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Abstract

In this thesis, we establish, via obstruction theory in motivic homotopy theory,
some enumeration results on vector bundles of rank d over a smooth affine k-
algebra A of dimension d for a base field k, in analogy with some results of
James-Thomas [47]. In the rank d case, we recover in particular results of Suslin
and Bhatwadekar on cancellation of such vector bundles. Admitting a conjecture
of Asok and Fasel, we prove cancellation of such modules of rank d — 1 if the base
field k is algebraically closed. Using similar methods, we also obtain cancellation
results for symplectic vector bundles of critical rank.

Key words. Motivic homotopy theory, vector bundles, Moore-Postnikov sys-
tems, obstruction theory, algebraic K-theory, Chern classes.



Résumé

Dans ce travail, nous utilisons la théorie de l'obstruction en théorie homo-
topique des schémas pour obtenir certains résultats d’énumération de fibrés vec-
toriels sur des algebres lisses de dimension d sur un corps k fixé. Dans un premier
temps, nous énumérons les fibrés vectoriels de rang d sur ces algébres, obtenant
au passage de nouvelles preuves de certains théorémes de Suslin et Bhatwadekar.
Nous étudions ensuite les fibrés de rang d — 1, prouvant au passage une conjec-
ture de Suslin en admettant une conjecture de Asok et Fasel. Finalement, nous
utilisons des méthodes similaires pour prouver des résultats de simplification pour
des fibrés symplectiques de rang critique.

Mots-clés. Théorie de I’homotopie motivique, fibrés vectoriels, systémes Moore-
Postnikov, théorie de I'obstruction, K-théorie algébrique, classes de Chern.
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Notations

Below we list some abbreviations and symbols we will use, which we usually don’t explain further in the text; other
abbreviations and symbols will be introduced along the way with explanations.

Symbol Meaning
Set the category of sets
A the cosimplicial indexing category
Cat the category of all (small) categories
Top the category of all (nice, e.g. compactly generated weakly Hausdorff) topological spaces
Sch the category of schemes
Smg the category of smooth schemes over a fixed base scheme S
Sr the category of groups
Ab the category of abelian groups
Mod the category of modules over a fixed ring
Qcoh the category of quasi-coherent sheaves over a scheme (or even a locally ringed space)
ker the kernel of a morphism (in an abelian category)
im the image of a morphism (in an abelian category)
coker the cokernel of a morphism (in an abelian category)
sSet the category of simplicial sets
XKan the category of Kan complexes
sGr the category of simplicial groups
sAb the category of simplicial abelian groups
oM =MA the category of cosimplicial objects of a category M
SM = MA" the category of simplicial objects of a category M
M, = (x ) M) || the (comma) category of pointed objects in a category M (when M admits a final object *)
Ho(M) the homotopy category of a model category M
H Ho sSet, where sS8et is equipped with the standard Kan-Quillen model structure
I Ho sSet.
(€,7) or Cr a (small) Grothendieck site with underlying category € and a Grothendieck topology T
Pre(C) the category of presheaves (of sets) on a (small) category C
Shv(Cx) the category of sheaves on a (small) site (€, T)
sPre(C) the category of simplicial presheaves on a (small) category C
sShv(Cx) the category of simplicial sheaves on a (small) site (C, T)
PreAb(C) the category of presheaves of abelian groups on a (small) category €
ShvAb(Cx) the category of sheaves of abelian groups on a (small) site (C, 1)
sPreAb(C) the category of simplicial presheaves of abelian groups on a (small) category C
sShvAb(Cr) the category of simplicial sheaves of abelian groups on a (small) site (€, T)
Spt (M) the category of T-spectra on a pointed model category M (with T' € M a parameter object)
Sptr(Cr) abbreviation for Spt(sPre(C).), for some site (€, T) and a parameter object T' € sPre(C).
Map = Mapy, the simplicial mapping space functor M°? x M — s8et on a simplicial model category M
Hom the internal-hom functor M°? x M — M of a category M (if it exists)
o~ isomorphism (in a category or with respect to some structure)
A~B exhibiting a weak equivalence between the two objects A and B (in a model category)
f2g: A= 7 exhibiting a homotopy between the two morphisms f and ¢ (in a model category)
H/n H/nH = coker(H = H), H an abelian group, n € Z (so k* /2 = k* /(k*)?, k a field)
nH ker(H % H), H an abelian group, n € Z
iff if and only if

vi
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Introduction (in English)

The goal of this thesis is to study cancellation properties of finitely generated projective modules of critical rank
over smooth affine algebras. Here, by critical rank we mean that the rank is equal to the dimension of the base ring. One
easily translates this using the language of algebraic geometry to statements about vector bundles over smooth affine
varieties.

We begin with describing some classical results in commutative ring and module theory. Let R be a commutative
ring, and P a finitely generated projective R-module (of constant rank n). We say that the projective module P is
cancellative if for any m > 0, P@® R™ = Q & R™ for some R-module @ implies P 2 ). Note that if R is a local ring,
then any finitely generated projective R-module is cancellative (since such modules are always free and the isomorphism
class of a finitely generated free module is uniquely determined by its rank in that case).

We have the Serre splitting theorem, which says that for a finitely generated projective module P over a commutative
noetherian ring R of Krull dimension d, if its rank is at least d 4+ 1, then it has a free summand of rank 1; and Bass
cancellation theorem: any finitely generated projective module P over R of rank at least d+ 1 is cancellative. The results
of Serre and Bass are optimal, in the sense that there are commutative rings R of Krull dimension d and projective
R-modules of rank d which are indecomposable and not cancellative.

It’s interesting to understand further cancellation properties of projective modules of lower rank. In order to use
nice results in algebraic geometry, we restrict to the case when the commutative ring A is a k-algebra, k is a field. Even
for k algebraically closed (k = I_c)7 Mohan Kumar [52] gives a negative answer in the case when the rank n = d — 2 is
prime (d = dim A): there exists a rank n = d — 2 stably free module which is not free.

We are thus left to deal with n = d and n = d — 1, which are the problems we will explore in this thesis. For the
case n = d, Suslin [87] confirms cancellation in the case k = k. This result was later extended to the case where the base
field is a C1-field by Bhatwadekar [19]. For the case n = d — 1, Fasel-Rao-Swan [30] confirm cancellation for stably free
modules in the case k = k (with other mild conditions).

We push the problems forward further by dressing with homotopy theoretic clothes, namely, we will use the modern
tools of A'-homotopy theory (or motivic homotopy theory) initiated in Morel-Voevodsky [69] and further developped
in Morel [68]. As optical apparatus can “see” something we can’t see by naked eyes, this homotopical apparatus can
detect some fascinating phenomenon which is hardly to find otherwise. Precisely, we explore cancellation properties of
vector bundles using obstruction theory in A'-homotopy theory, following some ideas in [7, @]. This reflects the fact that
algebraic geometry and topology share a long history of interaction, cross-fertilization and competition.

There are the results of James-Thomas [47] on similar problems in the topological situation. The motivic homotopy
theory is a suitable framework that allows us to make similar operations in algebraic geometry. We extend their results
to the motivic homotopy setting, namely, we identify certain set of homotopy lifting classes with nice source and target
with the cokernel of a certain map of abelian groups associated to some A'-homotopy classes. We then give a formula
for that map, following the method of [47]. This is essentially a study of the derived mapping space in A'-homotopy
theory (see Corollary7 taking advantage of the fact that stable things are abelian group objects even in the unstable
motivic homotopy category.

Combining with the Suslin matrix construction and some known results on the cohomology of certain motivic spaces,
we are able to show that the image of that map contains n! multiple of the target abelian group, which is the cohomology of
the variety Spec A with coefficients in some Milnor (or Milnor-Witt) K-theory sheaf, by manipulating some characteristic
classes. Hence the set of homotopy lifting classes is a singleton if the target abelian group is n!-divisible. It’s worth to
remark that Suslin’s matrix construction plays a very important role here—it provides sufficiently many elements in the
target abelian group which lie in the image of the map in question.

Further, using recent results—the Rost-Schmid complex and the motivic Bloch-Kato conjecture, one can show that
the target cohomology group is indeed n!-divisible in many cases (e.g. when all elements in the residue fields at all closed
points of Spec A are n!-th power).

In the n = d case, we will mostly focus on the odd rank case. For the even rank case, there are some further
difficulties. On the one hand, as the A'-fundamental group of BGL,, is non-trivial (i.e. BGL,, is not A'-simply connected),
the relevant A'-homotopy fiber sequence we get via A'-homotopical obstruction theory is not principal hence do not fall
into our framework as in [47]; so we make the compromise that we restrict to enumeration for oriented vector bundles.
On the other hand, the first nontrivial homotopy sheaf of the relevant space is more difficult to study, even in the case
of oriented bundles. Nevertheless, it’s still quite useful to get results using BSL,, etc. instead of BGL,, hence studying
enumeration problem for non-stable oriented vector bundles. So we will mostly discuss enumeration problem for oriented
vector bundles.

The main A'-homotopy foundation comes from Morel’s work [68] where the base fields are all assumed to be perfect
(and infinity, but later, Hogadi-Kulkarni [42] gave a published version of Gabber’s presentation lemma for finite fields,



2 Introduction (in English)

which confirms that Morel’s results are indeed also true for finite fields), but every field k contains a perfect (prime)
subfield ko, and since the k-group schemes GL, /k,SL,/k are extended from ko, our arguments in the text hold for a
general base field k as well; cf. [11, Comments on the proof of Theorem 3.1.7]. To make the statements more concise,
we just assume everywhere that k is perfect.

Overview of the main results.

Our main result in the n = d case is the following (for more details, see Theorems and [4.2.3)).

THEOREM. Let k be a field, A a smooth affine k-algebra of odd Krull dimension d > 3, and X = Spec(A), let £ be
a stable vector bundle over X, whose classifying map is still denoted € : X — BGL. Let ¢, : [X,BGLgJp1 — [X, BGL]s1
be the stabilizing map. Then there is a bijection

_ Ale 3
1 (€) 2 coker(Ky (X) S5 1 (XK ),
where the homomorphism A(cqy1,§) is given as follows: for € Ki(X) = [X,OBGL]1 = [X, GL]41,

d
Acarn, €08 = (Qea1) (8) + 3 () (8) - carr—+(€).
r=1

Here, (Qc;)(8) € HH(X;KM) fori=1,--- ,d+1 are the Chern classes of 8 and c;(&) are the ordinary Chern classes
of &.

In other words, given a vector bundle & of rank d over X, then the set of isomorphism classes of vector bundles v
such that v ® 0% 2@ 0% (for some m) is in bijection with cokerA(cg+1,£).

In case A is of even dimension d > 2 and the base field is of cohomological dimension at most 2, the same results as

above hold for oriented bundles (see Theorem|4.2.11]).

As a corollary, we see that if k is algebraically closed or of cohomological dimension at most 1 then all rank d vector
bundles are cancellative (Theorem , hence recovering the cancellation theorems of Suslin and Bhatwadekar. A
similar result holds for d even and oriented vector bundles (see Theorems [4.2.11| and |4.2.13)).

It’s also possible to explore the idea to get further cancellation results in the rank d — 1 case, which is more difficult.
For the moment we only obtain a conditional cancellation result by a study of a 2-stage Moore-Postnikov factorization, in
which the first stage is (unconditional and) very similar to the results in the rank d case and requires a condition on the
characteristic of the base field k (namely, char(k) = 0 or char(k) > d; see Theorem [4.3.5)) to ensure that the isomorphism
class of a stable bundle has at most one lifting to the first stage in the tower; for the second stage, we invoke a conjecture

of Asok-Fasel (Conjecture i describing ﬂ'dAl (A% \ 0): if k be a perfect field with char(k) # 2, then there is an exact
sequence (at least after d-fold contractions)

K ,/24 — 4" (A%\ 0) - GW2,, — 0. @ 13)

This gives a vanishing result on some cohomology group and ensures that the isomorphism class of the lifting map from
the first stage to the second stage in the tower (exists and) is unique, which again involves studying the derived mapping
space in A'-homotopy theory, taking advantage of the abelian group object structures.

The (conditional) cancellation result in the n = d — 1 case is the following (see Theorem .

THEOREM. Assume the base field k is algebraically closed. Let A be a smooth k-algebra of Krull dimension d > 3
and assume char(k) = 0 or char(k) > d. Let X = Spec A. If the Asok-Fasel Conjecture[{.3.6 holds, then every oriented
rank d — 1 vector bundle over X is cancellative: In other words, given an oriented vector bundle & of rank d — 1 over X,
then any vector bundle v such that v @® O% = & ® O% is isomorphic to &.

In a similar fashion, one can deduce enumeration results on symplectic vector bundles as follows (Theorems m

and .

THEOREM. Let k is a perfect field with char(k) # 2 and c.d.2(k) < 2, X = Spec(A) a smooth affine k-scheme of
dimension d = 2n+ 1 > 3. Let £ be a stable symplectic vector bundle over X, whose classifying map is still denoted by
£: X — BSp.

(1) There is an abelian group homomorphism
Albn+1,€) - KSpy (X) = [X, OBSplu — [X, KK, 20+ 1] = B (X Kay)

associated to the class € € [X,BSp|a1 given by

n

Albnt1,€)(B) = (Wns1)(B) + D _((2:)(B)) - bnt1-r(£),

r=1

whose cokernel is in bijection with the set of rank d — 1 = 2n symplectic vector bundles over X.
(2) We have (2-d!) - HY(X; KL ,) Cim(TA(bnt1,8)).
(3) There is a surjective homomorphism

HY(X;KYL1)/2 - d! — cokerA(bn i1, £).



(4) IfHY(X; KL, is d!-divisible, then cokerA(bn11,€&) = 0. So in this case, any rank 2n = d— 1 symplectic vector
bundle is cancellative. Moreover, the map

(bns1)s : w1 (RMap(X, BSp), &) — mi (RMap(X, K(Kg}Y,d + 1)),0) = H(X; KLY )

is surjective for every & € [X,BSply:.
(5) Ifc.d.(k) < 1, then every rank 2n = d — 1 symplectic vector bundle over X is cancellative.
In particular, for d =2n+1 > 3 and a given symplectic vector bundle & of rank d — 1 over X, if c.d.(k) < 1, then
any symplectic vector bundle v such that v ® H™ = £ ® H™ is in fact isomorphic to &, where H is the trivial rank 2
symplectic vector bundle over X.

Structure of the thesis.

In Chapter 1, we discuss some of the categorical results and some abstract homotopy theory as well as some homotopy
theory of simplicial sets we need later. In particular, the wonderful results of Quillen (and streamlined by some others)
on homotopy (co)limits in model categories and pre-triangulated categories and pointed model categories are discussed in
some detail; these basically allow us to perform most things we can do about topological spaces to many abstract setting
(hence abstract homotopy theory). Some results of Hirschhorn about (left) Bousfield localization of model categories are
also presented. This chapter, which we hope to be useful and of interest in its own right, is mainly to set language and
to fix notations.

Chapter 2 is a homotopical investigation of simplicial (pre)sheaves, we mostly follow |50}, [48]. We first give a rela-
tively complete description of Grothendieck topologies (using covering sieves) and Grothendieck sites in great generality,
which allows very conceptual understanding of sheaves and sheaf conditions on a Grothendieck site. Then we discuss
the projective and injective model structures on the simplicial (pre)sheaf category, which is pure categorical and has
nothing to do with the Grothendieck topology of the site. Definitely we want the Grothendieck topology to play a
role. Indeed, the Grothendieck topology is essential on defining local weak equivalences which is part of Jardine’s local
model structure on the simplicial (pre)sheaf category, and local fibrations which are very important in our discussion on
homotopical descent of simplicial (pre)sheaves (as in Section . Section is a presentation of the main results of
[26] on hypercoverings, which in particular give a model structure Quillen equivalent to Jardine’s local model structure
and we give in Theorem various equivalent conditions for a simplicial (pre)sheaf to satisfy descent. §2.8 is about
torsors and their homotopical classifications and §2.9 gives a homotopical interpretation of sheaf cohomology which is
very conceptual and is very natural in Jardine’s general homotopical framework. Note that we don’t always follow the
historical development, rather, we present things in the way which we believe to be the most concise manner.

As a reward of this long odyssey, we are finally able to define the A'-homotopy theory (or motivic homotopy theory)
in a few lines via left Bousfield localizations and easily deduce many important results in Chapter 3, once we understand
well the Nisnevich topology that we use. Basic properties and constructions are given in §3.1, with some emphasis on the
importance of Morel’s notions of strongly /strictly A'-invariant sheaves of (abelian) groups, mainly following the recent
development as in [68], 8], 11]. §3.2 is aimed at giving different models of some motivic spaces (e.g. the motivic spheres
A™\ 0) as well as some fundamental tools, like the long exact sequence of sheaves of motivic homotopy groups associated
to an A'-homotopy fibre sequence and the Moore-Postnikov systems in motivic homotopy theory; sampling computations
of some sheaves of motivic homotopy groups are given in the end. In §3.3, we collect some recent results of Fabien Morel,
Marco Schlichting, Aravind Asok, Marc Hoyois and Matthias Wendt about the so-called affine BG-property and affine
representability results, which in particular say that the functors assigning vector bundles of a fixed rank as well as torsors
for certain algebraic groups over a smooth affine variety are representable by some concrete models in the A'-homotopy
category. §3.4 is a summary of Schlichting’s results on Hermitian K-theory. In §3.5, we discuss briefly stable motivic
homotopy theory, i.e. the theory on motivic P'-spectra, as developed in [50, Chapter 10] and [49].

The last chapter can be viewed as a simplified version of the main results proved in [25], where we originally follow
closely the methods developed by James-Thomas [47]. We believe that our new treatment here is more elegant and
reveal the essentials, and also [47] could be written in the way as we do here. In §4.1, we first identify the first non-trivial
A'-homotopy sheaf of the A'-homotopy fiber of the map from non-stable to stable classifying spaces, then we give a
description of the homotopy type of some stable classifying spaces and some derived mapping spaces, where we use a
little stable motivic homotopy theory. In §4.2, we set up the framework of enumeration of lifting A'-homotopy classes,
following some ideas developed in James-Thomas |[47] in the classical homotopy setting, yielding enumeration results
for non-stable (oriented) vector bundles by some computations and identifying some characteristic classes (with mild
conditions). §4.3 gives enumeration results for non-stable (oriented) vector bundles below critical rank, in which case we
don’t have a complete answer. Precisely, we give a (conditional) cancellation result in the n = d — 1 case, provided the
Asok-Fasel Conjecture holds; the difficulty is that we need a better understanding of certain A'-homotopy sheaf of
the motivic spheres A™ \ 0. In §4.4, we also study cancellation properties of symplectic vector bundles along the same
line. In the last section (§4.5), we list some questions related to the present work and possible further development,
hopefully to get progress in the near future.

Following the main text, there are three appendices. Appendix A is on Kan extensions, which is very effective in
creating adjunctions (but much more than that) and we have used it several times in the text. Appendix B summarizes
some results about the étale sites and étale cohomology we need. Appendix C is on unimodular elements in projective
modules, we present more and in more general form than we need, just for completeness.






Introduction (en frangais)

Le but de cette thése est d’étudier les propriétés de simplification des modules projectifs de génération finie sur des
algénres lisses sur un corps de base k. Nous nous intéresserons plus particuliérement aux modules projectifs dont le rang
est proche de la dimension de la k-algébre sur laquelle ils sont définis. En termes géométriques, le probléme ci-dessus est
de comprendre les propriétés de simplification des fibrés vectoriels de rang proche de celui de la variété affine lisse sur
laquelles ils sont définis.

Commencons par rappeler quelques résultats classiques concernant la théorie des modules en algébre commutative.
Soit R un anneau commutatif et soit P un R-module projectif de type fini et de rang constant n. Le module projectif
P est dit simplifiable si tout isomorphisme de la forme P @& R™ = Q & R™ pour m > 0 implique l'existence d’un
isomorphisme P 2 Q. Notons par exemple que si R est un anneau local, tout module projectif P est simplifiable (ceci
vient du fait que tout module projectif sur un anneau local est libre, et sa classe d’isomorphisme est déterminée par son
rang).

Un résultat classique da a Serre dit que tout module projectif P sur un anneau commutatif R de dimension de
Krull d admet un facteur libre de rang 1 si son rang est au moins d + 1. En d’autres termes, tout module projectif P
sur un anneau de dimension de Krull d peut s’écrire P = @ & R™ pour un certain module projectif @@ de rang d. Par
ailleurs, un autre résultat classique di a Bass, le théoréme de simplification de Bass, dit que tout module projectif de
rang supérieur ou égal a d+ 1 est simplifiable. Les résultats de Serre et Bass sont optimaux, dans le sens qu’il existe des
anneaux commutatifs R de dimension de Krull d et des R-modules projectifs de rang d qui sont indécomposables et non
simplifiables.

Néanmoins, il est possible de démontrer des résultats plus précis que ceux de Serre et Bass dans des cas particuliers
importants. Pour étre en mesure d’utiliser toute la puissance de la géométrie algébrique, nous nous restreindrons dés
maintenant au cas d’une algébre commutative A de type fini sur un corps k, supposée de dimension de Krull d. Dans le
cas ou k est algébriquement clos, Suslin a démontré dans [87] que tout module projectif de rang d sur A est simplifiable.
Il a ensuite posé la question de savoir s’il était possible de démontrer le méme résultat pour des modules de rang plus
petit que d. Quelques années plus tard, Mohan Kumar [52] a construit explicitement pour tout premier p des exemples
de modules projectifs de rang p sur des algébres lisses sur k de dimension de Krull p + 2 qui étaient stablement libres
mais pas libre. La question de Suslin, restée ouverte depuis la fin des annés 70, est donc réduite a savoir si tout module
projectif de rang d — 1 sur une algébre lisse de dimension d sur un corps k algébriquement clos est simplifiable. Un
premier résultat dans cette direction a été obtenu par Fasel-Rao-Swan, qui ont montré dans dans [30] que tout module
stablement libre de rang d — 1 sur une telle algébre est en fait libre.

Dans ce mémoire, nous habillons le probléme ci-dessus avec des habits homotopiques pour obtenir des extensions des
résultats ci-dessus, et notamment une preuve de la conjecture de Suslin, malheureusement conditionnée & une conjecture
de Asok-Fasel. De maniére plus précise, nous utilisons les outils de la théorie A'-homotopique des schémas (aussi connue
sous le nom de théorie de 'homotopie motivique) développée par Morel-Voevodsky (J68]) pour obtenir un nouvel éclairage
du probléme. Cet appareil homotopique est capable de détecter des phénoménes qu'il est difficile de cerner en utilisant
les outils dits classiques. Pour ce faire, nous utilisons la théorie de ’obstruction en théorie A'-homotopique des schémas
pour prouver quelques propriétés de simplification pour des modules projectifs, suivant en cela les idées de [7), [9]. Cette
philosophie illustre une fois de plus la riche interaction entre la géométrie algébrique et la topologie algébrique, qui
partagent une longue histoire commune.

En topologie, on note certains résultats classiques (notamment dis & James-Thomas [47]) sur des problémes de
stabilisation de fibrés vectoriels. La théorie de I’homotopie motivique fournit le cadre conceptuel nous permettant de
démontrer les mémes résultats en géométrie algébrique. Nous étendons donc les résultats classiques & ce contexte; plus
précisément nous montrons dans certaines situations que l’ensemble des fibrés vectoriels stablement isomorphes & un
fibré vectoriel donné est en bijection avec les conoyau d’'un homomorphisme explicite entre groupes abéliens qu’il est
possible de calculer. Notre méthode consiste essentiellement & étudier de maniére précise certains ensembles simpliciaux
d’applications, utilisant de fagon répétée le fait que certains de ces ensembles sont en fait des groupes abéliens simpliciaux.

Une fois cette partie de nature trés topologique sous le sapin, nous passons & une étude cohomologique de certains
objets pour tirer de nos résultats généraux des corollaires bien plus précis. Nous utilisons en particulier une fameuse
construction de matrices due & Suslin pour démontrer que 'ensemble des fibrés vectoriels stablement isomorphes & un
fibré vectoriel donné est de torsion. Nous en déduisons que ce groupe est trivial dans des situations assez générales,
obtenant en particulier des nouvelles preuves des fameux théorémes de Suslin [87] et Bhatwadekar [19], qui démontrent
que les modules projectifs de rang d sur une algébre lisse de dimension d sur un corps algébriquement clos (Suslin)
ou de dimension cohomologique 1 (Bhatwadekar) sont simplifiables. Nous passons ensuite au cas bien plus difficile ou
les modules projectifs considérés sont cette fois de dimension d — 1 sur une algébre lisse de dimension d sur un corps
algébriquement clos. Nous obtenons dans ce cas une preuve que ces modules projectifs sont simplifiables, répondant ainsi
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de maniére affirmative & la conjecture de Suslin. Malheureusement, cette preuve est conditionnée a& une conjecture de
Asok-Fasel sur la structure d’un certain faisceau d’homotopie motivique d’une sphére algébrique.

Pour terminer cette bréve introduction, notons que les fondations motiviques qui ont permis les résultats de cette
theése proviennent quasi-exclusivement du livre de Morel [68|. Dans cet ouvrage, 'hypothése que le corps de base est
infini parfait est omniprésente. Cependant, des résultats ultérieurs sur le lemme de présentation de Gabber dis & Hogadi-
Kulkarni [42] permettent d’étendre les résultats de Morel au cas des corps parfaits, mais pas nécessairement infinis. Du
fait que tout corps contient un sous-corps premier qui est parfait, et que les objets motiviques que nous considérons sont
définis sur ces sous-corps, nos arguments peuvent étre in fine étendus dans le cas de tout corps de base (voir par exemple
les arguments de [11], commentaires sur la preuve du théoréme 3.1.7]).

Survol des résultats principaux.

Notre résultat principal dans le cas des modules projectifs de rang égal a celui de l'algeébre est le suivant (Theo-

rems and :

THEOREME. Soit k un corps parfait, A une k-algébre lisse de dimension de Krull impaire d > 3 et X = Spec(A). Soit
encore & un fibré vectoriel stable sur X, classifié par une application & : X — BGL, et ¢s : [X,BGLg]a1 — [X, BGL]a1
Uapplication de stabilisation. Alors, on a une bijection

_ Alc 3
(€)= coker(Ky (X) S5 1 (XK ),

ot I’homomorphisme A(ca+1,€) est défini comme suit: pour B € K1(X) = [X,QBGL],1 = [X, GL] 41,

d
A(car1,€)8 = (Qear1)(B) + D_((Qer)(B)) - car1—r(€)-

Ici, (Qc;)(B) € H=H(X; KM pour i =1,--- ,d+ 1 sont les classes de Chern de (3 et c;(€) sont les classes de Chern de
&. En d’autres termes, étant donné un fibré vectoriel £ de rang d sur X, I’ensemble des classes d’isomorphisme de fibrés
vectoriels v tels que v @ 0% 2 £ ® O% pour un certain entier m est en bijection avec cokerA(cgy1,&).

Dans le cas ot A est de dimension paire d > 2, et que le corps de base est de dimension cohomologique au plus 2,

les mémes résultats sont valides pour des fibrés vectoriels orientés.

Comme nous I’avons évoqué ci-dessus, un corollaire de ce théoréme est que les fibrés vectoriels de rang d (les fibrés
sont supposés orientés si d est pair) sont simplifiable si le corps de base est de dimension cohomologique au plus 1. Ceci
donne une démonstration alternative aux théorémes de Suslin et Bhatwadekar (Theorem dans le cas impair, et

Theorems [4.2.11{ and 4.2.13| dans le cas pair).

Le cas des modules projectifs de rang inférieur a celle de ’algébre de base est bien plus difficile. Nous obtenons pour
le moment un théoréme conditionnel en considérant la factorisation en deux étapes de Moore-Postnikov. La premiére
étape est trés similaire au cas précédent (et inconditionnelle) mais requiert certaines hypothéses sur la caractéristique
du corps de base (char(k) = 0 ou char(k) > d; voir Theorem [£.3.5)). La deuxiéme étape est plus délicate et repose sur

une conjecture d’Asok-Fasel (Conjecture i décrivant de maniére précise wﬁl (A%\ 0). Si k est un corps parfait tel
que char(k) # 2, on a une suite exacte (au moins aprés d-fold contractions)

M Al pd d
Kd+2/24 — g (A \O) — Gw(i+1 — 0. 413
On en déduit que certains groupes de cohomologie sont nuls, ce qui permet de démontrer qu'une application de stabili-

sation est bien injective.

THEOREME. Soit k un corps algébriquement clos et A une k-algébre lisse de dimension de Krull d > 3. Supposons
que char(k) = 0 ou char(k) > d Soit finalement X = Spec A. Si la conjecture Conjectur@ est vérifiée, tout module
projectif orienté de rang d — 1 est simplifiable. En d’autres termes, deur modules projectifs orientés & et v de rang d — 1
sont stablement isomorphes si et seulement s’ils sont isomorphes.

Nous terminons ce survol des principaux résultats de ce mémoire par le cas des fibrés symplectiques (Theorems m
and |4.4.3).

THEOREME. Soit k un corps parfait tel que char(k) # 2 et c.d.2(k) < 2. Soit X = Spec(A) un schéma affine
lisse sur k de dimension d = 2n+ 1 > 3 et & un fibré vectoriel symplectique stable sur X, classifié par une application
£: X — BSp.

(1) Il existe un homomorphisme de groupes abéliens
A(bns1,8) : KSp, (X) = [X,QBSplar — [X, K(K5nY o, 2n 4+ 1)]0 = H" (X KO ,)

associ€ a la classe & € [X,BSpla1. Il est donné par

Abn1,)(8) = (as1)(B) + S ((B)(B)) - b1 (€)

et son conoyau est en bijection avec l’ensemble des fibrés vectoriels symplectiques de rang d — 1 = 2n sur X
stablement isomorphes a €.
(2) Ona (2 d)-HYX;KY,,) Cim(rA (b, 6)).



(3) 1l existe un homomorphisme surjectif
HY(X; K 1)/2 - d! — cokerA(bpy1, ).

(4) SiHY(X; KI(}/IH) est d!-divisible, alors cokerA(bp+1,£) = 0. Par conséquent, tout fibré vectoriel symplectique de
rang 2n = d — 1 sur X est simplifiable. De plus, l'application

(bnt1)« : 1 (RMap(X, BSp),£) — m1 (RMap(X, K(K3, d +1)),0) = HY(X; KYY)

est surjective pour tout & € [ X, BSpls1.
(5) Sic.d.(k) <1, tout fibré vectoriel symplectique de rang 2n = d — 1 sur X est simplifiable. En d’autres termes
deux fibrés symplectiques € et v de rang d — 1 sont stablement isomorphes si et seulement s’ils sont isomorphes.

Structure de la thése.

Dans le premier chapitre, nous discutons certains résultats catégoriels et homotopiques dont nous aurons besoin
plus tard. Nous passons également en revue certains aspects de la théorie homotopique des ensembles simpliciaux, et en
particulier les magnifiques résultats de Quillen (et autres) sur les (co-)limites homotopiques dans les catégories modéles
(pointées) et les catégories prétriangulées. Nous présentons également quelques résultats de Hirschhorn sur la localisation
(a gauche) de Bousfield de catégories modéles. Ce chapitre, que nous espérons intéressant et utile, a essentiellement ppour
but de fixer les notations et le language utilisé dans le reste de la thése.

Le second chapitre est dédié a I’étude des (pré)faisceaux simpliciaux, d’aprés [50), [48]. Nous commengons par donner
une description relativement compléte des topologies et sites de Grothendieck en toute généralité, permettant ainsi une
bonne compréhension des faisceaux sur ces sites. Nous discutons ensuite les structures modéle injective et projective sur
les préfaisceaux simpliciaux, qui sont purement catégorielles et indépendantes de la topologie de Grothendieck considérée.
Néanmoins, la topologie sur le site joue un role essentiel dans la définition des équivalences faibles locales, qui sont
centrales dans la structure modéle locale de Jardine sur la catégorie des (pré)faisceaux simpliciaux, ainsi que dans la
définition des fibrations locales qui sont importantes dans notre discussion de la descente homotopique des (pré)faisceaux
simpliciaux. Section est une présentation des principaux résultats de [26] sur les hyper-recouvrements, qui donnent
en particulier une structure modéle Quillen-équivalente a celle de Jardine. Nous donnons dans Theorem plusieurs
conditions équivalentes pour qu’'un (pré)faisceau simplicial satisfasse cette notion de descente. Le paragraphe §2.8 est une
classification homotopique de certains torseurs, alors que §2.9 donne une interprétation homotopique trés conceptuelle
de la cohomologie des faisceaux. Notons que nous ne suivons pas toujours les développements historiques des sujets
présentés, optant plutét pour le traitement qui nous semble le plus concis.

La récompense de notre longue odyssée arrive au chapitre 3, ou nous définissons enfin la catégorie A'-homotopique
(ou théorie de ’homotopie motivique) en quelques lignes via une localisation de Bousfield. Nous énongons quelques
résultats importants, qui sont conséquence d’une bonne compréhension de la topologie de Nisnevich. Avant cela, nous
nous concentrons sur quelques propriétés et constructions de base dans la section §3.1, ol nous nous appuyons sur les
notions de faisceaux fortement /strictement A'-invariant dues & Morel, suivant en cela les développements récents de
[68, [8, 11]. La section §3.2 a pour but de donner différents modéles explicites de certains espaces motiviques, telles
que les sphéres algébriques A™ \ 0, ainsi que de rappeler certains outils tels que les suites exactes longues associées aux
suites de fibrations A'-homotopiques ou les systémes de Moore-Postnikov. Nous présentons également certains calculs
de faisceaux homotopiques motiviques en fin de section. Le paragraphe §3.3 collecte certains résultats récents de Morel,
Schlichting, Asok, Hoyois et Wendt sur la propriété BG et la représentabilité affines; montrant en particulier que les
foncteurs associant I’ensemble des classes d’isomorphisme de torseurs sous un groupe bien choisi & un schéma affine lisse
sont représentables dans la catégorie A'-homotopique. Nous terminons dans les section §3.4 et §3.5 avec un bref résumé
sur les résultats de Schlichting sur la K-théorie hermitienne et un survol de la catégorie homotopique des P!-spectres,
telle que développée dans [50, Chapter 10] et [49].

Le dernier chapitre peut étre vu comme une version simplifiée des résultats principaux de |25], ot nous avions suivi
étrroitement les méthodes développées par James-Thomas [47]. Nous pensons que ce nouvel éclairage est plus élégant
et dévoile lessentiel des arguments. Nous notons que [47] pourrait &tre réécrit de la maniére dont nous le faisons. Dans
la section §4.1, nous commencons par identifier le premier faisceau d’homotopie motivique non trivial de la fibre A'-
homotopique de I’application entre les espaces classifiants stables et instables, puis nous donnons une description du type
d’homotopie de certains espaces classifiants stables, ainsi que de certains espaces dérivés. Nous utilisons pour ce faire
un peu de théorie homotopique stable. Dans §4.2, nous construisons le cadre général qui nous permet d’énumérer les
relévements de classes A'-homotopiques, suivant en cela certaines idées de James-Thomas [47] dans le cadre classique.
Ceci nous permet d’identifier quelques classes caractéristique (sous quelques conditions supplémentaires) et d’obtenir
notre résultat principal sur les fibrés vectoriels de rang égal a celui de ’algébre sur laquelle ils sont définis. Dans §4.3,
nous passons a ’étude des fibrés vectoriels de rang inférieur et nous obtenons une réponse conditionnée a une conjecture
d’Asok-Fasel (Conjecture. La principale difficulté est d’obtenir une meilleure compréhension d’un certain faisceau
d’homotopie motivique de la sphére A™ \ 0, et nous utilisons la conjecture ci-dessus pour parvenir a nos fins. Enfin,
nous étudions dans le paragraphe §4.4 les fibrés symplectiques, utilisant les techniques développées dans les sections
précédentes. Nous terminons par quelques questions tirées du présent travail, ainsi que par quelques directions de
recherche que nous espérons suivre dans le futur.
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On trouvera trois appendices a la fin de ce mémoire. Le premier porte sur les extensions de Kan, qui est une méthode
particuliérement efficace pour créer des adjonctions (et bien plus) que nous avons utilisée plusieurs fois dans le texte. Le
second résume certains résultats sur le site et la cohomologie étales. Finalement, le dernier appendice est & propos des
éléments unimodulaires dans les modules projectifs. Nous donnons plus de résultats que strictement nécessaire, ceci en
vue d’étre le plus exhaustif possible.



Chapter 1

Preliminaries on model categories and simplicial sets

In this chapter, we discuss some of the categorical constructions we will use later, for the convenience and for setting
languages. We set down the framework of abstract homotopy theory and simplicial sets we need in the chapters that
follow. We are mainly following [33l, 40}, [45].

1.1. Some notions in category theory

We assume the basics of category theory. We recall some results to fix notations.
Let 7, & be categories with J small, X € & an J-diagram in &, i.e. X is a functor X : J — &. Then the colimit
coljimX and the limit 1iljrnX (provided that they exist) are characterized as follows: there are isomorphisms

&(colimX,Y) 2 lim &(X;,Y),
J ieJop
e(Ww, li§nX) = ljnle(W, Xi),
1€

natural in W)Y € &. In other words, for e € €, denote h® = E(e,—) : € — Set and he = &(—,e) : E°P — Set, then
coljimX = e in € exists iff liénhx =h®in Set‘g, and li§nX = e in € exists iff li§nhx = he In Seté™ |t

We only consider (co)limits indexed by small categories. A category & is said to be complete resp. cocomplete if
all (small) limits resp. colimits in € exist. It’s said to be bicomplete if it is complete and cocomplete. Mostly, we will
ignore set-theoretic problems whenever it may be a problem. Some categorical notions are not well-known, e.g. Reedy
categories, in this case, we give precise references about them along the way.

Yoneda lemma says that, there are canonical bijections

Fun(h®, F) =5 F(e), Fun(he, G) = G(e)

for functors F': & — Set, G : £°P — Set.

One can define the initial object of €, denoted @, to be the colimit of the empty diagram in €, and dually, the final
object, or terminal object, of €, denoted *, the limit of the empty diagram in €, whenever they exist. If the map @ — *
is an isomorphism, the common value is called a zero object, or null object of €.

For a functor X : J — &, if the index category J has an initial object @, then li§nX = X (@); if J has a final object
*, then coljimX = X(x).

If a zero object exists, we call € a pointed category. In this case, for any two objects a, b, there is a unique morphism
0 = 0q,b : @ — b which factors through a zero object, called the zero morphism from a to b (doesn’t depend on the choice
of the zero object through which it factors). Also, for any morphism f : a — b, we define the cokernel, or cofiber, of f,
to be the coequalizer g : b — c of the maps f,04,, : @ = b, and the kernel, or fiber, of f, to be the equalizer g : e — b of
the maps f,0q,5 : @ = b, whenever they exist.

In Set, filtered colimits| commute with finite limits, reflexive coequalizers| commute with finite products.

Let @ be the following commutative diagram in :

P

A——B
"1
C —=D.
We have (by checking universal properties)
e If B x C exists, then @ is a pullback diagram iff A —— B x C % D is an equalizer diagram.

vOop2
L10p
e If B]]C exists, then @ is a pushout diagram iff A ! B]]C —— D is a coequalizer diagram.
L90q

An object A of € is said to be an (abelian) cogroup object if h* : & — Set factors through the forgetful functor Gr — Set
A
(Ab — Set). Thus there are natural transformations h* x h* Z— h? b4 — b, % — h? (and h* x B — b x h4)

making some diagrams of functors commutative. By Yoneda lemma (and e.g. h* x ht = hAHA), these correspond
morphisms A — AJ] A (comultiplication) etc., whenever these objects exist. We sometimes say the cogroup structure
is given by the comultiplication morphism A — A]] A even if we don’t know if AJ] A exists (if it doesn’t exist, we
understand this expression as an abbreviation for the natural transformation of functors). Then the left coaction of the
cogroup object A on an object X is given by natural transformations h* x hX — h¥X etc, and we say the coaction is

INote that the limits in the functor category always exist, the point here is that they are (co)representable. We can write this as
colimX
ligghx =h 7 R Iijmhx = hlimx, so for example, we have h® Xpc h? = h® Het p, Xhe hb = haxb-
J J
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given by the coaction morphism X — AJ[X even if we don’t know if AJ[X exists. The notion of right coaction is
defined similarly. For two morphisms a,b: A — X viewed as elements of the group £(A, X), their product in (A, X)

. A A
corresponds to the composition h* =+ h*X x hX X0 p A pA T A,

An object G of & is said to be an (abelian) group object if hg : E°? — Set factors through the forgetful functor
Gr — Set (Ab — 8Set). We say the group structure is given by the multiplication morphism G x G — G (in fact
he X hg —Ss ha) even if we don’t know if G x G exists. Then a left action of the group object G on an object
X is given by natural transformations hg X hx — hx etc., and we say the action is given by the action morphism
G x X — X even if we don’t know if G x X exists (if it doesn’t exist, we understand this expression as an abbreviation
for the natural transformation of functors/map of presheaves). The notion of right action is defined similarly. For
two morphisms a,b : X — G viewed as elements of the group &(X,G), their product in (X, G) corresponds to the

.. A X b m
composition hx — hx X hx axo, hag X ha e, he.

Proposition 1.1.1 (Eckmann-Hilton principle). Let A be a cogroup object and G be a group object of &, then the two
group operations on the set E(A, G) induced by A and by G coincide and turn E(A, G) into an abelian group.

Proof. The point is to check that the two operations satisfy the condition of the |[Eckmann-Hilton argument), which
can be found in [2] Proposition 2.2.12] (suitably adapted, at least when finite coproducts and finite products exist). O

A morphism f: X — Y in € is a monomorphism iff the induced map f. : hx — hy is an object-wise injection; a
morphism f : X — Y in & is a epimorphism iff the induced map f* : Y — h¥ is an object-wise injection. It’s easy
to see that a morphism f : X — Y is a monomorphism iff the canonical morphism X — X Xy X is an isomorphism.
Dually, a morphism f : X — Y is an epimorphism iff the canonical morphism Y J], ¥ — Y is an isomorphism.

For an adjoint pair

F:C2D:G,
there is the unit n : le = GF and the counit € : FG = 1p, which satisfy the triangle identities ep o (Fn) = 1p : F =
F,(Ge)ong = 1g : G = G. The adjunction ¢, 4 : D(Fc,d) — €(c, Gd) is then given by ¢, 4(v) = v* = (Gv)on., goc_all(u) =
u® = eq 0 (Fu). Sometimes we denote this adjunction by (F,G, ) or (F,G): € — D. We have,

Gv)oa=1u<voat =
( ;

Bo(Fu)=v< f ou=1".

c Fec Fec c
alx = anlw FU\L\ = ui\“b\\
G€T>Gd e— > FdT>e d*b>Ge.

v v ? B

From the above relations, it’s also easy to find that the commutativity of a diagram

Fc——=d

is the same as the commutativity of a diagram

¢ ——>Gd

both with or without the dotted lifting maps (the horizontal maps are related by the adjunction). This is implicitly used
in [40, Proposition 7.2.17] and to give basic results on Quillen pairs in Proposition 8.5.3 in loc.cit.

For two morphisms 7, p in a category M, we use i [ p to indicate that ¢ has the left lifting property with respect to p
and p has the right lifting property with respect to 2E| For a class C of morphisms in a category M, we use RLP(C) = C?
to denote the class of morphisms in M that have the right lifting property with respect to each element of C, and use
LLP(C) = PC to denote the class of morphisms in M that have the left lifting property with respect to each element of
C.

Denote by ¢ : & — &7 the constant diagram functor, then we have the adjunctions

. g
colim: & =& :¢
J

and

whenever the (co)limits of all diagrams in € of shape J exist. The relation between colimits and limits is given by

colimX°? = limX, limX° = colimX
Jop 9 jop 3

2The symbol [ is suggestive of the lifting-extension diagram in homotopy theory, which appears in [74], §11.1].
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(as objects in &) whenever one side of the (co)limit exists. Here X°P : J°° — E°P is the opposite diagram of X. This
relation is in concert with the fact that, given an adjoint pair

F:c=2D:G,

we also have an adjoint pair
G . DP = C°P : F°P,

Note that if €, D are model categories and (F, G) is a Quillen pair (or a Quillen equivalence), then so is (G°P, F°P) (giving
the opposite categories the dual model structures). And in that case, we have (LF)°® = R(F*°P).

For categories € and D with € small, the assignment D¢ — (D°P)®™ F s F°P is an anti-equivalence, i.e. it induces
an equivalence of categories (D)°P ~ (D°P)*” We make the classes of adjunctions from € to D a category Adj(C, D)
by defining morphisms to be natural transformations of the left adjoints in the adjunctions. Then Adj(C,D) is a full
subcategory of D¢. For (F,G,¢),(F',G’,¢') € Adj(C,D), a natural transformation v : F = F’ induces a natural

transformation 4 : G’ = G by the formula 74 = @ara.4(l © Yara) (i-e. Ja corresponds to the map FG'd % F'G'd i
via the adjunction). If €,D are both small, then the assignment Adj(C, D) — Adj(D°?,C°P), (F,G) — (G°P, F°P) is an
anti-equivalence: Adj(C, D) ~ Adj(DP, C°P), (F,G)  (G°P, F°P), (y: F = F') = (3°° : G°P = G'°?). ]

A digression on the cosimplicial indexing category
The cosimplicial indexing category A is the category of finite ordinal numbers, it has as objects the sets [n] =
{0,1,--- ,n}, for all n € N. Consider N as a poset (with its natural order) and each [n] as a subposet. A morphism
f i [n] = [m] is an order-preserving map (not necessarily injective) of posets.
There are distinguished morphisms: for n € N,0 < 7,5 < n,
o coface maps d' =d, :[n—1] = [n],d(0<1<---<n—-1)=0<1< - <i—-1<i+1<---<n),n>1
o codegeneracy maps s’ =sd :n+1] =], f0<1<---<n+1)=0<1<---<j=j<---<n)n=0.

They satisfy the cosimplicial identities

dd=dd1, 1< ],
$dt = dis' Tt i <7,
dej = 1[n—1] = dej+17

sdh =di71sd, > 741,
$lst = sisj'H, i < .

In the above, it should be understood that, for example, the first means that dZL del = d;Hdifl,i < j. Thus we will

have (s°)" = (s°)" T, (s°)" T = (s°)"s?. It’s easy to verify that there are the following coequalizer diagrams in A:
&’ §J

[n—1] ﬁ; n] =— n—-1,n>1,0<j<n.

More generally, we have the following coequalizer diagrams in A:

stgttl. . gd

n—1] == [n] S -G -i)hn>1,0<i<j<n

dJ
0<I<<i<itl< - <j<j+l<-<n ),
0<l< - <iz=-=i<itl<-<n—(j—i) )
The following result is [31, Chapter II, Lemma 2.2].

(One uses that s's™! ... 5771 is given by

Proposition 1.1.2. Any nonidentity morphism f : [n] — [m] in A can be factored uniquely as

f= df;; s 'diri—a+lszll—b e Sff_l,
where {iy <--- <ia} = [m]\im(f),{in <---<pl={j€n-1]: f(j) = f(G+ 1)} Wehaven—m=>-a.
Thus f =vou:[n] = [n—b] = [m—a] = [m], withu = sl' - sl | surjective and v =di -~ d,}_ ., injective.
We call this factorization f = v o u the epi-monic factorization of f.

Remark 1.1.3. This result implies that
e The cosimplicial indexing category A is a Reedy category in the sense of [40] §15.1].
e In A, monomorphisms=injections, epimorphisms=surjections{*| Moreover, every epimorphism has a section, and every
monomorphism has a cosection: for u = s71 ---8Jb let r = d7b ---d?1, then ur = 1; for v = d'e ---d't, let [ = s*1 - .. g%a,
then lv = 1.

Given a category &, we can consider the category of cosimplicial objects of €, the functor category c€ = A& = &2,
morphisms being natural transformations of functors. For Y € c€, we write Y™ = Y([n]), there are coface maps
d'=d' :Y" ! - Y™ and degeneracy maps ' = s, : Y™ — Y™, They also satisfy the cosimplicial identities.

The simplicial indexing category is the opposite category A°P.

3Without smallness assumption, one can still make the stated equivalence into a 1-1 correspondence. If € (or D) is small, then
Adj(€,D) and Adj(D°P, C°P) are locally small.

41f f(i) = f(j), consider the two maps [0] — [n] with image ¢ and j respectively; if & € [m]\im(f), consider the two maps g, h : [m] — [1]
which map the numbers less than k (if any) to 0 and map the numbers bigger than k (if any) to 1, but g(k) = 0, h(k) = 1.
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The category of simplicial objects of € is the functor category s€ = A°PE = &2 morphisms being natural
transformations of functors. For Y € s€, we write Y, = Y ([n]), there are face maps d; = di : Y — Yp—1,n > 1 and
degeneracy maps s; = sj : Y, — Yni1,n > 0. They satisfy the simplicial identities, dual of the cosimplicial identities:

did]' = djfldi, 1 <7,

. . do S0
sz] = ijldh 1< 7 VN TN
djS]‘ = 1Yn = dj+18j, Ynfl Yn Yn+1
diSj = dei—h 7> ] +1, \ZL/ \S—n/,
SiSj = Sj+1Si, 7 < j

For Y € s€, the maps (so)" : Yo — Y,, define a monomorphism cs.Ys — Y in s€ (for the notation, see Section [1.2)).

Remark 1.1.4. If u: [m] — [n] is surjective, then (since it has a section), the induced map uv* : Y5, — Y;, is a monomorphism in
&. If u : [m] — [n] is injective, then (since it has a cosection), the induced map u* : Yy, — Yy, is an epimorphism in €.

In particular, we get the category of simplicial sets sSet. This category is bicomplete, (co)limits are obtained in a

degree-wise manner. Using the simplicial identities and induction, one can show that, for 41 € [1],--+ ,in € [n],int1 €
[n+ 1], m € [n], there exist 47 € [1],--- ,4;, € [n] such that d}, - - d, dfwtll = dill cody Yo = Yo

Remark 1.1.5. If u : [m] — [n] is injective, then the induced map wus : A™ — A"™ (see Section [1.5) is a monomorphism in sSet.
If w : [m] — [n] is surjective, then the induced map wus : A™ — A™ is an epimorphism in sSet.

For X € s8et, an n-simplex a € X, is said to be a degenerate n-simplex if a = s;(b) for some j and b € X,,_q;
otherwise it’s called a non-degenerate n-simplex. The set of degenerate n-simplices and the set of non-degenerate n-
simplices of X are denoted respectively DX,, and NX,,. Clearly, NX; = Xy and X,, = DX, [[NX,,.

Any functor F' : D — & induces functors ¢D — c€ and sD — s€ in the obvious way, which we still denote by F'.

1.2. Homotopy (co)limits in model categories

We assume basic knowledge on model categories; nevertheless we recall a few facts to fix notations. When working
with model categories, we reserve the symbol = for isomorphisms, and to distinguish, we use ~ to indicate weak
equivalences. For a model category M, we use @, R : M — M denote respectively the functorial cofibrant and fibrant
replacement obtained by the functorial factorizations for the model structure of M, we use M., M, M.y to denote
respectively the full subcategories of cofibrant, fibrant, cofibrant-fibrant objects of M (|45, Proposition 1.2.3]).
sometimes use [4,Y] = [A,Y]n = [4, Y]uo v to denote the hom-set (Ho M)(A,Y).

Let F' : M — N be a functor between model categories. If F' maps weak equivalences between cofibrant objects
in M to weak equivalences in N, then its total left derived functor LF : Ho(M) — Ho(N) exists, it is the composite

Ho(M) Hol@), Ho(M.) Holh), Ho(N); if F maps weak equivalences between fibrant objects in M to weak equivalences in

N, then its total right derived functor RF : Ho(M) — Ho(N) exists, it is the composite Ho(M) 2o, Ho (My) Ho®),

Ho(N) (see |40l Proposition 8.4.8] or |[45] Definition 1.3.6 and the discussions thereafter|). Moreover, in the first case,
the total right derived functor of F°P : M°P — N°P exists, and R(F°P) = (LF)°? : Ho(M)°® — Ho(N)°?; in the second
case, the total left derived functor of F°P : M°? — N°P exists, and L(F°P) = (RF)°" : Ho(M)°® — Ho(N)°P

Proposition 1.2.1 (|40, Proposition 14.7.5 and Remark 14.7.6]). Let €, D be small categories and F : € — D a functor.
Then there are a natural isomorphism
c%ljgl B(— | F)~BC

and a natural weak equivalence hoic)glljim B(- ] F) — BC.

Let M be a model category. For an object X in M, denote by cc. X the constant diagram in <M = M2 and cs. X
the constant diagram in sM = MA". We give cM,sM the Reedy model structures (see [40, Chapter 15| for Reedy
categories and Reedy model structures). A cosimplicial resolution of X is a cofibrant approximation X — cc. X of the
constant diagram cc.X in <M and a simplicial resolution of X is a fibrant approximation cs. X — X of the constant
diagram cs. X in sM. In these cases, the map X% — X is a cofibrant approximation of X in M and the map X — Xo is

o~ 0 ~ ~ o~ ~ o~ ~
a fibrant approximation of X in M; X° [ X0 H%, §1 =% 9 i a cylinder object for X0, Ko <% X LX%, 0 %,

is a path object for Xo (140, Propositions 16.1.5 and 16.1.6]).

A map X sceXisa cosimplicial resolution of X iff X is Reedy cofibrant in cM, all the coface and codegeneracy
operators of X are weak equlvalences and the map X9 - X is a cofibrant approximation of X in M; a map cs..X — X is
a simplicial resolution of X iff X is Reedy fibrant in sM, all the face and degeneracy operators of X are weak equivalences,
and the map X — X is a fibrant approximation of X in M (|40} Proposition 16.1.27]).

There exist a functorial cosimplicial resolution and a functorial simplicial resolution on M (see [40l Proposition
16.1.9]).

Left Quillen functors preserve cosimplicial resolutions of cofibrant objects and right Quillen functors preserve sim-
plicial resolutions of fibrant objects (see [40], Proposition 16.2.1]).

If M is a simplicial model category, let W be a cofibrant approximation of X in M and Z a fibrant approximation
of X in M, then W=WaA®isa cosimplicial resolution of X and Z=2isa simplicial resolution of X.

For K € sSet, X € cM and Y € sM, define (see [40, Definition 16.3.1] or [45] Proposition 3.1.5 and Remark 3.1.7])

XQK:= colim )?", vE .= lim )7” (1.1)
(AnS5K)EAK (A" 5 K)EAOPK
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Then X ® A" = X", X @ 9A" =L, X,Y?" =Y, V2" =M,V (see [40, Lemma 16.3.6 and Proposition 16.3.7]).
Now let X, Y e M, X € cM,Y € sM, we denote

M(X,Y )0 = M(X",Y),M(X, V)0 = M(X, Vo), M(X, Y ) = M(X™, Vi), (1.2)

then we get simplicial sets M(X,Y), M(X,Y) and a bisimplicial set M(X,Y) with simplicial operators induced from the
0051mp11c1al operators of X and simplicial operators of Y and hence a simplicial set diag M(X Y) with (diag JV[(X Y))n =
M(X"™,Yy). There are the following adjoint relations (J40], Theorem 16.4.2):

M(X ® K,Y) 2 sSet(K, M(X,Y)), M(X, V™) = sSet(K, M(X, Y)).

We will use map(X,Y’) to denote any one of these three simplicial sets for some unspecified cosimplicial resolution X of
X and simplicial resolution Y of Y, and call it a homotopy function complex from X to Y. For a small category € and
a functor K : € — s8et, we have natural isomorphisms (|40, Proposition 16.4.3])

cogm(f( QK(-)=X® cohm K, yoen o 161&1 (?K<7)).
We denote by CRes(X) the category of cosimplicial resolutions of X and FibAp(X) the category of fibrant replacements
of X, similarly for other notations.

For X,Y € M, there are the category of left homotopy function compleres LHFC(X,Y) = CRes(X)°? x FibAp(Y),
the category of right homotopy function compleres RHFC(X,Y) = CofAp(X)°® x SRes(Y), the category of two-sided
homotopy function complexes TSHFC(X,Y) = CRes(X)°? x SRes(Y), the change homotopy function complex maps
are weak equivalences of Kan complexes ([40, Theorem 17.4.8]). All of these are full subcategories of ((cc«X,cs.Y) |
(cM)°P x sM), and have contractible classifying spaces (see |40l §17.1-§17.3]). We then have the category of homotopy
function complexes HFC(X,Y') (40, Definition 17.4.9]) having the same properties as the above three, and containing
these three as full subcategories.

Let M be a combinatorial model category, € a small category, then the diagram category M® has the projective model
structure where the weak equivalences and fibrations are object-wise, and also the injective model structure where the
weak equivalences and cofibrations are object-wise, we denote them respectively by MpmJ and MmJ (see [67), Proposition
A.2.8.2]). These two model structures are both combinatorial. In this case, we have Quillen pairs

cohm ME <—J\/[:c:3\/[<:’.7\{ienJ hmandl MmE <—J\/[ienj:17

proj proj

the last pair is a Quillen equivalence. We denote some fixed choices of functorial cofibrant and fibrant replacement by
Qproj, Rproj and Qinj, Rinj. Note that Ryr05 and Qinj can be obtained by applying R resp. @ of M to the diagrams, while
Qproj and Rinj are usually quite difficult to get.

Proposition 1.2.2 (|40, Proposition 15.10.12]). Let M be a model category.
o Gliven a map of sequences in M

0 i1 i

Xo X1 X

foi fll fzi
Yo - Yl X YQ X
Jo J1 J2

in which all the objects are cofibrant, the maps i, and j, are cofibrations and f, are weak equivalences, then
the induced map on colimits colim f,, : colim X,, — colim Y,, is a weak equivalence of cofibrant objects.
o Given a map of towers in M

p3 X2 P2 Xl p1 XO
ifz lfl ifo
a3 YV2 q2 Yl q1 )/O

in which all the objects are fibrant, the maps p, and qn are fibrations and f, are weak equivalences, then the
induced map on limits lim f,, : lim X,, — lim Y, is a weak equivalence of fibrant objects.

Proposition 1.2.3 ([40], Proposition 17.9.1]). Let M be a model category, A an ordinal. Given a map of A-sequences in

M
Xo s xy o x, 2
foi fll fQi
Yo— >V — =Y, —
Jo J1 J2

in which all the objects are cofibrant, the maps io and jo are cofibrations and fo are weak equivalences for all o < A,
then the induced map on colimits colim f, : colim X, — colim Y, is a weak equivalence.
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Proposition 1.2.4 (|40, Proposition 17.9.3]). Let M be a left proper model category, A an ordinal. Given a map of
A-sequences in M
i

0 i1

Xo X1 Xo

foi fll fzi
YO N Yl X YQ -
Jo J1 J2

in which the maps i and jo are cofibrations and fo are weak equivalences for all a < X, then the induced map on colimits
colim f, : colim X, — colim Y, is a weak equivalence.

We will need the notion of cosimplicial frames and simplicial frames on a model category M as well as on the
diagram category M, and also Reedy frames, see [40, Definition 16.6.1, Definition 16.7.2 and Definition 16.7.8]. These
frames exist and can be made functorial, see |40, Proposition 16.6.8, Theorem 16.6.9 and Proposition 16.7.11]. If M is
a simplicial model category, we always take the standard frames X =X®A*and X = X2° ([40, Definition 16.6.5
and Proposition 16.6.23]) and in this case, X ® K = X ® K, X’ = X¥ naturally (J40, Proposition 16.6.6]). See [40]
Proposition 16.6.7] for an interesting result between (co)simplicial frames and (co)simplicial resolutions, which roughly
says that a (co)simplicial resolution of an object is the same thing as a (co)simplicial frame of a (co)fibrant replacement
of that object.

Definition 1.2.5. Let M be a model category, € a small category, let X € M® and let X be a cosimplicial frame on X,
X a simplicial frame on X.

e For K € sSeteOp7 define X ®§ K € M via the coequalizer diagram
11 )~(C®KC/:%H)~(C®KC—>X®§K
(0:c—c’)eC cel

of the obvious maps.
e For K ¢ sSet®, define hom% (K, X) € M via the equalizer diagram

hom$ (K, X) = [[(Xo0) = J[ (Xo)™
cee (B:c—c’)ee
of the obvious maps. ~
e The homotopy colimit of X is hocglim X = X ®F B(— | €)°P.
e The homotopy limit of X is hoéim X = homf? (B(Cl —),X).

Remark 1.2.6. A homotopy limit needs not be a limit in the homotopy category, and a limit in the homotopy category needs
not be a homotopy limit; homotopy categories do not usually have many limits and colimits at all (aside from products and
coproducts—homotopy products and homotopy coproducts are products and coproducts in the homotopy category). Even if a
homotopy category does happen to have limits and colimits, these need not be the same as homotopy limits and homotopy colimits.

Remark 1.2.7. If M is a simplicial model category, we take the standard frames, thus we have the coequalizer diagram
II Xc®B( 1) =] Xe®B(cl€)°P = hocolim X
(6:c—c’)ee ceel ¢

and the equalizer diagram
holim X — [ [ (X¢)B(¢+e) = (X )BCe),
¢ CG]:L (0:c~1>_c‘[/ )ee

Note that in this case the homotopy colimits and homotopy limits depend only on the simplicial structure of the underlying category
of M, having little to do with the model structure, though not completely: the homotopy colimits and homotopy limits depend
on the model structure in a secondary fashion, since the simplicial structure has interplay with the model structure. In fact, the
homotopy invariance of the homotopy colimits and homotopy limits below will depend on the model structure of M.

Moreover, for X € M€ and Y € M, there is a natural isomorphism Map(hoceolim X)Y) hg‘l)ipm Map(X(—),Y) (see [40]

Theorem 18.1.10]).

Let G be a (discrete) group and X be a topological space such that G acts on X. The action can be viewed as a
functor X : G — Top, where we view G as a category with one object as usual. Then the homotopy fized points X" can
be defined as X"¢ = hoéim X. The homotopy orbit space Xna can be defined as Xng = hocglim (see [70, Example

8.2.11, 8.2.23)).
Proposition 1.2.8. Let M be a (framed) model category, C a small category, and X € ME.
e If Pc sSet®” is a single point at every object, then there is a natural isomorphism X ®§ P = coleim X, and
the unique map B(— | €)°® — P induces a natural map hocglim X — coleim X. If moreover C is a Reedy

category and X is Reedy cofibrant in MC, then this natural map is a weak equivalence of cofibrant objects in M.
e If P € sSet® is a single point at every object, then there is a natural isomorphism hom% (P, X) liérn X, and

the unique map B(C | —) — P induces a natural map li(IgIl X — ho(lgim X. If moreover C is a Reedy category

and X is Reedy fibrant in MS, then this natural map is a weak equivalence of fibrant objects in M.

5By [33] Chapter IV, Example 1.10], if X is a simplicial set, then Xyg = hocglim X ~2EG xg X.
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e [fPc sSet®” is a single point at every object, then hogg}lim P = BC in sSet.

Proof. For the first two points, see |40, Proposition 19.2.9 and Example 19.2.10]. The third point is proved in [40],
Proposition 18.1.6]. O

Proposition 1.2.9 (|40}, Proposition 19.2.13]). Let M be a model category, € a small category, let X € M® and let X
be a cosimplicial frame on X, X a simplicial frame on X.
o For K €s8et®” and Y € M, there is a natural bijection
M(X ®F K,Y) = s8et®” (K, M(X,Y)).
o For K € sSet® and Y € M, there is a natural bijection
M(Y, hom% (K, X)) = s8et® (K, M(Y, X)).

Proposition 1.2.10 (Homotopy invariance, see [40, Theorem 19.4.2 and Theorem 19.4.4]). Let M be a (framed) model
category, C a small category.

o If f: X =Y is a map in M® that is an object-wise weak equivalence of cofibrant objects. Then the induced
map fx: hocglim X — hocglim Y is also an weak equivalence of cofibrant objects.

e Iff:X =Y is amapin M® that is an object-wise weak equivalence of fibrant objects. Then the induced map
S hoéim X — hoéim Y is also an weak equivalence of fibrant objects.

o If X € M is an object-wise cofibrant diagram and Y € M is fibrant, then map(hocglim X,Y) is naturally
weakly equivalent to ho(lzim map(X,Y).
o If X € M is cofibrant and Y € M® is an object-wise fibrant diagram, then map(X, hoéim Y') is naturally weakly
equivalent to hoéim map(X,Y).
Proposition 1.2.11 (|40, Theorem 19.4.5]). Let M, N be (framed) model categories, C a small category and F : M =
N:U a Quillen pair.

o There is an essentially unique zig-zag of natural transformations of functors M — N (induced by maps of
frames) from F o hocglim to hocglim o I, it is a natural zig-zag of weak equivalences on object-wise cofibrant

diagrams.
o There is an essentially unique zig-zag of natural transformations of functors N — M (induced by maps of
frames) from Uoho(lfim to hoéimoU, it is a natural zig-zag of weak equivalences on object-wise fibrant diagrams.

Definition 1.2.12 (|40, Definition 19.6.1]). Let €, D be small categories and F : € — D a functor.

e We call F homotopy left cofinal or homotopy initial if for every d € D, B(F | d) is contractible.
e We call F' homotopy right cofinal or homotopy terminal if for every d € D, B(d | F) is contractible.

Proposition 1.2.13 ([40, Proposition 19.6.6]). Let C,D be small categories and F : € — D a functor. Let M be a
(framed) model category and let X € M”.

e There is a natural isomorphism

hocglim F"X 2 X ®p B(— | F)°".
e There is a natural isomorphism

holim F"X = hom™ (B(F | —), X).

Proposition 1.2.14 (|40} Proposition 19.6.12 and Theorem 19.6.13]). Let C, D be small categories.

e A functor F : € — D is homotopy right cofinal iff for every (framed) model category M and every object-wise
cofibrant diagram X € M®, the natural map hocglim F*X — hoqglim X is a weak equivalence.

e A functor F : C — D is homotopy left cofinal iff for every (framed) model category M and every object-wise
fibrant diagram X € M?, the natural map li%n X — hoéim F*X is a weak equivalence.

In the abowve, it’s sufficient to take M = sSet for being homotopy right/left cofinal.

Remark 1.2.15. A functor F' : ¢ — D is homotopy right cofinal iff the map B(— | F)°P — B(— | D)°P is a weak equivalence of
cofibrant objects in s8et®”” (see the proof of [40, Theorem 19.6.7]).

For c € G, if K € sSeteop7 the natural map K. — h¢ ®e K is an isomorphism; if K € sSet®, the natural map
hom®(h®, K) — K, is an isomorphism (|40, Proposition 19.6.9]). Here we regarded h® as a C-diagram of discrete
simplicial sets. Moreover, there are natural isomorphisms (|40, Corollary 19.6.10])

hocglim he =2 B(cl )P,
hoéim he = B(C | c).
For a functor F': € — D between small categories, ¢ € €, there are natural isomorphisms (|40, Corollary 19.6.11])
h® ®» B(— | F)® 2 B(c| F)°?,
hom® (h®, B(F | —)) 2 B(F | ¢).
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The Bousfield-Kan map in csSet is the map ¢ : B(A | —) — A® that for k,n > 0 takes the n-simplex
(([io] = [ix] = -+ 2= [in)), ([in] = [K]))
of B(A | [k]) to the n-simplex
(ton-1-++0100(i0), Ton—-1- - 01(i1), "+ , TOn—1(in-1),T(in))

of A*. We also denote ¢ : B(— | A°P)°P — A® the composition of the isomorphism B(— | A°P)°P = B(A | —) with the
map ¢ : B(A | —) — A® (see [40, Definition 18.7.1]).

Let M be a model category. Endow sM with the Reedy framed diagram category structure, let X € sM, then the
Bousfield-Kan map for X is the map ¢ : hog(g})im X — | X]| that is the composition

hogolim X & X @aer B(— | A™)P 2XE8WE, X @000 A% = ||

This map is natural in X.
Endow ¢cM with the Reedy framed diagram category structure. Let X € cM, then the Bousfield-Kan map for X is
the map ¢* : Tot(X) — hoiim X that is the composition

. Ae hom® (¢,1x) A ~ T
Tot(X) := hom™ (A®*, X) —————=5 hom~ (B(A | —), X) & hokm X.

This map is natural in X. (See [40] Definition 19.8.6].) Here, | —| : sM — M is the realization functor and Tot : cM — M
is the total object functor (see [40}, Definition 19.8.1]).
For a simplicial model category M, if X is Reedy cofibrant in sM, then the Bousfield-Kan map ¢ : hog(gym X — | X|

is a weak equivalence; if X is Reedy fibrant in ¢M, then the Bousfield-Kan map ¢* : Tot(X) — hoiim X is a weak
equivalence (see [40, Theorem 19.8.7]). If we only assume M is a model category, then we still have natural weak
equivalences hogooi)im X ~ |X\,h210i}{n X ~ Tot(X) (see [40, Theorem 19.8.4]).
By Proposition for X € sSet, view the set X,, as a discrete simplicial set, there is a coequalizer diagram
[T xweam= ] Xw0a"-X.
([m]=[nhea [nlea

So let Dx : A°? — s8et,[n] — X, this means that the realization |Dx| is canonically isomorphic to X. Similarly,
if € is a small category and X € sPre(C), then we have a canonical isomorphism |Dx| & X. Moreover, Dx : A°® —
sPre(@)inj, [n] = X is Reedy cofibrant and the Bousfield-Kan map gives a sectionwise weak equivalence hogomljim Dx =
X.

Proposition 1.2.16. Let M be a combinatorial simplicial model category, C a small category, and X € MC.
e The total left derived functor of co}gim at X is the homotopy colimit of its (functorial) object-wise cofibrant
replacement Qinj(X) = Q(X), i.e. we have Lc%lim X cogm Qproj(X) = Qunj(X) ®e B(— | €)°P in Ho(M).
If moreover X is object-wise cofibrant, then Lc%lim X 2 X ®c B(— ] ©)°P.
e The total right derived functor of ligl at X is the homotopy limit of its (functorial) object-wise fibrant replace-
ment Rproj(X) = R(X), i.e. we have Rleim X = lién Rinj(X) = hom®(B(C | —), Rproj(X)) in Ho(M). If
moreover X is object-wise fibrant, then Rleim X = hom®(B(€ | —), X).

Proof. This is the main result of [32] §4] and its dual. O

Remark 1.2.17. This result together with the homotopy invariance results above indicate that it’s better to define the homotopy
(co)limits as the derived functor, which would be homotopy invariant in the full generality, and this is done much more often in the
literature, and we will do so as well. See a similar result [33] Chapter VIII, Lemma 2.11] in another setting (diagrams of simplicial
sets). For more on the different notions of “homotopy (co)limits”, see [24], §2.3.2 (pp.57-61)].

So from now on, we will make the convention that when computing homotopy (co)limits for diagrams in combinatorial
simplicial model categories, we always use the above completely homotopy invariant formulas:

hocglim X =Q(X)®e B(— | ©)°P, ho(lgim X =hom®(B(€ | —), R(X)),

where Q, R : M — M are some functorial cofibrant and fibrant replacement of M. Of course we then lose the nice property in
Remark [I.2.7] since we have to take some replacement before using the computing formulas.

1.3. Pre-triangulated categories and pointed model categories

In this section, we collect some nice features about the homotopy categories of pointed model categories, encapsulated
in the notion of pre-triangulated categories (but have some other nice properties).

First recall that a (symmetric) monoidal category is a category € with a bifunctor ® : € x € — C, a unit object
S, a natural associativity isomorphism a = ax,v,z : (X QY)® Z - X ® (Y ® Z), a natural left unit isomorphism
{=1{x : S®X — X, a natural right unit isomorphism r = rx : X ® S — X (and a commutativity isomorphism
T=Txy:X®Y Y ®X withToT =1,r =£oT) subject to some coherence conditions (which we omit, see [45]
Definition 4.1.1 and Definition 4.1.4]). Examples include Set, sSet, sSet.., Ho sSet, Ho sSet..
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Let C, D, & be categories. An adjunction of two variables from € x D to € (see [45], Definition 4.1.12]) is a quintuple
(®, Hom,, Homg, ¢, p¢), where ® : € x D — & Hom, : D°? x & — C,Homy : €°° x & — D are functors, and ¢,, @, are
natural isomorphisms of functors

€(C,Hom, (D, E)) <~ &(C ® D, E) £4% D(D, Hom,(C, E)).

Sometimes we write this adjunction as (®, Hom,, Hom, ¢, ¢¢) or (®, Hom,, Hom,) or ® : € x D — €.

A closed monoidal category is a category € with an octuple (®,a, ¢, r, Hom,, Homy, ¢, p¢) making € a monoidal
category and (®, Hom,, Homy, ¢r, p¢) : € X € — C is an adjunction of two variables.

Then a (right) closed C-module is a category M with functors A : M x € — M, Hom : €°P? x M — M, Map : M°? xM —
C satisfying some coherence conditions and such that (A, Hom, Map) : M x € — M is an adjunction of two variables. So
we have natural isomorphisms (X A K) AL~ X A (K ® L) and natural isomorphisms

M(X,Hom(K,Y)) <= M(X A K,Y) 25 @(K,Map(X,Y)).

For any model category M, its homotopy category Ho sSet is a closed Ho sSet-module, and if M is pointed, then
Ho M is a closed Ho s8et.-module (see the discussion at the end of this section). There are also the notions of (symmetric)
monoidal functors between (symmetric) monoidal categories, a (symmetric) C-algebra, monoidal model categories and
their modules, etc. (for all these and many examples, see [45, Chapter 4]).

Write H, = Ho s8et.. Let 8 be a (right) closed H-module, then § is also pointed. We sometimes write [4,Y] = [A4,Y]s
for the hom-set 8(A,Y) and we denote the zero map in [A,Y] by 0 = 04,y = [¥]. We then have the suspension functor
¥ and the loop functor Q given by A = AA S', QA = Hom(S', A), they form an adjoint pair ¥ : § = § : Q. Moreover,
for n € N, we have "4 = AA S™, Q" A = Hom(S™, A). Thus for objects A,Y € 8§ we have natural isomorphisms

[E"AY] = [A,Q"Y] 2 [S", Map(A,Y)]sset, = mnMap(A4,Y).
In particular, we have natural isomorphisms (cf. [2] Lemma 5.5.2])
[A,Y] = moMap(A,Y).

So in 8, ¥ A is a cogroup object and X" A is an abelian cogroup object for n > 2, QA is a group object and 2" A is an
abelian group object for n > 2.

For any n > 1, there is a (right) action of QY on Q"Y, being the conjugation for n = 1, which for any object W,
is given by the action of miMap(W,Y) on m,Map(W,Y") (see Section [1.6)). Dually, there is a (right) coaction of A on
S"A.

We are now ready to introduce the notion of pre-triangulated categories (|45}, Definition 6.5.1]).

Definition 1.3.1. A pre-triangulated category is a nontrivial (right) closed H.-module 8, with a collection CS
of cofiber sequences, or left triangles, and a collection FS of fiber sequences, or right triangles, satisfying the following
conditions.

(a) A cofiber sequence is of the form X Loy % 7 of morphisms in 8§ with a right coaction of the cogroup object

X on Z. A fiber sequence is of the form X Ly % 7 of morphisms in § with a right action of the group
object 27 on X.
(b) The two collections CS, FS are closed under isomorphisms.

(c) For any object X in 8, we have (x — X RN X) e CS, (X Lxo x) € FS.
(d) For any morphism f: X — Y in 8, there exist morphisms g : Y — Z,h: W — X such that (X Ly s Z) e
cs,(Wwh xLy)ers.

(e) Cofiber sequences shift to the right: for any (X Ly 4 Z) € CS, we have (Y & Z 2, ¥X) € CS,

where 0 is the composite Z — Z[[XX & > X, the first map is the coaction; so for an object W in

8 and a € [XX,W] we have 0"a = [¥] - a € [Z,W]. The XY-coaction on XX is given by the composite
YX - EX][[EX 1]‘[—Ef> XYY 1—HZ> YX[]XY, where the first map is the comultiplication morphism of
¥.X, i is the coinverse of XY
principal cofiber sequence.

f

Dually, fiber sequences shift to the left: for any (X - Y % Z) € FS, we have (QZ % x4 Y) € FS,

where 0 is the composite 27 ﬂ X x QZ — X, the second map is the action; so for an object W in 8§ and
1xi

a € [W,QZ] we have d.a = [#] - a € [W, X]. The QY -action on QZ is given by the composite 27 x QY —
QZ x QY 2% 07 x 07 - QZ, where the last map is the multiplication morphism of QZ, ¢ is the inverse

Any cofiber sequence isomorphic to a shifted one Y % Z 2y ¥X is called a

of QY Any fiber sequence isomorphic to a shifted one Q27 % x Ly is called a principal fiber sequence.
(f) Fill-in maps exist: for any solid-arrow commutative diagram

f g

X—sY ——7

’ ’ v

X’*>Y/$Z,

6See Section
TFor the classical results of this kind on pointed topological spaces, see |2, Theorem 4.3.4 and Theorem 4.3.7].
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in 8§ where the rows are in CS, there is a Ya-equivariant map v : Z — Z' making the entire diagram
commutative.
Dually, for any solid-arrow commutative diagram

x—t.oy_ .7

v f/ g/
X ——=Y =7
in 8§ where the rows are in FS, there is an Qy-equivariant map o« : X — X’ making the entire diagram

commutative.
(g) Verdier’s octahedral axiom and its dual hold: for maps X 5 Y % Zin 8, there is a commutative diagram

X—>y 450, nEX
X7 %5 CpnEX

C, =——¢, " XY

1

where the 3-term rows and columns are in CS, r is ¥ X-equivariant, s is Yu-equivariant, and the XC',-coaction

on C, is given by the composite C, — C, [[ZY M Cy [ 2C.
There is also a commutative diagram

Qv . qz 0z
a2 ) ) )
F, —> F,, —>F,

F,L—=X—"sY

e
where the 3-term rows and columns are in F'S, ¢ is Q0Z-equivariant, i is Qu-equivariant, and the Q2 F,-action on

F,, is given by the composite F,, x QF, IX—QC> F, xQY —- F,

(h) Cofiber and fiber sequences are compatible: let (X Ly s Z) € CS, (X' &Y' & 7') € FS. Suppose we

have a solid-arrow commutative diagram

1

f g [é]

X Y 7z ©X

al \Lﬂ k \L(au>_1
o i v P

A X —=vY' z'

in 8 where o' is the element of the group 8(XX, Z") adjoint of a and —1 means taking inverse in that group,
the dotted arrow 7 exists making the entire diagram commutative.
Dually, suppose we have a solid-arrow commutative diagram

x—l oy ¢ )

(6b)1i ’ \L’Y l(s
\ )
07 s x sy Loz
in 8, the dotted arrow [ exists making the entire diagram commutative.
(i) The functor A : 8 X H, — 8 preserves cofiber sequences in both variables; the functors Hom : HZP x § — 8

and Map : 8°P x § — H, preserve fiber sequences in the second variable and convert cofiber sequences to fiber
sequences in the first variable (see [45l Corollary 6.4.2 and Proposition 6.4.5] for the related (co)actions).

A large portion of [45] §6.1-§6.4] is devoted to prove that the homotopy categories of pointed model categories are
pre-triangulated categories in the above sense, with structure maps (A", RHom., RMap,,.) or (A, RHom..,RMap,,) (and
these two are equivalent, see below), where in particular the (co)fiber sequences are those isomorphic to the “standard”
ones ([45], Definition 6.2.6]), the related actions are given by [45] Theorem 6.2.1], and the condition (i) above is treated
in [45] §6.4]. We make the caution that when using the above formalism in specific situations, one should replace
(A, Hom, Map, X3, Q) by their specific incarnations; typically we are dealing with homotopy categories of pointed model
categories, then we should use the derived forms of these functors.

The following results generalize Theorem [[.6.8] and Remark [T.6.9]

8To be compared with the following facts in abelian categories: (Z/X)/(Y/X) = Z/Y, ker u = ker(ker vu ~ ker v).
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Proposition 1.3.2. Let § be a pre-triangulated category. For any fiber sequence X Ly % zin 8, we have a long
sequence

Sty 29 gny DY gry 29, gy 21700,

Doox Yooy X az%x Ly 4 g
in which, every two consecutive arrows form a fiber sequence.
There are (right) actions of QY on every object above: for n > 1, the action on Q"Z is given by the composition

0"Z x QY 2 0nz « Q7 5 Q" Z, and the action on Q"X fits into the following commutative diagram

Q"X x QX —= Q"X

Q"X x QY ——= Q"X

Q"'fxll lﬂ”f

Q'Y x QY ——= QY.
If we endow X,Y, Z with the trivial QY -action, then the above sequence is QY—equivariantEl

Dually, for any cofiber sequence X Ly % Zin 8, there is a XY -equivariant long sequence, in which, every two
consecutive arrows form a cofiber sequence.

Theorem 1.3.3 ([45] Proposition 6.5.3]). Let 8 be a pre-triangulated category.

(a) Let X Ly % Zbea cofiber sequence in 8, then for any object W of 8, there is a [EY, W]-equivariant long
exact sequence of pointed sets
CO sz w) 2 sy, w) 5 mx,w) D 1z, w] S [y, w) L [x, W
This sequence is natural in (X Ly Z) € CS. Moreover,
o for a,b € [Z,W], we have g*a = ¢g*b iff there exists x € [SX, W] such that a-x = b, i.e. a,b are in the
same orbit of the group action;
e forc,d € [EX,W], we have 0%c = 9*d
[SX, W].
(b) Given a commutative diagram

iff there exists y € [ZY, W] such that ¢ = d - (Xf)"y in the group

f g

X——=Y ——>7

x Loy 2o g
where the rows are cofiber sequences and the map v is Ya-equivariant. If o, B are isomorphisms, then so is 7.
Below is the dual result, for which we give a proof (sketch). See also [2], Corollary 4.2.12 and Corollary 4.2.19] and [2

Theorem 4.4.5 and Theorem 4.4.8] in the classical setting of pointed topological spaces (and see [2] §5.4] for interesting
results on special W).

Theorem 1.3.4. Let 8 be a pre-triangulated category.

(a) Let X Ly % Zbea fiber sequence in 8, then for any object W of 8, there is a [W, QY ]-equivariant long ezact
sequence of pointed sets
9w, ax] L0 o) L2 (waz) 2w, X)L (L v] 2 (w2,
This sequence is natural in (X Ly s Z) € FS. Moreover,

e for a,b € [W, X], we have fia = f.b iff there exists z € [W,QZ] such that a -z = b, i.e. a,b are in the
same orbit of the group action;

o for c,d € [W,QZ], we have d.c = O«d iff there exists y € [W, QY] such that ¢ = d - (Qg)+y in the group
W, 0Z).

(b) Given a commutative diagram

X1ty .7

’ !/
x L oy L} A
where the rows are fiber sequences and the map o is Qy-equivariant. If B, are isomorphisms, then so is a.

Proof. For (a), note that by condition (i) in the definition of pre-triangulated categories, there is a fiber sequence

Map(W, X) L Map(W,Y) % Map(W, Z)
in H. = Ho sSet.. Since we have natural isomorphisms

[W, Q" X] = 7, Map(W, X),

9See Remark
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the results then follow from the results on simplicial sets as in Theorem m (of course one should check that under
the above isomorphisms, all related maps are compatible, i.e. these isomorphisms give a commutative diagram of the
homotopy sequences, which is essentially due to the adjunctions and the way we define the maps), or the corresponding
results in topological spaces, as Hovey did.

Now we treat (b). By (a), for any object W of 8, we have the following commutative diagram:

W, Qv] 225w, 02] 2 (W, X] L (W, Y] —2> (W, Z]
(Qﬁ)*l \L(Q'\/)* lﬂ* iﬁ* \L’Y*
w,av'] 908 woaz) 2w, X)L W Y] - (W, 2.

We will show that the middle vertical map a. : [W, X]| — [W, X'] is a bijection, then « is an isomorphism by Yoneda
lemma.

For any =’ € [W, X'], let ¢ := fiz' = B.y, then v.g.y = g.Pxy = g4 fix’ = 0, thus g.y = 0. Take x € [W, X] with
f«x =y, then fla.xz = Bufix = Buy =y’ = fix', so by (a), there exist z € [W,QZ],2" = (Q7).z € [W,QZ'] such that
' = (.x) - 2’ = ax(z - 2) € im au (as as is (y)«-equivariant), so . is surjective.

Now we prove that the restriction of a. to the orbit of the base point 0 = [*] of the pointed set [, X] is injective. Let
h € [W,QZ],b = [+]-h € [W, X] and suppose a.(b) = [x] € [W, X'], i.e. [x]-h’ = [*], where h' := (Qv)+h € [W,QZ']. Note
that 8.h' = [*] - b/, so we have 9,h' = [x],h/ € ker 0, = im(Qg’)+, so we can write b’ = (Qg’).u’ for some u' € [W, QY"].
Thus v = (28)«u for some u € [W,QY] and h = (Qg)+u. Thus b = [x] - h = [¥] - (Qg)+u = 0+(Qg)«u = [*]. This proves
the injectivity of the restriction of a. to the orbit of 0 = [*] of the pointed set [W, X].

Next we perform the “change of base point” procedure for the pointed set [W, X] to prove the injectivity of the
restriction of .. to general orbits of the pointed set [W, X|. Of course we cannot change base points for objects in the
abstract category 8, but we can indeed do this in our fundamental category H. = Ho sSet.. For this, we also need to

change viewpoint a bit, as follows. We first replace the above fiber sequence Map(W, X) ER Map(W,Y) < Map(W, Z)
in H, = Ho sSet, by an isomorphic fiber sequence F = E %> B, with p : E — B a Kan fibration of Kan complexes in
sSet, = (x | sSet) and 7 : FF — FE is the inclusion of the fiber (over the base point of B, and F' shares the same base point
as F). We do the same for the second row and get a commutative diagramm

P

D

0 (E) 11 (B) —2 > 1o (F) —> 70 (E) 70(B)

(95)*i l(ﬂ’y)* la* lﬁ* l'y*

()~ 1 (B) — 2 mo(F') — s o (') —2 > mo(B).

Now we assume h € 71(B),a € mo(F),b = a - h,a.a = a.b. We change the base point of F' and E from the original * to
a € F. Note that the map 9. will change accordingly (taking values in the orbit of the new base point a) and we get a

new diagram as above (by [40, Theorem 7.6.5], with new base points, F’ % E L Bis still a fiber sequence in H); the
map (€23). also changes but still is an isomorphism. Now «. maps the (new) base point a and the point b in F' to the
new base point a’ = a.(a) € mo(F’). We conclude by the result proven aboveE O

Now we present some further results on function complexes. By the discussion of Example [A:2.6] there are equiva-

lences of categories
M = M2 =5 Adj(sSet, M)
given by mapping A°® to the adjoint pair A®* ® — : s8et = M : M(A®, —), where M(A®,Y) is as defined at the beginning
of this section, and
M = M2 =5 Adj(M, sSet°P)

given by mapping Y, to the pair of functors M(—, Ys) : M°? — sSet and Hom(—, Ys) : s8et®® — M, where M(A4,Y,) is as
defined at the beginning of Section (see [45], Proposition 3.1.5 and Remark 3.1.7]).

Any model category M has a canonical framing (|45, Theorem 5.2.8|) in the sense of |45l Definition 5.2.7], denoted
A° and A,. For A)Y € M, we thus have the factorizations {*A — A° — r®*A in cM (a cofibration followed by a trivial
fibration that is an isomorphism in degree 0), and fe A — As — re A in sM (a trivial cofibration followed by a fibration
that is an isomorphism in degree 0) with A°® = A = Ayo. Where {"A = o Ar"A=A L, A= ArpA=T], 1 A,
and there are adjunctions £° : M = <M : Ev® : cM = M : r® and Lo : M = sM : Evg : sSM = M : 7 (cf. Example
and see [45] Example 5.2.4]). So if A is cofibrant, then so is ¢*A; if A is fibrant, then so is reA. This implies that
the framing defined as in [45] Definition 5.2.7] is slightly more restrictive than that in [40]. However this will have
some advantages sometimes, as we have a good choice of framing as A° and A.. If A is cofibrant, then A° is a fibrant
cosimplicial resolution and if Y is cofibrant, then Y5 is a cofibrant simplicial resolution (in the sense of |40} Definition
16.1.2]).

Hence for A, Y € M, we get the adjunctions (canonically associated to the model structure, as functorial factorization
of maps is part of the model structure)

A® — :s8et = M : Map,(A4, —)

100f course we could do so from the beginning, once and for all.
H'We thus get a result for the stabilizers under the same assumption: for any = € [W, X], (€27).(Stab(z)) = Stab(a.(z)) as subgroups
of [W, Q2]
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and
(Y7)°? = Hom(—,Y)°? : sS8et 2 M°? : Map,.(—,Y).
We call Map,(A,Y) the left function complex and Map,.(A,Y") the right function complex from A toY (see [45] Remark
5.2.9]). If A is cofibrant, Y is fibrant in M and equip M°? with the dual model structure, then the above two adjunctions
are Quillen adjunctions (see [45, Corollary 5.4.4]).
We thus have the following functors

®:MxsSet =M, (A, K)—» AR K = A°® K,
Map, : M°? x M — sSet, (4,Y) — Map,(A,Y) := M(A°,Y)
satisfying M(A ® K,Y") = sSet(K, Map,(A,Y)), and
Hom : s8et®™ x M — M, (K,Y) — Y™ = Hom(K,Y) := Hom(K, Ys),
Map,. : M x M — s8et, (A,Y) — Map,.(4,Y) := M(A,Ys)
satisfying M(A, Hom(K,Y)) 2 sSet(K, Map,.(A,Y)) (see [45, Remark 5.2.9]), see (1.1]) and (L.2) for the related notations,
which are the same as those given in [45] Proposition 3.1.5 and Remark 3.1.7], see also [40, Definition 16.3.1].
Note however that if M is a simplicial model category, then the above canonical framing A° and A, is in general
not the one yields by the simplicial operations with A® ([45] Remark 5.2.10]), i.e. the standard framing.
The total left derived functor of ® : M x sSet — M exists, denoted by @ = L® : (Ho M) x (Ho sSet) — Ho M.

There is a natural isomorphism X ®" A® 2 X in Ho M; the total right derived functors of Hom : s8et®® x M — M and
Map,, Map,. : M°? x M — sSet exist, denoted respectively by RHom = RHom : (Ho sSet)°® x (Ho M) — Ho M and

RMap, = RMap,, RMap,. = RMap,. : (Ho M)°? x (Ho M) — Ho sS8et, they are naturally isomorphic: RMap, N RMap,..
These functors are computed as follows: for K € sSet and X,Y € M,
Xo"K=(QX) oK eM,

RHom(K,Y) = Hom(K, (RY),) € M,

RMap,(X,Y) = M((QX)°, RY) € sSet,

RMap, (X,Y) = M(QX, (RY),) € sSet.
The latter two RMap, and RMap,. always take values in Kan complexes ([40, Proposition 16.6.3 and Corollary 16.5.3]).
By [45], Proposition 5.4.5] and [40, Proposition 16.6.3, 16.1.13, and Corollary 16.5.5], up to isomorphisms in H = Ho sSet,
in the above computation formulas, we can use any framing other than the canonical framing (A° and A,). We use the
canonical framing as it’s functorial. Thus all the homotopy function complexes from X to Y are weakly equivalent to
RMap, (X,Y) (use |40, Theorem 17.4.14]).

In particular, if M is a simplicial model category, we can use the standard framing X = X ® A® and X = XA., SO
we have weak equivalences
RMap,(X,Y) ~ RMap,.(X,Y) ~ Map(QX, RY) = RMap(X,Y)

in sSet (use [0, Proposition 9.1.9 and Corollary 9.3.3]); similarly, the functors ®" and RHom can indeed be identified
(up to equivalences of functors) with the derived functors of the tensor product ® and the power map that are part of
the simplicial structure of M. When working with simplicial model categories, we will always use RMap, rather than
RMap, or RMap,..

There are natural isomorphisms

[X & K, Y] 2 [K, RMap, (X, )] 2 [K, RMap, (X, Y)] = [X, RHom(K, ). (1.3)
They form an adjunction of two variables (Ho M) x (Ho sSet) — Ho M, for which Ho M is a closed (Ho sSet)-module
(see [45], Theorem 5.4.9 and Theorem 5.5.3]).

Assume now that F': M = N : G is a Quillen pair between model categories, then by eq. (1.3), for any K € sSet, A €
M,Y € N, we have natural isomorphisms (of sets)

[K,RMap, (FA,Y)] 2[K,RMap, (FQA, RY)] = [(FQA) ®" K, RY] = [LF(QA) ®" K, RY] = [LF((QA) ®" K), RY]
~[(QA) ®" K,RG(RY)] = [K,RMap,(QA, RG(RY))] = [K, RMap, (4, GY)).

Yoneda lemma for H{ = Ho sSet then yields a natural isomorphism in J:
RMap, (FA,Y) = RMap,.(4, GY). (1.4)

For simplicial model categories, this relation is easier to deduce.

For a model category M, let M, := (x | M), called the pointed category of M, it’s indeed a pointed category, and its
hom-sets can be described via the cartesian square of sets:

M. ((X,2), (Y,y)) — M(X,Y)

In fact, M, is also a model category ([45), Proposition 1.1.8]). For an object X of M, we use (X, v) (and sometimes X)
to denote the object * > X of M. There is a Quillen adjunction 4+ : M 2= M, : U, where Xy = (* = X [[*),U(x —
X) = X, thus [X4,(Y,y)]m. = [X,Y]n (if M is already a pointed category, then (4,U) is a pair of isomorphisms of
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categories: note then that X [T+ = X ][, « = X). If M is cofibrantly generated, or cellular, or left proper, or right
proper, or proper, then so is M, (see [41]).

For a (small) diagram F' : J — M., we have lign F=(x— ligﬂ UF); for the colimit, we let J* denote the category J
with an extra initial object * added, and let F'™ : 3% — M, be the unique diagram extending F' by letting F' () = x,
then Co%im F=(x— colJirm UF™). The coproduct in M. will be denoted by V, called the wedge product, X V'Y is the

7
quotient of X [[Y (in M) by identifying the basepoints (see [45], p.4]; if M is already pointed, then V =[] in M = M,.).
There is also the smash product A in M. defined by the pushout diagram

XVY ——=XxY

* —> X AY.
Usually the map X VY — X x Y is a monomorphism, so one can write X AY = X xY/X VY. For XY € M, we
have X4+ AYy = (X xY)4. (Of course, these operations only depend on the category structure of M.) If M is cartesian
closed, then (M., A) is a monoidal category and the functor (—)4 : (M, x) — (M, A) adding basepoints is a monoidal
functor.

Assume now that M is a simplicial model category. Then for (X, z),(Y,y) € M., K € sSet, we can define the
sitmplicial mapping space Map, ((X, z), (Y,y)) € sSet via the cartesian square

Map*((X, :L'), (Y7 y)) B Map(X, Y)

l lﬂc (1.5)

A% 5 Map(+,Y)

in s8et, the tensor product (X,z) ® K := (X,z) N Ky = X ® K/x ® K (which is naturally pointed, where z ® K is the
image of the morphism z ® idk : * ® K — X ® K), which is given by the pushout diagram (in M)

s K "9 oK

N

F > (X,2) A Ky,

K
and the power (X,z)® = X¥ pointed by * = «¥ Z— X¥ (cf. [40, Example 9.1.14]). With these operations, M.
becomes a simplicial model category. The simplicial mapping space Map, ((X, z), (Y,y)) € sSet is naturally pointed by
the composite X — * 2 Y and it fits into the equalizer diagram

Map, (X, 2), (¥;4)) —— Map(X,Y) == Map(,Y) (16)

of simplicial sets, where y. : Map(X,Y) — A% % Map(x,Y). We have Map(A4,Y) = Map, (A, (Y,y)) for A €
M, (Y,y) € M.

It’s also interesting to note that a morphism H : (X,z) ® K = (X,z) A Ky — (Y,y) in M, is the same as a
morphism X ® K — Y in M which sends z ® K to y. In particular, a “pointed homotopy” H : (X,z) ® A* — (Y,y)
(a “homotopy” that “sends all the stages of the basepoint x of X to the basepoint y of Y”) is the same as a (pointed)
morphism H : (X,z) A AL = (Y, y).

Let FF: M 2 N : G be a Quillen pair between model categories, then it yields functorially another Quillen pair
F, : My @ N, : G4. We have Gi(x = Y) = (x > GY) (i.e. UG, = GU), and F.(X,v) fits into the following pushout
diagram

Flx) 0 p(x)

|

Moreover, F,(X) is naturally isomorphic to (FX)4 (|45, Proposition 1.3.5]).

)
-
—— F.(X,v).

Now assume M is a pointed model category. We denote the function complexes by
A: M xsSet. = M, (A, K)— AANK := A° A K,
Map,, : MP x M — sSet., (4,Y) — Map,,(A4,Y) := M(A4°,Y),
Hom. : s8et;? x M — M, (K,Y) — Y™ = Hom. (K,Y) := Hom, (K, Ys),
Map,,. : M°? x M — sS8et., (A,Y) — Map,,.(4,Y) := M(A,Y5).
We have ([45], p.144]) for K € sSet and A,Y € M,
ANKL =A® K,Hom.(K4+,Y) =Hom(K,Y).
We also have their derived versions
AY = LA : (Ho M) x (Ho sSet.) — Ho M,
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RHom. = RHom., : (Ho sSet,)°" x (Ho M) — Ho M,
RMap,, = RMap,, & RMap,,, = RMap,,. : (Ho M)°® x (Ho M) — Ho sSet..
They are computed as follows: for K € sSet, and X, Y € M,
XAYK =(QX)°ANK eM,
RHom. (K,Y) = Hom, (K, (RY).) € M,
RMap,,(X,Y) = M((QX)°, RY) € sSet.,
RMap,,.(X,Y) = M(QX, (RY),) € sSet..
There are natural isomorphisms
[X A K, Y] 2 [K, RMap,,(X, Y)] & [K, RMap,, (X, Y)]  [X, RHom. (K, Y)]. (L.7)

They form an adjunction of two variables (Ho M) x (Ho s8et.) — Ho M, for which Ho M is a closed (Ho sSet.)-module.
See |45 Theorem 5.7.3]. As eq. (1.4), if F: M 2 N : G is a Quillen pair between pointed model categories, then there
is a natural isomorphism in H. = Ho sSet..

RMap,,.(FA,Y) 2 RMap,,.(4, GY). (1.8)

We have the following characterization of weak equivalences in a model category, rephrasing [40, Theorem 17.7.7]
(the last two points follow from the Yoneda lemma applied to the homotopy category Ho(M), or one can take a cofi-
brant /fibrant replacement of the given map by using [40, Theorem 7.8.6]; cf. [40, Theorem 17.8.10]).

Theorem 1.3.5 (Characterizing weak equivalences). Let M be a model category and let g : X — Y be a map in M.
Then the following are equivalent:
e The map g is a weak equivalence.
e For any (cofibrant) object W in M, the induced map g. : RMap,. (W, X) — RMap, (W,Y) is a weak equivalence
in sSet.
e For any (fibrant) object Z in M, the induced map g* : RMap,.(Y, Z) — RMap,.(X, Z) is a weak equivalence in
sSet.
e For any (cofibrant) object W in M, the induced map g« : [W, X]| — [W,Y] is a bijection.
e For any (fibrant) object Z in M, the induced map g* : [Y, Z] — [X, Z] is a bijection.

Remark 1.3.6. In fact, if M is left proper and cofibrantly generated with I a generating cofibration set, then in the second
condition above, we only need W ranges over domains and codomains of maps in I, and no need for left properness assumption if
domains and codomains of maps in I are already cofibrant; see [46], Proposition 3.2] and the paragraph after its proof.

Using the general abstract formalism in this section, one can codify problems for general model categories to problems
about (homotopy theory of) simplicial sets (or topological spaces), and then decode using familiar theory in classical
homotopy theory to get useful information about the original model categories. But this is very hard to do and is usually
not efficient, in special cases, e.g. motivic homotopy theory, one can take advantage of the interval object A', which
gives nice cylinder objects in algebro-geometric situations, to obtain useful information.

1.4. Left Bousfield localization of model categories

In this section, we collect some results of Hirschhorn about (left) Bousfield localization of model categories, for
complete treatment, see [40, Chapter 3 and Chapter 4].
Throughout we fix a model category M and a class of maps € in M.

Definition 1.4.1. A left localization of M with respect to C is a model category LeM together with a left Quillen functor
Jj : M — LeM such that
e The total left derived functor Lj : Ho M — Ho LeM takes the images in Ho M of € to isomorphisms in Ho LeM.
e If N is a model category and ¢ : M — N is a left Quillen functor such that the total left derived functor
Ly : Ho M — Ho N takes the images in Ho M of € to isomorphisms in Ho N, then there is a unique left Quillen
functor § : LeM — N such that 65 = ¢.

Definition 1.4.2 (|40}, Definition 3.1.4]). An object W of M is C-local if W is fibrant in M and for every map f: A — B
in €, the map f* : RMap,.(B,W) — RMap, (A, W) is an isomorphism in H = Ho sSet. If C = {f}, we then say W is an
f-local object, if moreover f is the unique map @ — A, we then say W is an A-local or A-null object.

A map g : X — Y in M is called a C-local (weak) equivalence if for every C-local object W of M, the map
g* : RMap,.(Y, W) — RMap,.(X, W) is an isomorphism in H = Ho s8et. If € = {f}, we then say g is an f-local (weak)
equivalence, if moreover f is the unique map & — A, we then say g is an A-local (weak) equivalence. Tautologically,
every map in € is a C-local equivalence.

Note that if M is a simplicial model category, we can use RMap instead of RMap, and we will do so whenever this
is the case.

A C-localization of an object X is a C-local object X together with a C-local equivalence j : X — X. If moreover
j is a cofibration, it is then called a cofibrant C-localization of X. The notion of C-localization of a map g : X — Y is
defined in the obvious way (|40}, Definition 3.2.16]).

Let FF': M 2N : U be a Quillen pair, let X be fibrant in N, then X is LFC-local iff UX is C-local (|40, Proposition
3.1.12)).
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Proposition 1.4.3 (|40, Lemma 3.2.1]). Let X,Y be fibrant in M, g : X — Y a weak equivalence, then X is C-local iff
Y is C-local.

Proposition 1.4.4 ([40, Lemma 3.2.5]). Let J be a small category, g : X — Y a map in M°. If for each i € J,
gi : Xi; = Yi is a C-local equivalence between cofibrants, then the induced map hocg)lim X — hocg)lim Y is also a C-local

equivalence.

Proposition 1.4.5 (|40, Theorem 3.2.13]). If g : X — Y is a C-local equivalence between C-local objects, then g is a
weak equivalence.

The first two points of the following result are [40, Theorem 3.2.17, 3.2.18]. The last point follows easily from the

formula for RMap, and the fact RMap, = RMap,. given in Section These results can be regarded as an abstract
descent result which we specialize in Theorem [2.7.13]

Proposition 1.4.6 (Abstract descent). Assumption as before.

(1) Let X be an object of M with a C-localization j : X — )?, then j is a weak equivalence iff some (hence any)
fibrant approximation of X is G—localE

(2) Let g: X = Y be a map in M with a C-localization g : X = Y, then g is a C-local equivalence iff § is a weak
equivalence.

(3) Let X be an object of M such that for every map f : A — B in C, the map f* RMapr(B X) - RMap,.(4, X)
is an zsomorph@sm in H = Ho sSet. Then for any fibrant approrimation j : X — X of X, X is C-local and
j X — X is a C-localization of X.

Definition 1.4.7. The left Bousfield localization of M with respect to C, if it exists, is a model structure LeM on the
underlying category M in which,
e weak equivalences W: C-local equivalences in M,

e cofibrations C: cofibrations in M,
e fibrations F = RLP(W N C).

Proposition 1.4.8 ([40] Proposition 3.3.3, 3.3.4, 3.3.5]). If the left Bousfield localization LeM of M with respect to C
exists, then

e Any weak equivalence in M is a weak equivalence in LeM.

o The two model structures M and LeM have the same trivial fibrations.

e Any fibration in LeM is a fibration in M.

o Any trivial cofibration in M is a trivial cofibration in LeM.

Thus 1 : M2 LeM : 1 form a Quillen pair.

If f = gh, with f,g being fibrations in LeM and h a weak equivalence in LeM, then h is a weak equivalence in M.

Proposition 1.4.9 ([40], Proposition 3.3.6]). Assume the left Bousfield localization LeM of M with respect to C exists.
Let X be fibrant in M and j : X — X a cofibrant C-localization of X, then the following are equivalent:

o The object X 1is C-local.

e The map j: X — X is a weak equivalence in M.

e The map j: X — X isa homotopy equivalence in (X | M).

e The map j: X — X is the inclusion of a strong deformation retmct

Given amap f: A— Bin M, a horn on f is a map g@A"]_[A@aAn B®OA™ — B® A" for some n > 0 and some
cosimplicial resolution f: A — B which is a Reedy cofibration. Define the class A(C) of horns on € to be the class of
horns on some element f of € (for all n > 0, but fix one f for each f) (|40, Definition 3.3.8, 4.2.1]).

Proposition 1.4.10 (|40, Lemma 3.3.11]). A fibrant object W in M is C-local iff (W — %) € RLP(A(C)).

Proposition 1.4.11 ([40, Proposition 3.3.14]). If the left Bousfield localization LeM of M with respect to € exists,
g: X =Y is a fibration in LeM and Y is C-local, then X is C-local.

Proposition 1.4.12 ([40] Proposition 3.3.15, 3.3.16]). Assume the left Bousfield localization LeM of M with respect to
C exists.

e If f = gh, where f is a fibration in M, g is a fibration in LeM and h is a weak equivalence in M, then f is a
fibration in LeM.
e If X,Y are C-local, then a map f: X — Y is a fibration in LeM iff it is a fibration in M.

127his seemingly stronger result follows easily from the original [40, Theorem 3.2.17] (which assumes that X is already fibrant),
together with [40], Proposition 8.1.7].

1330me authors call objects satisfying this condition to be €-local, such as [69] Definition 2.3.1], without assuming the objects
being fibrant. Our result here says they are not so different, taking a fibrant approximation yields essentially the same notion, and by
Propositionbelow, if LeM exists, then for W cofibrant, we have [W, X]y = [W, X}M = [W, X]LGM = [W, X]LGM~

M1 the sense of [40} Definition 7.6.10].
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Proposition 1.4.13 (|40, Theorem 3.3.19]). Assume the left Bousfield localization LeM of M with respect to € exists,
then the functor 1 : M — LeM is a left localization of M with respect to C.

Theorem 1.4.14 ([40, Theorem 3.3.20]). Let F': M = N : U be a Quillen pair. Assume the left Bousfield localizations
LeM and LrpeN exist, then

e The adjunction F : LeM & LypeN : U is also a Quillen pair.
o [fF:MEN:U is a Quillen equivalence, then so is F' : LeM & LrpeN : U.

Proposition 1.4.15 (|40, Proposition 3.4.1, 3.4.4, 3.4.6]). Assume the left Bousfield localization LeM of M with respect
to C exists and M is left proper. Then
o LeM is also left proper.
o An object W in M is C-local iff it is fibrant in LeM.
o [f f = gh, with f,g being fibrations in M and h a weak equivalence in M, then f is a fibration in LeM iff g is
a fibration in LeM.

Proposition 1.4.16 (|40, Proposition 3.4.7]). Assume that the left Bousfield localization LeM of M with respect to €
exists and M is right proper. Suppose that f is a fibration in M and that there is a homotopy cartesian square

Jix
X —=

YL>Y

>

in M with jx,jy being C-localizations, then f is a fibration in LeM.

Proposition 1.4.17 (|40, Proposition 3.4.8]). Assume that the left Bousfield localization LeM of M with respect to C
exists, and that both M and LeM are right proper. Suppose that f is a fibration in M and that f is a C-localization of f.
Then f is a fibration in LeM iff the C-localization square

X Jix
fl

% Jjy
Proposition 1.4.18 ([40, Lemma 3.5.1, 3.5.2]). Assume that the left Bousfield localization LeM of M with respect to
C exists, X is cofibrant in M and Y is C-local. Then two maps X — Y are homotopic in M iff they are homotopic
in LeM. Consequently the set of homotopy classes [X,Y] is independent of whether we consider in M or in LeM:
[X7 Y}M = [X7 Y]LeME

Thus, the right derived functor Ho LeM — Ho M of the Quillen pair 1 : M = LeM : 1 is fully faithful with essential
image the full subcategory consisting of C-local objects.

F

M) <——>)

is a homotopy cartesian square in M.

Proposition 1.4.19 ([40], Proposition 3.5.3]). Assume that the left Bousfield localization LeM of M with respect to C
exists, and that M is left proper. Let X, Y be (cofibrant) objects in M. Then a map g : X — Y is a C-local equivalence
iff for every C-local object W, the induced map g* : [Y,W] — [X,W] is a bijectionm

Proposition 1.4.20 (|26, Lemma 6.3]). Let C,C" be two classes of maps in M such that the left Bousfield localizations
LeM, Le/M exist. The two localizations are the same iff, for any fibration in LeM between C-local objects X — Y, if it
is a C'-local equivalence, then it is a C-local equivalence.

Theorem 1.4.21 (Existence of left Bousfield localizations [40, Theorem 4.1.1]). Let M be a left proper cellular model
category and let S be a set of maps in Mm Then the left Bousfield localization LsM of M with respect to S exists, it is
also left proper and cellular. If moreover M is a simplicial model category, then LsM is also a simplicial model category
with the same simplicial structure.

Remark 1.4.22. In the above, let f be the coproduct of the maps in S, then the left Bousfield localization LgM is the same as
Lyt

It’s tempting to get more general results on the existence of left Bousfield localizations with respect to a class of maps in a
model category M, however, there are set-theoretic issues.

Nevertheless, Jardine shows that the left Bousfield localization of the category of simplicial presheaves on a Grothendieck site
with respect to the class of local weak equivalences exists, see the discussions in Section @ and Section @ Note that this result
doesn’t follow from the above theorem.

Remark 1.4.23. There is yet another existence theorem about left Bousfield localizations due to Jeff Smith, which holds for the
so called combinatorial model categories (which are left proper), for the precise statement, see [I7, Theorem 4.7]. See also [57)
Proposition A.3.7.3| (for combinatorial simplicial model categories). For the notion of combinatorial model categories, see [17]
Definition 1.21] or [35] Definition 3.13] or [57), Definition A.2.6.1].

15Then it’s easy to see that this also holds for any object X and any object Y of M such that for every map f : A — B in €, the map
f* :RMap,.(B,Y) - RMap,.(A,Y) is an isomorphism in H = Ho sS8et.

16 A5 we already assume the left Bousfield localization LeM exists, this is in fact a special case of Theorem since for a C-local
object W (that is, W is fibrant in Le M), [X, W] := [X, W]y = [X, WL

17For the notion of cellular model categories, see [40], Definition 12.1.1].
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The procedure of Left Bousfield localization has important applications in various homotopy context, especially in
the local model structure on the category of simplicial (pre)sheaves and stable homotopy theory, see e.g. |26, [46], [49),
50, 64, [65].

1.5. Simplicial sets

In this section, we give a brief account on the basics of simplicial sets. The state of the art treatment of this topic
is the monograph [33] by Goerss-Jardine, from which most of the results presented here are extracted. We already
described briefly the notion of simplicial sets in Section Recall that the category of simplicial sets sSet is bicomplete.
A simplicial set is reduced if it has only one vertex, such simplicial sets form a full subcategory of sSet, denoted sSety.
A pointed simplicial set is a (non-empty) simplicial set X together with a fixed map A® =« — X in sSet, we thus get
the category of pointed simplicial sets sSet., it’s canonically identified with the comma category (x | sSet) and there is
a forgetful functor sSet. — sSet. We just use the symbol * to refer to the base point of any pointed simplicial set.

Here are some commonly used simplicial sets and some constructions of new simplicial sets from the old ones:

e Let X be a simplicial set, then a subsimplicial set is a simplicial set Y with Y,, C X,, for all n and is stable
by the simplicial operations of X, we denote Y C X. In this case, Y is also a simplicial set. There is then a
well-defined notion of quotient X/Y, formed by degree-wise quotient (as for any (co)limit in sSet)B

o If X® 4 e I is a family of subsimplicial sets of X, then so are their union and their intersection (degree-wise).
In fact, they are respectively the colimit and limit in sSet of the diagram formed by the inclusions of the
pairwise intersections X N X into the X ’s.

e Let & be a small category, identify [n] with the category 0 — 1 — .-+ — n, we get the classifying space or
nerve BE of &, with BE,, = Cat([n], &) (strings of n composable arrows in &). For a map 6 : [m] — [n] in A,
the simplicial structure map 0* : BE,, — BE&,, is given by

9*(1)0 — V1 —> vn) = (vg(o) — Vo(1) — s = vg(m>),

on the right hand side, if §(k) = (k + 1), the arrow vgx) — vok+1) is 1; if (k) < 6(k + 1), it is the composite
of the arrows on the left hand side from vg(x) to vg(x+1)-
e For a group G, viewed as a category with 1 object, we get the classifying space BG of G.
e Given amap f: X — Y in sSet and Z C Y a subsimplicial set, then im(f) = f(X) C Y and f~!(Z) C X are
subsimplicial sets. It’s the pullback of Z along f.
For amap f: X — Y in s8et., we call f~*(x) C X the fibre of f, it’s also pointed (with base point the
same as that of X).
e The standard n-simplex A™ = A(—,[n]) = B[n] satisfies sSet(A",Y) 2 Y, for any YV € sSet. Its boundary OA™
is defined as OA™ = U d'(A"') C A" for n > 1. We let A® = @. Define the simplicial n-sphere to be
0<i<n
the quotient S™ := A" /OA™ for n > 1 and S° := A°JJA®? = GA'. We make it pointed in the obvious way.
For a subset J = {jo < --+ < j,»} C [n], we denote A7 = A90""J» C A™ to be the image of the map A™ < A"
induced by the inclusion J < [n].
The k-th horn A} (n > 1,0 < k < n)'%is defined as A} = U d'(A™h) Cc9A™ C A"
0<i<n,iZk
An inner horn is a horn A}y with n > 2,0 < k < n, and the horns Ag, Ay, n > 1, are called outer horns.
For n > 2, there are coequalizer diagramﬂ

[ a= [ av* 1% o
0<i<j<n o<i<n
and
l
H An—2 = H An—l I1d AZ
0<i<j<n,i,j#k 0<i<n, l£k
where in both diagrams, the two parallel arrows on the indices i < j are given by d’~! and d’ followed
respectively by the inclusions in the i-th and j-th summand.
To see that the diagrams above are indeed coequalizers, we need the following result, for which the first
statement can be proved by hand and the second follows from the first.

Lemma 1.5.1. Given in Set a family of maps u; : A; — D, let C :=im([Juw; : [JA:i — D) = Uui(Ai), then
there is a coequalizer diagram (with obvious maps)

[T4ixp 4, =][a % c
i#£j 1
m Setﬁ Same result holds with sSet in place of Set.

18But the “difference” X \ Y, which we want to be a degree-wise difference, is not always well-defined. For a counterexample, let
X =AY Y = d*A° € X. Let u € X; be represented by the map 1 : A’ — A! then u € X3 \ Y1, but diu = ud! € Yy is not in the
difference X \ Yo.

19The symbol A9 doesn’t make sense (and is not @).

20In view of the fact that sSet = Pre(A), this characterizes DA™ as a sieve of [n], generated by the family d®, ... ,d™. See Section

2lHere the first term can be replaced by the coproduct over all pair of indices (i, j), or just half of the pairs (by requiring ¢ < 7, if
there is a total order on the indices), basically because the pairs with ¢ = j give no “relation”, while the other half of pairs (i > j) give the
same ‘“relation” as those with ¢ < j. Note also that A; xp A; & A; X¢ Aj = u;(A;) Nu;(A;) C C C D, and after identifying the fibre
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By this lemma, we get a coequalizer diagram
n— n— n— dl n
[T 2" 'xarart= JT At 2% 6an,
0<i<j<n o<i<n

We have a cartesian square

[n— 2] [nf 1]
dil =l \Ldz‘
n— 1] 2 [n]

in A, so there is a canonical isomorphism A" xan A"t 2 A™™? (since the Yoneda embedding commutes
with fibre products). This proves that the first diagram is a coequalizer, a similar argument yields the second
statement.

e For X,Y € sSet, we have the product X XY = X ®Y given by (X X Y), = X,, X Yy, and the internal hom
or the function complex Hom(X,Y) = Y given by Hom(X,Y), = sSet(X x A™,Y). We have the ezponential
law

sSet(X ® K,Y) = sSet(X,YX).

e For T a topological space, its singular set Sing(T') € sSet is given by Sing(T"), = Top(|A"|,T).

e We give a concrete description of (co)skeleta sk, X and cosk,X for X € sSet: sk, X is a subsimplicial set of
X, and it is the smallest subsimplicial set of X among those Z C X with Z; = Xj,0 < k < n. Moreover,

(sknX)m = U im(a®) = U im(a”) C X,
ae([m]lAy) a:[m]—[k] surjective, k<n

where for a map o : [m] — [k] in A, o is the map X (a) : Xx — Xm

There is the adjunction sk, : sSet = sS8et : cosk,, so the set of k-simplices of the coskeleton cosk,X is
identified with sSet(sk, A*, X). From the above description, it’s easy to find that, for a family X 5 e of
subsimplicial sets of X, we have

skn(|J X)) = [ Jska (X)) € X.
To show the result on skeleta, we need the following result

Lemma 1.5.2. Consider a commutative square

[m] —— [K]

1] —— 11,
in A, where the map vy is defined by letting y(s) := sup{B(¢) : i € [m],a(i) < s}. If a is surjective (as a map

of the underlying sets), then the above square induces a pushout square in sSet:

AT 2 AR

J ]

Al L S AL

Proof. By the result of Example (see also Section [2.1]), viewing objects of sSet as presheaves on A,
it’s sufficient to show that the evaluating at all [n} € A of this square is a pushout square in Set:

A([n], [m]) —— A([n], [K])
A([n), [I)) — = A([n], [I)).
This is a direct verification of the universal property for being a pushout, once observed that for any h €

A([n], [k]), there exists an element g € A([n], [m]) such that h = a o g, where one such map g can be obtained
by setting g(r) := sup{j € [m] : a(j) = h(r)} (here we need the fact that « is surjective). O

We come back to the proof of our main result:
(knX)m = |J im(a") = U im(a”).
ae([m]lAy) a:[m]—[k] surjective, k<n
By the epi-monic decomposition of maps in A, it’s clear that the last two sets are equal, which we denote by
Yo, they form a subsimplicial set Y of X. We need to show that the canonical map

(skn X)m = colim Xi = colim  Xp — X
([k]—=[m])e(A7PL[m]) ([m] > [k]) , k<n

products with these intersections, the result becomes a trivial fact in Set: the union of a family of subsets of a fixed set can be identified
with the quotient of the disjoint union of these sets by identifying the pairwise intersections.
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is injective (its image is clearly the set Y., C X.,).

Suppose that @ : A¥ — X,b: A' = X are two simplices of X with k < I < n, corresponding respectively
to the maps «a : [m] — [k], 8 : [m] — [I] in A, which have the same image in X,,, under the above map, i.e. the
diagram

Qx

A™ s AR

J

AZ?X

commutes. Again by the epi-monic decomposition of maps in A, we can assume that the maps «, 8 are both
surjective, thus the lemma above says that the map a factors through the map b: a = b o ~,, thus the two
simplices a, b represent the same element in the colimit. This proves that sk, X is a subsimplicial set of X, the
remaining statements are now obvious.

Proposition 1.5.3. For any X € sSet and n > 2, we have bijections
sSet(OA", X) = {(yo, -+ ,yn) € (Xn-1)""" : diy; = dj—1yi for i < j},
sSet(Ar, X) = {(yo, -+ s ¥k, yn) € (Xn1)" s diyy = dj 1y for i < j,i,j # k}.
Moreover, we have (coskoX )1 22 sSet(0A', X) = Xo x Xo and for n > 1 there is (in Set) the equalizer diagram
(coskn 1X)n 2 s8et(OA™", X) = ] Xn1= [ Xo-a

o<i<n 0<i<j<n
Proposition 1.5.4. For a map f: X — Y in sSet, we have f(sknX) = f(X) N (sknY) = skn f(X).
If X CY, then sk, X = X Nsk,Y.

Proof. 1It’s clear that f(sk,X) C f(X)N(sknY'). Conversely, let d € (f(X)N(sknY))m, then there exists b € X;p, ¢ €
Y: and a surjective map « : [m] — [k] in A such that d = f(b) = a”(¢).

A™ L_Ak X L> Xm
X——Y Yo ——=Yn

We can assume a8 = 1. Let a := b € Xi, then f(a) = " f(b) = f7d = (af)’c =c¢, so d = a" f(a) = f(a"a), and
since a*a € (sknX)m, we see that d € (f(san))mH
The second statement follows from the first if we take f to be the inclusion map. |

Proposition 1.5.5. For 0 < n < m — 2, we have sk, Aj' = sk, 0A™ = sk, A™. Moreover,
sk 2 A™ = U dd' A2,
j€[m],i€[m—1]
Proof. Since sk;,,—1 A™ = A™, we have s_knaAm = sk, A™. We only need to treat the case when n = m — 2. Let
f: ]_[ie[m] A™™! 5 A™ be the map which is d* on the i-th summand, then by the result above,
FCI skm—2A™71) = 0A™ Niskp 2 A™ = sk 2A™.
i€[m]
On the other hand,
f( H Skm_gAm_l) _ f( H 8Am_1) _ U dj(aAm—l) — U djdiAm_Q.

i€[m] i€[m] jE€[m] jE€[m],i€[m—1]

Similarly, we have
ko AT = U ddA™2,
Jj€lm]\{k},i€[m—1]

But by the cosimplicial identities, for k € [m],i € [m — 1],

Jodi — did*t, i<k
R, k<,

thus sk, A" = sk, 0A™ = sk, A™. O

Proposition 1.5.6. For X € s8et, let Dx : A°P? — s8et, [n] — X, (the set X, viewed as a discrete simplicial set), then
there is a coequalizer diagram

N ¥
H([m]—»[n])eA Xpn X A™ — H[n]eA Xn X A" —— X,

where at each simplicial degree k, ar(A™ — X, [k] — [m]) = (A™ — X, [k] = [m] — [n]), Bu(A™ — X, [k] — [m]) =
(A™ = A™ = X, [k] = [m]), (A" = X, [k] = [n]) = (A" = A™ — X).

22We don’t claim that a*a = b, we only have f(a*a) = d = f(b).
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Proof. It’s enough to verify that at each simplicial degree k, there is a coequalizer diagram
o
Hgm-sea Xo X AF — Hiea Xn x AF =5 X
k

Solet v : [],jca Xn x AF — L be a map of sets with vay, = vk, i.e. V(A" = X, [k] = [m] = [n]) = v(A™ — A" —

X, [k] — [m]); this guarantees that the unique map u : X5 — L, (AF = X) — v(AF = X, [k] = [k]) indeed satisfies
wy = 0. (|

For X € s8et, let AX := (A | X) be its simplex category, then (see Proposition [2.1.6)

X = A"

colim
(A5 X)eAX
Let |A"] := {(to, -+ ,tn) € R"" 1t~ ,ty > 0,t0 + -+ ¢, = 1} C R endowed with the subspace topology. We
define the geometric realization to be the topological space

|X|:= colim |A"],
(AnSX)eAX

it is a CW complex. There is an adjunction
| |:sSet = Jop : Sing.
Denote J = {A} — A" :n>1,0< k< n}and I = {0A"™ — A" : n > 0}.

Theorem 1.5.7 (Kan-Quillen, see [40, Theorem 7.10.12 and Example 9.1.13]). The category sSet of simplicial sets is a
simplicial model category with

o weak equivalences W: those maps f : X — Y in sSet whose geometric realizations |f| : | X| — |Y| are weak
equivalences in Jop (i.e. induce bijections on path components and isomorphisms on all homotopy groups for
all choices of base points).

e cofibrations C: monomorphisms.

e fibrations F = RLP(J), called Kan fibrations.

The simplicial structure is given by letting X @ K = X x K,Y® = Hom(K,Y) = Map(K,Y). This model structure on
sSet is proper and cofibrantly generated with generating cofibrations I and generating trivial cofibrations J. Moreover,
the adjoint pair

| |:sSet = Jop : Sing.

is a Quillen equivalence (we give the standard model structure on Top, as in [40, Theorem 7.10.10]). Both the unit and
counit are natural weak equivalences.

It’s easy to see that any trivial fibration admits a section (and is thus surjective). The geometric realization functor is
exact (|50, Lemma 2.12]), and the unit and counit of the above adjunction are natural weak equivalences (|50, Theorem
2.21]).

A simplicial set K is called (Kan) fibrant or a Kan complez if the unique map X — * = A® is a Kan fibration. We
denote by Kan the full subcategory of sSet consisting of Kan complexes. Examples of Kan complexes include discrete
simplicial sets (constant presheaves on A, using Proposition since all the d;’s are identities. Same argument shows
that every map between discrete simplicial sets is a fibration), any simplicial group regarded as a simplicial set, and the
classifying space of a groupoid.

The category of pointed simplicial sets sSet. = (x | sSet) inherits a model category structure from sSet (see [40]
Theorem 7.6.5]). It’s in fact a simplicial model category (see [40, Example 9.1.14]).

Remark 1.5.8. The functor cosk,, on sSet doesn’t preserve fibrations: for otherwise, since sky, preserves cofibrations, (skn,coskn,)
would be a Quillen pair, so sk, would preserve trivial cofibrations. But for the trivial cofibration AZ'H — A"t its image under
sky, is the map AZ+1 — OA™t! which is not a trivial cofibration.

Proposition 1.5.9. For n > 0, the standard simplices A™ are not Kan complezes.

Proof. We define a map a = (ao,a1) : A3 — A" as follows: let ap = ( 8 1 ) Jap = ( (1) 1 ) AN = A" (it’s

0

1 ) A° A™). If there is a map b : A% — A" such that dob = ao,d1b = a1, then

easy to see that dopa1 = doao = (

we must have b = < (1) (1) ? ), but there is no such a map b in A. O

Proposition 1.5.10 (Quillen). If f : X — Y is a Kan fibration, then its geometric realization |f| : | X| — |Y| is a Serre
fibration in Top.

Recall that a map is called a Serre fibration (or a weak fibration) if it has the homotopy lifting property with respect
to all CW complexes (or equivalently, just cubes [0,1]").

Proposition 1.5.11. If f : X = Y is a Kan fibration and fo : Xo — Yo is surjective, then f, : X,, — Y, is surjective
for every n € N.
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Proof. Given u € Y;,, choose any v : A° — A", then there exists v’ € Xp such that fo(v') = uv. Since v: A = A"
is a trivial cofibration, there exists v’ € X,, such that f,(u') = u.

’

AC Vs X
U\L ‘Iu, lf
A" oy

O

Proposition 1.5.12. Ifp: X — Y is a surjective (in each degree) Kan fibration and q : Y — Z is a map in sSet such
that g o p is also a Kan fibration, then q is a Kan fibration as well.

Proof. Given u € Z, and maps such that the lower square in the diagram

’

A° b > X

=
vl W lp

An%?y

w
L R q

AM Y L7

commutes, choose any map v : A® — A%, since py : Xo — Yp is surjective, there exists v’ € Xo such that pv’ = gv. Since
v : A® — A% is a trivial cofibration, there exists v’ : A} — X such that the two triangles in the upper square above
commute; since the inclusion A} — A™ is a trivial cofibration and g o p is a fibration, there exists w : A™ — X such that
the two triangles having w as a common edge commute. Then the map pow : A™ — Y is a correct lifting map for the
lower square. |

Proposition 1.5.13 (Fibrewise characterization of homotopy cartesian). Let
A——=B
|
C——D

be a commutative diagram in sSet. Then it is homotopy cartesian iff for every choice of base point of C, the induced map
on homotopy fibres Fy — Fy is a weak equivalence. If C, D are connected, then it’s sufficient for any one choice of base
point of C.

Proof. One direction is clear. For the other, we form the homotopy pullback squares, sequentially constructed from
the lower right to upper left (to identify the objects, one uses [40] Proposition 13.3.15]):

FhHFfﬂA

* Fy X B

$ —>C —> D,

where h is the induced map from A to the homotopy pullback X of the lower-right corner of the original square. Since
the map Fy — Fy is a weak equivalence, F}, is contractible. Then the homotopy exact sequence of the homotopy fibration

Fn — A2 X shows that h is a weak equivalence (on each connected component). O
See |70}, Proposition 3.3.18| for the above result in the setting of topological spaces.

Theorem 1.5.14 (|40, Theorem 7.10.13 and Example 9.1.14]). The category sSet. of pointed simplicial sets is a simplicial
model category with
e weak equivalences W : those maps in sSet. which are weak equivalences in sSet when forgetting the base points.

e fibrations F': those maps in sSet. which are fibrations in sSet when forgetting the base points.
e cofibrations C = LLP(F).

Theorem 1.5.15 (Quillen’s Theorem B). Let C,D be small categories and F : € — D a functor. Assume that for every
morphism g : d — d' of D, the induced map g* : B(d' | F) — B(d | F) is a weak equivalence in sSet, then for every
object d of D, the commutative diagram

B(d] F) — B¢

B(d| D) —=BD
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is homotopy cartesian in sSet, and we get a homotopy fibre sequence
B(d | F) —» Be 5 BD
in sSet. (after suitably choosing base points).
For a proof, see [33] Chapter IV, §5.2].

Theorem 1.5.16 (Quillen’s Theorem A). Let C,D be small categories and F : © — D be a functor. If the simplicial set
B(d | F) is contractible for every object d of D, then the map Fi : B€ — BD is a weak equivalence in sSet.

Finally we recall the discussion at the end of Section We have the smash product A in sSet., the category of
pointed simplicial sets. For (X, ), (Y,y) € sSet., the simplicial mapping space Map, ((X,z), (Y,y)) € sSet is defined by
the cartesian square

Map*((X, :If), (Y7 y)) - = Map(X, Y)
T
A Y Map(*,Y),

in sSet, where the right vertical arrow in degree n is given by mapping g : X x A™ — Y to the composite A" = A® x

A" 2L X A" LY. So Map, (X, z), (Y,y))n = sSet. ((X,z) A(A™)+, (Y,y)). Then for K € sSet, Map, (K4, (Y,y)) =
Map(K,Y) and we have the following adjunction

(X,z) A (—) : sSet. = s8et, : Map, ((X,z), —).
Define (X, z) A K := (X,2) x K1, (X,2)* = Map, (K4, (X, z)) = Map(K, X) (naturally pointed), then these give sSet.

the structure of a simplicial model category, see |40l Example 9.1.14].

1.6. Simplicial homotopy

Let f,g: K — X be maps in sSet, then a simplicial homotopy h : f = g is a commutative diagram

KxA'=K

T

KxAl—" Sx.

q7

KxA'=K

dt b

This means that the two composites A° = Al 2 XK are fand g. If i : L — K is an inclusion, o : L — X is a fixed
do

map and fi = gt = «, then we say h: f = g (rel L) if h: f = g and moreover the diagram

Lx A" -2Es T
KxA' s X
commutes, i.e. ho (i x 1) = aopr, is the constant homotopy (at o). This can also be written as i*h” = a € (X ).
A0 =z AV ML XK
Lk
A’ s XT
Remark 1.6.1. If we define F, via the pullback diagram
Fo ——= XK
!
A0 %5 xL,

then by exponential law, homotopy of maps K — X (rel L) is equivalent to homotopy of maps A® — F, these correspond to
elements in 7o (Fa, *), this reduces general homotopies to homotopies of vertices. Note that, by general theory on simplicial model
categories, if X is fibrant, then so is XX (see for example |40} Proposition 9.3.9]).

Proposition 1.6.2. If X is fibrant, then simplicial homotopy and simplicial homotopy rel L are both equivalence relations.
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For X € sSet,a : A™ — X an n-simplex, we denote da := (doa,--- ,dna) € (Xp—1)"t'. For any k € [n], let
Lty =t 2 [0] = [n],0 — k. We call ag := X (tx)(a) = tpa the k-th vertex of a € X,. For amap 0 : [n] — [m] in A, we
have 6 o 1 = t4(y), thus for 8 € Xy, we have (0" 8)r = Bor)-

If X € sSet is fibrant, we define 7o(X) to be the set of homotopy classes of vertices * = A® % X called the set of
path components of X. If mo(X) = {x} consisting of a single element, we say that X is connected. When there a base
point v € Xo, we define mo(X,v) := mo(X) to be the pointed set with base point the component of the vertex v. From
the above relations, it’s clear that for o € Xy, if [ox] = [v] € 7o(X), then [a;] = [v] € mo(X), VI € [n]. For any v € X,
we define C'(v) = C([v]) to be the simplicial set which consists of those simplices all of whose vertices are simplicially
homotopic to v, we call it the simplicial path component of X of the vertex v, or of the element [v] € 7o(X). Clearly
C(v) = C([v]) only depends on [v] € mo(X) and it is also fibrant. Moreover, we have X = [, jc.,x) C([v]). It’s then
clear that for A € Set C sSet, we have sSet(X, A) = Set(mo X, A), where a map X — A corresponds to the induced map
7TOX — Tl'()A = A.

Any map of the form @ — Y is trivially a Kan fibration, so Kan fibration is not necessarily surjective but the
following result says that it’s not far from being surjective: once we discard those components which are disjoint with
the image (which are irrelvant), the map becomes surjective (still a fibration).

Proposition 1.6.3. If f : X — Y is a Kan fibration, X # @, Y is fibrant and connected, then f is surjective in each
degree.

In general, for any Kan fibration f : X — Y, the image f(X) is a union of simplicial path components of Y, and
Y = f(X)[IY’, where Y' is also a union of simplicial path components of Y. The pullback of f along the incusions
f(X) =Y andY' < Y are the maps X — f(X) and @ — Y’, hence both are fibrations, and f : X — Y is the disjoint
union of these two maps.

Thus if X,Y are Kan complexes, then a Kan fibration f : X — Y is surjective in each degree iff the induced map
e i mo(X) = mo(Y) is surjective.

Proof. It’s enough to show that fo : Xo — Yo is surjective. Fix eg € X and let by = f(eo) € Yo. For any b1 € Yo,
since mo(Y) = {x}, there exists a generalized interval (see |40, Definition 9.5.5 and Proposition 9.5.24]) and a map
«:J — Y such that aig = bo, i1 = b1, where i, 71 are the two endpoints of JE

A0 0 X

17

J—2 -V
As o is a trivial cofibration, there is a lifting map 6 as in the above diagram. Thus f(0i1) = ai1 = b1.
The general statement is now clear. |

The following is a special case of a Milnor exact sequence (|33l Chapter VI, Proposition 2.15]).

Proposition 1.6.4. Let --- — E, — E,_1 — -+ — FE2 — E1 — Ey be a sequence of Kan fibrations in which all E,
are Kan compleres. Assume that all the maps m1E, — w1 E,_1 are surjective for any choice of base point in E,, then

we have a canonical isomorphism mo( lim E,) — lim mo(Ey).
neNop neNep
For a map f: X — Y in sSet, we say that a map g: Y — X is a homotopy section of f if f o g is homotopic to 1y.

Proposition 1.6.5. If f: X — Y is a Kan fibration, and g : Y — X is a homotopy section of f, then there is a section
g :Y = X of f such that g,g' are homotopic.

Proof. Choose a map h : Y x A' = Y with ho (Iy x d') = fg,ho (ly x d°) = 1ly. Since 1y x d* is a trivial
cofibration, we can find a lifting in the following diagram

Y=Y xA" 2o X

>
IYXdli - 01'1 lf

Yy x Al Sy,
take ¢’ = 6d°, then fg’ = 1y and 6 is a homotopy from g to g¢'. O

There is an adjunction
mo : sSet = Set : ¢,
where ¢ : Set — sSet is the inclusion.
For fixed vertex A° % X and n > 0, define 7, (X, v) to be the set of homotopy classes of maps A™ =5 X (rel A™)
such that alspan = v, i.e. such that the diagram

2310 fact, by horn extension property, we can take J = Al
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commutes. So we have 7,(X,v) = [S", (X, v)]sser.. Note that by Remark (X, v) =
mo(F,v), where F is the fibre of the map XA" 5 X9 over v.

For [a],[0] € mn(X,v), let v; = v,0 < i < n— 2,V9,-1 = a,vpn+1 = B. These data give a
morphism a Vy 8 = (vo, -+ ,Vn—1,0n+1) : ART" — X, which extends to a map w : A" — X.
We define [a] + [3] := [dnw] € (X, v) (so Ow = (v, - ,v,a,dnw,3)). Here is a picture for
n = 2: The tetrahedron represents w, the face (0,1, 2) represents £, (0, 2, 3) represents «, (1,2, 3)
represents the degenerated face at v, and the face (0,1, 3) represents daw.

Proposition 1.6.6. If X is fibrant, the above operation + is well-defined on 7, (X, v), making
(mn(X,v),+) a group for alln > 1, which is abelian if n > 2. The identity e of the groups are
represented by the simplices A™ — AO °

In fact, one can show that m,(X,v) = mn(|]X|,v), where on the right, the m, is the homotopy group defined in
algebraic topology for topological spaces. For this and many other interesting comparison results like this, see [62] §16].

Let X € sSet be fibrant. We define its fundamental groupoid 7¢(X) to be the groupoid with objects Xo, and arrows
x — y to be the homotopy classes of maps w : A" — X (rel A') with wd' = z,wd® = y, denoted [w] : z — .

For [v2] : © — y,[vo] : ¥y — 2, define [vg] o [v2] := [d1&], where £ € X2 and d;§ = vi, ¢ = 0,2, this makes 77(X) a

0

groupoid. And for any vertex = € Xo, we have 77(X)(z,z) = 71 (X, ) with identity sor = (A' 25 A® & X) (take
£=(A% 2 Sy AL 20, X), then 9¢ = (vo, vo, Sox)).

Given [a] € T, (X, z)(n > 1) and [w] € (7;X)(z,9), let {0} = d*(A°) C A'. We have the following commutative
diagram

(OA™ x A')U (A™ x {0})

£ NK
1

A" x A P, a)

/

Proposition 1.6.7 (|33, Chapter I, Proposition 8.1]). The assignment [a] — [wsa] = [h(w,a) © (1 x d°)] defines a
group homomorphism [w]. : mn(X,z) = 7 (X, y), functorial in [w]. Thus we get a functor 7y X — Gr,z — m, (X, x).
Restricting to x = y we get a (left) action of m1 (X, x) on 7o (X, ) for alln > 1, and for n = 1, this is just the conjugation
action of m1(X,v) on itself.

1xd°

R

nx AD

For a Kan complex X and a vertex * € Xo, define the path space PX via the pullback diagram

px X o xal

l | J{(d“)*

A s XA = x.
Define the map 7 : PX — X to be the composition (d')* oix, it is a fibration and 7;(PX,v) = 0 for all i > 0 and vertex
€ (PX)o. Define the loop space QX of X at a vertex * € X¢ to be the fiber of 7 over * € Xo. We have
(QX)n = {AY B X2 4 (0AY) = ).
The map 7 : PX — X fits into a pullback diagram

px X xal

I
X * X8A1:X><X,

where ¢* is a fibration of fibrant objects, so 7 : PX — X is a fibration of fibrant objects as well. Moreover, we have
canonical isomorphisms 7, (X) & 7,1 (QX) 2 - 2 1 (Q"7'X) = mp(Q"X).

There are natural (right) actions of 71 (X, v) on all m,(X,v),n > 1 which we now describe. Let [a] € . (X,v) =
Tn-1(QX), [7] € m1(X,v) = m0(QX), let [§] = [y]7* € m1(X,v) = mo(2X), so we have maps a : S — QX,v,7: S° —
QX in sSet,. Define yxa*y: 5" 1 = §OA 51 A SO Grom, QX, and letting [@] - [y] := [y * @ *v]. For n = 1, this is
just the conjugation action of 71 (X, v) on itself. The (right) action described here is just the (left) action given by the
functor 7 X — Gr,x — 7. (X, z) above, by converting left actions to right actions in the usual way.

For a Kan fibration p : X — Y of Kan complexes, define its fiber F' over x € Yy via the pullback diagram
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For v € Fy and [a] € mp (Y, *)(n > 1), there is a well-defined element
[a] := [dob] € mn_1(F,v)
determined by the lifting diagram

AV Ly
We obtain a homotopy fiber sequence in sSet.:
(F,0) 5 (X, 0) & (Y, ).
In the following, exactness of a sequence of pointed sets (we view a group as a pointed set with base point the

identity e of the group) means that the image of a map equals the preimage of the base point of the next map.

Theorem 1.6.8 (|33], Chapter I, Lemma 7.3]). The map 9 : mp (Y, %) = mn—1(F,v), called the boundary map, is a group
homomorphism for each n > 2, which fits into a long exact sequence

e Tp(F0) 5 (X, 0) B (V%) S o 1(Fyv) = - = mi (Y, %) 2 mo(F,v) 25 m0(X,v) 25 mo (Y, %).

This sequence is natural in the fiber sequence F — X 2oy,
There is a right action of m1(Y,*) on mo(F,v) given by [u] - [y] = [7d°], where ¥ is a lifting map in the diagram

A% o X

ATy

Moreover, the exactness at mwo(F,v) can be strengthened as follows: for any [u], [u'] € mo(F,v), i([u]) = ix([u]) €
wo(X,v) iff [u] and [u'] are in the same orbit of this w1 (Y, *)-action, i.e., iy ' (ix([u])) = [u] 71 (Y, *) C 7o (F,v). In words,
two points in the fibre are in the same path component of the total space iff they are in the same orbit of the action by
the fundamental group of the base.

For any [u] € mo(F,v), its stabilizer is Stab([u]) = p«(m1(X,u)) C m1(Y,*). The map i : mo(F,v) — mo(X,v) is
injective on the fiber (orbit) iy (ix([u])) = [u] - w1 (Y, %), d.e. iz (i ([u])) = {[u]}, iff Stab([u]) = p.(71(X,u)) = 71 (Y, *);
iw : mo(F,v) — mo(X,v) is injective iff p.(m1(X,u)) = m1(Y, %) for every [u] € im(mo(F,v) =3 mo(X,v)).

Remark 1.6.9. In the above, there are also natural (right) actions of 71 (X, v) on all 7, (Y, %), mn (F,v),n > 1, making the above
long exact sequence a long exact sequence of (right) 71 (X, v)-modules/sets (give the last 3 terms the trivial actions). The action
on 7, (Y, *) is the composition 7y, (Y) x 71 (X) 1xp., mn(Y) X 71 (Y) = mn(Y), while the action on my, (F,v) fits into the following

commutative diagram (in the lower square, the image of the lower-left composition lies in ker ps = im i)
Tn (F) X 1 (F) —— mn (F)
1x i*l \Ll
T (F) X m1(X) —— 7 (F)

Tx X1 Tx

Dx

mn(X) X m(X) ——= 1 (X) mn(Y).

Indeed, given [a] € 7 (F), [w] € mn(X), we have [(w=1).(i 0 @)] = [A(y-1 100) © (1 X d°)] € ms(X), whose image under p. is the
identity element, so there exists a map H fitting into the following commutative diagram

(w™ 1) (t0a) i

A" x A0 X

AT Al Y gy

IH
1xd°

AT x A0 o AD

F

Taking a lifting map H, we have po (H o (1 x d9)) = H o (1 x d) = * is the constant map to the base point, so there exists a
(unique if H and H are given) map 8 : A" — F such that H o (1 x d°) =i o 8, then [o] - [w] = [8]. These actions are distributive
with the additions in 7, for n > 2.

The long exact sequence is natural: if

F—>F—>B

NN

Fl— s F —s B
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is a map of fibrations, then we have a ladder of long exact sequences. In fact, all the terms fx, g«, hs in the resulting ladder are
equivariant with respect to the induced map fx : m E — w1 E’ (for f« and g«, this is easy; for hy, this is essentially given by [63]
Theorem in Chapter 9, §5 (p. 67)]).
Of course, these right actions can be converted to left actions in the usual way: a-2z =z -a~ .
One can also define the action by the fundamental groupoid of the total space on the “local systems” by considering homotopy
groups based at all vertices, as in [63, Theorem in Chapter 9, §5], and similar results as above hold.

The following easily checked result is sometimes useful.

Theorem 1.6.10. Let q : E — B be a Kan fibration of Kan complexes, assume the two vertices bo,b1 € By are in the
same path component, write F; := q~*(b;),j = 0,1 for the fibers. Choose a path wo : A' — B with wod' = by, wod® = by.
This gives a group isomorphism
(UJO)* : 7T1(B,b0) — 71'1(B,b1)
given by [w] — [wo] - [w] - [wo], where o is the “path” reversing the direction of wo.
We also define a map of sets
(wo)* s moFy — moFh

by mapping the class [a] of a vertex a in Fy to the class [od®] in Fi, where Wo is any lifting map in the following diagram

A2 s F

i
at ‘:70 q

Al_*0 B
. . . J . (wp)« . .
Then with the action given by Theorem the map (wo)« : moFo — moF1 is m1(B,bo) —— m1(B, b1)-equivariant.
Thus there is a bijection of orbit sets (depending on the choice of [wo])

(wo)* : 7T0F0/7T1(B,b0) — 7TOF1/71’1(B,b1).

1.7. Homotopy theory of towers
Let M be a model category, denote by Tow (M) the category of diagrams
I X I X Tl 2 x0T X
in M, called the category of towers in M. If we identify the poset N with the category
0—=1—2—=3—---

NOP

(with only non-identity maps displayed), then we have Tow (M) = M
If moreover M is a simplicial model category, we can set for X, Y € Tow(M), K € sSet,
(X QK)p =X, @K, (X¥), = (X,)",Map(X,Y), := Tow(M)(X @ A", Y),
these operations give Tow (M) the structure of a simplicial category.

Theorem 1.7.1 ([33], Chapter VI, Proposition 1.3]). The category Tow(M) of towers in M has a model structure, with

o weak equivalences W: those maps f: X — Y that are degree-wise weak equivalences.
e cofibrations C: those maps f : X — 'Y that are degree-wise cofibrations.
o fibrations F: those maps f : X =Y such that fo : Xo — Yo and all the induced maps X, = Yn Xy, Xn-1,n >
1 are fibrations.
If moreover M is a simplicial model category, then Tow(M) has a simplicial model structure given by the operations
above.

In fact, we can get the above result in a very cheap way, as follows: View the poset N = {.-- 5> n — .- =1 — 0}
as a Reedy category with deg(n) = n, IW = {1, : n € N},N°? = N°?_ In this case, with notations as in [40], Chapter
15], the latching category is (N°? | n) = &, while the matching category is
a, n = 0;
0—-1—-2—--—>n—-1)° n>1.

a(nu@)—{

Thus the latching objects and matching objects are given by L, X = co’lzimX =g,

limX =%, n=0;
Mp,X =< ¢
anh nz 17

since in the latter case, n — 1 is an initial object of the matching category. Now the result follows from [40, Theorem
15.3.4]. For the theory on Reedy category and Reedy model structure, see [40, Chapter 15]. An easy computation shows
that sk, X is the diagram

= 202X, X1 == X = Xo

and cosk, X is the diagram
e Xy =2 X 2 X 2 Xpor = - = Xy — X,

the natural maps sk, X — X — cosk, X are the obvious ones.
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Remark 1.7.2. An object X of Tow(M) is fibrant iff X is fibrant and each of the canonical maps ¢n : X, = Xn—1 (n > 1) is a
fibration in M.
If every object of M is cofibrant, then every object of Tow(M) is cofibrant.

Note that the constant diagram functor ¢ : M — Tow (M) preserves weak equivalences and cofibrations, so the
adjunction
¢: M = Tow(M) : lim
is a Quillen pair, we can take the total right derived functor Rlﬁ'}g}l = hglipm : Ho(Tow(M)) — Ho(M). For X € Tow(M),
the value hg(l)ipm X is called the homotopy limit of X, it’s determined up to homotopy equivalence by the following
procedure: take a fibrant Y together with a weak equivalence X — Y, then hg(l)ipm X~ gg{} Y. See also Proposition

Theorem 1.7.3 (Homotopy limits preserve weak equivalences). If f : X — Y is a weak equivalence in Tow(M), then
the induced map hgl)ipm f: hggipm X — hg!}iprn Y is a weak equivalence in M.

Proof. Take a fibrant replacement of Y, then it is also a fibrant replacement of X. O

Definition 1.7.4. Let X € sSet be connected, then a Postnikov tower for X is a tower in sSet

dn+1 dn—1
o p X I p, g x 2L 2y p X B poX

equipped with maps i, : X — P, X such that in,—1 = @nin,Vn > 1 and for all v € X, 7;(PrX,in(v)) =0 for j > n,
(in)s = 15(X,0) = 75 (P X, i (v))
for 1 <j<n.

Remark 1.7.5. One can also consider Postnikov towers for general simplicial sets by working component-wise, we will restrict to
the connected simplicial sets. We may also assume X is fibrant. Indeed, if X — Y is a fibrant replacement, then a Postnikov tower
for Y is also a Postnikov tower for X.

There is a specific model for the Postnikov tower: for X fibrant, take P, X = X[n] = im(X — cosk,X) with
in : X = X[n] C cosk, X the canonical map. Since (cosk,X)r = sSet(sk,AF, X), this image is canonically identified
with the quotient X/ ~,, where for two k-simplices a,b : A* — X, we require a ~, b iff the restriction of a, b to sk, A*
are the same. It’s clear that (X[n])r = X%,0 < k < n, thus the canonical map X — liIanX[n] is an isomorphism. In

neN°e
categorical terms, we form the kernel pair go, g1 of the map i, : X — cosk, X, which fit into a pullback diagram

Q g1 X

gol | J{in

) coskn, X,
then P, X = X|[n] is the coequalizer of go, g:.

Theorem 1.7.6 (|33 Chapter VI, Theorem 3.5]). If X is a non-empty Kan complex, then so is each X[n] = X/ ~np;
the maps in : X — X[n] and ¢n : X[n] = X[n — 1] are surjective Kan fibrations, and the map X — ligle[n] s an
neN°

tsomorphism. The components of X[0] are contractible.
The tower
I Xn] 2 X — 1] B - 2 X1 S X(0)
in sSet is a Postnikov tower for X.
For any v € Xy, define En(X,v) := i, ([v]) C X, called (by Moore) the n-th Eilenberg subcomplex of X over v, it
fits into the following pullback diagram

En(X,v) —> X

"

2 X,

or equivalently, there is a fibre sequence E,(X,v) - X n, X[n]. The Eilenberg subcomplex E,(X,v) is fibrant and
n-connected: m;(E,(X,v)) =0,0 < j < n (in other words, the map i, : X — X|[n| is n-connected).
Proof. From the previous discussion, we already know that the map X — ligle[n] is an isomorphism. The map
neN°e

in : X = X|[n] is surjective by definition. Now we show that it is a fibration. Given a solid-arrow diagram

AP —% > X

- 7
L\L - v “ \Lin

Am M X,
where ¢ is the inclusion map and v € X,,, we may assume u = (Yo, , Yk, * ,Ym) With y; € Xpm_1,dsy; = dj—1y:, Vi <
J»i,7 # k. The commutativity of the square means that [d;v] = [y;] € X[n]m—-1,] # k.

If m < n, then (in)m = lx,,, thus the lifting map v exists.
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If m = n+1, then [d;v] = [y;] € X[n]n = Xn,Vj # k, but d;jv,y; € X, thus there is no need to take the classes [ |
and we indeed have d;v = y;,Vj # k. Thus v’ := v is a lifting map of the square above.

If m > n+ 1, then since X is a Kan complex, there is a map v’ shown as the dotted arrow above making the upper
trlangle commute, i.e. d;jv’ = y;, so [d;v] = [y;] = [djv'] € X[n]m—1,7 # k. It then suffices to show that [v] = i, (v') = [v],
i.e. v'|sk,am = V|sk,am. This is because sk,A}* = sk, A™ (see Proposition , and [d;v] = [d;v'] € X[n]m-1,] # k
implies that U/|sknA}c” = U|sknAZ‘- Thus v’ is a lifting map we want.

By definition it’s clear that i,—1 = gnin, Vn > 1, and since all the maps i,, are surjective fibrations, the maps ¢, will
also be fibrations by Proposition The same argument shows that each X[n] is fibrant.

The fact that m;(X|[n], in(v)) = 0 for j > n and the n-connectedness of E,(X,v) follow easily from the definition
of homotopy groups, see [33, Chapter VI, Lemma 3.6]. In particular, 7;(X][0]) = 0,Vj > 1, hence the components of
X0] are contractible. The remaining statements follow from the homotopy long exact sequence of the fibre sequence

En(X,v) = X 2 X[n). O
Below, we will need the notion of Eilenberg-Mac Lane spaces, which we refer to [33] p. 163].

Theorem 1.7.7 (|33 Chapter VI, Corollary 3.7]). Let X € sSet be a connected Kan complex, v € Xo and let K(n)
be the fiber of the projection ¢n : PnX — Pn_1X at in(v). Then there is a weak equivalence K(n) — K(mnX,n). In
particular, there is a weak equivalence P1X ~ K (1) ~ K(m1X,1) = B(m1X). Thus there is a homotopy fibre sequence

K(mnX,n) = X[n] L X[n —1].

Definition 1.7.8. Let f : E — B be a map in sSet, then a Moore-Postnikov tower for f is a tower in sSet

L PA(f) IS Paca(f) T - B Pi(f) 25 Po(f)

equipped with maps i, : E — P, (f), pn : Pn(f) — B such that

L] 7:n—l = QTLinypn—lqn = pnyvn 2 1
® ppin = f,Vn € N.
e For any v € Ey and j < n, (in)« : 7 (B, v) — 7 (Pu(f),in(v)).
e Forany v € Eg and j = n+2, (pn)« : 75 (Pn(f),in(v)) = m;(B, f(v)).
e For any v € Ey, there is an exact sequence
. (Pn )« 9
0 = Tnr1(Pu(f), in(v)) === mnr1 (B, f(v)) = T(Fo,v),
where F, is the homotopy fibre of f at f(v), and O is the connecting homomorphism in the homotopy long
exact sequence of the homotopy fibre sequence F,, — E ENy:)

Pn+1 (f)

Z'n«i»l an+1 Pn+1

E in Pn(f) Pn B

Remark 1.7.9. By the exactness of the sequence 7,1 (E,v) ELN Tnt+1(B, f(v)) 9, mn(Fy,v), the last point above implies that

im f« = ker 0 = mp41(Pn(f),in(v)), thus mht1(E,v) Lin)e, Tn41(Pn(f),in(v)) C mny1(B, f(v)) is surjective, i.e. the map

in : E — Pnp(f) is an (n 4 1)-equivalence (and i, is n-connected).
A Moore-Postnikov tower for the map E — * is a Postnikov tower for FE.

We define cosk, ¢, called the relative n-coskeleton of f, via the cartesian square

E- f

cosk, f ——* B

cosky, f

cosk, / —— = cosk,, B.
Suppose now that B is fibrant and f : E — B is a fibration, we have the following commutative diagram

E—f>B

| |

\L cosknp f \L

cosk, B —— = cosk, B.

fn]

Define P, (f) = im(F Iny E[n] Xpp B C cosky 5) = im(E Iny cosky, f) = in(E) C coskn,s, we get a canonical map
n: B — Py(f). The image of the map E — E[n] X p[n) B is canonically identified with the quotient E/ ~,,, where for
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two k-simplices a,b : AF — X, we require a ~, b iff f(a) = f(b) and the restriction of a,b to sk,A* are the same; in
fact, that map is factored as £ — E/ ~n— E[n] X p[,) B, the first map is given by u + [u] and the second is given by
[u] = ([u], f(u)). We thus have

P.(f) = (E/ =n) C Eln] Xp[m) B C cosky, .
It’s clear that (P, (f))r = E%,0 < k < n, and thus the canonical map F — lillggan(f) is an isomorphism. We have the

ne
following commutative diagram

Bl

In concrete terms, the set of m-simplices of P,,(f) = E/ =, consists of ordered pairs ([u], f(u)) € E[n] x g[n) B (denoted
[u] when considered as in E/ =2,,), where u € E,,. The maps are given by

in(u) = ([u], f(w),pn([u], f(u) = f(u), gn([u], f(u) = [u], (f[n])([u]) = [f(w)], an(b) = [b].
Since ay f is a fibration and the map E — FE[n] is a surjective fibration, we find that f[n] is also a fibration.
For a fixed vertex v € Ey, we have p,'(f(v)) = F,[n]. There are obvious maps gn : Pn(f) = Pn_1(f),n > 1,
satisfying in,—1 = @nin. It’s also clear that p, = poqi -+ Gn = Pn—1qn,Vn > 1.

Theorem 1.7.10. In the above, the tower

is a Moore-Postnikov tower for f. All the maps in,pn,gn are surjective fibrations, and the map E — liglan (f) is an
neNe

isomorphism.
Moreover, for any fized v € Eo, the fibre F(qn) = g, (%) of gn (n = 1) over the vertex * = ([v], f(v)) € Pr_1(f)o s
weakly equivalent to K(m, Fy,n).

Proof. From the previous discussion, we already know that the map F — liIanPn( f) is an isomorphism. We now
neN°

show that the maps i, are fibrations, in parallel with the proof of Theorem Given a solid-arrow diagram

AP —" > F

7

am p (2B,

where ¢ is the inclusion map, v € En, and u = (yo, -+ , Yk, "+ ,Ym) With y; € Em_1,dsy; = dj—1y:,Vi < 4,4, # k. The
commutativity of the square means that [d;v] = [y;] € Pn(f)m-1,Vj # k.

If m < n, then (in)m = 1g,,, thus the lifting map v’ exists.

If m = n + 1, then [d;v] = [y;] € Pu(f)n = En,Vj # k, but d;v,y; € En, thus there is no need to take the classes
[ ] and we indeed have d;jv = y;,Vj # k. Thus v’ := v is a lifting map of the square above.

If m > n+1, then since f is a Kan fibration, there is a lifting map v of the outer contour, i.e. f(v') = f(v),d;v" = y;,
so [djv] = [y;] = [djv'] € Pn(f)m—-1,J # k; in other words:

fldjv') = f(djv),djv/‘sknAm—l = djv]ge, am-1 sk, A" — B
Let « be the composition
sknA™ T s [T AT AT,
J€[m\{k} J€[m\{k}

where the second map is d’ on the j-th summand. Then we have v’ o @ = v 0 . Since im o = Uje[m]\{k} sk,d? A™1 =
skn AL = sk, A™ for m > n+ 1 (see Proposition , we conclude that ’U/|sknAm = V|sk, am, thus v’ is in fact a lifting
map of the square.

Thus the maps 4, are indeed surjective fibrations, and so are the maps iy, pn, gn, by Proposition [[.5.12

For a fixed vertex v € Eo, we have p, ' (f(v)) = F,[n]. We thus get a fibre sequence

F,[n] - P.(f) & B.

The last two points in the definition of Moore-Postnikov tower now follow easily from the homotopy long exact sequence
for fibrations (Theorem [1.6.8), together with the results on Postnikov towers for Kan complexes (Theorem [1.7.6)).
Since prin = f, by Definition [1.3.1] there is a fibre sequence

F(in) = Fy, — Fy[n],
where F(in) = i, ([v], f(v)) is the fibre of i, at the vertex ([v], f(v)). By the results on Postnikov towers for Kan
complexes and the homotopy long exact sequence for this fibration, we conclude that 7;(F(in),v) = 0,0 < j < n and
hence we get the third point: (in)« : 7;(E, v) = 7 (Pn(f),in(v)),0 < j < n, from the fibre sequence

F(in) > E = Pyo(f).
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Similarly, by pn—1gn = pn,Vn > 1, we get the fibre sequence
F(qn) = Fy[n] & Fy[n — 1] (n > 1),
which gives the last statement in the theorem. O

We state some conclusions drawn from the above proof:

Proposition 1.7.11 (|33 Chapter VI, Lemma 3.12 and Corollary 3.13]). In the above, let F be the fibre of f at some
vertez b of B, then the fibre of prn : Pn(f) — B at b is the n-th stage F[n] in the Postnikov tower for F. We have fibre
sequences
Fln] — Pa(f) 2 B,
F(gn) = F[n] &5 Fln—1] (n > 1),
and homotopy fibre sequences
K(mnF,n) = Pr(f) 2 Proa(f) (n > 1).
If F is connected, then po : Po(f) — B is a weak equivalence.

Remark 1.7.12. The above results on Postnikov towers and Moore-Postnikov towers already appear in the early literature [62]
§8], especially Proposition 8.2, 8.8 and Theorem 8.4, 8.9 of that book.

The map g is a principal fibration iff w1 (E) acts trivially on 7, (F). See [37, Theorem 4.71] in the topological setting and
see also Theorem m for more general and precise results.

1.8. Cohomology with local coefficients and K(M,n)-fibrations

We fix a groupoid G (e.g. a group), then its classifying space BG is a Kan complex. We will consider the diagram
category sSet® and the comma category (sSet | BG). If we give sSet® the projective model structure, then it becomes
a simplicial model category. If G is connected, fix v € G and let 7 = G, := G(v,v) be the automorphic group at v,
then we have equivalences of groupoids i : 7 = G : r (i is the inclusion, i = 1), which induces equivalences of model
categories i* : sSet? = sSet™ : r*.

We mention that equivariant homotopy and cohomology theory in the topological setting, somewhat parallel to some
results below, are developed in [64].

Proposition 1.8.1 (|33} Chapter VI, Lemma 4.2, Corollary 4.4]). Letp: Z — Y be a map in the diagram category sSet®.
If for each v € G, the map p, : Z, — Yy is a Kan fibration, then so is the induced map p.« : hocolimgZ — hocolimgY .
If for each v € G, Y, is a Kan complex, then the canonical map hocolimgY — BG is a Kan fibration.

A G-local coefficient system is a functor A : G — Ab; see also [59] 005E| for some other description. We can form
the diagram K(A,n) : G — sAb by object-wise performing the usual functorial Eilenberg-Mac Lane space construction.
K(A,n) is fibrant in sSet®.

Then for an object ¢ : X — BG of (sSet | BG), we have the group C&(X, A), whose elements are called the n-cochain
in X with coefficients in A, which are (set) maps o : Xn — [], oo Av with a(v) € Agwyo) ([33 p.332]), with pointwise
addition. They assemble (for all n) to a cosimplicial abelian group C¢ (X, A), the corresponding cohomology groups (of
the associated Moore complex) is denoted H§ (X; A), called the cohomology of X with local coefficients in A.

The assignment v — B(G | v) yields a diagram G — sS8et, and for each v € G, the map B(G | v) — BG is a Kan
fibration. Setting

XU =X XBG B(G \L ’U)7
we get a diagram X e sSet®, called the covering system for ¢ : X — BG.

Remark 1.8.2. If G is the fundamental groupoid of X and ¢ : X — BG is the canonical map, then X, isa copy of the universal
cover of (the component of v in) X.

If G is a group, then v is the unique object of G and B(G | v) is contractible with free G-action, hence the map B(G | v) — BG
is in fact the universal projection EG — BG, thus the map X — X is a covering map with deck transformation group G (or a
G-torsor over X).
Proposition 1.8.3. We have the Quillen adjunction

~: (sSet | BG) = s8et® : hocolime.
If G is a group, then this is a Quillen equivalence.

The first part is [33], Chapter VI, Lemma 4.6, 4.2]. The second part follows from [45] Corollary 1.3.6] and the fact
that the counit EG xpg (EG X¢Y) =EG x Y — Y is a weak equivalence for every (fibrant) Y € sSet®.

Remark 1.8.4. If G is a connected groupoid, fix v € G and let 1 = G4 := G(v,v), let i : @ 2 G : r be the equivalence of groupoids
as before (i is the inclusion, i = 1,). For a diagram F € s8et®, let F,, := F 014 € sSet™. Then the map

hocolimy F, — hocolimg F'

is a weak equivalence. Moreover (by [33], Chapter IV, Example 1.10]), hocolimr F,, & Em X Fy.
If G is a group acting additively on an abelian group A (i.e. A is a G-module), then (by [33] Chapter IV, Example 1.10])
hocolimgK(A,n) = EG xg K(A,n) =: K&(A,n) is the twisted Eilenberg-Mac Lane space. There is a canonical map

s=sg:BG — KG(M,n)
induced by the inculsion of the base point 0 of K(M,n) into K(M,n).

For any diagram Y € sSet®, we have the cosimplicial abelian group homg (Y, A) given by homg (Y, A)™ := Set®(Y;,, A).
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Proposition 1.8.5 (|33] Chapter VI, Corollary 4.8]). There is a natural isomorphism in cAb:
C&(X, A) = homg (X, A).

Theorem 1.8.6 ([33 Chapter VI, Theorems 4.10, 4.11]). For an object ¢ : X — BG of (sSet | BG) and a G-local
coefficient system A : G — Ab, there are natural isomorphisms

[X, hocolimaK (A, n)]sseunc) = [X, K(A,n)]e = HE(X; 4) = [ZX, Alnl]yg

where we write [—, —]a for the homotopy classes in s8et® and [—, *}Ch?r for the chain homotopy classes in Chf, the

category of chain complezes of G-diagrams of abelian groups, and 7.X is the Moore complex associated to the G-diagram
of simplicial sets X. The arrow is defined by sending a class of a map f : X — K(A,n) to the class of the cocycle
fn: Xn — (hocolimg A),.

If G is connected, fit v € G and let m := G(v,v) be the automorphism group at v, then restriction to w-spaces gives
a commutative diagram of group isomorphisms

[X,K(A,n)]g — HL(X; A)

N I

(X0, K(Ap, n)]m — H2(X,; Ay).

Thus HE (BG; A) =2 Hy (5 Ay) is the usual group cohomology.
If G is a group and A is a G-module, then for X € (sSet | BG),

[X, K9 (A, n)]sseryen = [X, K(4,n)]a = HE(X; A) = [Z)?,A[n]]cmg

is the G-equivariant cohomology of X = X xpg EG € s8et® (equipped with the G-action inherited from that of EG)
with coefficients in A. (Here Chf is the category of chain complezes of G-modules, ZX 1is the Moore complex associated
to the G-simplicial set X.) In the G-equivariant cohomology group, we have [so¢] = 0. Thus a map f : X — K%(A,n)
represents 0 iff it’s homotopic (over BG) to s o ¢.
Remark 1.8.7. If G is a group and A is a G-module, then for Y € s8et®, we may define the G-equivariant cohomology HE (Y5 A)
of Y with coefficients in the G-module A by

HE (Y5 A) = [Y,K(A4,n)]a.
By the Quillen equivalence in Proposition [1.8.3} we easily find that HZ (Y; A) = HE(EG x¢ Y; A) (the RHS being cohomology
with local coefficients; the notation here is confusing, though). So for computations, we should first take a cofibrant replacement
of Y then compute homotopy classes in s8et® (|33, Chapter VI, Definition 4.15]). This generalizes the result of ?? by taking G to
be the trivial group.

An object of the pointed model category (sSet | BG). is a map ¢ : X — BG together with a section s : BG — X of
#. For instance, if X = hocolimgK(A,n) with A € Ab® a local coefficient system, take s(o) = (0, ), yielding an object
of (sSet | BG).. In the notation of [82] p. 85], (sSet | BG). = sSet//BG.

We say that an n-cochain o € C& (X, A) in X with coefficients in A is reduced if @« o s = 0. Such cochains form
a cosimplicial abelian subgroup Cg (X, A) of C&(X, A), the resulting cohomology groups are denoted Hg (X, A), called
the reduced cohomology of X with local coefficients in A. There is the split short exact sequence of cosimplicial abelian
groups

0= Ca(X, A) = CH(X, A) <5 C5(BG, A) — 0

and the split short exact sequence of graded abelian groups

0 — H5(X; A) - HH(X; A) 25 HE(BG; A) — 0.

Theorem 1.8.8 ([33], Chapter VI, Lemma 4.13]). For an object X € (sSet | BG). and a G-local coefficient system
A: G — Ab, there is a natural isomorphism

[X, hocolimaK (A, n)](sset BG). = ﬁg (X;A).

One can also define the G-equivariant homology and suitable relative cohomology for a pair (with suitable assump-
tion), see [33] Chapter VI, §4| for more information.

Now let Y be a connected simplicial set with fundamental groupoid G, let f : Y — X be a map in (sSet | BG).
For each vertex v of Y, let F, be the homotopy fibre of f over f(v). For n > 1, we have the relative homotopy group
Tn(f,v) := Tn—1(Fu,v), yielding a G-local system 7, (f); we also have the obvious G-local system 7,(Y"). If moreover G
is equivalent to the fundamental groupoid of X, there is a long exact sequence of G-local systems

o T (f) = ma(Y) L5 ma(X) = ma(f) = -

Theorem 1.8.9 ([33, Chapter VI, Lemma 5.4]). In the above situation, assume moreover that X is also connected,
n > 2 and that for all vertex v of Y, the map f« : me(Y,v) — 7k (X, f(v)) is an isomorphism for k < n and a surjection
fork=n (i.e. Fy is (n — 1)-connected); so that G is equivalent to the fundamental groupoid of X. Then for any G-local
coefficient system A : G — Ab, there is an isomorphism

HE (X A) LS HE (Y A) k<0

24Here s = sg : BG — KG(]\/[7 n) is the canonical map. Since so ¢ : X — KG(A7 n) = hocolimgK(A, n) is the map induced by the
trivial maps z — 0 € K(A,n).
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and an exact sequence
0= HE(X; A) L5 HE(Y; 4) = A6 (masa (1), A) 5 HE (X 4) L5 HE (v 4),
natural in the map f and the G-local coefficient system A : G — Ab.
In particular, taking A = mp4+1(f) we have the k-invariant of f given by
k(f) = d(lr, 1 (p) € HET (X5 T (f))-

If f' : Y’ — X' is another such a map in (sSet | BG) and ¢ : X — X',v : Y — Y’ are maps inducing isomorphisms
on the fundamental groupoids (so that all these four maps induce isomorphisms on fundamental groupoids which are
identified with G) with [p o f] = [f' o 9] € Ho(sSet | BG), then .k(f) = ¢*k(f') € HE (X; mnt1 (f)).

f k(f)

y —4 o x X — hocolimgK(mn+1(f),n+ 1)
of o= [
vy x X' Y9 hocolimaK (s (f),n + 1)

The last assertion above results from the naturality in f and A, which implies that

Yak(f) = dl¥] = @ k(f") € HE™ (X w1 (£)),
here [1)] € AbC (41 (f), Tnt1(f')) is the map on G-local coefficient systems induced by .

Fix a fibration p : L(A,n) — K(A,n) with contractible total space, functorial in the abelian group A. Then for a
G-local coefficient system A : G — Ab, we get diagrams L(A4,n),K(A,n) € sAb®.

Theorem 1.8.10 (|33 Chapter VI, Lemma 5.8]). Let X be a connected simplicial set with fundamental groupoid G,
and A : G — Ab be a G-local coefficient system. Let [0] € HE (X, A) = [X, hocolimgK (A, n + 1)](ssetyng): 7 > 2 and
form the pullback diagram

Z — hocolimgL(A,n + 1)

pl B \L
X —% > hocolimgK (A, n + 1).
Then the k-invariant k(p) = [0] € HET (X, A).
We can apply this to the situation of Theorem with A = 7,41(f) and [0] = k(f), in this case we have the
following result ([33] Chapter VI, Theorem 5.9]).

Theorem 1.8.11. In the situation of Theorem[1.8.9, the given map f : Y — X factors through a map g : Y — Z, as
shown in the following diagram in (sSet | BG) :

Z — hocolimgL(A4,n + 1)

g ’ Pl = l
k(f)

Y *f> X —— hocolimgK(A4,n + 1).

We have k(p) = k(f), and the (usually non-unique) map g:Y — Z induces an isomorphism

g+ Tt (f) = Tnga(p).
In particular, if F, ~ K(A,n) (for all vertexv), then g : Y — Z is a weak equivalence and thus we have a homotopy
cartesian diagram
Y —— hocolimgL(A,n + 1)

X2 hocolimgK(A,n + 1)
with [0] = k(f) € HEM (X; A) a uniquely determined cohomology class—the k-invariant of f.

We now discuss some fundamental results and constructions for simplicial sets, identifying explicitly the homotopy
colimits in the above diagrams and hence an explicit model of the universal Eilenberg-Mac Lane fibrations.

Let ¢ : (E,v) — (B,b) be a Kan fibration of pointed Kan complexes, with fiber F' over b € By. Assume ¢ admits a
section s : B — E (we don’t require s(b) = v). We denote this by the diagram

F—— E——B (1.9)
The commutative diagrams
At A=A panl B C0Y L poal _pyp
qul lqul and l lquI:qu
BA! BoA! B~ B =BxB

(oAl aly* (oAt —AlY*
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induce maps
a: EAl — BAl X goal E‘9A1 and f: E — BAl X goal EaAl,

where the vertical map F — B2 is the composite E % B = BAY &' (the latter arrow is given by taking “constant
paths”, namely it is the map (A' — A®)*).

We make &' and B2 pointed by taking as base points the composites A' — A® % F and A' — A° > B

1 1 1

respectively; the other spaces also has similar base points. Then the map « : EX — B2 X goal E22" is a fibration (see
[40, Proposition 9.3.8]) with fibre over the above chosen base point the loop space QF. Now we define a map u via the
pull-back diagram

PpE — 5 B
7{ la and a fibre sequence QF —— PgE —“— E. (1.10)

1 1
E —5— B® X a1 E7%

Decoding the definition, we see that, geometrically, the relative path space PpE is the space whose points (vertices) are
pairs (e,o0) with e € F and o a path in E from the point sq(e) to e, totally lying inside the fibre of ¢ : E — B over g(e);

the qu . BA o A component of « in the pull-back is taking care of the paths lying totally inside some fibres. The
map u(e, o) = e is obtained by taking the end points of such paths. We also have a map

v:B—PpE

by taking “constant paths” at points of B (rigiously, one defines it by a commutative diagram and using the universal
property of the pull-back in eq. (1.10)). One then checks that uv = s and

(qu)v = idp,v(qu) ~idp,E,

hence B is a retract of PgFE and there is a homotopy equivalence pair qu : P E &= B : v; geometrically, the homotopy
equivalence can be given by shrinking every path to its starting point.
We also have the relative loop space Qg E via the pull-back diagram

QBE — PBE

qu l“ (1.11)

B———E,

we get another fibration Qq : QpE — B with fibre QF, the total space QpE has points (vertices) the loops o in E based
at points in B, totally lying inside the fibre of ¢ : E — B; Qg has a canonical section s’ : B — QpF (given by taking
“constant paths”).

Note that if B is just a point, then all these constructions specialize to the usual path fibration QF — PE — E.

Now we assume again that G is a (discrete) group and that M is a G-module via a group homomorphism p : G —
Aut(M). Then G acts on K(M,n),n > 2. As before, we have the twisted Eilenberg-Mac Lane space
K% (M,n) := BG x¢ K(M,n),
fitting into a fibre sequence K(M,n) — KG(M, n) % B@G, which admits a section
s =sc: BG = K% (M, n)
induced by the inculsion of the base point of K(M,n) into K(M,n). It’s easy to find that

’/T1BG = G, j = 1;
ﬂ-j(KG(M7n)) = W](K(M,TL)) =M, Jj=mn;
0, j#1n.
We are thus in the situation of eq. (1.9):
K(M,n) —— K%(M,n) === BG. (1.12)
The previous constructions thus yield a fibre sequence
QK(M,n) ~K(M,n — 1) — PE(M,n) —%— K(M,n), (1.13)

where P¢ (M, n) := PpgK®(M,n) in our previous notation. Recall that there is a pair of homotopy equivalences
qu:P%(M,n) = BG : v.
Thus we get a homotopy fibre sequence
K(M,n —1) — BG —— K% (M, n), (1.14)

We already know that hocolimgK (M, n +1) = K€(M,n 4+ 1), for the same reason (and using Proposition [1.2.10), we see
that hocolimgL(M,n + 1) = hocolimg* = BG = PY(M,n + 1).
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Theorem 1.8.12. The fibration u = ug : P(M,n+1) = K(M,n+1),n > 2 in eq. is a universal K(M,n)-
fibration with G as fundamental group of the total space (and the base space), i.e. for any K(M,n)-fibration p: E — B
with m1 E 2 G inducing isomorphism on fundamental groups (where E, B are assumed to be connected), there is a unique
element [k] = k(p) € HET (B; M) such that the fibration p : E — B is equivalent to the pull-back of u: P€(M,n +1) —
KE(M,n+1) along k. Thus we have homotopy cartesian squares

E —— PYM,n+1) E—— BG
pl l“ and pl l (1.15)
B —— K¢(M,n+1) B —— K%(M,n +1).

Thus p: E — B is the “homotopy fibre” of k : B — K& (M, n + 1) in (sSet | BG). Moreover, the following results hold:
(1) p: E — B is a principal fibration iff the action of G on M is trivial. (And in this case, Hg+1(B;M) =
H"TY(B; M), in which the k-invariant lives.)
(2) p: E — B admits a (homotopy) section iff k(p) = 0 € HEM (B; M).
Proof. The first part follows from our general Theorem [[.8.11]

(1) If the action of G on M is trivial, then the map u in the above diagram is just the map BG x PK(M,n+1) —
BG x K(M,n + 1), which is a principal fibration with fibre K(M,n).
Conversely, if p: E — B is a principal K(M, n)-fibration, consider the map of fibrations

P

F, E B

F,—>PK(M,n+1) —->K(M,n+1),
the map k., : m,F, — m,F] is an isomorphism and is r.-equivariant (Remark [1.6.9), where r, : mE —
m1PK(M,n + 1) = * is the trivial map, hence k. is 71 E-invariant. Since k, is an isomorphism, the 71 E-action

on m, Fp, = M must be trivial.
(2) This follows easily from the last statement of Theorem and Proposition m

O

From these results, together with the existence result of Moore-Postnikov systems for maps in sSet, we are finally
able to give a rather complete description of the Moore-Postnikov decomposition of a map.

Theorem 1.8.13 (Moore-Postnikov systems). Let F' — E 2 B be a fibre sequence in sSet, (with the Kan-Quillen model
structure), in which F, E, B are all connected. Denote mE =: G. Then there is the Moore-Postnikov tower

E — ... Dntl plo) dny ple-1) dncty 92, plil 4, plo] 9, p

in sSet., and maps in : E — E™, p, : EM — B with the following properties:

(1) infl = qni’rwpnflqn :p’ruvn > 1.
(2) pnin =¢,Yn € N.

Elnt1l
In41 an-u Pn+1

E—m g P . p
(3) The maps gn,n = 1, are fibrations; qo is a weak equivalence.
(4) The homotopy fibre F(qn) of gn (n = 1) is weakly equivalent to K(n,F,n), hence for each n > 1 we have a
homotopy fibre sequence

K(mnF,n) — EM 42y pln=1,

(5) The map E — holim EM™ = lim E™ is a weak equivalence.
neNop neNep

Specializing to the case E = x resp. B = %, one gets the Whitehead tower resp. Postnikov tower. Moreover, the

following results hold:
(6) There are homotopy fibre sequences
Fln] — EM 22 B,
Flgn) = Fln] 5 Fln—1] (n > 1),

where the map ¢, is induced from gn : EM™ — E=1 gnd F[n] is the n-th stage of the Postnikov tower for F.
For any j < n, (in)« : 73 E = m;(EM).
For any j =n+2, (pn)« : m;(EM™) = 7, B.
There are exact sequences

—~ e~
© 00
= —

0= mppa (B 2200 B % mFin >0,

where 0 is the connecting homomorphism in the homotopy long exact sequence of the homotopy fibre sequence
F—-FE%B.
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(10) There are homotopy pullback diagrams in (sSet | BG)

EM S BG

kn
E-1 S KC (rn, Fyn + 1),

for a unique k-invariant [kn4+1] € HZ‘H(E["*”;WHF), for allm > 2. Moreover, ¢, : E'™ — E"~Y s a principal
fibration iff the action of G on wn, F' is trivial.

Remark 1.8.14. Note that in the existence result of the Moore-Postnikov tower (Theorem, from E[ = Py (f) to higher
stages in the tower, each space has the same fundamental group G and each map gn,n > 2 is a K(my, F, n)-fibration, so Theorem
applies to give the statement (10).

For some other (weaker) form of Moore-Postnikov decomposition, see [75}, [37].

Remark 1.8.15. It may be more natural to study the category of simplicial sets over BG containing it as retract, namely sSet//BG
in the notation of [82] p. 85].



Chapter 2

Simplicial (pre)sheaves on a Grothendieck site and their local
homotopy theory

The goal of this chapter is to describe the homotopy behaviour of simplicial (pre)sheaves on a Grothendieck site. We
also discuss briefly the notions of hypercoverings of simplicial presheaves on a Grothendieck site and various fundamental
properties of hypercoverings of simplicial presheaves, with emphasis on their application in the local model category
structure on the category of simplicial presheaves on a Grothendieck site (mostly following [50} 26]).

2.1. Presheaves on a (small) category

We fix a (small) category C, and we let € be another category (not necessarily small). A presheaf on € with value in
& is a functor F': C°? — &. The presheaves on C with value in & form the presheaf category Pre(C, €), morphisms being
the natural transformations between functors. We also denote sPre(C, €) := Pre(C,s€), called the category of simplicial
presheaves on C with value in €. If & = Set, we just denote them by Pre(C) and sPre(C), called the category of presheaves
resp. simplicial sheaves on C. Of course, viewing every set as a (discrete) simplicial set, we have the natural embedding
Pre(C) — sPre(C). By the result of Example Pre(€) and sPre(C)are both bicomplete, (co)limits are given in a
sectionwise manner. .

For F € Pre(€, &) and an object U € C, denote F|y € Pre(C/U, &) to be the composition (C/U)°P 4 gor I, g,
where C/U = (€ | U) is the comma category and ¢ : C/U — C,(V — U) — V is the forgetful functor. For a map
f:F — Gin Pre(C, &), we then get the restricting map f|lv : Flv — G|u in Pre(C/U, E).

There is a functor Hom : Pre(C, &) x Pre(C, &) — Pre(C) given by letting

Hom(E, F)(U) := Pre(C/U, &)(E|u, Flu) € Set

for E, F € Pre(C, &) and for U € C; the restriction maps are the obvious ones.
In particular, this gives the category Pre(C) an internal hom Hom = Hom® : Pre(€)°? x Pre(€) — Pre(C). There is
also a functor x : Pre(C) x Pre(C) — Pre(C) defined by sectionwise product. They satisfy the adjoint relation

Pre(C)(A x E, F) = Pre(C)(A, Hom(E, F)).
Example 2.1.1 (Yoneda embedding). For X € @, we have the functor
hx : € — 8et,
U e(U, X).

Then hx € Pre(C), it’s the representable functor with representative X, or the presheaf represented by X. The Yoneda
lemma asserts that for any F' € Pre(Q), there is a canonical isomorphism

o

Pre(C)(hx, F) — F(X),
(p:hx = F) = ox(1x).
In particular, Pre(C)(hx,hy) = C(X,Y), and thus the functor
h:C— Pre(C),
X — hx

is fully faithful, called the Yoneda embedding of C.
Since colimits in Pre(C) are sectionwise, we see that for any object V' in C and any functor F : I — Pre(C),

Pre(€) (hv, C?g}nFi) & (cg)él}an)(V) = C(i)éi}nFi(V) & colim®Pre(C)(hv, Fy),

el
i.e. any morphism hy — coli}nFi factors through some F; (I is a small category), this can be rephrased by saying that the
1€

representables are small objects in the presheaf category. In particular, for any objects V,V;,i € I in C, any morphism
hyv — 1;c; hv; factors through some (unique) hy,. This is not true if the representable presheaf hy is replaced by a
general presheaf.

Remark 2.1.2. Using Yoneda lemma, we see that Hom(E, F)(U) = Pre(C)(E X hy, F). If C has products of any pair of two
objects, then Hom(hy, F) & F(V x —).

The presheaf category Pre(C) has a final object *, all of whose sections are single points {x}. If € has a final object
*, then * = h,, thus the next result follows easily from Yoneda lemma.

45
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Proposition 2.1.3. For any F € Pre(C), there is a canonical isomorphism Pre(C)(x, F) = ll}lg%F(U), the common value
is called the set of global sections of F'. This can be rephrased as cgleiénhU = *ﬂ If C has a final object x, then the set of
global sections of F is canonically isomorphic to F(x).

Remark 2.1.4. From this, we see that

Pre(C)(x, Hom(E, F)) = Il]igéHorn(E, F)(U) == (l]im)fPre((i’)(E' X hy, F) = Pre(C)(E x CgleircphU, F) = Pre(C)(E X *, F),

ec

thus the set of global sections of the internal hom is the same as the set of presheaf morphisms:

Pre(C)(x, Hom(E, F)) = Pre(C)(E, F).

Definition 2.1.5. For a presheaf F' : C°° — Set, define its category of elements to be the category Cr = Elp(C°P) =
(h L F) = (€ | F). The objects are natural transformations ay : hy = F (which can be identified with an element
av € F(V)). A morphism av — ay is a morphism V' — V' such that F(V — V')(ay/) = ay.

Tautologically, the map [T, cep hyv — F is a sectionwise surjection. The following is a more precise result about
this.

Proposition 2.1.6. There is a canonical isomorphism

F coelim(h 0q)

F
in Pre(C), where q is the functor
q:Cr —=C(av :hy = F)— V.

This means that every presheaf is canonically a colimit of representable presheaves:

F = colim hy.
(ay:hy=F)€Cp

Proof. For any G € Pre(C), we have the following natural isomorphisms in Set:

?re(@)(c%lim(h 0q),Q)

F

%lém?re(e)(h 0q,G) lim Pre(C)(hv, G) & lim G(V) lém(G 0q°") = Pre(Cr)(x,G o q°?)
F F

(ay:hy=F)ECp (ay:hy=F)eCp
%{(av thy = F) — (bv S G(V)) : G(V — V/)(bv/) = bv,F(V — V,)(av/) = av}
2{(F(V) = G(V))vee : the diagram Oy _vy commutes ,V(V — V') € €} 22 Pre(C)(F, G),
where Oy, vy is the diagram
F(V)——=G(V")

1

F(V)——=G(V).

Yoneda lemma for Pre(C) gives the desired result. O

For F,G € Pre(C), write G(F) := Pre(C)(F, G), then there is a canonical isomorphism G(F) lim G((V).

(hy=F)eCp
Thus if G is a presheaf of (abelian) groups, then G is an (abelian) group object of Pre(€).

Remark 2.1.7. In Pre(C),

monomorphisms=sectionwise injections, epimorphisms=sectionwise surjections,
isomorphisms=sectionwise bijections.

For monomorphisms, this follows easily from the Yoneda lemma for Pre(C), while the eresult for epimorphisms requires a more
refined argument, see The Stacks Project [96] |Tag 00V5]| for a short proof. This is particularly true for sSet = Pre(A) and for
sPre(C) = Pre(C x A).

2.2. Sieves, Grothendieck topologies and Grothendieck sites

For an object X € C, a sieve of X is a subfunctor Y C hx. Thus U can be identified with a family of morphisms
V — X, namely the union of all sets U(V), that is stable by precompositions (like “right ideal”). We denote by Sie(X)
the class of all sieves of X. The union and intersection of a family of sieves of X is defined in the obvious (sectionwise)
way. A sieve is in particular a presheaf, thus:

Proposition 2.2.1. For a sieve U of X, we have

U= colim hy 2 colim hy,
(ay:hy=U)ECY (V=X)eu

here in the last term we view the family of morphisms U as a full subcategory of the comma category (€ | X) in taking
colimits.

1See the discussion at the beginning of Section [1.1} Cf. the trivial fact: colim hy &
(U—=X)e(elx)
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If F € Pre(C), we define the sections of F on U to be the set F(U) := Pre(C)(U, F), this is consistent with the usual
notation by Yoneda lemma. The above proposition yields

FU)="Pre(C)(U, F) = _1)1)1?

w )Euﬂ:’re(e)(hv,F) ~  lim F(V).

(VoX)eu
The inclusion U C hx yields a canonical restriction map F(X) — F(U).

Given a morphism f : Y — X in € and a sieve i of X, define the pull-back of U along f to be the sieve f*U =UXn hy
of Y, it consists of arrows to Y whose composite with f is in the sieve U. If f € U, then f*U = hy. For two families of
morphisms R, S, all of whose morphisms have codomain X, we say that S refines R if for each (V — X) € S, there exists
some (U — X) € R such that the morphism V' — X factors through U — X, i.e. V — X is a composition V — U — X.

Given a family of morphisms R = {(Vi <% X) : i € I} with common codomain X, which can be viewed as a full
subcategory of the comma category (€ | X) (when taking (co)limits over R, we always think of R as a category in this

way); the sieve (R) generated by the family R is the sieve (R) := |,y wihv; = im([I;¢; hv; M hx) C hx of X.

So (R) ={piog:i€1l,g € hy,} is the largest refinement of the family R (like the “right ideal generated by R”).

Thus S refines R iff (S) C (R) iff (S) refines (R), so the sieve (S) is indeed more refined (“has smaller holes”) than
the sieve (R): less arrows go through (S). We order Sie(X) as follows: for U,V € Sie(X),U <V iff YU D V. In this way
Sie(X) becomes a poset and thus a category in the usual way.

Tracking carefully the data involved, we find that for each object U of C, there is a coequalizer diagram in Set:

[T v xax b)) = T[] i (U) = (R)(U),
(i,5)€1? i€l

hence we get a coequalizer diagram in Pre(C):

[T (v xux b)) =[] hve = (R)

(i.4)€1? i€l

and equivalentlyﬁ for every F' € Pre(C), an equalizer diagram of sections in Set:

F(R) = [[Fv) = T Pre@(hv, xny hv,, F).

= (i,§)€T?

Definition 2.2.2. A Grothendieck topology T on € is the assignment of a family Cov.(X) of sieves of X for every object
X of @€, called covering sieves of X, subject to the following conditions:

e For any X, hx € Cov(X).

e If U € Cov.(X), then for any morphism f:Y — X in €, the pull-back f*U € Cov.(Y).

e For U € Cov.(X) and V C hx, if f*V € Cov<(Y) for every morphism f:Y — X in U, then V € Cov.(X).
A Grothendieck site, or a site, is a small category C, equipped with a Grothendieck topology T, denoted (€, T) or Cr. A
family of morphisms R = {(V; 2 X) :4 € I'} with common codomain X such that the generated sieve (R) € Cov(X)
is called a (t-)cover of X.

We say that an object X € C (t-)quasi-compact if any covering sieve U € Cov.(X) of X is finitely generated (i.e.

generated by a finite family of arrows). We say the topology T or the site (€, T) is noetherian if every object X € C is
quasi-compact.

Example 2.2.3. For a small category C, if we define Cov.(X) = {hx} for every object X, this gives a Grothendieck
topology on €, called the chaotic topology or indiscrete topology on €. It’s the smallest (coarsest) Grothendieck topology
(among all the Grothendieck topologies) on C.

Proposition 2.2.4. For a Grothendieck site (C,T) and any object X € C, we have
e IfU CV C hx and U € Cov.(X), then V € Cov.(X). In words, a sieve refined by a covering sieve is a
covering sieve.
o IfU,V € Cove(X), thenUU NV € Cov.(X).
o IfU € Cov<(X), and for each (U, 2 X) € U we are given a covering sieve Vy, € Cove(Uy,), then

V=Ux{Vy}:={pov:pecl,peV,}e Cove(X)

e For any family of morphisms R = {(V; 2 X) : i € I} such that for any morphism U — X, there exists
Vu € Cov<(U) such that for any (V — U) € Vu, the composition V. — U — X factors through some morphism
in R (so hx x {Vu} C (R), i.e. R refines hx *{Vu}), then (R) € Cov(X).
The second result says that Cov(X) is filtered: any two covering sieves of X have a (largest) common refinement, namely
their intersection. Note that Cov.(X) is a subposet as well as a subcategory of Sie(X).

Definition 2.2.5. If C has fiber products, a Grothendieck pre-topology J, or a basis for a Grothendieck topology on C is
given by assigning a collection Jx of covering families of maps {U; — X : 4 € I} for index sets I, for every object X of
C (every such family in Jx is called a covering family of X), subject to the following conditions:

2By considering Pre(€)(—, F). See the discussion at the beginning of Section This equivalence reflects the two characterizations
of a diagram of presheaves being a colimit diagram: one is sectionwise, the other is via Yoneda lemma.
3It’s clear by definiton that Vo C "V C hu,, Ve €U. So "V € Cov.(Usy,), Ve € U.
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e For any X and f: X’ — X an isomorphism, then the single family {f} is a covering family of X.

o If {U; » X :i €1} € Jx, then for any morphism f:Y — X in C, the pullback family {U; xx Y =Y :i € I}
is a covering family of Y.

o If {U; » X:ie€l} e Jx and {Vi; — U; : j € I} € Jy,, then the composited family {V;; - X : j € I;} is a
covering family of X.

Proposition 2.2.6. For a small category C having fiber products, a Grothendieck pre-topology J determines a unique
Grothendieck topology T, called the Grothendieck topology generated by J, given by: for a sieve U of X, U € Cov.(X)
iff U is refined by some covering family {U; — X :i € I}, i.e. the sieve ({U; — X : i € I}) is contained in U.

Conversely, given a Grothendieck topology T on C, there is a unique mazximal Grothendieck pre-topology J generating
T, given by: for a family of morphisms R = {(Vi 2 X) :i € I} with common codomain X, R € Jx iff (R) € Cov<(X),
i.e. R refines some covering sieve of X.

For a thorough treatment of sieves, Grothendieck topologies and the theory of sheaves (in the next section), see the
monograph [61] or [3].

2.3. Sheaves on a Grothendieck site

In this section, we fix a Grothendieck site (C,T). Let F € Pre(C). We say that F is T-separated if for any object
X € € and any U € Cov<(X), the canonical restriction map F(X) — F(U) is injective.

We say that F is a t-sheaf if for any object X € € and any U € Cov.(X), the canonical restriction map F(X) — F(U)
is bijective.

We denote 8hv(C, 1) = 8hv(C<) for the full subcategory of Pre(C) consisting of T-sheaves.

If 7 is the chaotic topology on €, we have 8hv(C.) = Pre(C). Conversely, if Shv(C:) = Pre(€), then 7 is the chaotic
topology (an easy consequence of Yoneda lemma applied to the category Pre(C)).

On the other hand, if € is equipped with the discrete topology (or trivial topology) T, then Shv(C:) = {x} (by
applying the sheaf condition to the empty covering sieve @ € Cov.(X) = Sie(X) for every object X). The converse is
also true; in fact, the correspondence between Grothendieck topologies and Grothendieck topoi is bijective (see [3] or |the
Stacks project, tag/00ZP)), so a strict refinement of a topology has strictly less sheaves.

A topology T on a category C is called subcanonical topology if every representable functor is a T-sheaf. The canonical
topology on C is the Grothendieck topology on € which is the largest subcanonical topology; a covering sieve is a sieve
generated by |a universal effective epimorphism family (provided fibre products exists in (?)El

Example 2.3.1. For a Grothendieck site (€, T) and any object U € €, the comma category C/U = (€ | U) inherits a
topology t|u, called the restricted topology on U, such that for a family U = {V; — X} of maps to X 2 U in C/U, we
have U € Covy (X L U) = Cove, (X 5 U) iff U = {Vi — X} € Cov«(X) (when forgetting the maps to U).

For F € Pre(C) and an object U € €, we already have F|y € Pre(C/U). If F € Shv(C, 1), then F|y € Shv(C/U,T|v).

Proposition-Definition 2.3.2 (Sheafification). Let F' € Pre(C). For any object X € €, define

+ — ;
F7(X):= Me%(?)ljl;rzx)F(L{).

It is a filtered colimit, hence the functor + : Pre(C) — Pre(€) commutes with all finite limits.

This defines a presheaf F™ € Pre(€), which is T-separated. There is a natural morphism F — F*. Moreover, for
G € 8hv(€;), the induced map Pre(C)(F*,G) — Pre(C)(F,G) is a bijection. Thus if F' € 8hv(C), then F = Ft.

If F € Pre(C) is T-separated, then F'* € Pre(@) is a t-sheaf.

We define the t-sheafification of F to be the t-sheaf aF = F* := (FT)*, sometimes called the associated sheaf of I,
there are natural morphisms F — F+* — F*. We have the following adjunction

a: Pre(C) 2 Shv(Cq) : ¢,

where ¢ is the inclusion of sheaves into presheaves. The constant sheaf a(*) = * is a terminal object in both Pre(C) and
Shv(C).

The t-sheafification functor a = a : Pre(C) — Shv(Cr) commutes with all finite limits (i.e. a is left exact hence is
exact) and thus preserves monomorphisms.

Remark 2.3.3. A sieve U C hx is a covering sieve iff the sheafification U# — hﬁX is an isomorphism (see [the Stacks project,
tag/00Z0).

Remark 2.3.4. A presheaf F is T-separated iff the map F — FT is a sectionwise monomorphism.

Remark 2.3.5. The sheafification functor a : Pre(C) — 8hv(Cr) is not injective (on objects) in general, since a(F) = a(a(F)). As
a less trivial example, we take the space R of real numbers with the usual topology, consider the sheaf F' of continuous real-valued
functions on R and let G be the presheaf with G(U) being the set of bounded continuous functions on an open subset U. Let
H = F/G, it’s a non-trivial abelian presheaf, while each stalk is trivial (as every continuous function is locally bounded), hence the
associated sheaf aH is trivial. See Proposition and Proposition for other counterexamples in geometric situations.

In fact, the sheafification functor a : Pre(C) — Shv(€Cr) can change a presheaf F' € Pre(C) to a considerably different functor
aF = F! . @P — Set. For example, if T is the discrete topology on €, then acF = x for every F € Pre(C). For two topologies
T Cton Cand F € 8hv(Cy/), the t-sheaf a F viewed as a t’-sheaf could be drastically different from the given T’'-sheaf F.

4The canonical topology whose covering sieves are universal effective epimorphism families is defined to forcing the representables to
be sheaves. Covering sieves in any subcanonical topology are universal effective epimorphism families.
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Proposition 2.3.6. Let (C,1) be a Grothendieck site, where C is a category of schemes which is closed under fibre
products of schemes and T is a topology on C finer than the Zariski topology, all of whose covers are collections of
morphisms that are open for the Zariski topology and surjective on points.

Lat A be a set and A the associated constant sheaf on C with the Zariski topology. Then A is already a (constant)
sheaf on (C,T).

Proof. Let Y Z, X be a T-cover on the site €. Note that A(X) is the set of locally constant functions with values
in A, hence can be identified with all disjoint A-indexed open covers of X (given by mapping v € A(X) to the family
{v7"(@)}aca).

Y xx Y %; y

A

Given any u € A(Y) with upi = up2, we want to find a (unique) locally constant function v € A(X) with vf = u. Of
course, we have to define v by letting v™"(a) = f(u™"'(a)) (note that f is an open map), provided that it is well-defined,
that is, f(u™(a)) N f(u™ (b)) = @,Va #bc A.

We show this now: Otherwise, there would exist © € X and y1,y2 € f~'(x) with u(y1) = a,u(y2) = b. By scheme
theory, there exists z € Y xx Y with p1(2) = y1,p2(2) = y2, thus a = u(y1) = up1(z) = up2(z) = u(y2) = b, a
contraction. |

Remark 2.3.7. Most topologies used in algebraic geometry satisfy the condition in Proposition 2:3.6} for example, T can be the
Nisnevich, étale, fppf, fpqc, h, and |v-topology.

Proposition 2.3.8. Let F € Pre(C), then F € Shv(Cc) iff for any t-cover R = {(Vi 2% X) :i € I} (i.e. the generated
sieve (R) € Cov<(X)), the diagram

F(X) 2 Pre(€)(hx, F) = [ [ Pre(@)(hv;, F) = [ Pre(@)(hv; xny hv;, F)
i€l (i,5)€I?

is an equalizer diagram. In particular, the map F(X) — [[,c; F(Vi), = = (¢ix) is injective.
In this case, given v; € F(V;),i € I such that the diagrams

hVL. Xhx th 4>hvi

L

hw;)F

commute for all i,j € I, there is a unique map u : hx — F such that v; = uwo ¢; € Pre(C)(hy,, F).
If the Grothendieck site (C,T) is defined by a basis J, then F' € S8hv(Cx) iff for any object X € C and any covering

family R={(V; £ X) :i € I} of X, the diagram
FX) = [[Fvi = [ Fvixx V)

= (i,j)€T?
is an equalizer diagram.

Proposition 2.3.9. Let C be a Grothendieck site (we suppress the data of the Grothendieck topology T in the notation).

e The sheaf category Shv(C) = Shv(Cr) is bicomplete. Limits are formed sectionwise, colimits are formed (sec-
tionwise) in the presheaf category Pre(C) then sheafifyed.

e FEvery monomorphism in Shv(C) is an equalizer.

e If C has an initial object @ which is covered by the empty sieve, and F € 8hv(C+, &) (€ is a complete category,
with final object ), then F(&) = *El

Definition 2.3.10. For A € 8hvAb(C:), we denote its torsion subsheaf ker(A -+ A) by ,A. We say that A is a
torsion sheaf if it is the t-sheafification of a presheaf of abelian groups, all of whose sections are torsion abelian groups.
Equivalently, the canonical morphism
colim(,A) — A

is an isomorphism of sheaves, where the colimit is indexed by positive integers ordered by divisibility (|88 p. 146]). In
this case, A is the T-sheafification of the (torsion, T-separated) presheaf U — colim(,, (A(U))).

If A € ShvAb(Cr) is a torsion sheaf and X € € is T-quasi-compact, then the abelian group A(X) is torsion. If the
site (€, T) is noetherian, then all sections of A are torsion abelian groups.

For a prime number ¢, we say that A is an £-torsion sheaf if it is the t-sheafification of a presheaf of abelian groups,
all of whose sections are ¢-torsion abelian groups. If the site (C, T) is noetherian, this is equivalent to that for each X € C,
the abelian group A(X) is ¢-torsion (annihilated by a power of £).

We denote

A(£) := colim(gn A),

5This is forced by the equalizer diagram F (@) — * = *, but the equalizer of the diagram x = * is *. This need not be the case for
preshsaves, e.g. the constant functor with value a non-final object in £.
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where the colimit is ordered by divisibility of positive integers; we call it the £-primary component of A. It’s an ¢-torsion
sheaf associated to the /-torsion presheaf U + colim(,, (A(U))). We have a canonical homomorphism

P A() — A,
¥

where the direct sum is over all prime numbers.

Definition 2.3.11. Let € be a Grothendieck site and let f : F — G be a morphism in Pre(C).
e The morphism f : F — G is said to be a (T-)local epimorphism if for any object X € € and any =z € G(X),

there exists a covering sieve U € Cov(X) such that for any (U 2> X) € U, there exists some y, € F(U) such
that fu (ye) = ¢" (x)[]

hy —> hx Pre(C)(Lie; hvir F) = ;e F(Ui) 3 (i)
y‘f’v \Lz lf—Hia fu;
f
F—C z € G(X) —= Pre(Q)([1,c; hv,, G) = [T, G(UH) 3 (alu,)

e The morphism f : FF — G is said to be a (t-)local monomorphism if for any object X € € and any y,y’ € F(X)
with fx (y) = fx(y'), there exists a covering sieve U € Cov(X) such that ¢* (y) = ¢*(y') for any (U 2 X) € U.
® id f
hy > hx = F =G
,y/
e The morphism f: F — G is said to be a (T-)local isomorphism if it is a (T-)local epimorphism and a (t-)local

monomorphism. Using Proposition and the equation fu(¢*(y)) = ¢*fx(y), we find that a morphism
f: F — G is a local isomorphism iff for any object X € C and any x € G(X), there exists a covering sieve

U € Cov(X) such that for any (U %> X)) € U, there exists a unique y, € F(U) such that fu(y,) = ©*(z).

Proposition 2.3.12. Let C be a Grothendieck site and let f : F — G be a morphism in Pre(€). Denote by af = f* :
F* — G* the T-sheafification map in Shv(C). Then the map f* in Shv(€) is an isomorphism (resp. monomorphism, resp.
epimorphism) iff the map f in Pre(C) is a local isomorphism (resp. local monomorphism, resp. local epimorphism).

Remark 2.3.13. For any F € Pre(C), the canonical map F — F* is a local isomorphism. So for any section x € F¥(X), there
exists a T-covering family R = {(U; =% X) : i € I} such that the fibre of [Lic; F(Ui) = Tlier FE(U;) over (z|y,) is a singleton.
Adapted properly, most of the above discussions hold true with Shv(C, €) in place of 8hv(C) for & a complete category.

The following result gives some intuition of covering sieves.

Proposition 2.3.14. Given a Grothendieck site C and a family of morphisms R = {(V; RN X) :i € I}. Then the
induced morphism [[,.; hv, — hx in Pre(€) is a local epimorphism iff (R) € Cov<(X). Thus a subfunctor U C hx is a
covering sieve iff the inclusion U — hx 1is a local epimorphism (hence a local isomorphism).

Proof. If (R) € Cov<(X), take U = 2" (R) in the definition of local epimorphism, then it’s easy to verify that the
morphism [[,.; hv; — hx indeed satisfies the condition of being a local epimorphism. The converse follows easily from
the last point of Proposition using the fact that any morphism hy — [[,.; hv; factors through some hy;. O

Thus it’s tempting to call a local epimorphism a generalized cover, in fact this is the terminology for example in
[26]. With Proposition [2.1.6] we get easily the following result.

Corollary 2.3.15. Let ¢ : F — hx be a morphism in sPre(C) with X € C, denote by (F) = (p) the set of arrows U — X
such that the map hy — hx factors through ¢, so (F) is a sieve of X. We have (F) € Cove(X) < ¢ : F — hx is a
local epimorphism.

Proposition 2.3.16. In Shv(C), monomorphisms=local monomorphisms=sectionwise injections, epimorphisms=local
epimorphisms, isomorphisms=local isomorphisms=sectionwise bijections. So a sheaf isomorphism is the same as a sheaf
morphism that is both a sheaf monomorphism and a sheaf epimorphism.

Proof. For monomorphisms, this is because for all objects U € C there are canonical isomorphisms

F(U) = Pre(€)(hu, F) 2 8hv(C)((hv)*, F).

Let f: F — G be a local epimorphism, and let G % H be morphisms in 8hv(C) such that uwo f =vo f. Then it’s

easy to see from definition that for any object X € € and any = € G(X), there exists a covering sieve U € Cov(X)
with p*u(z) = ¢*v(x) for any ¢ € U. Thus u(z) = v(z) and u = v. Conversely, let f : F — G be an epimorphism, let

H := G/im f € 8hv(C). Define G = H respectively to be the sheafifications of the presheaf morphisms = — [z] and

v
z — [] for any object X € € and any € G(X). Then clearly uo f = vo f. Suppose that f is not a local epimorphism,
then there exists an object X € € and x € G(X) which is not locally an image under f, thus u(x) is not trivial in H(X),
but v(z) is trivial, so u # v. Then f would not be an epimorphism. d

6This is the case if for any object X € €, there exist a covering sieve U € Cov,(X) and a map y : U — F such that fy = z(U — hx).
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A Grothendieck topos € is a category that is equivalent to the sheaf category Shv(€) = Shv(€:) for some (small)
Grothendieck site €. We will focus on Grothendieck topoi of the form Shv(€). Examples include all the presheaf
categories, since with the chaotic topology on €, we have Pre(C) = 8hv(C); other common examples include the category
of sheaves on a topological space, the simplicial presheaf category sPre(€) = Pre(C x A) and the simplicial sheaf category
sShv(€) = 8hv(€ x A) on a site (C, 1), where we give A the chaotic topology and € x A the product topology. Note that
on the one point space %, we have Shv(x) = Set.

We just mention that there is | Giraud’s theorem, characterizing a category being a Grothendieck topos.

Recall that a functor preserving finite limits is said to be left exact, a functor preserving finite colimits is said to be
right exact, and a functor preserving both finite limits and finite colimits is said to be exact.

Definition 2.3.17. Let €, D be Grothendieck sites, a geometric morphism f : Shv(€) — Shv(D) of Grothendieck topoi
consists of an adjoint pair

f7: 8hv(D) 2 Shv(@) : fu,
where f*, called the inverse image functor, preserves finite limits (i.e. f* is left exact hence is exact). The functor f. is
called the direct image functor of this geometric morphism.

Let C,D be small categories, then a functor f: D — € yields a functor f, : Pre(C) — Pre(D), F +— Fo f°P. It has a
fFGU) = col

left adjoint f? given by
= olim G(V),
(F(V)=U)e(forlU)

where (f°P L U) = (U | f)°P. Formally, fPG is the left Kan extension Lanop (G).

DP9 o Set

op
o

coP
Definition 2.3.18. Let C, D be Grothendieck sites, then a functor f : D — C is called a site morphism if
e f, is continuous in the sense that it maps sheaves to sheaves. Thus we get a functor
fr : 8hv(€) — Shv(D), F +— F o f°P.
e In the adjunction
P Pre(D) = Pre(C) : fu,
fP is (left) exact (i.e. it preserves finite limits).
In this case, if we define f* = a o fP, then we get an adjunction
f7: 8hv(D) =2 Shv(€) : f
which gives a geometric morphism f : Shv(€) — Shv(D).
When D = %, a site morphism f : * — C gives an adjunction
fr:8et=8hv(€): f. =T,
where f* sends a set M to the constant sheaf associated with M, and f. = T" is the global section functor.
Definition 2.3.19. A point of a Grothendieck topos Shv(€) is a geometric morphism z : S8et — Shv(C). Thus there is
an adjoint pair
z* : 8hv(C) = Set : ..
Then the set Fy := 2™ F is called the stalk of F at the point x. More generally, for any presheaf G € Pre(€), we define
the stalk of F at the point = to be the set F, := z*(aF) = (F*),.

We say 8hv(C) has enough points if there exists a set of points x; : Set — Shv(C),i € I such that the functor
(x7) : Shv(€) — Set’ is faithful.
Proposition 2.3.20 (|50, Lemma 3.26]). Let f : 8hv(C) — Shv(D) be a geometric morphism between Grothendieck
topoi, then the following are equivalent:
o The functor f* : 8hv(D) — Shv(C) is faithful.
e The functor f* reflects isomorphisms (we then say the functor f* is conservative): for a morphism u in Shv(D),
if f*u is an isomorphism, then so is u.
e The functor f* reflects epimorphisms.
e The functor f* reflects monomorphisms.

2.4. Projective and injective model structures on the simplicial (pre)sheaf category

We fix a (small) category C. In this section, we will describe some model structures on sPre(C), the category of
simplicial presheaves on €. The following special case of Example is also a (simplicial) degreewise Yoneda lemma.

Proposition 2.4.1. There is an adjunction
Ly : sSet = sPre(C) : T'y,
for every object U € €, where Ly(K) = hy x K,I'y(F) = F(U).

Remark 2.4.2. Since any X € sPre(C) is a functor X : (€ x A)°P — 8et, and for every object U € €C and n € N, we have
hu,in)) = hu x A™ = Ly (A™), we see that every simplicial presheaf is a colimit of functors of the form Ly (A™).


https://en.wikipedia.org/wiki/Topos#Giraud's_axioms

52 Simplicial (pre)sheaves on a Grothendieck site and their local homotopy theory

Definition 2.4.3. There is a simplicial structure on sPre(C), given as follows: for K € sSet, X,Y € sPre(C),
XKW) = XxWU)", (X0 K)(U) :=X({U) x K € sSet
for every object U € € and with simplicial mapping spaces Mape(X,Y) = Map(X,Y’) given by
Map(X,Y ), :=sPre(C)(X @ A™Y),
the simplicial operators are induced from the cosimplicial operators on the A™’s. We have Map(hy, X) = X(U) by
Yoneda lemma. Again, Map(*, X) is the simplicial set of global sections of X and sPre(C)(x,X) is the set of global
sections of Xo, or the set of (base) points of X.
The category sPre(C) also has an internal hom, Hom, also called the internal function complex, given by letting
Hom(X,Y)(U) := Map(X|uv,Y|v) = Mape i (X|u, Y|u) € sSet

for X,Y € sPre(€) and U € €. There is also a functor x : sPre(€) x sPre(€) — sPre(€) defined by sectionwise product.
They satisfy the adjoint-like relation

Map(A x X,Y) = Map(A, Hom(X,Y))
and hence

Hom(A x X,Y) = Hom(A, Hom(X,Y)).
In particular, we have Hom(X,Y)(U) & Map(X X hy,Y'), Hom(*,Y) 2 Y and as in the Pre(C) case, we have the result
about global sections of the internal hom:

Map (%, Hom(X,Y)) = Map(X,Y),sPre(C)(x, Hom(X,Y)) 2 sPre(C)(X,Y).

If we view a simplicial set K as a constant simplicial presheaf, then X x K = X®K,Hom(K, X) = X¥ for all X € sPre(@).
If G is a simplicial presheaf of (abelian) groups, then G is an (abelian) group object of sPre(C) and for any A € sPre(C),
we have Map(A, G) € sGr (resp. Map(4, G) € sAb) and Hom(A, G) € sPre(C, Gr) (resp. Hom(A, G) € sPre(C, Ab)).
There are similar formulas in the simplicial model category sShv(C).
Note that if X, Y are sheaves, then so is Hom(X,Y).

For any X € sPre(€), we have X,, = (X2")o,n > 0 and M, X = (cosk,_1X), = (Hom(dA™, X))o = (X?2")o,n > 1.

Proposition-Definition 2.4.4. There is a model structure on sPre(C), called the projective model structure, with

e weak equivalences W: sectionwise weak equivalences.

e fibrations F: sectionwise fibration.

e cofibrations C = LLP(W NF).
This projective model structure sPre(C)pro;j is cofibrantly generated, with generating cofibrations the maps Ly (0A™) —
Ly (A™) for alln € Nand U € €, and generating trivial cofibrations the maps Ly (AL) — Ly (A™) foralln > 1,0 < k< n
and U € C.

Proposition-Definition 2.4.5. There is a model structure on sPre(C), called the Heller injective model structure, with

e weak equivalences W: sectionwise weak equivalences.
e cofibrations C: sectionwise cofibrations.
e fibrations F = RLP(W N C).

It’s a proper and cofibrantly generated simplicial model category. We write sPre(C)in; to indicate this injective model
structure.

For details of the above results, see [50], §2.3].
For (X, ), (Y,y) € sPre(C)., we have the pointed simplicial mapping space Map, ((X,z),(Y,y)) € sSet., pointed by
the composite X — * 2 Y, defined in egs. lb and 1! it fits into the equalizer diagram

Map, (X, 2), (¥;4)) —— Map(X,Y) ===} Map(x, Y). (2.1)

We have Map, (A+, (Y,y)) = Map(A,Y) for A € sPre(C), (Y,y) € sPre(C).. We can also define the pointed internal

function compler Hom, ((X,x), (Y,y)) € sPre(C). via the cartesian square of simplicial presheaves

m*((Xv I), (K y)) — Hoim(X, Y)

J L” (2.2)

* ———— Hom(x,Y) =Y,

it’s pointed by the unique zero map X — * 2 Y. Then for any A € sPre(€), we have Hom, (A4, (Y,y)) = Hom(A,Y) as
pointed simplicial presheaves (pointed by A — x EN Y). And there is the equalizer diagram

Hom, (X, ), (¥,y)) — Hom(X,Y) == Hom(s,Y) = Y. (23)

So Map, ((X,z), —), Hom, ((X, z), —) preserve limits and for U € €, Hom, ((X,z),(Y,y))(U) = Map, (X|v, Y|v) € sSet,.
We also have Hom, (A%, (Y, y)) = (Y, y),Hom, (K4, (Y,y)) = (Y,y)" as pointed simplicial presheaves. More generally,
Hom, (A4, (Y,y)) 2 Hom(A,Y) for A € sPre(C), (Y,y) € sPre(C)..

Recall also the discussion at the end of Section in the category sPre(C). of pointed simplicial presheaves on
C, we have the smash product A. The smash product (X,z) A (Y,y) is defined as the sectionwise smash product of
simplicial sets U — (X, z)(U) A (Y,y)(U)—the smash product (X,z) A (Y,y) corepresents maps from X X Y that are
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base-point-preserving separately in each variable. So for X,Y € sPre(C), we have (X x V)1 = X4 AY,4, and for any
K € s8et (viewed as a constant simplicial presheaf), we have (X,z) A Ky = (X ® K)/(x ® K) as pointed simplicial
presheaves.

There is the following adjunction

(X,z) A (=) : sPre(C). = sPre(C), : Hom, ((X,x), —).
It’s a Quillen adjunction for Jardine’s local model structure (which we discuss in Section. These operations A, Hom,
turn sPre(C). into a closed symmetric monoidal category with unit S° = A' = AS. The suspension is given by
¥X := S' A X and the looping is given by QX := Hom,(S*, X), where S' := A'/OA' (viewed as a constant pointed
simplicial presheaf).
The operations ®, Map, and power (which are the sectionwise operations as given at the end of Section and also
appear here) form a simplicial structure on sPre(C).. Applying sSet(A", —) to eq. (2.1]) we get
Map, (X, z), (Y, y))n = sPre(C). (X, z) A AL, (Y, y)).
From this and the above adjunction, we obtain the “enriched adjunction” relations
Map, (AA X,Y) = Map, (A, Hom,(X,Y)), Hom,(AA X,Y) =~ Hom, (A4, Hom, (X,Y)) (2.4)
for A, X,Y € sPre(C)«. (The second isomorphism follows from the first.) Thus

Map, (X|v, Y|v) = Hom, (X, Y)(U) = Map(hy, Hom, (X, Y)) = Map, ((hv)+, Hom, (X, Y)) = Map, ((hv)+ A X, Y).

2.5. Local weak equivalences and local fibrations

Let € be a Grothendieck site. For X € sPre(C)., define the presheaves 75" X given by (78 X)(U) = m, (X (U)), for all
n > 0, called the presheaves of homotopy sets/groups of X. Their sheafification 7, X := a(nh'X) are called the sheaves
of homotopy sets/groups of X.

Definition 2.5.1. The map f: X — Y in sPre(C) is called a local weak equivalence if
e f.:meX = moY in Shv(C).
o foimn(X|u,x) = mu(Y|u, f(@)) in Shv(€/U) for all n > 1,U € € and = € Xo(U).

Proposition 2.5.2. If f: X =Y is a local weak equivalence in sPre(C), then its restriction f|lv : X|v — Y|v is a local
weak equivalence in sPre(C/U) for every object U € C.

Proposition 2.5.3 (|50, Corollary 4.22]). Given a map f: X — Y in sPre(C), the following are equivalent:
e f is a local weak equivalence.
o fT: X1t YT is a local weak equivalence.
o fF:X* 5 Y* is a local weak equivalence.
o f.:Ex®(X) — Ex*(Y) is a local weak equivalence.
Let i : K — L be a map in sSet and f : X — Y be a map in sPre(C). Then we say that f has the local (right) lifting
property (abbr. LRLP) with respect to 7 if for every object U € € and every commutative diagram

K——=X(U)
I
L——Y(U)

in sSet, there exists a covering sieve U € Cov.(U) such that for any (V 2 U) € U, the dotted arrow in the diagram

K X(U) =X (V)
Ly =y (V)

exists (making the two triangles commute). Note that, by adjunction, these diagrams are equivalent to the following
two:

UK —>X VoK VoK —=X
idU®i\L lf idv®il lf
U®L——>Y, Vel UL Y.

For a set E of maps in s8et, we write LRLP(E) for the class of maps in sPre(C) that have the local (right) lifting
property with respect to every map in E. The class LRLP(FE) is closed under composition and base change.

Proposition 2.5.4 (|50, Lemma 4.8]). Let i : K — L be a map in sSet and f : X — Y be a map in sPre(C). Then
f € LRLP(4) #ff the degree O level of the map

XL (3", fx) K Xy K yL



54 Simplicial (pre)sheaves on a Grothendieck site and their local homotopy theory

induced by the commutative diagram

xL & xK

)

yL U yK
is a local epimorphism (in Pre(@)). (Note that (X)) is the presheaf U — sSet(K, X (U)).)

Corollary 2.5.5. Leti: K — L be a map in sSet and f : X — Y be a map in sPre(C), let fﬁ XY 5 Y be the
sheafification map in sShv(€). Then f € LRLP(i) iff f* € LRLP(3).

Definition 2.5.6. A map f: X — Y in sPre(Q) is called a local fibration if f € LRLP({A} — A" :n >1,0 <k < n}).
Clearly, sectionwise fibrations are local fibrations.

Amap f: X — Y insPre(C) is called a local trivial fibration (or a hypercovering) if f € LRLP({0A™ — A™ :n > 0}).
Clearly, A map which is sectionwise fibration and sectionwise weak equivalence is a local trivial fibration.

A map j: A — B in sPre(C) is called a cofibration if it is a sectionwise cofibration (i.e., a monomorphism).

Proposition 2.5.7. The following results hold:

Amap f: X =Y insPre(C) is a local (trivial) fibration iff its sheafification f* is.

A sectionwise Kan fibration is a local fibration.

For any X € sPre(C), the two natural maps X — Xt — X% are local trivial fibrations.

The inverse image functor of a geometric morphism between Grothendieck topoi preserves local fibrations as
well as local trivial fibrations.

Proposition 2.5.8 (|50, Theorem 4.32]). A map f: X — Y in sPre(C) is a local trivial fibration iff it is a local fibration
and a local weak equivalence.

Proposition 2.5.9. If a topos S8hv(C) has enough points x;,i € I, then a map f: X — Y in s8hv(C) (or sPre(C)) is a
local weak equivalence/local (trivial) fibration/monomorphism in sShv(C) iff all the induced maps zi f : i X — x;Y on
stalks (or on all stalks) are weak equivalences/(trivial) Kan fibrations/monomorphisms of simplicial sets.

Proposition 2.5.10 (|50, Lemma 4.37]). The pullback of a local weak equivalence along a local fibration is a local weak
equivalence.

Proposition 2.5.11. Let S be a set of objects in Pre(C) such that for any object U of C, there is a local epimorphism
F — U with F being a coproduct of some objects in S. Then there exist a functor ® = ®s : sPre(C) — sPre(C) and a
natural transformation n = 173 : &s = id with the following properties:

(1) For any n € Z>o and any object Y of sPre(C), the presheaf ®(Y), is a coproduct of some objects in S.
or any object Y of sPre(C), the map ny : — Y is a local trivia, ration.
9) F bject Y of sPre(@), th (YY) = Y is a local trivial fibrati

Proof. For any morphism f: X — Y in sPre(C), we denote J(f) = Js(f) the set of all commutative diagrams
FQOA" —= X

idF@i\L lf

FRA" ——=Y

with n € Z>o, F € S and by abuse of notation we denote such a diagram by the pair (n, F') (though one such a pair (n, F')
may corresponds to many commutative diagrams as above). We define a presheaf Z°(f) and a map ¥°(f) : Z°(f) = YV
via the push-out diagram

U, mesp F@OA" ——=X

]
H(n,F)EJ(f) F® A" Zo(f)

Assume m > 0 and U™ (f) : Z™(f) — Y is defined, we then inductively define a presheaf Z™!(f) and a map
T (f) . Z™TH(f) = Y via the push-out diagram

H(H,F)GJ(\I/M(f)) F®O0A™ ——= Z™(f)

o

F®A" — Z™FL(f)

T(f)
H("»F)GJ(‘I’m(f))
\I;r};L+1.(f)
EN
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It yields a push-out (of presheaves of sets) at each simplicial degree k € Z>0, so we have
77t e=zmO 10 TT I »
(n, F)eJ (U™ (f)) AR\(OA™)g

Moreover, each of the map Z™(f) — Z™%!(f) is an inclusion and U™t (f) extends U™ (f).

Now we start with any object Y of sPre(C) and apply the above procedure to the map f: @ — Y. We observe that
in this situation we have an identification J(f) = {(F - Y): F € S}, s0 Z°(f) = [[_.y F is a coproduct of objects in
S.

We define ®(Y) = &s(Y) := coleian Z™(@ —Y), and let ny : ®(Y) — Y be the induced map, which extends all

the maps U™ (f). By universal property of coproducts, we get a functor ® = &g : sPre(C) — sPre(C) and a natural
transformation 7 = 7° : 5 = id. Clearly ®&(Y) = ds(Y) = Umen Z™(@ — Y) is a coproduct of objects in 8.

To show that ny : ®(Y) — Y is a local trivial fibration, we need to show that, given any object U of € and any
commutative diagram

U®IA* — = d(Y)

U A" ——Y,
there exists a covering sieve U € Cov<(U) such that for any (V — U) € U, there exists a dotted arrow in the diagram

V®0AF — U dAF — = oY)

VoA — s UgAF — sy
making it commute. Indeed, by the discussion at the end of Example [2.1.1] the given diagram factors as
U®OIA* ——= Z™(f) —= d(Y)
i qzm(f)l /
URAY — Y

for some m € N, here and below f is again the map @ — Y. Take a (multi-)set F of objects in S such that there is a
local epimorphism [] . F — U. We get the following diagram

[[ Feoa* —=U®oA* ——= 27(f) —= (V)

FeF
l S -
[[ Feoa* —sUeAr — Y.
FeF

Take U = (][ pex F') (see Corollary [2.3.15)), which is a covering sieve of U. We get the following diagram, whose two rows
(start from the second term of each row) factor the two rows of the previous diagram (by defining diagram of U™+ (f)):

VoAt —— [[ FeoA* —— 11 F ®0A" Z™(f) B(Y)
FeF (n, F)eJ(¥™(f))

| |

VoAt —— [[ FeA' —— 11 FRA" —— Zmt(f
FeF (n,FYeJ(¥™(f))

‘/ny
gm+1
) *@ Y.

Then for any (V — U) € U, the unique map from V ® A to ®(Y)—composite of four arrows—in the above diagram
gives a desired local lifting map (dotted arrow). O

Remark 2.5.12. The set of representable presheaves trivially satisfies the requirement for S in the condition above, hence is an
example of S. This technical result is a variant of [69, Lemma 2.1.16| (where the authors give a sketchy proof), the following result
corresponds to [69, Lemma 2.1.18].

Proposition 2.5.13. Let Y € sPre(C), Xo € Pre(C), and let po : Xo — Yo be a local epimorphism of presheaves, then
there emists a local trivial fibration p : X — Y in sPre(C), whose degree 0 component is po. If Xo is a coproduct of
representable presheaves, then one can choose X in such a way that X, is a coproduct of representable presheaves for
every [n] € A.

Proof. One proceeds the same as the proof of the previous proposition, with S being the set of representable
presheaves: the map po : Xo — Yo can be viewed as a map po : ¢s«Xo — Y in sPre(C) by composing with various
monomorphisms (so)” : Yo — Y, (see the discussion before Remark . Then we inductively define p,, : X, —
Y, m > 1, by considering only those commutative diagrams with hy ® 0A™ — hy ® A™, U objects of € and n > 0. Then
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define X := coliINn Xm,p: X — Y the induced map. It’s not hard to see that the proof of the previous proposition works
me

well in this situation (with p in place of 5y and p., in place of T 1(f)). O

2.6. Local model structure on the simplicial (pre)sheaf category
Throughout this section, we fix a Grothendieck site C.
Proposition-Definition 2.6.1 (|50, Theorem 5.8, 5.9]). There is a model structure on sPre(C), called the (Jardine)
injective model structure, with

e weak equivalences W: local weak equivalences.
e cofibrations C: sectionwise cofibrations (i.e. monomorphisms).
e fibrations F = RLP(W N C), called (Jardine) injective fibrations or global fibrations.

There is a model structure on s8hv(C), also called the (Joyal) injective model structure, with

e weak equivalences W: those maps in sShv(C) that are local weak equivalences in sPre(C).
e cofibrations C: those maps in sShv(C) that are cofibrations in sPre(C)=monomorphisms.
e fibrations F = RLP(W N C), also called (Joyal) injective fibrations or global fibrations.

The (Jardine-Joyal) injective model structure on sPre(€) and sShv(€) are both cofibrantly generated and proper. To
emphasis these model structures, we denote them by sPre(C); and sShv(C); respectively. They are simplicial model
categories, where the simplicial structure are given as in Definition [2:4.3] Moreover, the adjoint pair

a:sPre(C)y = s8hv(Cqr)y i ¢t
is a Quillen equivalence, both of which preserve local weak equivalences. Each class of W, C,F for sShv(C)s is the
intersection of s8hv(€) with that for sPre(C) .
Proposition 2.6.2 (|50, Lemma 5.12]). Let p: X — Y be a map in sPre(C).

e If p is an injective fibration, then it is a sectionwise Kan fibration (hence a local fibration).
e If p is a trivial injective fibration, then it is a sectionwise trivial Kan fibration (hence a local trivial fibration).
o Any F € 8hv(€) C s8hv(C) is (Joyal) injective fibrant.

Remark 2.6.3. Local weak equivalence+(Jardine) injective fibration#local weak equivalence+local fibration.

Definition 2.6.4. A (Jardine) injective fibrant model of X € sPre(C) is a local weak equivalence j : X — Z, where
Z € sPre(C)s is (Jardine) injective fibrant. It’s a fibrant replacement/approximation of X in the (Jardine) injective
model structure of sPre(C). Since the (Jardine) injective model structure on sPre(€) or sS8hv(€) is cofibrantly generated,
one can make a functorial choice j : X — GX of injective fibrant models on sPre(C) or sShv(C) (see [50, Remark 5.14]).

We say that X satisfies descent or has the descent property if it has a (Jardine) injective fibrant model j : X — Z
that is a sectionwise weak equivalence. Clearly, any (Jardine) injective fibrant satisfies descent.

Proposition 2.6.5 (|50, Corollary 5.13]). If X,Y € sPre(C) are (Jardine) injective fibrant and f : X — Y is a local
weak equivalence, then f is a sectionwise weak equivalence.

Proposition 2.6.6 (|50, Corollary 5.15|). If X € sPre(C) satisfies descent and j : X — Z is a (Jardine) injective fibrant
model of X, then j is a sectionwise weak equivalence.

The following result follows directly from the existence of the (Jardine) injective model structure of sPre(C) .

Proposition 2.6.7 (|50} p.103]). Let f : X — Y be a local weak equivalence in sPre(C) and Z (Jardine) injective fibrant.
Then the map

f*:Map(Y,Z) — Map(X, Z)

is a weak equivalence in sSet.
Similar result also holds for the restriction flu : X|uv = Y|u for every object U € C, thus the map

/i Hom(Y,Z) — Hom(X, Z)
is a sectionwise weak equivalence in sPre(C).

Proposition 2.6.8 ([50, Corollary 4.41]). Leti: A — B,j : C — D be cofibrations in the (Jardine) injective model
structure of sPre(C), then the map

(AxD) [[(Bxc) 2 Bx D
AxC

induced by the commutative diagram
AxC—L2wAxD

BxC—"sBxD

is a cofibration that is a local weak equivalence if either i or j is.
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Proposition 2.6.9 (|50, Corollary 5.19]). Leti: A — B be a cofibration and p : X — Y a fibration in sPre(C) s, then
the map

Hom(B, X) % Hom(A, X) Xgom(a v Hom(B,Y)
induced by the commutative diagram

Hom(B, X) —— Hom(4, X)

Hom(B,Y) —— Hom(A,Y)
is a (Jardine) injective fibration which is a local weak equivalence if either i or p is a local weak equivalence.
Proposition 2.6.10 (|50, Lemma 5.20]). Given in sPre(C) a cartesian diagram
Zxy X ——=X
o)
Z ——Y
where the map 7 is a local fibration, it is homotopy cartesian in the model category sPre(C) .

Let €,D be Grothendieck sites, 7 : Shv(€) — 8Shv(D) a geometric morphism, then its inverse and direct image
functors induce an adjoint pair
7" : s8hv(D) 2 sShv (@) : ..

Proposition 2.6.11 ([50, Corollary 4.12, 4.15]). The inverse image functor = : sShv(D) — s8hv(€) of a geometric
morphism w preserves local (trivial) fibrations of simplicial sheaves.
The associated sheaf functor preserves and reflects local (trivial) fibrations of simplicial presheaves.

Proposition 2.6.12 (|50, Corollary 5.22]). The adjoint pair
" : s8hv(D); = s8hv(C) s :

s a Quillen pair for the (Joyal) injective model structures on sShv(D) and on s8hv(C), and the inverse image functor m*
preserves cofibrations as well as local weak equivalences.

Let f: D — € be a site morphism, then by the discussion of Section there is an adjunction
P Pre(D) = Pre(C) : fs
and it yields a geometric morphism f : Shv(€C) — Shv(D).
Proposition 2.6.13 (|50, Corollary 5.24]). The adjoint pair
P :sPre(D)y 2 sPre(C) s : fu
is a Quillen pair for the (Jardine) injective model structures on sPre(D) and on sPre(C), and the functor fP preserves
cofibrations as well as local weak equivalences.
2.7. Hypercoverings and descent

In this section, we still focus on the category sPre(C) of simplicial presheaves on a (small) Grothendieck site (C,T),
studying homotopical descent properties of simplicial presheaves on C.

Definition 2.7.1. A map f: X — Y in sPre(C) is called a Reedy local epimorphism if all of its relative matching maps
M, (f) : Xn = MpX Xum, v Yn are local epimorphisms. For n = 0, this map is fo : Xo — Yo; for » > 1, this map is
M”(f) : Xn = (COSkn—IX)n X(coskp_1Y)n Y, = Mn,f

If f: X — Y is amap in Pre(C) viewed as one in sPre(C), then f is a Reedy local epimorphism iff f is an isomorphism
of presheaves.

Theorem 2.7.2. A map f: X =Y insPre(C) is a Reedy local epimorphism iff it is a local trivial fibration in sPre(C).
Proof. This follows easily from Proposition ([50, Lemma 4.8]). O

Definition 2.7.3 (|26], Definition 4.2]). Let X be an object of €. A (t-)hypercovering (of X ) or a (t-)hypercover (of X )
is a local trivial fibration U — X in sPre(C) for which each U, is a coproduct of representables. Sectionwise applying
the result Proposition we see that for U € sPre(C) with each U, a coproduct of representables, a map U — X
in sPre(€) is a hypercover of X iff all the presheaf maps Uy — X,U1r — Uy Xny Up and U, = (UA")O — (UaAn)o =
(coskn—1U)n,n > 2 are local epimorphisms.

We denote the class of all hypercovers by HC(C, 1), it’s in general a proper class.

Definition 2.7.4 (|26, Definition 6.1]). A collection of hypercovers S is said to be dense if every hypercover U — X in
sPre(€) can be refined by a hypercover V — X in S.

Proposition 2.7.5 (|26l Proposition 6.6]). The class of all hypercovers HC(C, T) has a subset S which is dense.
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Definition 2.7.6 (|26] Definition 4.10]). A Reedy local epimorphism f : X — Y of Y is called bounded by n € N or
is n-bounded if its relative matching maps My (f) : X = (coskp—1X)k X (cosky_;v)x Y& = My,s are isomorphisms for all
k > n. The smallest such n € N is then called the height of the Reedy local epimorphism f : X — Y, denoted ht(f).
These notions in particular apply to hypercovers, we denote the height of a hypercover U — X by ht(U). So for n > 1,
a hypercover U — X is n-bounded iff the maps Ui — (coskx—1U) are isomorphisms of sheaves for all k > n.

Example 2.7.7 (Cech covers=hypercoverings of height 0). Let X be an object of C, let Y = {(U; — X) : 1 € I} be a

1-cover of X. We denote U,,...;, := hU'ig Xhy *** Xhy hU,in for ig,--- ,in, € I,n € N. When fibre products in C exist,

is representable. We define the Cech cover C(U) € sPre(€) by letting C(U), = H Uiy--i,, , the
(g, yin)EINTL

face maps d; and degeneracy maps s; are given by various projections and diagonal maps (together with identities), for

example, the map dy : C(U)l — C(Z/l)o on a summand hy, Xnx hu, is the projection hy; Xny hu; — hy; followed by

each Ui,...;

n

the inclusion, the map so : C(L{)o — C(U)1 on a summand hy, Iis the diagonal map hy, — hu, Xny hu, followed by the
inclusion.

By considering on sections (evaluating at any object V € @) it’s easy to see that [c]oliAmpC(U)n = 1oC(U) =2 (U) (the
njeA°

sieve generated by U). The canonical map C(U) — (U) is a sectionwise weak equivalence (see [26], Proposition A.1]).

It’s clear that the presheaf map C(U)o — X is a local epimorphism and C(U)1 — C(U)oxny C(U)o is an isomorphism.
For n > 2, sectionwise applying the result Proposition we see that there is in Pre(C) the equalizer diagram

(coskp—1U)n — H U1 =2 H Un—2
oi<n 0<i<j<n

with U = C(U) € sPre(@). On the other hand, evaluating at any object V € @, it’s easy to see — read off by hand —
that C(U),, fits into the same diagram (as the first term), we see C(U), — (cosk,_1C(U)), is also an isomorphism.

Thus when fibre products in @ exist, the Cech cover C(U) — X is a hypercovering of X of height 0. Conversely,
if a hypercovering U — X has height 0, reverse the above reasoning (since the above equalizer diagram exists for any
U € sPre(@)) one sees that U is (isomorphic to) the Cech nerve| associated to the morphism Uy — hx.

All in all, a hypercovering U — X has height 0 iff it is (isomorphic to) a Cech cover of X.

Proposition 2.7.8 (|26, Lemma 6.3]). Let € C €' be two classes of maps in a model category M such that the left
Bousfield localizations Le M, Le/M exist. The two localizations are the same iff, for any fibration in LeM between C-local
objects X — Y, if it is a C'-local equivalence, then it is a C-local equivalence.

Theorem 2.7.9 ([26] Theorem 6.2]). Let S be a class of hypercovers which contains a set that is dense (e.g. we can
take S to be the class HC(C,t)). Then the Bousfield localizations LssPre(C)proj, LssPre(C)inj exist, which are respectively
the left Bousfield localizations of sPre(C)proj, sPre(C)inj with respect to the class of local weak equivalences in sPre(C) (so
LssPre(C)inj = sPre(C)s). We write them respectively as LtsPre(C)proj and L.sPre(C)inj = sPre(C)s. Moreover, we have
the Quillen equivalence

1: L.sPre(C)proj &= LrsPre(C)inj : 1.

Since trivial Kan fibrations of simplicial sets are surjective, by Yoneda lemma, we see that all representable functors
are cofibrant in sPre(C)proj hence in LrsPre(C)proj.

Definition 2.7.10 (|26}, Definition 4.3]). We say a simplicial presheaf F satisfies descent for a hypercover U — X if there
is a fibrant replacement F' of F in sPre(€)proj (see Section [1.2)) such that the map F(X) — ??li?F(Un) =: hoiimF(U.)
nje

is a weak equivalence in sSet, where F'(U,) € csSet is given by [n] — F(U,). Since the category FibAp(F) of fibrant
replacements of F is contractible (|40, Theorem 14.6.2 (2)]) hence non-empty and connected, so by Proposition
we see that if this is the case for one fibrant replacement F of F, then it is true for every such F
Theorem 2.7.11 (|26l Corollary 7.1]). Let S be a class of hypercovers which contains a set that is dense. Let F €
sPre(C).

o F is fibrant in L.sPre(C)pro; iff F is fibrant in sPre(C)proj (i.e. F is a presheaf of Kan complezes) and it

satisfies descent for all hypercovers in S.
o F is fibrant in L.sPre(C)inj iff F is fibrant in sPre(C)in; and it satisfies descent for all hypercovers in S.

Remark 2.7.12. Recall that the Bousfield-Kan map gives a sectionwise weak equivalence hog(())Lim Dy = U, where Dy :
A°P — sPre(C)inj, [n] — Un. So for a fibrant replacement F of Fin sPre(C)inj, we have hogm}:"(U.) = hoiimMap(DU,F) ~
Map(ho&glpim Dy, ﬁ) ~ Map(U., ﬁ) ~ RMap(U,, F') (here RMap is computed in sPre(C)inj, note that U, is cofibrant). So the

second statement above can be paraphrased as saying: F' is fibrant in LsPre(€)iy; iff F' is fibrant in sPre(€)i,j and RMap(X, F)) ~
RMap(Us,, F') for all hypercovers U — X in S. Once knowing the left Bousfield localizations exist, this theorem follows directly

from Proposition m
The following result says that the descent property here coincides with that given in Definition 2:6.4} in fact, part
of this result is a special case of Proposition It is consistent with [50, Example 5.42].
Theorem 2.7.13. Let F € sPre(C). The following are equivalent:
(1) F satisfies descent for all hypercovers (or for all hypercovers in a dense subset of the class HC(C,T)).

"Let R : sSet — sSet be a functorial fibrant replacement for sSet, then we can take F' = R o F, so the property of satisfying descent
for U — X is in fact not related to any model structure on sPre(C) (but of course hypercoverings depend on the topology of €).
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(2) There is a fibrant replacement j : F — F of F in L.sPre(Q)proj that is a sectionwise weak equivalence.

(3) There is a fibrant replacement j' : F — E' of F in L.sPre()inj that is a sectionwise weak equivalence.

(4) For every local trivial fibration U — V, the induced map RMap(V, F)) — RMap(U, F) (computed in sPre(C)inj)
is an isomorphism in H = Ho(sSet).

(5) The associated sheaf aF = F* satisfies descent for all hypercovers.

(6) There exists a sectionwise weak equivalence v : F — I with I fibrant in L.s8hv(€)in; = s8hv(C) .

(7) Any local weak equivalence F — I with I fibrant in L sPre(C)in; = sPre(C)s is a sectionwise weak equivalence.

Proof. (1) < (2): this follows easily from the previous theorem, which says that a presheaf of Kan complexes Fis
fibrant in LsPre(€)pro; iff the map F(X) — hoiimﬁ’(U.) is a weak equivalence in sSet.

(2) & (3): just note that j' exists and we can take j = j' (since a fibrant replacement in L.sPre(€)i,; is one in
L.sPre(C)proj)-

(3) = (4): this is a consequence of Proposition as RMap(U, F) = Map(U, F') (as j' is a sectionwise weak
equivalence, F’ is also a fibrant replacement of F' in sPre(C)inj; we have used that every object in sPre(€)in; is cofibrant).

(4) = (1): in light of the previous remark, this is obvious.

The equivalence of (5) with (1) ~ (4) follows from the equivalence (1) < (4).

Clearly (6) = (3) = (2). Now for (3) = (6). Let aF” = F"* — I be a fibrant replacement in L:sShv(C)inj = sShv(€),
then the composite ¢ : F' i; F' = aF = F'* 5 [ is also a fibrant replacement in L.sPre(C)inj hence is a sectionwise

weak equivalence by (3).
The equivalence of (7) with the others is then clear, in light of Proposition m |

In the following we write c.Z € csSet for the corresponding constant cosimplicial simplicial set, for Z € sSet.

Definition 2.7.14 (|26}, Definition 7.2]). We say that a map f : F' — G in sPre(C) satisfies descent for a hypercover U —
X if there is a fibrant replacement f : ' — G of f in sPre(€)pro such that the map F(X) — hoiim cxG(X) X g E(U)

is a weak equivalence in sSet. In other words, this says that the diagram

F(X) — holim F(U)

|

G(X) —>ho£m G(U)

is homotopy cartesian in sSet (|26, Remark 7.3]).

Theorem 2.7.15 (|26, Theorem 7.8]). Let S be a class of hypercovers which contains a set that is dense. Let f : F — G
be a map in sPre(C).
e fis a fibration in LsPre(C)proj iff f is a fibration in sPre(C)proj (i-e. f is a sectionwise fibration of simplicial
sets) and it satisfies descent for all hypercovers in S’ﬁ
e [ is a fibration in LsPre(C)inj iff f is a fibration in sPre(C)in; and it satisfies descent for all hypercovers in S.

Remark 2.7.16. These results equally hold for sShv(C, t), which we omit.

From these results, we see that for the projective version of the model structure, the fibrants and the fibrations are easier to
describe than the injective version, at least one reason is that the fibrations in sPre(C)p0; are just sectionwise fibrations, while
those in sPre(C)iyj are not easy to characterize.

2.8. Torsors and their classifications
In this section, we discuss the notion of torsors and some basic results about torsors.

Definition 2.8.1. Let € = (C, 1) be a site. Let G be a sheaf of (possibly non-commutative) groups on €. A (left) pseudo
torsor, or more precisely a pseudo G-torsor, is a sheaf of sets F' on C endowed with an action a : G X F' — F such that

e whenever F(U) is nonempty the action G(U) x F(U) — F(U) is simply transitive (i.e. free and transitive).
This is equivalent to the following condition:
e the morphism of sheaves G x FF — F X F given on local sections by (g,y) — (y,a(g,y)) is an isomorphism.
A morphism of pseudo G-torsors ' — F’ is simply a morphism of sheaves of sets which is G-equivariant.
A torsor, more precisely a G-torsor, is a pseudo G-torsor such that
e for every U € Ob(C) there exists a covering family {U; — U }ier of U such that F'(U;) is nonempty for all ¢ € I.
This is equivalent to:
e there exists a local epimorphism [ [, ; hu;, — * in Pre(C) such that F(U;) # @ for all i € I.
(Indeed, if so, then for any U € Ob(€), let X = hy x [[;c; hv,, then the map X — U is a local epimorphism.
Composing with the sectionwise surjection HVeex hy — X we obtain a local epimorphism [[hv — U. By assumption,
there is a morphism [[,.; hu, — F, we thus get a morphism [[, .o, hv = X = [[;c; huy = F, so [[yce, FI(V) =
Pre(C)(ycey hv, F) # @. The converse is obvious since [ [1;¢ ey hu; — * is a local epimorphism.)
The trivial G-torsor is the sheaf G endowed with the natural left G-action.

8To be compared with Proposition |1.4.17]
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A morphism of G-torsors is just a morphism of pseudo G-torsors. Any morphism of torsors is automatically an
isomorphism. We denote by Torse 1)(G) or Torse(G) (or Tors<(G)) the category of G-torsors on the site (C,T), which is
a groupoid.

For any U € Ob(€), a (pseudo) G-torsor F' gives a (pseudo) G|y-torsor F|y on (€ | U) = (€/U) (or briefly, on U)
by restriction. So the restriction map Shv(€) — Shv(C/U) yields a functor Torse(G) — Torse,u (Glu).

Using the isomorphisms of sheaves 7o(EG x¢ F) = F/G and 7;(EG X¢ F) = * for i« > 0, we get the following
homotopical characterization of torsors.

Proposition 2.8.2 (|50l Lemma 9.1]). Let C be a site. Let G be a sheaf of groups on C and let F be a sheaf of sets on
C endowed with an action G x F' — F. Under these data, the following are equivalent:

(1) F is a G-torsor.

(2) The action G X F — F is free and the canonical map F/G — * is an isomorphism of sheaves.

(3) The simplicial sheaf map EG Xg F — * is a local weak equivalence.

Lemma 2.8.3. Let C be a site. Let G be a sheaf of groups on C. A G-torsor F is trivial if and only if the set of global
sections of F, I'(C, F) # @.
For an object U € €, F trivializes over U iff F(U) # &.

The following is reproduced from First cohomology and torsors| in the Stacks Project [96].

Lemma 2.8.4. Let C be a site. Let A be an abelian sheaf on C. There is a canonical bijection between the set of
isomorphism classes of A-torsors and the first cohomology group H(C; A).

Proof. Let F be an A-torsor. Consider the free abelian sheaf Z[F] on F. It is the sheafification of the rule which
associates to U € Ob(C) the collection of finite formal sums Y n;[s;] with n; € Z and s; € F(U). There is a natural map
oc:ZIF| —Z

which to a local section > n;[s;] associates > n;. The kernel of o is generated by sections of the form [s] — [s']. There is
a canonical map a : ker(c) — A which maps [s] — [s'] = h where h is the local section of A such that h-s = s'. Consider
the pushout diagram

0 —— ker(o) Z[F) YA 0
0 A & Z 0

Here & is the extension obtained by pushout. From the long exact cohomology sequence associated to the lower short
exact sequence we obtain an element £ = £&r € H'(€; A) by applying the boundary operator to 1 € H°(C; Z).

Conversely, given ¢ € H'(C; A) we can associate to ¢ a torsor as follows. Choose an embedding A — .# of A into an
injective abelian sheaf .#. We set 2 = .# /A so that we have a short exact sequence

0 A I 2 0

The element ¢ is the image of a global section ¢ € H%(C; 2) because H'(€;.#) = 0. Let F C .# be the subsheaf (of sets)
of sections that map to ¢ in the sheaf 2. It is easy to verify that F' is an A-torsor.
One may check that the above two constructions are inverse to each other. O

By definition, the pointed set mo(Torse(G)) is the set of isomorphism classes of G-torsors, denoted H'(C; G). The
following result describes Hl((?; G) in terms of homotopy classes in the Jardine injective model structure on sPre(C)

(Section [2.6)).
Theorem 2.8.5 (|50, Theorem 9.8]). Let (C,T) be a site, let G € 8hvSr(C,T), then there is a bijection
H'(C; G) = [+, BG].

There is a presheaf of groupoids Tors§ € PreGrpd(€) given by Tors§ (U) := Torse,7(G|v) and a map j : G — Tors§
such that for any object x € G(U), j(U)(x) is the trivial G|y-torsor homg, (—, ) on €/U.

We fix a Grothendieck site (€, T). We discuss briefly the homotopy theory of PreGrpd(€) and ShvSGrpd(C), the category
of (pre)sheaves of groupoids on €.

We say that a map f : G — H in PreSrpd(C) is a local weak equivalence (resp. (Jardine) injective fibration) if
the induced map f. : BG — BH is a local weak equivalence (resp. (Jardine) injective fibration) in sPre(C);. A map
f: G — H in PreSrpd(C) is a (Jardine) cofibration if it has the left lifting property with respect to all trivial (Jardine)
injective fibrations.

We have the following adjunction

7 : sPre(C) = PreGrpd(C) : B,
where the left adjoint is the fundamental groupoid functor.
The category PreGrpd(C) is a simplicial category, with simplicial mapping spaces given by

Map(G, H),, := PreGrpd(C)(G x w(A™), H).

There is a natural isomorphism
Map(G, H) = Map(BG,BH)
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given by sending a simplex ¢ : G X [n] — H to the composite
BG x A" X% BG x Br(A") = B(G x n(A")) 25 BH.
Same definitions and constructions apply to the category ShvGrpd(C).

Proposition 2.8.6 (|50, Lemma 9.18]). The functor sPre(C) — sPre(C), X — BnX preserves local weak equivalences
and for any G € PreGrpd(C), the counit map 1BG — G is an isomorphism.

Proposition 2.8.7 (|50}, Proposition 9.19, 9.20]). With the above definitions and constructions, the categories PreSrpd(C)
and 8hvGrpd(C) become cofibrantly generated proper simplicial model categories, and the adjunction

a : PreGrpd(C) = ShvGrpd(C) : ¢
is a Quillen equivalence.
The adjunction
7 :sPre(C)s &= PreGrpd(C) : B
is a Quillen pair.

For the following result, note that any G € PreGrpd(€) gives rise to two presheaves Ob(G), Mor(G) € Pre(€) by the

Ob
composites C°P N Grpd —= Set. They are sheaves if G € ShvSrpd(C).
Mor

Proposition 2.8.8 ([50] Corollary 9.22]). A map f: G — H in PreSrpd(C) is a local weak equivalence iff the canonical
map
MOI‘(G) — (Ob(G) X Ob(G)) X (Ob(H)xOb(H)) MOI’(H)
is a local isomorphism and
TI'()(G) — To (H)
is a local epimorphism (or a local isomorphism).

A sheaf of groupoids H is called a stack if it satisfies descent for the above injective model structure on ShvGrpd(C),
namely if every injective fibrant model j : H — H’ is a sectionwise weak equivalence.

If 5 : H— H' is a fibrant model of H € ShvGrpd(€), then j. : BH — BH’ is a fibrant model of BH € sPre(€);. So
H € 8hvGrpd(@) is a stack iff BH € sPre(C) s satisfies descent.

For any G € 8hvSrpd(C), we call any of its fibrant model j : G — H a stack completion or associated stack of
G (since H is a stack). Similar notions also apply for presheaves of groupoids. In this way, stacks are identified with
homotopy types of (pre)sheaves of groupoids.

Theorem 2.8.9. Let (C,T) be a site, let G € ShvSr(C,T).

(1) The induced map BG ELN B(Tors§) in sPre(C) s is a local weak equivalence and B(Tors$) satisfies descent.
(2) The map j : G — Tors§ is a local weak equivalence in PreSrpd(€) and TorsS € PreSrpd(C) (given by
Tors§ (U) = Torse i (G|u)) is a stack (i.e. it satisfies descent).
(3) For any object U € € and any object u € Torsg (U) = Torse,u;(G|v) of the groupoid Torse i (G|v), we have
RMap(U, BG) ~ B(Tors¢ )(U) = BJorse,u (G|v) € sSet,
7RMap (U, BG) = Tors§ (U) = Torse,u(Glv) € Grpd, (2.5)
m1 (RMap(U, BG), u) & Aut%,se/U(Gw)(u) € Gr.

There is a canonical sectionwise weak equivalence

RQ.BG ~ G. (2.6)
Choose the trivial G|u-torsor 0F := G|y as canonical base point of RMap(U, BG) ~ BTorse,u(G|u) € sSet.
Then
aHY(U;G), n=0;
7. (RMap(U, BG),05) = { G(U), n=1; (2.7)
0, n > 1.

Proof. The statements (1) and (2) are |50} Proposition 9.26 and Corollary 9.27] (in fact we are in a special case,
Jardine treats the more general setting with G € 8hvSrpd(C)); see also |13, Lemma 2.3.2]. The first two relations of (3)
follow from (1) and the fact that tBH = H for any H € PreSrpd(C) (we take H = Tors§ here); the third follows from
the second.

For the sectionwise weak equivalence RQ;BG ~ G, we note that by the third relation above, 71 (RMap(U, BG), 05) =
Aut%,sew((;w)(og) = Autgorse,, (Gly)(Glu) = G(U) (the last isomorphism is given by mapping a € G(U) to the
automorphism of 0§ = G|y given by = — za™") and so RQ.BG ~ Q.B(Tors§) is given by

Uw— QSB(Torsg)(U) ~ QSC’OgB(Torsg)(U) ~ OB Autr_yorse/U(G‘U)(Og) o Autgorsc/U(G|U)(Og) =~ G(U),
where CyeB(Tors$)(U) is the component of 05 in B(Tors§)(U) and we have used the equivalence of groupoids in

Remark , giving the weak equivalence Cog B(Tors$)(U) ~ B Aut%,se/u(gm)(og).
The last formula about 7, (RMap(U, BG),0%) is then clear. O
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Remark 2.8.10. For a general torsor u € Torsg(U) = Jorse iy (Gly), the automorphism group AutTO,SC/U(G‘U)(u) is usually

different from G(U). The argument above doesn’t work, as we can’t multiply on the right by an element of a section of that torsor.
The reason is essentially that a trivial G-torsor is a (G, G)-bitorsor.

2.9. Homotopical interpretation of sheaf cohomology

Fix a site € = (€, 1), and let M € PreAb(€),n € N. The associated sheaf aM = M* = K(M?*,0) is fibrant in sPre(€).
For X € sPre(C),Y = (Y,y) € sPre(C)., we define the n-th cohomology of X with coefficients in M to be
H"(X; M) =H(X; M) = [X,K(M,n)]spre(e)
and the reduced cohomology of Y with coefficients in M to be
H"(Y; M) = HY (Y M) := [Y.K(M,n)lspre(e).

where we are using Jardine’s local model structure on sPre(€) and sPre(€).. So H*(XY; M) = H"'(Y; M) and for
X € sPre(€), we have H"(X; M) = H" (X, ; M). Note that since there is a local weak equivalence K(M, n) — K(M*, n),
it doesn’t matter if we replace M by M?¥ everywhere. For a proof of the fact that the cohomology so defined coincides with
usual sheaf cohomology, see [50, Theorem 8.26]. If U, X € €, (X — U) € (€/U), then HY, (X — U); M|y) = H7 (X; M)
(the LHS is computed for (€/U) with the induced topology t|v); cf. [88] Chapter I, Corollary (3.8.2)].

When we write H"(Y'; M), we will mean the (non-reduced) cohomology of Y (forgetting the base point).

If X C Z, we define H*(Z, X; M) = HY(Z, X; M), the cohomology of the pair (Z,X) with coefficients in M, to be
the reduced cohomology of Z/X (note that it is naturally pointed), the (homotopy) cofiber of the inclusion X — Z:

Hn(Z7X§M) = ﬁn(Z/XvM) = [Z/X,K(M, n)]s’)’re(e)*'

So H™(X, @; M) = H"(X ;M) = H"(X; M) and H*(Y; M) = H*(Y,*; M). All these are abelian groups.

We say that the inclusion i : Y < Z splits if there exists a map p: Z — Y such that pi = idy.

The next result, familiar from classical topology, follows easily by repeatedly applying the general abstract formalism
in Theorem (or [45] Chapter 6]). The long exact sequence for cohomology of a pair follows from that for the triple
ogCYCZ.

Theorem 2.9.1 (Long exact sequence for cohomology of a triple). Given simplicial presheaves X CY C Z, we have
the long exact sequence of cohomology groups
0—H(Z,Y;M) - H(Z X; M) = H(Y,X; M) - H(Z,Y; M) — ---
o= HY(Z,Y; M) > H"(Z,X; M) - H"(Y,X; M) - H" "N (Z,Y; M) = -,
natural in the triple X CY C Z.
In particular, there is the long exact sequence for cohomology of a pair (Z,Y):

0—HY(ZY;M)— H(Z;M) - H(Y; M) - H(Z,Y; M) — ---
e > HY(Z,Y; M) - H"(Z; M) - H"(Y; M) - H"" N (Z,Y; M) — - - - .
If the inclusion Y — Z splits, then the long exact sequence reduces to split short exact sequences
0—-H"(Z,Y;M)—-H"(Z;M) - H"(Y; M) = 0,n > 0.

Applying the split case to the inclusion y : * < Y for a pointed simplicial presheaf Y € sPre(C). and noting that
HO(%; M) = H°(%; M*) = M*(%) is the abelian group of global sections of the sheaf M* and H"(x; M) = H"(C; M) for
n > 1, we get the following relation, as in classical algebraic topology.

Corollary 2.9.2. There are split short exact sequences
0— H(Y; M) — H(Y; M) — M*(x) = 0,
and _
0— O™(Y; M) — H'(Y; M) — H*(€; M) — 0
forn = 1. These sequences are natural in' Y € sPre(C). and M € PreAb(C).

The following result appears in |88], Chapter I, Propositions (3.4.2) and (3.4.3)].

Theorem 2.9.3. The inclusion functor ¢ : ShvAb(C) — PreAb(C) is left exact, and its higher derived functor R% =
H? : 8hvAb(€) — PreAb(C) is given by

HY(A)(U) =HY(U; A), A € ShvAb(C),U € C.
Moreover, a(H(A)) = HY(A)T =0 if ¢ > 0.

Some authors call a sheaf A € ShvAb(C) flabby if HI(A) = 0 for all ¢ > 0 (|88}, Chapter I, Corollary (3.5.3)]). The
direct image functor of a site morphism sends a flabby sheaf to a flabby sheaf (|88] Chapter I, Proposition (3.7.2)]). See

[88, pp. 70-73] for some interesting results on some incarnations of the Leray spectral sequence.
The following comparison result is taken from [88] Chapter I, Theorem (3.9.1) and Corollary (3.9.3)].

Theorem 2.9.4 (Comparison lemma). Let i : €' < € be a full subcategory with a topology t' (hence we have a site
(€', 1")). Assume

o For any t-cover R={(V; £5U):i eI} of U, if V;,U € €, then R is a U -cover.

o For any U € @, there exists a T-cover R = {(Vi 25 U) :i € I} with V; € €.
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Then the adjunctions
i* : Shv(€', 1) 2 8hv(C, 1) : ix,i" : ShvAb(C’,T') = S8hvAb(C,T) : i
are pairs of quasi-inverse equivalences.
Moreover, for any U € €', A € ShvAb(C, 1), A’ € ShvAb(C', '), we have functorial isomorphisms
HY (U;i. A) 2 HY(U; A), HY (U; A) = HR (U507 A').

See also [88] Chapter I, Proposition (3.10.2)] for an interesting comparison result on noetherian topologies.

For a noetherian site (€,t) and U € C, the functor HY (U;—) : ShvAb(C,T) — Ab commutes with pseudofiltered
colimits and all small direct sums (|88] Chapter I, Theorem (3.11.1) and Corollary (3.11.2)]); pseudofiltered colimits of
sheaves in the sheaf category are also colimits in the presheaf category.

Theorem 2.9.5 (Leray spectral sequences). Let (&,7¢) % (D, Tp) ER (C,te) be site morphisms.
(1) For any A € ShvAb(C,Te), we have the biregular Leray spectral sequence in ShvAb(E, T¢)

Ey = R'g.(R'f.(A)) = R (g/).(A). (2.8)
(2) For any A € ShvAb(C,te),U € D, we have the biregular Leray spectral sequence in Ab
EY = He,, (UsR fu(A)) = Hi ' (fF(U); A). (2.9)

If R is a presheaf of commutative rings on the site (€, ), then we denote by Ch(R) the category of unbounded
(homological) chain complexes of presheaves of R-modules; let Chi(R) be its full subcategory consisting of those com-
plexes all of whose negative-degree parts are 0 and denote the inclusion by 7* : Chy(R) — Ch(R). If R = Z, we write
Ch(Z) = €h,Ch4(Z) = Chy. For any D € Ch(R),n € Z, we define the shift D[n] by letting D[n]; = Dyn+; and the good
truncation 7(D) € Chy(R) by letting 7(D)o := ker(Dog Lo, D_1),7(D); := D, for i > 0. We obtain an adjunction

7" :Chi(R) = Ch(R): T
with 77" = iden, (r). See [50} §8.2] for more on related constructions.

Given D € Ch,n € N, we define

K(D,n) :=T(7(D[-n])).
If A € ShvAb(€C),n € Nand A — J(= Jo — J-1 — ---) is an injective resolutiorEI of A in S8hvAb(C), then the map
K(A,n) — K(J,n) is a local weak equivalence and K(J,n) satisfies descent (|50, Lemma 8.24 and Theorem 8.25]).
Moreover, by [50, Lemma 8.24], H7 (X; A) = 0 for n > 0 if A € ShvAb(C) is injective, so

HY(X;—) = R"HY(X; —) : ShvAb(€) — Ab

by uniqueness characterization of derived functors.
Proposition 2.9.6. For A € PreAb(C), X € sPre(C),U € C,n € N, there are canonical isomorphisms

, H" {(X|v; A 0<i<n
WlR@(X7K(A>n))(U) = [SZ /\U+7RI-107H1(X7K(A7n))}s‘TPre(@)* = {OTU ( |U’ |U)’ . ‘ "
s >n.
There is an isomorphism
K(A,n—1i), 0<i<n;
*, 1> Mn.

(RQ,)'K(A,n) = {

in the homotopy category Ho((sPre(C)s)«) (i-e. the two sides are locally weak equivalent as objects in the Jardine model
category (sPre(C)s)«). Moreover, the homotopy sheaves are given by

A i =mn;

Proof. The proof of [50}, Proposition 8.32] gives an isomorphism RQ,K(A,n) 2 K(A,n — 1) in Ho((sPre(C)s)«). To
get the general isomorphism in the second statement, we iterate this and note that RQ;A = .

The first bijection then follows from this (use also the result of [50], p.217] that the cohomology is the same for
presheaf coefficients and for the associated sheaf coefficients), since by eq. , we have

[S" A X4, K(A, n)lspre(e), = [Xo, (RQ)K(A, 1) (spre(e) ). = [ X4, KA, 1 — )] (stre(e),). = He /(X A)
if 0 < ¢ < n and is trivial if 7 > n, and by results in Section RMap(X x U,Y) ~ RMap(X|v,Y|v) € sSet, giving that
HY (X x U; A) = Hyy, (Xus Alo).

Taking X = * in the first isomorphism we get the presheaves of homotopy groups (which is a reinterpretation of [50]
Corollary 8.33]), the n-th term is easy, since the presheaf is already A, and consequently we get m,(K(A,n)) = AfTt's
also clear that m;(K(A,n)) = 0,7 > n. For 0 < i < n, m(K(A,n)) = m(K(A,n—1)) as the two sides are the sheafification
of the same presheaf. So we only need to show

mo(K(A,n)) =0,Yn > 0.

This is the same as saying that for n > 0, the sheafification of the presheaf U — HZ(U; A) is trivial. This is because
that sheafification is just the n-th higher direct image functor of the identity functor of ShvAb(C), which is exact hence
all higher direct image functors are zero. ]

9The abelian category Shv.Ab(C) has enough injectives!






Chapter 3

Elements of motivic homotopy theory

After the long walk on Jardine’s local homotopy theory in last chapter, we are able to collect some important results
concerning unstable motivic homotopy theory and Hermitian K-theory in this chapter. We try to give a short quick
introduction of the motivic homotopy theory of Morel-Voevodsky and bird’s eye view of this theory but don’t mean to
be complete. In particular, most results are without proofs.

3.1. The construction of the (unstable) motivic homotopy category

We fix a quasi-compact quasi-separated (gcgs for short) scheme S. We write Sch/S for the category of S-schemes,
and 8mg for the category of S-schemes which are finitely presented and smooth over S. Note that Smg is essentially
small.

Now we introduce a Grothendieck topology on 8mg, which will be required to define the motivic homotopy category.

Definition 3.1.1. The Nisnevich topology on Smg is the topology with a basis given as follows: for any X € Smg,
Jx is the collection of all the finite sets of étale morphisms {p; : U; — X }ics such that there exists a finite sequence
S C Zn CZp-1 C---C Z1 CZy= X of finitely presented closed subschemes of X such that the induced morphism
P ' (Zm — Zms1) = (Zin — Zms1)
iel

admits a section for all 0 < m < n — 1, where each Z,, is endowed with the reduced structure. Note that a finite set
of étale morphisms {p; : U; — X }ics is a Nisnevich cover iff the single morphism Hiel Di ]_L.EI U; — X is a Nisnevich
cover. In this way, we get the Nisnevich site (Smg, Nis). The Nisnevich topology is coarser than the étale topology (and
finer than the Zariski topology), so it’s subcanonical and every representable presheaf is in fact a sheaf on (8mg, Nis).

We denote by LnissPre(Sms)proj and by LnissPre(Smg)inj the left Bousfield localizations of the category simplicial
presheaves with respect to the Nisnevich-hypercovers. The (pointed) homotopy classes will be denoted by [—, —]nis(,«)-
Write Luis for a functorial fibrant replacement in one of them (usually it doesn’t matter which model structure we are
considering).

Definition 3.1.2. Let f : U — X be a morphism of schemes, x € X. We say that f is completely decomposed (cd for
short) at x € X if there exists u € U such that f(u) = z and the residue field extension r, — £, is an isomorphism, i.e.
there is a lifting map as shown:

U

-

Spec Ifz — X.
Proposition 3.1.3. An étale morphism f : U — X is cd at a point © € X iff the morphism U X x Spec ﬁ}yx — Spec ﬁ;}w
has a section, where ﬁ’é‘(yz is the henselization of the local ring Ox 4.

Proposition 3.1.4. If S is noetherian and of finite Krull dimension, then a finite set of étale morphisms {p; : U; —
X}ier is a Nisnevich cover iff for each point x € X, there is an i € I such that the map p; is cd at .

Definition 3.1.5. A Nisnevich square or a elementary distinguished square is a pullback diagram

UxxV — 5V
| 2 (¢)
U—"— X

in which 4 is an open immersion, p is étale and the restriction p~*(X —U) £ (X — U) is an isomorphism with both sides

being equipped with the reduced scheme structures.

Proposition 3.1.6. Given a Nisnevich square , the set {i,p} form a Nisnevich cover of X. Moreover, viewed as a
diagram of sheaves, is cocartesian (hence bicartesian) in Shv(8mg, Nis). Thus for any sheaf F, the diagram of sets

Fx) 22 pv)

r)| | (FQ)
FU) —— F(U xx V)

s cartesian.
Viewed as a diagram of presheaves, is homotopy cocartesian in LnissPre(Smg)proj-
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Remark 3.1.7. A Nisnevich square viewing as a diagram of presheaves is not necessarily cocartesian and for a presheaf F',
the diagram (FQ) is not necessarily cartesian.

We use 8hv(8mg, Nis, Ab) or ShvAb(Smg)nis to denote the category of sheaves of abelian groups on the Nisnevich
site (8mg, Nis) (similarly for other notations).
Below we denote by Z[X] the free abelian sheaf on hx. The functor Z[—] is left adjoint to the forgetful functor
8hv(8mg, Nis, Ab) — 8hv(8mg, Nis), so it preserves colimits. For A € 8hv(8mg, Nis, Ab), we have the cohomology groups
Lis (X, A) = Ext?(Z[X], A) with cofficients in the sheaf of abelian groups A.

Corollary 3.1.8. Given a Nisnevich square , we have a coequalizer diagram

UxxV=U[]v % x,

in 8hv(8mg, Nis) (the first two arrows are the projections followed by the canonical maps of U,V into U]V ) and an
exact sequence of sheaves of abelian groups

0—=Z[U xx V] = Z[U] ® Z[V] = Z[X] — 0.
This gives a long exact sequence of abelian groups
o His (X 4) S Hi, (U3 A) © His (Vi A) = Hi (U xx ViA) = HE (G A) = -
natural in A € ShvAb(8mg, Nis).

Theorem 3.1.9. Let € be a complete category and let F € Pre(8Smg, E). Then F is a sheaf (for the Nisnevich topology)
iff

o F(@) =« is a final object in €,

e for any Nisnevich square as , the corresponding square (FQ)) is cartesian in &.

Definition 3.1.10. Let F' € sPre(8Smg). We say that F satisfies the (Nisnevich) Brown-Gersten property ((Nisnevich)
BG-property for short) or the Nisnevich excision property if

e F(2) is a weakly contractible,

e for any Nisnevich square as , the corresponding square is homotopy cartesian in sSet.

Theorem 3.1.11. Assume that S is a noetherian scheme of finite Krull dimension, then for F € sPre(Smg), the
following are equivalent:
(1) There is a fibrant replacement j : F — F of F in LinissPre(€)proj/inj that is a sectionwise weak equivalence.
(2) F satisfies the BG-property (Nisnevich excision).
(3) F satisfies descent for all hypercovers (for the Nisnevich topology).
(4) For any hypercover U — X, the map RMap(X, F) — RMap(U, F) is a weak equivalence of simplicial sets (here
RMap is computed in sPre(C)in;j).

Proof. This is a corollary of our characterization of simplicial presheaves satisfying descent property in Theo-
rem together with the results in [12] Remark 3.1.4 and Theorem 3.2.5|, cf. [69 Lemma 3.1.18] or [50, Theorem
5.39 and p.181]. For a discussion of this result, see the proof of [1, Proposition 3.53] (but note that the statement of that
proposition is incorrect). O

Corollary 3.1.12. Assume that S is a noetherian scheme of finite Krull dimension. If F' € sPre(Smg). satisfies the
BG-property, then for any U € Smg, there are weak equivalences of simplicial sets

RMap(U4, F) ~ F(U).
So for all m > 0, we have natural isomorphisms
T (F(U)) 2 [S", RMap(Us, F)]sser, = [S" Uy, Flnis,s = [U, Q" Flis, ]

For X € sPre(8mgs). a pointed simplicial presheaf, we define its (simplicial) homotopy sheaf 7,(X) to be the
Nisnevich sheafification of the presheaf
U — [Sn A\ U+7X]Nisy*.

So m(X) is the Nisnevich sheafification of the presheaf U +— [U, X]|nis. For n € N, we say that X € Spc‘f1 (S) is
simplicially n-connected if m;(X) = %,0 < j < n.

Let G be a sheaf of groups on the Nisnevich site (Smg, Nis). Applying our functorial construction for all sections,
there is the universal G-torsor q : EG — BG.

Similarly, the functorial model of Eilenberg-Mac Lane spaces K(A,n) € sSet extends by sectionwise construction to
the presheaf setting.

For any X € sPre(Smg), we denote by PFg(X) =: Hy(X, G) the set of isomorphism classes of G-torsors over X.

We restate the following two results which appeared in last chapter.

Proposition 3.1.13 (|69, Proposition 4.1.15, 4.1.16]). Let G be a sheaf of groups on the Nisnevich site (Smg, Nis),
X € sPre(8mg) and U € Smg. There are canonical bijections

[X7 BG]Nis = Hll\hs(Xz G)

1Here © should mean the derived functor RQs.
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and
Hll\Iis(Ua G)7 n =0;
[S" AUL,BGnis,« = ¢ G(U), n=1;
*, n > 1.

Thus the map RQ:BG — mo(RQsBG) = G is a local weak equivalence and the homotopy sheave:ﬂ are given by

G, n=1;

T (BG) {O ntl,

Remark 3.1.14. For concrete examples, see [13] Example 2.3.4].
In fact, the map RQ2sBG — mo(RQ2:BG) = G is a sectionwise weak equivalence by Theorem [2.8.9] see also [13], Lemma 2.3.2].

Proposition 3.1.15. Let A be a sheaf of abelian groups on the Nisnevich site (Smg,Nis), X € sPre(8mg) and n > 1.
Then there is a canonical bijection

HLA(X;A), 0<igsmy

SUA X4, K(A, )] Nis.x 2
[ +, K(4,1)]nis, {07 i>n,

and an isomorphism
; K(A,n—1), 0<i<n;
(RQs)lK(A,n) e~ { ( s T 7’)7 ' ST N
*, 1>n.
in the homotopy category Ho((sPre(8mg)s)«) (i.e. the two sides are locally weak equivalent as objects in the Jardine
model category (sPre(Smg)s)«). Moreover, the homotopy sheaves are given by

A, =g

nl-(K(A,n))%{o o

Definition 3.1.16. The (unstable) motivic model category of S is the left Bousfield localization of LnissPre(8ms)proj
with respect to the class of projections X x A! — X, X € Smg. [J| Write

SPCAI (S) := L1 LnissPre(8ms)proj

for the resulting motivic model category. Its homotopy category is denoted by Fea! (9), called the A'-homotopy category of
S. The homotopy classes will be denoted by [—, —]41. The weak equivalences in SpcA\‘1 (S) are called A'-weak equivalences
and the fibrations in SpcAl (S) are called A'-fibrations.

The pointed version will be denoted Spc‘j1 (S), called the pointed motivic model category of S. Its homotopy category
is denoted by }Cfl (S), called the pointed A'-homotopy category of S. The homotopy classes will be denoted by [—, —]aL .-

Note that if we only interested in the A'-homotopy category, we can work equally well with the injective version,
and/or the simplicial sheaves (as in [69]), since all these are Quillen equivalent, yielding equivalent homotopy categories;
so each of them can be used as a model for the A'-homotopy theory.

The fibrant objects in SpcAl S) will be called A'-spaces or A'-local spaces, which are simplicial presheaves F satisfying
the conditions in Theorem and moreover such that the map F(U) — F(U x A') is a weak equivalence for every
U € 8ms (we say that F is A'-invariant). The weak equivalences in Spc® (S) are called A'-(local) weak equivalences.
We have similar notions in the pointed version.

For any K € sSet, we define K e sPre(8mg) by @ — *,U +— K for non-empty U € Smg (the presheaf K is sometimes
called the constant presheaf associated to K, but it’s not so by our convention; anyway, the sheafification of K and of
what we call the constant presheaf associated to K are the same, both are the constant sheaf associated to K). It clearly
satisfies the BG-property and is A'-invariant, hence by Theorem if K is a Kan complex, then K is fibrant in
SpcAl(S) = L1 LnissPre(8mg)proj. It’s easy to see that two maps between Kan complexes are (simplicially) homotopic
in s8et iff the induced maps on the simplicial presheaves so constructed are homotopic in SpcAl (S). Thus the homotopy
category of sSet is embedded in the motivic homotopy category.

There is an A'-localization functor Ly : c‘SpcAl (S) — SpcAl (S) in the sense that there is a natural transformation
id = L1 such that for any X € SpcAl (S), the map X — L1 X is a trivial cofibration in SpcAl (S) and L1 X is fibrant
in SpcAl (S) (see [69, Definition 2.3.18], where it’s called an A'-resolution functor). Of course, this is just a functorial
fibrant replacement in this model category. By general results on model categories, we have [A, X]41 = [A, Ly X]nis for
any A, X € Spc‘é\x1 (S) with A cofibrant.

If S = Spec(k), k a commutative ring, we simply write Smy, for Smg and write }C?*l)(k) for U-C‘E\\‘;(S); similar for other
notations.

By Proposition [3.1.6] for a Nisnevich square (Q)), the natural map V/(U xx V) — X/U is an A'-weak equivalence.

2To get the claimed local weak equivalence, we use the above results to see that this map induces isomorphisms on all homotopy
sheaves. For the definition of Qg, see Section@ By sheafifying the above result we get the homotopy sheaves. Note that our torsors are
Nisnevich locally trivial, so mo(BG) = 0.

3We are localizing at a smaller class of maps than that in [69] Definition 2.3.1], for a discussion about the equivalence of our definition
here with that in [69], see [69, Proposition 2.3.19] or the discussion in [49] before [49, Lemma 1.6]. Here one may need the fact that the
cofibrations and fibrant objects completely determine a model structure, supposing it exists (see [74], Theorem 15.3.1] for an easy argument).
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n

We define a simplicial ring R, by letting Ry, := Z[zo, -+ ,zn]/( Z x; — 1) with face maps

i=0
di i Rn = Rn—1, (0, ,&n) — (o, ,Ti=1,0,Tit1, - ,Tn-1)
and degeneracy maps
8j i Rn = Rut1, (o, &) = (T, , Tjm1, Tj + Tjg1, Tjd2, s Tntl)-
(For general ¢ : [n] — [m] in A, we have ¢"(zi) = 3, ~1(; ;-) This gives a cosimplicial scheme A = A7 = Spec(R.)
and we denote A; = X7 X S € c8Smg. Hence for each n € N, there is a non-canonical isomorphism of S-schemes
A% AL

For U € 8mg and F € sPre(Smg), we have U x5 Ag = A( and we get a bisimplicial set F(U xs A§) = F(AJy) €
ssSet, and we write (SingAl F)(U) := diag F(A{) for its diagonal, so (SingAl F),(U) = Fo(Ag); in particular, the vertex
set of SingAl F is identified with Fy(U) = F(U)o = sPre(Sms)(U, F). The map Ay = U xsAgs — U XSA% = U admits
a section, hence there is a canonical injection F' — Sing® F. Then we get the singular A'-construction Simg‘é\x1 F e
sPre(8mg) and the singular A'-functor Sing;Al : sPre(Smgs) — sPre(8Smg) with a natural transformation id = SingAl. In

fact, SingAl commutes with limits, it preserves A'-fibrations, and for any F € sPre(Sms), the map F — SingAl Fis a
trivial A'-cofibration (|69 §2.3.2]).

One can then choose the A'-localization functor to be
1 )oN

Ls1 = Lnis © (Linis © SingA o Linis

which commutes with finite products (see [69, Lemma 2.3.20, 3.2.6]).

Definition 3.1.17 ([69, Example 3.2.4]). An S-scheme X is called A'-rigid if, as a sheaf, it is fibrant in the motivic
model category SpcAl (S). As any sheaf (of sets) is fibrant in LxissPre(8ms)proj, this is equivalent to (8ch/S)(U x A, X) —
(8ch/S)(U, X) is a bijection for any U € 8mg. Two A'-rigid S-schemes are isomorphic as schemes iff they are A'-weakly
equivalent. So through Yoneda embedding, the category of Al-rigid S-schemes is fully-faithfully embedded into the
A'-homotopy category A (S).

If the base scheme S is a reduced scheme of finite Krull dimension, then G,, is A'-rigid (for this, observe that for
any U € 8mg, we have Oy, 1 (U x A')* 22 0y (U)*, essentially because (R[t])* =2 R* for any commutative ring R with

trivial nilradical: Zaiti € RJ[t] is a unit iff ap € R* and aa,-- - ,an are nilpotent).
i=0
Corollary 3.1.18. Assume that S is a noetherian scheme of finite Krull dimension. If F € sPre(Smg). satisfies the
BG-property and is A'-invariant (such F is said to satisfy motivic descent), then for any U € 8mg, there are weak
equivalences of simplicial sets
RMap(U4, F) ~ F(U).
So for all n > 0, we have natural isomorphisms
T (F(U)) 2 [S™, RMap(Uy, F)sset, = [S"Uy, Fla1 . = Uy, (RQs)" Fla1 .

Remark 3.1.19. To deduce this result, it’s crucial to have that all representable functors are cofibrant in sPre(C)
LTSTre(e)prOj/it\j'
Simplicial presheaves satisfy descent or motivic descent are closed under filtered colimits (see [50, p. 181]).
This result is quite useful in interpreting some theories in terms of (pointed) Al-homotopy theory—their representability

proj/inj hence in

in the pointed Al-homotopy category 9{‘**1(5), examples include algebraic K-theory (|69]), (higher) Grothendieck-Witt groups
(|78, 79}, [81]), and affine representability results for vector bundles ([12] Theorem 5.2.3]). We will come back to these examples
later.

For a sheaf of abelian groups A, we define its contraction A_y by A_1(U) := ker(A(U X Gy,) — A(U)) induced by
the map U = U x {1} < U X Gy, or equivalently, A_1(U) := coker(A(U) — A(U X G,)) induced by the projection
UxGp — UE| The contraction A_; is also a sheaf of abelian groups. We define inductively A_¢, 1) = (A_n)-1,n €N
(by convention, Ag = A_o = A).

Following Morel [68] Definition 1.7], we call a presheaf of sets F on (Smg, Nis) A'-invariant if the (injective) map
F(U) — F(U x A') induced by the projection U x A' — U is a bijection for every U € 8mg. A sheaf of groups G on
(8mg, Nis) is strongly A'-invariant if the presheaf Hy;,(—; G) is A'-invariant for i = 0,1. A sheaf of abelian groups M
on (8Smg, Nis) is strictly A'-invariant if the presheaf Hi;s(—; M) is A'-invariant for every i € N. We usually use boldface
letters like G, A, M to indicate that the relevant sheaves of (abelian) groups are strongly (strictly) Al-invariant.

We denote by 9r‘§1 the category of strongly A'-invariant sheaves of groups and by /lb‘g1 the category of strictly
Al-invariant sheaves of abelian groups on the Nisnevich site (Smg, Nis), the latter is an abelian category. Moreover, the

contraction defines an exact functor (—)—1 : Ab‘g1 — .Ab‘%l.

For a field k, the categories 9r‘,§1 and /lb‘,%1 are closed under extensions and taking kernels (|11, Lemma 3.1.13]).
Note that a non-constant sheaf can have trivial contraction: the n-torsion part nK{W € Ab‘,ﬁ1 is a non-constant sheaf but
KM _1=,Z=0.

For a Kan complex K, there is an associated simplicial presheaf K as above, which is fibrant in SpcAl (S) =
L1 LnissPre(Sms)proj.  We thus see (in light of Proposition below) that any constant sheaf associated to an

4Here we use the following fact: In an abelian category, let « : A — B, 3 : B — A be morphisms with a8 = idp, then the morphism
ker o — coker = A/im(B), a — [a] is an isomorphism.
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(abelian) group is strongly (strictly) A’-invariant, yielding embeddings Gr — Srél,/lb — Ab‘él. If S = Spec(k) for a
perfect field k, then these embeddings are fully faithful (since a morphism between constant sheaves on the Nisnevich
site (8my, Nis) is determined by its effect on global sections, which gives back the groups where the constant sheaves
take values, in light of Proposition [2.3.6).

Remark 3.1.20. If k is a perfect field and G € 9r‘,§1, then G is unramified in the sense of |68, Definition 2.1] (see |68, Remark
2.8]).

Theorem 3.1.21 (|68 Theorem 5.46]). Let k be perfect field and let M be a sheaf of abelian groups on the Nisnevich
site (Smy, Nis). Then M € Gr' iff M € AbL'.

Using Theorem and Proposition [[.4.6] (3), we easily show the following results.

Proposition 3.1.22. The following results hold.
(1) A sheaf of sets I is A'-invariant iff F is A'-fibrant (or A'-local).
(2) A sheaf of groups G is strongly A'-invariant iff some (hence any) fibrant replacement of BG = K(G,1) in
LnissPre(8mg)proj (which we can take to be LnisBG) is Al -fibrant (or Al—local).
(3) A sheaf of abelian groups M is strictly A'-invariant iff some (hence any) fibrant replacement of K(M,n) in
LissPre(8ms)proj (which we can take to be LixisK(M,n)) is A'-fibrant (or A'-local) for every n € N.

For X € Spc‘:‘}1 (S) a pointed simplicial presheaf, we define its A'-homotopy sheaf Wﬁl (X) to be the Nisnevich

sheafification of the presheaf
U [S" AUy, X]p1 .
So 7T§‘1 (X) is the Nisnevich sheafification of the presheaf U — [U, X]41 and we have wﬁl (X) = mn(Ly1 X). Thus there
are canonical maps of sheaves m,(X) — At (X) from the (simplicial) homotopy sheaves. Moreover, the map
mo(X) > 7 (X)

is an epimorphism ([69], Corollary 2.3.22]), which implies the n = 0 case of the unstable Al-connectivity theorem below
(Theorem . We also call 72" (X) the A'-fundamental sheaf of X.

For n € N, we say that X € Spc‘fl(S) is A'-n-connected if W?l (X) = %,0 < j < n (this is equivalent to: some
Al-invariant replacement of X is simplicially n-connected).

The A'-homotopy sheaves can be used to characterize Al-weak equivalences between A'-connected spaces, just as
the Whitehead theorem for Jop (CW-complexes) or sSet; see [69, Proposition 3.2.14].

Proposition 3.1.23. Let X be an A'-rigid S-scheme. Then we have

X, n=0;

1
2(X) 2t (X))
7 (X) 2 7t (X) { "
Theorem 3.1.24 (|68, Theorem 6.1 and Corollary 6.2]). Let k be perfect field, let X € Spcf1 (k) be a pointed simplicial
presheaf. Then ! (X) € SrQ1 and 72" (X) e Abﬁlfor n>1.

Conversely, we have the following nice result, which is a consequence of Propositions[3.1.13] [3.1.15|and [3.1.22} It says
that, on the one hand, all strongly (strictly) Al-invariant sheaves of (abelian) groups arise as Al-homotopy sheaves of
some spaces; on the other hand, the (simplicial) Eilenberg-Mac Lane spaces correspond to strongly (strictly) A'-invariant
sheaves of (abelian) groups are indeed Eilenberg-Mac Lane spaces in the A'-homotopy category. Thus (only) strongly
(strictly) A'-invariant sheaves of (abelian) groups play well in A'-homotopy theory.

Theorem 3.1.25 (Motivic-homotopical Eilenberg-Mac Lane spaces). Let G € Sr‘é1 and M € Ab‘gl, then for i,n € N,
G7 1= 17 Al

= (BG) {0 il (K(M,n)) g{

M, i=mn;
0, i#n.
Proposition 3.1.26. Let G be a sheaf of groups on the Nisnevich site (8mg, Nis), then
70(BG) = 1 (BG) = *.

If S = Spec(k) for a perfect field k and G € 9r‘,§1, then m (BG) = ﬂ‘fl (BG) = G and for any A'-0-connected
Xe Spc‘f1 (k), the map [X,BG]s1 . — Sr‘;ﬁ1 (W‘fl (X), Q) given by taking W’fl is a bijection.

Proof. Follows easily from Propositions and [68, Lemma B.7.1)]. O
Corollary 3.1.27. Let k be a perfect field, then we have the following adjunction

7Tf‘l o B : Shvgr(Smg)nis = Srﬁl i,

where B is given by taking simplicial classifying spaces and v is the forgetful functor.

Proposition 3.1.28. If k is a perfect field and M € Ab‘,}l, then forn > 1, 7, (K(M,n)) = Wﬁl (K(M,n)) =M and for
any A'-(n—1)-connected X € Spc‘iXl (k), the map [X,K(M,n)]s . — Ab},&1 (Wﬁl (X), M) given by taking Wﬁl is a bijection.

Proof. The case n = 1 is included in Proposition For n > 1, it follows from Propositions [3.1.15] [3.1.22] and
[68, Lemma B.7.2)] (by checking that the map of taking 7% is surjective and injective). O
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Corollary 3.1.29. Let k be a perfect field, then we have the following adjunction
ﬂﬁl o K(—,n) : ShvAb(Smy)nis = Ab}?1 L,
where  is the forgetful functor (and the left adjoint is essentially independent of n > 1, since the right adjoint ¢ is
independent of n).
Theorem 3.1.30 (Unstable A'-connectivity theorem [68, Theorem 6.38]). Let k be a perfect field, let X € Spc‘f1 (k) be
a pointed simplicial presheaf. If X is simplicially n-connected (n > 0), then it is A*-n-connected.
The following result is [68, Corollary 6.3], it’s also an easy consequence of the unstable Al-connectivity theorem

above and [68, Theorem 6.60], by letting n goes to infinity there.
Theorem 3.1.31. Let k be perfect field, let X € Spc‘j1 (k) be a pointed simplicial presheaf, which is simplicially connected:

mo(X) = *. Then the following are equivalent:
o All the (simplicial) homotopy sheaves of X are strongly A*-invariant: m (X) € Sr‘,fl,ﬂn (X) e ‘/lb‘,iXl formn > 1.
o The A'-localization map X — L1 X is a local weak equivalence.

Corollary 3.1.32. Let k be a perfect field. For G € 9r‘,§1,M € Ab‘%l,n > 2, the A'-localization map KG(M,n) —
Ly KS(M,n) is a local weak equivalence.

For a homotopy fibre sequence F — E — B in LnissPre(Smg). proj, we have short exact sequences
0 = mn(F)/imn41 — mn(E) — imd, — 0

for n > 2, where 6, : 71, B — m,_1F is the connecting map. If F' and B are Al—local, this gives that m,(F) € Ab‘%1 for
n > 2, since Ab‘,?l is an abelian category that is closed under extension. Thus if mo(E) = x,m(E) € 9r‘,§1 ,mi(F) € Abﬁl,
we will have that the A'-localization map E — L1 E is a local weak equivalence. In fact, the following more general
result holds ([I4, Lemma 2.2.10]).

Theorem 3.1.33. Let k be perfect field, let F — E — B be a homotopy fibre sequence in LixissPre(Smg) proj. Assume
the A'-localization maps F — Ly F, B — Ly B are local weak equivalences and mo(E) = x. Then the A'-localization
map E — L1 E is a local weak equivalence and F — E — B is an A'-homotopy fibre sequence.

3.2. Some useful facts about the (unstable) motivic homotopy category

Recall the discussion at the end of Sections [I.3| and 2.4 We have the smash product A and internal hom Hom, in
sPre(8mg)«, fitting into the following Quillen adjunction
(X,2) A (=) : LxissPre(8ms )« proj = LinissPre(8mg )« proj : Hom, (X, x), —),
which passes to a Quillen adjunction
(X,2) A (=) : Spel (S) = Spcl (S) : Hom, (X, ), ).
Hence we get the following natural isomorphisms: for (X, z),(Y,y),(Z,2) € Spc‘f1 (9),
[(X7 :C) A" (Zv Z)7 (Y> y)}Al,* = [(X’ x)v R@*((za Z), (Y, y))]Al,*-
See [1I, Proposition 4.36] for a discussion.

We have the simplicial circle S*° = S} = A'JOA' and the Tuate circle S*' = S} = G, (pointed by the rational
point 1). For integers a > b > 0, we have the bigraded spheres S»° = (S11) 0 A (SLO)N@=0) — (S8 A (SHN@=E)  Thys
S A §od = gatebtd  The usual simplicial sphere S™ is thus S™°.

1

For X € 8pc® (S) a pointed simplicial presheaf and i,j € N, we define its bigraded (simplicial) homotopy sheaf

7,7 (X) to be the Nisnevich sheafification of the presheaf
U [ST7 AU, X]nise = [S* AGR) AU, X]Nis, -

We also define the bigraded A'-homotopy sheaf ﬁﬁ; (X) to be the Nisnevich sheafification of the presheaf
U [S™TAUL, X1, = [STAGH ANUL, X1

S0 T (X) = T 0(X) and 75 (X) = 72 (RQL X), 74" (X) = wh o (X).

Like in sSet., we set £ = X, := ST A (=), Q = Q, = Qg1 := Hom,(S*, -) : Spc‘fl (S) — LNiSSpc‘f1 (S) (where we view
S1 as a constant simplicial presheaf) to be the simplicial suspension and the simplicial looping functors. We sometimes
use the same symbols to denote their derived functors. We also have the T-suspension functor Yt := (P*,00) A (—).
We denote Qg,, := Hom, (G, —), Qr := Hom (T, —) : Spc‘f1 (S) — Spc‘f1 (S). Then Qr ~ Qg1 Q¢,, ~ Qg¢,, g1, and for
M e Abél,n > 1, we have Q1 K(M, n) ~ K(M,n — 1),Qg,, K(M,n) ~ K(M-1,n), QrK(M,n) ~ K(M-1,n — 1) If
S = Spec(k) for a perfect field k and X is A'-connected, then Wﬁ; (X) = Wfl (RQ{;MX) = (71'{*1 (X))=j,t=>1,7 >0 (see
[68, Theorem 6.13])H

The following can be found in [I §4.6], obtained by manipulating homotopy push-out diagrams, taking advantage
of the A'-contractibility of A™.

5To obtain the result for Qg,,, we find by the last formula in Section that Qg,, K(M, n)(U) = Map, ((hv)+ A G, K(M, n)) for
any U € 8Smg. Since there is a split exact sequence 0 — Z(U) — Z(U X Gy,) = Z((hv )+ A Gp) — 0, taking mapping space to K(M, n) in
sPreAb(C) we see that Map,, ((hy )4 A Gm, K(M, n)) = Map(Z((ht)4+ A Gm), K(M, n)) is the kernel of the map of simplicial abelian groups
KM(U x Gp),n) - KM(U),n) = K(M_1(U), n), hence the result.

O1t’s important to have Al-connectedness here, but see |8 Corollary 2.3] for other special cases.
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Proposition 3.2.1. In the pointed motivic model category Spc’j1 (S) there are the following A'-weak equivalences:
YGm =~ (P',00) ~ A'/(A'\ {0}) ~ P /A",
ST = 47 {0},
(P, 00)"" ~ B(A™ \ {0}) > S ~ S* AGH" ~ A" /(A™\ {0}),n > 1.
Let E — X be a vector bundle with sheaf of sections & which is a finite rank locally free Ox-module (so E =

Vx (&) := Specy (Symy, &), P(E) = Projx(Symy &")). The zero section gives a closed embedding X — E. We
define the Thom space as the pointed sheaf Th(F) = Th(E/X) := E/(E — X).

Proposition 3.2.2. Let X € 8Smg and let E — X be a vector bundle. Then, there is an isomorphism Th(E/X)
P(E @ Ak)/(P(E ® Ak) — X) in the pointed category of sheaves Shv(8mg,Nis). (here E ® Ak := E xx Ak ).
Proposition 3.2.3 ([69, Theorem 3.2.17]). Let S be a noetherian scheme of finite Krull dimension.
(1) Let X € 8mg, then there is a canonical isomorphism in Shv(Sms, Nis). (~ means A'-weak equivalence):
Th(A%/X) ~ S2 X, = (P!, 00)"" A X .

(2) Let X1,Xs € 8Smg and let Ey — X1, E2 — X be vector bundles. Then there is a canonical isomorphism in
S8hv(8mg, Nis).:

R

Th(E1 x E2/X1 X X2) 2 Th(E1/X1) A Th(E2/X3).
(3) Let X € 8mg and let E — X be a vector bundle, denotei: P(E) — P(E®AY) the closed embedding at infinity.
Then there is an A'-weak equivalence
P(E @ Ak)/P(E) = Th(E/X)
and thus we have an A'-homotopy cofibre sequence
P(E) — P(E® Ak) — Th(E/X).

In particular there is an A'-weak equivalence

]P)n/]P)n71 = SQn,n.
Moreover, let j : E — P(E @ AY) be the open complement of i, then there is a morphism q : P(E ® Ak) \
j(X) = P(E) such that qi = id which is a Zariski locally trivial A'-bundle.

Proposition 3.2.4. Let p: E — X be a map in Sms which a Zariski locally trivial affine bundle. Thenp: E — X is
an A'-weak equivalence.

Corollary 3.2.5. Let k be a field, then mapping a matriz to its last column gives an Al-weak equivalence in SpcAl (k)
SLyt1/SL, ~ A"\ {0},n > 1.

Recall that for a closed immersion i : Z — X with ideal sheaf .#, the normal bundle is Nz, x 1= Vz(A7z,x) over Z,
where A7, x = CKZV/X = Home,(€z/x,0z) is the normal sheaf and €z/x = f/ﬂ2 is the conormal sheaf. If i is a
regular embedding, then €, x, #z,x are locally free &z-modules of finite rank.

Theorem 3.2.6 (Homotopy purity). Let S be a noetherian scheme of finite Krull dimension, leti: Z — X be a (regular)
embedding in Sms. Then there is an A'-weak equivalence

X/(X —i(Z)) = Th(Ng/x).
Remark 3.2.7. For a proof of this result, see [69, Theorem 3.2.23]. This result can be viewed as a tubular neighbourhood theorem

in the motivic setting (note however that there is no such result for schemes in the Zariski site).

The following result about the long exact sequence of sheaves of motivic homotopy groups associated to an A'-
homotopy fibre sequence is of fundamental importance in motivic homotopy theory.

Theorem 3.2.8. Let k be a perfect field, let F — E % B be an A'-fibre sequence in the motivic model category
1 1

sPre(8my)«. There are the boundary map maps 0 : & B — 7% | F, which are a homomorphisms of sheaves of group

form =2, fitting into a long exact sequence

1 i 1 1 1 1 1 i 1 1
PN ) AN el LN Y Bgﬂ'ﬁ_lF—)"-%’ﬂf‘ B£>7r§ Fi o B2 2b B
This sequence is natural in the A'-fibre sequence F — E %> B. There is a (left) action of W‘le on 7T§1F.
Moreover, the exactness at ﬂoAlF can be strengthened as follows: for any local sections [u], [u'] of 7r§1 F, i([u]) =
i ([u']) € Tr(‘?lE iff [u] and [u'] are in the same orbit of some local sections of the T4 B-action.
Now we are ready to state the following result about Moore-Postnikov towers in the motivic model categories, which,

as in the classical topological setting, is a fundamental tool in obstruction theory. We only state the result for sPre(Smy).
but it also works for sShv(Smy)..

Theorem 3.2.9 (Moore-Postnikov systems in motivic model category). Let k be a perfect field, let F — E 2 B be
an A'-fibre sequence in the motivic model category sPre(Smy,)., with all of F, E,B being A'-connected and A'-fibrant.

Denote W‘flE =Geg Sr‘él. Then there is the Moore-Postnikov tower

dn+1 n dn—1
E—.. . L E ™E, , 5. .. 2 p 2 B 2% B,

in sPre(8my)«, and maps in : E — En, pn: B, — B with the following properties:
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(1) All the spaces E, are A'-fibrant, the maps qn,n > 1 are A'-fibrations, and po : Eo — B is an A'-weak
equivalence.

(2) in—1 = Qnin7pn71Qn - pnavn > 1.

(3) pnin =q,Yn € N.

En+1

2

E in En Pn B

(4) The A'-homotopy fibre F(gn) of gn (n > 1) is A'-weakly equivalent to K(wﬁl F,n), hence for each n > 1 we
have an A'-homotopy fibre sequence

K Fin) = By 2% By

(5) There are homotopy pullback diagrams in (sPre(8my) | BG) (with model structure induced from the Morel-
Voevodsky motivic model structure on sPre(Smy))

E, —BG

B —5% KG(WQIRn +1),
for a unique [kn+1] € [En-1, KG(WﬁlF,n + 1)]a1, for alln > 2.
(6) The map E — h(e)gg)l E, is a local weak equivalence hence an A'-weak equivalence.

Specializing to the case E = % or B = x, one gets respectively the Whitehead tower and Postnikov tower. Moreover,
by the above existence results, we have

(7) For any j <n, (in)« : 7T§\\1E = 7r§\\‘1 E,.

(8) Forany j>=n+2, (pn)x: W?lEn = 71'}*13.
(9) There are exact sequences

1 ) w 1 5 1
0w B, 2 2t B O M En >0,

where O is the connecting homomorphism in the homotopy long exact sequence of the homotopy fibre sequence
F—-E%B.
(10) There are A'-homotopy fibre sequences

F[n] - E, & B,

F(gn) = Fln] 2% Fln —1] (n > 1),
where the map qj, is induced from gn : E, — En,—1 and F[n] is the n-th stage of the Postnikov tower for F.

Remark 3.2.10. We make a few comments about the above result. First of all, we can assume from the beginning that E 4 B
is a genuine Al-fibration. The construction before Al-localization is done in [68, Appendix B], the proof relies on some finiteness
result, which can be found in [69], Theorem 2.1.37] and [68], Appendix B|, and for a modern discussion, see [58, Theorem 2.24 and
Corollary 2.25] or [67, Chapter 7|, which says that the (oo, 1)-topos of (oo, 1)-sheaves on the Nisnevich site of S has homotopy
dimension (in the sense of [57]) bounded above by dim(S), and in particular the (oo, 1)-topos of (0o, 1)-sheaves is hypercomplete.

Then by Morel’s tower construction for the Jardine model category, or for LyissPre(Smg). proj, we have a Moore-Postnikov
tower (E!) (on the simplicial level), for which the Al-localization maps E! — L1 E!, are local weak equivalences for all n by
analogs of (7)-(9) in that setting, which yield that m; E], € 9r‘]§1 for all j, and Theorem (note mp F' = ﬂ%lF etc.). We then
inductively factorize the map E;, — E/ | — En_1 to E], — Ep An, E,_1, the first map E/, — E, is an Al-weak equivalence
and hence necessarily a local weak equivalence, qn is an Al-fibration. Hence (E!) and (E,) have the same homotopy limit in
LNissPre(8mg)« proj- While the homotopy limit of (Ey) in LnissPre(8mg)« proj is also its homotopy limit in the motivic model
category. We obtain the delicate homotopy convergence statement (6).

Note that we don’t assume that ¢ induces an isomorphism on 7r‘1*1 or the homotopy fibre F' to be Al-simply connected. This
is seen by using Morel’s results applied to the first stage i1 : E — E1p (suitably reindex the stages), which then satisfies Morel’s
assumption, hence the homotopy convergence in our more general setting follows from Morel’s results as well.

Statement (5) needs a detailed study of fibrations with Eilenberg-Mac Lane spaces as fibers, the base of the universal fibration
is a kind of twisted Eilenberg-Mac Lane space; then the given fibration is pulled-back along the k-invariant—the homotopy class of
a map from the base to the universal base, see [68, Appendix B]. The claimed homotopy pullback diagrams are the same as those
given in [68] Appendix B, since all the vertices in the diagrams are locally weak equivalent to their Al-localization. In essence, this
implies that the towers in the Moore-Postnikov systems are then constructed stage by stage via these k-invariants. (In statement
(5), we don’t deal with the initial stage F1 A, Eo of the tower as we won’t use it , but the universal fibration does exist, it’s rather
complicated. For a description in classical topological setting, see [38), [39), 16, [75], [37]. Cf. Theorem )

Other statements can be formally deduced from the long exact sequence of sheaves of motivic homotopy groups associated to
an Al-homotopy fibre sequence (Theorem [3.2.8).

As in the classical topological setting, the Whitehead tower and Postnikov tower corresponding respectively to the special case
E = % and B = %, the precise statement of which we omit, are also quite often encountered in the study of motivic homotopy
theory, see e.g. [7].

This kind of result is also stated in [7}, @] in slightly different forms, where it’s used to deduce splitting results for vector
bundles over low dimensional smooth affine schemes over a perfect field.
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Example 3.2.11 (Examples of A'-homotopy sheaves). Here we summarize some explicit results of A*-homotopy sheaves
and/or homotopy sheaves of some spheres, algebraic groups and classifying spaces. Throughout, k is a perfect field, and

all A'-fibre sequences are in the motivic model category Spc‘f1 (k).

(1) There is an A'-fibre sequence
Gm = EGy — BGn.

We have, for i,j5 > 0,

A Gm, (17]) = (170)§
~ Al ~ GWH 1= 07 Al ~ ..
WZ(Gm) = (Gm) = 0 i>0 W (BGm) =< Z, (1,‘]) = (17 1)7
’ ' 0, else.

For detalils, see [8, Example 2.4].
(2) Forn > 2, we have
Gm, t=1;
1
m (P") =<0, i=0orl<i<mn;

MW s __
I<,n_;'_17 1T="N.

IS 0, 1 <n—1;
Uy A 0 =
(A {0) {K%W,izn—L
See [4, Proposition 2.22 and Lemma 2.23]. There are universal A'-coverings (hence A'-fiber sequences) G, —
A"\ {0} — P"! (sce [68] Lemma 7.5 and Theorem 7.13]). The sheaf ! (P') is highly non-commutative (see
[68, §7.3]) and there is a central extension

0= KW & 7t (PY) = Gy — 0.

(3) Forn > 1, SL, is A'-connected and BSL,, is A'-1-connected. The sequence SL,, — GL, ﬂ) Gy, induces an
A'-fibre sequence
BSL,, — BGL,, — BG,.
We have mt' (BGL,) 2 G,, and the inclusion SL,, < GL,, induces an isomorphism ' (BSL,,) ' (BGL»,)
fori > 1. ) )
Moreover, 7 (SLz) = KMV and n{ (SL,) = K3 for n > 3. For details, see [4, Lemma 3.9, 3.10,
Proposition 3.11 and Theorem 3.12]. Cf. [68 Remark 1.28].
(4) There are A'-fibre sequences
A"\ {0} ~ SL,41/SLy, — BSL,, — BSL,, 41
and
A"\ {0} ~ GL,41/GLy — BGL, — BGLpy1.
This gives the stability result: the map

Al Al

is an epimorphism for 1 < i < n and an isomorphism for 1 <i<n — 1.
(5) Forn > 1, we have

GL 1 *, i=0; *, 1 =0;

s =L 1 . 1 .

m; (BGL,) = { Z 7 (BGL2) 2 { G, i=1; 7 (BGLp) 2 Gy, i=1; (n>3).
*  iFL KYW, =2 KY, =

Thus BGLz is not A'-fibrant (or A'-local) and by Proposition , GL; ¢ 9r‘,§1. In general, the A’-
localization map BGL,, — L;j1BGL, is not a local weak equivalence and hence BGL,, doesn’t satisfy descent
for all Nisnevich hypercovers or the Nisnevich BG-property.

In some sense, A'-homotopy theory acts as a magical prism, separating a single homotopy sheaf of K(G,n) for
a Nisnevich sheaf of (abelian) groups to a sequence of strongly (strictly) A'-invariant sheaves of (abelian) groups—its
A'-homotopy sheaves. This reflects the complexity of A'-homotopy theory. In view of Proposition and one
should think of this as an advantage rather than a disadvantage, as one can then use our Moore-Postnikov decomposition
result to study problems stage by stage, once we know enough about the A'-homotopy groups involved.

By Proposition we see that for any U € 8mg, there is a canonical bijection

[U, BGLn]nis & Hyio(U; GLy),

the right hand side is the set of isomorphism classes of Nisnevich locally trivial GL,-torsors over U (here one may need
the fact that GL,, is a special group, so étale hence Nisnevich locally trivial GL,-torsors are also Zariski locally trivial),
thus is identified with the set V,,(U) of isomorphism classes of rank n vector bundles on U. As BGL,, is not A'-fibrant
in general, we don’t have [U, BGLy|nis = [U, BGLy]41, and if this is the case, then we would have V,,(U) = V,,(U x A'),
which says that the Bass-Quillen conjecture holds for U.

This cannot be true for arbitrary U. We give a simple example here (cf. [34] §(11.17)]): Let k be a field and U = P}
with standard affine open cover U = Spec(k[t]), U~ = Spec(k[t™']) (so UTNU™ = Spec(k[t,t7'])). Let A}, = Spec(k[u]),

-1 2

then g(t,u) := ( tt,lu v u_ ¢ ) € GLa(k[t,t™*, u]) defines a Cech 1-cocycle on Ph x AL with respect to the open cover

(U' xi AL, U™ xg A}), which gives a rank 2 vector bundle V on P} x; A; (by gluing the trivial rank 2 vector bundles
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0

over UT xj A} and U™ xy A, via g(t,u)). It’s easy to find that g(¢,0) = ( 1

_Ot > € GLa(k[t,t™']) is cohomologous

t_l

to ( t 1 ) € GLa(Kk[t,t™']), hence V|]p]1cx{0} >~ 0(1) ® 0(-1), while g(t,1) = ( -1 1It ) € GLa(k[t,t71]) is

cohomologous to ( t ) € GLa(k[t,t7']), hence V|P}fx{0} >~ (1) @ 0. By Grothendieck’s classification of vector

1
bundles over P}, we see that V|]P’i><{0} == V|]P’i><{1} (or computing the dimension of the spaces of global sections on the
two sides). So V is not in the image of the pull-back map V2(Py) — Vo(Ph xx AL).

On the other hand, if U is a smooth affine scheme over a perfect field k, then work of Morel [68] and later Asok-
Hoyois-Wendt [12] shows that this is indeed the case, and BGL,, represents the functor V,, after restricting to smooth
affine schemes over a perfect field k (this is a very lucky fact). These are deduced by studying the affine Brown-Gersten
property. We summarize the related results briefly in the next section.

3.3. Affine BG-property and affine representability results in A'-homotopy theory

In this section, we collect some results about affine representability results in A'-homotopy theory, pioneered by
Morel [68], Schlichting [80] and further developed by Asok-Hoyois-Wendt |12}, [13]. Most of the results below are from
[12} 13], though sometimes we don’t make it precise where a result is in those papers, and sometimes we only state a
result convenient for what we need (hence less general than the result in those papers).

We use Rnis (resp. Rzar) to denote a fibrant replacement functor of sPre(Smg) with Nisnevich (resp. Zariski) local
model structure (endowing Smg with the Nisnevich (resp. Zariski) topology).

We denote by Smaf the full subcategory of Smg consisting of (absolutely) affine schemes. It inherits a Grothendieck
topology from the Nisnevich site (Smg, Nis). The resulting topology is called the affine Nisnevich topology on Sm%¥. We
get the affine Nisnevich site (Sm%f, AfiNis). We similarly have the affine Zariski site (Sm3f, AfiZar) (which is just the
Zariski topology).

Using some technical results about Henselian pairs, it’s shown ([12] Proposition 2.3.2]) that the affine Nisnevich
topology on Sm3f is given by a cd-structure consisting of cartesian squares of the form

Spec(By) —— Spec(B)

| I (Qaff)

Spec(Af) —— Spec(A)

with f € A, 7 is étale and induces an isomorphism A/f = B/f, and where Spec(A) € Sm2f. Similar results hold for
(8m%T AffZar) with B replaced by A, (12} Proposition 2.1.3]) with (f,g) = Af + Ag = A.

The affine representability results presented in this section can be seen as a study of the relationship among the
affine Nisnevich site (Sm%, AffNis), the affine Zariski site (Sm%T, AffZar) and the Nisnevich site (Smg, Nis).

Definition 3.3.1 ([12] Definition 3.2.1]). Let F € sPre(Sm%¥¥). We say that F satisfies the affine (Nisnevich) Brown-
Gersten property (affine (Nisnevich) BG-property for short) or the affine Nisnevich excision property if
e F(@) is a weakly contractible,
e for any affine Nisnevich square as , the corresponding square F' is homotopy cartesian in sSet.
We say that F' € sPre(Smg) has this property if its restriction to Sm%T has this property.
We similarly have the affine Zariski BG-property or the affine Zariski excision property.

There is a Quillen pair
i : sPre(Smg )inj = sPre(SmE )inj © ix,
where ¢ preserves (sectionwise) weak equivalences and cofibrations, with derived adjunction (¢*,Ri.), where the right
derived functor is given by

Ri.F(V) = hocolim F(U)
Ue(SmafLv)

for F € sPre(Sm¥T), V € Sms, and is fully faithful (JT2, Lemma 3.3.1]). The functors (i*, Ri.) preserve those simplicial
presheaves having (affine) BG-property, and they restrict to an equivalence between the full sub-categories of the ho-
motopy categories consist of these simplicial presheaves ([12, Lemma 3.3.2]); we can call Ri.i*F for F € sPre(Smg) the
affine replacement of F' ([12] Remark 3.3.3|).

Theorem 3.3.2 ([12] Theorem 3.3.4]). Let F' € sPre(Smg).
(1) If F has the affine Zariski excision property, then the map F(X) — (RzarF)(X) is a weak equivalence for every
X € Smaf.
(2) If F has the affine Nisnevich excision property, then RzarF has the Nisnevich excision property.

Recall from Section that we have the singular A'-construction SingAl : sPre(8mg) — sPre(8mg) given by
(SingAl F)(U) := diag F(Ay) for U € Sms and F € sPre(Sms), so (SingAl F)n(U) = Fo(AD). There is a canonical
trivial A'-cofibration F — SingAl F.

Theorem 3.3.3 (J[12] Theorem 4.2.3|). Let F € sPre(Sms) (resp. F € sPre(Sm¥T)) be such that for every U € Smg
(resp. U € Sma), the map mo(F(U)) — mo(F(U x A')) is a bijection (i.e. the presheaf mo o F : U + mo(F(U)) is
Al-invariant). If F has the (affine) Nisnevich excision property, then SingAl F' has the same property.
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Proposition 3.3.4 (J12] Lemma 5.1.2]). Assume F € sPre(Smg) has the affine Zariski excision property. If F is
Al-invariant on Sm3E, then it is Al-invariant (on Smsg).
Theorem 3.3.5 ([12] Theorem 5.1.3]). Assume F' € sPre(Smg) has the affine Zariski excision property. If for every

U e 8m¥ no(F(U)) = mo(F(U x AY)) is a bijection, then Rzax SingAl F has Nisnevich excision property and is A'-
invariant (on 8mg). Moreover, for every U € Smf | we have a canonical isomorphism

To(F(U)) =5 [U, Fl.

For r € N, N > r, let Gr, n be the Grassmannian of r planes in a dimension N affine space, and denote the colimit
over all N by Gr,, called the infinite Grassmannian. The tautological vector bundles on Gr, n induces a “vector bundle”
(or a GL,-torsor) on Gr,. For every X € 8mg, we have a canonical map Hom(X, Gr;.) = Gr,(X) — V,.(X) (where V,.(X)
is the set of isomorphism classes of rank 7 vector bundles on X), which is surjective if X € Sm2. The following result
is (a special case of) [12] Theorem 5.2.3].

Theorem 3.3.6 (Affine representability for vector bundles). Let k be a perfect field and let U € Smif. Then, there is a
bijection
V. (U) =5 [U, Grrl

fitting into the following commutative diagram

Hom(U, Grr)

LT

Vo (U) ——— [U, Gry] 1,

where the other two arrows are the canonical ones, both of which are surjective.
Thus we have a natural isomorphism of functors

V(=) 22 [—, Grp]ar : (SmET)P — Set.

We say that F' € sPre(Sms) is A'-naive if the canonical map SingAl F — L1 F restricts to a sectionwise weak
equivalence on Sm%T (see [13] Definition 2.1.1]). If F € sPre(Sms). is A'-naive, then for every n € N and U € Sm¥!, we
have an isomorphism

m((Sing™ F)(U)) 2 [S" AUy, Flas ..

See [13] Lemma 4.2.4] for an interesting result about A'-naivety.

Proposition 3.3.7 ([I3] Proposition 2.1.3]). An object F' € sPre(Smg) is A'-naive iff SingAl F' has the affine Nisnevich
excision property. If this is the case, then Rgzar SingAl F has the Nisnevich excision property and is A*-invariant (on
Smg ).

Proposition 3.3.8 ([13] Proposition 2.2.1 and Corollary 2.2.2]). Let FF — G — H be a sequence in sPre(Smg). (or
sPre(Smaft), ) that is a sectionwise homotopy fiber sequence. If the presheaf oo H : U — mo(H(U)) is A'-invariant, then
the induced sequence
1 1 1
SingA F— SingA G — SingA H

is also a sectionwise homotopy fiber sequence. Moreover, the canonical map

Sing"’ RQ.H — RQ, Sing"’ H
is a sectionwise weak equivalence.

Theorem 3.3.9 ([13| Theorem 2.2.4, 2.2.5]). Let F — G — H be a sequence in sPre(Smg). that is a sectionwise
homotopy fiber sequence.

(1) Assume that G, H satisfy affine Nisnevich excision, and that the presheaves mo o G, mo o H are A'-invariant on
Smf. Then F is A'-naive.

(2) Assume that H satisfies affine Nisnevich excision, and that the presheaf wo o H is A'-invariant on Sm¥. Then
F — G — H is an A'-fiber sequence, i.e. Lyn F — L1 G — Ly H is a sectionwise homotopy fiber sequence.

For a commutative ring R, let SO,, be the split special orthogonal group over R.

Proposition 3.3.10 (|13, Lemma 3.1.7]). Let R be a commutative ring with 2 € R* and let SO, be the R-subgroup
scheme of GL,, consisting of automorphisms of the standard hyperbolic form q,. Assume that n > 3.

(1) The quotient SO, / SOn—1 is isomorphic to a quadric hypersurface in A% defined by g, = 1.
(2) The projection morphism SOy — SO, / SOn—1 gives SO, the structure of a Zariski locally trivial SOpn—1-torsor
over the quotient hypersurface.

Theorem 3.3.11 (Affine homotopy invariance for torsors). Let k be an infinite field, let G be an isotropic (see [13]
Definition 3.3.5]) reductive k-group. Then Hizs(—; Q) is A'-invariant on Sm¥. So Hiy(—; G) is also A'-invariant on
Sm2 for any S € Smaf,
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This corresponds to [13, Theorem 3.3.7]; if moreover k is perfect, then it has a converse, see [13] Remark 3.3.8]. We
also mention that there are more general results for some classical group schemes in [13, Theorem 3.3.1 and Theorem
3.3.3]. These kinds of results need a detailed study of certain group schemes.

The following affine representability result for torsors is [I3] Theorems 2.3.5 and 4.1.3]. There are more general
results for classical groups SLy,, Sp,,, in [13, Theorems 4.1.1 and 4.1.2], with weaker (though more technical) assumptions,
giving affine representability results in A'-homotopy theory for oriented vector bundles and symplectic vector bundles.

Theorem 3.3.12 (Affine representability for Nisnevich locally trivial torsors). Let G be a finitely presented, smooth
S-group scheme, such that the presheaf Hy(—; G) is A'-invariant on Sm¥f. Then
(1) Rzar SingAl BrisG has the Nisnevich excision property and is A'invariant (on 8mg ), where BnisG = RnisBG
is a fibrant replacement of BG in sPre(Smg) .
(2) For U € 8Sm¥¥ there is a bijection

Hll\ris(UéG) - (U, BG4,
giving a natural isomorphism of functors
Hiio(—; G) = [, BG]a1 : (SmET)P — Set.
The assumption is satisfied if S = Spec(k) for an infinite field k, and G is an isotropic reductive k-group.
Theorem 3.3.13 (Affine representability for homogeneous spaces). Let G be a finitely presented, smooth S-group scheme
and H C G a finitely presented, smooth, closed S-subgroup scheme, such that the quotient G/H ezists as an S-scheme.

Suppose that the map G — G/ H is Nisnevich locally split and that the presheaves Hyys(—, G), Hiys(—, H) are A'-invariant
on 8m¥*. Then G/H is A'-naive. Thus we have an isomorphism

mo((Sing®’ G/H)(U)) = [U,G/H],1.

This result corresponds to [13] Theorem 2.4.2]. There are various concrete situations where it applies: [13, Theorem
4.2.1,4.2.2, 4.2.10, 4.2.12, 4.3.1].

Proposition 3.3.14 ([13] Corollary 4.2.6]). Let k be a perfect field, R be a smooth k-algebra. Then A%\ 0 is A'-naive.
Thus for U € Sm3 | there is a canonical bijection

mo((Sing™ AR\ 0)(U)) = [U, A% \ O],

See [13] Proposition 4.2.8] for a result about connectivity of (SingAl AR\ 0)(U).
For a commutative ring R and a smooth linear R-group scheme G, the Karoubi- Villamayor nonstable K -theory
functor is given by

KVS, (U) := mi((Sing® G)(U)),U € Smp,i > 1.

Theorem 3.3.15 (I3 Theorem 4.3.1]). Let k be an infinite field, let G be an isotropic reductive k-group. Then G is
A'-naive and for any U € SmiT, there are canonical isomorphisms

KV (U) =[S AUL, Gl

Theorem 3.3.16 (|13l Theorem 4.3.3]). Let k be an infinite field, let G be an isotropic reductive k-group. Then for all
n > 0, the Zariski sheafification of the presheaf

U s m,((Sing® G)(U))

on 8my, is a Nisnevich sheaf, which is a strongly A'-invariant sheaf of groups.

3.4. Elements of Hermitian K-theory

In this section, we collect some fundamental results of Schlichting’s papers [77, [78), [79], [81] about Hermitian K-
theory (aka. higher Grothendieck-Witt groups) in the general framework of exact categories with weak equivalences and
duality and also specialized to results about schemes.

In the following, we fix an exact category with weak equivalences and duality (&, w,*,n) (see [78, §2.3]). To
such a quadruple, we associate the Grothendieck-Witt space GW (&, w,*,n) (|78 §2.7], see also the “hermitian Q-
construction” Q" in [77, §4.1] in the setting of exact categories with duality). Its homotopy groups mGW (&, w, *,n) =:
GW;(&,w,*,m)(i > 0) are called higher Grothendieck-Witt groups of (&, w,*,n). This construction is functorial with
respect to (€, w,*,n) (|78 §2.8]). The 0-th group GWo (&, w, *,m) has a concrete presentation (|78, Definition 1| and
[78l, Proposition 3, p.369|, or [77, Proposition 4.11]).

Also, to an exact category with weak equivalences (&, w), we can associate a category with weak equivalences and
duality (HE, w) such that its Grothendieck-Witt space GW (HE, w) is homotopy equivalent to the K -theory space K(&, w)
([78) Proposition 1, p.360]).

We have the exact category with weak equivalences and duality of admissible short complexes (sCx(&), w, *,n) ([78|

§3.1]).

Theorem 3.4.1 (Additivity for short complexes (|78 Theorem 4])). Let (&, w,*,n) be an exact category with weak
equivalences and duality, then there is a homotopy equivalence GW (sCx(&), w, *,m) ~ GW (&, w, *,n) x K(&,w).

See [77, Theorem 7.1, 7.2] for additivity results on exact categories with duality.
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Theorem 3.4.2 (Cofinality (|78 Theorem 7, p.383])). Let (€, w,*,n) be an exact category with weak equivalences and
duality which has a symmetric cone (|78, Definition 4, p.373]). Let A C Ko(€,w) be a subgroup closed under the duality
action on Ko(&,w), and let €4 C &€ be the full subcategory of those objects whose class in Ko(E,w) belongs to A, it
inherits the structure of an exact category with weak equivalences and duality. The induced map on Grothendieck- Witt
spaces GW (Ea,w, x,n) = GW(E, w, *,m) induces isomorphisms on m; for i > 1 and a monomorphism on mo.

See [T7| Corollary 5.2| for cofinality result on exact categories with duality.

Let (€, *,m) be an exact category with duality (see [77, Definition 2.1]). We can view it as an exact category with
weak equivalences and duality (&,4,#,7), with ¢ being the class of isomorphisms in &. Let Ch"(&) be the associated
category of bounded (cohomological) chain complexes, whose objects are of the form

(B,d): = Ent 25 By 9% By = - dpdny = 0.

Writing quis = quis(&) for the class of quasi-isomorphisms, we get an exact category with weak equivalences (Ch® (&), quis).
For each n € Z, the duality (x,7) of € induces a (naive) duality (™, ™) on Ch”(€) as follows: for a map of chain complexes
f(EB,d) = (E,d),
o R — . n(n-1)
(E" )i=(E-izn)",(d" )i =(deicn)", (f7 )i = (foion) s (E)i = (=1) " 2 nm,.
We get an exact category with weak equivalences and duality (Ch®(&), quis, *™,n™) (|78} §6.1]). For n = 0, we simply
write (x,n) for (™, n").

Proposition 3.4.3 (|78, Proposition 6]). For an exact category with duality (€,*,m), the natural duality preserving
exact functor (€,14,%,n) — (ChP(&), quis, *,1) induces a homotopy equivalence of Grothendieck- Witt spaces

GW (&, *,n) ~ GW(Ch"(&), quis, %, 7).

Now we turn to the categories obtained from schemes (|78, §8.1]). Let X be a scheme, &/ = &/x a quasi-coherent
Ox-algebra (not necessarily commutative, and the stalk of & need not be a local ring) with involution (_) s — AP
L a line bundle on X, Z C X a closed subscheme with open complement U = X \ Z, and let n € Z. Let Vect(&) be
the category of &7-vector bundles, i.e. those quasi-coherent left o/-modules F for which F(V) is a finitely generated
projective o7 (V')-module for every open affine V' C X (such an /-vector bundle F' need not be locally free). Of course,
if & = Ox, then Vect(#) is the usual exact category of vector bundles on X.

A strictly perfect complex of «7-modules is a bounded left dg «7-modules M with each M,, being an .&/-vector bundle.
We get the category sPerf(</) of strictly perfect complex of «7-modules.

We define &/L[n] := & ®e, L[n], it’s a dg «/-bimodule given on local sections by the formula a(z ® )b =
(—1)"*1"azb®1. There is a dg o7-bimodule isomorphism i : &/ L[n] — (.« L[n])°P given by i(a®l) = a®l, clearly i°?oi = 1.
Then for € = +1, (&/L[n], €i) is a duality coefficient for &7 -Mod. For M € sPerf(«/), define ML := [M°?, &/ L[n]] .
(see [78l §7.2] for the notation), which is also a strictly perfect complex of «/-modules. We obtain an exact category
with weak equivalences and duality (sPerf(e7), quis, *, 8¢, cang rin),;). fn =0, or e =1, or L = Ox, we will omit the
corresponding symbol from the notation. By restriction, we get an exact category with duality (Vect(«/), fer).

We say that M € sPerf(«/) has cohomological support in Z if the restriction M|y of M to U is acyclic. Write
sPerf(« on Z) for the category of all strictly perfect complexes of «/-modules M having cohomological support in Z.
Again by restriction, there is an exact category with duality (sPerf(e/ on Z), quis, {1, can gy pjn),e;). Its Grothendieck-
Witt space is denoted :GW" (& on Z, L) (again we can omit some symbol from the notation in special cases, if Z = X,
we omit “on Z” also).

Proposition 3.4.4 (|78, Corollary 1, p.408]). There are functorial homotopy equivalences of Grothendieck- Witt spaces
GW*™ (o, L) ~ GW (Vect(/), 1, canr), GW*" 2 (o7, L) ~ GW (Vect (), 1, —cany).

We say that a scheme X has an ample family of line bundles if there is a finite set of line bundles {Li, -+, L,}
on X, with sections s; € I'(X, L;) such that the open sets X, are affine and cover X (examples include schemes quasi-
projective over an affine scheme, or regular separated noetherian schemes). In this case, X has a basis for its topology
consisting of open affine sets of this form. Such a scheme X is necessarily qcgs, and any of its subscheme also has
an ample family of line bundles. The category Qcoh(«f) of quasi-coherent left o/-modules is a Grothendieck abelian
category with a generating set of the form o/ ®e¢, L¥ k < 0,1 <4 < n (in the sense that every quasi-coherent left
«/-module admits an epimorphism from one which is a direct sum of -modules in this generating set). We denote by
DQcoh(«) the (unbounded) derived category of Qcoh(«7), and if Z C X is a closed subscheme with quasi-compact open
complement U = X \ Z, we write DzQcoh (&) for the full triangulated subcategory of those complexes of quasi-coherent
left /-modules whose restriction to U are acyclic (see [78], §9.4, p.414]).

For our later use in Chapter 4, we focus on affine schemes, over which every line bundle is ample, so the results can
be applied there.

Theorem 3.4.5 (Localization (|78, Theorem 10, p.409])). Let X be a scheme with an ample family of line bundles,
Z C X a closed subscheme with quasi-compact open complement j : U = X \ Z < X. Then for every n € Z, there is a
homotopy fibration of Grothendieck- Witt spaces

GW"™(/ onZ, L) — GW"(</, L) — GW"(|v, " L).
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Theorem 3.4.6 (Zariski excision (|78 Theorem 11])). Let X be a scheme with an ample family of line bundles, Z C X
a closed subscheme with quasi-compact open complement. Then for every n € Z and every quasi-compact open subscheme
j:V — X with Z C V, restriction induces a homotopy equivalence of Grothendieck- Witt spaces

GW"( onZ,L) ~ GW"(|v on Z,j*L).

Proposition 3.4.7 (|78, Proposition 8, p.416]). Let X be a scheme with an ample family of line bundles {L1,--- ,Lxn},
with sections s; € I'(X, L;) such that the open sets X, are affine and cover X. Then DQcoh(&/) is compactly generated
(I8, §9.5]) by the set of objects { o ®e, LE[j]:j € Z,k <0,1<i<n}.

Moreover, the inclusion Vect(&/) C Qcoh() induces a fully faithful triangle functor D®Vect(2/) C DQcoh(&), with
essential tmage the full triangulated subcategory D°Qcoh(&) of compact objects in DQcoh(<).

Proposition 3.4.8 (|78, Lemma 16, p.418]). Let X be a scheme with an ample family of line bundles, Z C X a closed
subscheme with quasi-compact open complement X \ Z, j : U — X the inclusion of a quasi-compact open subscheme
containing Z. Then we have an equivalence of triangulated categories
7" : DzQcoh(«/) — DzQcoh(«|v)

with quasi-inverse Rj..
Proposition 3.4.9 (78| Proposition 9, p.419]). Let X be a scheme with an ample family of line bundles, Z C X a closed
subscheme with quasi-compact open complement X \ Z, j : U — X the inclusion of a quasi-compact open subscheme.

(a) Restriction of vector bundles induces a cofinal and fully faithful triangulated functor

j" : D(sPerf(« on Z), U -quis) — D(sPerf(«/|y on Z N U), U -quis).
(b) The triangulated category DzQcoh(7) is compactly generated and the triangulated functor
D(sPerf (< on Z), quis) — DzQcoh (<)
1s fully faithful with essential image the full triangulated subcategory DS Qcoh(e?) of compact objects in D zQcoh(
(¢c) If Z C U, then restriction of vector bundles induces an equivalence of triangulated categories
j" : D(sPerf(« on Z), quis) < D(sPerf(& |y on Z N U), quis).

Proposition 3.4.10 ([78] Corollary 2, p.421]). Let X be a scheme with an ample family of line bundles, Z C X a closed
subscheme with quasi-compact open complement X \ Z, j : U — X the inclusion of a quasi-compact open subscheme.
Let M be a chain complex of quasi-coherent left o7 -modules such that the restriction j*M € sPerf(</|yonZ NU). If
the class [j*M] € Ko(«/|uvonZ NU) is in the image of the map Ko(«/ on Z) — Ko(o/|vonZ NU), then there is a
U -quasi-isomorphism A — M with A € sPerf(</ onZ).

Proposition 3.4.11 (|78, Proposition 10]). Let X be a scheme with an ample family of line bundles, Z C X a closed
subscheme with quasi-compact open complement X \ Z, j : U — X the inclusion of a quasi-compact open subscheme.
Then for any line bundle L on X and any n € Z, restriction defines a non-singular exact form functor

(sPerf(e/ on Z), U -quis), fi7.) — (sPerf(«/|v on Z NU), U -quis), {7 1.)

which induce isomorphisms on higher Grothendieck- Witt groups GW;,i > 1 and a monomorphism on GWy.
If Z C U, then this form functor induces isomorphisms for all higher Grothendieck- Witt groups GW;,7 > 0.

Proposition 3.4.12 (|78, Theorem 13, p.424]). Let X be a scheme with an ample family of line bundles, Z C X a
closed subscheme with quasi-compact open complement X\ Z, L a line bundle on X and n € Z. Then there is a homotopy
fibration of Grothendieck- Witt spaces with contractible total space

GW" (o on Z,L) - GW"(C« onZ,L) - GW" (S« on Z, L).
(See |78l §10.1, p.423] for the definition of the rings C,S.)

For a scheme X with an ample family of line bundles, Z C X a closed subscheme with quasi-compact open comple-
ment X \ Z, L a line bundle on X and n € Z, the Grothendieck- Wiit spectrum GW™ (& on Z, L) of symmetric spaces
over o/ with coefficients in the n-th shifted line bundle L[n] and support in Z is the sequence GW™ (5%« on Z, L),k € N,
with bonding maps GW™ (& on Z, L) = QCGW" (S« on Z, L). It’s an Q-spectrum ([78, Definition 8, p.430]). We have

GWZ (e on Z,L), 7> 0;

mGW" (' onZ, L) = » 7
GWZ(S™'e/ on Z,L), i<0.

Moreover, there are natural homotopy equivalences of spectra GW™ (<7 on Z, L) ~ GW" (&7 on Z, L). Below we will
need the notion of model structure on the category of spectra, see [46] for a rather general treatment about this.

Theorem 3.4.13 (Localization ([78 Theorem 14, p.431])). Let X be a scheme with an ample family of line bundles,
Z C X a closed subscheme with quasi-compact open complement j : U = X \ Z — X. Then for every line bundle L on
X and n € Z, there is a homotopy fibration of Grothendieck-Witt spectra

GW"™(/ on Z, L) — GW" (7, L) — GW™(/|v, 5°L).

Theorem 3.4.14 (Zariski excision ([78] Theorem 15])). Let X be a scheme with an ample family of line bundles, Z C X
a closed subscheme with quasi-compact open complement X \ Z, L a line bundle on X and n € Z. Then for every open
subscheme j : V < X containing Z, restriction of vector-bundles induces a homotopy equivalence of Grothendieck- Witt

spectra
GW™(# onZ,L) ~ GW"(|v,j"L).

).
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Theorem 3.4.15 (Mayer-Vietoris for Zariski open covers ([78 Theorem 16])). Let X be a scheme with an ample family
of line bundles, U,V C X are quasi-compact open subscheme with U UV = X, L a line bundle on X and n € Z. Then
restriction of vector bundles induces a homotopy cartesian diagram of Grothendieck- Witt spectra

GW"™ (o, L) — GW"(|v, L)

l i

GW™ (v, L) —= GW" (< |unv, L).

Corollary 3.4.16 ((|78, Theorem 1])). Let X be a scheme with an ample family of line bundles, U,V C X are quasi-
compact open subscheme with U UV = X, then there is a long exact sequence

We mention the following interesting general results about the “hermitian Q-construction” Q" of exact categories with
duality and their Grothendieck-Witt space in [77]: Theorem 6.1 (on Dévissage), Theorem 8.2, Lemma 8.10, Proposition
8.11, Corollary 8.18, Theorem 9.7 and Theorem 9.11.

In [79], Schlichting develops (shifted) Grothendieck-Witt groups for dg categories with weak equivalences and duality
([79] Definition 1.37]) and for of triangulated categories with duality ([79] Definition 3.1]), basically along the same line
as above. The 0-th Grothendieck-Witt groups are defined in [79] Definitions 1.39, 3.5] via presentations.

To a dg category with weak equivalences and duality it is associated a triangulated category with duality ([79)
Lemma 3.6]), having isomorphic 0-th Grothendieck-Witt groups (|79, Proposition 3.8]). The shifted version is defined
in |79] Definition 3.11], and again having isomorphic 0-th Grothendieck-Witt groups (|79, Corollary 3.13]).

In all degrees the Grothendieck-Witt groups are given in [79], Definitions 5.4, 5.7] via (shifted, when 2 is invertible
in the category) Grothendieck-Witt spectra, being stable homotopy groups of these spectra. There is the cup-product
pairing of these spectra (|79}, §5.4]). Cup-product with the Bott element 1 gives an algebraic Bott sequence (|79, Theorem
6.1]) and isomorphisms between different Grothendieck-Witt and Witt groups (|79, Proposition 6.3]). We record the
former below.

Theorem 3.4.17 (Algebraic Bott sequence / Karoubi periodicity sequence). Let A be a dg category with weak equiva-
lences and duality for which % € A. Then the sequence of spectra

awiiu) L KA) L awint(4) 2= st A awit(Aa)
is an exact triangle in the homotopy category of spectra.

There are interesting relations between the spectra associated to certain functors between the dg categories with
weak equivalences and duality in [79] Lemma 6.4, Theorem 6.5, Theorem 6.6, Proposition 6.8]. One defines the L-theory
spectra as the localization of the Grothendieck-Witt spectra with respect to the Bott element 7, see [79, Definition 7.1,
Proposition 7.2].

There are bispectra GW, called Karoubi- Grothendieck- Witt spectra associated to dg categories with weak equivalences
and duality in which 2 is invertible ([79] Definition 8.6]), whose (stable) homotopy groups are given in [79], Proposition
8.7). Again there are interesting relations between the GW bispectra associated to certain functors between the dg
categories with weak equivalences and duality in [79] Theorem 8.9, Theorem 8.10, Proposition 8.15] and an algebraic
Bott sequence (|79, Theorem 8.11]), the (stabilized) L-theory spectra (|79} Definition 8.12]).

For a scheme X with an ample family of line bundles as before with 2 invertible in I'(X, Ox ), when specialized to
the case & = &/x = Ox, then sPerf(X on Z) := sPerf(& on Z) is just the category of bounded complexes of vector
bundles (locally free &'x-modules of finite ranks); below we write X in place of & in our notations before. Thus there are
the n-th shifted Grothendieck-Witt spectra and Karoubi-Grothendieck- Witt spectra of X with coefficients in a line bundle
L: GWI"(X, L) and GW!™ (X, L). Their (stable) homotopy groups are denoted by GW!™ (X, L) and GW!" (X, L) (79,
Definition 9.1]). For ¢ > 0, they are isomorphic (|79, Proposition 9.3]).

We record the following important results in [79] §9, 10], which are relevant in A'-homotopy theory.

Theorem 3.4.18 (Localization for vector bundle Grothendieck-Witt groups (for GW) [79] Theorem 9.5]). Let X be a
scheme with an ample family of line bundles and assume 2 is invertible in I'(X, Ox). Let Z C X be a closed subscheme
with quasi-compact open complement j : U = X \ Z — X. Then for every line bundle L on X and n € Z, there is a
homotopy fibration of Karoubi-Grothendieck- Witt spectra

GW"(Xonz, L) - GW" (X, L) - GW™(U, 5 L).
Theorem 3.4.19 (Nisnevich Mayer-Vietoris for GW [79], Theorem 9.6]). Given a Nisnevich square
V—Y
L)
U—1sx,

where j is an open immersion, p is étale and the restriction Y —V 2 (X —U) is an isomorphism with both sides being
equipped with the reduced scheme structures. Assume that X has an ample family of line bundles and that 2 is invertible
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in I'(X,0x). Let Z C X be a closed subscheme with quasi-compact open complement j : U = X \ Z — X. Then for
every line bundle L on X and n € Z, there is a homotopy cartesian diagram of Karoubi-Grothendieck-Witt spectra

GWN (X, L) —— GWM(U, L|v)

| |

GWI(Y,p*L) ——= GW(V, p* L|v).

Theorem 3.4.20 (Nisnevich descent for GW [79], Theorem 9.7]). Let X be a scheme of finite Krull dimension with an
ample family of line bundles and 2 is invertible in T'(X, Ox). Then for every line bundle L on X and n € Z, the map
on global sections of a globally fibrant replacement for the Nisnevich topology of the Karoubi-Grothendieck- Witt spectra
functor GW(—, L) on the small Nisnevich site on X is a stable equivalence:

GWIM(X, L) = Hyis (X, WM (-, 1)).

Theorem 3.4.21 (Homotopy Invariance for GW [79], Theorem 9.8]). Let X be a scheme with an ample family of line
bundles. Assume that 2 is invertible in I'(X, Ox). Then for every line bundle L on X and n € Z, the projection
p: X x A = X induces a stable equivalence of Grothendieck- Witt spectra

ewl(x, L) = awl" (X x A',p*L).

Theorem 3.4.22 (Mayer-Vietoris for regular blow-ups of GW |79 Theorem 9.9]). Consider a cartesian diagram of
schemes

vy Lo x

y — ‘s X,
where i is a closed immersion and p is the blow-up of X alongi. Assume that X has an ample family of line bundles and
that 2 is invertible in T'(X, Ox) (then the same is true for each of Y, X', Y'). If i is a reqular embedding of codimension
d, then for every line bundle L on X and n € Z, the above diagram induces a homotopy cartesian diagram of Karoubi-

Grothendieck- Witt spectra
GWM(X, L) ———= GWM(v,i* L)

l |

GW (X', p*L) —= GWI (v, j*p L),

3.5. A little stable motivic homotopy theory

In this section, we discuss briefly the theory of T-spectra on the pointed model category sPre(C). for a given site
(€, T), which is the study of the stable model category Spt,(Cr) := 8pty(sPre(C).). We are mainly interested in the case
when the parameter object T = S* or T = (]P’l, 00), following [50, Chapter 10]. We mention also that there is the general
theory of T-spectra on a pointed model category M (with T' € M a parameter object)—the study of the stable model
category Sptp(M), see e.g. [46].

For a fixed parameter object T' € sPre(C)., a T-spectrum is a sequence X = (X")nen in sPre(C)., together with
bonding maps opn : T AX™ — X" X™ is called the level n part of X. A morphism of two T-spectra f : X — Y is a
sequence ™ : X™ — Y™ of morphisms in sPre(@). which respect the respective bonding maps: f"*'o, = o.(T A f™).
We obtain the category Spty(Cc) of T-spectra. The category Sptg:(Cr) of S'-spectra is the same as the category of
presheaves of spectra as in [50L §10.1]. In stable motivic homotopy theory, we are mainly using T = S*, G, or P'.

We say that a morphism of T-spectra f : X — Y is a level weak equivalence (resp. level fibration) if each map
fT: X" = Y" is a weak equivalence (resp. fibration) in the Jardine model structure on sPre(C)..

For K € sPre(C). and X = (X") € 8pty(Cx), we define XAK € 8pt(Cx) by letting (XAK)"™ := X"AK with bonding
maps given by o, A K. We also define Qg X € 8pty(Cr) (called the “real” T-loop spectrum in |50, p. 374] with different
notation) by letting (Qx X)™ := Hom, (K, X™) = Qx(X™) with bonding maps T A Hom, (K, X™) — Hom, (K, X"™)
given as the composite 7' A Hom, (K, X™) = Hom, (K, X") AT — Hom, (K,T A X™) Lon)x, Hom, (K, X™t!), where 7 is
given by flipping the smash factors and the middle arrow is adjoint to the map Hom, (K, X™) In, Hom (TAK, TAX").

The T-spectra category Sptr(Cr) has a simplicial structure given as follows: for K € sSet, we define X ® K :=
X ANK, X5 = Qg X € 8pty(Cqr); for X,Y € 8pty(Cr), Map(X,Y ), = sPre(€).(X A A%},Y). With level weak
equivalences and level fibrations, they make the T-spectra category Spt;(C:) a cofibrantly generated proper simplicial
model category (|50, Proposition 10.15]). We call this model structure the strict model structure. In fact, it’s more than
a simplicial model category: the functor A : Spt(Cc) X sPre(€). — Spt(C<) is a Quillen bifunctor in the sense of [45]
Definition 4.2.1] (see [50, Lemma 10.16]). Related to this, there is a bifunctor .7om : Spt,.(C<)°? X 8pty(Cr) — sPre(C).
given by #om(A, X)(U) = Map(AA Uy, X).

Given K € sPre(@)., we have the suspension T-spectrum L7 K with (S K)™ = T"" A K, where T"™ = §°, T"" =
T A--- AT (n-fold smash power). The sphere T-spectrum is St = £ S°. We have LK = St A K.

The strict model structure on the T-spectra category Spt,(Cr) is not interesting for our purpose, since it depends
loosely on the parameter object T for which smashing with T is not invertible in the homotopy category. It’s more
useful (and is used as an intermediate step) to stabilize and localize with respect to some cofibration f : A — B in
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sPre(C). (typically the map 0 : * — A" when working on motivic homotopy theory), for which we refer to [50, Theorem
10.20, Examples 10.22 and 10.23, Theorem 10.36], where the author presents very general results about the stable model
structure and the f-local stable model structure on the T-spectra category Sptr(C<) and their nice homotopical properties.
The stabilization procedure is to make the smashing with 7" and the shifting operations on T-spectra invertible in the
resulting stable homotopy category; the f-localization is to make f invertible. There are very general results of Jardine
to make these precise, which we don’t spell out; rather, see [50, §10.3 and §10.4] or [49] for some detailed treatment.
We only state the following result (|50}, Corollary 10.26]) for later use.

Proposition 3.5.1. A T-spectrum X = (X™") € 8pty(Cx) is stable f-fibrant iff X is level f-fibrant and the adjoint
bonding maps (on)x : X™ — Qr X" are local weak equivalence (or sectionwise weak equivalence) of pointed simplicial
presheaves.

Specializing to the stable motivic homotopy theory, in which case € = Smg with the Nisnevich topology (where S
is a noetherian scheme of finite Krull dimension) and T = P' = (P, 00), f is 0 : * — A, we obtain the stable motivic
model category of motivic P*-spectra, whose homotopy category we denote by 8H(S). The above result then becomes
the following.

Proposition 3.5.2. A motivic P*-spectrum X = (X™) € Sptp (Sms) is stable A'-fibrant iff X is level A'-fibrant and
the adjoint bonding maps (on)« : X" — Qp X" are local weak equivalences (or even sectionwise weak equivalences) of
pointed simplicial presheaves.

For more on the foundations of the stable motivic homotopy category, see [50, Examples 10.38, 10.39 and 10.41]
and [49].

As the ordinary stable homotopy theory, the stable motivic homotopy category is quite useful, it is the suitable
category in which many important theories are representable, among which are: the motivic cohomology theory, the
algebraic K-theory (and Hermitian K-theory) and the algebraic cobordism. All these can be found in Voevodsky’s
excellent 1998 ICM address [92]. We state here the result for the algebraic K-theory for later use.

Proposition 3.5.3. There is a motivic P*-spectrum KCGL = (BGL x Z) € Sptpi (Sms) all of whose levels are BGL x Z.
This motivic P*-spectrum KGL represents Quillen’s algebraic K-theory if the base scheme S is reqular: for any X € Smg,
we have a canonical bijection

K;(X) = mRMap(S55 X4, KGL) 2 [$° A X4, BGL X ZJ41 .

Also, Schlichting’s work on Hermitian K-theory (or higher Grothendieck-Witt groups) yields the following motivic
P'-spectrum (see [81, Theorem 3]).

Proposition 3.5.4. Assume S is a regular noetherian separated scheme of finite Krull dimension with 2 € Os(S)*.
Then there is a motivic P'-spectrum KGW = (GW™) € Sptp (Sms), whose levels are 4-periodic: GW™ =2 GW™* and
we have

GrOxZ, n=0, O, n =20,
Sp/GL =1 GL/O), =1
awn e SP/GL =L g ewn o OO n= 1
BSp xZ, n=2, Sp, n=2,
0O/GL, n =3, GL/Sp, n = 3.

Here (GL/O),, denotes the étale (or scheme theoretic) quotient and GrO is the infinite orthogonal Grassmannian (over
S).
Moreover, .
GWH(X)=[S"ANX,GW"]41 ,,VX € 8ms.






Chapter 4

Enumeration results of non-stable vector bundles

We already stated in the introduction the Serre splitting and Bass cancellation theorems in the classical theory of
commutative rings and finitely generated projective modules. In this chapter, we apply the super-sophisticated formalism
discussed so far to some related problems. Precisely, we re-examine the cancellation property of a projective module
by translating the problem into the motivic homotopy language, and study in detail the homotopy type of the related
mapping spaces, yielding an algebraic description of the set of isomorphism classes of vector bundles (of a given rank)
which represent a given stable vector bundle. Then using cohomological tools, we give cancellation results for projective
modules. We also study cancellation properties of symplectic vector bundles in a similar fashion.

4.1. Homotopy type of some motivic spaces and some derived mapping spaces
Recall from Example [3.2.11] that we have the following A'-homotopy fiber sequence (see [68] §8.2]):
A"\ 0 — BGL, — BGLy41.

From this and the computation of the first few A'-homotopy sheaves of the motivic sphere A"\ 0 (see [68] Corollary
6.43))

MW I
Kn+17 1= ’)’L,

W?I(Anﬁﬂ\o): {07 ’L<7’L,

we see that the induced map of A'-homotopy sheaves
Al Al
is an isomorphism if j < n and a surjection if j = n.
Thus also, the induced map
1 1
7 BGL, — 7} BGL
is an isomorphism if j < n and an epimorphism if j = n.
Let F, be the A'-homotopy fiber of the canonical map ¢, : BGL, — BGL, so that we have an A'-homotopy fiber

sequence
F, — BGL,, — BGL,.
From the above results, we see that
™ F,=0j<n.
We now compute the next A'-homotopy sheaf of F,,. By Section (or [45], §6.1-§6.5]), there is a commutative
diagram

AT\ 00— F, Fpia

L

A"\ 0 — > BGL, —> BGLy 41

L

BGL ————==BGL

where the four 3-term rows and columns are A'-homotopy fiber sequences, with some extra equivariance properties
(which we omit to state here). From the A'-homotopy fiber sequence in the first row we get an exact sequence

1 1 1 1
T1Fais = (A" 0) = 7 Fo = mh Foga =0,
so the map
KMY = 72 (A" 0) - 72 F,
and hence also )
1
7T§+1(An+2 \0) — Wﬁ+1Fn+1
are epimorphisms. And so
1 1 1 1 1
T Fy 22 coker(mh 11 Frp1 — mh (A™T1\ 0)) 2 coker(mh 41 (A" T2\ 0) — 74 (A" 0)).
The composite ﬂﬁil(A’”Q \0) — Wﬁz_anH — Wﬁl (A™*1\ 0) is the map
Kot = Koy

83
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discussed in |8 Lemma 3.5], since, by the naturality of the connecting homomorphism of the upper right square of the
previous diagram and its upper left square with n replaced by n 4 1, we obtain a commutative diagram

T (A2 0) — s by (Fogn) — 7 (A" 0)

|

(AT 0) I 1A (SLyyy) — s A (AT 0),

where ¢, and 6,41 are the maps in [8] Lemma 3.5]. Thus that composite map is 0 if n is even and is multiplication by
n if n is odd; so
0 n even,
7rn Fopr — 7 (A1 0 ’ ’
LTI IS,
Thus
At KMW Kn+17 n even;
T Frn =2 coker(K, o — Kn+1)
n+1/nKn+2 - K71\7,/[+17 n odd.
Moreover, by the A'-homotopy fiber sequence A"\ 0 — F,, — F,,11 we get exact sequences
1 1 1 1
ﬂﬁH(A"H \0) — wﬁHFn — ﬂﬁHFnH = K,I\L/IH 9, o (A"T1\ 0),n even,

Al +1 Al Al MW 7 MW Al +1
7Tn+1(An \0) — 7l'n+1Fn — 7Tn+1Fn+1 = Kn+2 — Kn+1 =Tn (An \0), n Odd,

and since ker(KnH KYW) =~ oKM ;| we get exact sequences

{Wﬁil(A"H \0) — WﬁiLan — Ko = WﬁlﬂFnH — 0, n even; (4.1)

Wﬁil(A"H \0) — Wﬁian —2KM , =0, n odd.

As 7r] F,, =0 for j < n, by the Moore-Postnikov decomposition in A'-homotopy theory stated in Theorem we
can factorize the map BGL,, — BGL as BGL,, —» F = E,, —» BGL and the map F = E,, — BGL fits into a homotopy
cartesian diagram

E=F, — BGn

!

kn
BGL = En—1 — 5 K& (k' Fuyn + 1),

for a unique [kn41] € [En-1, KCm (7rn F.,n+ 1)]A1 if n > 2. For any j < n, we have 7r] BGLn o~ 7TA E,.
If n > 3 is odd, then G,, acts trivially on 72 Fn = Kn+1 Indeed, by the paragraph on |9l pp. 1056-1057], this
action is through the morphism
G = (Ko'™) ™ u = (u) i= 1+ 7[u]
then the multiplication K}V x Kn+1 — K%ﬁ and the quotient Kn+1 n“/nK%}g = ’Vl+17 but TIKn+2 is mapped
to 0 in KM, ,.
So the above homotopy cartesian diagram reduces to an A'-homotopy fiber sequence

E=E,—>BGL=E, ; 5 K&, n+1). (4.2)
whence a principal A'-homotopy fiber sequence
K(KM.,,n) > E=E, »BGL=E,_ .

The A'-homotopy class of the map 6 is the universal (n + 1)-st Chern class ¢,+1 € H*™(BGL; KY, ;) = CH"™(BGL)
(see [10, Example 5.2 and Proposition 5.8]).

Let k be a perfect field, A be a smooth affine k-algebra of Krull dimension d > 3, and X = Spec(A4). Then by the
Al-homotopy long exact sequence and crawling up the Moore-Postnikov tower of the map BGL,, — BGL, one easily
finds that the map

[X,BGLy]a1 — [X, E]u

is surjective if n > d — 1, and is bijective if n > d.

We turn to describe some nice properties of certain derived mapping spaces in the Morel-Voevodsky motivic model
category, which bridge the problems about algebraic vector bundles with those of H-spaces, and finally transfer our
enumeration problem about algebraic vector bundles to a pure topological question.

Theorem 4.1.1. Let H = (Ho, Hi, H2,---) be a motivic T-spectrum (T =P' ~ S* A G,,) for a base scheme S. Define
H':(H(’),H{,Hé,~~~) by H), := RHom, (G}, H,). Then
) H = (H},H{,H), ) is a motivic S*-spectrum, and H} ~ L1 Hy.

(1

(2) Hy is an abelian group object in the pointed A'-homotopy category ﬂ-CA (S).

(3) For any X € sPre(8Sms)«, the derived mapping space RMap, (X, Ho) € sSet. is an co-loop space and hence all
its components are weakly equivalent.
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Proof. We have Hy = RHom, (G/°, Hy) = RHom, (S°, Hy) ~ Hom, (S°, Ls1 Ho) = L1 Ho.

By performing a fibrant replacement, we may assume that H is a fibrant motivic T-spectrum, so that each H, €
sPre(Sms). is A'-fibrant and the adjoint bonding maps H, — Hom, (P', H,+1) are A'-weak equivalences (even local
weak equivalences or sectionwise weak equivalences, see Proposition . Thus

H,, = Hom, (G, H,) ~ Hom, (G}, Hom, (S A Gy, Hnt1))
2 Hom, (S A G, Hotr) & Hom, (8", Hom, (G, Hup1)) = QHp 41,
showing that H' = (H{, H{, H},---) is a motivic S'-spectrum, and therefore (1) is proved.
For (2), just note that for any X € sPre(Sms)., the set [X, Holy1 ., = [X, H)u1 . = [X, Q2H5]A1,* is an abelian
group (any term in a motivic S*-spectrum is an abelian group object in ﬂ{‘fl (S)).
For (3), note that for all K € sSet., X € sPre(Smg)s, there are canonical isomorphisms
[K7 RMap* (X7 HO)]SSEt* = [K A X7 HO]AI,*7
the right hand side are abelian groups by (2). d

Corollary 4.1.2. The space BGL is an abelian group object in the pointed A'-homotopy category fol (S) and for any
X € 8mg, all the components of the derived mapping space RMap(X, BGL) € sSet. are weakly equivalent.

If S = Spec(k) for a perfect field k, then BSL is an abelian group object in the pointed A'-homotopy category fH‘fl (k)
and all the components of the derived mapping space RMap(X, BSL) € sSet. are weakly equivalent.

Proof. Since the motivic T-spectrum KGL representing algebraic K-theory has term BGL X Z in each level (Propo-

sition , by the previous result we see that BGL x Z is an abelian group object in st (S). We conclude by noting
that the projection BGL x Z — Z is a homomorphism of abelian group objects with kernel BGL.
If S = Spec(k), note that there is an A'-homotopy fiber sequence BSL — BGL — BG,, = K(K!, 1) (thanks to

the fact that the Picard group of a normal scheme is A'-invariant: Pic(X x A') 2 Pic(X), yielding that G,, € 9r‘,§1),
realizing BSL as the kernel of BGL — K(KY, 1) (note that the second arrow splits), thus BSL is an abelian group object
as well. (]

This is to be compared with the fact in classical topology that for “non-stable” groups, the path-components of
Map(X, BG)—whose homotopy types are closely related with gauge groups—may represent (infinitely) many distinct
homotopy types (see e.g. [84]). The following result appears in [65, Lemma 9.2.3] in the topological situation.

Proposition 4.1.3. Let (B,0) € sSet. be an abelian group object in the pointed homotopy category Ho(sSet.) (i.e. an
abelian H-group) with a binary operation m : (B,0) x (B,0) — (B,0),(b,b’) — bb'. Denote its path components by
B¢, & € moB. Then

(B,0) ~ (By,0) x m(B,0)

as abelian H -groups.
Proof. Fix a base point b¢ in each component Bg with by = 0. Then we easily find that the maps
B — By X Wo(B,O), (b € Bg) — (bb_g,f)

and
By x mo(B,0) — B, (b,§) — bbe

are homomorphisms of H-groups and are homotopy inverse to each other. O

4.2. Enumeration results on vector bundles of critical rank

In this section, we take advantage of the fact that RMap(X,BGL) is an H-space for every scheme X (obtained
from last section) to deduce some enumeration results on vector bundles of critical rank. In particular, an enumeration
formula of V,, (X, §) (the set of isomorphism classes of rank-n vector bundles which represent a given stable vector bundle
£) is given. Then we use a delicate result of Suslin to give an upper bound of V, (X, &), triviality of which would lead to
cancellation result. We also discuss in some important cases where that upper bound is trivial.

Recall first that we have the A'-homotopy fiber sequence
F, — BGL, == BGL.
We have the induced map on A'-homotopy classes
o« [ X, BGLn]p1 — [X, BGL] 41

and we want to describe the inverse-image under . of a class in the right hand side.
Given ¢ € [X,BGL],1, let
Te :=m(—, &)« : m1(RMap(X,BGL),0) — 71 (RMap(X, BGL), &)
be the isomorphism on fundamental groups induced by m(—,§) : RMap(X,BGL); — RMap(X,BGL)¢ as introduced
in Proposition We also denote by V. (X,€) := 07 (€) C Vn(X) the set of isomorphism classes of rank-n vector

bundles which represent £.
The following is one of our first main enumeration results.
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Theorem 4.2.1. Let n = d be odd, let & be a stable vector bundle over X, whose classifying map is still denoted by
& : X — BGL. Denote by
A(Cni1,€) = Qenq1 0 Te : Ki(X) = [X, QBGL]1 — [X, K(KN 1, n)]0 = H*(X; KN )
the induced homomorphism on fundamental groups, where cn41 15 the (n + 1)-st universal Chern class. Then there is a
bijection
~ Alent1,:€) M n M
V(X ) = coker(Kl(X) =[X,0BGL], 1 ——= [ X, K(K,+1,n)]p =H (X;Kn_H)).

Proof. We know that there is a principal A'-homotopy fiber sequence
K(KM ,,n) = E — BGL

classified by the A'-homotopy class of the universal (n 4 1)-st Chern class c,+1 € H""*(BGL; KM, ) = CH""!(BGL).
So we have a homotopy fiber sequence

RMap(X, E) — RMap(X, BGL) =% RMap(X, K(K™, ;,n + 1))

in sSet..

For n = d = dim(X), we have cn11(§) = ca+1(§) = 0 as Chern classes vanish above the rank of the vector bundle.
So by the previous discussion and Theorem the lifting set o, *(£) is in bijection with the orbit set of the action
of m1(RMap(X,BCL),¢) on the abelian group [X,K(KM ,n 4+ 1)],1 = H*™(X; K}, ), which is the cokernel of the
homomorphism

(cn+1)x

71 (RMap(X, BGL), &) % ) (RMap(X, K(K} 1, n + 1)),0) = H"(X; K3),

and since the map T¢ is an isomorphism by Proposition @ the map Qc,41 above and the composite Qcny1 0 T have
isomorphic cokernel, the claim follows. O

As usual, we have the universal j-th Chern classes ¢; € H(BGL; K}") = CH/(BGL) for j € N (see e.g. [90, Chapter
2]).
For the result below, we have the exterior product ¢, X ¢n—r := p(cr ® ¢n—r), where p is the map
[BGL, K(KM, )], ® [BGL, K(KN_ ., n — 7)]s1 — [BGL x BGL, K(K}, n)]
induced by the multiplication in the graded sheaves of Milnor K-groups K (see the end of §3).

Theorem 4.2.2. The universal Chern classes satisfy

n

m e, =Y (cr X en—y) € [BGL x BGL, K(Ky',n)]y1. (4.3)

r=0

Proof. Since the universal 7-th Chern class ¢, : BGL — K(KM r) factor through the inclusion BGL,, — BGL for
each n > r and stabilize, both sides in the formula above are determined by their restriction to BGL,, x BGL,,. And we
have CH*(BGL,) = Z[c1, - - - , cn] (|90}, Theorem 2.13]).

By the Chow Kiinneth formula in [89] §6] (since BGL,, can be approximated by “linear varieties”, the Grassmannians;
see also [90] Chapter 17] and [91] for more discussions on when the Chow Kiinneth formula holds), we may write

CH"(BGL, x BGL,) =Z[c; x ¢; : 1 < 4,5 < n]

with |e; X ¢j| =1+ 3.
On the other hand, for any U € 8my, and (£,¢’) € [U,BGL]41 x [U,BGL]41, as m.(&,€') = € + £, by Whitney sum
formula for Chern classes, we have

n

(m*en)(,€') = camu(§,€) = cn(€ + ) Za« cen—r(€) = (er X enr)(§,€).

r=0

Now we take U = X/G, where X is an open subscheme of a representation AY of G = GL,, x GL,, for big enough N
such that A \ X is G-invariant and such that G acts freely on X (see [90] §2.2]), then CH*(BGL,, x BGL,) = CH*(U)
([90, Theorem 2.5]) which is induced by a map v = (&,¢') : U — BGL,, x BGL,, classifying the principal G-bundle
X — U (so that we can consider the induced map u* as the identity on Chow rings). Then the above formula becomes

n

* * *
w'mte, =u Z(cr X Cn—r),
r=0

proving (4.3]). a
We have the suspension homomorphism
o : CH(BGL) = [BGL, K(K}", ))]s1 ., — [QBGL, QK(K}", j)]u1., = B/ 1(GL; K}
for j > 1, induced by the loop functor Q which is given by
o ((0]) = [20].

Note that in the above, it doesn’t matter whether we use pointed or unpointed A'-homotopy classes provided j > 2, see
[8 Lemma 2.1]. In fact this is also the case for j = 2 by Corollary [2.9.2] since k is a field and so H" (%; M) = 0 for any

M € Ab%" and n > 1.
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Theorem 4.2.3. Let £ € [X,BGL];1 be such that cn41(§) = 0. Then the map
A(ni1,€) : Ki(X) = [X, QBGL]u — [X, KK, n)] = H'(X; KM

is given by
Alent1,€)(B) = (Qenr1)(B) + Y ((er)(B)) - Cntr—r(€). (4.4)
r=1
Similar statements hold with BSL in place of BGL.

Proof. Since m*cni1(—, &) = cnim(—, &) : RMap(X, BGL) — RMap(X, K(KM, ;,n + 1)), we may see
+

(M cnt1(—,€))x = (cnt1)xTe

as maps m (RMap(X, BGL),0) — 1 (RMap(X,K(KX,_;,n + 1)),0) = H*(X; K2, ). Note that these derived mapping
spaces RMap and relevant maps are well-defined up to homotopy.
On the other hand, since

n+1
mepy1 =Y ¢ X Cnt1-r € [BGL x BGL, K(Kpby,m + 1)),

=0
by taking RMap(X, —) on the two sides we see that the following two maps in sSet. are homotopic:

n+1
mcni1(—€) = Y er(=) - cas1-r(€) : RMap(X, BGL) — RMap(X,K(Kp' 1,7 + 1)). (4.5)

r=0
Here the map ¢, (=) - ¢n41-r(€) is the composite

(er(=)sent1-r(£))
- e,

RMap(X,BGL) RMap(X, K(KM, 7)) x RMap(X, K(K), ., n+1—7))

— RMap(X x X, K(KN,;,n+1)) 25 RMap(X, K(KN,,,n + 1)),
where the second coordinate of the first arrow is given by
RMap(X, BGL) = A® @, pap(X, KK on+1—1)),
the second arrow is the obvious map and the third is induced by the diagonal of X. From this description it’s clear that
Qer(=) - eng1-r(6)) = (Qer(=)) - cny1-r(€) : QRMap(X, BGL) — RMap(X, K(KN, 1, n)).

Additions are also preserved: for any [a], [b] € [RMap(X, BGL), RMap(X, K(KM, 1,7 + 1))]sset,, we have [a]. + [b]. =~
([a] + [B])= : QRMap(X, BGL) — RMap(X, K(KY, 1,n)) (the subscript * refers the effects on loop spaces). Indeed, the
sum [a] + [b] is represented by the composite

RMap(X, BGL) = RMap(X, BGL) x RMap(X, BGL) % RMap(X,K(KM 1, n + 1))

xRMap(X, K(KX, 1, n + 1)) = RMap(X, K(KX, 1, n + 1)),
where A refers the diagonal map and “+” is the H-group operation of RMap(X, K(K>, 1, n+1)) (see [2] p. 38]); taking Q2
everywhere gives a similar composite for [a]. + [b]. € [QRMap(X, BGL), RMap(X, K(K, 1,7n))]sset,, which says exactly
that [a]. + [b]. = ([a] + [b])« € [QRMap(X, BGL), RMap(X, K(K, 1,7))]sset, . So applying w02 = m; to eq. we find

n+1
Aent1,€) = ens1 0 Te = (eni1)uTe = (M cpi1 (=€) = D _(Qer) (=) - Cnp1-r(£).
r=0
The BSL case is also valid by Corollary [£1.2} O

As c1(€) = ci(det &), we find that

Alcnt1,det§)(B) = (Qent1)(B) + (Qen)(B) - e1(§)-

If c2(&) = -+ = cn(§) = 0, then A(cny1,8) = A(ent1,det§); so for P € V,.(X) (X = Spec(A) has odd dimesion d > 3)
with co(P) = --- = ¢cq(P) = 0, we have: P is cancellative iff det(P)® A% ! is cancellative. (Recall from the Introduction
that for a commutative ring R, a finitely generated projective R-module P (of constant rank n) is cancellative if for any
m >0, P®R™ = Q& R™ for some R-module @ implies P = Q.)

We also have the following obvious corollary.

Corollary 4.2.4. Assume that dim X =d > 3 is odd. Let &,¢" € [X,BGL]q1. If c;(€) = ¢;j(€'),1 < j < d, then € and ¢
have the same number of representatives in V4(X). In particular, if £ is cancellative, then so is &'

We next turn to more refined computations, precisely via Suslin’s matrix construction, we provide a lower bound of
the image of the homomorphism A(cg441,€) in our enumeration formula above (and hence an upper bound of its cokernel;
see Theorem below). Following [5], we denote

A2TL+1 = k[I07' 5y Tn, Yo, ,yn]/(leyz - 1)
1=0

and Q2,41 := Spec(A2,11). The projection to the first n+ 1 coordinates gives a morphism Qan41 — AT\ 0 = AZT\0,
which is an A"-fibration hence an A'-weak equivalence.
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Let A be a k-algebra. To any A-point (a,b) of Qant1, Suslin associated (systemically and inductively) a matrix
an+1(a,b) € SLan (A) C GLan (A), yielding a k-morphism

Qn+1 : Q2n+1 — GLQn — GL.

Moreover, Suslin gave a systematic way to reduce the matrix a,11(a,b) € SLan(A) C GLan(A) via elementary matrix
operations (though non-explicitly) to an element 3,,+1(a,b) € SLy41(A) C GLy41(A), whose first row can be designated
to be (af', a1, -+ ,an) if @ = (aog,a1,--- ,a,)—(a special case of) the famous Suslin’s n! theorem (see [86} [55]). This
gives a k-morphism

Brn+1 : Q2n+1 — SLnt1 C GLpta.
Note that we have [an+1(a,b)] = [Bnt1(a,b)] € GL(A)/E(A) = Ki(A) by construction.

GLn+1

o

X (a,b) Q2n+1 Qp41 GLQW

With the A'-weak equivalences A"'\ 0 ~ Qa,41, we obtain a morphism
ant1: A"\ 0 - GL ~ OBGL
in U-Cfl (k) (base points suitably chosen). Taking adjunction we get a morphism
of Ly (PHNTD &~ (AT 0) - BGL

in 74" (k). Under the canonical isomorphism

)

A"\ 0, KK r = D] = (B KK, )]
the class (Q¢r)(an+1) corresponds to cT(agl_,_l).

ﬁ
AT 0 2 OBGL 2905 KK, 1 — 1) ens (PHAFD 2250 o, o KKY, 1)

As e (@ n+1) e H"((PY)"*+1D; KM) and by [8} Lemma 4.5],

(B D, KM = FrL (A 0, KM) = 0, . . r#n+1;
(K2) —(n41)(Spec k) =Ky (Spec k) =Z, r=n+1

(where M_; denotes the i-th contraction of a sheaf M and we have used [8, Lemma 2.7]), we obtain the following.
Proposition 4.2.5. (Qc¢;)(ant1) = (¢r)(Bnt1) =0 forr #n+ 1.
Remark 4.2.6. By eq. below, we see that (Qcp41)(an+1) is £n! in (K} (Spec k) = Z

An easy exercise of scheme theory shows that for any k-algebra A, we have Homy(Spec A, A" ™!\ 0) = Um,,;1(A)
(the set of unimodular rows in A of length n + 1). Suppose now that X := Spec A is smooth over k. With some effort,
one can show the following (see |27, Theorem 2.1] or Proposition [C.2.12)).

Proposition 4.2.7. Assume 2 < dim A = d < n, then H™(Spec A; KNYW) = [Spec A, A"\ 0]41 = Ump41(A)/Ent1(A).
Here En11(A) denotes the group of elementary matrices of size n + 1, with its natural action on rows of length n + 1.
Moreover, let pry : GLp+1 — AT\ 0 be the projection to the first row, then we obtain a morphism

wTH-l :An+1 \O%A’nﬁkl \07 («TO,ZCI,"' ,Cﬂn) = ($g!,$1,"- axn)

n J{‘fl (k), being the composite A"\ 0 ~ Qani1 B”—H> GLpy1 22 A™H \ 0. Then the induced map

(nt1)« : [Spec A, A"\ 0],1 — [Spec A, A"\ 0],

on the cohomotopy set is given by

!
(¢n+1)*([a’07a1’ T 70”’1]) = [a’g!val’ e 7a"] = %h : [a‘oaala t 7an]

under the above isomorphism, for (ag, - ,an) € Umpt1(A) (where [ao, - ,an] denotes its class in the orbit set
Umy41(A)/Ent1(A) and h = (1,-1)).

Remark 4.2.8. Let w : AT\ 0 — K(K%X‘{, n) be the morphism determined by the projection to the first non- trivial (n-th)
Postnikov tower, and let [w] € H*(A"T1\ 0; Kn+1) be the cohomology class it represents. Then H"(A"*1\ 0; KMW) = KMW (k)

is a rank-1 free K)™W (k)-module generated by [w]. Furthermore,

n+1

Vil = Tho Lol

Then we get the last statement as follows: Let a = (a0, -+ ,an) € Umpy1(A), then wi(Yn+1)+«([a]) = [wontioa] = (¥5 [w])[a] =
(’;‘ S w)[a] = w*( hla]), and so (Yn+1)«([a]) = ”7 [a] (using Postnikov tower argument to see that wy : [X, A"\ 0],1 —
H™(X; Kn+1) isa bljeCthl’l since d < n).

Yn41

= Spec A % AMT1\ 0 T AT\ 0 2 K(KMW, n)
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In fact, let V' .C A"t1\ 0 be the closed subvariety defined by 1 = -+ =z, = 0, s0 V = A1\ 0,k(V) = k(z0). The homology
of the portion
K3 (ky) — @ K™V (ky) — @ Ko™ (ry)
ye(Anti\0)(n—1) ye(anti\o)(n) ye(anti\0)(n+h)

of the Rost-Schmid complex computes H? (A™*1\ 0; K%X\{), and one finds that [zo] € KMW (k(V)) is indeed a cycle. Moreover, in
the localization exact sequence

]
0= H* (ALK — HY (A \ 0K = By Aar T KO = KE™W (k) — 0
we have O[zo] = (1) € KW (k), so HP(A™F!\ 0; KB{T{) = K}W(k) - [zo]. By the relation [a"] = ncla] in KMW we see
[:cg!] = %!h[aco] so 8[568’! = %!h. Thus
" n!
Yrylzo] = 5’1' [zo]-

For an abelian group H and an integer m, we write H/m := H/mH for the quotient abelian group. We say that H

is m-divisible if H/m =0, i.e. if mH = H.

Theorem 4.2.9. Let k be a perfect field with char(k) # 2. Assume that A is a smooth k-algebra of odd Krull dimension
d > 3. Let X = Spec A, & € [X,BGL],1.

(1) We have d! - H*(X; K}, 1) C imA(cgt1,E).
(2) There is a surjective homomorphism

HY(X; Ky, )/d! — cokerA(cair, €) = Va(X,€).

3 I Hd X,K 18 d!—dil}isible, then ‘;d )(7 = O SO n th’LS case, an 7ank d vector bundle 8 Cancellati’l}e.
d+1 Y
A10760U6T,th€ map

(cat1)« : m(RMap(X, BGL),€) — mi (RMap(X, K(K3} 1, d + 1)),0) = H*(X; Kg',)
is surjective for every £ € [X,BGL]a1.
Proof. (1) By |8 Proposition 2.6], there is an exact sequence
0— I >~ KW —» KYY — KL, — 0,

where I = ker(GW = KW - Kg/[) = nKMW is the fundamental ideal and 1972 its power. Since X has
A'-cohomological dimension at most dim X = d, we see H4™!(X;1972) = 0, hence the map 7 : HY(X; Kgﬁ’{) —
HY(X;KJY,,) given by reducing coefficients is a surjection. So we can write any element of H*(X; K} ) as
7([a, b]) with (a,b) € Q24+1(A),a = (ao,a1,---,aq4) € Umgyi(A).

[X, Qaat1]ar = Umay1(A)/Eay1(A) = HY (X KHY) E— HY(X; K )

(ﬁd“)*ﬂ(prl)* e WA(%H’E)

(Bat1(@,b)) € [X, GLasa ) ——————— [X,GLLu = Ki(X) 5 [Basa(a,)
We will show that the following equality holds:
d!- 7([a,b]) = £A(car1,€)([Ba+1(a, b)]). (4.6)
Indeed, by Proposition m (note that h = 1 - [—1] 4+ 2 becomes 2 in KM yielding that T(%h) =d!),
d!-7([a,b]) = 7(d! - [a,b]) = 7((Yar1)s[a,b]) = 7((pry)«[Bar1(a, b)]) = 7([a5', a, - -, aa))-
While Proposition [£:2.5] tells us that

Alcat1,8)([Bavi(a,b)]) = (Qcar1)([Bata(a,b)]).
We are thus reduced to showing that

7([ad' a1, -+ aa]) = 7((pry)s [Bas1(a,b)]) = £(Qcas1)([Bas1(a, b)) (4.7)
We will prove more generally that
7([(1,0,---,0) - B]) = £(Qca+1)([B]), for B € SLat1(A) C SL(A). (4.8)

For this, note that by Theorem (10), we have an A'-homotopy fibre sequence
(BGLL) 2% BGLa1 ~2% K(n4 (A 0),d +1) = KKYY, d+ 1)
(where eq41 is the relevant k-invariant) hence also
KKYY,d) — (BSLa)!¥ 24 BSLa1.
As (A" 0)[d] = K(KY}Y, d), by Theorem (10) and naturality statement of (the dual of) [45] Proposition
6.5.3], we get a map of A'-homotopy fibre sequences

GLd+1 L AdJrl \0 EE— BGLd E— BGLd+1

J/ ' J/ H
T
Qed+1

CLat1 — K(KYY,d) —— (BGLg) ¥ —2% BGLgy1.
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In this diagram, the map GLg4+1 ~ ROQBGLg4+1 P, pdtt \ 0 is indeed “projection to the first row”, since after
applying [U, —]41, the induced map on homotopy is given by the natural action of SLg41(U)/Ea+1(U) on the
class of the base point (1,0,---,0) € (AT \ 0)(k).

Thus Qeqr1 = 7' o pr; : GLap1 — K(KYY,d) (in ﬂf‘fl(k)), composing with the maps X LN SLg4+1 and
K(KYY,d) — K(KJ,,d) we find that, after reducing coefficients, Qeq1([8]) equals to 7([(1,0,---,0) - A]).
While by [10, Theorem 1 and Proposition 5.8], our k-invariant eqiq is the (universal) Euler class (up to
a unit in GW(k)), whose reduction coincides with the universal Chern class cq+1 (up to sign, as a unit in
GW (k) = K§™W (k) is mapped to a unit in K}!(k) = 7Z), establishing our eq. (4.8).

Statements (2) and (3) then follow easily, with the help of the last part of Theorem O

Remark 4.2.10. If k is algebraically closed (k = k), then using the Rost-Schmid complex (see [22], [29] for some nice expositions
on related notions and results), one easily finds that HY(X; K 1) is d!-divisible, as it is a quotient of the direct sum of groups of
the form K (kz) = ki = k> which is d!-divisible (z ranges over closed points of X). Of course, for the same reason, we have the
more reﬁned result that H*(X; Klr\l/[+1) is d!-divisible if k) is d!-divisible (i.e. £z = (rkz)?) for all closed points = € X.

More generally, HY(X; Kgﬂ_l
a consequence of Voevodsky’s confirmation of the motivic Bloch-Kato conjecture (or norm residue isomorphism theorem), a highly

) is d!-divisible if k has cohomological dimension at most 1 (see for instance [28, Theorem 2.2]), as

non-trivial result.

Then we treat the case when n = d is even. To still get a principal A'-homotopy fiber sequence, we need to restrict
ourselves to the case of oriented vector bundles—namely those classified by homotopy classes of maps to BSL or BSL4
(since ﬂleSLd =0, as opposed to the fact that w‘leGLd =Gm).

Note first that our discussions up to here in this chapter are still valid if we replace GL with SL everywhere,
essentially because we also have the Al-homotopy fiber sequence

A"\ 0 — BSL,, — BSLy 1.

The only difference is that the obstruction class (namely the k-invariant 6) is different from the case when n = d is odd.
We now identify the k-invariant 6. By the functoriality of the Moore-Postnikov tower, applied to the square

BSLgy —— BSLg41

H |

BSLy — BSL

(factoring the rows up to the first non-trivial stage E’, E) we have the following map of A'-homotopy fibre sequences
(when deleting the last column)

K(KYW,d) —— E' —— BSLap1 —% K(KYW,d+1) —— K(KY,.,,d+1)

H | I H |

K( Id\{‘r\q/?d) E BSL d K( M&Yi]>d+1)%K(Kd+l7d+ )

So Ted+1 = ca+1 = 70sq+1 (as Chern classes stabilize, we can write cq11 = 76).

Note that as dim X = d, we have SKi(X) = [X,QBSL],: = [X,SL]: [X,SLat1]41. We thus have a
commutative diagram (since 7 is induced by the homomorphism K} — K, |, we can move 7 out; cf. [47, (1.1)])

(8d41)x*

[X,SL]u —— @8, pd(x; KYW)

H I

[X,SL], S g KM ).

Again by the exact sequence
0—-1" 5 KW - KL, —o,

we see that the right vertical map 7 : H(X; Kd+1 ) = HY(X; Kg/ﬂ_l) is surjective (since X has A'-cohomological dimension
at most d).

If we further assume that the 2-cohomological dimension of our base field k (perfect and char(k) # 2) is at most 2:
c.d.2(k) < 2, then by (the proof of) [28] Theorem 2.1] (using the Gersten-Witt complex of X = Spec A and assuming
d > 3), we have HY(X;1%"?) = 0. So in this case, the right vertical map 7 : H*(X;K)YY) — HY(X;K},,) is an
isomorphism.

Finally, we are able to give results similar to those in the odd dimension case (whose proof is almost verbatim the
same after suitably changing notations).

Similarly as before, we have the induced map on A'-homotopy classes

s« 1 [X,BSLy] 41 — [X, BSL]1

and want to enumerate its fibers. We also use V;,(X) to denote the set of isomorphism classes of rank n oriented vector
bundle over X.
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Theorem 4.2.11. Assume that the base field k is perfect and char(k) # 2 with c.d.2(k) < 2. Let n = d > 4 be even, let £
be a stable oriented vector bundle over X, whose classifying map is still denoted & : X — BSL. Then there is a bijection

Aeg+1,8)
T

o (€) = coker (SKi (X) = [X, OBSL] (X, K(Kg1, d)]n = HY(X; Kgh)).

Proposition 4.2.12. Assume that the condition of Theorem [[-2.11] is satisfied.

(1) Let £,¢ € [X,BSLja1. If ¢j(&) = ¢;(€'),1 < j < d, then € and £ has the same number of representatives in
Va(X).
(2) Let &,&" € V3(X), sharing the same total Chern class. If £ is cancellative, then so is &'.

Theorem 4.2.13. Assume that the base field k is perfect and char(k) # 2 with c.d.2(k) < 2. Assume that A is a smooth
k-algebra of even Krull dimension d > 4. Let X = Spec A, £ € [X,BSL];1.

(1) We have d! - H*(X; KY, 1) CimA(cat1,&).

(2) There is a surjective homomorphism

HY(X; Kl 1)/d! — cokerA(cat1,€) 2 Va(X, £).

(3) If HY(X; KDY, ,) is d\-divisible, then cokerA(ca+1,€) = 0. So in this case, any rank d oriented vector bundle is
cancellative. Moreover, the map

(cat1) : m(RMap(X, BSL), §) — m (RMap(X, K(Ka}V, d + 1)),0) = H(X; KglY) © HY(X; KiY )
is surjective for every & € [X,BSL]a1.

Remark 4.2.14. For the even rank case, our assumption on the 2-cohomological dimension of the base field k cannot be omitted in

order to get H(X;19%2) = 0 so that 7 : HY(X; KYY) — HY(X; K[ ) is an isomorphism: if we take A = R[z,y, 2]/ (2% +y*+22-1),
then H?(Spec A;1912) # 0 (note that c.d.2(R) = co).
On the other hand, quite a lot of fields satisfy our assumption, e.g. any finite field (with odd characteristic), any algebraically

closed field, or any field of the form L(t) or L(t1,t2) for an algebraically closed field L with char(L) = 0.

4.3. Enumeration results on vector bundles below critical rank

As in the last section, we take advantage of the fact that RMap(X,BSL) is an H-space for every scheme X to
deduce some enumeration results on vector bundles below critical rank. The case for bundles below critical rank is more
complicated than that in the last section, as the relevant spaces are less connected, we need a two-stage Moore-Postnikov
factorization to analyze the lifting problem on each stage. In particular, if the base field k is algebraically closed, an
enumeration formula of the lifting set for the first stage is given. Then after a careful discussion of the second stage, we
prove cancellation of vector bundles of rank d — 1 (admitting Asok-Fasel conjecture .

Assume that the base field k is perfect and that char(k) # 2, A is a smooth affine k-algebra of Krull dimension d > 3,
and X = Spec(A). Let £ be a stable oriented vector bundle over X, whose classifying map is still denoted £ : X — BSL.
We will now investigate the isomorphism classes of rank n = d — 1 (oriented) vector bundles that are stably equivalent
to the given & (if they exist).

If d > 4 is even, we have the A'-homotopy fiber sequence

Fy 1 — BSLg_, —2%"1, BSL.

We consider the two-stage Moore-Postnikov factorization (Theorem [3.2.9)) of the map ¢ : BSLys—1 — BSL,

F=F; 1 — BSL41

q/

K(r4' Fy_1,d) ——— E'

q (4.9)
K(KY,d—1) E—" s K(xh Fy_y,d+1)
/l’
X £ BSL o K(KY, d).

By the properties listed in Theorem it’s easy to see that the map ¢’ : BSLs_; — E’ induces a bijection
¢ : [X,BSLa—1]a1 — [X, E')a1.
We thus need only to find reasonable conditions, under which the maps
D« ¢ [ X, E]p1 — [X,BSL]a1

and
qx : [X7 E/]Al - [Xv E]Al

are injective.
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As before, we have the following commutative diagram

BSL; —%— K(KYVW, d)

BSL —%— K(KY, d).

Thus 0sq = Teq = cq by |10, Example 5.2 and Proposition 5.8] as before.

On the other hand, by Serre’s splitting theorem, we can write £ = (sq)«([£q4]) for some [£4] € [X,BSLg]a1.
0+ ([€]) = (034)«[€4) = (Teaq)«[€a] = ca(€a) = ca(€) (as Chern classes stabilizes) and we can write § = cq.

Note that whenever £ is represented by a rank d — 1 vector bundle, we will have cq4(§) = 0. So reasoning as in
Theorem and using Theorem we obtain one step to our main enumeration result in the case n = d — 1—the
following description of p; ' ([¢]).

Proposition 4.3.1. Let k be a perfect field with char(k) # 2, A a smooth affine k-algebra of even Krull dimension d > 4,
and X = Spec(A), let £ be a stable oriented vector bundle over X, whose classifying map is still denoted & : X — BSL.
If € is represented by a rank d — 1 vector bundle, there is a bijection

i (€) = coker (SKi (X) = [X, QBSL]y: 28 [x, K(KY, d — 1)), = HH (X KY).

The homomorphism A(cq, &) is given as follows: for 8 € SKl(X) = [X,SL]a1,

A(ca, §)B = (Qca)( +Z ((Qer)(B)) - ca—r(€)-

Below, for a sheaf of abelian groups K and an integer m, we denote by K/m := K/mK for the mod-m quotient

sheaf and ,, K := ker(K = mK) for the subsheaf killed by m. Since the contraction functor (—)_1 : Ab‘,ﬁl — .Ab‘ﬁ1 i
exact, the constructions of the mod-m quotient and the subsheaves killed by m are preserved by (iterated) contractions.
We also write ., for the étale sheaf of m-th roots of 1, and p&" for its n-th tensor power. Denote I’ := I/ /T/ ! = K} /2.
The proof of the following result is adapted from that of [30, Proposition 6.1].

Proposition 4.3.2. Assume that the base field k is algebraically closed, X = Spec(A) is a connected smooth affine
k-scheme of dimension d. Then the group H~'(X; K is divisible prime to char(k):

Hd_l(X; Klg\ld)/m =0
for any m € Zso with char(k) J( In particular, if char(k) = 0 or char(k) > d, then H* ' (X;KY) is (d — 1)!-
divisible: HH (X5 K /(d — 1) =

Proof. Writing m = ¢7' ---£7*, with each ¢; prime, ¢; # char(k) and r; € N, we see that it suffices to consider the
case m = {". Let £ be a prime number and ¢ # char(k), let r € N. Consider the short exact sequences

0— KY - KY 5 rKY -0
and
0 0KY - KY - KY/m—o.
Using the Rost-Schmid complex we see that H*(X; ., K}') is a quotient of a direct sum of groups of the form o K (ky) =
o7 = 0 (over all closed points z € X ) as Z is torsion-free, thus H*(X; K5 = 0. We then have exact sequences
H XGKY) —» BN oK) —» BHY(XG . KY) =0
and
HN(XGOKY) - H7HXGKY) — HO7HOGKY /).
Splicing together we get an exact sequence
HOH(XGKY) 5 B XGKY) » B OGKY )
and hence
0— H"N(X;KYY /0m — HU N (X KY ).
Therefore to prove H* ™1 (X; K})/¢" = 0, it suffices to prove that H* 1 (X; K} /¢") = 0.
For j,n € N, let 27 (n) = (R7i.)ul™ be the Zariski sheaf associated to the presheaf U ~ HZ (U; u$™) (where i

is the inclusion of the Zariski site into the étale site). We have the biregular Bloch-Ogus spectral sequence (see [21] or
eq. (B.1); it’s one incarnation of the Leray spectral sequence)
By = Hyar(X; 27 (n) = H? (X "),
The term Eéj = Hi,.(X; #7(n)) can be computed as the i-th cohomology of the Gersten complex
Hét(nn;,u%") o @ Hé;i(ﬁx§ﬂgn_i) o
zeX (1)

where n € x(© is the generic point of X.

~ Since k = k, the cohomological dimension c.d.(kz) < d — dim(Ox,.) (|83 §4.2, Proposition 11]), and we get
HY, (ko pu$" ™) = 0 for . € X if j —4 > d —i. Thus BY = Hy, (X;#7(n)) = 0if i > d = dim X or jd> Eior
EZ_L —

i > j. Hence in the filtration of the converging term H2!~'(X; u$™), the only (possibly) non-trivial term is
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HL 1(X; #%(n)). While by [67, Chapter VI, Theorem 7.2], H2¢ ™' (X; u$™) = 0 since X is affine over k = k. Thus
ES M = HE H(X; #%(n)) = 0 as well.
There is a commutative diagram (|20} Theorem 2.3])

Daexta-2 K3 (k) /17— Dyexa—n Kr' (52) /7 ——— D exw Ko' (k) /07

| | |

@xeX(d*Z) Hgt(’fhﬂ?f) — @mex(dfl) Hét(”l?ﬂ”) E— @xex(d) Hgt(’%?Z/W%

where the vertical maps are isomorphisms by [66] (or Voevodsky’s confirmation of the motivic Bloch-Kato conjecture).
The homology of the middle terms in the two rows compute H* ™' (X; K} /¢") and respectively Hy, ' (X; #%(d))(= 0).
Thus

H™H (XK /) = Hy,,! (X 47(d) = 0.
We are done. 0

Let’s now treat the case when the dimension of X is odd, still assuming k = k. By the exact sequence
01" o KW L KY =0
we get an exact sequence
HHGKYY) D HON(XG K — HY(XG TR,
the Rost-Schmid complex for I9t! says that H*(X;I%!) is a subquotient of @ I(ke) = @ I(k) = 0, thus
zex(d) zex(d)

HY(X;I%!) = 0 and 7 is surjective as well. In fact, more is true: by Voevodsky’s confirmation of the Milnor conjecture,
we have an isomorphism of sheaves of abelian groups 197 = 7%t (d + j) (j > 1), where %7 (d 4 7) is the Zariski
sheaf associated to the presheaf U +—> Hdﬂ (U; ,u®d+]) for reason of cohomological dimension, 747 (d4j)|x =0 (j > 1)
(restricting to the Zariski site of X'). Thus we have g |x =0,5 >d, e+t |x = Id+2|X

The Arason-Pfister Hauptsatz gives (-, 1%+ = 0, thus Id+1|x =0 and so T KMW| — K}'|x is in fact an
isomorphism for every j > d. This suffices to conclude that the induced maps on cohomologies T : H* (X ;K?AW) —
HY(X; Kj ) for j > d = dim X are isomorphisms, since these sheaves are strictly A'-invariant, Nisnevich and Zariski
cohomologies of X coincide (and are computed by Rost-Schmid complexes).

The exact sequence

02K =K' T -0
gives isomorphisms
H(X;2K)) 5 H (XKD, j > d.
We summarize the results as follows:
{H%X;IJ’) = 0,H'(X;2K}) = H'(X;K)'),j > d;

) ~ . 4.10
rHOGKYY) 2GR, > d. (4.10)

Proposition 4.3.3. Let k be an algebraically closed field with char(k) # 2, be a smooth affine k-algebra of Krull
dimension d > 3 and X = Spec(A). Let further & be a stable oriented vector bundle over X, whose classifying map is
still denoted & : X — BSL. If £ is represented by a rank d — 1 vector bundle, then there is a bijection

P2 () 2 coker (SK1 (X) = [X, QBSL], 8 (X K(KY, d — 1)) = H (X KY)).

The homomorphism A(cq, §) is given as follows: for 8 € SKi(X) = [X,SL]1,

d—1
Alca,&)B = (Qea)(B) + > _((Qer)(B)) - ca—r(8).

So A(eq, €)([Ba+i(a,b)]) =0 for all A-points (a,b) of Q2q+1-

Proof. We already treated in Proposition the case when d is even. For d odd, since wﬁile,l ~ KMV we
have a similar two-stage Moore-Postnikov factorization as in eq. (4.9)), with K3 replaced by KY"W there.
There are the following commutative diagrams:

BSLy —4s K(KMW, d) SKy(X) — 209, -1 x, KMW)
l and hence lT
A(cq,E)
BSL —4— K(KY, d), H (X K.

Since 7 : K¥W|x — K}!|x is an isomorphism, so is the right vertical map. Thus A(6,€) and A(cq, £) are essentially the
same. Therefore the result for the d odd case holds as with the case when d is even in Proposition [£:3.1]
The last statement follows from Proposition 4.2.5 (]

Remark 4.3.4. Since ¢4(§) = 70(£), we see that £ lifts to a class in [X, E],1 iff ¢4(§) = 0. While 6, maps [X, E],1 to 0, hence
no further obstruction. We thus get Murthy’s splitting result [71] for oriented rank d vector bundles: Let X be a smooth affine
variety of dimension d over an algebraically closed field k, then an oriented rank d vector bundle £ over X splits off a trivial line
bundle iff ¢4(§) = 0.
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Theorem 4.3.5. Assume k = k and char(k) # 2. Let A be a smooth k-algebra of Krull dimension d > 3. Let
X =Spec A, € € [X,BSL]y1 which is represented by a rank d — 1 vector bundle.

(1) We have (d —1)!- HH(X; KY) € imA(cq, €).
(2) There is a surjective homomorphism
HHXG KDY /(d — 1)) — cokerA(ca, €).
(3) If char(k) = 0 or char(k) > d, then the lifting set p, *(€) C [X, E]a1 is a singleton. So the map
0. : m (RMap(X, BSL), &) — m (RMap(X, K(Ky', ), 0) = H*' (X; K}')
18 surjective.

Proof. This is along the same line as the proof of Theorem We only briefly write down some points. Using
the Postnikov tower of A\ 0, it’s easy to see that we have a surjective map [X, A%\ 0,1 — HY1(X; KYW). Thus the
composite

Uma(4)/Ea(A) = [X, Qa1 = [X, A\ 0] - H7OGKG™Y) 5 H7HXGKY)

is surjective. So every element in H*~!(X; K}) is the image of some [a,b] with (a,b) € Q24-1(A),a = (a1,--- ,aq4) €
Umg(A) which we write as 7([a, b]).

SLg

2
(a,b)

X — Q2q— 1*>SL241

We will show
(d =1t 7([a,b]) = +A(ca, §)([Ba(a, b)))-
As in the proof of Theorem (from eq. (4.7) to the end, where X essentially plays no role), we have

T((prl)*[ﬁ]) = T([(LO? te 70) 6]) = i(QCd)([ﬁD»fOY B e SLd(A) C SL(A)

and
_J)0 r# d;
(§2er)(ea) = {i(d S eK)(k) =2, r=d.
We get
A(ca, €)([Bala, b)]) = (Qca)([Ba(a, b)]).
Thus

(d=1)t-7([a,b]) = 7((d = 1)! - [a,b]) = 7((¢a)«[a, b]) = 7((pr1)«[Ba(a, b)])
= £(Qca)([Bala, b)]) = £A(ca, §)([Bala, b)]).

This finishes proving (1). Statements (2) and (3) then follow easily from (1), the divisibility result in Proposition [1.3.2]
and the last part of Theorem O

Finally we study the map gq. : [X, E'];1 — [X, E],1. By the discussion in Section we get exact sequences

(AT 0) — nled L 5 K =74 F; >0, dodd;
e (4.11)
Tq

(A“\0) = 74 Fuy — 2K3L | — 0, d even,

where in the d even case, the term 2Kd+1 sits in an exact sequence 0 — 2Kd+1 — Kd+1 = 74 Fd — Id+1 — 0 (|8l
Proposition 2.6]), and 14+t |x =0if k =k, showmg that the canonical homomorphism 2Kd+1 — Kd+1 =7h Fd induces

an isomorphism H%(X; 2Kd+1) ~ Hd(Xer F;). Using the fact that the Nisnevich cohomological dimension of X is
bounded above by dim(X) = d, we get exact sequences for highest degree cohomology:

HY(X; 4t (A% 0)) — HY(X; wgle ) = HYXGKY ) >0, dodd;
HY(X; (A4 0)) — HY(X; 74 Fu_y) — HY(X; 2K}, ,) — 0, d even.

If k = k, then these two exact sequences become one:
HY(XG il (MY 0)) — HY(XG 7t Fusy) — HYOG KDL ) & HY(X; 74 Fy) — 0,d > 3. (4.12)
We now invoke the following conjecture of Asok-Fasel describing ﬂﬁl (A%\ 0) (see |6, Conjecture 7).
Conjecture 4.3.6 (Asok-Fasel). Let k be a perfect field with char(k) # 2, then there is a sequence
K. ./24 — 4 (A%\ 0) > GWS,, =0 (4.13)

of homomorphisms in ./lbﬁ1 which is exact at ﬂdAl (Ad\O) and also becomes exact at ng+1 after d — 3-fold contractions.
This gives an eract sequence

HY(XG KN 5/24) — HYX 7t (A% 0)) — HYX; GWE, ) =0 (4.14)

if X is a smooth k-scheme of dimension d.
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The exact sequence on cohomologies above follows easily from the statement on contracted sheaves by a diagram
chase using Rost-Schmid complexes. This conjecture is stably true after d-fold contractions, as confirmed by the recently
published work [76] of Rondigs-Spitzweck-@stvaer.

If k = k, then any generator of the group K3 (k) can be written in the form {a?*, b} = 24{a, b} by the group law of Mil-
nor K-theory. Thus K3'(k)/24 = 0. Since H*(X; K}, ,/24) is a subquotient of @ K (k.)/24 = @ K> (k)/24 =

ze X (d) zeXx(d)

0, we see H*(X; K}, ,/24) = 0 and so if Conjecture m holds, then
HY (X (A7) 0) =5 HY(X; GW ). (4.15)
We have the sheafified Karoubi periodicity sequences (Theorem
2 ewd,, L owit Lk

Q
Kd+1

in Ab%l, which is exact. Let A :=im(H),B :=im(n), then we have exact sequences
K&, 5 A0,

0—+A—=GWi,, 5 B0,

yielding exact sequences on cohomologies:

HY(X;KY) 2 HY(XGKG ) — HY(X;A) -0,

HY(X;A) - HY(X;GW4,,) — HY(X;B) = 0
and hence
HY(X; K ) — HY(X;GWiL,) — HY(X;B) = 0.
Contracting the sheafified Karoubi periodicity sequence d-times we get an exact sequence K} LN GW! L B_, > 0.
While the composite K} A, GW3 i> K3 is multiplication by 2, we see that the composite 2KM «— K} A, GW! is
0. So, we have an exact sequence K}'/2 ELR GW?! s B_; — 0, which splits into two: K}/2 ELR A_;—-00—->A_4—

GW! % B_; — 0. Using again the Rost-Schmid complexes we find exact sequences H*(X; K}, ,/2) — HY(X;A) — 0
and H*(X;A) — HY(X; GWY, ;) — H?(X;B) — 0. Finally, we obtain an exact sequence

0=H"X;K},,/2) = HY(X; GWY,,) - H)(X;B) — 0. (4.16)
By [9, Lemma 3.6.3], we have H%(X;B) = Ch%(X), where Ch*(X) = H*(X; K} /2) 2 CH?(X)/2 is the group of

mod-2 codimension-d cycle classes on X. Since k = k, we have Ch?(X) = 0 (in fact, CH*(X) is uniquely divisible, see
e.g. [85] for a discussion). Thus H*(X; GW4Y, ;) = 0 and so H*(X; 7l'§1 (A%\ 0)) = 0 (assuming Conjecture . Using
eq. (4.12), we find

HY(X; s Fasy) S HY(XG 7w Fa) 2 HAOXG KL 22 [X, AT\ 0] 2 [X, Qaaga]ar,d > 3. (4.17)

Theorem 4.3.7. Assume that k = k and char(k) # 2. Let A be a smooth k-algebra of Krull dimension d > 3, let
X = Spec A. Assume Conjecture holds. Then the map g« : [X,E'|;1 — [X, E]s1 is a bijection (here E, E’ are the
relevant stages of Moore-Postnikov factorization for ¢ : BSLg_1 — BSL as in diagram (4.9)).

Proof. The A'-homotopy fibre sequence

K4 Fu1,d) > B % B K@ Faoi,d+1),

shows that g. is surjective, and gives a homotopy fibre sequence in sSet.,:

RMap(X, E') %5 RMap(X, E) 2= RMap(X, K(r4' Fy_1,d + 1)).

By the last part of Theorem [1.6.8] to show injectivity of ¢., we need to show: for any ¢ € [X,BSL],1 which is
represented by a rank d — 1 vector bundle (or equivalently, cq(§) = 0), let g € [X, E]s1 be the unique lifting of € as in

eq. (4.9) (so 0.(¢x) =0 € HY*(X; wdAle_l)), then the map
6. : 71 (RMap(X, E), £5) — m1 (RMap(X, K(r§ Fu_1,d+1)),0) = H/(X; 74 Fu1)

is surjective.
Consider now the comparison diagram of Moore-Postnikov towers

q p

BSL

Fq_1 ——BSL41 E' E

L

Fj——> BSLy —> E —— BSL =—— BSL,
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where F is the first stage in the Moore-Postnikov tower of the map BSLy — BSL. By functoriality, the first stage
k-invariants (that of the column of E) gives a commutative square

E—" s K(xh' Fy1,d+1)

pl l (4.18)

BSL — % K(rh' Fy,d + 1),

where 0 is the k-invariant “0” in the rank d case, we write it as 6 to distinguish it from the k-invariant “6” in the rank
d — 1 case here) and the right vertical map is induced by the map Fy_1 — Fy. Applying RMap(X, —) we obtain a
commutative diagram

RMap(X, E) —%— RMap(X, K(r4' Fy_1,d+ 1))
pl l (4.19)
RMap(X,BSL) —% RMap(X, K(r4 Fy,d + 1)),
and hence

¢ € m(RMap(X, E), £p) —— 2 m (RMap(X, K(r4' Fy_1,d +1)),0) 3 ¢

p{ |=

Te[Bas1(a,b)] € 1 (RMap(X, BSL), ) =% 1 (RMap(X, K(r4' Fu,d +1)),0) > ¢
TJ H (4.20)
Acqgy1,€)

[ﬁd+1(aa b)] €m (RMap(Xv BSL)? O)

’Bd“T Ll

(X, Q2as+1]ar 2 HY(XG;KYY) 3 ¢ = [a,b],

HYX;KY ) 2¢

where the arrow 6. is surjective by Theorems and 4.2.13] and the right vertical maps are isomorphisms by eq. (4.17));
the middle square commutes by Theorem [4.2.3] and the lower triangle is given by eq. (4.6), the arrow labeled by +d!

is surjective (see Remark [4.2.10) . So for any ¢ € m; (RMap(X,K(ﬂdAle_l,d +1)),0) = HY(X; K}, ), we can find
¢ =[a,b] € [X, Qaat1]a1 with ¢ = £d! - [a,b] = A(cat1,€)([Ba+1(a,b))).
Theorem [£.2.3] (again) and the last statement of Proposition tell that

0. (Te[Ba+1(a,b)]) = (ca)« (Te[Ba+1(a,b)]) = Alca, §)([Ba+1(a,b)]) =0,

where 0 is the k-invariant in the rank d — 1 case, which corresponds to the Chern class cq.
On the other hand, the fiber sequence

RMap(X, E)¢, 2 RMap(X, BSL)e % RMap(X, K(KY ™, d))o
in sSet., where the subscripts refer the corresponding components, induces another such sequence
P 0 M(W)
Q¢ ,RMap(X, E) £ Q:RMap(X, BSL) % RMap(X, K(K}'™), d — 1)).

Thus T¢[Ba+1(a,b)] € ker(6.) = im(p«) and there exists ¢’ € m1(RMap(X, E),{g) with p.(c”) = T¢[Ba+1(a,b)], which
then satisfies 6, (c”’) = ¢, proving that the map

0. : 1 (RMap(X, E), £p) — m1(RMap(X, K(74 Fi_1,d +1)),0) = HY(X; 74 Fy_1)

is surjective. Hence g. is injective as well. |

We finally arrive at the following cancellation result for (oriented) rank d — 1 vector bundles over a smooth affine
variety of dimension d, admitting Asok-Fasel conjecture. (As before, we let ¢ = pq—1 : BSLq—1 — BSL be the stabilizing
map.)

Theorem 4.3.8. Assume that the base field k is algebraically closed and that char(k) # 2. Let A be a smooth k-algebra
of Krull dimension d > 3. Let X = Spec A, £ € [X,BSL|s1 which is represented by a rank d — 1 vector bundle (or
equivalently, cq(§) = 0). Let o : [X,BSLg_1]41 — [X,BSL]41 be the stabilizing map. If char(k) = 0 or char(k) > d,
then the lifting set Va_1(X,€) = p5 (€) C [X,BSLa_1]s1 is a singleton, provided Conjecture holds. In other words,
every oriented rank d — 1 vector bundle over X is cancellative.

Remark 4.3.9. Tt’s important to assume k is algebraically closed (k = k) here: there is Mohan Kumar’s examples [52] of rank
d — 1 stably free modules which are not free, when the base field is a C;-field but not algebraically closed.
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4.4. Cancellation properties of symplectic vector bundles

In this section, we give enumeration results and in particular study cancellation properties of symplectic vector
bundles, using the ideas and methods of the previous sections.

By Theorem or [13] Theorems 2.3.5, 3.3.3, and 4.1.2] (see also [72]), the set of classes of rank 2n symplectic
vector bundles over a smooth affine scheme over a perfect field is represented by the motivic space BSp,,,.

A .
The map Sp,,, — Spy, 9,4 ( I > induces an A'-homotopy fiber sequence
2

A2 \ O~ Sp2n+2/SP2n — BSp,,, — BSpy,, 4o-

Since

n 0, < 2 1,
a0 =Sy ST
2n42, U= 2n + 1,
we find that the map ﬂleSan — 7rf\1BSp2n+2 is an isomorphism if ¢ < 2n 4+ 1 and a surjection if ¢ = 2n 4+ 1. Thus

also, the induced map WiAlBSan — W?lBSp is an isomorphism if ¢ < 2n 4+ 1 and a surjection if i = 2n + 1 (see also [7],
Theorems 2.6 and 3.3]).

Let F), be the A'-homotopy fiber of the canonical map ¢ : BSp,,, — BSp. We then have an A'-homotopy fiber
sequence

F, — BSp,, 25 BSp,
and from the above results we see that

U FL =0, <2n+1.
As before, we have an Al-homotopy fiber sequence

APTEN0 = F = Fl .,

which then gives 7r§,11+1(A2”+2 \ 0) = WQA,ILH F! and we obtain

Al 0, 1 <2n+1,
ue Fn = KMW =9
2n+2s 1= n+1

The motivic space BSp X Z represents symplectic K-theory in the motivic homotopy category A (k), and so
ﬂleSp = K?p,i > 1 and ﬂleSp = Kfp = 0. Moreover, there is a motivic T"*-spectrum with term BSp x Z at each
level (see e.g. [81] Theorem 3|, or by the same result, we see that BSp x Z is a term of a motivic T-spectrum, as stated
in Proposition 7 yielding as before the following result.

Corollary 4.4.1. If k is a perfect field, then BSp is an abelian group object in the pointed A'-homotopy category U-C‘fl (k)
and for any X € 8my, all the components of the derived mapping space RMap(X, BSp) € sSet. are weakly equivalent.

Thus there is a canonical map m : BSp x BSp — BSp in the pointed A'-homotopy category ﬂffl (k) giving the
abelian group object structure of BSp. Given £ € [X, BSp]a1, let

Tg := m(—, &)« : m (RMap(X, BSp),0) — 71 (RMap(X, BSp), )

be the isomorphism on fundamental groups induced by m(—, &) : RMap(X,BSp)o — RMap(X, BSp)¢ as introduced in
Proposition

Similarly as before, we denote by ng;(X ,€) == 71 (€) the set of isomorphism classes of rank-2n symplectic vector
bundles which represent &.

Let E = E3, be the first non-trivial stage of the Moore-Postnikov tower of the canonical map BSp,,, — BSp. Then
we obtain a principal A'-homotopy fiber sequence
K(K5\Y2,2n +1) — E — BSp

classified by a k-invariant b,411 € 6ﬁ2n+2(BSp) = H*"*?(BSp; K3,1») (which is given by a map bny1 : BSp —

K(KYW,, 2n +2) in H (k).
We have a cartesian suqare
SPgn — SPan2
SL2n+1 e SL2n+27
giving a commutative diagram

BSpy, — BSpy, 40

! |

BSL2n+1 — BSL2n+27
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which in turn, by naturality of k-invariants, yields a commutative diagram

bn
BSPanas — K(KXW,, 2n 4 2)
J H (4.21)
BSLonia —3 K(KMW,, 2n + 2),

—~2n-+2

where ez,+2 € CH (BSL2p42) = H2"+2(BSL2n+2;Kg/LVXQ) is the universal Euler class. The universal Euler class
restricts to the universal Borel class, see e.g. [44, Proposition 4.3], where it’s called the Pontryagin class and denoted
Prt1(SPay,42); we follow the nowadays common nomenclature—the Borel class, as in the newest version of [72]. Thus

——2n+2
the k-invariant b,4+1 € CH * (BSp) = H*>"*2(BSp; K3, ,) is exactly the n 4 1-st Borel class.
The Borel classes b;’s satisfy a Whitney formula (or rather, Cartan sum formula, see [44), Theorem 4.10] or [72]):

bu(€+€) =Y br() - bur(&)

for any U € 8Smy, and (&,¢’) € [U,BSp|s1 X [U,BSp]s1. And so
m b, =Y (br X bu—r) € [BSp x BSp, K(K3y,", 2n)] 1, (4.22)

r=0
where by X bn—r := pi(br ® bn—r), u being the obvious map
[BSp, K(K3,", 2r)]s1 @ [BSp, K(KjnYa,,2n — 2r)],1 — [BSp x BSp, K(Kay," ,2n)]u
induced by the multiplication in the graded sheaves of Milnor-Witt K-groups KMW.

If k is a perfect field and X = Spec(A) is a smooth affine k-scheme with 3 < dim(X) = d < 2n + 1, then an easy
argument using Moore-Postnikov tower shows that any stable symplectic vector bundle £ over X is represented by a rank
2n symplectic vector bundle &2, € [X,BSp,,, a1, i.e. £ : X — BSp factors through the canonical map ¢ : BSp,,, — BSp

(in the A'-homotopy category Fea! (k)). If d < 2n + 1, then another Moore-Postnikov tower argument shows that the
representative symplectic vector bundle &2, € [X,BSp,, |41 is unique. So the main problem is to consider in the case
d = 2n 4+ 1, the uniqueness of the lifting, or the cancellation property of the symplectic vector bundle &£2,,.

As in Theorems[£:2.T]and [£.2.3] we obtain the following enumeration result on symplectic vector bundles near critical
rank (of course, only the d = 2n + 1 case is interesting; the d < 2n + 1 cases are almost trivial by the Moore-Postnikov
tower argument).

Theorem 4.4.2. Let k be a perfect field with char(k) # 2 and let X = Spec(A) be a smooth affine k-scheme of
dimension d with 3 < d < 2n+ 1. Let £ be a stable symplectic vector bundle over X, whose classifying map is still
denoted by £ : X — BSp. Denote by

A(bni1,€) == bny10Te : KSp, (X) = [X, OBSplar — [X, K(K3nys,2n + 1)] = BT (X; KonTs)
the induced homomorphism on fundamental groups. Then there is a bijection

ng (X: 5) = COker(KSpl(X) — [X, QBSP]AI M}

(X, K(K3nYa, 2n + 1)) = HHH(X; K%ﬁz))
Moreover, the map
A(bnt1,€) : KSpy (X) = [X,0BSplar — [X, K(K3nY5,2n + 1) = 7 (X; KaYs)

is given by
Abnt1,€)(B) = (bn1)(B) + D ((2:)(B)) - bnt1—r(€). (4.23)
r=1
We again turn to more refined computations in order to give cancellation results on symplectic vector bundles near

critical rank. As discussed above, we only need to consider the case d = 2n + 1 and we do assume this in the sequel.
1
Consider the following commutative diagram in 3* (k):

Qb
SLay1 —— Spy(ayr) C Sp ——— K(KHW, 2r — 1)

Bd+t1

(a,b) a4

X

Q2d+1 SLa,

where H : SL, — Sp,,., A — ( A (A7)~ ) So

0, 2r#d+1;

Tor—1 QMW
(Qby)(HBas1) € H ™ (Qaar1; Koy ) = {KS/IW(I@) —GW(K), 2r=d+1(r=n+1).

It follows that (Qb,)(HB4+1) =0,¥r # n+ 1 and that
Abny1,§)(HBat1) = (Qbn+1)(H Bat1). (4.24)
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Let F': Sp — SL be the “forgetful” map induced by the inclusions Sp,,. < SL2,, then we have the induced maps
SK; (X) 25 KSp, (X) £ SKy(X).
By [86, Lemma 5.3, [ag+1(a,b)] + [ar1(a,b)T] = 0 in SK1(X), for any A-point (a,b) of Qaq+1 (since the matrix I, in
[86, Lemma 5.3] is in SLa~(Z), hence elementary). Thus
,b
FH(u (@) = (@0 ryn )| = oo (@0)] = a0 @.0)7] = 2asa.0).
(cas1(a,5)7)

As [agy1(a, b)) = [Bati(a,b)] € SK1(X), we also get
FH([Bat1(a,b)]) = 2[Ba+1(a,b)].
The diagram eq. (4.21)) then yields the following commutative diagrams

BSp -t K(KYY,d + 1) Sp % KK, 0
Fl lf and hence Fl J{T (4.25)
BSL —% K(KY,,,d+1), BSL 2“3 K(KYL,, d).

Composing the latter with the map H : SL — Sp and applying [X, —],1 we see that
7(Wps1)H = (Qcar1)FH : SKq1(X) = HY(X; KN, ).

Considering the effect on [B441(a,b)] € SKi(X) for any A-point (a,b) of Q2441 with a = (ag,a1,--- ,aq), we find
that

(1) H([Bar1(a,0)]) = 2(Qearr)([Bar(a,b)]) = £2- 7((ag’, a1, -+, aa]) = 7(£2- dg!h- [(a,b)]) = 7(&d! - h - [(a, b)])

by Propositionand eq. , where [(a, )] denotes the image of (a,b) € Q24+1(A) in [X, Qadt1]s1 = Hd(X Kd+1)

As noted before, if char(k) # 2 and c.d.o(k) < 2, then H*(X;I4"?) = 0 and the reduction map 7 : H*(X; K)¥\Y) —
H%(X; KY. ) is an isomorphism (if c.d.(k) < 1, one can also use the Arason-Pfister Hauptsatz and the motivic Bloch-Kato
conjecture to show that I¢"2|x = 0). Then we must have

A(bnt1, ) H([Bar1(a,b)]) = (QWnt1)H([Bat1(a,b)]) = £d! - h - [(a,b)].

This says that d! - h- HY(X; KYY) Cim A(bnt1,€), (2-d) - HY(X; KL ) Cim(TA(bat1,£)). Since h goes to 2 under 7
and 7 : HY(X; KYY) — HY(X; KDY, ) is an isomorphism, in fact we have (d!-h)-H4(X; KYY) = (2-d!) - HY(X; KYY)
im A(bgt1,&). We summarize the discussion as follows.

Theorem 4.4.3. Let k be a perfect field with char(k) # 2 and c.d.2(k) < 2. Let X = Spec(A) be a smooth affine
k-scheme of dimension d =2n+1 > 3. Let £ be a stable symplectic vector bundle over X, whose classifying map is still
denoted by £ : X — BSp.

(1) We have (2-d!) - HY(X; KL ) Cim(TA(bn11,E)).

(2) There is a surjective homomorphism

HY(X; Ko 1)/2 - d! — cokerA(bp1,€) = V50 (X, ).

(3) IfHY(X; KL ,) is d!-divisible, then cokerA(b,11,€) = 0. So in this case, any rank 2n = d— 1 symplectic vector
bundle is cancellative. Moreover, the map

(bn1)« : m1(RMap(X, BSp), €) — m1 (RMap(X, K(KJY,d +1)),0) = HY(X; KYY)

is surjective for every £ € [ X, BSp|a1.
(4) If c.d.(k) <1, then & is represented by a unique symplectic vector bundle over X of rank 2n =d — 1.

For statement (3), note that if an abelian group is d!-divisible, then it is also 2 - d!-divisible. The last statement
above is again guaranteed by Voevodsky’s confirmation of the motivic Bloch-Kato conjecture as in Remark [£.2.10}

4.5. Further directions

Let k be a perfect field, let A be a smooth affine k-algebra of dimension d and let X := Spec(A). The results we
obtain so far are apparently not satisfactory (e.g. the restriction on the cohomological dimension and orientability) if we
want to have a complete picture about cancellation properties of projective modules.

On the other hand, recent work of Das-Tikader-Zinna [23], relying heavily on results about Euler class groups, gives
an enumeration result on stably trivial vector bundles over smooth real affine algebras of top rank. Precisely, let A be a
smooth affine R-algebra of dimension d and let X := Spec(A). Then the real points X (R) form a d-dimensional smooth
real manifold. Let C be the (finite) set of compact connected components of X (R). Assuming X (R) is orientable, then
the set of isomorphism classes of rank d (finitely generated) stably free projective A-modules is isomorphic to 791l if d
is even, while it has the structure of an Fa-vector space of dimension no bigger than |C| if d is odd (23] Theorem 1.2]).

In view of this, we raise the following three-fold direction for future work.

(1) In |25], for the case when the dimension d is even, we assumed that the base field k is perfect and char(k) # 2
with c.d.2(k) < 2. We will try to relax that assumption.
Also, in the above case in [25], we assumed that the projective A-modules we consider have trivial deter-
minant. We will try to weaken this assumption also.
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(2)

We will try to generalize the enumeration result of Das-Tikader-Zinna [23] to all projective A-modules (A a
smooth affine R-algebra of dimension d), at least for those with trivial determinant.

Our strategy is as follows. As mentioned above, [47] gives nice enumeration results on topological vector
bundles over CW-complexes of top rank, and the work [25] gives parallel enumeration results on algebraic
vector bundles over smooth affine algebras of top rank. We will proceed by comparing algebraic vector bundles
and topological vector bundles (via the real realization functor from the motivic homotopy category to the
classical homotopy category). Diagrammatically, we will study the relationship between the two rows of the
commutative square

Va(X) ——— Ko(X)

| |

V() ——— REP(X)
where V4(X) (resp. V{P(X)) denotes the set of isomorphism classes of rank d algebraic (resp. topological)
vector bundles over X (resp. X(R)), and Ko(X) (resp. Ki°P(X)) denotes the group of stably equivalent classes
of algebraic (resp. topological) vector bundles over X (resp. X (R)).

In fact, [29] already gives nice results on passing from the algebraic realm to the topological one, though
further work need to be done for our purpose. In light of results of Das-Tikader-Zinna [23] and Fasel [29], we
believe that, the enumeration of real algebraic vector bundles (of top rank) is essentially a topological problem.

More preferably, we may try to reprove the main enumeration result of [23] using motivic methods, without
stably free assumption from the beginning.

More ambitiously, we will try to eliminate the condition in the cancellation result of [25], in the case of k = k,
for rank d — 1 algebraic vector bundles. Precisely, we will try to prove in that case that

HY(X; 74 (A% 0)) =0,

which is (apparently from the argument in [25]) enough to confirm cancellation for rank d — 1 algebraic vector
bundles unconditionally; or even more ambitiously, the Asok-Fasel Conjecture [I.3.6} if k be a perfect field with
char(k) # 2, then the sequence

K. ./24 — 4 (AY\ 0) > GW4,, =0 @13)

becomes exact after d-fold contractions.



Appendix A

Kan extensions

In this appendix, we collect some results on Kan extensions, part of the abstract nonsense. The slogan is that a Kan
extension is very effective in creating adjunctions and is very rewarding, which should be apparent from the examples we
give; in fact, there are many more, from algebraic geometry and abstract homotopy theory, and presumably, everything
related to category theory, after all “All concepts are Kan Extensions”.

A.1. Generalities

We fix categories C, D, € and functors F : € — &,G : € — D. We want to “extend” F to a functor S : D — & (by
imagining G as an embedding). In general, this is not possible. And the notion of Kan extensions is the “best possible
approximating solution”.

Definition A.1.1. A left Kan extension of F along G is a functor Lang(F) : D — €, together with a universal
natural transformation 7., : F' = Lang(F) o G such that for any other functor S : D — € and natural transformation
n: F = S oG, there exists a unique natural transformation ¢ : Lang(F) = S such that n = (¢ 0 G) 0 Nyn.

e F c F 4 SoG
\éxﬂn/ \"X\A ( )d%,
D o

Lang(F

Dually, a right Kan extension of F' along G is a functor Rang(F) : D — &, together with a universal natural
transformation €., : Rang(F) o G = F such that for any other functor S : D — & and natural transformation
€:S oG = F, there exists a unique natural transformation 1 : S = Rang(F') such that € = ey 0 (¢ 0 G).

e £ & F =
ol A \()‘E%
D o

Rang(F

SoG

If Lang(F) exists for every functor F' : € — &, then we have an adjoint pair
Lang : € = €? . G*,
where G*(S) = S o G. Precisely, there is a natural isomorphism
&P (Lang(F), S) = £4(F,S 0 G).
Similarly, if Rang(F) exists for every functor F : € — &, then we have an adjoint pair
G*:e” = &% Ranc.
Precisely, there is a natural isomorphism
€S oG, F) =~ eP(S,Rang(F)).

Schematically, in these cases we have the following adjoint pairs:

ED
Lang é,’ GJ > Rang
ec.

This is a fertile source of adjoint pairs, as can be seen from the following examples.

Example A.1.2 (Derived functors). Consider a model category M with the canonical (localization) functor to its
homotopy category vy : M — Ho(M). For any functor F : M — N, its left derived functor LF : Ho(M) — N is defined
as the right Kan extension Ran,, (F'). Thus it’s equipped with a universal natural transformation ey : LF o vy = F.
Similarly, its right derived functor RF : Ho(M) — N is defined as the left Kan extension Lan.,, (F). It’s equipped
with a universal natural transformation 1My, : F = RF o .
When N is also a model category with the localization functor yx : N — Ho(N), the (total) left derived functor
LF : Ho(M) — Ho(N) is defined as the right Kan extension Ran., (yxo F). Thus it’s equipped with a universal natural
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transformation €y, : LF o vy = v o F. And the (total) right derived functor RF : Ho(M) — Ho(N) is defined as the
left Kan extension Lan., (yx o F). It’s equipped with a universal natural transformation nun : yx o F' = RF o .

M—E N

Ho(M) — > Ho(N)

For more about derived functors, see [T4, Definition 2.1.17] and [40}, §8.4].

A.2. Examples and some useful facts
In this section, we present some interesting examples and some useful facts about Kan extensions.

Example A.2.1 (Representations (co)induced by representations of subgroups). Let G be a (discrete) group, we can
view it as a groupoid with one object *, then for a field k, a k-representation of the group G is the same thing as a
functor G — Vecty, thus Rep, (G) = (Vecty,)“

Let H be a subgroup of G, viewed as a subcategory of G. Then the embedding H — G induces the restriction functor
res$ : Rep,,(G) — Rep,(H) sending a G-module V to V itself viewed as an H-module. In this case Kan extensions fit
into the following adjoint pairs

Repk

IndG< resH >Comdc

Repk
where for an H-module V, Ind (V) = k[G] @y V, COindg(V) = Hompg (k[G], V).

Example A.2.2 (Geometric realization). Consider the standard cosimplicial space |A®| : A — Top, then the geometric
realization | | :sSet — Jop (see Section is the left Kan extension of |A®| along the Yoneda embedding A — sSet.

Abﬂ’op

7
1l

sSet

Now consider the left comma category (F | d) for an object d in D, whose objects are pairs (¢, f) with ¢ an object
in € and f: F(c) — d a morphism in D, and whose morphisms are the obvious commutative triangles (i.e. a morphism
h:c— ¢ such that f = f' o F(h)). We have the functor js : (F | d) — €, (c, f) = ¢, and the natural transformation
1 : F o jqg = consty with 7 sy = f : F(c) = d, as in the following diagram:

(Fld) —N‘}

| L

*—>®

Varying d in D we get the global (left) comma category (F | D) = (F | 1p), with objects triples (¢, d, f), ¢ an object in
C, d an object in D and f : F(¢) — d a morphism in D, and whose morphisms are the obvious commutative squares (i.e.
a pair of morphisms (h,g) with h: ¢ — ¢ in € and g : d — d' in D such that go f = f' o F/(h)). There is the functor
j: (FlD)—CxD,(cdf)— (cd).

The global comma category (F | D) can be identified with the category of elements of the functor F : C°° x D —
8et, (c,d) — D(F(c),d). []

Dually, there are the right comma category (d | F) for an object d in D and the global (right) comma category
(D4 F)=(1p | F).

For d an object in D we have the functor j4 : (G | d) — €, (¢, f) = ¢. Thus we get a (G | d)-diagram F o jg in €.

Theorem A.2.3. If the colimit c(gllig)l(Fojd) exists for every object d in D (in particular if C is small and & is cocomplete),
then the left Kan extension Lang(F) : D — & exists, and there is a canonical isomorphism

Lang(F)(d) = ((:gljzrir)l(F 0 jd).
If moreover the functor G : € — D is fully faithful (i.e. a full embedding), then the universal natural transformation
Nun : F' = Lang(F) o G is an isomorphism of functors.
Theorem A.2.4. If the limit (llirg)(F o jaq) exists for every object d in D (in particular if C is small and & is complete),

then the right Kan extension Rang(F) : D — & ezists, and there is a canonical isomorphism

Rana (F)(d) = lim (F o ju)

1For the notion of category of elements, see the nLab article category of elements. For more about the related constructions, see the
wikipedia article Comma category.
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If moreover the functor G : € — D is fully faithful (i.e. a full embedding), then the universal natural transformation
€un : Rang(F) o G = F is an isomorphism of functors (it’s in fact the counit for the adjunction G* 4 Rang, see [60}
Chapter X, §3, Corollary 3|).

Remark A.2.5. The above results say that Kan extensions along full embeddings are genuine extensions. Note however that not
all Kan extensions can be expressed as above, since the codomain category may be not (co)complete, e.g. the homotopy category
Ho(M) in Example which has notoriously few limits and colimits (see |74 Remark 1.3.6]). For more on these results, see
[74] Chapter 1] or |60} Chapter X].

Example A.2.6 (Yoneda extensions). Let C be a small category, & a cocomplete category, Q : C — & a functor. Let
h : € — Pre(C) be the Yoneda embedding (see Example . Let | — | = Lann@ : Pre(C) — & be the left Kan
extension (computed via colimits), it preserves colimits.

Q

C——¢

7
hJ/ I=lQ

Pre(C)

Since the Yoneda embedding is fully faithful, we have |hyv|g = Q(V) for any object V' € C. Since for any X € Pre(C) we

have X & colim hv (see Proposition|2.1.6)), we get | X|q = colim V).
(ay:hy=X)ECx v ( P ‘ get [Xle (av:hv:>X)€CxQ( )

We define a functor Sing, : € — Pre(€) by setting Singg(e) = he 0 Q, i.e. (Singge)(U) = E(Q(U), e) for any objects
U € C,e € &. They form an adjunction
| — g : Pre(C) = € : Sing,,.
Indeed, for any X € Pre(C) and e € &, we have the following natural isomorphisms in Set:
Pre(€)(X, Singg (e)) =Pre(€)(colim hy, Singg (e)) = lim Pre(C)(hyv, Singg (e)) = lim Singg (e)(V)
~lim £(Q(V), €) & &(colim Q(V), €) 2 E(X|g, e).
This generalizes the construction of geometric realization above (with € = A, & = Top).
Even more is true: the above construction sending a functor Q € &% to the adjoint pair (I -=la, SingQ) defines an
equivalence of categoried]
e¢ =5 Adj(Pre(@), &).
This construction is sometimes refered to as Yoneda extensions (see [35], Digression 1.8).
Replacing £ by £°P and passing to the opposite categories, we get an equivalence
e =5 Adj(€, Pre(©)°P).
In particular, for A* € c€ = &2 and Y, € s& = EAOD, we get the adjunctions
A*®@ —:s8et = &: E(A°, )

and
(Yo)P = Hom(—, Y,)P : s8et = £ : £(—, Ys).
If € is pointed and bicomplete, then we have similar equivalences and we denote the adjunctions by
A* A —:s8et, =2 E: E(A%, )
and

(Yo)P = Homy (—, Ye)P : sSet, = E°P : E(—, Ya).
In this case, we have a natural isomorpism A®* N Ky = A®* ® K (on the right hand side, ® denote the operation in the
unpointed case as above). See [45], Corollary 3.1.6].
See also |57, Example 2.2.2.4, 2.2.2.5] for adjunctions obtained in this way, which have important applications in
the theory of co-categories.

Example A.2.7 (Evaluation has two-sides adjoints). Let J,C be small categories, and let € be a bicomplete category,
then for any fixed object ¢ in C, we have the functor G : 3 — I x C,i — (i,c). The functor I'. = G : £2*¢ — &% is the
“evaluation” at c. By the above results, it has a left adjoint L. and a right adjoint R., hence the functor I'. preserves all
limits and all colimits (evaluation preserves all (co)limits). Spelling this out, we have:

LetY:J — &° be a diagram in £° indexed by a small category J, and write Y(c) : I — & for the induced J-diagram in
& for every object c in C. Then the colimit coljim Y is pointwise, i.e., for Y € &%, and given (compatible) maps Y; — Y in

&€ for every i € J, the induced map coljim Y=Y isan isomorphism if and only if the induced map coljim Y(c) = Y(c)

is an isomorphism for every object ¢ in C. Briefly we have

coljim(’j(c)) o (coljim (o), li§n(‘j(c)) = (lim Y)(c).

J

2There will be set-theoretic issue (both sides won’t be locally small categories in general) which we ignore, since one can make the
stated equivalence into a 1-1 correspondence, so if € is small, then ec s locally small and hence so is the right side.
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This in particular implies that in the presheaf category, (co)limits are formed sectionwise. The functor T'. is exact (on
the diagram category, note however that in the category of sheaves, the functor taking sections at some object is not
exact). If & is a (co)complete category, then so is the functor (diagram) category £€. Moreover, we have

LX =X@h': (i,d)— [] X,
C(c,d)

RX =X":(i,d)— [] X.
e(d,c)

Definition A.2.8. A functor H : D — F preserves the left Kan extension (Lang (F'), Nun) if the pair (H o Lang(F'), H o
Nun) is the left Kan extension of the functor H o F along G.

e o D
K JL/
G (F)
e

Theorem A.2.9 (|74, Lemma 1.3.3]). Any left adjoint preserves left Kan extensions.

LN o



Appendix B

Etale sites and étale cohomology

In this appendix, we briefly present some basic facts about étale cohomology. We intend to be minimal rather than
to be complete, so only those are useful for our purpose in the text are presented.

B.1. A leisurely excursion to étale sites

Let R be a commutative ring and A be a commutative R-algebra given by a ring homomorphism ¢ : R — A, let
p € Spec(A),q = ¢ (p) € Spec(R). We say that p is unramified over R or A/R is unramified at p if pA, = qA, and the
field extension k(p)/k(q) is separable algebraic. Otherwise, we say that A/R is ramified at p. If A/R is unramified at p
and Ap/Rq is flat, we say that A/R is étale at p. If A/R is unramified (étale) at p for every p € Spec(A), we say A/R is
an unramified (étale) algebra. Let Va g C Spec(A) be the set of those p € Spec(A) at which A/R is ramified, call it the
ramification locus of A/R. The set of those p € Spec(A) at which A/R is étale is called the étale locus of A/R.

If A/R is essentially of finite type (i.e., A is a localization of a finitely-generated R algebra), then V4, r = supp(Q}L‘/R)
(is closed in Spec(A)); A/R is unramified iff Q}A/R = 0. If R is noetherian, then the étale locus of A/R is open in Spec(A).
See [54, Corollary 6.10].

More generally, let f : (X,0x) — (Y, Oy) be a morphism of schemes and let z € X,y = f(z) € Y. We say that
f is unramified at x if there exists an affine open neighbourhood U = Spec(A) of z in X and affine open V = Spec(R)
of y in Y with f(U) C V such that the induced ring map R — A is unramified. See the Stacks project, tag/02G3|for a
discussion on unramified morphisms of schemes.

We say that a morphism of schemes f : X — Y is étale at a point € X if f is unramified at x € X, locally of
finite presentation at x € X and is flat (smooth) at x € X. We say that f : X — Y is an étale morphism if it is étale
at every point x € X. A morphism f: X — Y is étale iff it is smooth of relative dimension 0, iff it is flat, locally of
finite presentation and Qﬁ( /v =0. Etale morphisms are closed under composites and base change but are not necessarily
separated (the morphism from the affine line with a double origin to the affine line (sending both origins to the same
point—the origin of the target) is a non-separated étale morphism); if f : X — Y is an étale morphism of schemes and
Y is reduced (resp. regular) then so is X (the Stacks project, tag/03PA)). See |the Stacks project, tag/02GH| for more
discussions on étale morphisms of schemes.

The small étale site Xe; is the site of étale X-schemes, with covers given by surjective families of X-morphisms (any
X-morphism in Xg; is necessarily étale). The small étale site X is subcanonical; in fact, for any X-scheme U, we have
Ux = (8ch/X)(—,U) € S8hv(Xe) ([88 Chapter II, Theorem (3.1.2)]) but different X-schemes may represent the same
sheaf on Xg: as an easy counter-example, let k be a field and consider X := A} = Spec(k[t]), Z := V() = {0} — X,
then both Z and the empty scheme & represent the empty sheaf @ on the small étale site X¢; (since any étale morphism
U — X has an open image hence cannot factor through Z = {0} — X). If one wants to have a non-empty sheaf, just
observe by the above that both Z ][ X and the scheme X represent the final sheaf * on Xg;.

If F € Shv(Xg) is represented by U € X, then for any morphism of schemes f : Y — X, f*F € Shv(Ys) is
represented by U xx Y € Yz ([88] Chapter II, Proposition (3.1.3)]). If .# € Qcoh(X) is a quasi-coherent ¢'x-module,
we can associate an étale sheaf .Zs, = W (.#) € ShvAb(Xs) by Me(V 2 X) =T (V, o 't ®,-16, Ov). The functor

Qcoh(X) — ShvAb(Xey), A +— Ma

is additive and left exact. We have (Ox )¢t = Ga,x. If X is an S-scheme, then (Qﬁ(/s)ét(U) =T(U, Q%]/S) ([67, Chapter
I1, Proposition 1.3]). For any abelian group A, we associate the constant sheaf A, with A, (V) = A™W) (7o(V) is
the set of connected components of V' € Xg;); it’s represented by the étale group scheme [], X (using that V' is the
coproduct of the schemes in 7o(V')). We have the adjunction

(=)x : Ab = ShvAb(Xe) : T(X, —).

Clearly, for M € ShvAb(X¢), we have ShvAb(Xet)((Z/n)x, M) = | M(X) = ker(M(X) I M(X)).

There are also the multiplicative group G.,,x € ShvAb(X¢:) and its subsheaf of n-th roots of unity pn, x € ShvAb(Xs:)
given by G, x (U) = Ou(U)*, pin,x(U) = {s € Oy(U) : s = 1}. They fit into an exact sequence
0— Hn, X — Gm7X i> Gmyx.

The sheaves (Z/n) and jin, x € ShvAb(Xe:) are (étale) locally isomorphic if n is different from the characteristics

of all residue fields of all points in X; they are isomorphic iff &x(X)* contains a primitive n-th roots of unity ([88]
Chapter II, (3.1.4)]).
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B.2. Etale cohomology

Using the formalism of Section for any U € X¢i, A € ShvAb(X¢:),n € N, we have the étale cohomology groups
HZ (U; A).

If the scheme X has characteristic p (a prime number): p- Ox , = 0,Vx € X, we have an injection (Z/p)X — Ga,x-
We also have the Frobenius morphism Frob : Ga,x — Ga,x,s — sP. We have the exact Artin-Schreier sequence

0= (Z/p), = Gax == Ga,x — 0.

in 8hvAb(Xe;) ([88 Chapter II, Theorem (4.2.1)]). The associated long exact sequence gives a short exact sequence
0 — Ox(X)/(Id — Frob)Ox (X) — Hi(X;Z/p) — HE(X;Gax) ™ — 0.
If X is a reduced proper scheme over a separably closed field & of characteristic p, then
He (X3 Z/p) & Hat(X; Ga,x) ™"
If X = Spec(R) is affine of characteristic p, then

i R/(Id — Frob)R, i=1,
(X5 Z =
«(X52/) {0, i>1.

We also denote by Xzar the small Zariski site of X. There is an (obvious) site morphism

L XZM — Xét,
giving adjunctions
(" 2 8hv(Xzar) = 8hv(Xst) : ta,t™ : ShvAb(Xzar) = ShvAb(Xst) : ts.
We have the biregular Leray spectral sequence (or Bloch-Ogus spectral sequence) in Ab
B = Hzo (X3 R/ 1. (4)) = H7 (X3 A), (B.1)

functorial in A € ShvAb(Xgt). _ _
For ./ € Qcoh(X), we have v.(.#s) = .#. The edge homomorphisms Hy,, (X;.#) — He, (X;.#s) for the spectral
sequence in eq. (B.1)) are isomorphisms. So if X is affine, then Hi,(X;.#¢) = 0 for i > 0 (|88 Chapter IT, Theorem

(4.1.2)]).
We have R (1xGr,x) = 0 (see [88] Chapter IT, Theorem (4.3.1) and Lemma (4.3.2)]), which implies Hilbert’s theorem
90:

H} (X G x) = Pic(X).
If n € Z is invertible on X: n € (Ox4)*,Vz € X, then we have the exact Kummer sequence
0= ptnx = Gmx = Gm,x =0
in 8hvAb(Xe;) (|88 Chapter II, Theorem (4.4.1)]). The associated long exact sequence gives a short exact sequence
0= Ox(X)™/n — Hi(X; pin, x) — nPic(X) = 0.
If X is a reduced proper scheme over a separably closed field & and n € Z is invertible on X, then
HL (X5 in, x ) & Pic(X).
If X = Spec(R) with R a local ring, then H} (X; ptn,x) = R* /n.
The big étale site Et(X) of a scheme X is the site of all X-schemes Sch/X, with covers Cov(U) for U € Sch/X
given by surjective families {U; — U : i € I} of étale X-morphisms. We have a site morphism
i Xer — Bt(X),
giving adjunctions
EXT = i* : $hv(Xa) = Shv(Et(X)) : ix = Res, EXT = i* : ShvAb(X¢;) = ShvAb(Et(X)) : i = Res,
where for F' € 8hv(Xe), the sheaf EXT(F) is the sheafification of the presheaf

Et(X) 3 U~ colim F(V),
VeUli)

where (U | i) is the [comma category| given by the pair of functors [0] Yy Bt(X) < Xa. We have the following
comparison result for the sheaf theory on the big and small étale sites (|88 Chapter II, Theorem (3.3.1)], with the fact

that (Xe, | U) = Us, (Bt(X) L U) = Et(U) for U € Xe;), which explains the focus on the small étale site.

Proposition B.2.1. For any F € Shv(Xq), the unit F — Res(EXT(F)) of the adjunction (EXT,Res) is an isomor-
phism, the functor EXT is fully faithful, and the functor Res is exact.
Moreover, for any A € ShvAb(Xet), B € ShvAb(Et(X)),U € X, there are canonical isomorphisms

Zt(X§ A) = Hgt()q(X? EXT(A)), Zt(XQ Res(B)) = Hgt(x)(XQ B); gt(U; A) = Hgt(x)(U§ EXT(A)).


https://en.wikipedia.org/wiki/Comma_category
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Given a morphism of schemes f: X — Y, it induces a site morphism
fer : Yoo = Xet, (V= Y) = (V xy X — X),

giving adjunctions
7 8hv(Yer) &= Shv(Xst) : fu, [ : ShvAb(Yey) = ShvAb(Xst) ¢ fa,
where f.(A)(V) = A(f&e(V)) = A(V xy X); the first adjunction is a geometric morphism in topos-theoretic sense. If f is
an immersion, then the counit f* f.(A) — A is a natural isomorphism; the functor fi : ShvAb(X¢:) — ShvAb(Yze) is fully
faithful ([88] Chapter II, Proposition (8.1.1)]).The higher direct image is given as follows: for A € ShvAb(Xe;), R f.(A) €
S8hvAb(Ye) is the sheaf associated to the presheaf V — HY, (V Xy X; A). For V € Ye, we have the biregular Leray spectral
sequence in Ab
Ef = Hu (ViR fu(A) = H(V xv X; 4), (B.2)
functorial in A € ShvAb(Xs;). Using its edge morphisms and adjunction, we obtain, for A € ShvAb(X¢), B € ShvAb(Ys),
canonical homomorphisms
H (V5 fo(A)) = Hi(V xy X; A), (B.3)
Hg (V3 B) — He (V xy X5 f7(B)).
If g: Y — Z is another morphism of schemes, we have the biregular Leray spectral sequence in ShvAb(Zs;)
Ef = R'g.(R' f.(4)) = R™(g/)-(A), (B.4)

functorial in A € ShvAb(X¢). Using its edge morphisms, we obtain the base change morphisms

{Rig*(f*(A)) — R'(g/)«(4),

_ _ (B.5)
R'(gf)«(A) = g«(R"f.(A4)).

Given a cartesian diagram of schemes

X/ f Y/

v |» (B.6)

we get the composite R’ f. — (Rf.)(viv™) — (RY(fv") )0 = (RY(vf). 0™ — v (RIfD)v'™, its adjoint is the base
change morphism v*R'f. — (R!f.)v™*. If it is a natural isomorphism for all such cartesian diagrams, we say that R*f.
commutes with arbitrary base change.

We also have the restricted étale site Xgper, which is the full subcategory of finitely presented étale X-schemes
(a morphism is finitely presented or of finitely presentation is it is qcgs and locally of finitely presentation). If X is
quasi-compact, the restricted étale site Xpps is noetherian (|88, Chapter II, Lemma (1.5.1)]). There is a site morphism

10 Xeper — Xat,
giving adjunctions
ext = i" : Shv(Xepet) = Shv(Xes) @ s = res, ext = i : ShvAb(Xeper) = ShvAb(Xgt) @ ix = res.

If the scheme X is quasi-separated, then (ext,res) are mutually quasi-inverse equivalences of categories (|88] Chapter II,
Proposition (1.5.2)]). We then easily obtain the following result ([88], Chapter II, Corollary (1.5.3)]).

Proposition B.2.2. If X is a qcqs scheme (e.g. noetherian or affine), then the functor Hg (X; —) : ShvAb(Xe) — Ab
commutes with pseudofiltered colimits and all small direct sums.

A geometric point of X is a morphism wu : P = Spec(Q2) — X with Q a separably closed field. It is the same as the
image point x € X of u, with an embedding x, — €); we then say that the geometric point P lies over . The morphism
u : Spec(2) — X induces a site morphism

ugt : Xey — Spec(Q)et, (V — X) — (V xx Spec(2) — Spec(Q)),
giving adjunctions
u” : Shv(Xest) = Shv(Spec(Q)st) =2 Set : ux, u” : ShvAb(Xes) = ShvAb(Spec(2)et) = Ab : u..

So a geometric point of X is a point of Shv(X¢;) in topos-theoretic sense, we thus have the stalk Ap = A, = u* A for
A € 8hv(Xe;) or ShvAb(Xey).

For U € X¢ we have u*hy = (8ch/X)(Spec(2),U); we have u*pin,x = pn(Q2); for any abelian group A, we have
uAy = A

If v: PP — P is an X-morphism of geometric points of X, then it induces an isomorphism Ap- =, Ap on stalks;
if f: X — Y is a morphism of schemes, then the composite f(u) : f(P) = Spec(Q) = X Lyisa geometric point of
Y and we have (f*B)p = Bypy (|88, Chapter II, Proposition (5.2)]). Thus regarding geometric points and stalks for
étale sheaves, we only need to choose a separable closure k; of k, for each x € X; we denote the resulting geometric
point by T : Spec(k;) — X. The stalks Ap of all geometric points P with image point € X are then (non-canonically)

isomorphic to Az. The topos S8hv(X¢) has enough points, given by the set of geometric points {Z : z € X} (|88] Chapter
II, Theorem (5.6)]).
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We have the category Nbx (P) of étale neighborhoods of P in X, the objects are pairs (V,v), with V € X¢ and
v € (8ch/X)(P,V); morphisms are objects in the category (P | 8ch | X). The category Nbx (P) is cofiltered. We have
a canonical isomorphism ([88], Chapter II, Proposition (5.4)])

colim A(V) S Ap.
(V,v)ENbx (P)°P

For any s € A(V), we denote sp the image in Ap of s. If A € ShvAb(X¢) and s € A(X), we call

supp(s) := {z € X : sz # 0}
the support of s, it’s Zariski-closed in X. We also denote supp(A) the closure in X of the set of x € X such that Az # 0,
call it the support of A; it’s the complement of the largest open subset of X on which A restricts to the zero sheaf.

We similarly have the notion of étale neighborhoods of an X-scheme in X.

In analog, for © € X, we have the category Nbx (z) of étale neighborhoods of x in X, the objects are pairs (V,v),
with V € X and v € V maps to  with ks —> K.} morphisms are objects in the category (Spec(ks) 4 Sch | X). The
category Nbx (z) is cofiltered.

If f: X — Y is a morphism of schemes, then for A € ShvAb(X¢) and @ a geometric point of Y, we have

R'f.(A)g = li H (V xy X; A).
f«(A)q oy SO (V Xy )

The geometric fiber of X overy € Y (or over ) is defined to be
Xz := X xy Spec(ky) = Xy Qx,, .

If f: X — Y is a finite morphism, then X, = Hzexy Spec(Ox, =) = Hzexy Spec(Ox,u Rey, ky) (has discrete

topology), so we have
Xy = H Spec(Ox,» Rey, Ky).
z€Xy

Also7 (Xy)red = HIEXy Spec(,ﬂ-@wL (Xy)red — HIGXy Spec((ni)[”ﬁ”y]a‘) — Hzexy H[Nziﬁy]s Spec(rﬁi), both have discrete
topology. For each z € X, there are exact [k : £y]s points of Xz with image IH all of them are geometric points of X
with image z, i.e. §#(Xy — X,) 7' (z) = [Ka : Kyls-

If moreover f: X — Y is finite unramified (so that 'x, » = k), then as ky-schemes we have

Xy = H Spec((kg)m=imvl) = H H Spec(kz).

zEXy TEXy [Kziky]

A (commutative) local ring is called a henselian local ring if it satisfies Hensel’s lemma. A local ring that is integral
over a henselian local ring is henselian; every quotient of a henselian local ring is henselian. The inclusion functor of
henselian local rings into all local rings has a left adjoint A — A", called henselization.

For any local ring (A, m), its henselization A" is a faithfully flat A-algebra with maximal ideal mA”, and the map
A/m — A" /mA"™ on residue fields is an isomorphism; A" is noetherian iff A is.

A local ring (A, m) is called a strict henselian local ring, or strict local, if it is a henselian local ring and the residue
field A/m is separably closed. Given an embedding A/m = k — Q with  a separably closed field, there is a strict
henselian local ring A*", called the strict henselization of A with respect to k — €, which can be given by a certain
universal property.

For any local ring (A, m), its strict henselization A®" is a faithfully flat A-algebra with maximal ideal mA*"  and the
map A/m — A™ /mA" exibits A*" /mA*" as a separable closure of A/m; A*" is noetherian iff A is.

If R is a (strict) henselian local ring and A is a finite R-algebra (so that A is a semi-local ring), then the canonical
map A — HmEMax(A) A is an isomorphism and each Ay, is (strict) henselian.

For more description, see [88 Chapter II, (6.1)] or the Stacks project, tag/03QD, and [tag/0BSK.

Let X be a scheme and u : P = Spec(Q2) — X (with Q a separably closed field) a geometric point of X at . We
have

~ . ~ . ~ s7sh
Ox,p:=(Gax)p = (v,v)g%%?(mwﬁ‘/(v) = (v,v)g?«lﬁlﬁpwﬁ"’”(‘”) = 0x.
is the strict henselization of Ox , with respect to Kk, — 2. We call Ox p the strict local ring of X at the geometric
point P, and the scheme X (P) := Spec(Ox,p) is called the strict localization of X at the geometric point P. There are
canonical morphisms jp : X (P) = Spec(Ox,p) — Spec(Ox ) 2% X.

Similarly, 0% , =~ li Oy (V) = li Oy v(a the |Stack ject, tag/02LD).
imilarly, O (v,v)g?\régl(z)op v(V) (v,v)gy)\rér}r:(z)oxv V,u(z) (see the Stacks project, tag/ )

For A € 8hv(Xs;) or ShvAb(Xe;), we have (|88l Chapter II, Proposition (6.2.2)])
Ap =T (X(P),jp(A)).

Let f: X - Y, A € 8hvAb(X¢) be a morphism of schemes and let y € Y. Let Y (g) = Spec(Oy,5) = w )ehjxrmbaff(*)v
v (g

be the strict localization of Y at § (cf. the Zariski analog: the Zariski localization Y (y) := Spec(&y,) = v N{)im ( )V =
€ Yzar \Y

1For a finite extension L/k, we have L @ k* = L ®r, (Ls Qr k°) 2 (L QL ks)[L:k]5 =] (LS)[LM5 as k-algebras, by Proposition 2.5
in Brian Conrad’s handout on Inseparable extensions, where Ls := L N k® is the subfield of elements in L that are separable over k and
[L : k]s = [Ls : k] is the separable degree of the field extension L/k; note that k° is also a separable closure of L.


https://stacks.math.columbia.edu/tag/03QD
https://stacks.math.columbia.edu/tag/0BSK
https://stacks.math.columbia.edu/tag/02LD
http://virtualmath1.stanford.edu/~conrad/210BPage/handouts/insepdegree.pdf
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N V is the intersection of all open neighborhoods of y in Y, consisting of the points in Y generalizing y) and let
VeNby,  (v)

X (@) =X xy Y(y) = lim X xy V,A(7) == (X(7) = X)"A € ShvAb(X (%)et)-
(V,0) ENbYUE (5)

We have X () ® ey, ky = Xy, and Xj is the closed fiber X () of the morphism X () — Y (%), we just write Xy = X (7).

gy =
We heve the following commutative cube, all four vertical faces are cartesian squares:

Xy ——mmm Xy

a -

/ -

Y(j) —— Y.

If f: X — Y is a finite morphism, then the projection X (7) — Y (%) is also finite (hence affine), the closed fiber Xy
consists of all the finitely many closed points of X (7) (and is a discrete topological space). By [67, Chapter I, Theorem
4.2 (b)] or [88] Chapter II, Theorem (6.1.1) ii)| (with the fact that any finite field extension of a separably closed field
is separably closed), we have

X(@) = [] Spec(@xma) = ] 11 Spec(Ox (),a),

a€Xy z€Xy a€(Xy—Xy)~1(x)

the second identification is seen by decomposing the set Xz as Xy = Ha‘cexg (Xy — Xy) " '(z); each ring Ox(y),,—the
Zariski local ring of the scheme X (7) at its point a—is a strict henselian local ring (as a finite Oy g-algebra). By the
Stacks project, tag/08HYV | (for our purpose here, we can assume Y and hence X are affine, since f : X — Y is finite), we

have

)

ﬁX(Q),a = 0x,z.
Thus
X@ = ] Spec(oxz:) = [] II Spec(Ox.z),

Xy zeEXy 2€(Xg—Xy) ()

As #(Xy — Xy) 7' () = [ka : Ky]s for each z € X, we obtain

X(y) = H Spec((Ox,z) " vle) = H H Spec(Ox,z).

TEXy TEXy [Raikyls

Recall the notion of torsion sheaves and /-torsion sheaves in Deﬁnition For a scheme X and A € ShvAb(Xst),
A is torsion iff all stalks Az are torsion abelian groups. For every n € N, the sheaf p, x is torsion; if A is a torsion
abelian group, the constant sheaf Ay is torsion.

If X is a qcgs scheme, A € ShvAb(X¢:) is an (¢-)torsion sheaf, then all the étale cohomology groups Hg, (X; A),n € N,
are (¢-)torsion abelian groups ([88], Chapter II, Proposition (9.1.2)]). For a morphism of schemes f : X — Y and
A € ShvAb(Xe;), B € 8hvAb(Ys,), if B is torsion, then so is f*B; if A is (¢-)torsion and f is qcgs, then all the sheaves
R"f.A,n € N, are (¢-)torsion (|88l Chapter II, Proposition (9.1.3)]). Let j : U — X be an open immersion and
i:Y — X a closed immersion, then ji,i' map (f-)torsion sheaves to ({-)torsion sheaves; if X \ Y is retro-compact, then
R"i',n € N, map (£-)torsion sheaves to (¢-)torsion sheaves (|88, Chapter II, (9.1.4)]).

Now let X be a noetherian scheme, let € X which gives a canonical morphism ¢ : Spec(kz) — X. Then for any
A € S8hvAb(Spec(kg)et) and g > 0, the sheaf R%i.(A) € ShvAb(Xe;) is torsion. (Indeed, as i : Spec(ky) — X is qegs,
for any y € X we have R%.(A)y = HZ (X(§) Xx Spec(ke); A(¥)). The scheme X (§) Xx Spec(k.) is the fiber of the
morphism X (y) — X at x, which is empty if = ¢ @ while is a finite coproduct of the spectra of separable algebraic
extensions of k. by [36], Proposition (18.8.12) (ii)]). Results on Galois cohomology tells that the resulting groups are
torsion.) Moreover, the cohomology group HZ, (X;4.(A)) is torsion (see |88, Chapter II, p. 149]).

If X is a regular noetherian scheme, the cohomology groups HY, (X; G, x) are torsion for ¢ > 2.

The canonical homomorphism

DA = A

(the direct sum is over all prime numbers) is an isomorphism (|88, Chapter II, Remark (9.1.6)]).
Let X be a qcgs scheme, assume A € ShvAb(Xe) is torsion, we have

HE, (X; A) = @D HE, (X5 A(0)
4

and this identifies H, (X; A(¢)) as the {-primary component of Hf, (X; A):
HE, (X5 A(0)) = HE (X5 A)(0).


https://stacks.math.columbia.edu/tag/08HV
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The £-cohomological dimension c.d.¢(X) is the smallest natural number n (or co if such an n doesn’t exist) such that
HY (X;A) =0 for all ¢ > n and all ¢-torsion sheaves A, or equivalently, HY, (X; A)(¢) = 0 for all ¢ > n and all torsion
sheaves A. The cohomological dimension c.d.(X) is defined as

c.d.(X) := sup,e.d.o(X).

It’s the smallest natural number n (or co if such an n doesn’t exist) such that HY, (X; A) = 0 for all ¢ > n and all torsion
sheaves A.
Since the immersion X;eq — X induces an equivalence of categories ShvAb((Xyed)st) — ShvAb(Xs:), we see

C.d.g(X) = C.d.g(Xred), Cd(X) = C.d.(Xred).

Let X be a scheme. We say that A € ShvAb(Xg) is locally constant if there is a covering family {V; — X} of X in
Xet such that the restrictions A|v, € ShvAb((V;)st) are constant. For any morphism of schemes f : X — Y, the functor
f* takes locally constant sheaves on Yz to locally constant sheaves on X¢; (however f. usually doesn’t).

If A is a finite étale commutative group scheme over X, the sheaf ha represented by A is locally constant, its
stalk (Ay)z is finite and equals the group A(k3); conversely, any locally constant sheaf on Xg; is isomorphic to a étale
commutative group scheme over X, which is finite over X if the given sheaf has finite stalks (|88, Chapter I, Propositions
(9.2.2) and (9.2.3))]).

If k£ is a field, we fix a separable closure k° of k and let G := Gal(k®/k). Then for an abelian group A, the constant
sheaf on Spec(k)e with stalk A corresponds to the trivial G-module structure on A; a locally constant sheaf with stalk
A corresponds to a continuous G-module structure on A which factors through a finite quotient of G.

We say that A € ShvAb(Xe;) is finite if all stalks Az are finite abelian groups and for A € ShvAb(Xe.) finite, we
say that A is of order prime to n for some n € N if all stalks Az are finite abelian groups with order prime to n. In the
following, we write A|z := ¢*(A) for a subscheme Z with canonical immersion i : Z — X. For the notion of constructible
subsets in a scheme or a topological space, see [34} (10.5) and (10.10)].

Let X be a noetherian scheme with ring of rational functions K = Hye () Ox y which is an artinian ring, where
the product is over all maximal points of X (i.e. the generic points of irreducible components of X). We have

c.d.o(K) = c.d.s(Krea) = max{c.d.s(ky) : y € XV}

Let j : Spec(K) = ], ¢ x(0) Spec(Ox,y) — X be the canonical morphism, then c.d.¢(Spec(K) xx X(Z)) < c.d.¢(K),Vz €
X ([88], Chapter II, Lemma (10.2.2)]). For A € ShvAb(Spec(K)s) we have

Ay, q=0;

Rj.A); =
(R A)g {07 q>0,

for any maximal point y of X (|88 Chapter II, Lemma (10.1.4)]).

Let (R,m,k := R/m, K := Frac(R)) be a henselian DVR with k = k,char(k) = char(K) = p > 0, let G :=
Gal(K°/K) and let A be a finite continuous G-module of order prime to p. Then the Galois cohomology groups
H?(G; A) are finite (and HY(G; A) = 0,9 > 1).

If X is an algebraic scheme over a field k& with char(k) = p > 0, then

c.d.o(X) < cdyg(k) + 2dim(X), £ # p;
c.dp(X) < dim(X) + 1.

If moreover k = k*, then c.d.(X) < 2dim(X); if X is also affine, then c.d.(X) < dim(X).

The base change morphism v*R’f.(A) — (Rfl)v"*(A) associated to the square eq. is an isomorphism if
f: X — Y is a proper morphism of schemes and A € ShvAb(Xs:) is torsion (|88] Chapter II, Theorem (11.3.1)]); in this
case, for any y € Y we have R’ f.(A); = Hi (Xy; (X3 — X)*A),V¥i > 0. If f: X — Y is proper of relative dimension
< nand A € ShvAb(Xy) is torsion, then R’ f.(A) = 0,4 > 2n.

If k C k' are separably closed fields and X is a proper k-scheme, let X’ := X Q4 k', let A € ShvAb(Xs;) be a torsion
sheaf, let A’ := (X’ — X)*A € ShvAb(X},). Then H, (X; A) = HL (X'; A"),Vi > 0 (|88 Chapter IT, Corollary (11.3.4)]).

The base change morphism v*R’f.(A) — (R f/)v"*(A) associated to the square eq. is an isomorphism also in
the following case: f: X — Y is a qcgs morphism of schemes, v : Y’ — Y is smooth and A € S8hvAb(Xg) is ¢-torsion
for some prime ¢ invertible on Y (|88] Chapter II, Theorem (11.3.5)]).

If X is a proper k-scheme, k = k® and A € ShvAb(X¢:) is a constructible sheaf, then all the étale cohomology groups
HY (X;A),q > 0 are finite.

If X is a smooth algebraic scheme over a field k with & = k°, char(k) = p > 0 and A € ShvAb(X¢) is a locally
constant finite sheaf of order prime to p, then all the étale cohomology groups HY, (X; A),q > 0 are finite (|88 Chapter
II, Theorem (11.4.3)]).



Appendix C

Unimodular elements in projective modules

In this appendix, we present briefly some results on unimodular elements in projective modules, with relation to the
“naive” A'-homotopy classes. These are quite useful since in important cases, the “naive” A'-homotopy classes coincide
with the “genuine” A'-homotopy classes. We present more than we need: some results are not used in the text but are
included because the author considers them to be interesting.

C.1. Some useful facts

For a commutative ring R and r € N, we denote by V,(R) the set of isomorphism classes of finitely generated
projective R-modules of constant rank r; we identify it with the set of isomorphism classes of rank r vector bundles over
Spec(R). We also write V(R) := |,y V+(R). For n > 1, we have canonical maps

Vo(R) = Vo (R[t1, -+ ,tn]), P+ Plt1, -+ ,tn] == P ®r R[t1,- - , ]

and
Vo(R[t1,- - ,tn]) = Vo(R), P — P/(t1, -+ ,tn)P = P @Ry, tn] Rs
induced by the ring maps R < R[t1, - ,tn] and R[t1,- - ,tn] = R,t; — 0, respectively. Geometrically, they respectively
correspond to pullback of vector bundles along the canonical projection A% — Spec(R) and its zero-section Spec(R) —
%. So the first map is injective and the second is surjective, with composite being the identity map of V,.(R).

Proposition C.1.1. Let P,Q € V,.(R) and ¢ : P — Q a homomorphism of R-module. Then ¢ is an isomorphism iff
det ¢ : det P — det Q = A’ Q is an isomorphism.

Proof. As finitely generated projective R-modules are locally free, we can consider locally over Spec(R) and hence
reduce to the case when both P, Q are free, then the result is just the usual linear algebra. O

The following is an answer to the Bass-Quillen conjecture by H. Lindel [56] in great generality, see also [73] for some
other form.

Theorem C.1.2 (Bass-Quillen conjecture). Let R be a regular ring essentially of finite type over a field k and let n > 1
be an integer. Then the two maps V,.(R) = V,(R[t1, -+ ,tn]) and Vr(R[t1,- -+ ,tn]) = Vr(R) defined above are bijections
and inverse to each other.

Theorem C.1.3 (|94] Theorem 3.3]). Let R be a regular ring essentially of finite type over a field k and let r >
3 be an integer. If p(t1,--+ ,tn) € Autgp, .. 1, (R[t1, + ,ta]®"),n > 1 and ©(0,---,0) = id, then @(t1, - ,tn) €
ET‘(R[t17 T 7tn])~

For P € V(R), we say ¢ € Autr(P @ R) is an elementary automorphism of P @ R if it is in the subgroup of
Autr(P @ R) generated by automorphisms of the form < idp 0 ) and ( idp v ), for v € P,¢ € PY. These two

& 1 0 1
kinds of maps are called elementary transvections of P & R (they are indeed transvections). Note that

(% ) Cefea) (¥ D)(2)-(75)

The group generated by the set of all elementary automorphisms of P @ R is denoted E(P @& R).

For any o € E(P @ R), there exists &(t) € E(P[t] ® R[t]) such that 5(0) = idpgr,5(1) = 0. (Write o as a finite
product of elementary transvections as above, then replace £ or v there by &t or vt, we get the desired &(t).)

On the other hand, it’s clear from definition that if ¢(t) € E(P[t] & R]t]), then for any to € R, the evaluation
Y(to) € E(P® R).

For u,v € P® R, we write u ~ v or u ~g v if there is ¢ € E(P@® R) such that u = ¢(v). This is clearly an equivalence
relation. If u ~ v, then v € Um(P @ R) iff v € Um(P @ R). (Here for a module M, we set Um(M) :={z € M : 3¢ €
Hompg(M, R)withé(x) = 1}, as in the next section.) We have (p,a) ~ (p,(£,p) +a) ~ (p+ av,a),Yv € P, € P¥ and
(p,a) ~ (p,b) if a — b € PYp.

The following surprising fact is one of the main results in [15], which in particular says that the group E(P @ R) of
elementary automorphisms doesn’t depend on the direct sum decomposition of P @& R as a module.

Theorem C.1.4 (Elementary=Transvections). Assume rank P = n > 2. The group E(P @& R) coincides with the
subgroup of Autr(P @ R) generated by the set of all transvections of P & R. Moreover, E(P @& R) < Autr(P @ R).

We will need the following local-global principle from [15, Theorem 3.6].

Theorem C.1.5 (Local-Global Principle). Let o(t) € Autgy(P[t] @ R[t]). If ¢(0) = idpgr and for every m € Max(R)
(the spectrum of mazimal ideals in R), the localization ow(t) € E(Pnlt] ® Rult]), then ©(t) € E(P[t] ® R]t]).

111
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Proposition C.1.6. Let R be a regular ring essentially of finite type over a field k, P be a finitely generated projective
R-module of constant rank n > 2. For ¢o, 1 € Autr(P @ R), the following are equivalent.

(1) There exists o € E(P @ R) such that p1 = @oo.
(2) There exists (t) € Autpgy (P[] ® R[t]) such that o(0) = o, p(1) = ¢1.
(3) There exists ¢(t) € E(P[t] ® R[t]) such that 1 = pop(1) (and ¥(0) = idpgr).

Proof. (1) = (2): Take 6(t) € E(P[t] ® R[t]) such that 5(0) = idpgr,5(1) = o. Define ¢(t) := ¢o5(t), then
©(0) = wo, (1) = 1.

(2) = (3): Consider the element 1(t) := ¢y () € Autgy(P[t] ® R[t]), we have ¢(0) = id and localizing at all
p € SpecR and using the fact that P, & R, is free of rank n + 1 > 3, we find by Theorem that the localizations
of ¥(t) at all p € SpecR are in Eny1(Rp[t]) = E(P[t] ® Rp[t]). By the local-global principle in Theorem we see
P(t) € E(P[t] ® R[t]) and ¢y "1 = ¢(1).

(3) = (1): Assume ¢(t) € E(P[t] ® R[t]) and p1 = @o1p(1), so we have o := (1) € E(P @ R) and ¢1 = ¢o0. O

C.2. Unimodular elements and elementary automorphisms

Let R be a noetherian commutative ring of dimension d > 1, P be a finitely generated projective R-module of
constant rank n. Let PY := Homg(P, R) be the dual. We say that an element = € P is a unimodular element if there
exists £ € PY such that (€,x) = 1, here (—,—) : P¥ x P — R is the natural pairing (evaluation map). The set of all
unimodular elements of P is denoted by Um(P) = Umg(P).

Any element x € P can be viewed as a map ¢ : R — P,r — rz. If z € Um(P) and (§,2) = 1,thenz: R — Pisa
split monomorphism as £ o x = idg; in this case, coker(R =+ P) = P/Rux is also projective and P = R @ coker(z).

For ¢ € Autg(P), we define p*, ¥ € Autr(P") by letting

(" (€),2) = (&, p(a)),x € P,E€PY
and ¥ := (¢*)"*. One easily checks that

(" (8),p(x)) = (¢,2),z € P,e € P.

As finitely generated projective modules are reflezive, the above two formulas in fact say that any one of ¢, p*, ¢V
determines the other two.

It’s clear that if z € Um(P), then ¢(z) € Um(P) for every ¢ € Autr(P). If (v,a) € Um(P ® R), then (v,a”) €
Um(P & R) for every r > 1.

In the following, we write elements in any direct sum as “row vectors” to save spaces, while we write them as “column
vectors” when we perform “matrix products”. So we can write

Endg(P) P
pY R

For x € P we denote PVz := {(¢,z) : £ € PY}which is an ideal of R. Then x € Um(P) <& PYz = R. So for
x=(2',a) € P® R with 2’ € P,a € R, we have z € Um(P ® R) & P"2' + Ra = R.

A map ¢ € Autr(P) is called a transvection if p = idp + (£, —)v for some v € P,£ € P¥ with (£,v) = 0 and either
v € Um(P) or £ € Um(PY). It’s easy to see that for a transvection ¢ = idp + (£, —)v, we have £ o ¢ = £ and its inverse
is also a transvection o' = idp — (£, —)v = idp + (=€, —)v. We denote the set of transvection of P by Trans(P). The
conjugation of a transvection is a transvection: for ¢ € Autg(P), we have o(idp + (£, —)v)o ™! =idp + (¥ (€), =)o (v).

Endg(P @ R) = (

Proposition C.2.1. For a finitely generated projective R-module P, denote by LDS(P) the set of rank 1 free direct
summands of P. Then the map

Um(P) — LDS(P),v — Rv

is surjective, whose fibre over Rv is R*v = R* (the orbit of v € Um(P) under the natural action of R* ). Thus P splits
out a trivial line bundle iff P admits a unimodular element.

Proof. First of all, the definition of the map makes sense: take & € PY with (£,v) = 1, then £ : P — R is a left
splitting morphism of the short exact sequence

0-R—-P—>Q—0,

where the map R — P is r — rv, and P — @Q := P/Ruv is the quotient map. Thus Rv is a rank 1 free submodule of P
and by the splitting lemma, the above exact sequence yields a direct sum decomposition P = Rv @ @Q’, where Q' = Q is
the image of a right splitting morphism Q — P.

It’s also clear that for any direct sum decomposition P = L& Q with L € LDS(P) a rank 1 free submodule, we have
L = Rv for a generator v € L, and v € Um(P). So the map is surjective.

If Ru = Ruv, then clearly u € R*v. As (£,v) = 1, we have R*v = R* (bijection). O

Proposition C.2.2. Letx € P,£ € PY and (¢,2) = 1. Then the map ¢ : ker(£) — coker(z),y — [y] is an isomorphism.

0 ker() - P R 0



https://stacks.math.columbia.edu/tag/0AUY
https://en.wikipedia.org/wiki/Splitting_lemma
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Proof. Let y € ker(§) C P. If p(y) = 0 € coker(z) = P/Rx, then y = rx for some r € R. Sor = (§,rz) = (£,y) =0
as y € ker(&). So ¢ is injective.

For any y € P, let r = (£,y),y’ =y — rx, then ¢’ € ker(¢) and y = 3 + rz = y'(modRx), so [y] = [y'] = p(¥'), ¢ is
surjective as well. |
Proposition C.2.3. Assume dim R = d,rank P =n. Let p,q € P,a,b € R.

(1) If (p,a),(p,1 —a) € Um(P & R), then (p,a(l —a)) € Um(P & R).
(2) For any (p,a),(g,b) € Um(P @ R), we have (p,q,ab) € Um(P & P @ R).
(3) If1<d<mnand(p,a,b) € Um(PORDBR), then there exists ¢ € Autr(PSR®R) such that ¢(p,a,b) = (0,0, 1).
(4) If1<d<n—1and (p,a) € Um(P® R), then there exists v € P such that p+av € Um(P). If we take £ € PY
such that (§,p + av) =1, then

() (e D08 D))

Proof. In the following, we use repeatedly that Ia + I(1 — a) = I, for any ideal I of R and a € R.

(1) We take &,n € PY,r,s € R with (¢,p) +7a =1 = (n,p) + s(1 — a), then it’s easy to see that ((1—a)& +an,p) +
(r + s)a(l — a) = 1. This also follows from (2) with p =¢,b=1—a.

(2) By assumption, PYp+Ra = PYq+Rb= R. So Rb = b(P"p)+Rab C P'p+ Rab, Rb(1—a) C P'p+ P q+ Rab.
Similarly, Ra(1 —b) C PYp + PYq+ Rab. Thus

PYp+ PYq+ Rab

=P'p+ PYq+ Rab+ Ra(1 — b) + Rb(1 — a) + Rab
=P"p+ PYq+ (Rab+ Ra(1 — b)) + (Rab + Rb(1 — a))
=P'p+P'g+ Ra+ Rb=R+ R=R.

(3) Consider the following diagram with exact rows:

0— > R— 3 POR®R Q
| ‘ J»

~

0—— R—2+P®R®R— P®R —— 0,

where i(r) = r(p,a,b), j(r) =r(0,0,1) the maps POR®R — Q and PO R® R — P® R are the quotient maps.
By assumption, i is split, hence both rows are split exact sequences and @ is projective. Sincen+1 > d, P® R
is cancellative, thus there exists an isomorphism ¢ : Q — P & R.

Now choosing a splitting map A of the quotient map P® R@® R — @, we can define amap ¢ : PO RO R =
R(p,a,b) ®imA — P® R® R by ¢(r(p,a,b)) = (0,0,r) and ¢(A(¢q)) = (¥(q),0), making the displayed diagram
commutative and satisfying (p, a,b) = (0,0,1). By the 5-lemma, ¢ € Autr(P & R® R).

(4) This result follows from [18, Theorem 9.1] by applying it in the case A = A = R,Q = R,a = (p,a),a = (0)
(note that by our assumption, f-rankP = n in Bass’s notation in [18]).
d

We say that (u,a) € Um(P @ R) is completable if there exists o € Autr(P @ R) such that 0(0,1) = (u,a), i.e. o is

o
of the form ( ? v )
? a

Proposition C.2.4. For (u,a), (v,b) € Um(P @ R), the following are equivalent.
(1) coker(R L) pg R) 2 coker(R LY pg R).
(2) There exists o € Autr(P @ R) such that o(u,a) = (v,b).
In particular, taking (v,b) = (0,1) we see that (u,a) is completable iff coker(u,a) = P.

Proof. Assume p : coker(u, a) — coker(v, b), consider the following diagram with exact rows:

u

a

0 — R—— P@Ré coker(u,a) —— 0

(¢ a”) ®

(), .2 L

b N

0 R P& R % coker(v,b) — 0.
w/

As (u,a) : R — P ® R is a split monomorphism, we can also choose right splitting morphisms ¢’ : coker(u,a) — P @® R
and ¢’ : coker(v,b) — P@® R. Then P® R = R(u,a) ®imy’ and we define o : P® R = R(u,a) ®imy’ — P® R by letting
o(ru,ra) = (rv,rb) and 0@’ = 1p. It’s easy to see the map o so defined makes the whole diagram above commutative.
Then 5-lemma (or snake lemma) tells that ¢ is an isomorphism, so o € Autg(P @ R) and o(u,a) = (v,b). The converse
is clear. d

Corollary C.2.5. For a fixed commutative ring R and a finitely generated projective R-module P, the following are
equivalent.
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(1) For any (projective) R-module Q,
POR=Q®R=P~Q.

(2) The natural action of Autr(P @ R) on Um(P @ R) is transitive.
(3) Every element in Um(P @& R) is completable.

o

Proof. From the previous result, we see that (2) < (3). Tosee (1) < (3),let ¢ : P@R — Q@R with ¢(u,a) = (0,1),
then @ = coker(0, 1) 2 coker(u, a). O

Proposition C.2.6. Let (v,a) € P® R, (£,b) € PV ® R and ((£,b), (v,a)) = (£,v) + ab = 1. Then the following are
equivalent.

(1) (v,a) is completable.
9 (v;a)

(2) coker(R—= P®R) > P.
(3) ker(P @& R &2 Ry = P,
?2 7
(4) (& b) is completable: there exists T € Autr(P @ R) such that 7°(0,1) = (£,b). (So T is of the form ( £ b ))

/ ’

-1
If ( Z v ) = ( P ) € Autr(P @ R), then we have short exact sequences

a 7 a
(o)
a (o' v)

00— R—PpR——— P —0

and
0+~ R+—— POR+—— P+« 0,

(n’,a”) ( P )
n
where the lower one splits the upper one.
Proof. (1) < (2) follows from Proposition [C.2.4] (3) < (4) is by similar argument, using the diagram

0 — ker(§,)) — PR —— R —— 0

0 P P®»R—— R—— 0.
(2) < (3) follows from Proposition O

(v,a)

Remark C.2.7. Once we get some specific condition for completability, like (o, u) : coker(R ——— P® R) =, Pkind of universally
depends on (§,b), (v, a), then wen can get Suslin’s n! theorem in this setting, from Suslin’s result.

Proposition C.2.8. Assume dim R = d,rank P =n. Let u,u’ € P,a,b,a’,b’' € R.
(1) If (u,a) € Um(P @ R) and ab—1,ab’ — 1 € PYu, thenb—1b € Pu.
(2) Assume (u,a),(u',a’) € Um(P®R) andab—1 € PYu,a't/ —1 € PVu'. If (u,a) ~ (v',a’), then (u,b) ~ (u/,b').

Proof. (1) This follows from b — b = (ab — 1)b’ — (ab’ — 1)b.
/
(2) Case 1: ( Z/ ) = ( (€ ul>t—|—a ) Then ab—1,ab' —1=a'b' — 1 —b'(£,u) € PYu, so b—b € PYu and thus

(Zf/>=<§)~(b/+£,y)>=<1§)~

!
Case 2: ( Z, ) = ( u—l(—lav ) We have ab — 1 € PVu,a’t/ —1 = ab' —1 € PY(u + av) and we can write
ab’ — 1= (=&, u+ av) so that a(b’ + (£,v)) — 1 € PYu and by (1), b’ + (£,v) —b € PVu.

Let . 2
o= idP@RJr( éa;; )(«S,a) = ( e <_§7a1§>§é_>v 1+_5<§U,1)> )

Since (¢, a) < <ga;]> ) =0,(£,a) € Um(PY & R), we see that ¢ is a transvection and then ¢ € E(P & R). A

direct computation now gives

@( q;’/):<b’+1z§,v) )N(b’+<£,v>f(z’+<§,v>*b) ):(Z>

thus again (u,b) ~ (u', ).
In general, we can refine the relation (u,a) ~ (u’,a’) by finitely many ~ with each adjacent pair being one

of the two cases above. The result follows.
|

Proposition C.2.9. Assume dim R = d,rank P = n,1 < d < 2n — 1. Then for any u,v € Um(P ® R), there exist
w € P,x € R such that u ~ (w,z),v ~ (w,1 — ).
In particular, for any u € Um(P @ R), there exist w € P,x € R such that u ~ (w,z) ~ (w,1 — ).
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Proof. Let u = (p,a),v = (¢,b), then (p,q,ab) € Um(PH PP R). Since 1 < d < 2n—1, we have (p+abp’,q+abq’) €
Um(P @ P) for some p',q" € P.

As u = (p,a) ~ (p+ abp’,a),v = (q,b) ~ (q + abg’,b), we may and we do assume from the beginning that
(p,q) € Um(P @ P). So we have (£, p) + (n,q) = 1 — (a +b) for some §,n € PY, so (a+ (&, p)) + (b+ (n,9)) = 1.

Since u = (p,a) ~ (p,a+ (&, p)),v = (q,b) ~ (¢,b+ (n,q)), we will assume a+b = 1. Now define w :=p—a(p—q) =
g+ (1—a)(p—gq) € P, then we have u = (p,a) ~ (w,a),v = (q,1 —a) ~ (w,1 — a). O
Remark C.2.10. If we trace back the above proof carefully, we find that we can take

z=a+(&p+abp’),w=(1-=)(p+abp) + (g + abg),

where one takes p’,q' € P,¢,n € PV satisfying (p + abp’,q + abq’) € Um(P & P),(&,p + abp’) + (n,q + abq’) = 1 — (a + b), so
1—2z=0b+(nq+aby).
Proposition C.2.11. Assume that R is an integral domain. Letp,q € P,a,b € R be such that (p, a), (p,1—a), (q,b), (¢, 1—
b) € Um(P ® R). If (p.a) ~ (q,b), (b, 1 — ) ~ (g, 1 — b), then (p,a(l — a)) ~ (g,b(1 — b)).

Proof. We may assume that for some r,s,7’,s" € R we have ra — 1,s(1 —a) —1 € PVp,r'b—1,s'(1-b) —1 € PVq.
The proof of Proposition (1) shows that (r 4+ s)a(l —a) —1 € PYp,(r' 4+ s )b(1 —b) —1 € PVq.

Since (p,a) ~ (g,b), (p,1—a) ~ (¢,1—b), Proposition tells us (p,r) ~ (g,7'), (p,s) ~ (g, 5), and so (p, 7+ 5) ~

(¢,7"+5'). As (r+s)a(l—a)—1 € PVp, (r'+5")b(1—b)—1 € PYq, we have (p,a(1—a)) ~ (g,b(1—b)) by Proposition[C.2.§|
(2) again. O

Proposition C.2.12. Let R be a regular ring essentially of finite type over a field k and P a finitely generated projective
R-module of constant rank n > 2. For (u,a), (v,b) € Um(P @ R), the following are equivalent.

(1) There exists o € E(P @ R) such that o(u,a) = (v,b).

(2) There exists v(t) € Um(P[t] @ R[t]) such that v(0) = (u,a),v(1) = (v,b).

Proof. (1) = (2): Take 6(t) € E(P[t] ® R[t]) such that §(0) = idpgr,6(1) = 0. Define v(t) := &(t)(u, a), since
(u,a) € Um(P @ R) C Um(P[t] & R[t]), we have v(t) € Um(P[t] ® R[t]) and v(0) = (u,a),v(1) = (v, b).

(2) = (1): Assume that v(t) € Um(P[t] ® R[t]) satisfies v(0) = (u,a),v(1) = (v,b). By Lindel’s form of Bass-
Quillen conjecture (Theorem [C.1.2)), there exists Q € Vy(R) such that coker(v(t)) 2 Q[t]. Then necessarily @ = Q(0) =
coker(v(0)) (evaluating at t = 0 is right exact) and so Q[t] = coker(v(0) ®idgp)) (since R[t] is a flat R-algebra). Consider
the following diagram with exact rows:

v(t)

0 R[] P[t] ® R[] Q[t] 0
| e H
0 [t] " Pl @ R[] Qlt] 0.

Choose a splitting map A(¢), u(t) of the two quotient maps P[t] @ R[t] — Q[t] in the two rows; note that it may
happen that A(t) # u(t) as v(t) # v(0) ® idg) in general (in fact, one can take p(t) = A(0) ® idgy). We can
define ¥(t) : P[t] @ R[t] = R[tlv(t) & MQ[t]) — P[t] & R[t] by letting ¥(t)(v(t)) = v(0),%(t) o A(t) = u(t). It’s
easy to see that the dotted arrow v (¢) makes the above diagram commutative and ¢(0) = idpgr. By 5-lemma, we
have 1(t) 6 Aut gy (P[t] @ R[t]). So, as in the proof of Proposition we have ¥(¢t) € E(P[t] @ R[t]) and finally
o =y(1)7* 6E(P69R) o(v(0)) = v(1). O

The following proposition is a slight variation of [53] Lemma 2].

Proposition C.2.13. Let R be a commutative ring and P a finitely generated projective R-module. For any (u,a) €
Um(P @ R),v € P, we have (u + tav,a”) € Um(P[t] ® R[t]).

If moreover R is a regular ring essentially of finite type over a field k and P is a finitely generated projective R-module
of constant rank n > 2, then there exists o € E(P @ R) such that o(u,a”) = (u+ av,a”).

Proof. For 0 <4 <7, as (u,a”~") € Um(P @ R), there exists b; € R,&; € PV such that
(€o,u) + a'bp =1
(u)+a b =—(&i-1,v),1 <<,

with & = 0,b, = —(&—_1,v). So (&, u) + (&i—1,v) +a""b; =0, for 1 <4 < 7.
Let

th € R[t] Za&t € (PY)[t] = (P[t])",
then -

(€@),u+ tav) + a"b(t) = Z a (&) 4+ (E, ) +a D) =140t +---+0t" =1,
i=0
thus (u + tav,a”) € Um(P[t] & R[t]).
The second result then follows from the previous proposition. (|
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