its
endofunctor UF' is the original T, its unit ¢ the original unit n, and since its multiplication
' = UeF is such that

py = Ue(Ta, py) = Upy = fla,
it follows that /' = u is the original multiplication of T'. O

2.2 Cofibrantly generated model categories

We are now going to treat a particular kind of model category, namely cofibrantly generated
categories. As its name suggests, a cofibrantly generated model category is a category whose
model structure is completely determined by a set of cofibrations and a set of acyclic cofibrations.
From Quillen’s small object argument, that we shall establish in details, a cofibrantly generated
model category has the convenience that the factorizations of axiom (M5) become functorial.
Another advantage of such a model category is that a property which holds for its sets of
generating cofibrations and generating acyclic cofibrations usually holds for every morphisms in
that category. Most of model categories found in the literature, such as topological spaces and
simplicial sets (cf. section 3.1), are cofibrantly generated. The difficult part of the definition of
a cofibrantly generated model category is to formulate the notion of relative smallness. For this
we need to consider the following set-theoretic concepts.

Definition 2.2.1. An ordinal v is an ordered isomorphism class of well ordered sets; it can be
identified with the well ordered set of all preceding ordinals. We use the same symbol to denote
its associated category

y={0=0—-1-2—...5a—...} with a <7,

where () denotes its initial ordinal. A limit ordinal is an ordinal which is not a successor of
another ordinal. Furthermore, an ordinal k is a cardinal if its cardinality, ie. the smallest
ordinal, denoted ||, which is in bijection with &, is strictly larger than that of any preceding
ordinal. For a cardinal x and a limit ordinal 3, we say that ( is k-filtered if

ACp and Al < & S SupA < j.

As an example, for any x < oo the limit ordinal w = Xy = |N] is always k-filtered. It is worth
noting that if A is a limit ordinal, then colimq,«) = A.
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From this, we may define relative smallness, which involves the notion of transfinite compo-
sition of a ~-sequence for an ordinal ~.

Definition 2.2.2. Let C be a cocomplete category and 7 an ordinal. A vy-sequence in C is a
functor X : v — C, ie. a diagram

X0)—-X1)-X2)—... > X(a) > ... in C with a <7,

which preserves colimits; in other words it is a functor X such that for every limit ordinal
B < v the induced morphism colimqa«gX () — X(8) = X(colima<g) is an isomorphism. The
composed morphism

X (0) — colimaey X ()

is called the transfinite composition of the maps of the y-sequence.

Moreover, a morphism class I C MorC is said to be closed under transfinite composition if
for every ordinal v and every ~-sequence X : v — C with maps X(a) — X(a+ 1) in [ for all
a < v, the induced morphism X () — colim,X is also in I. In this case, and for a cardinal &,
an object A in C is said to be k-small relative to I if for every r-filtered ordinal v and every
v-sequence X : v — I, the induced set map

colima<,C(A, X(a)) — C(A, colim,X)

is a bijection, ie. an isomorphism in Set (we can effectively speak of sets here since C is cocom-
plete (cf. 1.1.11)). Finally, an object B in C is said to be small relative to I if there exists a
cardinal k such that B is k-small relative to I. In the special case where I = MorC, we simply
say that B is small in C.

Example 2.2.3. Any set is small relative to the category Set; in particular, a set A € ObSet
is | A|-small relative to MorSet.

To see this, let v be an |A|-filtered ordinal, X : v — Set a y-sequence in Set, and denote
Jo : Xoo — X1 the morphisms composing that sequence. We need to check that the set map

wa: colimaeyC(A, Xo) — C(A, colimacyXa)
is bijective. Let f: A — colima<yXo. We know that

colimacrXo = ([ Xa)/ ~,

where the equivalence relation ~ is given by
x ~ jo(x) for every a < v and every x € X,.

Then, for every a in A there is an ordinal §(a) < 7 such that f(a) € colimq<,X, is represented
by an element in Xg,), since

[{B(a)}acal < |A] .
ly that <.
{yis | A|-filtered HIPLY tha ilelgﬂ(a) 7

Define 8 := sup,c 4 #(a) < 7. Then for every a in A, f(a) is represented by an element in Xg,
so that there exists a map f’': A — Xz which fits into the commutative diagram

colima<yXa-
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It follows that ¢4 is surjective.
It remains to check the injectivity. Let g and ¢’ be two elements of colimq«,C(A, X,) with

valg) = walg') € C(A, colimacyXa).

By the same argument as above, there exists a 8 < 7 such that every va(g)(a) = ¢a(g')(a)
is represented by the same element of X3. This leads to the existence of a map ¢” : A — Xp
which fits into the commutative diagram

1" "

g Xﬁ g

A A

colima<yXa )

so that g = ¢” in colima<,C(A, X,).

The next step is to define, related to any set I of morphisms of a cocomplete category C,
three classes of morphisms I —inj, I —cof and I —cell in C. From this, we shall establish the
transfinite version of Quillen’s small object argument.

Definition 2.2.4. Let C be a cocomplete category and I C MorC a class of morphisms in C.
We define:

o [—inj := RLP(I) to be the class of I-injectives,
e [—cof := LLP(I—inj) to be the class of I-cofibrations,

e [ —cell to be the class of the (possibly transfinite) compositions of cobase changes of
morphisms in [; in other words it is the class of morphisms f : A — B in C for which there
exist an ordinal v and a y-sequence X : v — C such that X (@) = A, each X (a) — X (a+1)
is a cobase change of a morphism in I, and the composition X (0) — colimq< X (c) is
isomorphic to f. The morphisms in I —cell are called regular I-cofibrations.

Remarks 2.2.5. (1) We have
I C I—cell C I—cof.

Indeed, it is clear that I C I—cof and I C I—cell; and to verify the inclusion I —cell C I—cof,
let X : v — C be a ~v-sequence composed of morphisms f, : X, — X,41 such that for every
a < v we have a pushout square

W, — X,

T}

Za —— on—‘—la

with go € I. Then g, € I—cof = LLP(I—inj) for every a < . Applying the same argument
used to prove 1.2.11.(4), we obtain that f, is in I—cof for every o < . This means that every
commutative square

w

lg

Z,

i

Xo ——

a
Ja

Xoc+1 —_—
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with g € I —inj, has a lift 1441 : Xo41 — W. This lift fits into the commutative square
Xopq 1

fa+1i Lg
Ja+1

)(a+2 444449'22

with fo41 € I—cof = LLP(I—inj). Since g € I —inj, the above diagram has a lift o419 :
Xat2 — W which fits into the commutative diagram

la

Xog——W
fa

}(a+1

Ta+2

fa+1

Xoyo —> 7,

Ja+1
so that foy1fa isin I—cof as well. By induction, the transfinite composition Xy — colimq<,Xa
isin I—cof and the desired inclusion is verified. In particular, I—cof is closed under transfinite

composition.
(2) Since by 1.2.11 we have

Cof = LLP(FibnWE) and Cof NWE = LLP(Fib),

the argument used in (1) imply that these two morphism classes are closed under transfinite
composition as well.

Proposition 2.2.6 (the small object argument). Let C be a cocomplete category and I a set of
morphisms in C whose domains are small relative to I —cell.

(1) Any morphism f in C has a functorial factorization f = qj with g € I—inj and j € I—cell;
in other words there is a functor

(¢:5) : €7 —=C7xC7 =« frA(q,)(f) = (a(f),5(f)), (cf. 1.1.2)
such that f = q(f) o j(f) for any f € ObC™.
(2) Every I-cofibration is a retract of a regular I-cofibration.

Proof. (1) Let f: A — B be a morphism in C. Choose for each morphism ¢ in I a cardinal &;
such that the domain of i is k;-small with respect to I —cell. Let k be the smallest cardinal
which is strictly greater than every {k;};cr, and let v be a s-filtered ordinal. We are going to
define a -sequence X : v — C such that X, — X1 is in I —cell for every a < =, so that the
transfinite composition X — colim~X is in I—cell as well by definition.

Let Xo = A and Sy be the class of all pairs of morphisms (g: W — Xg=A4, h: Z — B) in
C which make the square

*g>A:X0

]

%B
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commute for a morphism i : W — Z in I. We then define X; € ObC to be the pushout, and ¢;
the induced morphism, of

s, 9
s, W —> A =X,

B
s
q1
X, X, X,.

We define S, to be the class of all pairs (g : W — X, h: Z — B) of morphisms in C which
H Xa

make the square
w
Z B

commute for a morphism ¢ : W — Z in I, and we define X, 1 to be the pushout, with induced
morphism ¢q41, of

%

1
s, W ="~ X,

s, li Lfa
qo

I_[S,l Z > Xa+1
N

with f, € I—cell and Hsai € I —cell. For a limit ordinal 3, we let X3 := colimq<3X, and
qs : Xg — B be the morphisms induced by all g,’s such that a < 5. We define j(f) to be
the transfinite composition A = Xo — colimq<yXa and ¢(f) : colimqa<yXoa — B to be the
morphism induced by the ¢,’s. We then have f = ¢(f) o j(f) since the triangle

J(

A=Xy—————>colimqcy X

NP7

commutes by construction. In addition, since X, — X441 is in I—cell for every o < , we know
that j(f) also is. It remains to show that ¢(f) is I-injective.
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In order to do this, let’s consider the commutative diagram

W —— colima<yXa

|

Z —> B

with ¢ € I. Since = is k-filtered and W is k;-small with respect to I —cell, we have a bijection
colima < C(W, Xo) = C(W, colima<yXa),

so that there is a 8 < v with a factorization

w 2 X5

o

colimey,<~Xg
<y

Finally, we obtain by construction the commutative diagram

’

w J X3

e

i Xgy1 — colimacryXo |98
Z h B

which induces the commutative diagram

g

w colima<y Xo
i Xg+1 a(f)
Z h B J

so that ¢(f) € I—inj as desired.
(2) Let f be a morphism in I —cof. From what we just proved, we have a factorization

J(f)
—

N



52 2. Monoidal model categories

with j(f) € I—cell and ¢(f) € I—inj. Since I—cof = LLP(I—inj) by definition, f has the left
lifting property with respect to ¢(f), so that we have a commutative diagram

3(f)

—_—

[ )

l a(f)
id

[

—_—

~

which has a lift s with ¢(f)s = id and sf = j(f). It follows that we have a commutative diagram

and consequently f is a retract of j(f) € I —cell as desired. ]

The idea of a cofibrantly generated model category is to have two sets I and J of cofibrations
and acyclic cofibrations which contain all the necessary information to characterize the model
structure of the category via their related injectives, cofibrations and regular cofibrations. Note
that in order to be able to apply the small object argument to such a model category, we require
I and J to be sets, and not just classes of maps as in definition 2.2.4.

Definition 2.2.7. A model category (C, WE, Fib,Cof) is said to be cofibrantly generated if it
is complete and cocomplete (ie. bicomplete), and if there exists a set of cofibrations I and a set
of acyclic cofibrations J such that

e Fib=J—iny,
o FibNWE =T—inj,
e the domain of each morphism in I (resp. J) is small relative to I —cell (resp. J—cell).

The morphisms in I are the generating cofibrations and the ones in J the generating acyclic
cofibrations.

Remarks 2.2.8. (1) By 1.2.11, it is clear that Cof = I—cof and Cof NWE = J—cof.
(2) According to the small object argument, any morphism f of a cofibrantly generated category
may be functorially factored as f = pi with

peFib, ie CofNWE and also pe FibNWE, i€ Cof.

Definition 2.2.9. Let C be a cofibrantly generated model category and 7" a monad in C. We
want to provide C* with a model category structure. In order to do this we define a morphism
in CT to be

e a weak equivalence if the underlying morphism in C is a weak equivalence,
e a fibration if the underlying morphism in C is a fibration,

e a cofibration if it has the left lifting property with respect to the class of acyclic fibrations
in CT.
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We shall now establish under which conditions the free T-algebra functor C — C* for a given
monad T in a cofibrantly generated model category C preserves the model structure of C on CT,
ie. when the model structure on CT induced from the model structure of C via the free T-algebra
functor coincide with the model structure given in 2.2.9.

Proposition 2.2.10. Let C be a cofibrantly generated model category and T a monad in C such
that its underlying functor commutes with direct limits. Let I be a set of generating cofibrations
and J a set of generating acyclic cofibrations for C. Denote by IT and JT the respective images of
I and J under the free T-algebra functor C — CT, and assume that the domains of all morphisms
in IT and JT are small relative to IT —cell and JT —cell respectively. If one of the two following
conditions is satisfied:

(1) every morphism in JT —cell is a weak equivalence,
(2) every object in C is fibrant and every T-algebra X in C has a good path object X' in CT,

then CT is a cofibrantly generated model category with IT as a set of generating cofibrations and
JT as a set of generating acyclic cofibrations for CT.

Proof. The fact that all limits and colimits existing in C also exist in CT is a consequence of
commutativity of the underlying functor 7" with direct limits, a fact about limits and colimits
we shall take for granted for the sake of continuity, so that (M;) is satisfied for CT. Axioms
(M3) and (Mj3) are clearly satisfied by definition 2.2.9. The half of (My) which requires that
cofibrations have the left lifting property with respect to acyclic fibrations is given by definition
of a cofibration in CT (cf. 2.2.9). Let’s now show (Mj).
By 2.2.9, the adjunction
U:¢T—=C:F

where U is the forgetful functor and F' the free T-algebra functor, preserves fibrations and acyclic
fibrations, so that all morphisms in I” or J7 is a cofibration in CT. This implies that

(I" —cof U J'—cof) C Cofer. ()

Since I is a set of generating cofibrations in C and the adjunction preserves fibrations and acyclic
fibrations, a morphism is in I7 —inj precisely when it is in Fiibc N W E¢, and consequently in
Fiber N W Eqr by definition, so that

I —inj = Fiber "W Eer.

By assumption, we may now apply the small object argument to obtain a (functorial) factoriza-
tion

f=npi with p € IT—inj = (Fiber "W Ecr)

and i € IT—cell C IT—cof C Cofer,

which establishes the cofibration-acyclic fibration part of axiom (M5).
The acyclic cofibration-fibration part of (Ms) needs hypothesis (1) or (2). Applying the small
object argument to J7 gives a functorial factorization of any morphism f in C* as

f=pi with i€ J —cell and pe J'—inj. ()

By preservation of fibrations and acyclic fibrations, and since J is a set of generating acyclic
cofibrations in C, from the same argument as above we obtain

JT —inj = Fiber.
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If we assume hypothesis (1); by (*) we have

J' —cell € (WEer NIT —cof) € (WEer N Cofer),
so that i € WEer N Cofer and p € Fiber in factorization (xx). If we now assume hypothesis
(2) and let the morphism i : X — Y of (x*) be in J? —cof, what remains to show is that i is

a weak equivalence in C”, or equivalently that i is a weak equivalence in C. Since X is fibrant
and Fiber = JT —inj, we obtain a retraction r of i by lifting in the commutative square

1]

By hypothesis (2), Y possesses a good path object Y/, and since i € LLP(IT —inj = Fiber),
the commutative square

H

<<

P

has a lift H, so that idy is right homotopic to ior via H. Therefore, idy = ior in the homotopy
category Ho(C). Finally, since a morphism in C is a weak equivalence if and only if it is sent
by 7 on an isomorphisms in Ho(C) (cf. 1.4.11), this shows that ¢ is a weak equivalence in C, or
equivalently in CT, so that axiom (Mj5) is proven.

It remains to prove the other half of (My), ie. that any acyclic cofibration f : A < B has
the left lifting property with respect to Fibor, or equivalently that

Fiber "\WEer C J¥—cof  since  Fiber = JT —inj.

The small object argument provides a factorization

A—sw—L5B,  of f with i€ JT—cell C WEern(IT—cof)

~

and p € J'—inj = Fiber.

In addition, p is a weak equivalence since f is. It follows that the commutative square
T W
B B

has a lift, so that f € JT —cof as desired. O

s

H
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2.3 Monoidal model categories

We are now going to combine the structure of a model category with the algebraic structure
of a closed symmetric monoidal category. These two structures have to be compatible in a
way expressed by the pushout product axiom and the unit axiom. The pushout product axiom
guarantees that for cofibrant objects the tensor product is an invariant of the weak equivalences,
so that it becomes a product in the homotopy category. The unit axiom is especially impor-
tant when dealing with the homotopy category of a monoidal model category. It ensures that
the monoidal structure on the model category induces a monoidal structure on the homotopy
category.

In certain situations, a third axiom, namely the monoid axiom, may also be required. This
third axiom is a crucial ingredient for lifting the model category structure to monoids, modules
and algebras.

Definition 2.3.1. A model category C is a monoidal model category if it is a closed symmetric
monoidal category (C,®,1) which satisfies the following axioms:

o (pushout product axiom): If f: A — B and g: X — Y are cofibrations, then the induced
morphism
Aoy \/ Be X — BoY
A®X

is also a cofibration. If in addition f or g is a weak equivalence, then so is the induced
morphism.

o (unit aziom): If ¢ : 1° = 1 is a cofibrant replacement of the unit object, ie. 1¢ is cofibrant
and ¢ € WE, then for any cofibrant object A the morphism

qRida:1°0A — 1QAX=A
is a weak equivalence.

Definition 2.3.2. If (C,®, 1) is a monoidal model category and I a class of morphisms in C,
we denote by I ® C the class

I®C:={A®Z—-B®ZecMorC|(A— B)el, ZecObC}.
Then C satisfies the monoid axiom if
(WENCof)®Cl—cell C WE.

Remark 2.3.3. In the special case where every object in C is cofibrant, the monoid axiom is a
direct consequence of the pushout product axiom: The fact that ® preserves colimits in each of
its variables implies that the initial object () € ObC acts like a zero for the tensor product in the
sense that

ARD) 2 ) =2 0®B.

With this, the pushout product axiom says that for any acyclic cofibration A — B and for any
object Z in C (which is cofibrant), the induced morphism A ® Z — B ® Z is also an acyclic

cofibration, so that
(WENCof)®C] € WENCof C WE.

Since the class WE N Cof is closed under cobase change and transfinite composition (cf.
1.2.11.(4) and 2.2.5.(2)), we obtain

[(WENCof)®Cl—cell € (WENCof)—cell = WENCof C WE,

so that the monoid axiom is verified.
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In case a monoidal model category is cofibrantly generated, we saw that the fibrations can
be detected by checking the right lifting property against a set of maps (the set of generating
acyclic cofibrations) as opposed to the whole class of cofibrations. A similar idea holds for the
pushout product and the monoid axioms as well.

Proposition 2.3.4. Let (C,®,1) be a cofibrantly generated model category endowed with a closed
symmetric monoidal structure.

(1) If the pushout product axiom holds for a set of generating cofibrations and a set of gener-
ating acyclic cofibrations, then it holds in general.

(2) If (J®C)—cell € WE for a set of generating acyclic cofibrations J, then the monoid
axiom holds in general.

Proof. (1) Let’s consider a morphism ¢ : A — B in C, and denote by G(i) the class of all
morphisms j : K — L in C for which the pushout product

p: (A®L)Vagr (BRK)—B®L

is a cofibration. From the adjunction between the tensor product functor Z ® — and the Hom
functor [Z, —] for any object Z in C, p has the left lifting property with respect to a morphism
f: X — Y if and only if j has the left lifting property with respect to the morphism

q: [B,X] —_— [B,Y} X[A,Y] [A,X]

Therefore, a morphism is in G(4) if and only if it has the left lifting property with respect to ¢
for every morphism f : X — Y in WE N Fib. By 2.2.5.(1) and an argument as in 1.2.11.(4),
this implies that G(4) is closed under cobase change, transfinite composition and retracts. If
i: A — B is a generating cofibration, G(i) contains by assumption all generating cofibrations,
so that
Cof C G(i)

by the closure properties and the small object argument. If again we use the same argument
after reversing the roles of ¢ and an arbitrary cofibration j : K — L, we obtain

Cof € G(j),

so that the pushout product axiom is proven for two arbitrary cofibrations. The same argu-
ment can be used to show that the pushout product is an acyclic cofibration when one of its
constituents is.
(2) By the small object argument, every morphism in WE N Cof is a morphisms in J—cell.
Thus every morphism in
[(WENCof)®C] — cell

is a retract of a morphism in (J ® C)—cell, ie. of a weak equivalence, so that the monoid axiom
is satisfied by axiom (Ms3). O

2.4 Algebras and modules in monoidal model categories

In this section, we establish the main two results of the chapter. The first one shows under which
conditions the subcategories of modules and algebras of a cofibrantly generated monoidal cate-
gory are cofibrantly generated, while the second result establishes some categorical equivalences
between their homotopy categories. In order to do this, we first need to state how the three
classes of morphisms that are fibrations, cofibrations and weak equivalences must be defined for
the model structures to be preserved. This is done in the following way.
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Definition 2.4.1. Let C be a monoidal model category. In the category Monc, the categories
rMod and Modpg for a fixed monoid R in C, and the category Alggr for a fixed commutative
monoid in C, a morphism is defined to be:

o a weak equivalence if it is a weak equivalence in the underlying category C,
e a fibration if it is a fibration in the underlying category C,

e a cofibration if it has the left lifting property with respect to the set of all acyclic fibrations.
In particular, a morphism which happen to be a cofibration in the underlying category C
is a cofibration.

With this structure, the categories mentioned in 2.4.1 are model categories according to the
following result.

Theorem 2.4.2. Let (C,®,1) be a cofibrantly generated monoidal model category. Suppose that
every object in C is small relative to the whole category and that the monoid axiom is satisfied.

(1) For a fixed monoid R in C, the categories rMod and Modg are cofibrantly generated
model categories.

(2) For a fized commutative monoid R in C, the category (rRMod,®g, R) & (Modg, ®gr, R)
18 a coftbrantly generated monoidal model category satisfying the monoid aziom.

(8) For a fized commutative monoid R in C, the category Algr is a cofibrantly generated model
category.

Proof. (1) By 2.4.1, the unit axiom is trivially verified for gMod and Modg. Consider the
endofunctor T, : C — C defined on objects by Tr(M) = M ® R and on morphisms by Tr(f) =
f ®idgr. This functor has a monad structure

TR = (TRa HUR, 77R)

whose multiplication and unit morphisms pr and ng are induced by the multiplication p and
the unit 7 of the given monoid R. After unrolling the definitions, it becomes clear that the
category Modp of right R-modules is precisely the category C*% of Tr-algebras. Defining I to
be a set of generating cofibrations, J a set of generating acyclic cofibrations for C, and 17, JT
their respective images under the free algebra functor Tz, we obtain from the assumed monoid
axiom for C that

JT'—cof € WEe¢ = WEModp, sothat  JT —cell € WEe = WEpMody-

This allows to apply 2.2.10 and obtain the desired result for the category Modg of right R-
modules. The same argument using the functor g7 : C — C defined by

RT(M)=R&@M and pT(f)=idr® f

establishes the corresponding result for left R-modules.

(2) From (1) we know that Modp, is a cofibrantly generated model category, and from 2.1.8
that (Modg, ®g, R) has a closed symmetric monoidal structure. The unit axiom is trivially
satisfied by definition 2.4.1. By 2.3.4, it remains to check the pushout product axiom and the
monoid axiom for a set of generating cofibrations Ir and a set of generating acyclic cofibrations
Jg for Modg. Let Ir = I" and Jgr = JT as in (1). Then every generating cofibration in Ig is
of the form

idp®f: ROA— R®B
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for a cofibration f : A — B in C (in fact for f in the set of generating cofibrations I of C by
2.2.10). For the pushout product of two such maps, let’s say

idpr®f: R®¥A— R®B and drp®g: R®X — RQY,
we obtain
(R A)®r (R®Y) V(R@A)@R(R®X)(R® B)®r(R®X) ——= (R®B)®r (R®Y),
which is in fact a generating cofibration
R (ARY)Vpguex) R®(B®X) —=R®(B®Y)  inlp,
induced by the cofibration
ARQY V ox B®X ——=B®Y inC

(the latter being the pushout product of the cofibrations f and ¢ in C). This, together with
the same argument applied to the set of generating acyclic cofibrations Jg, verifies the pushout
product axiom for Ig, Jg, and consequently for Modg.

Let’s now check the monoid axiom. As J is the arbitrary set of generating acyclic cofibrations
in C chosen in (1) as above, Jg consists of morphisms

f®idp: AR— B®R
for morphisms f: A — B in J, so that we have the inclusion
Jr®@r Modr C J®C.
From the fact that the forgetful functor U : Modr — C preserves colimits, we obtain
(Jr @ Modg)—cell C (J®C)—cell € WE: = WEModg,

so that the monoid axiom is verified for Modpg.

(3) From (2) we know that (Modg,®g, R) is a cofibrantly generated monoidal model cate-
gory satisfying the monoid axiom. If 1 is cofibrant in C, the morphism f : ) — 1 is a cofibration
in C so that the induced morphism

idp@f: R0=0—R®1=R

is a cofibration in Modg, and consequently R, the unit for ®p, is cofibrant in Modg. From this
observation, and for the sake of simplifying the notations, we may identify the category Algr of
R-algebras (ie. of monoids in Modg) with the category Monc of monoids in C.

Let’s consider the free monoid functor T¢ : C — Mon¢ defined by

To(X) =[x =1][X[[xeX) [[xexeox)]]....

neN

with multiplication given by juxtaposition, ie. by
Te(X) @ Te(X) = HmZO XM ano xen = Hm,nZO Xem @ xon mull szo xen,

with
multf(z1®...02n) (N ®...0Y,)] = T1Q...0Tn QY1 ® ... Yn.
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Since T¢ is left adjoint to the forgetful functor Ue : Mon¢e — C (cf. [17] Chap.VII Thm.2), T¢
is a monad in CT¢ with CTe = Mone.

We now want to check the conditions of 2.2.10 in order to prove that the category CT¢ =
Mon¢ is a cofibrantly generated model category. Because the monoidal product ® is closed
symmetric, ® commutes with colimits, so that the underlying functor of the monad Tz commutes
with colimits as required for 2.2.10. Since every object in C is small relative to MorC, it follows
that every object in Mon¢ is small relative to MorMone. What remains to show is condition
(1) of 2.2.10 that every regular T¢(J)-cofibration, for a set of generating acyclic cofibrations of
C, is a weak equivalence. This however is a direct consequence of lemma 6.2 in [20]. O

Definition 2.4.3. Let f : R — S be a morphism of monoids in a monoidal category (C,®,1).
The restriction of scalars of f is the functor

Resy: Mods — Modgr : M — Res;(M), g+ Res¢(g)
which sends an S-module M to itself viewed as an R-module via the multiplication
m-r:=m- f(r),

and consequently a morphism g of S-modules to its obvious restriction to R-modules.
Moreover, the extension of scalars of f is the functor

Exty: Modr — Mods : M — Exty(M) =M ®r S, g— Exts(g)
which sends an R-module M to the S-module M ®z S with multiplication
(m®s) s =mess,

and consequently a morphism g of R-modules to its obvious extension to S-modules.
It turns out that these two functors form an adjoint pair

Exty : Modg <= Mods : Resy.
This holds for right modules as well (with the appropriate side modifications).
Theorem 2.4.4. Let (C,®,1) be a monoidal model category and R a monoid in C.

(1) Suppose that for any cofibrant left R-module N the functor —@r N : Modr — C preserves
weak equivalences. Then, for a weak equivalence R = S in Monc, the total derived
functors of restriction and extension of scalars induce equivalences of categories

Ho(Modpg) = Ho(Modg).

(2) Dually, suppose that for any cofibrant right R-module M the functor M@g—: pMod — C
preserves weak equivalences. Then, for a weak equivalence R = S in Mone, the total
derived functors of restriction and extension of scalars induce equivalences of categories

Ho(rMod) = Ho(sMod).

(3) Suppose that R is commutative, that 1 is cofibrant in C and that for any cofibrant left
R-module N the functor — @r N : Modg — C preserves weak equivalences. Then, for a
weak equivalence of commutative monoids R = S, the total derived functors of restriction
and extension of scalars induce an equivalence of categories

Ho(Algr) = Ho(Algs).
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Proof. (1) For the weak equivalence f : R = S, we have an adjoint pair
Exty : Modr <= Mods : Resy. (%)

Since all weak equivalences and fibrations are defined in the underlying category C, it follows that
Resy preserves fibrations and acyclic fibrations. By assumption, for the cofibrant left R-module
N, the morphism
id
N R®pg M S®r N

is a weak equivalence. Thus, for a fibrant left S-module Y which fits into
——=N=XR@r N ——>SQ@r N ——=Y —*,

a R-module morphism N — Y is by (Ms) a weak equivalence if and only if its adjoint S-module
morphism

S@r N ——Y

is a weak equivalence. The pair (x) is therefore a Quillen equivalence and an application of
theorem 1.5.12 yields the desired result.

(2) The argument is the same as above.

(3) Using the fact that cofibrant R-algebras are also cofibrant as R-modules by 2.4.2, the
same argument shows the desired result. O



Chapter 3

Equivalences of monoidal model
categories

In chapter 2, we saw under which conditions it is possible to extend the model structure of a
cofibrantly generated monoidal model category to the underlying categories of monoids, modules
and algebras. The goal here is to construct functors between these categories, and to use them
in order to establish Quillen equivalences between the categories of N-graded rings, modules
and algebras with their corresponding simplicial categories. This motivates the introduction of
simplicial and cosimplicial categories, as well as the study of the correspondence there is between
simplicial abelian groups and chain complexes of abelian groups.

In section 3.1, we start by providing a brief introduction to simplicial categories, of which
simplicial set and simplicial abelian groups are special cases. This will lead, in section 3.2, to the
study of the relation there is between simplicial abelian groups and N-graded chain complexes
via the normalizing functor N : sAb — Ch*. We shall then introduce monoidal functors and
monoidal natural transformations, before studying the particular examples that are the shuffle
and the Alexander-Whitney maps. In section 3.3, we proceed to the construction of various left
adjoint functors to the right adjoint of a weak Quillen equivalence. We will use these functors
to establish the desired Quillen equivalences.

3.1 Simplicial categories

We give here the definition of simplicial and cosimplicial categories and state few fundamental
examples we will be using later. For any given category C, we may form its simplicial category
sC and its cosimplicial category cosC of all the contravariant, respectively covariant, functors
from a fixed small category, namely the delta category A, to C. We first need define the delta
category.

Definition 3.1.1. Let [n] denote the ordered sequence (0,1, ...,n) for every n € N={0,1,...}.
The A category is the category whose objects are every [n] with n € N, and whose morphisms
are given by

A(lm],[n]) :={f:[m] = [n] | i <j= f(i) < f(j)}  forevery m,neN.

61
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Among them we define the maps

. J if j <1, .
57;2 -1 b 51 = f 0< < )
n-t =l by aG) {j+1 S e osisa
. £ <
o;:[n+1] — [n] by oi(j) = j 1]_2’ for 0<i<n.
ji—1 ifj>1,

Remarks 3.1.2. (1) The above ¢;’s and o;’s satisfy the following conditions:

0j0; = 03051 for i<y,
0j0; = 0041 for i <j,
0j0; = 0;05-1 for i <j,
0j0; = 0;-10; for i>j5+1,
0:0; = id = 0;0;41 for all 7>0.

(2) We can see that for f € A([m], [n]) with f # id|,,,), for every elements 0 <i, < ... <i; <n
in [n] which are not in I'm(f) = f([m]), and for every elements 0 < j; < ... < j; < m of [m]
which satisfy f(ji.) = f(ji, + 1), we have a unique factorization

with n—t+s=m.

fzéil...disajl...ajt

In particular, the set
{oi | 0<i<njuU{o; [0<j<m}

generates A([m], [n]).

These generating maps are essentials to consider, as they determine the structure of each
object in simplicial and cosimplicial categories.

Definition 3.1.3. Let C be a category, and consider the category C2” (cf. 1.1.2 and 1.1.5) of
all functors A°? — C whose morphisms are all the natural transformations between them. For
a given functor F' : A°? — C, we define the faces d; := F(J;) and the degeneracies s; := F(o;),
which by 3.1.2 satisfy the following conditions:

did; = d;_1d; for i< j,
8i8j = 8j4+15; for i<y,
dis; = sj—1d; for i< j,
dis; = sjdi—1 for i>j5+1,
d;s; = id = d;y15; for all ¢>0.

We call sC := C2"" the simplicial category of C; its objects are of the form

do,d1 do,d1,d2  do,d1,d2,d3
V2N ST V2N
F = F. . FO Fl F2 F3 ........ )
N~ T N7 N7
So 80,81 80,851,852
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in C with F, = F([n]), they are called simplicial objects of C in sC; and its morphisms f :
F — F’ are collections {f;}ren of morphisms fi : F, — F}, in C commuting with the faces and
degeneracies, ie

Jedi =difk+1 and  fisi = 8ifr-1,

they are called simplicial morphisms of C in sC. Furthermore,
o the elements of Fj, for k > 0 are the k-simplices or the simplices of F' of dimension k,

e the simplices  of F' which can be written as x = s;y for a simplex y and a degeneracy s;
are said to be degenerated; all others simplices are non-degenerated.

Dually, we may consider the category C* of all functors A — C whose morphisms are all the
natural transformations between them. For a given functor G : A — C, we define the cofaces
d' := G(6;) and the codegeneracies s7 := G(c;), which by 3.1.2 satisfy the following conditions:

dd =d'd"  for i<j,
sist = stsI Tl for i<y,
ddt=dis’7t for i<,
Sdt=d1s for i>j5+1,
s'dP = id = s'd't! for all ¢>0.

We call cosC := C? the cosimplicial category of C; its objects are of the form

$0 80751 50,51,52
PZamm N PZam N PZamm N
G=G*: GO Gt G? G3 .. ’
N T SN T SN 7
d°,d* d°,d*,d®>  d°,d',d?,d®

in C with G™ = G([n]), they are called cosimplicial objects of C in cosC; and its morphisms
g : G — G’ are simply collections {g¥}xen of morphisms g* : G¥ — G’* in C commuting with
the cofaces and codegeneracies, they are called cosimplicial morphisms of C in cosC. Finally,

e the elements of G* for k > 0 are the k-cosimplices or the cosimplices of G of codimension
k,

o the cosimplices 2 of G’ which can be written as = d’y for a cosimplex y and a coface d
are said to be codegenerated; all others cosimplices are non-codegenerated.

Remarks 3.1.4. (1) From remark 3.1.2.(2) above, it is clear that for any morphism f in A°P
we have
F(f) = Sj; .- '8j1dis .. 'dil;

and dually for any f in A A o ]
G(f)y=d"...d=s/ ... ¢,

(2) Any simplex x in F can be written uniquely as
Xr = Sj'r' e Sjly,

with a non-degenerated simplex y and degeneracies indexed by 0 < j; < ... < j,, and dually for
a cosimplex z in G.

This directly leads to the definitions of simplicial and cosimplicial sets.
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Example 3.1.5. We may of course apply the definitions of simplicial and cosimplicial categories
to the most usual categories such as

e Set whose simplicial category sSet is the category of simplicial sets and whose cosimplicial
category cosSet is the category of cosimplicial sets,

o Ab whose simplicial category sAb is the category of simplicial abelian groups and whose
cosimplicial category cosAb is the category of cosimplicial abelian groups.

A fundamental example of a simplicial set is A[n]. It is often used in the construction of
other simplicial or cosimplicial sets, such as the nerve of a category defined below.

Example 3.1.6. Let n € N. We define the simplicial set A[n] € ObsSet to be the functor
Aln] : A% — Set defined on objects of A°P by

and on morphisms f : [m] — [m/] in A° by
AR](f) = A(m'], [n]) = A([m],[n]) = g gof.
The faces and degeneracies are explicitly given by
d; = An](6;) : Anlm — An)pm_1 : f— fod;
and si = An)(o;) : Anlm — Anjmsr : f— foo;.

Moreover, we can identify each morphism f € A([m],[n]) = (A[n]m) with its image Im(f) =
f([m]) in order to see an m-simplexe of A[n| as a sequence

f=1(ag,...,am) with a; = f(i) and 0<a; <...<a;, <n,
so that the faces and degeneracies act on simplices by
di(ag, .-y am) = (a0, -« s Qim1,Ait1, -+, Am)s
and 8i(ag, -y am) = (A0, -+ 5 Qi iy Qi 1y ooy Q).
Consequently,
Anlym ={(a0, .- am) | 0<a; < ... <ay <n with a; € N},

where the non-degenerated simplices are given by the sequences without repetitions. Since every
element of Aln|] can be obtained after applying faces and degeneracies to [n] = {0,...,n} €
A[n],, we refer to Aln] as the free simplicial set generated by [n].

Example 3.1.7. We can see [n] € A[n],, as a category whose objects and morphisms are given
by
Obn] ={0,1,...,n} and n](t,7) ={tij:i—j|i<jand t,; =id;}

respectively. For any small category C, we define the nerve of C to be the simplicial set N'(C) :
A°P — Set defined on objects and morphisms by

N(C)([n]) = Cat([n],C),
N@E)(f?) « Cat([n'],C) — Cat([n],C) : g—gof,

where Cat denotes the category of small categories and functors between them. Consequently,
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« N(C)o = Cat([0],C) = O,
e N(C); = Cat([1],C) = MorC,

e N(C)s = Cat([2],C) = {e ERFEAN | f,9 € MorC}, ete.
In particular, if C is cocomplete, we may see each N(C),, as an n-sequence in C.

We end this section with a fact that will be used to define the I' functor in the next section
(cf. 3.2.2.(2)).

Remark 3.1.8. Any functor F : C — D induces a functor

sF: sC— 8D : Ag={An}neny — sF(4s) = {F(An)}nen
(di . An i An—l) = (F(dl) : F(An) - F(An—l))
(sitAn = Anp1) — (F(si) : F(An) — F(Any1)),

which acts the obvious way on MorsC.

Examples 3.1.9. (1) For the forgetful functor U : Gr — Set, sU is simply the functor that
forgets the group structure in each level, and similarly for U : Ab — Set or other common

algebraic structures.
(2) We define the functor

<—>: Set - Ab : X —»<X> = @Zx
rzeX

to be the functor which to each set X associates the free abelian group it generates. In that case
s<—>: sSet — sAb : K¢ s <Kq>,

where s < K¢ >, = @zeK” Zx = <K, >.

3.2 Chain complexes and simplicial abelian groups

We are now going study the correspondence between chain complexes and simplicial abelian
groups. The goal here is not to enter too much into the details of the results given, but rather to
understand the constructions (any good book on simplicial categories, such as [7], will provide
the reader with proofs). There is in fact a categorical equivalence between the category sAb of
simplicial abelian groups and the category Ch* of N-graded chain complexes of abelian groups.
It is given by the functors N : s.Ab — Ch™ and I : Ch™ — s.Ab as defined below.

Definition 3.2.1. Let A € ObsAb be a simplicial abelian group with faces d; and degeneracies
s;. The (ordinary) chain complex C A of A is the non-negative chain complex (A, d,) defined
in each degree by (CA), = A, with differentials being the alternative sums of the faces, ie.

d =dy =Y (-1)'d; : (CA)y — (CA)p_1.
i=0
This chain complex has a canonic subchain complex DA, called the complex of degenerate sim-
plices, defined in each degree (DA), to be the (abelian) subgroup of A,, = (C'A),, generated by
all degenerate n-simplices in A,,. From this, we define the normalized chain complex N A to be
the quotient chain complex of C'A with DA, given in each degree as the abelian group

(NA)p = (CA)n/(DA)n

with the obvious quotiented differencial maps.
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The category of differential non-negatively graded (or N-graded) chain complexes of abelian
groups will be denoted Ch™.

Remarks 3.2.2. (1) It is clear by definition that DA is acyclic, so that the canonical projection
CA — NA is a quasi-isomorphism, ie. an isomorphism in homology.

(2) From the above definition, we have a normalization functor N : sAb — Ch™, between the
category of simplicial abelian groups and the category of non-negatively graded chain complexes
of abelian groups. It is an equivalence of categories whose inverse I' : Ch™ — s.A4b can be defined
on a complex C in Ch™* by

(IC), =ChT(NA™,C)  with NA"™:= N(s <Aln]>).
The corresponding isomorphisms 74 : A - I'INA and ¢ : NI'C — C are defined by

A,>a — (Na: NA"+— NA) € (INA),
and  T(ec) =nps: INTC —TC

respectively, where @ : A[n] — A is the unique morphism of simplicial sets which sends the
generating n-simplex of Aln] (cf. 3.1.6) to a € A,,.

In addition, from the usual tensor product ®z for abelian groups, we may define symmetric
tensor products on the categories Ch™ and s.Ab.

Definition 3.2.3. The tensor product of two positive chain complexes of abelian groups C' and
D is defined from the usual tensor product of abelian groups by

(C® D), = @ Cq @ Dy,
pt+q=n

with differentials given on homogeneous elements by the formula
dz®y) = deoy + ()" zedy,

where |z| denotes the dimension of . On the other hand, the tensor product of simplicial abelian
groups is defined dimensionwise, ie.

(A® B),, := A, ® By, and d(z ®y) := dx ® dy.

Remarks 3.2.4. (1) Both tensor products are symmetric monoidal. Their symmetry is clear,
the respective unit objects are

e the free abelian group of rank one (ie. Z) viewed as a complex concentrated in degree zero
Z[0]: 0—7Z—0,

e the free abelian group of rank one (ie. Z) viewed as a constant simplicial abelian group,
ie. the simplicial abelian group which is isomorphic to Z in each level and whose faces and
degeneracies are the identity morphism of Z in Ab,

the associativity and unit morphisms for Ch™ and s.Ab are the obvious ones, the commutativity
isomorphism for s.A4b is the obvious one, and the commutativity isomorphism for Ch* is given
by the formula

7op: C®D - DRC : z@y— (-1)FWy gz

(2) The unit objects of the categories s.Ab and Ch't are preserved under the normalization
functor N and its inverse I'. However, the equivalence of categories given above by N and I'
does not send one tensor product to the other.
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Before introducing the shuffle and the Alexander-Whitney maps, it is worth knowing what
a monoidal functor is. We then provide few remarks that will be useful for understanding the
constructions of the next section.

Definition 3.2.5. A (lax) monoidal functor F = (F,p,u) @ (C,®,1) — (D,A,1") between
monoidal categories (C,®,1) and (D, A,1’) is an ordinary functor F : C — D equipped with a
unit morphism g : 1’ — F(1) and natural morphisms

vap: FANFB — F(A® B) in D for every objects A, B in C,

which make the following three diagrams commute for every objects A, B,C in C:

(FANFB)AFC of FAA(FBAFC)
onid idAp
F(A® B)AFC FANF(B®C)
@ @

Fl(A®B)C)— % pag(BeO)
"AFA FA FANY FA
;L/\idl LFA id/\ut ‘/Fp
FIANFA—2>F(1® A) FANF1—2>F(A®1).

A monoidal functor (F, e, ) is strong monoidal (resp. strict monoidal) if the morphisms p and
©a,p are isomorphisms (resp. identities). It is clear that the composite of monoidal functors is
monoidal.

Moreover, for a monoidal functor (R,p,u) : (C,®,1) — (D, A,1") between monoidal cate-
gories, and assuming R has a left adjoint L : D — C, we consider the adjoint i : L(1") — 1 of p
and the canonic morphism @4 g : L(AA B) — LA ® LB adjoint to the composite

$LA,LB

ANB—2SRpAARLB 2 R(LA® LB),
which can equivalently be defined as the composition

§(TIA nB) §(¢LAwLB)

AQLB
)L

¢ap: L(AAB L(RLAA RLB LR(LA® LB LA® LB,

where 7 and ¢ respectively denote the unit and counit of the adjunction. In this case, R is said
to be a (lax) comonoidal functor.
Furthermore, a (laz) monoidal natural transformation

T (F,QD,M)—)(G,’(/J,V) : (Cv®>1)_)(D7/\711)

between two monoidal functors is a natural transformation 7 : F' — G between the underlying
ordinary functors F' and G such that the diagrams

FAANFB—Y—>F(A® B) I —E>F(1)

TAATBL TAABL

GANGB —2>G(A® B) 1 —2=G(1),
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for every objects A, B in C, commute in D. The composite of monoidal natural transformations
is natural as well.

Finally, in the dual case of natural transformations between comonoidal functors, we talk
about (lax) comonoidal natural transformations.

Example 3.2.6. If (C,®,1) is a symmetrical monoidal category, the endofunctors X ® — and
—® X for any monoid (X, px,nx) in C are monoidal. To see why, it suffices to define the maps
wa,B as the composites

= px ®id

(X®A)@XeB) — (X0X)®(A®B) X©(Ae B),

and similarly for — ® X. The required diagrams effectively commute from the associativity of
px. In particular, if the monoid X is commutative, the endofunctors

M@X_ : (MOan®XaX)%(MOdX7®XaX)
and —@xM : Modx,®x,X) — (Modx,®x,X)

are monoidal for any X-module M.

Definitions 3.2.7. Let A and B be simplicial abelian groups. We call shuffle maps the mor-
phisms in Ch™* defined by

V=Vap: CAQCB—-C(A®B) : a®b»—>V(a7b):ngn(u,l/)~sl,a®s#b

v

on simplices a € A, and b € B, whose image V(a®b) is in Cp14(A® B) = Aptq @ Bpiq, where
the sum is taken over all (p, q)-shuffles, that is, permutations of the set

{0,...,p+q—1}

which leave the first p elements and the last ¢ elements in their original order, ie. a (p, ¢)-shuffle
is of the form

() = (1, - s fhpy V1 - - - Vg) with  p <... <y
and v <...<vy,

and the associated degeneracies are given by
sub = Spp - EN) and 8,0 = Sy, ... 5y, Q.

On the other hand, we define the Alezander- Whitney maps to be the morphisms in Ch™ defined
by
AW =AW, p: C(A® B) - CA®CB : a®@b— B d’(a)® d(b)
ptg=n
on n-simplices a € A, and b € B,,, where the front face d” : A,., — A, is induced by the
injective monotone morphism

o7 pl = [p+gq] : i—1 in A%,

and the back face di : B,y, — By is induced by the injective monotone morphism

g —[p+q : i—p+i in A%,
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If we consider all V4 g and AWy p for every objects A and B in s.Ab, we obtain natural
transformations

V: sAbx sAb — MorCht : C(-)®C(-) — O(—® —),
and AW : sAbx sAb — MorCh™ : C(—® —) — C(—) ® C(-),

that we call shuffle map and Alexander- Whitney map as well.
Finally, for the inverse functor I' : Ch™ — sAb of N (cf. 3.2.2), and for every objects C, D
in Ch*, we will denote the morphism

p=wcp: IC®TD—-T(C®D,) in sAb
to be the composite

I'C®I'D——INITC®I'D)——T[N(I'C)® N(I'D)]

A
N(rcerb) F(AWI"C’,FD

——=T(CeD),

T(eg®
where 77 and € are respectively the unit and counit of the adjoint pair
N: sAb <= Ch" :T.

Remarks 3.2.8. (1) The shuffle map is a monoidal natural transformation whose unit map is
the unique chain complex morphism

n: Z[0] — C(Z)

which is the identity in dimension 0. Consequently, the Alexander-Whitney map is its corre-

sponding comonoidal transformation whose unit is 77?.

(2) Both V and AW preserve the subcomplexes of degenerate simplices, so that they induce
maps

VN=vViz: NA® NB— N(A® B)
and  AWN =AW} z: N(A® B) - NA® NB,

on objects A, B in sAb, for which we shall also use the same names if the context is clear.
These restricted natural transformations are again monoidal and comonoidal respectively, and
the corresponding restricted unit morphisms are isomorphisms.

(3) For each simplicial abelian groups A and B, the composite morphism

AWpspoVap: CARCB - CA®RCB
differs from id(cagcp) only by degenerate simplices, so that
AWY p oV g =idyagn) : NA® NB— NA® NB.
The other composites
VapoAWap: C(A®B) - C(A®B) and VY poAWYp: N(A® B) - N(A® B)

are naturally chain homotopic to the identities idc(agp) and idy(agp) respectively. In partic-
ular, all four morphisms

AWA7BOVA7B, AW,Q{BOVXBa VA7BOAWA7B and VX,BOAWA\{B

are quasi-isomorphisms of chain complexes.
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(4) The shuffle maps V and V¥ are also symmetric in the sense that for any objects A and
B in sAb, the square diagrams

sym sym

CA®CB CB®CA NA® NB NB®NA

VA,Bi VA,BL VQ,BL Vf,Bl

C(A® B)——=C(B® A) N(A® B) ——= N(B® A)
C(sym) N(sym)

commute, where sym is the obvious symmetry isomorphism of either simplicial abelian groups
or chain complexes. That is not the case however for AW and AWM.

(5) The functor T is not symmetric monoidal since the Alexander-Whitney map AW, and
consequently the morphism ¢ as in 3.2.5, is not symmetric. However, we can turn the comonoidal
structure on the normalization functor AW given by the Alexander-Whitney map into a
monoidal structure on the adjoint functor I" by defining

wcp: I'C®I'D — F(C@D)
to be the composite

rc oD LN e o TD) AN (re) @ N DT 1

C® D).
for every chain complexes C' and D.

(6) For all simplicial abelian groups A = I'C' and B = I'D, being via I' the images of chain
complexes C' and D, the normalized Alexander-Whitney map AW}X p is surjective. It follows,
since the unit 7 and counit € of the (N, T')-adjunction are isomorphisms (N and I' are inverse of
each other), that the morphism ¢ p is a surjection as well.

3.3 Equivalences between categories of algebras and mod-
ules

In this section, we shall introduce the notions of weak and strong monoidal Quillen equivalences
between two monoidal model categories. A weak monoidal Quillen equivalence provides the
basic properties necessary for lifting Quillen equivalences between given categories to their cor-
responding categories of monoids and modules. The right adjoint functor of such an equivalence
being monoidal, we shall construct various induced left adjoints on the corresponding categories
of monoids and modules. This will lead to the main result of the chapter (cf. 3.3.8).

Before going into the definition of weak monoidal Quillen equivalences, we first need to define
the notion of Quillen invariance.

Definition 3.3.1. Let C be a model category, D a category, and let
L:C«<=D:R

be an adjoint pair. An object of D is a cell object if it can be obtained from the initial object
() of D by a (possibly transfinite) composition of cobase changes of morphisms of the form L(f)
for cofibrations f in C. We say that the functor R creates a model structure if the following two
conditions are satisfied:
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e the category D supports a model structure in which a morphism f : X — Y is a weak
equivalence, resp. a fibration, if and only if the morphism R(f) is a weak equivalence,
resp. a fibration, in C,

e every cofibrant object in D is a retract of a cell object.

Now suppose that (C,®,1) is a monoidal model category such that the forgetful functors
Mody — C and aMod — C, for all monoids A in C,

create model structures. We say that right Quillen invariance holds for C if for every weak
equivalence f : R — S of C-monoids, the restriction and extension of scalars along f induce a
Quillen equivalence

Exty =—QprS : Modr <= Mods : Resy,

and that left Quillen invariance holds for C if for every weak equivalence f : R — S of C-monoids,
the restriction and extension of scalars along f induce a Quillen equivalence

Exty =S ®p— : pMod <=5 Mod : Res;y.

Remarks 3.3.2. (1) A typical example of the creation of a model structure occurs when the
model category structure on C is cofibrantly generated.
(2) A sufficient condition for right Quillen invariance in C is that, for every cofibrant right
R-module M, the functor
M ®gr—: gMod — C

preserves weak equivalences in C; and similarly for left Quillen invariance.

Definition 3.3.3. A weak monoidal Quillen pair between monoidal categories (C,®,1) and
(D, A, 1) consists of a Quillen pair

L: D<C R
with a (lax) monoidal structure
oxy : RXANRY - R(X®Y), v:1 — R(1)
on the right adjoint R, such that the following conditions are satisfied:
e The comonoidal morphisms
pap:LANB) - LA®LB, for every cofibrant objects A and B in D,
are weak equivalences in C.

e For any cofibrant replacement ¢ : 1/, = 1’, the composite morphism

L) 2% pany 2y

c

is a weak equivalence in C.

A strong monoidal Quillen pair is a weak monoidal Quillen pair for which the comonoidal mor-
phisms ¢ and 7 are isomorphisms. A weak (resp. strong) monoidal Quillen pair is a weak (resp.
strong) monoidal Quillen equivalence if the underlying Quillen pair is a Quillen equivalence.

We may now construct various left adjoints for the right adjoint functor of a weak monoidal
Quillen pair.
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Construction 3.3.4. Let (C,®,1) and (D, A,1’) be monoidal categories, and let R : C — D
be the right adjoint of a weak monoidal Quillen pair. Then R induces various functors on the
underlying categories of monoids and modules. More precisely, for a monoid A = (A, u,n) in C
the monoid structure on RA is given by the composite morphisms

R(n)

R v
) % RA and 1’ — R(1) —— RA.

RANRA 2 R(A® A
For a right A-module M in C with action morphism « : M ® A — M, the object RM of D
becomes a right RA-module via the composite morphism
©OM,A R(«)
RM ANRA—— R(M ® A) —— RM,

and similarly for a left A-module N. In this context, R has a left adjoint L : D — C which
inherits a comonoidal structure

¢p: L(ANB) - LA® LB and v: L") —1,

the pair being of course strong monoidal if ¢ and 7 are isomorphisms. In this latter case, the
left adjoint L becomes a strong monoidal functor via the inverses

¢ ' LA®RLB —L(AAB) and  77': 1— L(1).

Via these morphisms, L then lifts to a functor on monoids and modules (and consequently
algebras) which are of course left adjoint to the monoid and module valued (and particularly
algebra valued) versions of R. This treats the case of strong monoidal Quillen pairs, but we want
to treat the more general case of weak monoidal Quillen pairs, in which the functors induced by
R on monoids, modules and algebras still have left adjoints. These latter functors, however, are
not usually given by the original left adjoint functor L defined here. We shall construct more
functors below.

(1) We assume here that the forgetful functor Uz : Mon¢ — C from C-monoids to C creates a
model structure on Mong (cf. 3.3.1). In particular, the category Alge of C-algebras is cocomplete
and the forgetful functor Uc has a left adjoint free monoid functor T : C — Mone (cf. [17]
Chap.VII Thm.2) defined by

To(X) = [Jx*" = 1[[X[[xeX) [[xexex)]]....
neN

with multiplication given by juxtaposition, ie. by
~ ~ 3 It
TXRTX = [[50 X% @150 X" = [Luns0 X" @ XO" 5 50 XO0,

with
mult(z1® ... QZm) (N ®...0Yn)] == 21 Q.. QT QUYL Q... ® Yn,
and similarly for Tp. From this, the monoid valued lift R : Mon¢c — Monp has a left adjoint

LmOTl

: Monp — Mong,

whose value for a D-monoid B can be defined as the coequalizer (cf. 2.1.8) of the C-monoid
morphisms
- T
Te(LTpB) = Te(LTpUpB) Te(LB)— — = L™ B,
_— e —

the first of them being obtained by precomposing the adjunction unit

TDB = TDUDB — B
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with the composite functor T¢ L, and the second being the unique morphism in Mone which
restricts to the C-morphism

L(TpB) = Il L(B™) — 12 ] ,(LB)®" = Te(LB).

Since the functor R preserves the underlying objects, the monoid left adjoint functor L™°" and
the original left adjoint functor L are related by a natural isomorphism

L™ oTp = TeoL : D — Mong.
(2) From the above construction for monoids, the right and left module valued functors
R: Modsy — Modga and R: sMod — graMod,
for a given C-monoid A, have left adjoint functors
LA Modra — Moda and AL gpaMod — s Mod respectively,

as soon as free R-modules and coequalizers of R-modules exist. Since the functor R preserves

the underlying objects, the left adjoint functors L* and 4L are related to the original left adjoint

functor L by natural isomorphisms
LA o (= A RA)
ALo(RAN—)

(-®A)oL : D— Moda,
(A® —)oL : D— 4sMod,

1

where X ® A is the free right A-module generated by an object X in C, A ® X the free left
A-module generated by X, and similarly for Y A RA and RAAY with Y € D.
(3) For a given monoid B in D, the functor R : C — D induces a functor

R: MOd(LmonB) — MOdB

which is the composite functor

R: MOd(L'nLDnB) L> MOdR(L'nLonB) 77*> ,/\/lodB7

where n* is the restriction of scalars along the adjunction unit n : B — R(L™°"B). We denote
by
LB . MOdB _— MOd(LmonB)

the left adjoint to the functor R : Modmen gy — Modp, which is the composite

—®pR(L™"B
MOdB % )./\/lodR(LnLonB)

1L B)

Modmon py;
it is related to the original left adjoint functor L by a natural isomorphism
Lgo(—AB) 2 (—®L™"B)oL : D— Modpmonpg.
The same construction for left modules gives a left adjoint functor
pL: pMod ——— (pmenpyMod
to the restricted functor R: (pmonpyMod — pMod which satisfy

sLo(BA=) = (L™"B®—)oL : D —>pmeng Mod.
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Remark 3.3.5. In case the monoidal adjoint pair L : D <= C : R is strong monoidal, the
functors L™°", Ly and gL are given by L which is monoidal via ¢!, and the functors

LA: Modra — Mody  and  AL: gaMod — aMod
are given by the formulas
LA(M) = L(M) ®ppa A and AL(N) = A®ppa L(N),

where A is a LRA-module via the adjunction counit € : LRA — A. In general however, the
functor L does not pass to monoids and modules.

The following result states under which conditions the left adjoints Lp, gL, L?, 4L and
L™ of the functor R induce Quillen equivalences. The proof will not be given here; it is
essentially covered in section 5 of [21].

Lemma 3.3.6. Let R: (C,®,1) — (D, A, 1) be the right adjoint of a weak monoidal Quillen
equivalence, and suppose that the unit objects 1 and 1’ are cofibrant.

(1) If B is a cofibrant monoid in D such that the forgetful functors create model structures for
B-modules and L™°" B-modules, then

LB: MOdB — MOdLmonB ‘R and BL: BMOd < LmonBMOd 'R

are Quillen equivalences.

(2) If right (respectively left) Quillen invariance holds for C and D, then for any fibrant monoid
A in C such that the forgetful functors for A-modules and RA-modules create model struc-
tures, the adjoint pair

LA Modrs < Mods : R (respectively AL paMod <4 Mod : R)

is a Quillen equivalence. If in addition R preserves weak equivalences between monoids
and if the forgetful functors for modules over any monoid create model structures, then the
Quillen equivalence above holds for any monoid A in C.

(3) If the forgetful functors for monoids in C and D create model structures, then the adjoint
pair
Lme" . Monp <= Mon¢ : R

18 a Quillen equivalence.

Assuming 3.3.6, we may now proceed to the main theorem of the chapter. For clarity reasons,
let us fix some notation.

Notation 3.3.7. For a category C, we denote by DGC, respectively GC, the category whose
objects are N-differential-graded (resp. N-graded) objects of C and whose morphisms are the
appropriate collections of morphisms in C making the obvious required squares commute. For
example:

e DGAb = Ch™ denotes the category of N-graded chain complexes of abelian groups,

o DGMody, = Chz denotes the category of N-graded chain complexes of k-modules for a
commutative ring k,

e DGAlg,, =: DG A}, denotes the category of N-differential-graded k-algebras for a commu-
tative ring k,
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e DGAlgr =: DG AR denotes the category of N-differential-graded R-algebras for a monoid
R in C,

o GModpg denotes the category of N-graded R-modules for a monoid R in C.

Theorem 3.3.8. Let N : sAb — Ch™ and ' : Cht — s Ab be the functors defined in 3.2.1 and

(1) For an N-differential-graded algebra R, there is a Quillen equivalence
gMOdR gQ SMOdFR

between the categories of N-graded R-modules and simplicial modules over the simplicial
algebra T'R.

(2) For a simplicial ring A, there is a Quillen equivalence
DGMody 4 =0 DGMod 4
between the categories of N-differential-graded N A-modules and simplicial A-modules.

(3) For a commutative ring k, there is a Quillen equivalence
DGAk %Q S.Algk

between the categories of N-differential-graded k-algebras and simplicial k-algebras. In
particular, for k =7, there is a Quillen equivalence

DGRng =g sRng
between the categories of N-differential-graded rings and simplicial rings.

(4) For a simplicial commutative ring A, there is a Quillen equivalence
DGAlgn a =0 sAlga
between the categories of N-differential-graded N A-algebras and simplicial A-algebras.

Remark 3.3.9. Part (3) is a special case of part (4) for a constant commutative simplicial ring

A.

Proof. (3) Let k be a commutative ring. Consider the normalization functor N and its inverse
I" as an adjoint pair
I: Chz <~ sMody, : N

between the category of N-graded chain complexes of k-modules and the category of simplicial
k-modules, where N is the right adjoint of I'.  We may also view N as a monoidal functor
(N, ¢, v) with all ¢4 p being the shuffle maps

Vap: NA NB— N(A® B)

for every simplicial k-modules A and B. By remark 3.2.8.(3), V4 p is a chain homotopy equiv-
alence whose inverse is the Alexander-Whitney map

AWap: N(A®B) - NA®B
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for any simplicial k-modules A and B. Since the functor I' sends quasi-isomorphisms in Chz to
weak equivalences in sMod,., and since the unit and counit of the adjunction between N and I’
are isomorphisms, the corresponding comonoidal maps

Pc,p = @C,D : T(C®D)-TCRTID, for every C, D in Ch;r,

are weak equivalences. This means that N is the right adjoint of a weak monoidal Quillen
equivalence between the categories sModj and Ch;. In addition, the unit objects of sMody
and Ch) (cf. 3.2.4.(1)) are both cofibrant, so that by 3.3.6.(3) we have a Quillen equivalence

DGA, = Mon(cw) 2o Monmod,) = sAlgr
as desired. The Quillen equivalence
DGRng =g sRng

is now obvious if k = Z.
(2) Let A € ObsRng be a simplicial ring. Quillen invariance holds for the category sRng of
simplicial rings, and the normalization functor

N : sMod — Ch'k"

preserves all weak equivalences, so that Quillen invariance also holds for C hi by remark 3.3.2.(2).
Consequently, we can apply 3.3.8.(2) for k = Z in order to prove that the functor

N : sMody, = sMody, = sAb — Chi = Ch%‘ =Cht
is the right adjoint of a Quillen equivalence
DGModna =g DGModa

between the categories of N-differential-graded N A-modules and the category of simplicial A-
modules.

(1) Let k be a commutative ring. This time we view the normalizing functor N : sMody, —
Ch§ as the left adjoint of the pair

N : sMody, <:>Chg S

The monoidal structure of I' (cf. 3.2.8.(5)) is made in such a way that the comonoidal transfor-
mation @, given by
(,5,473 : L(A@B) — LA® LB

for the left adjoint N, is none other than the Alexander-Whitney map
AWsp: N(A® B)— NA® NB for every objects A, B in sMod.

Since this last morphism is a chain homotopy equivalence for every A, B in sMod; whose
homotopy inverse is the shuffle map V, the functor I' becomes the right adjoint of a weak
monoidal Quillen equivalence. As we already saw above, the unit objects of sMody and Ch,:r
are both cofibrant, so that we can apply 3.3.6.(2) to obtain, for a monoid R in Ch; (ie. a
N-differential-graded k-algebra R), a Quillen equivalence

SMOdFR = DGMOdR

between the category of simplicial I'R-modules and the category of N-differential-graded R-
modules.
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(4) Let A be a simplicial commutative ring. By remark 3.2.8.(4), the shuffle map V, as well
as its extension to normalized chain complexes

V: NKQNL— NK®L) for every objects K, L in Obs.Ab,

are (lax) symmetric monoidal. This is not the case however of the Alexander-Whitney map;
that is, AW is not symmetric. Consequently:

e The normalized chain N A forms a differential-graded algebra which is commutative in the
sense that
vy = (1) Wlya,

for homogeneous elements = and y in N A.

e The functor N : sAb — Ch™T inherits a monoidal structure when viewed as a functor from
simplical A-modules with tensor product over A to N-differential-graded N A-modules with
tensor product over N A. More precisely there is a unique natural chain complex morphism

VAINM @ya NM' — N(M ©®4 M')  for M, M’ € ObMod 4

such that the square
NM & NM' ——> N(M & M)

A
NM @ya NM' —~—> N(M @4 M'),

where the vertical arrows are the canonical quotient maps, commutes. In addition, since
A is commutative, V4 becomes a symmetric monoidal functor from A-modules to N A-
modules.

Now let LA : DGMody 4 — sMod denote the left adjoint of N when viewed as a functor from
A-modules to N A-modules. The comonoidal morphism for L4 has the form

LAW @na W) — LAW) @4 LA(W')  for W,W' € ObDGMody 4.
Proposition 3.16 in [21] imply that the adjoint pair
LA DGMody s <= Mody: N

is a weak monoidal Quillen pair which is in fact, by 3.3.6.(2), a Quillen equivalence. Finally, we
can apply 3.3.6.(3) to obtain a Quillen equivalence

DGANA = MO”(ModNA) =0 Mon(ModA) = sAlga

as desired. O
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Chapter 4

(Galois theory of commutative rings

The main goal of this chapter is to make the connection, in the generalizing process, between
the classical Galois theory of finite extensions of fields and the theory of homotopic Hopf-Galois
extensions of chapter 5. This will be done be reinterpreting the classical elements of the Galois
correspondence for fields as isomorphisms, before generalizing these isomorphisms to the case
of commutative rings. In the next chapter, these isomorphisms will in turn generalize to weak
equivalences in a monoidal model category.

We shall start with a short reminder on classical Galois theory, in which we define the classical
Galois correspondence and state the fundamental Galois theorem for the case of finite extensions
of fields. In section 4.2, we reinterpret these classical elements into algebra isomorphisms which
easily generalize to the case of commutative rings. We end the section by establishing different
characterizations of the notion of a Galois extension of commutative ring (cf. theorem 4.2.9);
these are due to the work of Chase, Harrison and Rosenberg (cf. [4]). In section 4.3 we provide a
topological example, that of normal covering spaces. In section 4.4 we return to the theory and
show how the Galois extensions of a commutative ring R are preserved and reflected under the
functor T ®r — for a faithfully flat R-algebra T. In the last section, we finally proceed to the
generalization of the Galois theorem for finite Galois extensions of fields to the case of connected
commutative rings.

4.1 Reminder on classical Galois theory

This is just a review of the basic elements of Galois theory for fields. We provide here the
definitions and results needed. For more details see [16] or [1].

Reminder 4.1.1. We say that a field L is an extension of a field K if K is a subfield of L. In
particular, L is a K-vector space whose dimension, the degree of L over K, is denoted [L : K.
We say that the extension K C L is finite if [L : K] is. For ly,...,l, € L, we denote

e K|li,...,l,] to be the smallest subring of L containing K and {l1,...,[,}, which equiva-
lently is the ring of all polynomial expressions in {1, ...,l, with coefficients in K,

e K(ly,...,l,) to be the smallest subfield of L containing K and {l1,...,1,}, which equiv-
alently is the field of all rational polynomial expressions in [y, ...,[l, with coefficients in
K.

Furthermore, for any field extension K C L and any [ € L, we consider the surjective ring
homomorphism ev : K[X]| — K][l] which to each polynomial f € K[X] associates the element
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f(1) in the ring K[l] C K(I) C L. Since Ker(ev) has to be a prime ideal of K[X]| (Im(ev) =
K|[l] 2 K[X]/Ker(ev) being entire), it can only be of one of the following forms:

o Ker(ev) = {0}. In this case ev is injective, K[l] = K[X], [K(l) : K] = oo, and there is
no non-zero polynomial f in K[X] such that f(I) = 0. We then say that [ is transcendent
over K.

e Ker(ev) is a (prime) ideal of K[X] generated by an irreductible polynomial in K[X]. This
means that there exists non-zero polynomials f in K[X] such that f(I) = 0. Among
them, the polynomial of smallest degree whose leading coefficient is the unit of K is the
minimal polynomial of [ over K. We denote it min(l, K). It follows that Ker(ev) is the
principal ideal < min(l, K) > generated by min(l, K), and consequently that min(l, K) is
irreductible in K[X]. We also have

KX _ K[X]
Ker(ev) < min(l,K) >

K[| = ~ K(l),

deg(l) = [K(1): K] = deg(min(l, K)),
and we say that [ is algebraic over K.

A field extension K C L is said to be algebraic if every element [ of L is algebraic over K. It is
worth noting that any finite extension L of K is algebraic, since if L contained a tanscendent
element [ over K, we would have

[L:K] > [K(l): K] = .
Moreover, an algebraic field extension K C L is
e normal if the roots of min(l, K) are all simple for every [ in L,

e separable if the minimal polynomials min(l, K) € K[X] of every [ in L factors entirely as
polynomials of degree 1 in L[X].

Finally, for a given field extension K C L, a field homomorphism f : L — L into an algebraic
closure L of L is a K-homomorphism if it fixes every element of K, ie. f(k) = k for every k in
K. In the special case where K C L is an algebraic extension, a K-homomorphism is necessary
an automorphism of L. We denote the group of K-automorphism of L, with multiplication given
by composition, by Autk (L); and more generally the group of K-homomorphisms by Endy (L).

Here are two fundamental properties on normal and separable extensions.
Properties 4.1.2.

(1) If K € M C L are field extensions such that L is a normal extension of K, then L is a
normal extension of M.

(2) If K C M C L are field extensions such that L is a separable extension of K, then L is a
separable extension of M.

Proof. (1) By assumption, every ! in L has a minimal polynomial min(l, K) in K[X], and
since K[X] C M[X], the extension M C L is algebraic. In addition, the minimal polynomial
min(l, M) of any [ in L divides min(l, K) in M[X], and since min(l, K') factors as polynomials
of degree 1 in L[X], it follows that min(l, M) does too.

(2) The extension M C L is algebraic by (1). In addition, the minimal polynomial min(l, M)
of any [ in L is a factor of min(l, K) in M[X], so that all of its roots in L are distinct. O



4.1. Reminder on classical Galois theory 81

The above properties allow to define a Galois extension not only in terms of normality and
separability, but also in terms of its Galois correspondence (cf. [1] for more details).

Definition 4.1.3. Let K C L be a field extension. We say that K C L is a Galois extension if
it is normal and separable; or equivalently if we have a Galois correspondence

Gal[L:—]

{M € ObFld| K € M C L} {H € ObGr | H < Auty (L)}

(=)

between the set of intermediate field extensions of K C L and the set of subgroups of Auty (L),
where
Gal[L : M]:= Autgx(M) and LY :={leL|h() =1, Yhe H},

such that K = LY for G := Gal[L : K]. We call
G =Gadl[L : K| = Autg (L)

the Galois group of the extension, we say that L is a G-Galois (field) extension of K, and we
call K C L a G-Galois extension (of fields).

Remarks 4.1.4. (1) 4.1.2 obviously imply that M C L is a Galois field extension as well, so
that Gal[L : M] is well defined as the Galois group of M C L.
(2) The Galois correspondence satisfy

LEULM] — pp and GallL: L") >H

for an intermediate field extension K C M C L and a subgroup H of Autx(L). In the special
case where the extension K C L is finite, the second relation becomes an equality.

We now state the fundamental result of classical Galois theory. We shall omit its proof since
its generalization to connected commutative rings (cf. 4.5.6) will be established at the end of
the chapter.

Theorem 4.1.5 (Galois theorem for fields). Let K C L be a finite G-Galois extension of fields.
(1) The Galois correspondence is an isomorphism in Set.
(2) For every intermediate field extension K C M C L, we have
[L:M] = #GallL: M| = #Autk(L),
where the prefix # denotes the cardinality of the group it precedes.
(8) For every intermediate field extension K C M C L, we have

f-GallL:M]-f~' = Gal[L: f(M)] for any f in Gal[L : M].

(4) For every intermediate field extension K C M C L such that the extension K C M is
normal (and therefore Galois), Gal[L : M] is a normal subgroup of Gal[L : K| and

Gal[M : K] = GallL: K]/Gal[L : M].
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4.2 Galois extensions of commutative rings

We now want to generalize the notion of Galois extension for fields to commutative rings. The
simple replacement of all fields by commutative rings in definition 4.1.3 would give rise to a
notion that would end up being too weak. Instead of doing this, we shall provide different
equivalent definitions which turn out to generalize well. These equivalences, among others we
won’t be using in this paper, were mainly established by Chase, Harrison and Rosenberg in [4]
who used them to develop the Galois theory of commutating rings.

We first start by reinterpreting the classical notion of G-Galois extension, as seen in the
previous section, in a way that will easily be expanded to the case of commutative rings. Consider
a field extension K C L and a finite group G such that every element of G is a K-automorphism
of L. This gives rise to a G-action

GxL—L: (al)—~al=a-1l:=a(l) with a-k=k for every k € K,
or equivalently a group homomorphism
v: G— Autg(L) : a— (pla):l—a(l)=a-1) with gk = idg,
where of course
eqg-l=1 and a-(b-1)=(ab)-1 for every a,b€ G andl € L
by definition of a G-action.

Definition 4.2.1. The L-algebra L <G > is defined to be the L-vector space
L<G>:= @La = {Zxa~a | zq € L, Ya € G},

aeG acG

with addition and scalar multiplication given componentwise, and multiplication given by

(Y wa-a) (S m-0) == 3 (2a-alus)) - ab.

a€G beG a,be@

With the usual L-algebra structure of Endg (L) given by

o (f+g)():=f(l)+g(l) for every f,g in Endk (L) and every [ in L,

o (f-g)():=f(l)-g(l) for every f,g in Endk (L) and every [ in L,

o |- f(l'):= f(II') for every f in Endk(L) and every [,1' in L,
we then have an L-algebra homomorphism

j: L<G>— Endg(L) : xq-a— (I— z4-a(l)),

which provides L with a structure of L <G >-module.

We shall now establish a necessary and sufficient condition under which the map j is an
isomorphism. The proof uses the Dedekind lemma below.

Lemma 4.2.2 (Dedekind). Let K C L be a field extension. For any K-algebra A, the set
Algg (A, L)y ={f: A— L | f is a K-algebra homomorphism}
s a linearly independent subset of the L-vector space
Homg(A,L)={f:A— L | f is a K-module homomorphism},

whose structure is given by
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(f +9)(a) = fla) + g(a) for every a € A,
(f - 9)(a) = f(a) - g(a) for every a € A,
o (kf)(a) = f(ka) for every a € A and every k € K.

f
f
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Proof. Suppose that Algx (A, L) is linearly dependent in Homg (A, L), and consider a linear

combination

S Lfi=0 with I; € L and f; € Algg(A, L)

such that
1£] = Li#f and I; 20 for every i=1,...,n,

in other words such that n is minimal for this dependence relation. Since all f;’s are in

Algk (A, L), we have
fi(ab) = fi(a) - fi(b) for all i’s and every a,b in A.
It follows that

n—1 n

> (ifi(a) = Lifula)) - fi(b) > ifi(a) =i fu(a)) - fi()

i=1 i=1

= Y bifi(ab) — fula) > Ui fi(b)
i=1 i=1

0 for every a,b€ A,
so that by minimality of n we have

lifi(a) =1 frn(a) forevery a€ A and i=1,...,n.

Consequently, f;(a) = fn(a) for every a € A and i = 1,...,n which contradicts our assumption

and proves the desired result.

O

Proposition 4.2.3. The map j : L <G >— Endg(L) is an isomorphism if and only if G is

embedded into Auti (L) (via ¢) and K C L is a G-Galois extension.

Proof. (<) Assume that G C Auti (L) and that the extension K C L is G-Galois; meaning in

particular that the group G is finite. Let
I:Zxa~a and y:Zya~a
aceG aceG
be two elements of L <G> such that j(z) = j(y). Since j is L-linear, we have

S wa-j@) = 33 2ara) = (3 va-a) = 3 va-jla).

acG acG a€G acG

(%)

Furthermore, every j(a) for a in G is a K-algebra endomorphism of L. This implies, by 4.2.2,
that the set {j(a) | a € G} is linearly independent in Endy (L), so that z, = y, for every a € G

and consequently & = y according to (x); this proves the injectivity of j.

For the bijectivity, we know that K = L for a finite group G. Let n := #G be the cardinality

of G. We then have isomorphisms
L<G> = Homr(L<G>L<G>) = Homrg (L®", L®")
Hom (L, L)®" = [Homy,(L, L)¥|*"

2

®
K%,
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so that

n? = dimgL<G> = dimgL-dim,L<G> = dimgL -n,

and consequently dimg L = n. It follows that
dimgEndg (L) = n? = dimgL<G>,

so that j is an isomorphism.

(=) Assume that j : L < G >— Endg(L) is an isomorphism. If ¢ : G — Autx (L) was
not injective, there would exist two distinct elements a # b in G such that a(l) = b(l) for every
l € L, ie. such that

jla) =j(lz -a) = j(1r - b) = j(b);
and consequently j would not be injective. From this contradiction, it follows that G embeds in
Aut (L) via o.
Now if the extension K C L wasn’t G-Galois, there would exist an x € L\K such that
g(x) = x for every g € G, so that for every f € j(L<G>) = Endg (L) we would have

- f(l) = 7 (20 a(l))acc = (@a-z-a(l))aecc
= (za-a(@)-all))acc = (o a(zl))aec
= f(xl) for every [ € L.

This would mean that 2 commute with every element f of the group Endg (L), in other words
that « would be in the center of Endg(L). The latter being just K this would mean that x
belongs to K, which contradicts our assumption. The extension K C L is therefore G-Galois. [

The next step of the construction is to define a map h which turns out to be dual to j.
As a consequence, the map h becomes an isomorphism under the same necessary and sufficient
condition of 4.2.3.

Definition 4.2.4. The L-algebra [] L is defined to be the set of all maps f: G — L, ie. the
set of all sequences (z,)qcc in L, endowed with

e addition defined by (f + g)(a) := f(a) + g(a) for every f,g € [[ L and a € G, ie. by
(Za)ace + (Ya)ace = (Ta + Ya)aca
on sequences,
e multiplication defined by (f - g)(a) := f(a) - g(a) for every f,g € [[o L and a € G, ie. by
(Ta)acc * (Ya)acG = (Tala)aca
on sequences, and
e scalar multiplication defined by (I- f)(a) :=1- f(a) for every f € [[, L and | € L, ie. by
U (Ta)acc = (ITa)acc
on sequences.

With the L-algebra structure on L ® L given by I(z ® y) := lx @ y, where ®f denotes the
usual tensor product over the field K, we then have an L-algebra homomorphism

h: L®KLHHL crx@y (a—2-a(y))aee = (- a(y))aca-
G
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Remark 4.2.5. Since G is finite, we have

L<G> Homyp (L, Homg (L, L)) = Endg (L)

j=Homy (h,L)

Homp([[oL,L) Homp(L®Kk L, L),

so that h is simply the dual of j.

Proposition 4.2.6. The map h : L ®x L — ][5 L is an isomorphism if and only if G is
embedded into Endy (L) (via ¢) and K C L is a G-Galois extension.

Proof. From the duality of 4.2.5, h is an isomorphism if and only if j is. The desired result
therefore follows from 4.2.3. O

This new interpretation of G-Galois extensions, via the maps j and h, can easily be general-
ized to a good notion of G-Galois extension R C S of commutative rings. We shall also define
the trace Tr : S — R associated to such an extension.

Definition 4.2.7. We say that an inclusion of commutative rings R C S is an extension if R
is a subring of S. In this case, the inclusion inc : R — S is an injective homomorphism of
commutating rings which gives S the structure of an R-algebra whose scalar multiplication is
given by the ring multiplication. In addition, we define

Endgr(S) :={f:S — S| fis an R-algebra endomorphism},
Autp(S):={f:S— S| f is an R-algebra automorphism},

and for a finite subgroup G of Autr(S) we have maps

e i: R < S% defined to be the inclusion of R into the ring S of fixed elements of S under
all elements of G, where the elements of R remain fixed under G since

)= fo-D =1 fQ) =r1=r
for every f in G and every 7 in R.
e j: S<G>— Endr(S) defined to be the ring homomorphism specified by
J(ze - a)(s) == x4 - als), as in 4.2.1,
where S <G > has the S-algebra structure given in 4.2.1,

e h:S®prS— HG S defined to be the commutative ring homomorphism specified by
hz®y) = (z-a(y))eca,  asin 4.24,

where []. S has the S-algebra structure given in 4.2.4 and ®g denotes the usual tensor
product over R.

We then say that R C S is a G-Galois extension (of commutative rings) if ¢ and h are bijective.
Moreover, for two G-Galois extensions S and S’ of a commutative ring R, we define a
morphism of G-Galois extensions to be an R-algebra homomorphism

p: §S— 9
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which is G-equivariant (cf. 2.1.6); in other words such that
wlg-s)=g-¢(s) for every se S, geG.

This defines the category Gal(R, G) of G-Galois extensions of a commutative ring R.
Finally, for any G-Galois extension of commutative rings R C S we may define the trace

Tr: S— R by Tr(y) == Zg(y),
geG

which is well defined from the following facts:
e The map Tr : S — S is clearly well defined.

e Since R = S¢ via 4, every a in G is R-linear, and consequently T is R-linear. Then, for
any r in S¢ = R we have

TT(?“) = T'T?"(IR) = T(1R++1R) c R,
N ——
|G| times
so that Tr(S%) C R.

e For any element s in S and any R-algebra automorphism a € G with a(s) # s, there is a
unique inverse element a~! in G such that

a(s)+a'(s) = a(s) —a(s) = 0s = Op € R,
so that Tr(S\S¢) C R.

Examples 4.2.8. (1) From what we have done so far (cf. 4.2.3 and 4.2.6), a G-Galois extension
of fields is obviously a special case of a G-Galois extension of commutative rings.

(2) For any commutative ring R, we have a trivial G-Galois extension S = [[, R, on which
the action of G < Autr([], R) is given by

9((7a)aca) = (9(%a))acc for every g€ G, z4 € R,

so that ¢ and h are bijective since
SerS = [[Rer ][R = [[[[Re=r) = [[[IR = []S
G G G G G G G

More generally, any G-Galois extension S of R which is isomorphic to [ R is said to be trivial.

The following result is very useful. It provides few equivalences of the notion of G-Galois
extensions for commutative rings. Other characterizations can be found in [4].

Theorem 4.2.9. Let R C S be an extension of commutative rings, and G a finite subgroup of
Autr(S) with e := eq = idg. The following conditions are equivalent:

(1) The extension R C S is G-Galois, ie. the mapsi: R S and h: S®r S — [[5 9 are
bijective.

(2) The mapsi:R— S¢ andh:S®r S — [[S are surjective.

(3) The maps i : R — SC and j : S < G >— Endg(S) are bijective and S is a finitely
generated projective R-module.
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(4) The map i: R — SY is bijective and there exist T1,...,Tn,Y1,---,Yn in S such that
Z xia(yi) = 5a,e = ’ lf ¢ ©
p— 0, if a#e.

Proof. (2 < 4) The group G naturally acts on S ®g S and [[, S by

g(a: ® y) =r® g(y) and g(ma)aeG = (xag)aeG
respectively, where G acts on [[, S by index shift. It follows that
hglz®y)) = Mz@g(y) = (z-a9(y))acc = 9+ (z-a(y))acc
= g-h(z®y),

ie. h is compatible with the G-action given above. Now suppose that

(15,0,...,0) € Im(h) C ][ S,
G

where 1 = 1g is at position e = eq. There exists then an element Zl T; ®y; in S®p .S such that

h(Zm@yi) = Zh(%‘@@yi) = Y (@i a(y))aca

?

= (1,0,...,0);
and consequently
1 ifa=ce,
;(mz'a(yz)) - {0 ifa#e.

From the compatibility of the G-action we have

h(g(Zmi@)yi)) = g(h(Zmi@)yi)) = (0,...,0, _1 ,0,...,0).

gth place

This implies that for any element (z,)qec in [, S we have

Y 29w @) = 3 za e _wi @ i)

acG g a€G
= > 2-(0,...,0, _1_,0,...,0)
acG gth place
= (Za)aEGv
so that h is surjective. Conversely, if h is surjective then (1,0,...,0) is clearly an element of

Im(h). In addition, the equivalence between the surjectivity of ¢ and the bijectivity of 4 is clear.
(1 = 2) This is trivial.
(2 = 3) We can assume (4). Let’s first show that S is a finitely generated projective R-
module. Consider the trace

Tr: S—R defined by Tr(x) := Z g(x) asin 4.2.7,
geG

and define the maps

pi: S—R by i =Tr(zy;) for every i=1,...,n.
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We then have
in%‘(z) = Zfﬂz‘ Tr(zy) = > Y wi-a(2)-a(y)

i=1 acG
(Z) Z Zq* @(?Ji) = ZCL(Z) : 6a,e

=1 acG

P@ﬂ:

= e(z) = z, for every z €S,

so that the pair (x;, ¢;)?; forms a dual basis for S. By the dual basis lemma (cf. for example
[15] Lemma 2.9), the R-module S is finitely generated projective.

Now by localization, we may assume that S is a finitely generated free R-module with basis
xl, ...,z (cf. [16] section X.4 theorem 4.4); and since we can write the preimage of (1,0,...,0)
under h by

n n
Z Ti QY = Z T, @y, for appropriate y, ’s in S,
i=1 i=1

we may omit the primes and consider that the z; ’s form a basis for S. From the above calculation
we get

Tj = le ) QOi(l'j),
i=1
so that
Tr(zjy) = i(zj) = di; (*)

since (;)i, is the dual basis of (z;)7_;. Consider the matrices

A = (a(xi)),, and B = (b(y;));,-
Then
AB = ( a(%‘ﬁ(%‘)) = (0ap)yy = 1

1 a,b

by (4), and

BA

(Z a(%)@(%))

acG

(Z a(%‘!/j))
ij acG i.7

(Tr(ziy;);; = (ig);; =1

by (). This means that A is an invertible matrix, and consequently that the map j: S<G>—
Endr(S) is an isomorphism.

(3 = 1) Since S is a finitely generated projective R-module, we may again assume that S is
free over R with basis z1,...,z, as above. Again, the map j : S<G>— Endg(S) is bijective
if and only if the matrix

A = (a(i)),,;
is invertible. This, by duality, is equivalent to the bijectivity of the map h: S®rS — [[5S. O
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4.3 The example of normal covering maps

We detail here a topological example of the newly established notion of Galois extension.

Definition 4.3.1. Let p: Y — X be an epimorphism in 7op. An open set U of X is said to
be evenly covered by p if its inverse image p~*(U) can be written as a disjoint union

') = [ Va

acl

of open sets V,, in Y, such that the restrictions

{p|Va Vo — U}ae[

are homeomorphisms, ie. isomorphisms in 7op. The collection {V,}4er is then a partition of
p~1(U) into slices. If every point z of X has a neighborhood U, which is evenly covered by p,
then p is a covering map and Y is the covering space of X.

Moreover, two covering maps p: Y — X and p’ : Y — X between the same spaces Y and X
are said to be equivalent if there exists an homeomorphism A : Y — Y such that the diagram

hl,
~ |P

YT>X

commutes; this clearly induces an equivalence relation on the set of all covering maps from Y to
X. We denote by G(p) the group of all homeomorphisms h : ¥ — Y involved in the equivalent
class of the covering map p : Y — X, whose multiplication is given by composition; G(p) is the
group of deck transformations of p.

Finally, a covering map (or space) p : ¥ — X is said to be normal, or sometimes regular,
if for every element z in X and every pair of elements y and ¢’ in p~!(z) C Y there is a deck
transformation h in G(p) such that h(y) =y’

Remarks 4.3.2. (1) If p: Y — X is a covering map, then for each z in X the subspace p~!(x)
of Y is discrete since each slice V,, of p~1(U,) is open in Y and intersects the set p~!(z) in a
single point.

(2) By the unique lifting property of a covering map p : ¥ — X, ie. the fact that a
commutative square

{0} —vVv

7
I s
v
s

v

Z—X

f

p

of morphisms in Top with Z path connected, has a unique lift f': Z — Y (cf. [11] proposition
1.34), a deck transformation h : Y — Y is completely determined by where it sends a single
point assuming that Y is path connected. In particular, only the identity deck transformation,
ie. the unit element in G(p), can fix a point of Y.

Example 4.3.3. The map

p: R—St: ze2m®

is a normal covering map. As even covering of S!, we can take

u={s"\{1}, S'"\{-1} }.
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The inverse images of its elements are

p NI = e+ and  pHSN\{-1) = (J (- 1/2,n+1/2),

neZ nez

so that the restrictions

Plnntyy : (nyn+1) — Sl\{l} and Plin—1/2m+1/2) : (n —1/2,n4+1/2) — Sl\{—l}

are effectively homeomorphisms. For this covering map, which projects a vertical helix onto a
circle, the deck transformations are the vertical translations taking the helix onto itself; more
formally these are the homeomorphisms

h: R—=R :zx—ax+n with n € Z,
so that G(p) = Z in this case. The normality of p is then clear.

The term "normal" for covering spaces is motivated by the following result (cf. [11] propo-
sition 1.39) that we won’t be needing here.

Proposition 4.3.4. Let p: (Y,yo) — (X, o) be a covering map from path-connected covering
pointed space (Y,yo) to a path-connected and locally path-connected pointed space (X, xq). Let
H be the subgroup

H = 71'1])(7'('1(}/, yO)) < 7T1(Xa ‘TO),

where w1 : Top, — Gr denotes the usual fundamental group functor from the category of pointed
spaces to the category of groups.

(1) The covering map p is normal if and only if H is a normal subgroup of w1 (X, o).

(2) The group G(p) is isomorphic to the quotient N(H)/H, where N(H) denotes the normal-
izer of H in m1(X, x0).

In particular, if p is normal then G(p) is isomorphic to w1(X, xo).

Definition 4.3.5. Given an action of a group G on a space Y, we can form the quotient space
Y/G in which each point y of Y is identified with every element of its orbit

Gy={9-y|gecG}

The topological space Y/G is the orbit space of the action, to which we associate its orbit
projection
7Y —-Y/G defined by 7(y) = Gy.

Proposition 4.3.6. Let p:Y — X be a covering map from a path-connected covering space.

(1) The action of the deck transformation group G(p) on Y is such that every y € Y has a
neighborhood U which satisfy

aU)NgU)#0 = gi=g2  for every gi,92 € G(p);
in other words all the images g(U) for g € G(p) are disjoint in'Y .

(2) The associated orbit projection w: Y — Y/G(p) is a normal covering map whose group of
deck transformations is G(p).
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Proof. (1) Let y be an element of Y and U be a neighborhood of y in Y which project homeo-
morphically via p to an open set V in X. If g1(U) N g2(U) # @ for some deck transformations
g1, 92 € G(p), then there exist elements 1,z in U such that g;(x1) = ga(z2). Since x1 and o
must lie in the same set p~1(x) for an x in X, and that p~!(z) intersects U in only one point,
we must have x; = x5 in U. It follows that gl_lgg fixes the point 1 = x2, so that gl_lgg = id
by 4.3.2.(2), and consequently g1 = go.

(2) Let U C Y be as in (1). Then 7 : ¥ — Y/G(p) simply identifies all the disjoint
homeomorphic sets {g(U)}4eq(p) to a single open set 7(U) in Y/G(p). By definition of the
quotient topology on Y/G(p), all restrictions

Tlgw) : 9(U) — p(U) for g€ G(p)

are homeomorphisms, so that 7 is a covering space. Furthermore, each element of G(p) acts as
a deck transformation for 7, so that G(p) C G(x). In addition, the covering map = is normal
since for every elements g1, go in G(p) the map gog; ' takes g1 (U) to g2(U).

It remains to show the inclusion G(7) C G(p). If f is an element of G(7), then for any y in
Y the points y and f(y) are in the same orbit. There is then a deck transformation g € G(p)
such that ¢g(y) = f(y). Since Y is path-connected, it follows by 4.3.2.(2) that f = g € G(p), and
consequently G(7) C G(p). O

Proposition 4.3.7. Let p: Y — X be a normal covering map from a path-connected covering
space whose group of deck transformations G(p) is finite, and consider the canonical morphism

§: Y XG(p)——=Y xxY : (y,9) = (y,9(y))

in Top induced by the pullback diagram

Y x G(p)

where

e G(p) is given the discrete topology,

e & : (y,9) — y the canonical projection, and

e & (y,g) — y- g the right action of G(p) onY.
Then & is an homeomorphism, ie. an isomorphism in T op.

Proof. From the fact that the covering map p is normal, it follows that £ is surjective. In
addition,
y.9)=¢8W.9") = (w9W) =0 9W))
& y=y and g(y) =g'(y)
& y=y andg=¢g,

where the last equivalence is a consequence of 4.3.2.(2) and the path-connectedness of Y. The
morphism ¢ is therefore injective. O
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Construction 4.3.8. Let p : Y — Z be a covering map whose covering space Y is a path-
connected compact Hausdorff space and whose group of deck transformations G = G(p) is finite.
From 4.3.6 we know that its associated orbit projection 7 : Y — X := Y/G is a normal covering
map whose group of deck transformations is GG, and from 4.3.7 that the induced morphism

E:YXG——Y xxY

in 7 op, with G endowed with the discrete topology, is an isomorphism.
Dually, let R := C(X) and S := C(Y) be the commutative rings of real continuous functions
on X and Y respectively. From a standard result of algebra, we have isomorphisms

X 2 {maximal ideals of R} and Y 2= {maximal ideals of S}.
The group G acts on S from the left by
GXS—>S:(g,8)»—>g*s,

where
gxs: Y >R is defined by (g s)(y) :=s(g(y)),

and the canonical map C(7) : R — T dual to 7 identifies R with the invariant ring S¢ via the
isomorphism

s¢ = C()Y = C(Y/G) = C(X) = R.

The map £ is therefore dual to the canonical homomorphism

h: S®RS—>HS P s®@s (g seg(t) = (s (9%t))gec
G

via
c(y)
C(m)
3! C(€)
C(X) C(Y)@C(X)C(Y)— - >C(Y xxY)——=C(GxY)
C(n) /
c(Y)
since

C(Y)®cx) C(Y)=S®@rS and CGxY)=C([v)=]]cx)=]]s.
G G G

Finally, since £ is an isomorphism, the morphism A is an isomorphism via the antiequivalence
between the category of compact Hausdorff spaces and the category of commutative rings.

4.4 Faithful flatness

In this section, we shall study under which condition the functor T'®pr —, for an R-algebra T,
preserves and reflects a G-Galois extension R C S. This condition is the faithful flatness of T'.
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Definition 4.4.1. Let R be a commutative ring. We say that an R-module M is flat over R if
the functor
M®R —: MOdR e MOdR

is exact, ie. it preserves exact sequences. On the other hand, we say that M is faithful over R if
the above functor reflects exact sequences, ie. the inverse image of an exact sequence is exact; or
equivalently if M /mM # 0 for every maximal ideal m of R. If these two conditions are satisfied
for M, we say that M is faithfully flat over R.

Lemma 4.4.2. Let R be a commutative ring, M a faithfully flat R-module, and ¢ : A — B an
homomorphism of R-modules. Then ¢ is an isomorphism if and only if the induced morphism

M®re: M®rA— M®rB

is an isomorphism. This statement remains true if we replace both occurrences of "isomorphism"”
by either "monomorphism" or "epimorphism".

Proof. An homomorphism of R-modules ¢ : A — B is an isomorphism if and only if we have an
exact sequence

0 A—2>B 0. (%)

This sequence is sent by the functor M ®r — to the sequence

04>M®RA@>M®RB*>O, (%)

which is in turn exact by the flatness of M, so that M ®pg ¢ is an isomorphism. To show the
converse, it suffices to use the same argument in reverse order, using this time the faithfulness
of M.

In order to show the last statement, we can proceed the same way after replacing the se-
quences (%) and (xx) by respectively the sequences

0—>A—2>p  and 00— >MogA % Ve,B

for monomorphisms, and the sequences

A—F B 50 and MoRrAT®" M epB— >0

for epimorphisms. O

Proposition 4.4.3. Let R be a commutative ring, T an R-algebra which is faithfully flat as an
R-module, and let S be a commutative ring extension of R endowed with a G-action for a finite
group G which acts on S by R-automorphisms. If T®gS is a G-Galois extension of T 2 T®grR,
then S is a G-Galois extension of R.

Proof. Since T is flat, the canonical injection of commutative rings
0 R g
induces by 4.4.2 an injection of R-algebras

0— > T @p R T g S,
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so that the R-algebra T = T ®p R can be considered as a subalgebra of T'®@p S. Consider
the map h : S®r S — ] S associated with the commutative ring extension R C S, and the
isomorphism

hrt : (T XRr S) [l (T XRnr S) E—— HG(T KRR S)
associated with the G-Galois extension T'C T'®p S. Notice that hy =2 T ®pg h since
TRr(S®rS) &2 (TRORrS)®rS = (T®rS)®r (T®RS)

and

Ter|[S5 = [[(Ter9).

G G
This, with 4.4.2, implies that A is an isomorphism. In addition, we have

TorR 2T = (TorS)¢ = T¢ @S¢ = Tor S

since T'C T ®g S is a G-Galois extension. It follows that we have an isomorphism
T®rR——>T og S

which, by 4.4.2, induces an isomorphism R = S¢. ]
Lemma 4.4.4. Any G-Galois extension of commutative rings R C S is faithfully flat over R.

Proof. By 4.2.9.(3), S is a projective R-module so that the functor S ® g — is exact and conse-
quently S is flat over R (cf. for example [18] section 2.4).
Now let m be a maximal ideal of R, and define

Ry = (R\m)"'R and S = (S\m)~1S

to be localizations of R and S respectively (cf. for example [16] section I1.4). We then have
Ry C Sm, and since Ry # {0} it follows that Sy # {0}. This, by Nakayama Lemma (cf. for
example [16] section X.4), implies that S/mS # {0}; or equivalently that S is faithful over R. O

Lemma 4.4.5. Let R C S be a G-Galois extension of commutative rings, and consider the trace

Tr: S— R defined by Tr(y) := Z g(y) asin 4.2.7.
g€eG

Then:
(1) The trace Tr: S — R is surjective.
(2) The R-submodule R of S is a direct summand of S.

Proof. (1) Consider the diagonal ring

A(S) = {(xa)acc € [[ S | 2a = 23, Va,b e G}.
G

We have a commutative diagram

Ed

S®r R—— A(S),

IR
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where h is an isomorphism by assumption, where the map k: s® r + (sr,...,sr) is an isomor-
phism via the obvious isomorphisms

SorR = S = A(S),

and where
Trs : (xa)aeG P deG g(xa)aeG = dec(g(l’a))ae(}

is the trace associated to the trivial G-Galois extension S C [], S (cf. 4.2.8.(2)) which, by the
way G acts on []. S, gives

Trg(z,0,...,0) = (z,...,2) for every =z € S.

In particular, T'rg is surjective, so that S ® g T'r is surjective as well via the isomorphisms h and
k. Now from 4.4.4 we know that S is faithfully flat over R, which means that T'r is surjective.
(2) We have a short exact sequence

inc

0 R S M 0, (*)

and by (1) we can choose an element ¢ in S such that Tr(c) = 1g. Define the homomorphism

r: S— R by r(z) = Tr(cx).

Since
(roinc)(xz) = r(x) = Tr(cx) = Z alcx) = Z a(c)a(x)
a€G acG
= Za(c)x = (Z a(c)) -z = Tr(c) -z = x
acG aeG
= id(z),
it follow that r is a retraction in (x), so that S = R & M as desired. O

Proposition 4.4.6. Let R C S be a G-Galois extension of commutative rings, and T an R-
algebra which is faithfully flat as an R-module. Then T C T ®p S is again a G-Galois extension.

Proof. We already saw in the proof of 4.4.3 that the map
hr: (T®rS)®s (T ®rS) HHGT(X)RS

is an isomorphism since hy = T ®ph and h : S®rS — [[ S is an isomorphism by assumption.
By 4.4.5.(2), there exists an R-module M such that R@® M = S, so that

TerS 2 Ter(ROM) =2 (TOrR)®(T@rM) =2 To(T®rM).

This means that T is a direct summand of T'®pg S as well. In particular T embeds into T ®g S.
Now consider the trace Tr : S — R and choose an element ¢ in S such that Tr(c) = 1 as
in 4.4.5. Let = be an element of (T ®z S)¢. Then

x = (TrTr)(lg®c) -z = Z(lR®a(c))-x
acG

Y (Tora)(lr®e)-a] = (TorTr)[(1r @ )]
acG
€ Im(T@RTT) =T®rR =T,

so that the map i7 : T — (T ®gS)¢ is surjective. The desired result now follows from 4.2.9. [0
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Conclusion 4.4.7. We can summarize 4.4.3 and 4.4.6 in the following way:

Let R C S be an extension of commutative rings, G a finite group which acts on S by R-
automorphisms, and let T be an R-algebra which is faithfully flat as an R-module. Then S is a
G-Galois extension of R if and only if T ®gr S is a G-Galois extension of T 2T @i R.

4.5 Galois correspondence for commutative rings

In this section, we establish the main result of the Galois theory of commutative rings for the
case of connected commutative rings (cf. definition 4.5.3) as developed in [4]. Because this result
should be a generalization of 4.1.5, it would be tempting to find a bijection

{subgroups of G} <—— { R-subalgebras of S}

for any G-Galois extension of commutative rings R C S, where S has the canonical R-algebra
structure given by the inclusion R < S. This however is not possible. To see why, it suffices to
consider the example where

R=7  and S:HR:RXR:ZXZ
G

is the trivial G-Galois extension with a group G of cardinality two: While the commutative ring
S has an infinite number of R-algebras, the group G only has two subgroups (namely G and
{ec}). In order to obtain a satisfying result, we need a more general notion of separability (than
the one given in 4.1.1).

Definition 4.5.1. Let R be a commutative ring. An R-algebra S is separable over R if S is
projective as an (S ®pg S)-module whose structure is given by

(s®t) x:= sat for s,t,ze S with (s®t) € (S®gS).

Example 4.5.2. If K C L is a finite field extension, then L is a separable K-algebra if and
only if the extension K C L is separable in the sense of 4.1.1.

Definition 4.5.3. An element e of a ring is said to be idempotent if €2 = e. Furthermore, we
say that a ring is connected when its only idempotent elements are its units 0 and 1.

In order for theorem 4.5.6 to fully generalize 4.1.5, it is essential to check that every field is
connected. The following proposition guaranties that this is indeed the case.

Proposition 4.5.4. If a ring is not connected, then it is not entire. In particular, every field
is connected.

Proof. Let e be an idempotent element of a ring R which is not zero or one. Since €2 = e, we

have e(1—e) = 0. From the fact that 1 # e # 0 it follows that e # 0 # 1 —e so that the elements
e and 1 — e are zero divisors of R, ie. R is not entire. The second assertion follows from the fact
that a field is entire by definition. O

Using yet another characterization of a Galois extension provided by [4] (cf. [4] thm 1.3)
which we state below (cf. 4.5.5), we may extend theorem 4.1.5 to connected commutative rings.
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Lemma 4.5.5. Let R C S be an extension of commutative rings, and let G be a finite subgroup
of Autr(S) such that S = R. Then R C S is a G-Galois extension if and only if S is separable
over R and, for any non-zero idempotent element e € S and any a,b € G with a # b, there exists
an element s in S such that

e-a(s) # e-b(s).

Theorem 4.5.6 (Galois theorem for connected commutative rings). Let R C S be a G-Galois
extension of commutative rings with S connected.

(A) Let H < G be a subgroup of G, and let U := S be the subalgebra of H-invariant elements
of S. Then
(1) U is separable over R,
(2) S is an H-Galois extension of U,
3) H={ge G| glu)=u, YueU},
(4) if H is a normal subgroup of G, then U is a G/H-Galois extension of R.

(B) Conwversely, if R is connected and U C S is a separable R-subalgebra of S, then there
exists a subgroup H of G such that

U=_8" and H={ge G| glu)=u, YueU}.

Proof. (A.2) Since S is a G-Galois extension of R, 4.2.9.(4) is satisfied and we can choose
elements z1,...,%n,Y1,...,Yn in S such that

n
ina(yi) = g with @ € G and e = eq.
i=1

Obviously, this equality remains true for every a in H. This, with the fact that U = S, implies
that the corresponding condition 4.2.9.(4) for the extension U C S is satisfied and theorem 4.2.9
makes it then an H-Galois extension.

(A.1) By (A.2) and 4.2.9.(3), the U-module S is projective, so that S ®pg S is projective over
U®grU. Applying (A.2) and 4.5.5, it follows that S is projective over S ® g S and consequently
over U ®p U. By 4.4.5.(2), U is a direct summand of S as a U-module, and consequently as a
U ® g U-module. This means that U is projective over U @z U.

(A.3) Let

H = {9geG|g(u)=u, YueU}.

Since U = SH by definition, the inclusion H C H' is clear. Furthermore, by definition of H' we
have
s =U = s,

Applying (A.2) to (U, H) and (U, H'), we obtain an H-Galois extension S of U and an H'-Galois

extension S of U, so that
[Is = sevs = []s
H H’

via the corresponding maps

hH:S®US*>HS and hH/:S®US—>HS.
H H

This force H and H' to have the same cardinality, ie. H = H'.
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(A.4) Suppose that H is a normal subgroup of G. The quotient group G/H acts on U = SH
by
aH - -u = a(u) with ¢ € G and v € U,

since every element of U remains fixed under H, and therefore
vet = ¢ = (s7)% = 59 = R. (+)

By 4.2.9, there are elements x1,...,Zn, Y1, .., Y, in S such that
n
Zmia(yi) = ae for every a,e € G with e = eg.
i=1

Let ¢ € S be a preimage of 1 = 1 via the trace Tr : S — R (cf. 4.4.5), so that

and define
T, = Za(mic) and  y, = Za(yi) for i<mn.

a€H a€H

Then all 7} ’s and 3/ ’s are in S = U since

h(z}) = Zha(mic) = Za(wic) = i,

a€H acH
and  h(y) = > ha(y) = Y aly) = yi.
a€H ac€H

A direct calculation then shows that for any g € G

o 1 ifgeH,
Z zig9(y;) = 0 if H
i=1 ifg ¢ H.
This implies that the R-algebra U with acting group G/H would satisfy 4.2.9.(4) if the map
iy e R— UG/H

was bijective. This however is a direct consequence of (x), so that U is a G/H-Galois extension
of R by 4.2.9.

(B) The argument uses the theory of separability, which we don’t want to develop here, in
an essential way. A proof of this result can be found in [4] as theorem 2.2.a. O

Conclusion 4.5.7. For any G-Galois extension of commutative rings R C S with S connected,
we have a bijection

{subgroups of G} <—— {separable R-subalgebras of S},

with correspondences
Hi——gH GV <=——U,
where
SH ={secS|h(s)=s, Vhe H},
GY={geqG|gu)=u YucU}
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This correspondence preserves the action of GG in the sense that for a separable R-subalgebra U
of S and an element g of G we have

G = gugt.
Consequently, a subgroup H of G is normal in G if and only if
g(st) = GIS™) g8tg™l =~ gHg™! = H = §H for every g € G,

and this if and only if
g(sf) = s for every g € G,

in which case S is a G-Galois extension of R. By 4.5.4, this generalizes the Galois theorem for
fields as stated in 4.1.5.
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Chapter 5

Homotopic Hopf-Galois extensions

We now extend the notion of Galois extensions of commutative rings, developed within the
context of a particular monoidal model category, to monoidal model categories in general. More
precisely, we shall view a G-Galois extension of commutative rings f : R — S as a morphism
of commutative monoids, in the monoidal category (Ab, x, {}), where the group G becomes a
particular kind of commutative monoid H (namely, a commutative Hopf monoid). The G-action
on S then becomes the H-coaction of S over R, and the G-Galois extension f an homotopic
H-Hopf-Galois extension which we shall more concisely call an H-Hopf-Galois extension. As
soon as these notions are established, we shall attempt to generalize the theory of chapter 4 to
this new context.

We start, in section 5.1, by establishing the notion of H-Hopf-Galois extension f: A — B.
This will be done by means of the coequalizer B® 4 B and the totalization of a fibrant replacement
of the generalized cobar complex C*(H; B), giving rise to two morphisms

h: BsB— B®H and i: A— C(H;B)

which correspond to the morphisms /& and 4 defined in 4.2.7. We shall then provide the example
of the trivial H-Hopf-Galois extensions A — A ® H, as well as a characterization of an H-Hopf-
Galois extension A — B in terms of its Amitsur complex C(B/A) and a canonical morphism
n: A— C(B/A).

In section 5.2, we establish a new notion of faithfulness that corresponds to what was defined
in 4.4 for commutative rings. After introducing dualizablility and faithfulness, and studying
some of their basic properties, we shall characterize H-Hopf-Galois extensions in terms of these
two notions.

Section 5.3 provides an answer to the question: When is an H-Hopf-Galois extension g :
A — C preserved and/or reflected under a functor B ® 4 — for an A-module B? The answer is
indeed accessible and might be formulated in terms of dualizablility and faithfulness.

We terminate the chapter, in section 5.4, by suggesting what might be the next step towards
the development of this general theory of Hopf-Galois extensions. More precisely, the goal would
be to demonstrate a Hopf-Galois correspondence theorem that would encompass 4.1.5 and 4.5.6.

5.1 The notion of Hopf-Galois extension
In this section, we mainly establish the notion of Hopf-Galois extension, provide an example (the

trivial Hopf-Galois extension), and demonstrate another characterization of that notion similarly
to what has been done in chapter 4.2 (the example was 4.2.8.(2) and the characterization 4.2.9).
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Throughout the section, we work within a cofibrantly generated (closed symmetric) monoidal
model category C = (C,®, 1) as defined in chapter 2. We shall consider a commutative monoid
A= (A,pa,n4)in C, and a commutative A-algebra B = (B, up,np, ®ap) in the category cAlga
of commutative A-algebras, where

e up: B® B — B is the multiplication of B as defined in 2.1.4,
e 1 : 1 — B is the unit of B as defined in 2.1.4,
e ayp: A® B — B is the action of A on B as defined in 2.1.6.

In the category of A-modules (and in particular of A-algebras), we have a tensor product
over A, denoted ® 4, which is defined as the coequilazer induced from the left and right actions
of A on each factor (cf. 2.1.8). In particular, we have a multiplication

ug: B®a B — B

of B over A, which is induced by pup : B® B — B from the universal property of the coequalizer
B ®4 B in the following way.

B®B—% B®,B

|

el

P | Alpg
Y

B

B A® B

We shall also assume the existence of a unit 75 : A — B which makes the diagram

Np®aids idp®any

ARy B——=B®,2 B<——B®4 A

A
iMB

B

IR
IR

commute in the category of A-modules.
Besides A and B, we also need to consider a third ingredient, that of a commutative Hopf
monoid as defined below. We shall denote it H.

Definition 5.1.1. A (commutative) Hopf monoid H = (H, pp,np,dm,ex) in C is a (commu-
tative) monoid H = (H, pm,ng) in C equipped with a counit ey : H — 1 and a coproduct
0g : H — H ® H, in the category of (commutative) C-monoids, which make the following
diagrams commute

H-— s goH— %" _(HeH)oH
HL>H®H 1dg®dy H@(H@H)

H
Al éHi pPH

1®H<7H®HZ_*>H®1

epQidy duR®cn

IR
1R

the first diagram being the coassociativity and the second the counity of H.
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Remark 5.1.2. We are not assuming that the coproduct ég is cocommutative; in the sense
that we don’t necessarily have
symody = gy,

where sym denotes the morphism that permutes both factors of H ® H.

Now that the three ingredients A, B and H have been defined, we need them to be related
in some way. The first two are already related by the action a4p. Similarly, we shall relate H
to A and B by a coaction Bgp of H on B viewed as a module over A.

Definition 5.1.3. We say that H coacts on B over A if there is a morphism
Bup: B— B®H

in the category cAlgs of commutative A-algebras, where B ® H has the canonical A-algebra
structure induced by the A-algebra structure of B, such that the two following conditions are
satisfied:

e The following diagram commutes.

B Bus BoH idpRH B@(H@H)

|

IR

id
B BuB BoH Bup®idy (BoH)® H
\ lidBQ?EH
B®1

The commutativity of the large rectangle is the coassociativity and the commutativity of
the lower triangle the counity.

e The morphism
h: BaB—B®H

defined to be the composition

Bwa B 129401 B (B H)

l ué ®Qidy

BeosB)oH 2" . pop

is a cofibration in C.

The next step is to establish the notion of the totalization of a cosimplicial object in cosC;
it involves, once again, the notion of equalizer as defined in 2.1.8.

Definition 5.1.4. Let X : A — C be a cosimplicial object. The totalization or total object
Tot(X) of X is the object of C defined to be the equalizer of the maps

)

Tot(X) — H[n]GObA [Aln], X™"] Hf:[n]ﬁ[k]GJVIOTA [A[n], X*],

¥

where
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e [A[n],—] is the adjoint of the functor
—® Aln]: cosC — cosC,

where the tensor product is defined relative to the functorial reedy cosimplicial frame on
CA™ as defined in [12].16.7.8,

e p:=[]; ¢y, with ¢y defined for every f : [n] — [k] € MorA as
or = lidap, X ()] : [Aln], X"] — [A[n], X*],
o i :=[]; vy, with ¢y defined for every f : [n] — [k] € MorA as
vr = [foidy] o [A[K], XM — [An], X,
with
fo: Alnl— AlH : g fog.
Remark 5.1.5. According to [12] thm 18.6.6.(2) and 18.6.7.(2), we have a functor
Tot(—): cosC — C,

called the totalization functor, which preserves weak equivalences between fibrant objects, where
fibrations, cofibrations and weak equivalences of cosimplicial objects respectively refer to reedy
fibrations, reedy cofibrations and reedy weak equivalences as defined in [12].15.3.3.(3). In par-
ticular, a cosimplicial map is a weak equivalence of cosC if and only if it is a weak equivalence
of C in each of its codegrees.

The totalization functor may be applied to a cosimplical object called the Hopf cobar complex
of B over A. This gives rise to an object C(H; B) and a map i : A — C(H; B) in C which we
shall use to establish the notion of Hopf-Galois extension.

Definition 5.1.6. Suppose that H coacts on B over A. The Hopf cobar complex C*(H; B) is
the cosimplicial commutative A-algebra

C*(H;B): A — cAlga
with
e C*(H;B)" = C"(H;B) := B® H®...® H in each codegree n,
—_—
n times

e the coface maps d' : C"(H; B) — C""(H; B) defined in each codegree n by

. BB ® id?}ﬂ . for i =0,
d' = Qidp®id5 ' @ g ®@idF" ", for 0 < i<,
idp ® id5" @ ., for i = n,

e the codegeneracy maps s’ : C"(H; B) — C"~!(H; B) defined in each codegree n by
‘ agB ® id?}”fl, ‘ for i =0,
s' = <idp® id%’_l RQeg @ id%”_’, for 0 < i <mn,
idp ®@id5" ' @ ey, for i = n.
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Furthermore, we suppose the existence of a functorial fibrant replacement RC*®(H; B) (cf. 1.4.2)
of C*(H; B) in the category of cosimplicial commutative A-algebras, and we define

C(H;B) := Tot(RC*(H;B))
to be its totalization. The algebra unit n3 : A — B induces a coaugmentation
coaug : A — C*(H;B),

which is the morphism of cosimplicial commutative A-algebras, with A seen as the constant
cosimplical commutative A-algebra, defined in each codegree n as

coaug™ = nm@nG".

Upon totalization of the induced map A — RC*®(H; B), this coaugmentation induces a morphism
of commutative A-algebras
i: A— C(H;B).

Remark 5.1.7. Let H be the category of right H-comodules in the category of commutative
A-algebras, and let cAlga denote the category of commutative A-algebras. By 5.1.5 and the
functoriality of R, we have a functor

C(H;—): H— cAlga
which preserves weak equivalences.

We are now in position to generalize Galois extensions of commutative rings, as studied in
chapter 4, to the context of the monoidal category C.

Definition 5.1.8. A morphism f : A — B of commutative monoids in C, where the commutative
monoid B is given the natural A-algebra structure induced by f, is an homotopic H-Hopf-Galois
extension, or more concisely an H-Hopf-Galois extension, if H is a commutative Hopf monoid
which coacts on B over A such that the induced maps

h: B®sB— B®H and i: A— C(H;B)
are weak equivalences in C.

Remark 5.1.9. From the assumption made on h in 5.1.3, if f is an H-Hopf-Galois extension,
then A is in fact an acyclic cofibration.

Example 5.1.10. The map
f=ida®@nm: A— A®H
is a H-Hopf-Galois extension, provided the induced morphisms
i:A—>C(H;A® H) and (pg @idy) o (idg ® dg)

are weak equivalences. Indeed, the object A ® H is a commutative monoid in C, whose multi-
plication and unit morphisms are respectively given by

HAQUH

fagm * ARHRA®H —— s> Ao Ao Heo H™ "L Ae H,

so that M?A@H) : (A®H)®A(A®H)i>A®H®HidAﬂﬁAigH7

1 nA idA®NH

and by Naga) + | ——=A—>AR®H,

because
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e the diagram
Haem) ®id(ag ) H(A®H)

(AHRAQH)®AQH ———— AQH®A®H —— A®QH

o

idagm)OH(AgH) H(AQH)

AHRAQHR®AQH) —————— AQHQRAQH ——— A H

commutes, since it can be decomposed as

(A®H)®3idA®sym®idH®idA®idHA®2 o 0O ®A®ﬁA®#H®idA®idH (A®H)®2
ida®Ridy ®idaR@symQidg (534)€Ss idaQ@symQidy
Ao H o AS? @ {92 (243)€Ss A®3 @ [®3 HARidA@uEQidy 452 @ O
1dARIdERuUARUHE 1dAQuA®idy Quu HAQuH
(Aw H)®2 — AW jer g ey AT A®H,

where the upper left square commutes by permutation of the symmetric group Sg, the
upper right and the lower left squares commute by the naturality of the symmetry sym
which permutes two factors, and where the lower right square is made up of the two

diagrams
(Ao A) @ A"E o414 4 HoH) oH" " gog g
l idA®pA HA l idy QUi
AR(ARA) — = AQA—— A He(HRH)—— o HeH s H

which commute by assumption, and

e the diagram

NaA®id(agH) idA@NE®id(agH)

1AQH ————AQAQH ——— > AQH®A®H

lu

IR

ARA®H®H
AA®H
lMA®MH
A®H
commutes since it is made up of the commutative diagrams
id
1o A8 A g 1o B2 gon

= LA = Lh
)\A AH
A

)
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and similarly for

id RQNARQH
AoHo1 —2 Ao Ho Ao H
= ‘(uA@H
PA
AR H

by the symmetry of C.

In addition, A ® H has an A-module (hence A-algebra) structure given by the action

a=pusaQidy : ARARH —— A® H,

and H coacts on A ® H over A via the coaction

f=ida®éy : AQH —— A® H® H,

because

e the diagram

idA®S id ®5
Ao H WA poHe H —22"""" A9 He (HH)
idA®S idA®5 i i
A9 H B Ao HeH 2SN Ao e H)oH
can be reduced to the diagram
s idp®5

H—"" HeH "% . He(H®H)

0 S ®i l

H—" s goH— %" _ (HeH)e H,
which commutes by assumption, and

e the diagram
id &
AoH1 <27 Ao HoH
p(A®;) TidA(géH
AR H
can be reduced to the diagram
id
Heol<——"%" _pgeoH
PH 161{
H

which commutes by assumption.
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The coaction 8 = ids ® dg, which is a morphism of commutative A-algebras by construction,
induces the morphism
h: (A9 H)®4a(A®H) — A® H® H,

which factors as

) 1dARidg® AtdA®0
_—

(A9 H)®s (A H AQH)®4 (A®H®H)

o

(A9H®s A0 H)® H

o

ida® ®1id
(A® H e H)oH 8 o He H.

By assumption, this implies that h is a weak equivalence, and consequently that f: A - AQ H
is a H-Hopf-Galois extension.

Conjecture 5.1.11. In example 5.1.10, we should be able to remove the hypothesis that (ug ®
idp) o (idg ® 6g) and i : A — C(H; A ® H) are weak equivalences, as this is probably the
case. This would then provide a generalization of the trivial extensions defined in 4.2.8 and in
paragraph 5.1 of [19]. We shall then assume that the map

f=ida®@ny: A— AQH

is a H-Hopf-Galois extension for every commutative C-monoid A.

We now establish another cosimplicial object, the Amitsur complex, from which we may
characterize H-Hopf-Galois extensions. Such a characterization is given as theorem 5.1.16 at
the end of the section. Its proof requires two supplementary results (cf. 5.1.14 and 5.1.15) we
shall prove below.

Definition 5.1.12. Assume that H coacts on B over A. The Amitsur complex C*(B/A) is the
cosimplicial commutative A-algebra

C*(B/A): A — cAlga
with
o C*(B/A)" = C"(B/A) := B®4...®4 B in each codegree n,

e the coface maps d' : C"(B/A) — C"*1(B/A) defined in each codegree n by

ng @aidg " for i = 0,
d = id%“ ®aNa DA id%“"_i"’l, for 0 <i < mn,
id3AM T @4 i, for i = n,

where 0 : A — B = C°(B/A) is the unit map defined above,
e the codegeneracy maps s’ : C"(B/A) — C"~1(B/A) defined in each codegree n by

i @add5A" for i = 0,
st = id%‘” @A 1 @a id%A"_’_l, for 0 <i < m,
id3A T @4 ui, for i = n.

where ;54 : B®4 B — B = C°(B/A) is the multiplication map defined above.
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Furthermore, we assume the existence of a functorial fibrant replacement RC'*(B/A) of C*(B/A)
(cf. 1.4.2) in the category of commutative A-algebras, and we define the completion of A along
B to be the totalization

C(B/A) := Tot(RC*(B/A)).

The algebra unit 74 : A — B, upon totalization of the induced map A — RC*(B/A), induces
a canonical completion map of commutative A-algebras

n: A— C(B/A).
If i is a weak equivalence in C, we say that A is complete along B.

Now that the maps ¢ and 7, connecting A with C'(H; B) and C(B/A) respectively, have been
defined, we may also define a map b’ : C(B/A) — C(H; B) which completes the triangle

A——'~C(H;B)

N

C(B/A).

It actually happens that this triangle commutes as proposition 5.1.14 below will show.

Definition 5.1.13. Let C*(B/A) be the Amitsur complex and C*(H; B) the Hopf cobar com-
plex, with A, B and H as defined above. We define

h®: C*(B/A) — C*(H;B) € Mor(scAlga)

to be the canonical morphism of cosimplicial commutative A-algebras given in each codegree n
by the map
h": BRQs...04 B — BRH®...Q H,
—_— —

n+1 times n times

which is the composition of all composites
BRAG+) g 8 —— > BOali=1) g, (B®4 B) ® H®
(1S4 @4 b ® idS)
B®a(-1) @, (B H) @ H®I = B®ai g gOG+1)

for j=0,...,n—1,withi+j=nand h: B4 B— B® H as in 5.1.3. Upon totalization of
the induced map RC*(B/A) — RC*(H; B), we obtain a morphism of commutative A-algebras

n': C(B/A) — C(H; B).

Proposition 5.1.14. Let A, B, H be as above, with H coacting on B over A, and consider the
induced morphisms

e i: A— C(H;B) as defined in 5.1.6,

e n: A— C(B/A) as defined in 5.1.12, and

e h/': C(B/A) — C(H;B) as defined in 5.1.13.
Theni = h'on.



110

5. Homotopic Hopf-Galois extensions

Proof. By the functoriality of TotR(—), we only have to check the commutativity of the triangle

A . C*(B/A)

\ lh (%)

C*(H;B),

where 7, ¢ and h® are the morphisms which induce 7, s and b’ respectively by application of the
composite functor Tot(R(—)). Since

e i is defined in each codegree n as i" = na @ 05",
e 7 is defined in each codegree n as 7" = ()&,
e h is defined in each codegree n as k" = A",
we only have to check the commutativity of (x) on the first factor, ie. that h® o7 = 4% or
equivalently that the following diagram commutes.
AR g B (%)
p l
B.
By definition of the unit 77 : A — B, we have a commutative diagram
B®ys A % B®aB
~ L“g
B,
which we may combine with the obvious commutative diagram
A2 ARy A M B®ys A
ne ]::
B
in order to obtain the commutativity of (xx) as desired. g

The desired characterization of Hopf-Galois extensions may finally be established
Lemma 5.1.15. Let A, B, H be as above with B cofibrant in cAlga and H coacting on B over
A. If the induced map

h: B, B— B®H

is a weak equivalence, then h' : C(B/A) — C(H; B) is a weak equivalence as well, and the map
na: A — B is a H-Hopf-Galois extension if and only if A is complete along B.
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Proof. Since by assumption h is an acyclic cofibration and B is cofibrant in the category cAlga
of commutative A-algebras, the cosimplicial map

h®: C*(B/A) — C*(H; B), as defined in 5.1.13,

is a weak equivalence in cosC. Consequently, it is in each codegree a weak equivalence in cAlga,
and the induced map

. C(B/A) — C(H;B), as defined in 5.1.13,

is by 5.1.5 a weak equivalence in cAlg,. Finally, since ¢ = h’ on by 5.1.14, axiom (M) implies
that 7 is a weak equivalence if and only if 7 is one as was to be shown. O

Theorem 5.1.16. Let f : A — B be a morphism of commutative monoids in C with B cofi-
brant in cAlga, where B is given the natural A-algebra structure induced by f, and let H be a
commutative Hopf monoid in C which coacts on B over A. Then the following conditions are
equivalent:

(1) The map f: A— B is an H-Hopf-Galois extension.
(2) The induced maps h: B®4 B — B® H and n: A — C(B/A) are weak equivalences.

Proof. (1 = 2) By definition, the induced maps h: B&®4 B — B® H and i : A — C(H; B) are
weak equivalences. It follows by 5.1.15 that the induced map b’ : C(B/A) — C(H; B) is a weak
equivalence as well. In addition, we know from 5.1.14 that ¢ = h’ on. Therefore, the fact that
7 is a weak equivalence is a consequence of the model category axiom (My) for C.

(2 = 1) By 5.1.15, the induced map h' : C(B/A) — C(H;B) is a weak equivalence. There-
fore, the fact that i is a weak equivalence follows from 5.1.14 and the model category axiom
(Msy) for C. O

5.2 Dualizability and faithfulness

Following a similar idea to what has been done in section 4.4, the goal of this section is to
define a generalized notion of faithful flatness, and to study how we may use this new notion to
characterize Hopf-Galois extensions. In order to do that, we shall also define and study another
important ingredient: the notion of dualizablility.

We work again in the context of a cofibrantly generated monoidal model category (C,®,1).
For every object X of C, we have by assumption a functor

[X,—] : C—C : Y — [X)Y] cf. 2.1.8,
which is the right adjoint of — ® X. We then have natural isomorphisms
C(X®Y,Z) = CX,[Y,2Z) for every objects X,Y,Z inC,
and in addition we impose the natural isomorphisms
(X®Y,Z] =2 [X,|]Y,Z] for every objects X,Y,Z in C.
Now for any such objects, we may consider the morphism

id[}gy] : [X,Y] — [)(_',Y]7
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whose adjoint is the evaluation morphism
evxy : X®[X,)Y] ¢ X, Y] X — Y.
From the evaluation morphism, we can form the composite morphism

evxy ®idz

(X,Y]®2) @ X —= (X®[X,Y])® Z Y ®Z,

whose adjoint is the canonical natural map
V=VXvyZz: [X,Y] QL — [X,Y@Z]

Within the monoidal model category (Moda, ®4, A) for a commutative C-monoid A (cf. 2.4.2),
the same approach leads to a morphism

v =1y, (X, Y]a®aZ — [X,Y ®4 Z]a cf. 2.1.8,
obtained from the evaluation morphism
evyy : X ®@4[X, Y4 — Y.
The appropriate notion of dualizability may now be defined in terms of the maps v and v*.

Definition 5.2.1. Let DX := [X, 1] € ObC be the functional dual of an object X in C. We say
that X is dualizable if the canonical map

Uxi1x - DX@X—> [X,X]

is a weak equivalence in C. In those cases where vxix is an isomorphism or the identity
morphism, we say respectively that X is strongly or strictly dualizable.

More generally, for a module M € ObC over a commutative monoid A € ObC, we define
DaM := [M, A] 4 to be the functional dual of M over A, ie. the equalizer of the two morphisms

(M, Al [A@ M, Al

P
where ¢ is induced by the action of A on M, and where 9 is the composition

[M,A] A®— [A®M,A®A] [A®M,an4]

[A® M, A]
as defined in 2.1.8. We say that M is dualizable over A, or that M is A-dualizable, if the
canonical map

Uiy an : DaM @4 M — [M, M) 4,

is a weak equivalence within the monoidal model category (Moda,®4, A). In those cases where
1/]’\3[ aps 15 an isomorphism or the identity morphism, we say respectively that X is strongly or
strictly A-dualizable or dualizable over A.

Remark 5.2.2. (1) In the definition of a dualizable A-module, the commutativity of the monoid
A is necessary.

(2) Being dualizable is equivalent to being 1-dualizable as the 1l-action is simply given by
the unit morphism of the underlying monoid.

We shall need the following result on dualizability as given in [19] under lemma 3.3.2.
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Lemma 5.2.3. Let X,Y, Z be objects of C, A a commutative monoid of C, and let M, N, P be
three A-modules.

(1) If X or Z is dualizable, then the canonical map
vxyz: [X,)Y]|®Z — [X|)Y ® Z]
is a weak equivalence in C.
(2) If X is dualizable, then DX too and the canonical map
px: X — DDX = [[X,1],1],

defined as the right adjoint of the evaluation

evx = evxy : X®[X,1]i>[X,l]®X*>1,
is a weak equivalence in C.
(3) If M or P is A-dualizable, then the canonical map
viinp : IM,N]a®a P — [M,N @4 P|a
is a weak equivalence in C.
(4) If M is A-dualizable, then DM too and the canonical map
Pt M — DaDsM = [[M,1]4,1]a,

defined as the right adjoint of the evaluation

evil =evfl 1 M@ [M,Alg — [M,Alx ®s M —> A,
is a weak equivalence in C.

The following result provides a very useful isomorphism between Hom objects over different
commutative monoids.

Lemma 5.2.4. Let f: A — B be a morphism of commutative monoids in C. For any A-module
M and any B-module N, there is an isomorphism

[M7N]A = [B ®a MuN]Bv

where N is also viewed as an A-module via the restriction of scalars Resy : Modg — Moda (cf.
2.4.8), and where B®4 M has a B-module structure whose action is given on the first factor by
the multiplication of B.

Proof. By the universal property of equalizers, it suffices to find two composable morphisms
¢: [M,N]a — [B®a M,N]p  and  ¢: [B®a M,N]p — [M, Ny,
in order to obtain

Yoy = id[M,N]A and poty = id[B®AM7N]B.
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The morphism ¢ may be given as the composite

~ F®A[M,N
(M, N]y —=> Awu M, N2 22N g oo (0, N

OMN

[BR®aAM,AN]

[B®AM,B®AN]B [B®AM,N]B7
where o)/ corresponds by adjunction to the composite
@@,N]AM B®aev

B®a [M,N]a®a (B®a M)

B®a ([M,N]a®a M) ——B®aN,

with 90{}\/1 N|a, M given by the lax monoidal structure of the functor B ® 4 — as given in 3.2.6.
Moreover, the morphism v may be given by the composite

At N
[B®a M, N)p —"—[B® M,Na L [M, N]a,

where k is given, via the universal property of equalizers, by the restriction of h in the commu-
tative diagram

[B&a M,N]p ———> [B®4 M,N| —= [B® B® M, N|

| m
k
N

[B®@aM,N|g——"——=[B®sM,N——Z[A® B® M,N].

O

In the isomorphism [M,N]a = [B ®4 M, N]|p, there is in fact a connection between the
A-dualizability of M and the B-dualizability of B ® 4 M as the following result shows.

Proposition 5.2.5. Let f: A — B be a morphism of commutative monoids in C, and let M be
an A-module dualizable over A. Then the B-module B ® 4 M s dualizable over B.

Proof. By 5.2.4, B ®4 M is a B-module whose action is defined on the first factor by the
multiplication of B, and we have an isomorphism

[M,N]a = [B®s M, N]p.
In addition, the canonical map
V53®AM,B,B®AN[) : Dp(B®aM)@p (B®aM) — [B®aM,B®s M]p

factors as the composite

o

[B@AM,B] XRp (B@A M)4>[M7B]A ®Ra M
[M,B®4 M|s —> [B®@a M,B®4 M|,

where the map v is a weak equivalence by 5.2.3.(3) since M is a dualizable A-module by as-
sumption. O
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We now move on to faithfulness. Another notion we shall need as well is a generalized version
of injective modules as we define below.

Definition 5.2.6. Let A be a commutative monoid in C. An A-module M is said to be faithful,
or faithful over A, if for every morphism of A-modules f : X — Y, f is a weak equivalence if
and only if f ®4 idys (or equivalently idy ®4 f) is a weak equivalence.

Furthermore, a map of commutative monoids g : A — B is faithful if B, endowed with the
canonical A-module structure given by

Ao B2 pop 't . B,

is faithful over A.

Finally, an A-module N is said to be injective, or injective over A, if for every weak equiv-
alence of A-modules f : X — Y, the induced map [f,N]a : [Y,N]a — [X,N]a is a weak
equivalence. If in addition we also have the reverse implication, ie. that for every weak equiva-
lence [f, N]a the map f is a weak equivalence, we shall then say that N is cofaithful, or cofaithful
over A.

Remark 5.2.7. By 2.3.3, any cofibrant A-module M is so that if f is a acyclic cofibration, then
f ®idy and idys ® f are weak equivalences.

Properties 5.2.8. Let f : A — B be a morphism of commutative monoids.
(1) If M is a faithful A-module, then B ®4 M is a faithful B-module.

(2) If f is faithful and M is an A-module such that the B-module B ®4 M is faithful over B,
then M is faithful over A.

Proof. (1) Counsider a weak equivalence g : C'— D in C. Then the composite
9®pidpo.an: C®p(B®AM)——=CosM
~ | g®aida
DosM——>D®g (B®a M)
is a weak equivalence since M is faithful over A. Conversely, a weak equivalence
h®pidpg ) : E@p(B®aM)— F®p(B®aM)
is isomorphic to a weak equivalence
h@pidy: EQaM — F®a M,

which in turns implies that h : F — F' is a weak equivalence by faithfulness of M.
(2) Consider a weak equivalence g : C' — D in C. Since B ® 4 M is faithful over B we have
a weak equivalence

g®atdy CosM—>Co@BosM
~ | 9®pBid(Be M)
D®pB®aM——> D@y M.
Conversely, a weak equivalence

h®aidpyr: EQaAM — FQRa M
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induces, by faithfulness of f, a weak equivalence

E@aB@sM—>E®s M®4B
~ | h®@aidy@aidp
FRAM®sB——>F®,B®sM,
which in turns induces a weak equivalence h : E — F by faithfulness of B ®4 M. O

Proposition 5.2.9. Let f: A — B be a faithful morphism of commutative monoids in C with
B dualizable over A, and let M be a faithful A-module. If B ® 4 M is a dualizable B-module,
then M is a dualizable A-module.

Proof. We need to check that the map
Uian ¢ M, Ala ®a M — [M, M]a,

is a weak equivalence in C. Consider the commutative diagram

id v
B®a [M,Ala®a M S B®a [M,M]a
[M,Ala ®4 B®s M [M,M]s®a B
Vi ap®@aidy VaiMB
[M,A®4 Bla®a M [M, M ®a4 Bla
[M,B]s®a M [M,B ®4 M]a

B
Y(B® A M)B(B® g M)

[B®a M,Blp ®p (B®as M) [B®a M,B®4 Mg,

where the lowest vertical isomorphisms are given by 5.2.4. Since B ® 4 M is assumed to be
dualizable over B, the lowest horizontal map is a weak equivalence by definition. In addition, B
is dualizable over A, so that 5.2.3.(3) and the faithfulness of M imply that the canonical maps

A , A
Virap @A idy and VMMB

are weak equivalences. Consequently, the upper horizontal map is a weak equivalence by (Ms),
and the faithfulness of B over A implies that the map v{; 45, is a weak equivalence. O

In 4.2.7, besides ¢ and h, we also defined a ring homomorphism j : S <G >— Endg(S) which
provided another way to characterize Galois extensions of commutative rings (cf. 4.2.9). The
same thing can be done here.

Definition 5.2.10. For a morphism of commutative monoids f : A — B, and a commutative
Hopf monoid H which coacts on B over A, we define the map

j: DH® B — [B,Bla



5.2. Dualizability and faithfulness 117

to be the composite

DH®B—2 - |H B|——[B®H, Bl
[h,Bls

j [B®AB7B]B

[B,B}A,

where h: B®4 B — B ® H is the canonical morphism induced from f (cf. 5.1.3), and where
both isomorphisms are given by 5.2.4.

Proposition 5.2.11. Let f : A — B be a morphism of commutative monoids, and H a com-
mutative Hopf monoid which coacts on B over A. Suppose that B is dualizable over itself.

(1) If B is injective over itself and if h is a weak equivalence, then j is a weak equivalence as
well.

(2) If B is cofaithful over itself, then h is a weak equivalence if and only if j is a weak
equivalence.

Proof. This is an easy consequence of 5.2.6, 5.2.3.(2) and the model category axiom (M) as
stated in 1.2.4. 0

Proposition 5.2.12. Let f : A — B be a morphism of commutative monoids, and H a com-
mutative Hopf monoid which coacts on B over A. Suppose that the induced morphism

h: B, B — B®H, as defined in 5.1.8,
is a weak equivalence (and consequently an acyclic cofibration).
(1) For a cofibrant B-module M, there is a canonical weak equivalence

hyy: M, B — M® H.

(2) If H is dualizable, for a cofibrant injective B-module M, there is a canonical weak equiv-
alence
j]u : DH® M — [B,M]A.

Proof. (1) The map hj; is defined to be the composite

M@&sB—>M@sBosB M Moy, Bo H——> M®H,

which is a weak equivalence by (Ms) and 5.2.7 since h is an acyclic cofibration by assumption.
(2) The map jp is defined to be the composite

VH1M =

DH ® M "> [H,M] — = [B® H,M|p
~ | [h,M]B
[B®a B, M]p — [B, M],

where v is a weak equivalence by 5.2.3.(1) and the dualizability of H, and where [h, M|p
is a weak equivalence by injectivity of M. The fact that jj; is a weak equivalence then follows
from axiom (Ms). O
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Remark 5.2.13. According to 5.2.3.(1), we may also transfer the dualizability of H on M in
5.2.12.(2).

For a morphism of commutative monoids f : A — B with a commutative Hopf monoid H
coacting on B over A, there is in C a canonical map v/ from M ® 4 C(H; B) to C(H; M ®4 B).
We shall provide two conditions under which this map becomes a weak equivalence.

Proposition 5.2.14. Let f : A — B be an H-Hopf-Galois extension. Then, for a B-module M
which is faithful over A, the canonical map

vV': M®sC(H;B) — C(H; M ®4 B)
is a weak equivalence.

Proof. By the universal property of totalizations, the weak equivalence iy : M — C(H; M@ H),
induced by the trivial H-Hopf-Galois extension M — M ® H of M, factors as the composite

idp®@at

M——= Mo AN 9,4 C(H; B)

’
v

C(H,hM)
_—

CH;M ®s B)——C(H; M ® H),

where

e the map idy; ®4 i is a weak equivalence since ¢ is a weak equivalence and M is faithful,
and

e the map C(H;hys) is by 5.1.7 a weak equivalence since hj is a weak equivalence.
The fact that v/ is a weak equivalence then follows from axiom (Ms). O
The second condition requires the following assertion.

Conjecture 5.2.15. Let f : A — B be a morphism of commutative monoids, and H a com-
mutative Hopf monoid which coacts on B over A. For any A-dualizable A-module M, we have
a weak equivalence

TotR([M,C*(H; B)|4) — == [M, TotR(C*(H; B))] 4.

Proposition 5.2.16. Let f : A — B be a morphism of commutative monoids, and H a commu-
tative Hopf monoid which coacts on B over A. For any A-dualizable A-module M, the canonical
map

V': M®sC(H;B) — C(H;M ®4 B)

is a weak equivalence.

Proof. For each n € N, consider the weak equivalence

C”(H; [DAM, B]A)

[[M7 A]A’ B]A ® H®"

lw

[[M, A]a, B® H®"| g === [DaM,C"(H; B)]a.
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After application of the composite functor TotR(—), we obtain by 5.1.7 and 5.2.15 a weak
equivalence

O(H; [DAM,B}A) %— [DAM,O(H;B)]A,

which fits into the commutative diagram

A Ratd . vA .
M @4 C(H; B) "2 paDaM @4 C(H; B) 222 o (D4 M, C(H: B)) 4
C(H;p4 id C(H;v )
C(H; M ®4 B) M C(H; DADAM ®4 B) —— 222 O(H;[DaM, B)4),

where the four horizontal maps are weak equivalences by 5.1.7, 5.2.7 and the A-dualizability of
M. Tt follows from axiom (M) that v/ is a weak equivalence. O

We may finally proceed to the characterization of a Hopf-Galois extension in terms of du-
alizability and faithfulness. We shall assume the following result based on proposition 6.2.1 in
[19], which we conjecture is true also in this context.

Conjecture 5.2.17. Let f : A — B be an H-Hopf-Galois extension. Then B is a dualizable
A-module. This result is the generalization to Hopf-Galois extensions of the fact seen in 4.2.9
that for each Galois extension of commutative rings R C S, the ring S is a finitely generated
R-module.

Theorem 5.2.18. Let f : A — B be a morphism of commutative monoids, and H a cofibrant
commutative Hopf monoid which coacts on B over A. Then f is a faithful H-Hopf-Galois
extension if and only if the induced map h : B®4 B — B ® H is a acyclic cofibration and the
A-module B is faithful and dualizable over A.

Proof. (=) This is a consequence of 5.2.17 and the definition of an H-Hopf-Galois extension.

(<) Suppose that h is a weak equivalence and that B is dualizable and faithful over A. We
must check that the canonical map i : A — C(H; B) is a weak equivalence which, by faithfulness
of B, is equivalent to the fact that

idp®ai1 : BXB®y A— B®sC(H;B)

is a weak equivalence. As in the proof of 5.2.14, we have a commutative diagram

B——">BosA %Y B o, CH; B) —Y > C(H; B®4 B)
~ | C(H;h)
C(H; B H),

where
e the map C(H;h) is a weak equivalence by 5.1.7,
e the map v/’ is a weak equivalence by 5.2.16, and

e the map ip, induced after application of the composite functor TotR(—) by the trivial
H-Hopf-Galois extension B — B ® H, is a weak equivalence by definition.

It follows by (Ms) that i ®4 i is a weak equivalence, and consequently that i is a weak equiv-
alence by faithfulness of B. O
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5.3 Cobase changes of Hopf-Galois extensions

The goal of this section is to establish when an H-Hopf-Galois extension g : A — C' is preserved
and reflected under a functor B ® 4 — for an A-module B. Conveniently enough, the condi-
tion under which this happens to be the case may be expressed in terms of dualizability and
faithfulness.

Let us fix again a cofibrantly generated monoidal model category (C,®,1). For two mor-
phisms of commutative monoids f: A — B and g : A — C, we have a commutative diagram

B——B®4C,
g

where f' = f®aidc, ¢ = idg ®4 g, and where B and C have the A-module structures induced
by f and g respectively. In this situation, we shall say that f’ is the cobase change of f along
g, and that ¢’ is the cobase change of g along f. We shall first establish under which conditions
H-Hopf-Galois extensions are preserved under cobase changes.

Proposition 5.3.1. Let f : A — B be a morphism of commutative monoids with B cofibrant.
If g: A — C is a faithful H-Hopf-Galois extension, then the cobase change ¢’ : B — B ®4 C of
g along f is a faithful H-Hopf-Galois extension as well.

Proof. By assumption, the commutative Hopf monoid H coacts on C' over A, so that the coaction
Brc : C — C ® H fits into the commutative diagram

o

c—2 oon—Lrt _(ceoH)eH
C®l
This coaction uniquely extends to ¢’ via the functor B ® 4 —, which sends g to ¢’ and the

commutative diagram above to the commutative diagram

BH(B® 40) id(pe 40)Q0H

(B C) (BAC)®H (BsaC)®(H®H)

oy

BH(B® 40) BH(B® 4C)QtdH
_—

(B®aC) (BeaC)®@ H (BoaC)®H)® H

R

lid(quAc)@EH
(BealC)®1 J

where S8y (pg,c) = idp ®a Buc, so that H coacts on B ®4 C over B as well.
We shall prove that ¢’ is a faithful H-Hopf-Galois extension by invoking 5.2.18. We know
that C is a dualizable A-module by 5.2.17, and is faithful by hypothesis. By 5.2.5 and 5.2.8.(1),
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it follows that B ® 4 C is a dualizable and faithful B-module. It remains to verify that the
canonical map

h: (BaC)®@p(Be®sC) — (BRaC)®H

is a weak equivalence. This map fits into the commutative diagram

idB®Ahl

BsaC®y,C = B@A(C®H)
(B®4C)®p (BosC)—L— (B4 C)®H,

where h' is an acyclic cofibration by assumption, so that idg® 4h’ is a weak equivalence. It follows
from (Ms) that h is a weak equivalence. The required hypotheses of 5.2.18 for ¢’ : B — B®4 C
to be an H-Hopf-Galois extension are therefore verified. O

Proposition 5.3.2. Let f : A — B be a morphism of commutative monoids with B faithful and
dualizable over A, and let g : A — C be an H-Hopf-Galois extension. Then the cobase change
g :B— B®yC of g along fis an H-Hopf-Galois extension as well.

Proof. The commutative Hopf monoid H coacts on B ®4 C over B and makes the canonical
map

h: (B@AC)®B (B@AC) — (B®AC)®H
into a weak equivalence as in the proof of 5.3.1. It remains to verify that the canonical map
i: B— C(H;B®4C)
is a weak equivalence. This map fits into the commutative diagram

idp®ai’

~

B——>B®4 A B&a C(H;C)

~ |y

C(H;B®a C),
where

e the canonical map v/ is a weak equivalence by 5.2.16 since B is dualizable over A,

e the canonical map i/, and consequently idg ® 4 7’ by faithfulness of B over A, is a weak
equivalence since g : A — C' is an H-Hopf-Galois extension.

It then follows, from axiom (Ms), that ¢ is a weak equivalence as desired. O

Conversely, we may study under which conditions cobase changes reflect (faithful) H-Hopf-
Galois extensions.

Proposition 5.3.3. Let A — B and g : A — C be morphisms of commutative monoids with B
faithful and dualizable over A, let H be a dualizable commutative Hopf monoid that coacts on C
over A, and consider the cobase change ¢’ : B — B ® 4 C of g along f.

(1) If ¢’ is an H-Hopf-Galois extension, then g is an H-Hopf-Galois extension as well.

(2) If ¢’ is a faithful H-Hopf-Galois extension, then g is a faithful H-Hopf-Galois extension
as well.
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Proof. (1) Suppose that ¢ : B — B ®y4 C is an H-Hopf-Galois extension. We must check that
the two canonical maps

i: A— C(H;C) and h: C®,C —C®H

are weak equivalences.
By assumption, we have a weak equivalence i’ : B — C(H; B ®4 C), for the H-Hopf-Galois
extension ¢’, which fits into the commutative diagram

idp®at

B——>B®4A B®a C(H;C)

C(H;B®a (),

where the map v/ is a weak equivalence by 5.2.16 since B is dualizable over A. It follows from
axiom (M) that the map idg ®4 i is a weak equivalence, and consequently that i is a weak
equivalence by faithfulness of B over A.

Furthermore, the canonical map h: C ® 4 C' — C ® H fits, as in the proof of 5.3.1, into the
commutative square

idp®ah

B®aC®aC B®A(C®H)

o o

’

(BaC)®p(B®aC)

(B X4 C) 0y Ha
where the canonically induced map
h': (B®aC)@p(B®aC)— (BsaC)®H

is a weak equivalence by assumption. From axiom (M), it follows that idg ®4 h is a weak
equivalence, and consequently that h is a weak equivalence by faithfulness of B over A.

(2) From (1), it remains to check that if ¢’ is faithful then g is faithful. This however is a
direct consequence of 5.2.8.(2). O

Notice that reflecting (faithful) H-Hopf-Galois extensions under cobase changes requires
stronger conditions than preserving them under cobase changes. As a consequence, we may
improve 5.3.3 in the following way.

Theorem 5.3.4. If A — B and g : A — C are morphisms of commutative monoids such that B
1s faithful and dualizable over A, and if H is a dualizable commutative Hopf monoid that coacts
on C over A, then

(1) the map g is an H-Hopf-Galois extension if and only if its cobase change along f is an
H-Hopf-Galois extension,

(2) the map g is a faithful H-Hopf-Galois extension if and only if its cobase change along f
1s a faithful H-Hopf-Galois extension.

Proof. This is simply a combination of 5.3.1, 5.3.2 and 5.3.3. (]

The reason for the term cobase change to be used in this context comes from the following
probable assertion.



5.4. Towards a Hopf-Galois correspondence theorem 123

Conjecture 5.3.5. For two morphisms of commutative monoids f: A — Band g: A — C, we
may form their pushout

A—2 S0

f if/

B——>B®,C
g

which corresponds to the monoid B ® 4 C' since for any two morphisms of commutative monoids
k: B— D and l: C— D with lg=kf,

the unique morphism p: B ®4 C — D is given by the coequalizer

B A®C BeC B®ysC
P \
k®l | 3lp
KD ¥
DeD——D,

where pp is a morphism of commutative A-algebras by the commutativity of D, and where ¢
and 1 are respectively defined as the composites

id 2d. 2d,
B Agc 2% popgc -t pgc

and
idp®g®idc idpQuc

BRARC——BRC®(C——BxC.
If that is the case, the above results provide conditions under which H-Hopf-Galois extensions
are preserved under pushouts.

5.4 Towards a Hopf-Galois correspondence theorem

This section is a proposed sketch of a future Hopf-Galois correspondence theorem. We shall first
generalize the cobar complexes C(H; B), where B is a right H-comodule, to cobar complexes of
the form C(B; H; B') with B’ being a left H-comodule. This allows to formulate a trivial example
of Hopf-Galois extensions for a right H-comodule. We shall then provide a sufficiently strong
notion, that of allowability, in order to formulate what might be the desired correspondence
theorem. This might certainly be achieved within the context of a cofibrantly generated monoidal
model category (C,®,1), which we fix for the rest of the section. As above, we shall consider
a commutative monoid A in C, a commutative Hopf monoid H in C, and two commutative
A-algebras B and B’ such that H coacts on them over A in such a way that B becomes a right
H-comodule and B’ a left H-comodule.

Definition 5.4.1. The Hopf cobar complex C*(B; H; B’) is the cosimplicial commutative A-
algebra
C*(B;H;B'): A — cAlga

with
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e C*(B;H;B")" = C"(B;H;B') == BH®...® H®B’ in each codegree n,
—_—
n times

e the coface maps d' : C"(B; H; B") — C"*(B; H; B') defined in each codegree n by

BB ® id%n ®idpgr, for i =0,
d' = Qidp ®id5 ! @6y ®idY" T @idp, for 0 <i<n,
id3®id%n®ﬂHB/7 for i =mn,

e the codegeneracy maps s : C"(B; H; B') — C" 1(B; H; B') defined in each codegree n

by
OéHB®Z'd?In71 ®idpr, for i =0,
st = idB®id%i71®5H®id%”7i®id3r, for 0 < i < mn,
idp ® id%”_l Ragp, for 1 = n.

Furthermore, we suppose the existence of a functorial fibrant replacement RC*(B; H; B’) of
C*(B; H; B’) in the category of cosimplicial commutative A-algebras, and we define

C(B;H;B') := Tot(RC*(B;H;B'))
to be its totalization.

Remarks 5.4.2. (1) It is clear that C(B; H;1) =2 C(H; B).
(2) Since H is a commutative Hopf monoid, it has a canonical structure of (left and right)
H-comodule.

From this, we should be able to establish the following properties and example.
Properties 5.4.3. Under a possible supplementary condition,
(1) there are weak equivalences C(H; H;1) ~ %~ C(1; H; H),
(2) there are weak equivalences C(B;H;H) ~ B and C(H; H; B') ~ B’,
(8) there are projections 7 : C(B; H; B') — B and «' : C(B; H; B') — B'.
Example 5.4.4. Let M be a right H-comonoid of commutative algebras. Then the morphism
™ =C(M;Hing): C(M;H;1) — C(M; H; H)
is an H-Hopf-Galois extension, where
e the morphism 3 : C(M;H; H) — C(M;H; H) ® H comes from idy; ® idgen ® g,
e the morphism i : C(M; H;1) — C(C(M;H; H); H;1) is a weak equivalence by 5.4.3.(3),

e the morphism h : C(M; H; H) @c; 1) C(M; Hy H) — C(M; H; H) ® H, defined as the
composite

C(M;H;H) Qc(m;H;1) C(M;H;H)

1d®S

pne®id
_—

C(M; H; H) ®@c(n;mny C(M; Hy H) @ H C(M;H;H)® H,
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is a weak equivalence as it fits into the commutative diagram

C(M;H; H) ®c(av;mny C(M; H; H) - M®H
1d®B
C(M;H; H) ®c(m;ay) C(M; Hy H) @ H

n®id

C(M;H;H)® H - M®H.

The above results, together with the following condition of allowability, should be sufficient
for the desired correspondence theorem (as stated below) to be verified.

Definition 5.4.5. Let H be a commutative Hopf monoid in C, and let ¢ : H — H be a morphism

of commutative Hopf monoids. We say that ¢, or equivalently H, is allowable if the induced
map B
my: C(H;H;1) — H,

where H has the H-comodule structure induced by ¢, has a section H — C(H; H;1).

Theorem 5.4.6 (Hopf-Galois correspondence). Let f : A — B be an H-Hopf-Galois extension,
and let H be a commutative Hopf monoid in C. If ¢ : H — H is allowable, then the H-Hopf-
Galois extension

5 : C(B;H;1) — C(B; H; H), as given in 5.4.4,

fits into a commutative diagram

C(B; H;1) = B

~

\ le
’ C(B; H;

where the morphism of H-comodules 1g is a weak equivalence. In addition, if C(1;H; H) is
endowed with a natural structure of Hopf monoid, then the induced map

H),

ig: A— C(H;B)=~C(B;H;1)

is a C(1; H; H)-Hopf-Galois extension.

LBlN
C(B;Hing

C(B;q; _ _
;MQC(B;H;l)Hb(B;H;H)

C(B;H;1)

This result, however, may only be conjectured for now and constitutes a topic for future
research.
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