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ABSTRACT

Many interesting objects in algebraic geometry arise as torsors of linear
algebraic groups over a field. Some notable examples are provided by vec-
tor bundles, quadratic forms, Hermitian forms, octonion algebras, Severi-
Brauer varieties and many others. The main aim of this thesis is to inves-
tigate torsors from a motivic homotopic perspective, by using Nisnevich
classifying spaces and their characteristic classes. In order to do so, we will
need a Gysin long exact sequence induced by fibrations with motivically
invertible reduced fiber. The leading example is provided by the work of
Smirnov and Vishik where they introduce subtle Stiefel-Whitney classes, by
computing the motivic cohomology of the Nisnevich classifying spaces of
orthogonal groups, with the purpose of studying quadratic forms.

In this work, we will mainly deal with spin groups and unitary groups.
In particular, we will give descriptions of the motivic cohomology rings of
their Nisnevich classifying spaces. These will provide us with subtle charac-
teristic classes for Spin-torsors and for Hermitian forms. As a result, we will
obtain information about the kernel invariant of quadratic forms belonging
to I® on the one hand, and of quadratic forms divisible by a one-fold Pfister
form on the other. Moreover, in order to approach the case of Severi-Brauer
varieties, we will develop a Serre spectral sequence induced by fibrations
with motivically cellular fiber. This could be a successful approach to com-
pute the motivic cohomology of the Nisnevich classifying spaces of projec-
tive general linear groups.
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INTRODUCTION

Motivic homotopy theory finds its roots in the groundbreaking work of
Morel and Voevodsky (see [36]). It has been developed in the attempt of
studying algebraic varieties with a certain flexibility, similar in some ways to
the one of topological spaces. Indeed, due to the development of this theory,
many topological techniques have been introduced in the algebro-geometric
world, leading to undoubtedly extraordinary results. As a remarkable ex-
ample of the power of this rather recent theory we can mention of course the
proof of the Milnor conjecture (see [64]) and subsequently of the Bloch-Kato
conjecture (see [65]]) by Voevodsky jointly with Rost. In this new motivic ho-
motopic environment one can find represented different cohomology theo-
ries for algebraic varieties, such as motivic cohomology, algebraic K-theory
of Quillen (see [44]) and algebraic cobordism of Voevodsky, whose pure
part is the algebraic cobordism of Levine and Morel (see [29]), correspond-
ing respectively to ordinary cohomology, topological K-theory and complex
cobordism in the classical topological world. Motivic homotopy theory has
seen since its birth the development of surprisingly sophisticated techniques
in a relatively short period of time. This is certainly a demonstration of the
high potential of this theory to shed light on many longstanding problems
in algebra, geometry and topology and to exploit and discover the deep
interconnections among these mathematical areas, leading to new and inter-
esting directions of research.

In this thesis, we will focus on a tiny but very interesting part of this
vast universe, namely the classification of torsors of linear algebraic groups.
Many newsworthy objects in algebra and geometry arise as torsors of some
algebraic groups, for example vector bundles, quadratic forms, Hermitian
forms, octonion algebras, Severi-Brauer varieties and so on. Therefore, hav-
ing a robust theory to approach the classification of torsors would certainly
bring in turn various interesting results about the above mentioned objects
and many others.

In topology, the investigation of principal bundles of topological groups is
of fundamental importance. Much study has been dedicated to it and sev-
eral approaches have been implemented. One of these, which has shown
incredible advantages, is the study of characteristic classes. In few words,
for any topological group G one can construct a topological space BG such
that all homotopic maps from the base space X to BG are in one-to-one cor-
respondence with principal G-bundles over X. For this reason, BG deserves
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the name of classifying space of the group G. Now, in order to produce
invariants which are rich enough to detect interesting properties but suffi-
ciently computable to provide an actual advantage, one can apply cohomo-
logical funtors to the homotopic maps representing the principal bundles.
Essentially, for any cohomological functor and any pricipal G-bundle over
X, one has a morphism from the cohomology of BG to the cohomology of
X. The images of the cohomology classes of BG in the cohomology of X
provide the needed invariants of the principal G-bundles, which are called
characteristic classes. Hence, in order to produce these invariants, one first
needs to compute the cohomology of the classifying space for a chosen co-
homology theory.

Pursuing the classification of torsors of algebraic groups, one could follow
the path indicated by topology. The first natural question to ask is: what
is the space that deserves the name of classifying space? It turns out that
the answer to this question in the motivic world is not univocal. Indeed, we
have two candidates, the Nisnevich and the étale classifying spaces, both
introduced by Morel and Voevodsky in [36], and in principle many others
corresponding to different topologies on the site of smooth schemes over a
certain base. These two types of classifying spaces are, in general, different
from each other. Indeed, it has been proven that they coincide only for spe-
cial algebraic groups, namely groups with no non-trivial torsors over the
point. In practice, it is particularly interesting to study étale locally trivial
torsors. For example, torsors over the point are all étale locally trivial for
smooth algebraic groups. Then, the space that actually classifies them is
the étale classifying space. So, one can obtain characteristic classes for étale
locally trivial torsors by applying some cohomological functor to it.

From this perspective, much attention has been devoted to study étale
classifying spaces and their Chow rings. In particular, the Chow rings of
general linear groups, special linear groups and symplectic groups over
complex numbers have been computed by Totaro in his enlightening work
(see [53]). Then, the Chow rings of orthogonal groups over complex num-
bers appear in works of Totaro and Pandharipande (see [53] and [41]). Pand-
haripande also computed the Chow rings of odd special orthogonal groups
and SO4 over complex numbers in [41]. Field completed the picture by com-
puting in [13] the Chow rings of all even special orthogonal groups over
complex numbers. Several results about the Chow rings of finite groups
are provided by works of Guillot, Totaro and Yagita (see [18], [53] and [67]).
The projective general linear case is notoriously more difficult. The Chow
ring of the first non-trivial case, namely PGL3, over complex numbers has
been computed, almost completely, by Vezzosi in [54]. Subsequently, using
his stratification method, Molina and Vistoli computed in [33] the Chow
rings of general linear groups, special linear groups and symplectic groups
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over any field and of orthogonal groups and special orthogonal groups over
tields of characteristic different from 2. Going back to the projective general
linear case, Vistoli has given in [57] an almost complete description of the
Chow ring of PGL, over complex numbers, for p prime. Regarding the
spin groups, Guillot computed almost completely the Chow ring of the first
non-trivial case, namely Spiny, together with the one of G, over complex
numbers in [19]. Next, Molina obtained the almost complete description of
the Chow ring of Sping over complex numbers in [32].

The situation for motivic cohomology is much more complicated. Very
few results are known about the motivic cohomology rings of étale classi-
tying spaces. The complete description is known for general linear groups,
special linear groups and symplectic groups over any field from the work
of Smirnov and Vishik (see [47]), since these are special algebraic groups
and their étale and Nisnevich classifying spaces coincide. Yagita computed
in [69] the motivic cohomology of the étale classifying spaces of orthogonal
groups over complex numbers. Moreover, the case of the special orthog-
onal groups has been handled by Harada and Nakada in [20]. Besides,
new studies on Chow-Witt theory have lead to interesting results about the
Chow-Witt rings of special linear groups and symplectic groups by Horn-
bostel and Wendt in [21].

On the other hand, a systematic investigation of torsors by using Nis-
nevich classifying spaces instead of étale ones has been carried out by
Smirnov and Vishik in [47]. In particular, with the purpose of classify-
ing quadratic forms, they compute the motivic cohomology rings of the
Nisnevich classifying spaces of orthogonal groups over fields of character-
istic different from 2. These motivic cohomology rings are shown to be,
exactly as in topology, polynomial rings over the cohomology of the point
in some generators, called subtle Stiefel-Whitney classes. Unlike charac-
teristic classes from the étale space, for any quadratic form, these subtle
invariants take values in the cohomology of the Cech simplicial scheme as-
sociated to the respective quadratic form, which is highly non-trivial. The
advantage is that in this way subtle Stiefel-Whitney classes see much more
than the respective étale characteristic classes. However, they have the draw-
back to take values in different cohomology rings which makes it difficult
to compare different quadratic forms. Anyway, these new invariants have
proven to be powerful enough to see the triviality of a quadratic form, more
precisely they see the power of the fundamental ideal of the Witt ring a
quadratic form belongs to. Moreover, they are surprisingly related to the
J-invariant of quadrics defined in [56] and they allow to give a description
of the motive of the torsor associated to a quadratic form in terms of simpler
pieces, namely motives of Cech simplicial schemes. Nisnevich classifying
spaces have also been investigated from a motivic homotopic point of view
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by Asok, Hoyois and Wendt in [3], [2] and [66], where they study in partic-
ular octonion algebras and Spin-torsors over low-dimensional schemes.

In this thesis, we will proceed further in the direction indicated by Smirnov
and Vishik in [47]. In particular, we will generalise their technique for com-
puting the motivic cohomology rings of the Nisnevich classifying spaces
of orthogonal groups in order to produce Gysin long exact sequences for
morphisms of simplicial schemes with fibers whose reduced motives are in-
vertible. These will provide us with the major tool we will use throughout
this work to prove our main results.

On the one hand, after noticing that the special orthogonal case does not
differ much from the orthogonal one, in the sense that the motivic cohomol-
ogy rings of the Nisnevich classifying spaces of special orthogonal groups
are polynomial in all subtle Stiefel-Whitney classes except the first, we will
move to the study of spin groups. This case is drastically more challenging
since relations appear related to the action of the motivic Steenrod alge-
bra on the second subtle Stiefel-Whitney class. In topology, the singular
cohomology of the classifying spaces of spin groups has been completely
determined by Quillen in [43]. With his result in mind, we will be able to
compute a large part of the motivic cohomology of the Nisnevich classifying
spaces of spin groups, which happens to be the same as in topology, and re-
duce the whole description to checking the regularity of a certain sequence
in a polynomial ring over Z /2. Moreover, from this result, we will deduce
information on the kernel invariant of quadratic forms with trivial discrim-
inant and Clifford invariant, namely Spin-torsors. Furthermore, from the
motivic cohomology of the Nisnevich classifying space of Spin; we will re-
construct the motivic cohomology of the Nisnevich classifying space of G,.

On the other hand, we will get a complete description of the motivic co-
homology rings of the Nisnevich classifying spaces of unitary groups of a
quadratic extesion. We will see that these are not polynomial, in contrast
to the respective topological counterparts. The main reason relies on the
fact that the classifying space of the unitary group is not cellular and the
Rost motive of the quadratic extension appears in the picture. This compu-
tation provides us with subtle invariants for torsors of the unitary group,
namely hermitian forms. We will then compare these invariants to subtle
Stiefel-Whitney classes and deduce information about the kernel invariant
of quadratic forms divisible by a one-fold Pfister form. Moreover, we will
show that, as subtle Stiefel-Whitney classes do for quadratic forms, these
new subtle classes see the triviality of a hermitian form. Furthermore, we
will express the motive of the torsor associated to a hermitian form in terms
of its subtle characteristic classes. We want to notice now that we expect
these subtle invariants for hermitian forms to be related to the J-invariant
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of hermitian forms studied by Fino in [14], in analogy to the orthogonal
picture.

If we want to approach the case of projective general linear groups, the
Gysin long exact sequence in motivic cohomology is not enough anymore.
With this in mind, we generalise the Gysin sequence to some spectral se-
quence for morphisms of simplicial schemes with fibers which are motivi-
cally cellular, in the sense that their motives are sum of Tates. This spectral
sequence is similar to the Serre spectral sequence associated to a fibration
in topology since it allows to reconstruct the motivic cohomology of the
total simplicial scheme from the cohomology of the base and of the fiber.
The main difference resides in how the filtrations inducing the spectral se-
quences are obtaind. In fact, while the Serre spectral sequence in topology
is built up by filtering the base, our spectral sequence is instead obtained
by filtering the fiber. We will see that this spectral sequence applies to the
case of the projective general linear group. However, although we believe
it could be a successful tool for getting some information about the motivic
cohomology of the Nisnevich classifying spaces of projective general linear
groups, we do not perform any of these computations in this thesis, since
this research is still at an embryonic stage.

Slightly off the main topic of this work that, as we have discussed, mainly
deals with torsors and subtle characteristic classes, at the end we will focus
on Rost motives and Cech simplicial schemes of Pfister quadrics. In par-
ticular, we will investigate their deep connection with the motivic Steenrod
algebra. Rost motives, Pfister quadrics and cohomology operations have
shown to be fundamental for the proof of the Milnor conjecture (see [62]).
At the end of this thesis, we will describe completely the action of the mo-
tivic Steenrod algebra on the motivic cohomology of the Cech simplicial
scheme associated to a Pfister quadric. Due to this description, we will be
able to present the motivic cohomology of the reduced Rost motive as a
quotient of the motivic Steenrod algebra by a left ideal generated by some
special cohomology operations. This could be the first step towards the
analysis of some stable motivic homotopy groups of objects related to Rost
motives.

We would like to finish this introduction by quickly summarising the
contents of each chapter of this thesis. In the first chapter, we will just in-
troduce all the homotopic and motivic categories we will need next. More
precisely, we will present the category of motivic spaces, the simplicial ho-
motopy category, the unstable and stable motivic homotopy categories and
the triangulated category of motives. We will end this chapter by recall-
ing the structure of the motivic Steenrod algebra together with some of its
main features. The second chapter is devoted to the introduction of the
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main techniques and objects we will study in this thesis. We will start by
recalling the triangulated category of motives over a simplicial scheme, in
order to be able to produce Gysin long exact sequences for morphisms with
motivically invertible reduced fibers. Then, we will talk about torsors and
classifying spaces, focusing in particular on the Nisnevich classifying space.
At the end, we will concentrate on the orthogonal case, introducing subtle
Stiefel-Whitney classes, as a leading example for everything we will do in
the remaining part of this work. In the third chapter we will perform the
computation for spin groups. We will recall Quillen’s results in topology
which we are inspired by, then prove some results on the action of the mo-
tivic Steenrod algebra on the second subtle Stiefel-Whitney class. This will
lead us to the main theorem of this chapter, which describes a large part
of the motivic cohomology rings of the Nisnevich classifying spaces of spin
groups, reducing the complete computation to assessing the regularity of a
certain sequence of polynomials. We will finish the chapter by finding some
very simple relations for subtle Stiefel-Whitney classes of quadratic forms
belonging to the cube of the fundamental ideal of the Witt ring. Moreover,
we will describe the motivic cohomology of the Nisnevich classifying space
of the exceptional group G,. The fourth chapter is instead devoted to uni-
tary groups. We will first recall well known results about Pfister quadrics
and Rost motives of quadratic extensions and then compute some cohomol-
ogy rings related to them. We will then move to the main result of the
chapter, namely the computation of the motivic cohomology rings of the
Nisnevich classifying spaces of unitary groups. Next, we will compare the
new subtle classes arising from these cohomology rings to subtle Stiefel-
Whitney classes. This will provide us with some information on the kernel
invariant of quadratic forms divisible by a one-fold Pfister form. We will
conclude with a few applications on hermitian forms. In the fifth chapter,
we will generalise the above mentioned Gysin sequence by constructing a
spectral sequence in some sense of Serre’s type for morphisms with motivi-
cally cellular fibers. Then, we will see that this spectral sequence applies in
particular to the case of projective general linear groups leading to a possi-
bly helpful tool for computing the motivic cohomology of their Nisnevich
classifying spaces, at least in some cases. The sixth chapter is devoted to
describe completely the action of the motivic Steenrod algebra on Rost mo-
tives and Cech simplicial schemes of Pfister quadrics. In particular, we will
present some well known cohomology rings as left-modules over the mo-
tivic Steenrod algebra.



HOMOTOPIC AND MOTIVIC CATEGORIES

We start in this chapter by providing an introduction of the main categories
we will work with. First, we will recall the construction of the category of
motivic spaces (see [36]), which is the analogous in algebraic geometry of the
category of topological spaces. Then, the simplicial homotopy category will be
introduced, built up from the category of motivic spaces by inverting a spe-
cial class of morphisms, called simplicial weak equivalences (see [36]). Next,
we will deal with the unstable motivic homotopy category of Morel and Voevod-
sky (see [36]), constructed by, roughly speaking, contracting the affine line,
in the same fashion as the unit interval is contracted in the topological ho-
motopy category. We will continue on this path in parallel to topology by
recalling the stable motivic homotopy category (see [25] and [9]), obtained by
stabilising with respect to the projective line and, then, the triangulated cat-
egory of motives (see [60]), which is a substitute in the motivic world of the
derived category of abelian groups. These are all natural environments to
study algebro-geometric problems from a homotopic perspective, since they
allow, at different levels of complexity, richness and computability, to deal
with algebraic varieties in a sufficiently flexible way, similar in some sense
to the one characteristic of topological spaces. Furthermore, at the end, we
will recall the structure and main properties of the motivic Steenrod algebra
(see [22] and [61]), namely the algebra of bistable motivic cohomology op-
erations, which will provide a fundamental tool we shall use frequently
throughout this thesis.

Essentially, this chapter will serve the purpose of producing the right
background and language for studying torsors of linear algebraic groups over
a field by motivic homotopic means, such as classifying spaces and charac-
teristic classes. In this sense, it contains well known definitions and results
in the field of motivic homotopy theory that we will exploit in the following
chapters.
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1.1 MOTIVIC SPACES

We want to begin this chapter by defining the category of motivic spaces,
which all the other categories we will present later on are constructed from.
The general idea is that, in order to do homotopy theory in algebraic geome-
try, one would like to work in a "nicely behaving" category of spaces which
should be deeply related to the category of smooth schemes over a certain
base. This category is what we shall call the category of motivic spaces, and
it will serve as a motivic counterpart of the category of CW-complexes in
topology. We will now recall a construction of this category on the lines of
the groundbreaking work of Morel and Voevodsky (see [36]).

Let Y be a Noetherian scheme of finite Krull dimension. The category
of smooth schemes of finite type over Y, which we will denote by Sm/Y,
is not a good category on its own for homotopical purposes. One of the
main reasons is that it is not closed under small colimits, which means
in particular that it is not possible to do quotients in it. A standard way
to solve this problem is to consider the category of presheaves on Sm/Y,
which we will denote by Pre(Sm/Y). We know by Yoneda embedding
that Sm/Y sits inside Pre(Sm/Y) by sending a smooth scheme X to the
presheaf U — Homg,, /v (U, X). This category is large enough to contain
all small colimits (and limits) but it does not pay any attention to any par-
ticular topology. For this reason, one would like first to choose a topology,
which could be for example Zariski, Nisnevich or étale, and then consider
sheaves in the respective site. This way one would add more colimits to
the category of presheaves. We will be mainly interested in the Nisnevich
topology, therefore we will focus on the category of Nisnevich sheaves
over Sm/Y, which we will denote by Shovy;s(Sm/Y). Nisnevich sheaves
are essentially presheaves which send elementary distinguished squares to
cartesian squares of sets. We now recall the definition of elementary distin-
guished square.

Definition 1.1.1. An elementary distinguished square in Sm/Y is a square

pH(U) —

;

where j is an open embedding, p is an étale morphism and the restriction of p to
the complement of U, namely p~1(X — U) — X — U, is an isomorphism for the
reduced structure.

<

-
=

>

j

Note that elementary distinguished squares are also pushout squares. It
is desirable to work with a category of sheaves that send these pushout
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squares to cartesian squares of sets. This observation leads to the following
definition of Nisnevich sheaves.

Definition 1.1.2. A presheaf F on Sm/Y is a Nisnevich sheaf if:
1) F(®) = pt;
2) F sends elementary distinguished squares to pullback squares of sets

F(X) E(V)

| |

F(U) —F(p~1(U))

The category of Nisnevich sheaves is still not big enough to do homotopy.
For example, we would like to have a simplicial category to work with.
Hence, we enlarge Shouys(Sm/Y) by considering the category of simplicial
Nisnevich sheaves over Sm/Y.

Definition 1.1.3. The category of motivic spaces over the base scheme Y is the
category A°PShoy;s(Sm/Y) of simplicial Nisnevich sheaves over Sm/Y. We will
simply denote this category by Spc(Y).

This category naturally contains Nisnevich sheaves over Y as constant
simplicial Nisnevich sheaves and simplicial sets as simplicial constant Nis-
nevich sheaves. In particular, it contains algebraic varieties X over Y, which
are represented in Spc(Y) by the simplicial Nisnevich sheaves whose sim-
plicial components are all given by U +— Homg,, /v (U, X).

Notice that, as we have already mentioned, this construction is possible
with other topologies leading to different categories of motivic spaces, and
subsequently to different homotopy theories.

Following the parallel with topology, there is a natural way to construct
a category of pointed motivic spaces. Indeed, it is enough to consider the
category of pointed simplicial Nisnevich sheaves.

Definition 1.1.4. The category of pointed motivic spaces over the base scheme Y
is the category A°PShvy;s(Sm/Y ). of pointed simplicial Nisnevich sheaves over
Sm/Y, i.e. simplicial Nisnevich sheaves F endowed with a morphism pt — F. We
will simply denote this category by Spc.(Y).

For any unpointed space F, we can consider its associated pointed space
F, = FII pt, obtained just by adding a point. Once we have pointed spaces
we can define a smash product, just as in topology. More precisely, for
any couple of pointed motivic spaces F and G, the simplicial sheaf F A G
is defined as the Nisnevisch sheafification of the presheaf U — F(U) A
G(U). With the smash product just defined, Spc,(Y) becomes a symmetric
monoidal category with unit object S” = Y.
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1.2 SIMPLICIAL HOMOTOPY CATEGORY

The next natural step one needs to take in order to do homotopy in alge-
braic geometry is to provide Spc(Y) (and Spc.(Y)) with a model structure.
In principle, there are several model structures available which will give at
the end the same homotopy category. What follows is a recollection of the
model structure considered in [36].

By a point x of the site Sm/Y endowed with the Nisnevich topology we
mean a functor x* : Shoy;s(Sm/Y) — Set from the category of Nisnevich
sheaves over Y to the category of sets which commutes with finite limits
and all colimits. We present now one of the possible definitions of a model
structure on the category of motivic spaces.

Definition 1.2.1. A morphism f : F — G in Spc(Y) is:

1) a weak equivalence if x*f : x*F — x*G is a weak equivalence of simplicial sets
for any point x of Sm/Y;

2) a cofibration if it is a monomorphism;

3) a fibration if it has the right lifting property respect to all acyclic cofibrations.

The following key result assures that, with the previous definition, mo-
tivic spaces are actually endowed with a model structure.

Theorem 1.2.2. The classes of weak equivalences, cofibrations and fibrations as
defined above give Spc(Y) the structure of a proper model category.

Proof. See [36, Theorem 1.4], [24, Corollary 2.7] and [23]. O

This model structure on the category of motivic spaces is often called the
simplicial model structure.

Definition 1.2.3. The homotopy category of the simplicial model category, obtained
by inverting weak equivalences, is called the simplicial homotopy category over Y.
We will denote this category by Hs(Y) or Hs((Sm/Y)Nis) if we want to stress the
topology we are working with.

Analogously, it is possible to provide Spc.(Y) with a simplicial model
structure, by considering as weak equivalences, fibrations and cofibrations
those morphisms of pointed motivic spaces which are respectively weak
equivalences, fibrations and cofibrations of motivic spaces without base
points. The resulting pointed simplicial homotopy category obtained by
inverting weak equivalences will be denoted by #; .(Y). The smash prod-
uct defined in the previous section provides H; «(Y) with the structure of a
symmetric monoidal category.

For any X in Sm/Y and any point x of X, let us denote by Oé‘(’x the
henselization of the local ring of X at x. Then, for any motivic space F,

10



1.2 SIMPLICIAL HOMOTOPY CATEGORY

F(Spec(O% .)) is defined to be the colimit colim;F(U), where U runs over
all the Nisnevich neighborhoods of x in X, i.e. étale morphisms g: U — X
endowed with a point u € ¢~!(x) such that the induced map on residue
fields k(x) — k(u) is an isomorphism. The next important result tells us
that we can check simplicial weak equivalences by evaluating them on local
henselian rings.

Lemma 1.2.4. A morphism f : F — G in Spc(Y) is a simplicial weak equiva-
lence if and only if for any X in Sm/Y and any point x of X the induced map
F(Spec(Oé’(,x)) — G(Spec(Oél(Ix)) is a weak equivalence of simplicial sets.

Proof. See [36, Lemma 1.11]. H

At this point we are ready to provide examples of simplicial weak equiv-
alences that involve a very important class of simplicial schemes, notably
Cech simplicial schemes.

Definition 1.2.5. For any smooth scheme X over Y the Cech simplicial scheme of X
is the simplicial scheme C(X) with simplicial components given by C(X), = X3
and face and degeneracy maps given by partial projections and partial diagonals
respectively.

A fundamental property of Cech simplicial schemes we will often use in
this thesis is the following.

Lemma 1.2.6. If Homg,, ;v (V,U) # @, then C(U) x V — V is a simplicial weak
equivalence.

Proof. See [62, Lemma 9.2]. H

From the previous lemma one obtains the following useful result that
holds if the base scheme Y is a point, i.e. Y = Spec(k) for some field k.

Proposition 1.2.7. For any pair of smooth schemes X and X' over k, we have that
the following conditions are equivalent:

1) X(E) # @ if and only if X'(E) # @, for each field extension E /k;

2) C(X) = C(X") in Hs(k).

Proof. See [47, 2.3.10 and 2.3.11]. O

In particular, the previous proposition assures that all Cech simplicial
schemes are projectors in H,(k), namely we have an isomorphism in the
simplicial homotopy category C(X) x C(X) = C(X) for any X.

11



1.3 UNSTABLE Al—HOMOTOPY CATEGORY

1.3 UNSTABLE A!-HOMOTOPY CATEGORY

In topology, the homotopy category is obtained, roughly speaking, by con-
tracting the interval [0,1]. Till now we did not care about contracting any
interval in the simplicial homotopy category. The core idea at the base of the
Al-homotopy theory of Morel and Voevodsky is that, pursuing this parallel
path to topology, a good and natural candidate to consider as a substitute
of the unit interval is the affine line A}, which for brevity we will denote
by Al. In this section we will recall their construction of the unstable A'-
homotopy category. In order to do so, we need to define an Al-structure in
Hs(Y). First, we define A'-local objects following [36].

Definition 1.3.1. A motivic space G is Al-local if for any motivic space F we have
a bijection
Homy, (y)(F, G) — Homy (v)(F x A',G)

induced by the projection F x A' — F.
We are now ready to introduce A'-weak equivalences.

Definition 1.3.2. A morphism f : F — F' is an A'-weak equivalence if for any
Al-local space G we have that the induced map

HomHS(y) (F/, G) — HomHs(y) (F, G)
is a bijection.

With this definition of weak equivalences in mind, it is possible to define
a model structure on Spc(Y) which actually takes into account the affine
line.

Theorem 1.3.3. The category Spc(Y) with weak equivalences given by Al-weak
equivalences, cofibrations given by monomorphisms and fibrations given by mor-
phisms with the right lifting property respect to acyclic cofibrations is a proper
model category.

Proof. See [36, Theorem 3.2] O

Definition 1.3.4. The homotopy category we obtain from this model structure is
called the unstable motivic or A'-homotopy category. We will denote this category

by HAl (Y)

As for the simplicial homotopy category, we have an analogous model
structure on Spc.(Y) which gives rise to a pointed Al-homotopy category
denoted by H 41 ,(Y). The smash product on pointed motivic spaces defines
a symmetric monoidal structure on H 41 , (Y).

At this stage, we are ready to present the characters that play the role of
the spheres in this motivic setting. First, we need to mention that, unlike

12



1.4 STABLE A'-HOMOTOPY CATEGORY

the topological situation, in the motivic environment there are two types of
circles, the simplicial circle Sg and the Tate circle S}. The simplicial circle
is just the pointed simplicial set A'/9A! sitting inside Spc.(Y) while the
Tate circle is the punctured affine line G,, = A! — 0 pointed by 1. Smash-
ing these two kinds of circles one obtains bigraded spheres SP7 = S{ 7 A ST,

On the other hand, let us consider the quotient A'/(A! —0), which we
will shortly denote by T. Namely, T is defined by the following pushout
square of pointed simplicial Nisnevich sheaves

Al —0—— Al

|

Spec(k) ——T

A classical result in motivic homotopy theory tells us that the space T is Al-
homotopy equivalent to the projective line P! and to the bigraded sphere
S%!. Namely, we have the following proposition.

Proposition 1.3.5. S*! =T = Plin H 5 (V).
Proof. See [36, Lemma 2.15 and Corollary 2.18]. ]

1.4 STABLE Al-HOMOTOPY CATEGORY

Once one has an unstable homotopy category, the natural following step
would be to stabilise it respect to a certain suspension in order to get a tri-
angulated category. With this in mind, we want to achieve a stable motivic
homotopy category by stabilising with respect to P!, which plays the role
of the sphere in topology, as we have already noticed in the previous sec-
tion. A possible approach, following [59] or [25], is to obtain the pursued
stabilisation by considering the category of T-spectra.

Definition 1.4.1. A T-spectrum is a collection of pointed motivic spaces E = {E, }
endowed with structure morphisms

A morphism f : E — F of T-spectra is a collection of morphisms of pointed motivic
spaces { fm : Em — Fin} such that, for any m, the following square commutes

i
TAE, YT AF,

Uml lam

Em+1 — Fm—l—l

m+1

The category of T-spectra will be denoted by Spt(Y).

13
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For any pointed space F we will denote by ~*F the corresponding sus-
pension T-spectrum, defined by (X*F),, = T" A F.

Definition 1.4.2. For any T-spectrum E, the stable homotopy groups of E are the
presheaves of groups defined by

7p,q(E)(U) = colint, Homa, ,v)(SE™"" A ST, En (W)

This definition of stable homotopy groups allows to define a model struc-
ture on the category of motivic spectra.

Definition 1.4.3. A morphism f : E — F of T-spectra is:

1) a stable weak equivalence if the induced morphism on stable homotopy groups
10p,q(E) — 11,4 (F) is an isomorphism of presheaves of groups for any p and g;

2) a cofibration if it is a monomorphism at each level;

3) a fibration if it has the right lifting property with respect to all acyclic cofibra-
tions.

The classes of stable weak equivalences, cofibrations and fibrations just
defined actually provide the category of T-speactra Spt(Y) with a stable
model structure.

Theorem 1.4.4. The category of T-spectra, together with stable weak equivalences,
cofibrations and fibrations defined above, is a proper simplicial model category.

Proof. See [25, Theorem 2.9 and Lemma 3.7]. O

In a nutshell, by inverting stable weak equivalences we get the stable A'-
homotopy category.

Definition 1.4.5. The homotopy category associated to the stable model structure
on the category of T-spectra is called the stable motivic or A'-homotopy category
over Y and will be denoted by SH 41(Y).

From the fact S! is a cogroup object in H 41(Y) one has that hom-sets in
SH 41(Y) are always abelian groups since each T-spectrum is a two-fold
simplicial suspension. It follows that the stable motivic homotopy category
is additive and, moreover, triangulated. Indeed, one gets a triangulated
structure by considering as shift the simplicial suspension, namely E[1] =
S! A E, and as distinguished triangles the triangles isomorphic to the cofiber
sequences

ELF—>Cone(f)—>S§/\E

where Cone(f) is defined in Spt(Y) by the following pushout square

e 1 F

| |

E A A[1] — Cone(f)
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Among other advantages, the stable motivic homotopy category is the
natural environment to deal with homology and cohomology. The main
reason is that, actually, homology and cohomology theories are represented
in SH 41(Y). More precisely, we have that for any T-spectrum E the corre-
sponding homology and cohomology are defined respectively by

Epq(F) = Homgy , (v)(S", EAF)
and
EP(F) = Homgy ) (F,E(q)[p)
where by E(g)[p] we mean the T-spectrum S A E. All homology and co-

homology theories arising in this way are called “large” theories.

In particular, motivic cohomology, which is the main cohomology the-
ory we will consider throughout this thesis, is represented by the motivic
Eilenberg-MacLane spectrum HZ, defined by

(HZ)w = L(A™)/L(A™ = 0) = L((P)"™)

where by L(X) we mean the sheaf that sends any smooth scheme U over Y
to the free abelian group generated by the closed irreducible subschemes of
U xy X which are finite and surjective over a connected component of U,
provided that the base scheme Y is regular (we will discuss better this sheaf
in the next section). The assembly morphisms are given by the compositions

TA(HZ), = PYAL(PHN) — L(PY) A L((PHM)

— L((PY)""*) = (HZ) 1
1.5 TRIANGULATED CATEGORY OF MOTIVES

We have till now introduced the motivic counterparts of homotopic cate-
gories. At this point, we would like to complete this picture by showing the
construction of a triangulated category which replaces somehow in the mo-
tivic setting the derived category of abelian groups in topology. As we will
see, this provides a natural environment to work with motivic cohomology.

Fix a commutative ring with identity R and a regular Noetherian scheme
Y.

Definition 1.5.1. For any U and V in Sm/Y define c(U, V') by

c(U,V)= R - {W | Wintegral closed subschemeof U xvy V finite over U
4

and surjective over a connected componentof U}

Elements of c(U, V') are called finite correspondences from U to V.

15
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Let ¢ be a finite correspondence from U to V and ¢ a finite correspon-
dence from V to W. Then, one can define the composition i o ¢ as the fi-
nite correspondence from U to W obtained by (py X pw)«((pu X pv)*(¢) N
(pv X pw)*(¢)), where py, py and pw are the obvious projections. With
this composition one can construct the category of finite correspondences.

Definition 1.5.2. The category of finite correspondences with R-coefficients is
the category whose objects are smooth schemes over Y and morphisms are finite

correspondences. We will denote this category, which is naturally R-linear, by
Cor(Y,R).

Note that there exists a motivic functor from Sm/Y to Cor(Y, R) sending
each smooth scheme U to itself and each smooth morphism f : U — V to
its graph I'y.

Definition 1.5.3. A presheaf with transfers on Sm/Y is an R-linear contravariant
functor from Cor(Y,R) to the category of R-modules. It will be called Nisnevich
sheaf with transfers if the underlying presheaf of R-modules on Sm/Y is a sheaf in
the Nisnevich topology.

The category of presheaves with transfers will be denoted by PST(Y, R)
while the category of Nisnevich sheaves with transfers will be denoted by
STnis(Y, R). Every smooth scheme V over Y is represented in PST(Y, R) by
the presheaf with transfers L(V') defined by U — cor(U, V). Indeed, L(V)
is a Nisnevich sheaf for any V € Sm/Y.

Theorem 1.5.4. The category of Nisnevich sheaves with transfers is abelian.
Proof. See [60, Theorem 3.1.4] and [8| Proposition 10.3.9]. O

Hence, one can construct its derived category of complexes of Nisnevich
sheaves with transfers bounded from above, which we will compactly de-
note by D~ (STy;s(Y, R)). Then, we can consider its smallest thick subcat-
egory £(Y) containing the morphisms L(U x A') — L(U) for any smooth
scheme U and closed under direct sums. Notice that the quotient cate-
gory D™ (STyis(Y,R))/ E(Y) is the localization D~ (STn;s(Y, R))[W(Y)~1],
where W(Y) is the class of morphisms which have cone in £(Y). Mor-
phisms in W(Y) are called A'-weak equivalences.

Definition 1.5.5. The localization D~ (STy;s(Y, R))[W(Y) ™1 is denoted simply
by D/\/l;f f(Y,R) and is called the triangulated category of motives over Y with
R-coefficients.

Let A® be the standard cosimplicial object defined by

n
A" =Y Xgpoe(z) Spec(Zlto, . .., ]/ Y ti — 1)
i=0
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1.5 TRIANGULATED CATEGORY OF MOTIVES

Then, if F is a presheaf with transfers we can consider its Suslin complex
C«(F) defined by C,(F)(U) = F(U x A") endowed with differentials given
by Y;(—1)'6¥, where the 6} correspond to the boundary maps of A®. If F
is a Nisnevich sheaf with transfers, then one can easily see that its Suslin
complex is a complex of Nisnevich sheaves with transfers.

Definition 1.5.6. For any smooth scheme X over Y, the motive of X is the object
M(X) in D/\/l;ff(Y,R) corresponding to the Suslin complex Cy(L(X)). Indeed,

M defines a functor from Sm/Y to DMe_ff(Y/ R).

The category of motives is moreover tensor triangulated (see [60] and [8])
with a tensor product which will be denoted by ®.

Definition 1.5.7. The thick subcategory of DM;C f(Y, R) generated by motives of

smooth schemes is denoted by DM, (Y, R) and is called the category of geometric
motives.

We will now recall the main properties of the triangulated category of
motives (see [60] and [8]):
1) (Al-homotopy invariance) the projection U x A! — U induces an isomor-
phism M(U x A!) =2 M(U);
2) (Kunneth formula) M(U x V) = M(U) @ M(V);
3) (Mayer-Vietoris triangle) for any open cover {U, V'} of a smooth scheme
X there is a distinguished triangle

MUNV) = M(U) ® M(V) = M(X) = M(UNV)[1]

4) (vector bundle) for any vector bundle E — X the induced map on motives
M(E) — M(X) is an isomorphism;

5) (projective bundle) for any projective bundle P — X of rank 7 there is an
isomorphism

M(P) = é M(X)(i)[2i]
i=0

6) (Gysin triangle) for any closed immersion Z — X of pure codimension
c between smooth separated schemes of finite type there is a distinguished
triangle

M(X—-Z)— M(X) = M(Z)(c)[2c] - M(X — Z)[1]
7) (cancellation) If Y is a perfect field, then for any M and N in DMe_f f(Y, R)

the natural map

Homp - (v,r) (M, N) — Homp -

o rR) (M(1),N(1))

is an isomorphism;
8) (Chow motives) for any pair of smooth projective schemes U and V,
where U has pure relative dimension d over Y, there is an isomorphism

Hommp v (v,r)(M(U), M(V)) = CH'(U x V)
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Definition 1.5.8. The motive of Y, considered over itself with the identity mor-
phism, will be denoted by T and will be called the trivial Tate motive.

For any smooth scheme X over Y, we have a morphism M(X) — T in

DMe_ff(Y,R). We define the reduced motive of X as Cone(M(X) — T)[—1]

and we will denote it by M(X).

As a particular case, we have a distinguished triangle
M(Gu) = T — M(Gu)[1] = M(Gp)[1]

which is split since there is a morphism from Y to G,,. Then, we will define
the Tate motive T(1) to be M(Gy,)[—1]. Hence, M(G,,) = T @ T(1)[1]. This
leads to the definition of Tate motives with various shifts simply by impos-
ing T(q) = T(1)®".

The power of the triangulated category of motives is, for example, stressed
by the fact that motivic cohomology is represented in DM (Y, R). Indeed,
we have that

HPA(X,R) = Homp -

R (M(X), T()[p])

The following fundamental result computes the motivic cohomology with
Z. /2-coefficients of the point, which we will compactly denote by H for the
rest of this thesis.

Theorem 1.5.9. We have that H = KM(k)/2[t], where KM (k) is the Milnor
K-theory of k and T is the non-trivial cohomology class in bidegree (1)[0].

Proof. See [62]. ]

We end this section with a result that claims the triviality in certain re-
gions of the motivic cohomology of a smooth simplicial scheme.

Proposition 1.5.10. Let X, be a smooth simplicial scheme over k. Then, the motivic
cohomology group HP(X,, Z) is zero in the following cases:

1) g <0;

2)qg=0and p <O0;

3)g=1and p <O0.

Proof. See [58, Corollary 2.2]. O

1.6 THE MOTIVIC STEENROD ALGEBRA
Cohomology operations are pivotal tools for the study of algebro-geometric

problems from a motivic homotopic point of view. As in topology, they
enrich the structure of motivic cohomology rings, which are naturally left
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modules over the algebra of stable cohomology operations. This algebra is
called motivic Steenrod algebra and shares some of its main features, which
we will recall in this section, with its classical topological counterpart. Since
in this thesis we will mainly consider motivic cohomology rings with Z /2-
coefficients, this section will report only results about the mod 2 motivic
Steenrod algebra.

We fix for the rest of this section the base scheme Y to be a point Spec(k)
for some field k of characteristic different from 2. We recall that in [61] there
is a construction of Steenrod squares Sq' for fields of characteristic 0 which
is generalised to fields of any characteristic different from 2 in [22].

Definition 1.6.1. The motivic Steenrod algebra that we will denote by A is the sub-
algebra of the algebra of bistable operations in mod 2 motivic cohomology generated
over H by the Steenrod squares Sq' of bidegree ([i/2])[i] for any i > 0.

The following important result tells us that indeed A contains all bistable
cohomology operations.

Theorem 1.6.2. A is the algebra of bistable cohomology operations in mod 2 mo-
tivic cohomology.

Proof. See [22, Theorem 1.1] and [64, Theorem 3.49]. O

Notice that, unlike in topology, the action of the motivic Steenrod alge-
bra on the cohomology of the point is non-trivial. In fact, we have that
Sq'(t) = p, where p is the class of —1 in the first Milnor K-group of k mod-
ulo 2.

We have the following important result which describes essentially all
relations between Steenrod squares.

Theorem 1.6.3. (Adem relations) In A we have the following relations for any
a < 2b:
1) if a and b are even

a/2

Sa%S b __ [Z]TcmodZ b—c—1 S a+bfcs c
qgoq = =~ 14— 2c q q
2) if a is even and b is odd
a2l iy —c—1 a2l p—c—1
Sqasqb _ ( )SanrbCch—l— P( )Sqa+bclsqc
Cg‘) a—2c c—(),zcodd a—2c

3) if a is odd and b is even

/2 a/2)
ac b __ —c—1 a+b—cg C b—c—1 a+b—c—1¢c
Sq°Sq —C;;)( Ve )Sq Sq +C_OZC;Oddp(a_Zc_1 Sq Sq
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4) if a and b are odd
[@/2] /iy o
ac,b c—1 a+b—cgc
Squ—g(a_zc )Sq Sq
Proof. See [22, Theorem 5.1] and [61, Theorem 10.2]. H

As in topology, it follows from Adem relations the following useful corol-
lary that provides a set of generators of .A as an H-algebra.

Corollary 1.6.4. A is generated as an algebra over H by the Steenrod squares Squ
for any i > 0.

The following proposition describes the behaviour of Steenrod squares
respect to the cup product in motivic cohomology.

Proposition 1.6.5. (Cartan formula)

Sg*" (xy) = YT 250 (x) S (y)

Sq' (xy) = 5q' (x)y +x5q" (y)
Proof. See [61, Proposition 9.7]. ]

Other important properties that we are going to use in this thesis are
summarised in the following two results.

Lemma 1.6.6. For any x in bidegree (n)[2n] one has that Sg*" (x) = x2.

Proof. See [61, Lemma 9.8]. ]

Lemma 1.6.7. For any x in bidegree (q)[p] one has that Sq**(x) = 0 for any
n>p-—qgandn > q.

Proof. See [61, Lemma 9.9]. O

Now, we recall the structure of the dual of the motivic Steenrod algebra

A

Theorem 1.6.8. The dual of the motivic Steenrod algebra A, . is isomorphic to
the graded commutative H-algebra generated by elements T, for i > 0, in bidegree
(28 — )[2"*Y — 1] and &, for i > 0, in bidegree (2" —1)[2"*! — 2] subject to
relations Tiz =TCiy1 + PpTip1 + pT10Cit1 for any i > 0.

Proof. See [22, Theorem 5.6] and [61, Theorem 12.6]. H

In the Steenrod algebra there are very special operations, namely the Mil-
nor operations Qj, which have shown to be invaluable tools for the proof of
the Milnor conjecture (see [62]) and of the Bloch-Kato conjecture (see [65]).
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Definition 1.6.9. Q; is the element in A dual with respect to the standard skew-
polynomial basis to the element T; in A, ..

Following [28, Remark 5], they can also be defined inductively by

Qo = Sq'

and . ; i1
Qi =54 Qj-1+Qj-18¢% +pS7”  Qj-1Qj-»

The following result recapitulates the main features of Milnor operations.

Proposition 1.6.10. QJZ = 0and [Q;, Qj] = 0, i.e. Milnor operations generate an
exterior subalgebra in A.

Proof. See [61, Proposition 13.4]. O

We finish this section by noticing that, when —1 is a square in the base
tield, i.e. p = 0 in H, the behaviour of the motivic Steenrod algebra is
particularly similar to the topological one’s. For example, when p is zero,
the action of the motivic Steenrod algebra on the cohomology of the point
is indeed trivial and the Milnor operations can be just defined by the usual
recursive formula

Qi = 547, Qj-1]

well known from topology.
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CLASSIFYING SPACES AND CHARACTERISTIC
CLASSES FOR TORSORS

The principal aim of this thesis is to make a few steps forward in the inves-
tigation of torsors from a motivic homotopic point of view. In a nutshell,
we will compute the motivic cohomology rings of some classifying spaces
where characteristic classes for torsors come from.

In order to do so, we first need to recall definitions and main properties of
motivic categories over a simplicial base (see [63]). These triangulated cate-
gories of motives constitute the right environment to work with fibrations
of simplicial schemes with reduced fibers which are motivically invertible.
This study will lead us to the construction in good generality of long exact
sequences in motivic cohomology of the same type of Gysin long exact se-
quences for spherical fibrations in topology.

After having dealt with the necessary general results that will enable fur-
ther computations, we will present the main characters of this thesis, i.e.
torsors of linear algebraic groups. Then, we will introduce Nisnevich and étale
classifying spaces (see [36]). In particular, we will highlight their deep con-
nection and prove some of their main features, which will be used often in
the next chapters. We will see that some specific morphisms of classifying
spaces meet exactly the conditions required to produce the above mentioned
Gysin sequences. This will constitute the main technique we are going to
use in order to obtain the description of the motivic cohomology rings of
certain Nisnevich classifying spaces, which will provide us with subtle in-
variants for certain types of torsors.

At the end of this chapter, we will recall, as a leading example, the case of
orthogonal groups, whose torsors over the point are quadratic forms, studied
by Smirnov and Vishik in [47]. Our future results are modelled on and find
their roots in the just mentioned orthogonal case.
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2.1 MOTIVES OVER A SIMPLICIAL BASE

The main purpose of this section is to recall some key definitions and re-
sults regarding the triangulated category of motives over a simplicial base,
which will be a pivotal tool for our computations.

Let us fix a smooth simplicial scheme Y, over k and a commutative ring
with identity R. Following [63], we will denote by Sm/Y, the category
whose objects are given by pairs (U, j), where j is a non-negative integer
and U is a smooth scheme over Y;, and whose morphisms from (U, ) to
(V,i) are given by pairs (f,6), where 6 : [i] — [j] is a simplicial map and
f U — V is a morphism of schemes, such that the following diagram is

commutative
u \%
Y-

Yo !
The definition of motivic spaces over simplicial schemes then is essentially
the same of spaces over schemes given in section 1.

f

—_—

Definition 2.1.1. We will denote by Spc(Ye) = A°PShvyis(Sm/Ye) the category
of motivic spaces over Yo and by Spc.(Ye) its pointed counterpart, consisting re-
spectively of unpointed and pointed simplicial Nisnevich sheaves over Sm/Y.,.

For any morphism f : F — G in Spc.(Y,) there is a cofiber sequence
F — G — Cone(f) — SIAF

where Cone(f) is defined by the following pushout diagram in Spc.(Ys)

1 ¢

| |

F A A[1] — Cone(f)

Definition 2.1.2. A presheaf with transfers on the simplicial scheme Y, is given
by a collection {F;}i>q of presheaves with transfers on Sm/Y; respectively together
with a morphism of presheaves with transfers Fp : Yy (F;) — F; for any simplicial
map 6 : [i] — [j], such that Fyy = id and Fpy : Y5, (F) — Fy is equal to
the composition of YgFy : YyYy(F) — Yg(F) and Fy : Y5(F;) — F, where
¢ : [j] = [k] and  : [i] — [j] are simplicial maps.

For any (V,i) in Sm/Y.,, let L(V,i) be the presheaf with transfers on Y,
whose j-th component is given by

L(V,i)j= @ L(VxeY))
0:[i]—1[]]
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where V Xy Y] is defined via the pullback square

\% X9 Y]4>Y]
|
1% Y,

for any simplicial map 6 : [i] — [j].

We will denote by PST(Y,, R) the category of presheaves with transfers
over Y, with R-coefficients and by Cor(Y,, R) its full subcategory generated
by all possible direct sums of objects of the type L(V,i).

Lemma 2.1.3. The category PST(Y,, R) is naturally equivalent to the category of
R-linear contravariant functors from Cor(Y,, R) to the category of R-modules.

Proof. See [63, Lemma 2.3]. O

For any i consider the functor r; : Cor(Y;, R) — Cor(Ys, R) which sends
V to L(V,i). These functors r; induce in the standard way a pair of adjoint
functors

PST(Y.,R)

rig T L]
PST(Y;, R)

Sheafifying in the Nisnevich topology we get the category of Nisnevich
sheaves with transfers over Y,, which we will denote by STyis(Ye, R). Let
£i(Y.) be the class in PST(Y,) obtained as r;4(£(Y;)), where £(Y;) has
been defined in Section and £(Y.) be the smallest thick subcategory
of PST(Y,) containing all £;(Ys) and closed under direct sums. A mor-
phism in D~ (STyis(Ye, R)) is called an A'-weak equivalence if its cone lives
in £(Y,). Let us denote by W(Y,) the class of Al-weak equivalences.

Definition 2.1.4. The triangulated category of motives over the simplicial scheme
Y, is the localization of D~ (STyis(Ye, R)) with respect to Al-weak equivalences,
ie. D™ (STyis(Ye, R)) W (Ys)~1]. We will denote this category by DM ¢(Ye,R).

This category of motives over a simplicial base is a tensor triangulated
category. One of the main properties of this category is the following.

Proposition 2.1.5.

Hp’q(Y., R) — HOTHDM—

r) (T T(@)[P)

Proof. See [63, Proposition 5.3]. O
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2.2 GYSIN LONG EXACT SEQUENCES IN MOTIVIC COHOMOLOGY

We notice that every cofiber sequence in Spc. (Y, ) induces a distinguished
triangle in DM_, y f(Y.,R) Besides, attached to this category there is a se-
quence of restriction functors

DM, (Ye,R) — DM, (Y; R)

efs
induced by the funtors above defined on the categories of presheaves with
transfers. The image of a motive N € DM, f(Y., R) under r; will be simply
denoted by N;. Furthermore, we have the following adjunction for any
morphism p : Yo — Y of smooth simplicial schemes

eff

D/\/leff(Y.,R)
Lp* 11 Rp*
DMeff( )

In the case that p is smooth, together with the previous one, there is also
the following adjunction

DM_;(Ye,R)
LmiTP

We finish this section by noticing that, for any smooth simplicial scheme Y,
over k, we have a pair of adjoint functors

DM, (Ya,R)
Leg L1 c*
DM, (k,R)

where ¢ : Yo — Spec(k) is the projection to the base. Then, DM&J((Y.,R)

contains Tate objects which are defined by T(g)[p] = ¢*(T(g9)[p]). In general,
for any motive M in DM, f(k, R) we will also denote by M its image c* (M)

in DM, ;4(Ye, R).

2.2 GYSIN LONG EXACT SEQUENCES IN MOTIVIC COHOMOLOGY
We report below some results about the category of motives over a simpli-
cial base which will be central throughout this thesis in order to deal with

fibrations with motivically invertible reduced fibers.

First of all, we recall some facts about coherence taken from [47].
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2.2 GYSIN LONG EXACT SEQUENCES IN MOTIVIC COHOMOLOGY

Definition 2.2.1. A smooth coherent morphism is a smooth morphism 7t : Xe —
Y, such that there is a cartesian diagram

7T
Xj—=7;

for any simplicial map 0 : [i] — []].

Definition 2.2.2. A motive N in DM, f(Y., R) is said to be coherent if all simpli-
cial morphisms 6 : [i] — [j] induce structural isomorphisms Ng : LYy (N;) — N;.

The full subcategory of DM f(Y., R) whose objects are coherent motives
will be denoted by DM _, (Ye, R). The fact that LY, is a triangulated func-
tor implies that DM__, (Y, R) is closed under taking cones and arbitrary
direct sums. On the other hand, we have that L7ty maps coherent objects to
coherent ones for any smooth coherent morphism 7. Hence, M(X, = Y,)
is a coherent motive, where by M(X. =+ Y,) we mean the image L7ty(T) of
the trivial Tate motive.

We are now ready to report some technical propositions which will en-
able us to work quite confidently with fibrations of simplicial schemes with
motivically invertible reduced fibers. Before stating the results, we define
the simplicial set CC(Y,) by applying to Y, the functor CC which sends each
connected component of each Y; to the point and commutes with colimits.

Proposition 2.2.3. Suppose that H'(CC(Y,), R*) = 0. Let T be the trivial Tate
motive and N € DM_,, (Ys,R) be such a motive that its graded components
Nj € DM,; f(Yi,R) are isomorphic to T. Then N is isomorphic to T.

Proof. See [47, Proposition 3.1.5]. [

From the previous proposition we immediately deduce the following
corollary which is a generalisation for all invertible motives.

Corollary 2.2.4. Suppose that H'(CC(Y,),R*) = 0. Let M be an invertible

motive in DM;Cf(k,R) and N € DM_, (Y, R) be such a motive that its graded

components N; € DMe_f f(Yi, R) are isomorphic to M. Then N is isomorphic to
M.

Proof. Consider the motive N ® M~ ! in DMe_f f(Y., R). We notice that

(NoM YY), 2NoM ' I12MeoM 12T
and, for any simplicial map 0 : [i] — [j], the morphisms

LY;(N®@M ™)) = (NeM™);
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2.2 GYSIN LONG EXACT SEQUENCES IN MOTIVIC COHOMOLOGY

are nothing else but the isomorphisms (LY (N;) — Nj) ® M~!. Then, it
follows from Proposition that N@ M~—! 2 T, which completes the
proof. O

Notice that the condition H!(CC(Y,), R*) = 0 is automatically satisfied
if R = Z /2, which is the case we will be mainly interested in.

Recall that, in topology, for a spherical fibration
N
there exists a long exact sequence of cohomology groups
.- = H*"YE) - H*"(B) - H*(B) - H*(E) — ...

called Gysin sequence, where the middle morphism is the multiplication by
a certain class in the cohomology of the base space (see for example [50,
Section 15.30]).

Now, we want to present the core technique inspired by [47] we will
use in this thesis. This result allows to generate long exact sequences in
motivic cohomology associated to fibrations with reduced fibers which are
motivically invertible, of the same nature of Gysin sequences for sphere
bundles in topology.

Proposition 2.2.5. Let 7w : Xo — Yo be a smooth coherent morphism of smooth
simplicial schemes over k and A a smooth k-scheme such that:
1) over the Oth simplicial component 7t is isomorphic to the projection Yo X A — Yp;
2) HY(CC(Y.),R*) = 0;
3) M(A) is an invertible motive in DMe_ff(k, R).
Then, M(Cone(m)) = M(A)[1] € DM, ;¢(Ye, R) where Cone(rr) is the cone of
7t in Spei(Yae).
Proof. In Spc.(Ye) we have a cofiber sequence
Xe 5 Yo — Cone(m) — SIA X,

which induces a distinguished triangle

M(Xe 5 Yy) = T — M(Cone(r)) — M(Xe 5 Yo)[1]

in the motivic category DM, ((Ye, R). Since 77 is smooth coherent we have
by 1) that it is the projection over any simplicial component. It immediately
follows that 7; : ¥; x A = X; — Y; induces the morphism M(A) — T in
DM;(f(Yi, R) for any i, from which we get that M(Cone(7)); = M(A)[1] in
D/\/le_ff(Yi, R). Moreover, we point out that M(Cone(r)) isin DM_, (Y, R),
since both M(Xe = Y,) and T are coherent objects. Hence, Proposition
2.2.3{implies that M(Cone(7)) = M(A)[1] in DME_ff(Y.,R), and the proof
is complete. O
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2.2 GYSIN LONG EXACT SEQUENCES IN MOTIVIC COHOMOLOGY

Moreover, we get a Thom isomorphism of H (Y., R)-modules
H*~5*~"(Y,,R) — H** (Cone(r),R)
in the case that the reduced motive of A is the Tate motive T(r)[s — 1].

Definition 2.2.6. The image of 1 under the Thom isomorphism will be called Thom
class and it will be denoted by w.

In order to understand exactly why the previous proposition generates
sequences of Gysin type we need to find the right substitute for the topo-
logical sphere S"~! in the motivic setting. The character that plays the role
of the sphere in our case is, indeed, the split affine quadric A;, defined by
the equation g, = 1, where g, is the standard split n-dimensional quadratic
form. As we will see better lately, the reduced motive of Ag, is the Tate
motive T([n/2])[n — 1]. Hence, by the Thom isomorphism, we get a long
exact sequence of motivic cohomology groups

N H*—l,*/(X., R) _ H*—n,*’—[n/2](Y./ R) N

H**'(Ys,R) = H** (Xs,R) — ...

which completes the analogy with Gysin sequences.

Later, we will also need the following result about functoriality of the
isomorphism found in the previous proposition.

Proposition 2.2.7. Let 7w : Xe — Yo and 7’ : X, — Y. be smooth coherent
morphisms of smooth simplicial schemes over k and A a smooth k-scheme that
satisfies all conditions from the previous proposition with respect to v’ and such
that the following diagram is cartesian with all morphisms smooth

X.LYO

N

X —=Y!
LI °

Then, the induced square of motives in the category DMe_f f(Yﬁ, R) extends uniquely
to a morphism of triangles where LpysM(Cone(7t)) — M (Cone(7t'")) is given by

Proof. We start by noticing that in Spc,(Y{) we can complete our commuta-
tive diagram to a morphism of cofiber sequences

Xe —*>Y, — Cone(mr) — S} A X,

o e

X, "~ Y, —— Cone(nr') —= S} A X,
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2.2 GYSIN LONG EXACT SEQUENCES IN MOTIVIC COHOMOLOGY

which induces a morphism of distinguished triangles in DM, f(Yi, R)

LpysM(Xe 55 Yo) —= LpysT — LpyyCone(7t) = LpysM(A)[1] —= LpysM(Xe = Ya)[1]

M(px)i lM(PY) lM(p) J/M(px)[ll

7,[/ /

M(X, 5 Y0) T Cone(r') = M(A)[1] ——— M(X, 5 Y))[1]

where the isomorphisms in the third column follow by Proposition [2.2.5
If we restrict our previous diagrams to the Oth simplicial component we
obtain in Spc.(Y])

Yo x A2~ Yy — = Cone(my) —= SL A (Yg x A)
pyoxidl lpyo lpo lid/\(pyoxid)
Y x AU~ Y} —~ Cone(rt}) —= SL A (Y] x A)

and in DME_ff(Y(’),R)

LpysM(A) — LpyT — Lpy#M(A)[1] — LpysM(A)[1]
M(PY0)®idM(A)l iM(PYO) J/M(Po) \LM(PYO)®MM(A)[1]

M(A) T M(A)[1]

M(A)[]

Note that

Homp - (Y(’),R)(LPYQ#M(A)H]/T) = HomDMgff(Yo,R)(M(A)[”/p%T) =

eff

Homp (Yo,R)<M(A)[1]'T) = HomDM;ff(k,R)(M(YO x A)[1],T) =0

eff
since Yp X A is a smooth scheme over k, so has no cohomology in bide-
gree (0)[—1] by Proposition and H%%(Spec(k),R) — HP(Yy x A, R)
is injective. From this we deduce that M(po) must be M(py,) @ id 4y,

as M(py,) ®id M(A)] is the only possible map extending the commutative
square on the left.

At this point we notice that both M(p) and M(py) ® id #(a)n) Pelong to

(vur) (LPveM(A)[1], M(A)[1])

112

Hom -
DMeff

HomDM;ff(Y.,R)(M(A)/P?M(A)) =

HomDM;ff(Y.,R)(M(A)/M(A)) =~ H99(Y,, R)
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2.3 TORSORS AND CLASSIFYING SPACES

since M(A) is an invertible motive. Similarly M(po) = M(py,) ® id M)
belongs to

Homp -

- ) (LPyM(A)[1], M(A)[1]) =
Homp .-

eff(yo,R)(M(A)zP%M(A)) =
HomDM;[f(YO,R)(M(A)IM(A)) =~ HY(Yy, R)

Now, recall that H*?(Y,, R) is the free R-module with rank equal to the
number of connected components of Y, and H O'O(Yo, R) is the free R-module
with rank equal to the number of connected components of Yy. The set of
connected components of Y, is obtained from the set of connected compo-
nents of Yp by identifying all the couples of components of Y linked by a
connected component of Y; via the face maps. In other words, HY(Y,, R)
is just the kernel of the morphism H%?(Yy, R) — H%?(Yq, R) induced by the
simplicial data. It follows that the restriction

e HY(Y,,R) — H?(Y,, R)

is injective, hence M(p) = M(py) ® id (4}, Which is what we aimed to
prove. [

In particular, from the previous proposition it immediately follows the
next corollary about functoriality of Thom classes.

Corollary 2.2.8. Under the hypothesis of Proposition with M(A) being a
Tate motive, the homomorphism of H(Y{, R)-modules

p*: H*’*/(Cone(n'),R) — H*'*/(Cone(n),R)

sends o' to o, where o’ and w are the respective Thom classes.

2.3 TORSORS AND CLASSIFYING SPACES

We introduce in this section the objects of investigation of this thesis which
is essentially devoted to the analysis of torsors from a motivic homotopic
point of view.

Let X, be a motivic space (with Nisnevich or étale topology) over k and
G a linear algebraic group over k. A right action of G on X, is a morphism
a: Xe X G = X,. The action is free if the morphism X¢ X G — X¢ X Xo
defined by (x,g) — (a(x,g),x) is a monomorphism. For any right G-action
on X, one can define the quotient X, /G as the coequilizer of the projection
Xe X G — X,q and the action.

Definition 2.3.1. A G-torsor over a motivic space Yo is a morphism Xe — Yo
endowed with a free right action of G on Xo over Y, such that Xe/G — Y, is an
isomorphism.
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2.3 TORSORS AND CLASSIFYING SPACES

We will denote by P (Y., G)nisoret the set of isomorphism classes of G-
torsors over Y, in the Nisnevich or étale topology.

In this thesis we will focus in particular on Nisnevich classifying spaces
of linear algebraic groups over Spec(k). In fact, their motivic cohomology is
used to produce invariants of torsors which should supply an efficient tool
for their classification. In this section we recall some of their properties and
relations with étale classifying spaces.

Given a linear algebraic group G over k, let us denote by EG the simplicial
scheme defined on simplicial components by (EG), = G"*! with partial
projections and partial diagonals as face and degeneracy maps respectively.
In few words, EG is the Cech simplicial scheme of the algebraic group G.
The operation in G induces a natural action on EG.

Definition 2.3.2. The Nisnevich classifying space BG is obtained by taking the
quotient of EG respect to the natural right G-action, i.e. BG = EG/G.

Moreover, from the morphism of sites 7w : (Sm/k)ss — (Sm/k)nis we
obtain the following adjunction

Hs((Sm/k)gt)
" 1 ] Rm,
Hs((Sm/k)nis)

where 71, is the restriction to Nisnevich topology and 7t* is étale sheafifica-
tion.

Definition 2.3.3. The étale classifying space of G is defined by B4#G = R, m*BG.

Although this definition presents étale classifying spaces as objects of
Hs((Sm/k)nis), there exists a geometric construction for their A'-homotopy
type (see [36]) obtained from a faithful representation p : G — GL(V) by
taking the quotient respect to the diagonal action of G on an open sub-
scheme of an infinite-dimensional affine space ®:°,V where G acts freely.

The Nisnevich and étale classifying spaces are generally different from
each other. The following result gives a sufficient and necessary condition
for them to become equivalent.

Lemma 2.3.4. The canonical morphism BG — BgG is an isomorphism in H, (k)
if and only if G is a sheaf in the étale topology and for any smooth scheme U over k
one has H},. (U, G) = H} (U, G).

Proof. See [36, Lemma 1.18]. O

Now, let H be an algebraic subgroup of G. Then, we can define two
simplicial objects related to BH.
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2.3 TORSORS AND CLASSIFYING SPACES

Definition 2.3.5. By BH we denote the bisimplicial scheme (EH x EG)/H and
by BH the simplicial scheme EG/H, where the quotients are understood as étale
quotients.

We highlight that the obvious morphism of simplicial schemes 7 : BH —
BG is trivial over each simplicial component with G/ H-fibers. At this point,
let us call by ¢ : BH — BH and ¢ : BH — BH the two natural projec-
tions. Notice that ¢ is always trivial over each simplicial component with
contractible fiber EG, therefore an isomorphism in (k). The behaviour of
1y is somewhat different. Indeed, we need to impose a precise condition in
order to make it an isomorphism.

Proposition 2.3.6. If the map
Homy ) (Spec(R), BssH) — Homy ) (Spec(R), B4G)

is injective for any henselian local ring R over k, then  is an isomorphism in
Hs(k). In particular, BH = BH in Hs(k).

Proof. We start by noticing that the restriction of ¢ over any simplicial com-
ponent is given by the morphism (EH x G"*1)/H — G"*!/H. The simpli-
cial scheme (EH x G"*1)/H is nothing else but the Cech simplicial scheme
C(G"! — G"*1/H) associated to the H-torsor G"*1 — G"*1/H which be-
comes split once extended to G. In order to check that

C’:(Gn-l-l N Gn+1/H) N Gn+1 /H

is a simplicial weak equivalence it is enough, by Lemma to evaluate
on henselian local rings. Therefore, we need to look at the morphism of
simplicial sets

C(G"YR) — G""/H(R)) — G""1/H(R)

for any henselian local ring R over k. Now, the fiber of Gt 5 Ggntl/H
over any point Spec(R) of G"*1/H is given by a H-torsor P — Spec(R)
whose extension to G is split, so split itself by hypothesis. In other words,
this fiber is nothing else but the split H-torsor H x Spec(R) — Spec(R). In
this way we have found a splitting of G"*1(R) — G"*!/H(R) which proves
that C(G"*1(R) — G"*'/H(R)) — G"*1/H(R) is a weak equivalence of
simplicial sets, for any henselian local ring R. This implies that ¢ is a weak
equivalence over any simplicial component, hence an isomorphism in #(k).

[l

In practice, due to results from [12], [38], [39] and [42], in most cases
we can check if ¢ is a simplicial weak equivalence just by looking at field
extensions of k. In fact, we have the following theorems which we are going
to use later.
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2.3 TORSORS AND CLASSIFYING SPACES

Theorem 2.3.7. Let R be a local ring of a smooth variety over a field k of charac-
terisitic different from 2 and K the field of fractions of R. Let q be a quadratic space
over R. If qx is hyperbolic, then q is hyperbolic.

Proof. See [39, Theorem 5.1]. O

Theorem 2.3.8. Let R be a local ring containing a field k of characterisitic different
from 2 and K the field of fractions of R. Let (A,c) be an Azumaya algebra with
involution over R and h a hermitian space over (A, ). If hi is hyperbolic, then h
is hyperbolic.

Proof. See [39, Theorem 9.2]. O
More generally, one has the following result.

Theorem 2.3.9. Let R be a regular semi-local domain containing a field, and let K
be its field of fractions. Let G be a reductive group scheme over R. Then the map

Hi(R,G) — Hy (K, G)
induced by the inclusion of R into K has a trivial kernel.

Proof. See [12, Theorem 1] and [42, Theorem 1.1]. H

In a nutshell, rationally trivial torsors of the othogonal group, the unitary
group and, in general, any other reductive group are locally trivial.

The natural embedding of algebraic groups H — G induces two mor-
phisms j : BH — BH and g : BH — BG. The following result tells us that,
under the hypothesis of the previous proposition, j identifies BH and BH

in Hs (k).

Proposition 2.3.10. Under the hypothesis of Proposition j is an isomorphism
in Hs (k).

Proof. We already know that in this case the morphisms of bisimplicial
schemes ¢ and 1 become weak equivalences once restricted to simplicial
components. It follows that the morphisms they induce on the respective
diagonal simplicial objects, namely ¢ : A(BH) — BH and ¢ : A(BH) — BH,
are weak equivalences. So, in order to get the result, it is enough to provide
a simplicial homotopy Fi(") : (H"1 x G"*1)/H — G"*2/H between j¢ and
. One is given by

Fi(n)(hO/-..,hn/gO/-..,gn) = (hOl"'lhi’gi""’gn)

forany n and any 0 <i < n. O
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2.3 TORSORS AND CLASSIFYING SPACES

Moreover, from the fact that ¢ = 77j, we obtain that j* : H(BH) — H(BH)
is an isomorphism of H(BG)-modules.

We want to point out at this stage that the main reason why we would like
to work with 77 : BH — BG instead of ¢ : BH — BG is that 7 is a smooth
coherent morphism which is trivial over the Oth simplicial component with
tiber G/H. This is particularly desirable since, provided the reduced G/H
is motivically invertible, we are entitled to use Proposition in order to
get information on H(BG) out of H(BH). This is essentially how we will
be able to reconstruct in some cases the cohomology of the Nisnevich clas-
sifying space of an algebraic group inductively by looking at some natural
filtration of it.

The following crucial result assures us that actually classifying spaces
classify torsors in the respective topology.

Proposition 2.3.11. There exist bijections
HomHS(k) (Y., BG) = P(Y., G)Nis

and
Homes(k) (Y., BétG) = P(Y., G)ét

Proof. See [36, Proposition 1.15]. O

We note that the torsors which are often worthy to be studied are the
ones in the étale topology. As an example, étale locally trivial torsors of
the orthogonal group over the point are all quadratic forms while there
is only one Nisnevich locally trivial torsor. For this reason, for the rest of
this thesis, by torsor we will automatically mean torsor in the étale topology.

Although from the previous proposition it is clear that torsors are classi-
tied by étale classifying spaces anyway it is convenient in certain situations
to investigate Nisnevich classifying spaces. The reason is clarified by the
following proposition.

Proposition 2.3.12. There exists a commutative square in Hg (k)

C(X) ——BG
Spec(k) = BaG
for any torsor X over the point.
Proof. See [47, 2.5.3]. O
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2.3 TORSORS AND CLASSIFYING SPACES

If we apply the motivic cohomology functor to the previous square we
obtain

H(C(X)) <— H(BG)
11 H(B&G)

Then, it is clear that characteristic classes coming from the étale clas-
sifying spaces take value in a much simpler object, namely H, than the
one where the characteristic classes coming from the Nisnevich classifying
spaces land, namely H(C(X)), which is infinite-dimensional. As a result,
we deduce that these invariants coming from H(BG), also called subtle char-
acteristic classes, may carry more information in principle about G-torsors
than the corresponding étale ones. Moreover, since the cohomology of the
point is trivial over the Oth diagonal we have that all subtle characteristic
classes coming from the étale classifying space in the above Oth diagonal
part trivialise in H(C(X)). Unfortunately, as a drawback, we have that sub-
tle charateristic classes of different torsors take values in principle in differ-
ent places making it more difficult to compare them. On the other hand,
following [47], one can define the kernel invariant of a torsor which can be
used to make helpful comparisons.

Definition 2.3.13. For any G-torsor X over Spec(k), the kernel invariant of X is
defined as
Ker(X) = Ker(H(BG) — H(C(X)))

)
where H(C(X)) — H(BG) is the morphism induced by C(X) — BG from Propo-
sition

In this thesis, from the computation of the cohomology of certain clas-
sifying spaces, we will be able to deduce some information on the kernel
invariant for some classes of quadratic forms.

We finish this section by recalling an important result which will be useful
in the next chapters. First, we need to define torsor triples which are triples
(G, X, G’) where G and G’ are linear algebraic groups over a field k and X
is both a left G-torsor and a right G’-torsor. Then, we have the following
proposition.

Proposition 2.3.14. For any torsor triple (G, X, G') there is a natural isomorphism

in H, (k)
C(X) x BG' = BG x C(X)
C(X)
Proof. See [47, Proposition 2.6.1]. O
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2.4 SUBTLE STIEFEL-WHITNEY CLASSES

Moreover, we notice that, by looking at the proof of the previous propo-
sition, it is clear that the claimed isomorphism is functorial, i.e. for any
morphism of torsor triples (H,Z, H') — (G, X, G’) there exists a commuta-
tive diagram in #;(k)

C(Z) x BH' <—= BH x C(Z)

| |

C(X) x BG' <—= BG x C(X)

2.4 SUBTLE STIEFEL-WHITNEY CLASSES

We now move our attention to one particular case which is of main interest
for the purposes of this thesis, i.e. the case of orthogonal groups. This case
has been deeply studied by Smirnov and Vishik in [47]. In this section we
will report their main results, which will be fundamental throughout the
rest of this work. In particular, we will recall what subtle Stiefel-Whitney
classes are and summarise some of their main applications.

First, note that, since O,-torsors correspond to quadratic forms, for which
Witt cancellation theorem holds over any field, O,_;-torsors inject in Oj-
torsors via the map g + g L ((—1)""!). Then, due to Theorem it is
possible to apply Propositions [2.3.6/and [2.3.10| to the case that G and H are
respectively O, and O,,_1. Moreover, we recall that

Aqn = On /Onfl

where A, is the affine quadric defined by the equation g, = 1, where g, is
the standard split quadratic form L7 ; ((—1)""!). The motive of this split
affine quadric is provided by the following proposition.

Proposition 2.4.1. In DMe_f f(k) we have that
M(Ag,) =T@T([n/2])[n—1]
Proof. See [47, Proposition 3.1.3]. O

Hence, we can apply Proposition to the morphism BO,_; — BOy,
which we have already noticed to be coherent and trivial over simplicial
components with fiber O,,/O,,_1.

Indeed, by exploiting the results above mentioned and by an induction ar-
gument starting from the fact that O; = p», the following description of the
motivic cohomology rings of the Nisnevich classifying spaces of orthogonal
groups can be obtained.
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Theorem 2.4.2. Let k be a field of characteristic different from 2. Then, there is a
unique set uy, ..., u, of classes in the motivic Z /2-cohomology of BO,, such that
deg(u;) = ([i/2])[i], u; vanishes when restricted to H(BO;_1) forany2 <i<n
and

H(BOy) = Hluy, ..., Uy

Proof. See [47, Theorem 3.1.1]. O
Moreover, we have the following generalisation of the previous theorem.

Proposition 2.4.3. For any simplicial scheme Xo
H(Xe x BOy) = H(Xe)[u1, .- ., U]
Proof. See [47, Proposition 3.2.4]. O

Definition 2.4.4. The generators u; are called subtle Stiefel-Whitney classes. For
any quadratic form q, their images in H(C(X,)) will be denoted by u;(q), where
Xy is the torsor associated to q, i.e. Xg = Iso(q < qn).

As shown in [47], these classes provide very interesting and informative
invariants for quadratic forms. In particular, as we have already noticed
in the previous section, they see more than their étale counterparts since
they take value in the motivic cohomology of a Cech simplicial scheme
which is highly non-trivial respect to the cohomology of the point. Most
importantly, the étale characteristic classes are expressible through subtle
classes. Furthermore, it is possible to describe the motive of X, in terms of
subtle Stiefel-Whitney classes. More precisely, we have the following two
results.

Proposition 2.4.5. In DM%f(BOn,Z /2) we have that
M(EO, — BOy) = Q) Cone[—-1)(T = T([i/2])]i])
1<i<n
Proof. See [47, Proposition 3.1.11]. O
Theorem 2.4.6. For any n-dimensional quadratic form q we have that
ui(q) , .
M(Xy) = Q) Cone[—1](X; —= X4([i/2])[i])
1<i<n
in D./\/le_ff(k,Z /2), where X4 is the motive of C(X,).
Proof. See [47, Theorem 3.2.2]. [

Moreover, subtle Stiefel-Whitney classes are able to see the power of the
fundamental ideal I of the Witt ring W (k) where a quadratic form belongs.
Indeed, we have the following theorem.
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2.4 SUBTLE STIEFEL-WHITNEY CLASSES

Theorem 2.4.7. For any quadratic form q, we have that q € I" if and only if
uy(q) =0forany 0 <r <mn-—2.

Proof. See [47, Theorem 3.2.27]. [

From the previous theorem, one gets the following result which states
essentially that subtle Stiefel-Whitney classes see the triviality of quadratic
forms. More precisely, the following corollary holds.

Corollary 2.4.8. q = q,, if and only if uy-(q) = 0 for any r.
Proof. See [47, Corollary 3.2.32]. O

By the very same arguments exploited for the orthogonal groups it is
possible to get the same description for H(BSO,) with the only difference
given by the fact that #; = 0. More precisely, from the short exact sequence
of algebraic groups

1—=50, =0, =y —1

we get that
Ag, = 50,/50;, 4

and by recalling that SO,-torsors correspond to n-dimensional quadratic
forms with trivial discriminant and SO; is the point we obtain the following
theorem.

Theorem 2.4.9. Let k be a field of characteristic different from 2. Then, the motivic
cohomology ring of BSO,, is described by

H(BSOn) — H[uz, sy un]

In the following chapters, we will also use the action of the motivic Steen-
rod algebra on subtle classes which is given by the following Wu formula
as in the classical case at least when p = 0.

Proposition 2.4.10. (Wu formula) Suppose p = 0. Then, the following formula

holds -
Z;-‘:O (m“; T ) g—jttyyj, 0 <k <m
SqFuy, = u?, k=m
0, k>m
Proof. See [47, Proposition 3.1.12]. O

From the previous result we immediately deduce the following corollary
which will be helpful in the next chapters.

Corollary 2.4.11. Suppose p = 0 and let w be a monomial of bidegree ([7])[m] in

the polynomial ring Z. /2T, uy, ..., un1]. Then, Sq"w = w? and Sg/w = 0 for
any j > m.
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2.4 SUBTLE STIEFEL-WHITNEY CLASSES

Proof. If m is even, by Lemmas [1.6.6/and [1.6.71and by noticing that Sg?'+1 =

Sq'Sq?", there is nothing to prove since w is on the slope 2 diagonal. Con-

sider m odd, then w = 7 Xup, - - - Uy, where x is a monomial in even subtle
classes and uy,, are odd subtle classes (notice that r must be odd by degree
reason). Therefore, by Cartan formula we have that

r—1

Sq"w = Sq" (T % xuy, - -up,) = Sqm*hr(ﬂf%xuh1 oy )SqMuy, =

1 22 _ 2
(T2 xupy - up, )up, =w
1

since the monomial 72 Xup, -+ - uy,_, is on the slope 2 diagonal in bidegree

(kY [m — hy), so Sqf(r%xuhl c++uy,_,) =0forj>m—h, and Sq*u;,, =0
for k > h, by Wu formula. Moreover, quw = 0 for j > m for the same

reason. ]
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SUBTLE CHARACTERISTIC CLASSES FOR
SPIN-TORSORS

In this chapter we will compute a large part of the motivic cohomology ring
of the Nisnevich classifying space of Spin,, the spin group of the standard
split quadratic form g,,. This will provide us with subtle characteristic classes
for Spin-torsors or, which is the same, quadratic forms from I3, where I is the
fundamental ideal of the Witt ring.

The topological counterpart of this computation has been obtained by
Quillen in [43]. In the first section of this chapter we will recall Quillen’s
main result which relies on two key tools: 1) the regularity of a certain se-
quence in a polynomial ring; 2) the Serre spectral sequence associated to
a fibration. With reference to the first one, unfortunately we do not have
a proof of the regularity of the corresponding motivic sequence. Anyway,
using the regularity of Quillen’s sequence in topology we will still be able
to obtain a large part of the motivic cohomology of BSpin,. Regarding the
second point, we may have a sort of Serre spectral sequence available for
our case (see Section [5| for more details), but, as we will show, techniques
reported in previous chapters, as Gysin sequences, will be sufficient and, in
fact, more suitable to deal with this case.

All in all, we will describe completely the motivic cohomology of BSpin,,
in bidegrees (*')[*] satisfying the condition * < 2%’ 41 and reduce the com-
plete computation to the question whether the motivic sequence is regular
or not. Moreover, in the last sections we will get very nice and simple rela-
tions among subtle Stiefel-Whitney classes of quadratic forms with trivial dis-
criminant and Clifford invariant. These relations will give information on their
kernel invariant and highlight the deep connection with the J-invariant.

On another side, we will apply our main result to compute the motivic

cohomology ring of BG,, the Nisnevich classifying space of the split excep-
tional algebraic group G, providing subtle invariants for octonion algebras.
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3.1 THE COHOMOLOGY OF BSpin, IN TOPOLOGY

In this section we will present Quillen’s main results on the computation of
the singular cohomology of the classifying space of the spin group associ-
ated to the real euclidean quadratic form. These results will lead us in the
aim of finding a similar description in the motivic world. More precisely, in
[43] the following two theorems are proved.

Theorem 3.1.1. The sequence

2k72 2k73

S¢* - Sq*Sq*Sqtw,

is a reqular sequence in H*(BSOy,) = Z /2[wy, . .., wy], where k depends on n as
in the following table

wo, Sqlwz,. .., 5q

n k

8l+1 | 4l
8l+2 | 4l+1
8l+3 | 4l+2
8l+q | 4l+2
8l+5 | 4l+3
8l+6 | 4l+3
8l+7 | 4l+3
8l+8 | 4l+3

and w; is the i-th Stiefel-Whitney class.

Proof. See [43, Theorem 6.3]. O

Moreover, we recall that the values written in the previous table are re-
lated to the dimension of spin representations of Spin,,.

Theorem 3.1.2. Let I be the ideal in H*(BSO,,) generated by the previous reqular
sequence and A be a spin representation of Spin,. Then the canonical homomor-
phism

H*(BSOy,) /I ® Z /2[w,(A)] — H*(BSpiny)
is an isomorphism.
Proof. See [43, Theorem 6.5]. O

From Theorem and Theorem it follows that

k(n+1) = <01 S - Sq'wa € Ty
k(n) + 1’ quk(n)—l . Sqlwz é Ik(n)

where here by Ii(,,) we mean the ideal in H(BSO,,11) = Z /2[wy, ..., wy11]

2k(

generated by the elements ws, Sg'ws, . ..,Sq%" - Sqlw,.

Furthermore, we notice that Theorem relies on the Serre spectral

sequence for the fibration BZ /2 — BSpin, — BSO,. We will use instead
techniques developed in the previous chapters.
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3.2 THE FIBRATION BSpin, — BSO,

We have already noticed that the special orthogonal case does not differ
much from the orthogonal one, at least from the cohomological perspective,
in the sense that their motivic cohomology rings are both polynomial over
the cohomology of the point in subtle Stiefel-Whitney classes. This is not
true anymore for spin groups. The main reason is that in this case there are
much more complicated relations among subtle classes given by the action
of the motivic Steenrod algebra on u; which make the cohomology rings not
polynomial in subtle Stiefel-Whitney classes anymore (precisely for n > 9)
and, moreover, new classes appear. For this reason, in order to get our
main result, together with an inductive argument we will need to consider
the fibration BSpin, — BSO,,. More precisely, in order to investigate the
motivic cohomology of BSpin,, we will need to consider for any n > 2 the
cartesian square

an

BSpin, BSO,

7| ln

BSpiny 1 = BSO,41

where 7t and 7T are smooth coherent morphisms, trivial over simplicial com-
ponents, with fiber isomorphic to the affine quadric A, , defined by the
equation g, 11 = 1.

In Spc«(BSO,,11) we can complete the previous diagram to the following
one, which is commutative up to a sign in the right bottom square, where
each row and each column is a cofiber sequence

BSpin, — ™~ BSO, — "~ Cone(d,) — "~ S! A BSpin,,
T T Vi
. An+1 bny1 Cnt+l <1 .
BSpin, 1 BSO, 11 Cone(a,+1) — Sy A BSpingi1
f f f
Cone(7) Cone(r) Cone(T) SL A Cone(7t)

S! A BSpin, — S! A BSO, — S! A Cone(@,) —= S2 A BSpin,
The previous induces, in turn, a commutative diagram of long exact se-

quences in motivic cohomology with Z /2-coefficients, where all the ho-
momorphisms are compatible with Steenrod operations and respect the
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3.2 THE FIBRATION BSpin, — BSO,

H(BSO,,+1)-module structure. This remark comes from the fact that the
following diagram of categories

Spc«(BSOy41) H a1, (k)

| |

DM;(BSO,11,Z /2) —= DM, (K, Z /2)

is commutative up to a natural equivalence and both functors in the right
bottom corner have adjoints from the right, so we have the action of Steen-
rod operations on the motivic cohomology of objects belonging to the image
of Spc«(BSO, 1) in D./\/le_ff(BSOnH,Z /2) pulled from H 41 , (k).

All in all, using Propositions and and Theorem which

one is allowed to use since Spin-torsors are quadratic forms from I° and for
quadratic forms we have Witt cancellation, we have the following infinite
grid of long exact sequences (#)

> HP-24(BSping) — > HP-Y(Cone(ay)) ——> HP~11(BSO,) — > HP-11(BSpiny) — ...
i W e
.. ——> HP~1(Cone(7t)) ———— HP4(Cone(7)) ——— HP(Cone(m)) —— HPA(Cone(7t)) — ...
7 7 2
.. ——> HP~Y4(BSpin, 1) N HP(Cone(ans1)) AN HP(BSO,41) AN HPA(BSpiny 1) — ...

3 3 g*

.. —— HP~Y(BSpin,) ———— HP4(Cone(a,)) —— HP1(BSO,) —— HPA(BSpin,) — ...

where all the homomorphisms are compatible with Steenrod operations
and respect the H(BSO,,;1)-module structure.

We recall that, by applying Proposition to the smooth coherent mor-
phism 7 : BSO, — BSO,1, which has fiber isomorphic to A;, , whose
reduced motive is Tate, there is a Thom isomorphism

Hp—n—l,q—[”T“}(BsonH) — HP(Cone(r))

which sends 1 to the Thom class a from Definition By Theorem [2.4.2]
modulo this isomorphism f* is just the multiplication by the subtle Stiefel-
Whitney class u,.1, since it is the only class of its bidegree vanishing in
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3.3 THE ACTION OF SOME STEENROD SQUARES ON U3

H(BO,). Since Spin,1/Spin, = A,,.,, Proposition applies also to the
smooth coherent morphism 77 : BSpin, — BSpin, 1. Therefore, we have a
Thom isomorphism

HP =Y~ 1"2 ) (BS pin,.1) — HPA(Cone(7))

and a Thom class & € H”H'[HTH](Cone(ﬁ)). We notice that, by Corollary
n+1

& is nothing else but the restriction of a« from H"+ "z ](Cone()) to
H+LE (Cone(7t)). Hence, modulo the Thom isomorphism, f*is multipli-
cation by u, 1. Moreover, from Propositions we have that

M(Cone(7)) = M(Cone(an+1))([(n+1)/2])[n +1]

in D./\/l;, f(BSOnH, Z /2) which induces an isomorphism

HP—=11-"5) (Cone(ap.q)) — HP(Cone(7))

Note that, from Theorem h* is always the 0 homomorphism, which
means at the same time that ¢* is surjective and f* is injective. From these
remarks we obtain the next proposition.

Proposition 3.2.1. Sq"a = uywa for any m < n 41 and 0 otherwise. The same

holds for a.
Proof. We just notice that f*(Sq™a) = Sq"f*(a) = Sq™uy1 = Uplyr1 =
U f*(a) = f*(uma). The result follows by injectivity of f*. O

3.3 THE ACTION OF SOME STEENROD SQUARES ON Uj

Our first aim is to prove a result similar to Theorem 3.1.1} Our proof will ba-
sically consist in deducing the motivic case from the topological one. How-
ever, this method does not provide a proof of the regularity of Quillen’s
sequence in the motivic case. We notice that the main result we get in this
section will be enough to compute a large part of the motivic cohomology
of BSpin, but not the whole, which, as we will see, would be possible by
exactly the same methods of the next section if we knew the regularity of
Quillen’s sequence. For the rest of this section, the base field k will always
be of characteristic different from 2 containing Vv—1.

We start by defining the elements 6, in H(BSO,) inductively by the fol-
lowing formulas:
6o = us
0j11= qujgj
Similarly, define the elements p; in Hy,y(BSO;,) = Z / 2[wy, ..., wy] starting
from w,.
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At this point, let us consider three homomorphisms i : Hy,,(BSO;,) —
H(BSO,), I : Hiop(BSO,) — H(BSO,) and t : H(BSO,) — Hiop(BSO,),
where i is defined by imposing i(w;) = u; and extending to a ring homomor-

phism, & by imposing, for any monomial x, h(x) = T[%ix)_qim]i (x), where
(qi(x)) [Pi(x)] is the bidegree of i(x), and extending linearly and ¢ by impos-
ing t(u;) = w;, t(t) = 1 and t(KM(k)/2) = 0 for any r > 0 and extending to
a ring homomorphism.

We start by describing some properties of these homomorphisms. First
of all, i and / are graded with respect to the usual grading in Hy,,(BSO,)
and the square grading in H(BSO,,). Besides, by the very definition of £,
h(x) has bidegree ([p ’ ])[pl( ] for any homogeneous polynomial x. On the
other hand, we notice that & is not a ring homomorphism. Anyway, we have
the following lemmas.

Lemma 3.3.1. For any homogeneous polynomials x and y in Hiop(BSOy,), we have
that h(xy) = T°h(x)h(y), where € is 1 if p;(x\pi(y) is odd and O otherwise.

Proof. At first consider two monomials x and y. Then, we get

Pi(x) TPi(

h(xy) = = ) —qf(x)—qi(y)]i(xy) _

Pi(x Pi
e[ — gy |+ [ wli(x)i(y) = h(x)h(y)

where € is 1 if p;pj() is odd and 0 otherwise. For homogeneous poly-

. o l . _ m . .
Eomlals X = Zj:o xj and y = Y ;' yx, where x; and y; are monomials, we
ave

I m I m I m
= L i) = L b M) = ) b ek
j=0k=0 j=0k=0 j=0
where €j is 1 if Pi(x;) Pi(ys) is odd and 0 otherwise. Now, we recall that
Pi(x;) = Pi(x) and p;(,,) = Pi(y) for any j and k, from which it immediately
follows that h(xy) = 7¢ 25.:0 Yo h(xj)h(yx) = th(x)h(y), where € is 1 if
Pi(x)Pi(y) is odd and 0 otherwise. O
Lemma 3.3.2. For any homogeneous (respect to bidegree) z € Z /2T, uy, ..., Uy,
we have that ht(z) = U7 ~%)z (where |5 — g2] can possibly be negative).
Proof. Write z as Z;'ﬂ:o zj, where z; are monomials in Z / 2[T,up,...,Uy|. Then,
plf( Vit(zj)
ht(z) = 2;-":0 ht(zj) = i OT[ iz ]zt(z]) Notice that z; = t"x;, for
some monomials x; in Z /2[uy, ..., un]. By the very definition of i and t we
get that it(z;) = x;. Thus,

m [ij 4] m [ij I (22 ]
_ 2l o Tl [F g
=).7 Txj=) T Plzp=T2 Tz

j=0 j=0
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since px] = pZ]' = Pz and qx] + Tl]' = qZ]' = qZ' O
Lemma 3.3.3. For any j, t(0;) = pj and h(p;) = 0;.
Proof. Since a Wu formula holds even in the motivic case by we get

that t(0;) = p; by the very definition of t. Then, h(p;) = ht(6;) = 0; by
Lemma and by recalling that 6; is in bidegree (271)[2/ + 1], O

At this point, denote by I; the ideal in H(BSO,) generated by 0y, ...,6,_1
and by I;Op the ideal in Hyop(BSO;) generated by po, ..., 0;—1. We are now
ready to prove the main result of this section.

Proposition 3.3.4. For any j < k — 1 and any homogeneous (respect to bidegree)
z €Z /2T, uy, ... Uy, z0; € I; implies i 4y ¢ I;. Moreover, 0y € Iy, where
k depends on n as in the table of Theorem

Proof. From z0; € I; we deduce that t(z)p; € I;Op. Therefore, by Theorem

3.1.1|we have that t(z) = E{;é iip; for some homogeneous ¢ € Hop(BSO,)
and after applying h we obtain 717 %]z = 2{;5 T°h(y;)6; by Lemmas [3.3.1}
3.3.2land [3.3.3| In order to finish the proof we only need to notice that, since

Pk € I,ioﬁ by Theorem [3.1.2, then 6, = h(py) € h(I,iOp) C I. O

3.4 THE MOTIVIC COHOMOLOGY RING OF BSpin,

In this section we will prove a motivic version of Theorem which un-
fortunately does not give the whole description of H(BSpin,) since, as we
have already pointed out in the previous section, we do not have a proof
of the regularity of Quillen’s sequence in the motivic case. Anyway, even
without the regularity of this sequence, just by using Proposition and
the infinite diagram (#), it is possible to get the complete description of the
motivic cohomology of BSpin, over quadratically closed fields in bidegrees
(+")[*] satisfying the condition * < 2%’ 41.

For now, let k be any field of characteristic different from 2. We start
by showing that, as in topology, the second subtle Stiefel-Whitney class is
trivial in the motivic cohomology ring H(BSpin,).

Lemma 3.4.1. For any n > 2, uy is trivial in H(BSpiny). Moreover, there exists
a unique element xo in H(Cone(ay)) such that b};(xo) = uy.

Proof. Recall that SO, = Spiny = Gy, where Gy, is the multiplicative group,

32
and the morphism from Spin, to SO; is the double cover Gy, L G- Then,
for n = 2 the homomorphism

ay : H(BGy,) = Hluz] — H(BGy,) = HJv,]
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3.4 THE MOTIVIC COHOMOLOGY RING OF BSpin,

sends up to 2v;, hence u; = 0 in H(BSpiny).

Now, suppose up = 0in H(BSpin,), then u, should be divisible by u,, 1 in
H(BSpin, 1), which forces u; to be trivial by degree reasons. Therefore, by
induction, up = 0 in H(BSpin,) for any n. It immediately follows that there
exists xo in H(Cone(ay,)) such that b};(xo) = uy for any n > 2. We will prove
its uniqueness by showing that b}, is a monomorphism in bidegree (1)[2].
First of all we notice that, for any n > 2, H'1(BSpin,) = KM(k)/2 by in-
duction on n and by observing that ¢* is an isomorphism in bidegree (1)[1].
Hence, c;; : HY}(BSpin,) — H?*!(Cone(ay)) is the zero homomorphism,
since the composition H"! — HY!(BSO,) — HY'(BSpin,) is surjective
and, therefore, so is the second map. It follows that b}, : H>!(Cone(a,)) —
H?*'(BSO,) is a monomorphism, as we aimed to show. O

From the previous lemma, for any n > 2, we have a canonical set of
elements x; in H(Cone(a,)) defined by x; = S¢4% ' ---Sq'x, for any j >
0. Denote by < xo,...,xj_1 > the H(BSO;)-submodule of H(Cone(ay))
generated by xo, ..., Xj-1. Before proceeding we need the following lemma.

Lemma 3.4.2. x; €< Xo,...,Xj_1 > in H(Cone(az)), and consequently in any
H(Cone(ay)), for any j.

Proof. We start by considering the Bockstein homomorphism B associated
to the short exact sequence 0 -+ Z — Z — Z /2 — 0. The homomor-
phism a5 on cohomology with integer coefficients sends u, to 2v, where v
is the generator of H(BSpin,) = H(BGy) and so is injective, hence b} is
the 0 homomorphism on cohomology with integer coefficients, from which
it follows that xp cannot come from any integral cohomology class. Thus,
y = B(xo) # 0. Moreover, since u comes from an integral cohomology
class, we have b3(y) = 0, so y = mc}(vy) for some integer m. At this point
we notice that mv; is covered by a; for any even m, so m must be odd, which
implies that y is not divisible by 2, since v, mod(2) is not covered by a;. This
is enough to conclude that

X1 = Sq%0 = B(x0) mod(2) = y mod(2) £ 0
Hence, x1 = c}(v2) from which we deduce that
2/-1

2j-1 2/-1
)

xj=5q .83 = c5(Sq47 ... SqPvy) = ¢ (v5

Now, suppose that x; €< xp,...,xj_1 >, in other words x; = Z;;(l) ¢ix; for
some ¢; € H[up]. Then, we would have that

-1
pouz = b5 (xj+ Y Pix;) =0
i=0

47



3.4 THE MOTIVIC COHOMOLOGY RING OF BSpin,

which implies ¢g = 0. Moreover, since positive powers of u; act trivially on
Hlv,] (with Z /2-coefficients), we have that

. ] .
@ ) =3+ g3 ) =0

that is impossible since c; is injective on the slope 2 line (above zero), which
comes from the fact that H(BSO,) = H{[uy] and a;(up) = 0. O

At this point, we are ready to prove our main result which provides the
complete description of the * < 2%’ 41 part of the motivic cohomology of
BSpin, over quadratically closed fields.

Theorem 3.4.3. Let k be a quadratically closed field of characteristic different from
2. Then, for any n > 2, there exists a cohomology class vy of bidegree (28=1)[2¥]
such that the natural homomorphism of H-algebras

H(BSOn)/Ik Xy H[Z)zk] — H(BSpinn)

is an isomorphism in bidegrees (x")[*] for any x < 2 «" +1 and a monomorphism
for x = 2+’ 42, where I}, is the ideal generated by 0y, . . .,0,_1 and k depends on n

as in the table of Theorem

Proof. Note that, since k is quadratically closed, KM (k) /2 is just Z /2. Hence,
H = Z /2[t]. This remark will be used only in Lemma in order to ap-
ply Proposition [3.3.4}

Our proof will go by induction on 7, starting from n = 2.

Base case: For n = 2, H(BSpiny) = H(BGy,) = H|vz] provides our induc-
tion base.

Inductive step: We will denote by 9]’. and 0; the class Sq2j_1 -+ Sqlup in

H(BSO;) and H(BSO,11) respectively, by I; the ideal generated by the ele-
ments 1,01, ...,0, ;, by I the ideal generated by uy, 6y, ...,6;_1, by x{ and
xo the unique lifts of u, to H(Cone(a,)) and H(Cone(a,1)) respectively, by
x;. the class Sg? ' - - - Sq'x( and by x; the class Sq¥ " - Sqlxq.

Now, suppose by induction hypothesis that we have a homomorphism
H(BSOy)/ I}, @y H[vy] — H(BSpiny)

which is an isomorphism in the * < 2 ' 4+1 part and a monomorphism for
* = 2 %' +2, where k = k(n) according to the table of Theorem From
now on we will always consider, unless otherwise specified, bidegrees such
that * < 2 %/ +1.
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Looking at the long exact sequence
-+« — H* Y (BSpin,, R) — H* "V~ [t1)/2(Bspin, .1, R) 22

H** (BSpinys1,R) — H** (BSpiny, R) — ...

from the diagram (#) in Section [3.2| and by induction on degree we know
that, in square degrees less than 2, in H(BSpin,. ) there are only sub-
tle Stiefel-Whitney classes, i.e. the homomorphism a;; , : H(BSO, 1) —
H(BSpin, 1) is surjective in these degrees. Let w be a cohomology class

in sz’”'zk_l’[%](BSOnH) such that a;, ;(w)a = I*(v,), where & is the

Thom class of the morphism g. We point out that

Oy 1 (g 1) = 1y 3 (W) = R () = 0

The following result enables to complete the induction step. It is indeed
the core proposition that permits to conduct the proof of our main theorem.

Proposition 3.4.4. Suppose we have a commutative diagram

*®I
H(BSOy41) @11 H[v] >~ H(BSO,) @y HIc]

pn-&-ll ipn
g’*

H(BSpin, 1) H(BSpiny,)

such that v is a lift from H(BSpin,) to H(BSpin, 1) of a monic homogeneous
polynomial c in v, with coefficients in H(BSOy), I(v) = ¢ and h*(c) = 0.

If Im(h*) = Im(ppi1) - B (vgr) in the x < 2%’ 42 part, then ker(pp.1) =
Ji + (upr1w) in the x < 2" +2 part, where Ji is I, @y H[v].

If moreover ker(h*) = Im(3*pyr1) in the » < 2 %' +1 part, we get that the
homomorphism

H(BSO;+1)/ (Ix + (up+1w)) @y H[v] — H(BSping,1)

is an isomorphism in bidegrees (x")[*] such that * < 2 %" +1 and a monomorphism
in bidegrees (x')[] such that x = 2 x" 42.

Proof. We want to prove that p,11(x) = 0 implies x € Jx + (u,11w) for any x
in bidegrees satisfying the condition * < 2 %’ +2. We proceed by induction
on the square degree of x. The induction base is guaranteed by the fact
that the degree 2 part of the kernel is generated by u, and u; € I. Now,
suppose that the claim is true for square degrees less than the square degree
of x. We can write x as 3" ;v for some ¢; € H(BSO, 1) in bidegrees
satisfying * < 2 %’ 4+2. Notice that p,(¢* ®1)(x) = §*pyni1(x) = 0, therefore
Yo pug™(¢j)c/ = 0. From this we deduce that p,g*(¢;) = 0 for any j since
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by hypothesis c is a monic polynomial in vy in H(BSpin,), so g*(¢;) € I;.
Then, (P] e I+ (un+1) since 4)] +ig* (gb]) S (un—H) and Z'(Ili) C I, + (”n—&—l)r
where i is the inclusion of H(BSO,,) in H(BSO,,11) sending u; to u;. Hence,
there are ¢; € H(BSO,, 1) such that ¢; + 1, 19; € I, from which it follows
that x + u, 11z € Jx where z = Z]m:o l[J]'ZJj. Hence, u,11p,+1(z) = 0 which
implies that

pni1(z)a € Im(ﬁ*) = Im(pus1) 'ﬁ*(vzk) = Im(pny1) - purr(w)a

)-
from which we deduce that there exists an element y in H(BSO,,+1) ®y H|[v]
such that p,41(z) = pp+1(yw). Therefore, z + yw € Ji + (uy+1w) by induc-
tion hypothesis. It follows that z € J; + (w) and x € Ji + (U, 1w).

In order to prove the last part of the proposition we will show by induc-
tion on degree that, if ker(h*) = Im(g*p,+1), then p,4q is surjective in the
x < 2%’ 41 part. The induction basis comes from the fact that, in square
degree < 2, H(BSpin, 1) is the same as the cohomology of the point. Take
an element x and suppose that p,,1 is surjective in square degrees less than
the square degree of x. From g*(x) € ker(h*) = Im(3*pn41) it follows that
there is an element x in H(BSO,,11) ®y H[v] such that g*(x) = g*pn+1(x)-
Therefore, x + p,4+1(x) = Uy41z for some z € H(BSpin,,1). By induction
hypothesis z = p,11({) for some element { € H(BSO, 1) ®y H[v], hence
X = Ppt1(x + uy+1¢), which is what we aimed to show. O

So, in order to finalise the proof we only need to find a cohomology class
v which does the job. There are two possible cases: 1) h*(vy) = 0; 2)

* (v9x) # 0.

Case 1: In this case vy can be lifted to H(BSpin, 1) so w = 0 and we
can choose ¢ = vy. It follows that Im(h*) = 0 = Im(pus1) - B*(vy) in the
« < 2% +2 part and ker(h*) = H(BSpin,) = Im(p,) = Im(pn(g* ®1)) =
Im(g*pyy1) in the x < 2% +1 part, since in this case p, and ¢* ® [ are
surjective in the respective bidegrees. So, by Proposition we have that
the homomorphism

H(BSO,H_l)/Ik ®H H[Uzk] — H(BSpinnH)

is an isomorphism in bidegrees (*’)[*] such that * < 2’41 and a monomor-
phism for x = 2 %’ +2. Furthermore, we observe that k(n +1) = k(n) = k
is the value predicted by the table of Theorem since 0 € Iy as it is
zero in H(BSpin, 1) (because u is). Note that the bidegree of 6, satisfies
* = 2%’ +1. This completes the first case.

Case 2: In this case we notice that the element w such that a;_;(w)x =
I* (v,1) must be different from 0. Moreover, since H(BSpin,) is generated
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3.4 THE MOTIVIC COHOMOLOGY RING OF BSpin,

by v, as a H(BSO,)-module (and, so, as a H(BSO,,;1)-module) in the * <

2% +1 part by induction hypothesis, we have that I m(h*) is generated by
h*(vy) as a H(BSO,1)-module in the * < 2" +2 part. At this point, we
need the following lemmas.

Lemma 3.4.5. Sq"a;; (w) €< a;_ {(w) > for any m, where < a;_ ,(w) > is

the H(BSO,,11)-submodule of H(BSpin, 1) generated by a;;  (w).

Proof. We proceed by induction on m. For m = 0 there is nothing to prove
and for m > 2¥ — n we have that Sg"w = 0 by Corollary Suppose the
statement is true for integers less than m < 2k _ . Then,

m m
Sq" (upyqw) = Z T/ mOdZSq]unHSqm*]w = Z T/ m"dzujunHSqm*]w

*

from which it follows by applying a; , ;, by induction (on m) hypothesis and

by recalling that 1,14 ;(w) = 0 that

m . .
0= Sqm(”nﬂa;H(w)) = Z T/ mdzujunﬂsqm_]a;ﬂ(w) = ”n+15qma2+1(w)
j=0

Hence, f*(Sqma,’;H(w)bZ) = 0, from which it follows that Sq"a;  ,(w)& €
Im(h*). Now, note that Sq"ay  ,(w)a lies in the * < 2" +2 part. There-
fore, by the remark just before this lemma, we obtain that Sq™a;, , ; (w)x =
Y1 qbiﬁ*(v;k) for some ¢; € H(BSO;41). But, for any i > 1, the square

degree of E*(v;k) is greater than that of Sq™a} ,(w)x. We deduce that

Sq"ay  (w)a = Pp1h* (vyk ), from which it follows that

50" Ay 1 (W) = P11y 1 (w) €< a1 (w) >
which is what we aimed to prove. [

Lemma 3.4.6. For any m > 1 there exist elements Ay, and py, in H(BSpin, 1)
such that h*(v) = Awh*(vp), 8 (um) = % + & (Am) vk, Am and py, are in
the image of H(BSOy,11) @y H|p2) and yy, is divisible by py.

Proof. We notice that by Proposition and Corollary
1% 7% k ko s ~
I (v3) = h* (Sq” vy) = Sq° (ay 1 (w)&) =

(Tn modZSqZkfnu;:Jrl (w)un + T(”+1) mOdZSqZkinila;i;Jrl (w)un+1)52

which belongs to < h* (vox) > by Lemma M In other words, there is an
element A, in H(BSO,,,1) such that h*(vgk) = Ayh*(vy ). Indeed, recalling

that ay_ , (w)u, 41 = 0, the element A, can be obtained in this way: first, note

that quk_”a* (w) = ra’

il *1(w) by previous lemma, then Ay = 7"y,
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Denote by p; a lift of v + 3" (A2)vyk to H(BSpin,+1). Suppose the statement

is true for m, so, takmg into account that 1* is H (BSpin,41)-linear, we have
ﬁ*(v;}fl) = ﬁ*((vg}c + 85 (Am) Uk ) Ui +§*(/\m)v§k) = ymﬁ*(vzk) + )\m)xzﬁ*(vzk)

Denote by A4 the element y, + AyAy and by py,4q the element Ay,pn.
Then,

§ (hm1) = & (Ampz) = & (Am) (05 + § (A2)vg) = & (Am) 03+
(Amy1 + pm) 0ok = (& (Am)vgk + & (Amt1) + 0k + & (Am) Vo )Upk =

m+1+g ( m+1)02k

and the proof is complete. O

Now consider the following commutative diagram

®I
H(BSO,41) @11 Hia] £ H(BSO,) @y H[o2, + §* (A2)v]

pn-&-ll \Lpn

H(BSpin, 1) g H(BSpiny,)

From the previous lemma and from the remark before Lemma we get
that Im(h*) = Im(p,+1) - h*(vy) in the * < 2 %’ 42 part. Then, by Proposi-
tion we obtain that ker(py41) = Jk + (4p11w) in the * < 2%’ +2 part.

Recall that, by looking at diagram (#) and by induction on degree, the co-

homology group HY 2 (BSpin, 1) consists only of subtle Stiefel-Whitney
classes, since we are studying the case that v, is not covered by g*. Hence,

k nk—1 . k k—1
cii1 i H2 % (BSping 1) — H> T2 (Cone(a,1))

is the zero homomorphism and b;,_; is injective in the bidegree of xi, from
which we deduce that 6, ¢ I since x; ¢< Xo,...,xx_1 > by Lemma
Therefore, by observing that ker(p,11) = Jx + (4pp1w) in the x < 2%' 42
part and p,1(6k) = 0 we get that 6 + u, 1w € Iy which implies that
ker(pn+1) = Jx+1 in the same bidegrees.

In order to finish, we need the following lemma.
Lemma 3.4.7. ker(h*) = Im(§*ppir) in the x < 2%’ +1 part.

Proof. Let us set p3 = Ag = 0 and pp = A; = 1. Let x be an element of
the kernel. We can write x as Z}ﬂ:o 'y]'vjzk with 74; € H(BSO,;;1). Then, by

Lemma [3.4.6
x = }:7] () + 8" (Aj)vx)
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3.4 THE MOTIVIC COHOMOLOGY RING OF BSpin,

from which it follows by applying * that Yt 'yj)t]ﬁ* (vyx) = 0. Denote by

o the element )" ; 7jA; in H(BSOy 1) ®n H[po]. From

Pry1(ow)a = Pn+1(‘7)02+1(w)55 = puy1(0)h* (vyr) =0

we get ow € Jiyq, since ker(pp+1) = Jiy1 in the x < 2+’ +2 part. Thus, cw =
Z;?:O oif)j for some 0; € H(BSO,11) ®y H[pz] and, multiplying by u,,1, we
obtain that u, 0w + u,1010r € Jr. On the other hand, 6 + u, w € I,
from which it follows by multiplying by ¢ that ¢ty + u, 10w € Ji. Hence,
(0 + 1, 410%)6k € Jx. By Proposition we deduce that (0 + 1, 110%) €
Jx for some m which in this case is non positive since ¢ is in the x < 2 %" +1
part of H(BSO,,11) ®y H[uz], from which it follows that o € Ji + (u,41).
Therefore, $*py41(0) = 0 in H(BSpin,) and

x =) & (1) € Im(Z pus1)
j=0

as we aimed to show. O

Denote by vy.1 the class yp, then by Proposition we get that the
homomorphism

H(BSOnJrl)/Ik+l KRy H[UzkH] — H(BSPZ'TZ"+1)

is an isomorphism in bidegrees (*’)[*] such that * < 2’41 and a monomor-
phism for x = 2 %’ +2. Moreover, since 6y ¢ [, we have that p; ¢ I,i()p from
which it follows that k(n + 1) = k(n) + 1 = k + 1 by the remark just after
Theorem This completes the proof of the second case. O

Notice that Proposition works completely fine without any restric-
tion on degrees. This means that the only obstruction in the proof of the
previous theorem to conclude that the homomorphism

H(BSOn)/Ik Xy H[Z)zk] — H(BSpinn)

is an isomorphism everywhere lies in Lemma which is the only place
where the restriction to bidegrees that satisfy the condition * < 2 %" +1 is
really needed. Indeed, this restriction is necessary in the above mentioned
lemma since we do not have a proof of the regularity of the sequence con-
sidered by Quillen. Anyway, it is reasonable to formulate the following
question.

Question 3.4.8. Is the sequence uy,01,...,0r_1 a reqular sequence in the poly-
nomial ring Z /2|7, uy, ..., U], where k depends on n as in the table of Theorem

B
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The answer to the previous question is easily proved to be positive for
n < 12. Moreover, we notice that the regularity of Quillen’s sequence
in topology implies the regularity of the sequence 1+ 7,u,01,...,0(_1 in
H(BSOy;), which unfortunately does not imply the regularity of our se-
quence since 1 + T is not a homogeneous polynomial of positive degree.
For this reason, one would rather work with the sequence t,u5,0y,...,0(_1
which is made of homogeneous elements, but this happens to be not reg-
ular already for n = 11. Besides, we would like to mention that Quillen’s
method to prove Theorem does not immediately apply to our situa-
tion since the homomorphism he considered H(BSO,) < H(BO;") is not
faithfully flat in the motivic case, so it does not in principle preserve regular
sequences.

Nevertheless, we would like to conclude this section by highlighting that,
by exactly the same arguments of Theorem (just by substituting Propo-
sition with the regularity of Quillen’s sequence in the motivic case in
the proof of Lemma [3.4.7), the following conditional result holds.

Theorem 3.4.9. Let k be a field of characteristic different from 2 containing /—1.
If the answer to Question is affirmative, then we have an isomorphism

H(BSpin,) = H(BSOy)/Ix @y H[oy]
where k depends on n as in the table of Theorem

As we have pointed out, at the end, everything is reduced to answer
Question Once one has the regularity of the needed sequence in
Z /2|t,uy,...,uy] it is possible to obtain the complete description of the
motivic cohomology ring of BSpin, over any field of characteristic different
from 2 containing v/—1. In fact, in the previous theorem, we do not require
k to be quadratically closed anymore, since the regularity of the motivic
sequence in Z /2T, uy,...,u,| would imply the regularity of the same se-
quence in Hluy, ..., u,]. Moreover, since one can easily check the regularity
of the sequence for n < 12, our main theorem provides the whole computa-
tion of H(BSpin,) over any field of characteristic different from 2 containing
v/—1 for any n < 12.

3.5 RELATIONS AMONG SUBTLE CLASSES FOR Spin,;-TORSORS

In this section we deduce, just from the triviality of u; in the motivic coho-
mology of BSpin,, some very simple relations among subtle classes in the
motivic cohomology of the Cech simplicial scheme associated to a Spin,,-
torsor. Here, we work over a base field k of characteristic different from 2

containing +/—1.
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We start by recalling that Spin,-torsors over the point correspond to n-
dimensional quadratic forms from I3, where I is the fundamental ideal in
the Witt ring. Moreover, we have the following commutative diagram

C(X,) —= BSpin,

| |

Spec(k) A B Spiny

for any n-dimensional g € I° and all above-diagonal classes in H(BSpin,)
coming from étale classifying space trivialize in H(C(X,)), since the above-
diagonal cohomology of a point is zero. Here C (Xy) is the Cech simpli-
cial scheme associated to the torsor g. In particular Chern classes ¢;(q) =
7im0d2y;,(9)? are zero, as these are coming from the étale space .

From previous remarks we obtain the following proposition, which pro-
vides us with relations among subtle characteristic classes for quadratic
forms from I°.

Proposition 3.5.1. For any n-dimensional q € I3, the following relations hold in
H(C(Xy))

2i
Z qu—h(q)u2f+1+h(Q) =0
h=0

for any j satisfying 2 +1 < n.
Proof. We will actually prove that

9j
0i:1(q) = Yty (@)t 1 ()
=0

and the result will follow by recalling that u;(q) = 0. Forj = 0and j =1
we have respectively 01(q) = u3(q) and 62(q) = u2(q)us(q) + us(q), which
provide our induction basis. Suppose the statement holds for 6;(q) with
j > 2, then by Cartan formula and Proposition we have that

2/—1

0i41(q) = S4%0;(q) = Sq% Y 1, (9) 1y 1 1. 5(q)
h=0

2-1-1 A
-1
= Z (Thmdzuzj—l_h(CI)Zquj Jr]1”21'—1+1+h(q)

h=0
L .
et g (@)t 1 4(@)7) + S0 11,1 (9)
211

i—1 i—1_ 1,
= Z (Czjfl_h(Q)quj +h”zjfl+1+h(’1)+sq2] " 1”21'*1—11(‘7)‘:2]'*1-&-1—&-}1(‘7))
h=0

2] 2]
+ Z uzj_h(Q)“2f+1+h(4) = Z ”2f_h(‘1)”2f+1+h(LI)
h=0 h=0
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In other words, we obtain that
211

Ui 1(q) = Z upi1_p(9)tgi-14145,(9)
h=0

for any j satisfying 2/ + 1 < n.

In [47], Smirnov and Vishik have highlighted the deep relation between
subtle Stiefel-Whitney classes and the J-invariant of quadrics defined in [56].
More precisely, they proved the following result.

Theorem 3.5.2. Let q be an n-dimensional quadratic form, p = q, for even n, and
p=gq L (deti(q)), for odd n. Then,

ugjr1(p) € (ua1(p)l0<1<j)=j€](q)
Proof. See [47, Corollary 3.2.22]. O

From the previous theorem and from Proposition we immediately
deduce the following well known corollary.

Corollary 3.5.3. For any n-dimensional q € I3, 2=1 € J(q) for any j satisfying
2+1<n

3.6 THE MOTIVIC COHOMOLOGY OF BGj

In this last section, we use the main result of this chapter, namely Theorem
to compute the motivic cohomology ring of the Nisnevich classifying
space of Gy. This enables us to obtain motivic invariants for Gp-torsors, i.e.
octonion algebras.

We start by noticing that there is a fiber sequence
Aqg — BG2 — BSPiYZ7

(see for example [3]). We can exploit this sequence and previous results to
compute the motivic cohomology ring of BG,. Before proceeding, note that
by the remark just after Theorem we know the complete description of
H(BSpiny) over any field of characteristic different from 2 containing /—1.

Theorem 3.6.1. Let k be a field of characteristic different from 2 containing /—1.
Then, the motivic cohomology ring of BG, is completely described by

H(BGz) = H[u4, Ueg, u7]
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Proof. Since Spiny /Gy = Agg, by applying Proposition to the smooth
coherent morphism BG, — BSping, we get a Gysin long exact sequence of
H(BSpiny)-modules in motivic cohomology

..« — HP73474(BSpin;) — HP(BSpin;) —

HPA(BGy) — HP~71~4(BSpiny) — ...

Hence, in order to be able to describe H(BG,) we only need to understand
where 1 is sent under the morphism HP~%4-4(BSpin;) — HP4(BSpin;). Re-
call that from Theorem we have that H(BSpiny) = H|ug, ug, uz, vsg).

Note that there is a commutative diagram

BSL, —2 -~ BSL, x BSL, — BSL,4

EI QI %

BSping —— BSping —— BSping

where all the vertical maps are induced by the sporadic isomorphisms

SLy = Spins, SLy, X SLp = Sping and SLy = Sping. It induces a commu-
tative diagram of motivic cohomology rings

Hic] A HId', "] <—— H]cy, 3, c4]

ui % ig

H(vy4] <— H[ug, v4) <— Hlug, ue, vs]

where the first vertical arrow identifies ¢ with v4, the last vertical arrow
identifies ¢, with uy and c3 with ug, ¢’ and ¢” are sent both to ¢ and ¢4
maps to ¢’c”. Now, note that H(BSping) — H(BSping) factors through
H(BSpins) = Hluy,vg]. Since h* : H(BSpin,) — H(BSpins) is nontrivial,
the class w from Theorem is equal to 1 and, so, by Lemma we
know that Ay = uy. Hence, vg maps to vi + u4v4. Moreover, notice that the
second vertical arrow identifies ¢’ with vy and ¢’ with vy + uy. It follows
that ¢’c” is identified with v + 14v4. Therefore, c4 is identified with vg since
they are the only classes in their degrees that restrict to the same element.

Moreover, we can notice that there is a cartesian square of simplicial
schemes given by

BSL3 —= BSLy = BSping

| |

BG; BSpiny
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Recall that H(BSL3) = H]cy, c3], H(BSLy) = Hcy, c3,¢c4] and H(BSping) =
Hlug, ug, vg] with the identifications ¢ = uy, ¢3 = ug and ¢4 = vg dis-
cussed above. Hence, by Corollary we easily deduce that the mor-
phism HP~84-4(BSpin;) — HPA(BSpiny) is multiplication by vg + {a}uz,
from which it immediately follows that H(BG,) = H{ug, ug, uy|, which is
what we aimed to prove. O
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SUBTLE CHARACTERISTIC CLASSES AND HERMITIAN
FORMS

In this chapter we will focus instead on the unitary group U,(E/k) associ-
ated to the standard split hermitian form of a quadratic extension E/k. In
particular, we will compute the motivic cohomology with Z /2-coefficients
of its Nisnevich classifying space. As in the orthogonal case, this will pro-
vide us with subtle characteristic classes which allow to approach the clas-
sification of U, (E/k)-torsors over the point, which are nothing else but n-
dimensional hermitian forms of E/k, which are in one-to-one correspondence
with 2n-dimensional quadratic forms over k divisible by the norm form of
the quadratic extension considered.

In [47], the computation of the motivic cohomology of BO,, is conducted
inductively by using fibrations with motivically Tate fibers. In our situa-
tion, new features will appear. In particular, the fibrations in the unitary
case, similar to those considered in the orthogonal one, will have reduced
tibers which (depending on parity) are not motivically Tate but, anyway,
invertible, which will still allow the computation. These invertible motives
are, not surprisingly, closely related to the Rost motive of our quadratic ex-
tension. As a consequence, we obtain that, unlike the orthogonal case, the
classifying space of the unitary group is not cellular, but it becomes one
once tensored with the Cech simplicial scheme of the Pfister form of the
quadratic extension. Related to this, we observe an interesting interaction
between invertible objects and idempotents in Voevodsky category. It is
manifested, in particular, by the fact that the cohomology of the tensor prod-
uct of BU,(E/k) with the Cech simplicial scheme above mentioned happens
to be a direct limit of the cohomology of BU,(E/k) tensored with powers
of an invertible motive.

We also note that, although studying hermitian forms is the same as
studying quadratic forms divisible by a Pfister form, the understanding of
the unitary case allows to trace back information from the hermitian world
to the quadratic one. In particular, from the computation of the motivic
cohomology of BU,(E/k) we get relations among subtle Stiefel-Whitney
classes in the cohomology of the Cech simplicial scheme of the respective
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quadratic form divisible by a binary Pfister form. These relations supply
information about the kernel invariant of this particular class of quadratic
forms. In this sense, for quadratic forms associated to hermitian forms,
the cohomology of BU,(E/k) is much closer to one of the Cech simplicial
scheme of the torsor than the cohomology of BO,,,.

We will finish the chapter by showing that these subtle invariants see
the triviality of hermitian forms, in the same way as subtle Stiefel-Whitney
classes do for quadratic forms. Moreover, we will get a description of the
motive of the torsor associated to a hermitian form in terms of its subtle
classes.

4.1 SOME GENERALITIES ON HERMITIAN FORMS

We will start this section by recalling a few general facts and fixing some
conventions about hermitian forms and unitary groups. Everything can be
found in some standard reference such as [46].

Fix a base field k of characteristic different from 2. Given a quadratic ex-
tension E = k(y/a) and an n-dimensional E-vector space V, an n-dimensional
hermitian form is a map h : V x V. — E which is E-linear in the first factor
and such that (v, w) = o(h(w,v)) (where o is the generator of Gal(E/k)).
It follows immediately from the definition that the diagonal part of a her-
mitian form takes values in k and is a quadratic form. We will denote by
h this 2n-dimensional quadratic form over k defined by h(v) = h(v,v) for
any v € V considered as a 2n-dimensional k-vector space. Moreover, notice
that the quadratic form 7 just defined is divisible by ((a)), the 1-fold Pfister
form associated to «. Indeed, more is true, namely any quadratic form over
k divisible by ((«)) is associated to some hermitian form, and the correspon-
dence is bijective. In fact, given two n-dimensional hermitian forms / and
I, we have that it = I’ if and only if i = I’ ([26, Corollary 9.2]).

As before, we will express by g, the standard split quadratic form L ;
{(=1)I=1) and by H the hyperbolic form (1, —1). Similarly, we will denote
by hy the standard split hermitian form L7 ; ((—1)""1). Notice, in partic-
ular, that 11, = (&) ® gn. By Uy(E/k) we will mean the unitary group of
invertible n X n-matrices over E that preserve the standard split hermitian
form h,,. Notice that this is a linear algebraic group over k.
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4.2 CECH SIMPLICIAL SCHEME AND ROST MOTIVE OF A QUADRATIC
EXTENSION

Let E = k(y/«) be a quadratic extension of k. Then, the motive of Spec(E)
in DM%f(k,Z /2) is the Rost motive M, of the Pfister form ((«)). It is
proven in [45] (see for more details) that this motive comes endowed
with two morphisms M, — T and T — M, such that the composition

T — M, — T is the 0 morphism and becomes a split distinguished triangle

in DM, ;+(E,Z /2).

Moreover, in [62] (see for more details) it is shown that M, can be
presented as an extension of two motives of Cech simplicial schemes. More
precisely, in DM, f(k' Z /2) there is the following distinguished triangle

My — Xy — X[1] = My[1] ()

where X, is the motive of the Cech simplicial scheme of the Pfister quadric
associated to the Pfister form ((w)).

Let N~ be Cone(T — M,) and N. be Cone(M, — T)[—1]. Since we have
that Hom (T, T[j]) = 0 for j # 0 and we are working with Z /2-coefficients,
the morphism T — M, is uniquely liftable to N. while the morphism
M, — T is uniquely extendable to N-. It immediately follows from the
octahedron axiom that Cone(N~ — T)[—1] = Cone(T — N.). We will de-
note this motive by M,.

In this section, we will study the above mentioned motives and their mo-
tivic cohomology. We start by establishing relations among them.

Proposition 4.2.1. The following isomorphisms hold in DM;, f(k,Z /2):
1) My @ Xy = My via M, @ (X, — T);

2) Ne @ Xy Z Xy via (Ns = T)® Xy,

3) My ® Ns & M, via M, ® (N> — T);

INON =T,

5) My @ N> = My[1] via My, ® (N> — T[1]).

Proof. 1) Since X, is a projector in ’DMe_f f(k,Z /2) we have that X, ® X, =
X,.. Hence, by tensoring with X, the distinguished triangle

My — X4 — X[1] = My[1]
we obtain that M, ® X, = M,.
2) Therefore, by tensoring with X, the distinguished triangle

T — My — N> — T[1]
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and by recalling that the morphism X, — M, from () factors through T
we get that N> ® X, = X,.

3) It follows formally from 1) and 2).

4) On the other hand, by tensoring with N the distinguished triangle
No — My — T — N[1]

and by noticing that (M, — T) ® N> coincides with M, — N> we obtain
that No ® N- = T.

5) Finally, by tensoring with N~ the distinguished triangle
T — N. — M, — T[1]

and by noticing that (T — N.) ® N coincides with N~ — T we have that
MD(®N>2M“[1]. D
From the previous proposition we immediately deduce the following

lemma.

Lemma 4.2.2. In D/\/l;ff(k,Z /2) for any n € N there are the following distin-
guished triangles:

1) N&" 1 — M, — N&" — N2 1[1;

2) My[n — 1] = NZ" — N1 — M,[n].

Here, My — N2" and N&" — NE"1 are the unique non-zero morphisms be-
tween the respective objects.

Proof. 1) It follows immediately from 3) of Proposition by tensoring
the distinguished triangle

T — My — N> — T[1]

with the appropriate power of N-.

2) It follows immediately from 5) of Proposition by tensoring the
distinguished triangle

My — Ns — T — My|[1]
with the appropriate power of N-. O

At this point, we present the motivic cohomology of M,, which will be
used in the main result of this section, namely the computation of the mo-
tivic cohomology of tensor powers of N-..

62



4.2 CECH SIMPLICIAL SCHEME AND ROST MOTIVE OF A QUADRATIC EXTENSION

Lemma 4.2.3. There exists a cohomology class y of bidegree (0)[1] such that the
motivic cohomology of M, is given by

. M
H(MIX) = jnn((k{)“/}z) "M

So, the motivic cohomology of M, is concentrated on a single diagonal.

Proof. After applying the octahedron axiom twice to the distinguished tri-
angle
My — Xy — X[1] = My[1]

we get the distinguished triangle
Ma[~1] = Xo[1] = Xy — M,
where X, is Cone(%, — T)[—1].

The motivic cohomology of X, has been computed in the original version
of [40] and [68] (see Theorem for more details). It is described by

KM(k)/2
Ann({a})

Therefore, by the long exact sequence in motivic cohomology induced by the
previous distinguished triangle and by recalling that the homomorphism
H** (%,) — H* ¥ (X,) sends i/ to /=1 since H(M,) is trivial above the
1-st diagonal just by definition, we get the description of H(M,). O

H(X.) =Z/2[u] - p®

We are now ready to compute the motivic cohomology of any tensor
power of N-. This result will be essential in the next section for the proof
of the main result.

Proposition 4.2.4. For any n € IN there exist cohomology classes y; of bidegree
(0)[i] for 1 < i < n such that the motivic cohomology of the n-th tensor power of
N> as an H-module is given by

noM
H(NZ™) :HGB@%'%
i=1

where the H-module structure is described by the relations Tyu; = {a}p;_1 (o =1
by convention).

Proof. We will proceed by induction on n. For n = 1 the distinguished
triangle . .
My — N> — T — M,/[1]

induces the following long exact sequence in motivic cohomology

oo H W (M) = HYY — H™(Ns) — H" (My) — ...
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From Lemma and the fact that the motivic cohomology of a point is
trivial above the main diagonal it follows that

H*’*/(A//I\a), x> !
H*,*’ x < %/

H*,*’(N>) _ {

which implies that

B KM(k)/2
A =1 G ap)
On the other hand, after tensoring with X, the distinguished triangle
T — My — N> — T[1]

we get a morphism of long exact sequences in motivic cohomology

. — H* V' (M,) ——= H* ¥ —  H**(Ns) — H** (M,) — ...

! | | i

— H* V(M) — H* V¥ (%) — H"" (X4) — H** (M) — . ..

By a four lemma argument, since the second vertical map is injective (by
Beilinson-Lichtenbaum "conjecture"), we deduce that H(N~) — H(X,) is
injective. Therefore, Ty = {a} in H(N> ), since the same relation holds in
H(X,). That completes the induction basis.

Now, suppose the statement holds for n — 1. Then, by 2) of Lemma
we have the following long exact sequence in motivic cohomology

RN H*fn,*’(m) s H*,*’(Ngnfl) N H*’*/(N;@n) s H*fnJrl,*’(A//I\[X) N
From Lemma and by induction hypothesis we have

H "V (M), %>+ +n—1

H*,*’ N®n _ /
(N>") {H (N1, w <+ +n—1

which implies that there exists y, in bidegree (0)[n] such that

M
H(NZ") = HNS" ) @ % = HE @ Ann(({)oc/}z)

From 1) of Lemma we have the following long exact sequence in mo-
tivic cohomology

= HTV(NETTY o (NS — Y (M) — HY (NS1) — .

that maps ;1 € HVWO(N2" 1) to y; € HO(NE") since HO(M,) = 0 for
i > 0. Hence, by induction hypothesis, Tyu; = {a}p;_1 in H(NY") and the
proof is complete. O
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By 2) of Lemma there is a chain of morphisms
A S N A S
that induces in cohomology the chain of homomorphisms
H— H(Ns) = -+ = H(NS"") - H(NS") — -+ — H(X,)
which sends u € H(N~) to u € H(X,).
We now highlight an interesting relation between the invertible motive
N> and the projector X,.

Proposition 4.2.5. The homomorphisms H(NS") — H(X,) are injective for all
n € N. Moreover, H(X,) = lim H(NZ").

Proof. We have already noticed that H(N~) — H(X,) is injective and maps
p# = pp to u. Now, suppose by induction hypothesis that the homomor-
phism H(N2""1) — H(%,) is injective. Notice that there is a commutative
diagram

H(NZ"™!) @ H(N>) — H(NZ")

| |

H(X,) ® H(Xy) —— H(X,)

where the bottom horizontal map is the usual cup product in H (Xy). It fol-
lows that the right vertical map sends p; to ' for any i < n. This completes
the proof. O

Later on we will need also the following description of the motivic coho-
mology of N..

Lemma 4.2.6. The motivic cohomology of N« is given by
H(N<) =Ann({a})®H-T

Proof. After applying the octahedron axiom to the distinguished triangle
My — X4 — X4[1] = My[1]

we obtain N
Xy — Ne — Xy — X[1]

which induces in motivic cohomology the following long exact sequence
oo HV (X)) = HYY (X)) = HYY (N2) — HY (%) — ...

Hence, the result follows by noticing that H** (X,) is the * > ' part of
H*'*/(%a), while H** is the * < «/ part of it, and that H*_lf*/(%,x) —
H **/(/%v,x) sends yi_l to yi. So, the latter map is surjective everywhere, injec-
tive for * > x/ + 2 and zero for * < %' 0
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4.3 THE MOTIVIC COHOMOLOGY RING OF BU,(E/k)

Our goal in this section is to compute by using the techniques presented
in previous chapters the motivic cohomology of the Nisnevich classifying
space of U, (E/k), the unitary group associated to the standard split hermi-
tian form h,, of the extension E /k.

At first, let us show some preliminary results which will be useful in the
proof of the main theorem.

Proposition 4.3.1. The homogeneous variety U, (E/k)/U,_1(E/k) is isomorphic
to the affine quadric Ay, defined by the equation h, = 1.

Proof. Let V be an n-dimensional E-vector space and let Aj; be the subset
of V defined by the equation h,;, = 1. Then, V can be considered as a 2n-
dimensional k-vector space in which A is the affine quadric defined by
the equation h, = 1. The action of U,(E/k) on Ay, is transitive (see for
example [46]) and, moreover, the isotropy group of the vector (1,0,...,0) is
isomorphic to U,,—1(E/k). This implies the desired result. O

At this point, in order to apply Proposition to the unitary case, we
need to study the motive of the affine quadric Ay, .

Proposition 4.3.2. The motive in D./\/le_ff(k,Z /2) of the affine quadric Ay, is
given by

M(A, ) = T® N-(n)[2n—1], nodd
) T®T(n)2n—1], neven

Proof. We start by noticing that the quadratic form

h, =
nH, neven

- {<<oc>> 1 (n—1)H, nodd

For a quadratic form g let us denote by Q the projective quadric defined by
g = 0, by Q' the projective quadric defined by g = z? and by A the affine
quadric defined by g = 1. Then, we have in D./\/l;f f(k,Z /2) the following

Gysin triangle
M(A) = M(Q') = M(Q)(1)[2] = M(A)[1]

In the case g = nH the previous triangle becomes

M(A)—>2é§1 (i)[2i] — zéalT (i)[2i] @ T(n)[2n] — M(A)[1]
i=0

which implies that, for n even, M(Ay, ) = M(A) =T @ T(n)[2n —1].
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In the case g = ((«)) we have
M(A) - T T(1)[2] — Mu(1)[2] = M(A)[1]

from which it follows that M(Aj,) = M(A) = T ® N~ (1)[1].

The general case n odd follows from [5, Lemma 34]. Namely, we have

M(Ap,) = M(Ap,)(n —1)[2n = 2] = N> (n)[2n — 1]
that implies M(Ay, ) = T @& N> (n)[2n —1]. O

Before going ahead with the main theorem of this section, we notice that
U, (E/k)-torsors over Spec(k) are in one-to-one correspondence with hermi-
tian forms associated to the quadratic extension E/k or, which is the same,
with quadratic forms over k divisible by ((«)). Since Witt cancellation holds
for quadratic forms, the previous remark assures that U,_1(E/k)-torsors
inject in U, (E/k)-torsors over any field extension of k, which allows us to

use Propositions and in the unitary case taking into account
Theorem [2.3.8

Theorem 4.3.3. For any m,n € Z> there exist cohomology classes c; of bidegree
(i)[2i] for 1 < i < n such that the motivic cohomology of X, ® BU,(E/k) and
N&™ @ BU,(E/k) is described respectively by

H(X, ® BU,(E/k)) = H(Xy)c1,- -, cn]
and

H(NE™ @ BU,(E/K) = @  H(NS" ey cho. . cin

i1 in€Z 50
where the obvious homomorphisms of H(BU, (E /k))-modules
H(N™ @ BU,(E/k)) — H(X, ® BU,(E/k))
are injective. Moreover, H(X, @ BU,(E/k)) = ligH(Ng’m ® BU,(E/k)).

Proof. We will proceed by induction on n. The induction basis follows im-
mediately from the fact that BUy(E/k) = Spec(k) and by Proposition

Now, suppose the result holds for n — 1. Then, since N> ® X, = X, by 2)
of Proposition and applying Propositions [2.2.5) [2.3.6} [2.3.10| and [4.3.2]
to the coherent morphism X, ® BU,,_1(E/k) — X, ® BU,(E/k), we obtain
the following long exact sequence in motivic cohomology

o H Y (3 @ BU, 1 (E/K)) s B2 =1 (%, @ BUL(E/K)) L5
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H** (X4 ® BU,(E/K)) 55 H** (X, @ BU,_1(E/K)) — . ..

Note that, even after having replaced H(X, ® BU,_1(E/k)) with H(X, ®
BU,_1(E/k)), this stays a sequence of H(X, ® BU,(E/k))-modules by the
remark just after Proposition By induction hypothesis, the coho-
mology ring H(X, ® BU,_1(E/k)) is freely generated as an H(X,)-algebra
by c1,...,c,—1 which are all uniquely liftable to H(X, ® BU,(E/k)), since
X, ® BU,(E/k) is the motive of a smooth simplicial scheme and, so, has no
cohomology in negative round degrees. Hence, ¢* is an epimorphism as it
is a ring homomorphism, /* is trivial and f* is a monomorphism. Denoting
by ¢, the element f*(1) we obtain the result

H(%X, ® BU,(E/k)) = H(Xa)[c1, - - . c]

For the rest of the induction step we will consider separately two cases.

1) n even: for any m € IN we have the following long exact sequence in
motivic cohomology of H(BU,(E/k))-modules

S HVY (NS @ BUL, o (E/K)) 1 HEP (NS @ BUL(E/K)) L

H* (N2 @ BU,(E/K)) &5 H** (N2 @ BU,_1(E/K)) — ...

For m = 0, by induction hypothesis, H(BU,_1(E/k)) is generated as an H-
algebra by cy,...,c,—1 and uc; for any odd I < n. By degree reasons these
cohomology classes are all uniquely liftable to H(BU,(E/k)). Therefore, g*
is an epimorphism since it is a ring homomorphism. This assures that, for
any m, H(NY™ @ BU,,_1(E/k)) is generated as an H(BU,(E/k))-module
by p; for all i < m. By degree reasons the y; are all uniquely liftable to
H(N™ ® BU,(E/k)). Now ¢* happens to be surjective since it is a homo-
morphism of H(BU,(E/k))-modules. Hence, h* is the 0 homomorphism
and f* is a monomorphism. Then, denoting by ¢, the cohomology class
f*(1) we have, for any m, the following morphism of short exact sequences
of H(BU,(E/k))-modules

0 —> H*=20¥'=n(N9" @ BU, (E/k)) —> H** (N2" ® BU,(E/k)) —>= H** (N®™ ® BU,_1(E/k)) —> 0

| l

0 —> H*20¥'=1(%, @ BU,(E/k)) ——s H** (X, ® BU,(E/k)) — H** (X, ® BU,_(E/k)) — 0

By induction on square degree and by a standard four lemma argument,
the central vertical morphism is injective. Moreover, by an induction ar-
gument on square degree and looking at the previous upper short exact
sequence we get that

H(NS™ @ BU,(E/k)) = @ H(NE™ @ BU,_1(E/k)) - c,

iGZzo
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_ @ H(N§m+210dd iz) ) le . 'Ci?

i1,eeerin EZZO

as an H(BU,(E/k))-submodule of H(X, ® BU,(E/k)).

2) n odd: as before for any m we have the following long exact sequence
in motivic cohomology of H(BU,(E/k))-modules

o HVY (NS @ BU,  (E/K)) s B2 o (NS g BUL (E/K)) L

H*Y (N2 @ BU,(E/K)) 55 H** (N2" @ BU,_1(E/K)) — ...

As in the previous case, for m = 0 the induction hypothesis implies that
H(BU,-1(E/k)) is generated as an H-algebra by cy,...,c,—1 and pc; for
any odd I < n. By the same degree reasons they are all uniquely liftable
to H(BU,(E/k)). Thus, g* is an epimorphism since it is a ring homomor-
phism. This is enough to show that, for any m, H(N$™ @ BU,_1(E/k)) is
generated as an H(BU,(E/k))-module by p; for all i < m. Again the p;
are uniquely liftable to H(N%™ ® BU, (E/k)). It follows that ¢* is surjective,
h* is trivial and f* is injective. Then, denoting by c, the cohomology class
f*(1) we have, for any m, the following morphism of short exact sequences
of H(BU,(E/k))-modules

0 —> H*~ 2+ =n(NS"H @ BU,(E/k)) > H** (N2" ® BU,(E/k)) —= H** (N&™ @ BU,_1(E/k)) —= 0

| |

0 — H*20'=1(%, @ BU,(E/k)) ——s H** (X, ® BU,(E/k)) — H** (X, ® BU,_1(E/k)) —> 0

By the very same arguments of the previous case, the central vertical
morphism is injective and

H(NS™ @ BU,(E/k)) = @ H(NE™ @ BU,_1(E/k)) - c}

I'GZZ()

_ @ H(NSM-FDOW iz) ) le . -Ci’f
il/--vinEZZO
as an H(BU,(E/k))-submodule of H(X, ® BU,(E/k)), which completes the
proof. O

As a corollary of the previous theorem we obtain the description of the
motivic cohomology ring of BU,(E/k) as an H-algebra.

Theorem 4.3.4. For any n € Z>q there exist cohomology classes c; of bidegree
(i)[2i] for 1 <i < nand d; of bidegree (j)[2j + 1] for 1 < jodd < n such that the
motivic cohomology ring of BU,(E/k) is given by

Hici, djl1<i<ni<jodd<n
R

H(BU,(E/k)) =

69



4.4 COMPARISON BETWEEN BU,(E/k) aND BO(hy,)

where R is the ideal generated by td; + {a}c;, Ann({a}) -d; and cyd; + c;jdy for
any 1 <j,j odd < n.

Proof. By Theorem we have a monomorphism of rings
H(BUL(E/K)) = @ H(NZZoy. dt. . cin o H(xy)[ey,. ..,

il/'--/iHEZZO

from which we deduce that H(BU,(E/k)) is generated as an H-algebra by
the ¢; and the pc; for j odd. Let us denote by d; these elements. Then, the
relations among ¢; and d; that generate R follow immediately by Proposition
and by noticing that yc;j-cy = c;- pcy for any 1 < j,j' odd < n. This
amounts to say that there is an epimorphism

Hici, djl1<i<ni<jodd<n
' R
We can check its injectivity by looking separately at each restriction

— H(BU,(E/k))

p: p—l(H(N§>ZIOddiZ) ,Cgl . CZ') . H(Ng):loddil) _Clil . ,,sz

Notice that H(NZ Ltoda Z'l) : cil ... cln is generated as a KM(k)/2-module by
]/megl ..l forany 0 < m < Y441 and T’”lcg1 .-.cln for any m’ > 0. More-
over, the elements in p~!(H(NZ Lioda ) -cgl .--c") that map to these gen-
erators through p are unique. Then, injectivity follows by looking at the
restriction of p on each diagonal of p~1(H(NZ Liodd i’) : clf .- - cln) which is
an isomorphism to fz((k{)a/ }2) on positive diagonals and to KM (k)/2 on the
others. O

4.4 COMPARISON BETWEEN BU,(E/k) aND BO(h,)

Since there exists an obvious homomorphism of groups U,(E/k) — O(Eﬂ)'
it is reasonable to compare the classifying spaces BU,(E/k) and BO(hy)
and, in particular, the characteristic classes arising from both.

Before proceeding, we highlight that, given a quadratic form g, there is
the following isomorphism

O(g L (p))/0(q) = A1 (py=b

where by A, | ;)—, we mean the affine quadric defined by the equation
gL (b) =0.

For sake of simplicity, we will express by p, the quadratic form ((a)) L
(n —1)H and by Puoi the quadratic form (—a) L (n — 1) H.

In the following theorem we compute the motivic cohomology ring of
BO(pn).
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Theorem 4.4.1. For any n € Z> there exist cohomology classes u; of bidegree
([i/2))[i] for 1 <i < 2n and a class vy, 11 of bidegree (n)[2n + 1] such that the
motivic cohomology ring of BO(py) is given by

H[ul, «oo, Udp, vZn—&-l]

H(BO(pn)) = (Tvan+1 + {atuzy, Ann({a}) - vani1)

Proof. We start by noticing that

O(pn)/0p, 1) = Ay,

From the fact that O(p, %) = Oy,—1 wWe obtain by Theorem [2.4.2| that

H(BO(pn_%)) = H[ul, Ce ,Mzn_l]
Then, from [47, Proposition 3.2.4] it follows that
H(NZ™® BO(p,_1)) = H(NZ™) @y Hluy, ..., uzy 1]

and

H(%“ X BO(pn_ )) = H(%,X)[Ml, .. -/uZn—l]

Now, by recalling that M(A,,—1) = T ® N>(n)[2n — 1] and N> @ X, =
X, and using Propositions [2.2.5, [2.3.6| and [2.3.10, we obtain a long exact
sequence in motivic cohomology

NI—=

*

S HTY (2 @BO(p, 1)) 1 H2 (%, © BO(pn)) L

1
n=3

H** (%, ® BO(py)) £ H** (X, ® BO(p 1)) =

n—

Hence, by the same arguments of Theorem and denoting by uy, the
class f*(1) we get that

H(X, ® BO(pn)) = H(Xo)[t1, .. ., 2]

As in the odd case of Theorem for any m we get a long exact sequence
of H(BO(px))-modules

*

S HV (NS @ BO(p, 1)) s B2 (NS @ BO(py)) L

n=3

H*"'(N2" @ BO(pn)) S H** (N" ® BO(p,,_1)) = ...

Hence, by exactly the same arguments of Theorem and denoting by uy,
the class f*(1) we obtain, for any m, a morphism of short exact sequences
of H(BO(px))-modules
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0 H*—Zn,*’—n N&"tl o BO U2n H*’*/ N&™ & BO H*’*/ N&"  BO 0
- (NS ® BO(pn)) —= (NS"® (Pn)) — (NS" ® (Pn,%))‘>

| |

0 —> H* 20" ~1(X, ® BO(py)) —tm H* (X4 ® BO(pn)) — H** (X ® BO(p, 1)) —=0

From this it follows that

H(NE" @ BO(pa)) = @ H(NE™ 0 BO(p, y)) -,
Z'EZZO

o Rm-+iy i in
— @ H(N> 7’) . ul .. .uz;ll
1'1,...,1'2-,16.220

and, setting m = 0, we obtain

HBO(px)) = @@  H(NZ2) .yl .yl

i1,esi2n €Z>0
Moreover, we have a monomorphism of H-algebras
H(BO(pn)) — H(Xa ® BO(pn))
from which we deduce, as in Theorem [4.3.4] that

H[u1, ceo Uy, UZnJrl]

HBOW)) = g (o bz, Ann({a}) o207

where vy, is nothing else but the element that maps to uuy, under the
monomorphism H(BO(py,)) — H(X4 ® BO(py)). O

At this point, we recall that X, ® BO(p,) = BOy, ® X, by Proposition
In the following proposition we describe the isomorphism induced
on motivic cohomology by this map.

Proposition 4.4.2. The isomorphism in motivic cohomology

induced by the isomorphism X, @ BO(pn) = BOyy @ Xy maps uy; to uy; and up; 4
to up;_1 + pupi_p forany 1 <i < mn.

Proof. We proceed by induction on n. For n = 1 we have the following
commutative diagram

H(X, ® BO({{«)))) H(BO; ® X4)

| l

H(%, ® BO((—a))) <— H(BO((—1)) ® X4)
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where the bottom horizontal isomorphism maps u; to u; + u (that is pro-
nounced in [47] just after Lemma 3.2.6). Then, the result follows from the
fact that 7 and u, are uniquely determined both in H(%¥, ® BO({(«)))) and
in H(BO; ® X,) by the fact that uq restricts to uq and uy vanishes respec-
tively in H(X, ® BO({—a))) and in H(BO({—1)) ® X,).

Now, suppose the statement is true for n — 1. Then, we have the following
commutative diagram

H(X, ® BO(pn)) H(BOy, ® X4)

| |

H(X, ® BO(PH_%)) ~— H(BO(—g21-1) ® Xa)

| |

H(%x ® BO(py_1)) H(BOgy_» ® %z)

In this case we need to understand first the homomorphism
H(BO(p,_,)) ~ H(BO(ps_1))

In order to do so, we notice that

I

O(p,—1)/0(pn1) = Ay 1= Ay L (n-1)H=1

1=
n—s

From M(A,,2_,) = N< we deduce that

M(A )1 (n—1yH=1) = N<(n —1)[2n — 2]

Therefore, by Proposition we have a long exact sequence in motivic
cohomology

*

x—1,%/ h *— * —
o BV (BO(py_y)) T B (N @ BO(p,,_y)) L

H**(BO(p, 1)) =5 H"" (BO(ps-1)) = ...

At this point, notice that H(N< ® BO(pn_%)) = H(N<)®y Hluq, ..., uzn-1]
which implies that #; and v,,_1 are all uniquely liftable to H (BO(pn_% )
by degree reasons, since H** (N. ® BO(p,_1)) is 0 for *' < 0 and for
(+)[*] = (0)[0] and (0)[1], and by Lemma Hence, ¢* is an epi-
morphism since it is a ring homomorphism. Moreover, ¢*(u;) = u; for
i < 2n — 2 since the natural restriction H(BO(pn_%)) — H(BO(pn%)) fac-

tors through H(BO(p,—1)) and the classes u; are uniquely determined, both
in H(BO(pn_%)) and in H(BO(py—1)), by the fact that they restrict to the
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respective u; or vanish for i = 2n —2 in H (BO(pn%)). For the same rea-
son, since v,,_1 vanishes in H (BO(pn_%)), the element that covers vy,
through ¢* has the shape uy,_1 4 €ujuy,_», where € is 0 or 1. Suppose e =1,
then by Wu formula we have that Sq!(up, 1 + 112, 2) = Sq'Sqlus,_» =0,
so Sqlvy, 1 = 0 as well. But, Sq'vy, 1 maps to Sq!(uuz,—»2) in H(X, ®
BO(p,_1)), which again maps to Sq'(uuz,_2) = u?usy o + puqo, o # 0 in
H(BOy,—2 ® X4) = H(X4)[u1,...,uzn—2] by induction hypothesis, and we
get a contradiction. Hence, € must be 0 and g*(u2,,—1) = v2;—1-

Therefore, we have that the isomorphism

H(X¢ ®BO(p,_1)) <+ H(BO(—420-1) ® Xa)
maps uy; to uy; and uy;_q to uy;_1 + puy_o forany 1 < i < 2n — 2. Moreover,
since H(X, ® BO(pn_%)) — H(X, ® BO(p,—1)) maps up,—1 + puzy—2 to 0,
we have that H(X, ® BO(p, 1)) + H(BO(—q2,-1) ® X4) maps up,_1 to
Uzn—1 + Hlon—2-

Now, the result follows from the fact that the u; are uniquely determined
both in H(X, ® BO(py)) and in H(BO,, ® X,) by the fact that they restrict
to u; for i < 2n — 1 and vanish for i = 2n respectively in H(X, ® BO(pn_%))

and in H(BO(—q2n—1) ® X4). O

From Theorem we get immediately the following result which pro-
vides the motivic cohomology ring of BO(h,,).

Theorem 4.4.3. For any n € Z> there exist cohomology classes u; of bidegree
([i/2])[i] for 1 < i < 2n and a class vy, 41 of bidegree (n)[2n + 1] only for n odd
such that the motivic cohomology ring of BO(hy,) is given by

H[ul,...,uzn,02n+1]
H(BO(y)) = | Tl iz Am({al o) 0%
Hluy, ..., U, n even

Proof. It follows from the fact that hy, is split for n even and is isomorphic to
pn for n odd. O

Once we know both the motivic cohomology of BO(h,) and BU,(E/k),
we can relate the subtle classes arising from the orthogonal group and those
arising from the unitary group. In particular, we have the following result.

Proposition 4.4.4. For any n € Z> the natural embedding U,(E/k) — O(hy)
induces an epimorphism

H(BO(Ty)) — H(BU,(E/k))

sending uy; to c; forany 1 < i < n, up;yq to 0 for any 0 < leven < n, upjq tod;
forany 1 < jodd < n and vy, to dy, only for n odd.
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Proof. We will proceed by induction. Notice that the induction basis is pro-
vided by the isomorphism Uy = Oy = Spec(k).

For n odd we have the following commutative diagrams

U,_1(E/k) — U, (E/k) H(BU,_1(E/k)) ~— H(BU,(E/k))
| T
Ozn_z H(Bo2n—2)
| ~ T
O(n,_1) O(1tn) H(BO(h,_3)) H(BO(h))

where by En_% here we mean the quadratic form (—a) L (n —1)H.

By induction hypothesis we have that uy; goes to ¢c; forany 1 <i <n —1,
g1 to0forany 0 < leven < n—1and upjqtodjforany 1 < jodd <n—1.

The class 15,1 goes to 0 via the map H(BO(hy,)) — H(BU,_1(E/k)) since
this factors through H(BOy,_»). Hence, u,_1 maps to 0 in H(BU,(E/k))
since the morphism H(BU,(E/k)) — H(BU,_1(E/k)) is injective in bide-
gree (n — 1)[2n — 1]. Moreover, noticing that

Uu(E/K)/Uy-1(E/K) =2 O(hy)/O(h,,_1)

and by Proposition we obtain that uy, goes to ¢, and vy, 1 goes to dy,.

N|—

For n even we have similar commutative diagrams

U, 1 (E/k) — Uy (E/K) H(BU, _+(E/k)) ~—— H(BU,(E/k))
| T
O(Efl) H(BO%Enﬂ)
O2n-1 O2n H(BO2-1) H(BO2,)

In this case we need to study the homomorphism

H(BOzn_l) — H(BO(hn_l))
In order to do so, we notice that

O2n1/0(hn—1) = Ay, |y = Aty 1)1

From M(A,>_,) = N and since a'h,_; L (1) is isomorphic to (1) L
(n — 1) H, we deduce that

M(A, 45 gy—y) = Ne(n—1)[2n 2]
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Hence, by Proposition we have a long exact sequence in motivic coho-
mology

*

RURRN H*—l,*/(BO('h’n_l)) ﬂ H*—2n+1,*/_n+1(N< ® BOZn_l) f_>

H** (BOyy_1) & H** (BO(hy_1)) — ...

Then, by repeating exactly the same arguments that appear in Proposition
l4-4.2l we get that g*(u;) = u; for i < 2n —2 and g*(u2y—1) = V2n—_1.

Therefore, by induction hypothesis we have that u,; goes to c; for any
1<i<n—1,uy4qto0forany 0 <leven < n—1and Uzjt1 to d]- for any
1 <jodd < n — 1. Moreover, recalling that

U,(E/k)/U,_1(E/k) = O,/ 00,1

and by Proposition we obtain that up, goes to c,, as we aimed to
show. O

As a corollary of the previous proposition and of Theorem we get a
description of H(BU,(E/k)) as a quotient of H(BO(hy,)).

Corollary 4.4.5. For any n € Zx there is an isomorphism

H(BO(h
H(BU,(E/k)) = %
where R is the ideal in H (BO(EH)) generated by ugj i1, Ugiy3tgjo + Ugji3liaii,
Tugjy3 + {afugjp and Ann({a}) - ugjy3 forany 0 <i,j < [151], where 9,11
is substituted by vy, for n odd.

4.5 APPLICATIONS TO HERMITIAN FORMS

Throughout this section we exploit previous results to study the kernel
invariant of quadratic forms divisible by ((«)). The general idea is that
H(BU,(E/k)) is closer to the cohomology of the Cech simplicial scheme of

a quadratic form associated to a hermitian form than H(BO,,).

We start by noticing that for every hermitian form 4 of the quadratic
extension E/k there exists a commutative diagram

C(Xy) — BU,(E/k) — BO(hy,)

| | |

Spec(k) —~ By U, (E/k) — BsO (I,
p
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4.5 APPLICATIONS TO HERMITIAN FORMS

where C(Xj,) is the Cech simplicial scheme of the torsor X, = Iso(h
h,). Hence, the computation of the motivic cohomology of BU,(E/k) pro-
vides us with subtle characteristic classes for hermitian forms and relations
among them. More precisely, we have the following proposition.

Proposition 4.5.1. For any n-dimensional hermitian form h, in H(C(X},)) the
following relations hold for any 1 < j, i’ odd < n:

1) C]/(h)d](h) + C](h)d]/(]’l) = O}

2) tdj(h) +{a}ci(h) = 0;

3) Ann({a}) -d;j(h) = 0.

Proof. Tt follows immediately from Theorem [4.3.4} O

We now move to consider quadratic forms associated to hermitian ones
and their subtle Stiefel-Whitney classes.

Recall that two hermitian forms are isomorphic if and only if the corre-
sponding quadratic forms over k are isomorphic. In particular, for even
dimensional hermitian forms we have that they split if and only if the re-
spective quadratic forms split. It follows that C(X),) = C (X;), for even
dimensional hermitian forms.

Proposition 4.5.2. For n even, in H (C(XE)) the following relations hold for any
0<ij<i—1:
1) ugjr1(h) = 0;

2) Ugiy3 (E)~M4j+z(ﬁ) = Uyj43 (h)ugiso(h);
3) Tugjya(h) = {a}ugja(h);
4) Ann({a}) - ugj3(h) = 0.

Proof. It follows immediately from Corollary O

On the other hand, if g is an odd dimensional quadratic form, then
{(w)) ® g is split over a field extension of k if and only if ((«)) is split over
the same field extension. It follows from this remark that, for odd dimen-
sional hermitian forms, C (X;) = C(X,), where C(X,) stands for the Cech
simplicial scheme associated to the Pfister form ((«)).

Proposition 4.5.3. For n odd, in H(CV(XE)) = H(C(X,)) the following relations
hold for any 0 < j < "1

1) i1 (h) = pug;(h);

2) u4]-_1(h) =0.

Proof. Together with the commutative diagram at the beginning of this sec-
tion, we have the following one

C(Xy) — BOy,

-

Spec(k) ke Bs0O»,
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By Proposition we know that after tensoring both with C(X,) they co-
incide. Therefore, our restriction morphism H(BO,,) — H(C(X,)) factors
as

H(BOy,) — H(BOy, x C(Xy4)) ¢ H(C(Xy) x BO(hy)) —
H(C(X,) x BU,(E/k)) — H(C(Xy))

which implies the result by Theorem Proposition and Proposition
4-4-4} -

We now show that the subtle classes arising in the unitary case see the
triviality of the torsor of a hermitian form in the same way subtle Stiefel-
Whitney classes do for quadratic forms (see Corollary [2.4.8).

Proposition 4.5.4. h = hy, if and only if cor(h) = 0O for any r.

Proof. Let us start from the case n even. Then, we have already noticed that
h splits if and only if i splits. By Corollary this is equivalent to say
that 11y,+1 (1) vanishes in H(C (X5)) for any r, which is the same of vanishing
of cxr (h) in H(C(Xy)), since in this case C(X},) = C(X;) and by Proposition

4-4-4

For n odd, we have that i splits if and only if # L (—1) (which is
even dimensional) splits. This amounts to say that cpr(h L (—1)) = 0
in H(CV(XM<_1>)) for any r, which is equivalent to say that cy(h) = 0 in
H(C(Xy)) for any 7. O

We conclude by presenting an expression of the motive of the torsor asso-
ciated to a hermitian form. Indeed, by the very same arguments of Propo-
sition and Theorem one obtains the description of the motive of
the torsor X in terms of motives of Cech simplicial schemes and subtle
characteristic classes, where / is any hermitian form.

Before stating the results, let us denote by ¢; a morphism T — N (j)[2/]
in DMe_f f(B U, (E/k)) which composed with the only non-zero morphism

N=(j)[2f] — T(j)[2j] gives c; for any j odd. It is actually the unique coho-
mology class in H(N< ® BU,(E/k)) that maps to ¢; under the homomor-
phism induced by the only non-zero morphism T — N.. Then, we have the
following two propositions.

Proposition 4.5.5. In DMe_ff(BLIn(E/k),Z /2) we have that

M(EU,(E/k) — BUy(E/K) = &  Cone[1)(T < T(i)[2i])®
1<ieven<n

®  Cone[-1(T = N=()[21])

1<jodd<n
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Proposition 4.5.6. In DM;,f(k,Z /2) we have that

MX)= @ Come[-1](x; “% X))o
1<ieven<n
¢j(h) N
&  Cone[~1](x) —— N> © %,(j) [2/])
1<jodd<n
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A SPECTRAL SEQUENCE FOR MORPHISMS WITH
MOTIVICALLY CELLULAR FIBER

In this chapter, we want to generalise the Gysin long exact sequence for
fibrations with motivically Tate reduced fiber to a spectral sequence for fi-
brations with motivically cellular fiber, i.e. with fiber whose motive is an
extension of Tate motives.

First, we will recall basic definitions about Postnikov systems in triangu-
lated categories, and how they naturally generate spectral sequences. More-
over, we will report a few facts about convergence issues of a spectral se-
quence (see [7]).

Then, we will move to the generalisation of Propositions [2.2.3 and [2.2.5]
Indeed, this will provide the aimed spectral sequence for coherent mor-
phisms with motivically cellular fibers. In some sense, this spectral se-
quence is analogous to the Serre spectral sequence associated to a fibration
in topology. The main reason is that, as in topology, our spectral sequence
reconstructs the cohomology of the total simplicial scheme from the coho-
mology of the base simplicial scheme and the fiber. However, the filtration
inducing the spectral sequence in the motivic case is on the fiber instead of
the base.

As an example, the spectral sequence investigated in this chapter could be
used, in principle, to study PGL;-torsors, which over the point correspond
to Severi-Brauer varieties. Indeed, by exploiting a fiber sequence involving
PGL, and GL, one could try to get information about the motivic cohomol-
ogy of the Nisnevich classifying space BPGL,, which would in turn provide
some subtle classes for Severi-Brauer varieties.

5.1 SOME GENERAL FACTS ABOUT SPECTRAL SEQUENCES

Let us start in this section by recalling some well known facts about Post-
nikov systems in triangulated categories, spectral sequences associated to
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5.1 SOME GENERAL FACTS ABOUT SPECTRAL SEQUENCES

them and convergence issues.

Throughout this section, C will indicate a triangulated category, A an
abelian category and H : C — A a cohomological functor.

Definition 5.1.1. An unrolled exact couple in A is a triangle

N

D

which is exact at each vertex.

First, notice that the morphism d defined as the composition jk is a dif-
ferential, i.e. d> = 0. Set E/ = Ker(d)/Im(d) and D' = Im(i). By some
standard arguments there exist morphisms j/ : D’ — E' and k' : E' — D/,
defined respectively by j'(i(x)) = j(x) and k'([y]) = k(y) for any x € D and
y € Ker(d), such that the following triangle

D’ 1' D’

N

El

is again an exact couple, called the derived couple. Reiterating this construc-
tion one gets a sequence of objects E, endowed with differentials d, each of
which is the homology of the previous one. More precisely, we can give the
following definition.

Definition 5.1.2. The sequence {(E,,d,)} constructed inductively by
E, = Ker(d,_1)/Im(d,_1)
is called the spectral sequence associated to the derived couple.

In practical situations, one often encounters bigraded exact couples, which
naturally give rise to bigraded spectral sequences {(E',d¥")}. In the next
definition we remind what is the limit page of a bigraded spectral sequence.

Definition 5.1.3. Let {(EJ,d5")} be a bigraded spectral sequence and suppose
for any couple (s,t) there is an integer r(s,t) such that EY' = Ej’(s p Jor any
r > r(s,t), then we say that the spectral sequence abuts to EY = Ej(ts -

We resume now some notions about filtrations taken from [7] which are
advantageous to deal with convergence of spectral sequences.

An increasing filtration of an object G in A is a diagram of the following

shape
s Pl PPy ooy PP Pl Lo G
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Definition 5.1.4. The increasing filtration {F™ },,cz of G is said to be:
1) exhaustive if G = lim  F";

2) Huusdorﬂfifl'glm F'" =0;

3) complete l&n}ﬂ F" = 0.

In practice, one often studies filtrations of graded objects. At this point,
we are ready to mention the types of convergence for spectral sequences,
which are in turn related to the different types of filtrations of the target
object.

Definition 5.1.5. A spectral sequence associated to an exact couple is called:

1) weakly convergent to G if there exists an increasing filtration of G which is
exhaustive and such that EY = F5t /F5=Vt for any s, where s is the parameter of
the filtration;

2) convergent to G if it is weakly convergent and the filtration of G is Hausdorff;
3) strongly convergent to G if it is weakly convergent and the filtration of G is
complete Hausdorff.

We now recall what Postnikov systems in triangulated categories are. In-
deed, there are left and right Postnikov systems, but since we will use only
one type, we will not put any adjective and simply call Postnikov system
the type we need.

Definition 5.1.6. A Postnikov system for an object X in C is a diagram

e X X X=X = X
1] l 1] l 1] i 1] i
Yi Y; Y, Y1

where all the triangles are distinguished triangles in C.

Associated to a Postnikov system in a triangulated category one can al-
ways construct an exact couple by applying a cohomological functor H.
More precisely, we have the following unrolled bigraded exact couple

NV

where D% = H(X;[—t]), E** = H(Y;[—t]) and the morphisms i : D% —
DstUt i DSt — ES=UiH and k¢ ES* — D%! are induced by the morphisms
in the Postnikov system.

D

Notice that we can obtain an increasing filtration of the object H(X) in A
given by
Fles PPy ooy P ey PPy ooy H(X)
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where F" = Ker(H(X) — H(Xp)) and the morphism H(X) — H(Xy)
is the one induced by the Postnikov system. Moreover, observe that the
filtration {F™} just introduced is obviously complete Hausdorff, since it is
bounded from below, but not necessarily exhaustive. Anyway, we have the
following result which guarantees the strong convergence of the spectral
sequence provided a certain condition is met.

Theorem 5.1.7. If hgqm H(Xy) = 0, then the spectral sequence associated to the
above Postnikov system is strongly convergent to H(X).

Proof. See [7, Theorem 6.1]. H

5.2 A SERRE SPECTRAL SEQUENCE FOR MOTIVIC COHOMOLOGY

We begin this section by recalling a result from [47] about coherent motives
that we will use later on.

Proposition 5.2.1. For any motive N in DM_, (Ye, R) there exists a functorial
increasing filtration

(N)<o = (N)<1 = ++- = (N)<p—1 = (N)<p = - = N

with graded pieces (N), = Cone((N)<y—1 — (N)<n) = Lrygr;(N)[n] which
converges in the sense that

@(N)Sn M @(N)Sn — N

n n

extends to a distinguished triangle, where sh : (N)<,_1 — (N)<p is the map from
the filtration.

Proof. See [47, Proposition 3.1.8]. ]

The next proposition is a generalisation of Proposition Indeed, it
allows to construct Postnikov systems for coherent motives with simplicial
components which are direct sums of Tate motives satisfying some specific
conditions. The proof is essentially the same of Proposition with some
minor adjustments, but we will report it for completeness. Before proceed-
ing, we need to define an order on the bidegrees (g)[p].

Definition 5.2.2. We set (7)[p] < (¢')[p’] if and only if one of the following two
conditions is satisfied:

1)q<q;

2)g=¢q andp <p

This is clearly a strict order relation.
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For any j > 1, let Tj be the possibly infinite direct sum @, T(q;)[p;] in
D/\/l;ff(k,R) such that (q;)[pj] < (gj+1)[pj+1] and let N € D/\/l (Ye,R) be
such a motive that its simplicial components N; € DM, f( Y;, R) are isomor-
phic to the direct sum ;> T;.

coh

Note that in DM, f(Yl,R) the automorphism group Aut(@;>1 Tj) con-
sists of invertible upper triangular matrices, since

HomDM;ff(Yl,R)(Tr T(q)[p]) = HP(Y1,R) =0

for any (q)[p] < (0)[0].

Recall that, since N is coherent, for any simplicial map 6 : [i{] — []],
the structural map Np : LYy (N;) — N; is an isomorphism. Then, for any
connected component of Y3, fix the automorphism of @1 T given by

Ny, : LY; (No) =P T, - Ni =P T,
ji>1 j>1

to be the identity 1. This way, to each connected component of Y; one
can associate the automorphism of ;> T; induced by the other face map,

namely
Ny, : LY; (No) =BT, - N =P T,
ji>1 j>1

Hence, we have produced a morphism of groupoids w" from 711 (CC(Y,)) to
Aut(@jzl T;). Now, for any j > 1, we can compose w" with the morphism
Aut(@j>1 Tj) — Aut(T;) that sends each invertible upper triangular matrix
to its j-th diagonal entry. We will denote these morphisms by w]N .

Proposition 5.2.3. Using the notations just introduced, if w]N is trivial for any
j > 1, then there exists a Postnikov system in DM% f(Y., R)

. Nitl Ni ... N2 N = N!
1] l (1] l 1] l (1] L
Titq T; T> T

such that the simplicial components le are isomorphic to the direct sum @y>; Ty
and the morphisms rlf‘(Nf — Tj) are the natural projections @y>; Ty — T; in
DM@ff(Yl’ R).

Proof. To construct the aimed Postnikov system we just need to produce
morphisms N/ — T; where each N/ is defined as the cone of the previous
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morphism, namely N/ = Cone(N/~! — Tj_;)[—1]. We will do so by induc-
tion.

Notice that each simplicial component of N is isomorphic to ;- Tj and
Ty is the direct sum of possibly infinite T(q1)[p1] such that (g1)[p1] < (4;)[pj]
for any j > 2 by hypothesis. By applying the triangulated functor Lcy in-
troduced at the end of Section [2.1] to the filtration of the previous proposi-
tion one gets a filtration (LcgN )<y for LegN with graded pieces (LegN), =
Dj>1 O, M (Yu)(q;)[p; + n]. Following the lines of the proof of Proposition

we will denote by (LcsN)~, the cone Cone((LcsN)<, — (LcsN)y)
and by (LcgN)y>x«>n the cone Cone((LcgN)<y — (LegN) <) for any m > n.
Now, note that

~ id—sh
(LegN)sn = Cone( P (LegN)mzwsn 0 (LesN) s wsn)

m>n

and moreover (LcgN)py>s>y is an extension of (LcgN)i for n < k < m.
Therefore, we have that

HomDM;,f(k,R)((LC#N)>1r T) =0

HomDM;ff(k,R)((LC#N)>1/ Ti[1]) =0

since HomDM‘ff(k,R)(M(Yn)fT(Q)[P]) = 0 for any n > 0 and any (q)[p] <

(0)[0]. We deduce from these remarks and by applying the cohomological
functor Hom MG (R) (—, Ty) to the distinguished triangle

(LC#N)Q — (LC#N) — (LC#N)>0 — (LC#N)O[l]
that there exists an exact sequence
0— HomDM;ff(klR) (Les(N), Ty) — HomDM;ff(k/R) (Lewo(No), Tr)

— HomDM;ﬁ(k’R) (LC#’l (Nl), Tl)

Repeating the same arguments for Ty in DM_, (Y,,R) one gets a similar
sequence

0— HomDM;ff(k/R) (Lew(Th), Th) — HomDM;ff(klR) (Lewo(Tr), Th)

— HomDM;ff(k,R) (LC#,l(Tl), Tl)

In order to produce an isomorphism between Hom, M}f(k/R)(Lc#(N ), T1)
and Hom, M*ff(k,R)(LC#(Tl)f T;) we need to identify the last morphisms of
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the two exact sequences. Since in the exact sequences only the Oth and
the 1st simplicial components appear, it is enough to get a compatibility
between the coherent system (N;, Ny) and the one of T; for i = 0,1 and
simplicial maps 6 : [0] — [1], where Ny is the structural isomorphism
LYy (No) — Nj. In other words, we want a commutative diagram

Ny
LY} (No) = @jo1 Tj—> N1 = @1 T

| |

LY; (T) =Ty T

having fixed the automorphism of Aut(@;>qTj) given by Nj, to be the
identity 1 for any connected component of Y;. Indeed, we have such a
commutative diagram since by hypothesis wY is trivial. Hence, the two
exact sequences above coincide. Then, we have that

HOWZDM— (Y.,R) (N, Tl) = HomDMe_ff(k/R)(LC#(N)’ Tl) &

off
HomDM;ff(k,R) (Lew(Th), Tn) = HomDM;ff(Y.,R) (T, Ty)

by adjunctions and the identity of T; provides the pursued morphism N —
T; whose restriction on each simplicial component is given by the natural
projection @1 Ty — T7. It follows that NZ.2 is isomorphic to Py, Ty for
any i. This proves the induction basis.

Now, suppose we have a morphism from N to Ty forany 1 < k <j—1,
where each N* is defined as Cone(N¥! — T;_;)[~1]. We denote by N/
the cone Cone(N/~! — Tj_1)[—1]. Notice that the simplicial components
of N/ are all isomorphic to @i>; T1 and Tj is the direct sum of possibly
infinite T(q;)[p;] such that (g;)[p;] < (q:)[pi] for any I > j + 1 by hypothesis.
Therefore, by applying the same arguments of the induction basis, using

the fact that w}Y = a)]N is trivial by hypothesis, there exists a morphism

N/ — T;. This completes the proof. O

We just want to point out that the proof of the previous proposition works
in the same way if each simplicial component of N is a finite direct sum of
Tates. In this case, we would obtain a finite Postnikov system for N in

DM;ff (YO/ R) .

We next apply the previous proposition to produce a spectral sequence for
fibrations which have motivically cellular fibers, i.e. fibers whose motives
are sum of Tates satisfying certain conditions.

Proposition 5.2.4. Let 7w : Xoo — Yo be a smooth coherent morphism from a
smooth bisimplicial scheme to a smooth simplicial scheme over k, Ae a smooth sim-
plicial k-scheme and, for any j > 1, T; the possibly infinite direct sum of Tate
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motives P, T(q;)[pj] in D/\/le_ff(k,R) such that (q;)[p;] < (9j4+1)[pj+1]- More-
over, suppose the following conditions hold:

1) over the Oth simplicial component 7t is isomorphic to the projection Yy X Ae —
Yo,

2) w]].VI(X"‘%Y') is trivial for any j > 1;

Then, there exists a Postnikov system in DM, f(Y., R)

. ——= N/t! NJ N3 N? M(Xeo = Ys) = N
[1] l k l 1] l 1] L 1] i
Titq T; T3 Tz T

such that the simplicial components Nlj are isomorphic to the direct sum @y; Ty
and the morphisms ri(N/ — T;) are the natural projections @y>; Ty — Tj in

DM (Yy R).

Proof. This follows essentially the steps of the proof of Proposition
Indeed, by coherence of 7t we have that 77; : ¥; X Ae = X;, — Y; is the pro-
jection onto the first factor for any i. It follows that the coherent motive N*
has simplicial components given by N! = M(A,) in DM, ¢£(Yj, R) for any
i. Therefore, Proposition implies the existence of the aimed Postnikov
system in DM, . f(Y., R), and the proof is complete. O

As reported in the previous section, once constructed a Postnikov system
in a triangulated category and considered a suitable cohomological func-
tor, one can obtain a spectral sequence which may converge if some extra
requirements are met. The following theorem just states the existence of
a strongly convergent spectral sequence related to the Postnikov system of
the previous proposition.

Theorem 5.2.5. Let 71 : Xo0 — Yo be a smooth coherent morphism from a smooth
bisimplicial scheme to a smooth simplicial scheme over k and Ae a smooth simplicial
k-scheme satisfying all conditions of the previous proposition. Moreover, for any
bidegree (q)[p], suppose there is an integer | such that (q)[p] < (q;)[pi]. Then,
there exists a strongly convergent spectral sequence

EV" = B HP P78 (Y, R) = HP(Xe.,R)
Is

Proof. We start by applying the construction of the exact couple associated
to a Postnikov system of the previous section to the cohomological functor
HomDM}f(Y.’R)(—, T(q)), for any g. This way, we get a spectral sequence

with E;j-page given by

s _
E;™" = Homp -

) (T T(@)[p]) = @ HP P17 (Ye, R)

I
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The filtration we are considering is defined by F" = ker(H(Xs,o) — H(N™)).
We have already noticed that this filtration is complete Hausdorff. In order
to get the strong convergence we need to study lim H (N™) = 0. Since
all the N are coherent motives, by Proposition we have filtrations
(N™) <, with graded pieces (N™),, = Lr, 45 (N™)[n]. Hence, we have filtra-
tions (LcyN™) <, with graded pieces

(LesN™) = € D M(Ya) (qx) [px + 1]

k>m I

Now, fix a bidegree (g9)[p], then by hypothesis there exists an integer I such
that (9)[p] < (g:)[pi], from which it follows that

HomDM;ﬂ(k,R)((LC#NZ)n/T(Q)[P]) =
for any n. Therefore,

Homp . g (Les(N), T(g) ) = 0

from which we deduce by adjunction that H?1(N') = 0 that implies, in
particular, the triviality of lim H(N™). Hence, by Theorem we obtain
the result.

In the same fashion of Proposition the next result assures that the
spectral sequence just constructed is indeed functorial.

Proposition 5.2.6. Let 7 : Xeo — Yo and 7' : X, , — Y, be smooth coherent
morphisms from smooth bisimplicial schemes to smooth simplicial schemes over k
and Ae a smooth simplicial k-scheme that satisfies all conditions from Proposition
with respect to 7t and such that the following diagram is cartesian with all
morphisms smooth

Xo,o BRLE. Y,

o

X/ —>Y’
v

Then, the induced square of motives in the category DM;f f(Yi, R) extends uniquely
to a morphism of Postnikov systems where, for any j > 1, LpysT; — T; is given

by @1, M(py)(4;)[p;l-

Proof. The proof follows the lines of Proposition We will denote by
N/ the objects from the Postnikov system of 7t and by N”/ the ones from the
Postnikov system of 77’.

First, recall that by Proposition there is a filtration of LcyN/ with
graded pieces

(LesN') = D P M () (gx) [px + 1]
k>] Ik
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It follows that HomDM} (k,R)((Lc#Nj)n, Ti_1) = 0 for any n since, for any
k > j, we have that (g;_1)[pj-1] < (qx)[px] by hypothesis. Therefore,

HomDM_

eff(Yﬁ,R) (LPY#Nj/ T]'—l) = HomDMe_ff(Y.,R) (N], T]'—l) =~

HomDM&f(k,R)(LC#Nj’ Tj1) =0

from which we deduce that there are no non-trivial maps from LpysN/ to
T;_;. It follows that there exist unique morphisms LpyzN/ — N fitting into
a morphism of Postnikov systems in DM, f(Yi, R)

HLPY#N] pr#Nj_l —_— ...
k /
LpysTi 4
N/j N/j—l
1 ‘ /
Ti 1

If we restrict our previous diagram to the Oth simplicial component we
obtain in DMe_f f(Yé, R) the following Postnikov system

.. — Dr>j Loy Tk Dr>j—1 Loy — - -
\h /
LpyuTi
o D Tk Dr>j 1 Tk —- -
1] ‘ /

Tjq

where each triangle is split. By hypothesis, the morphism LpysT; 1 — Tj 1
in the previous diagram is basically given by @®;_, M(py,)(qj-1)[pj-1] while

the map prO#Né_1 — Néj_l is given by @r>;—1 D1, M(py,) (qx) [px]-

Now, recall that the morphisms Lpy4T; — T; and @, M(py)(q;)[p)] are
both in

HomDMf

gff(YL,R)(LpY#Tj/ T;) = Homp -

) (T Py T)) =
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HomDM;ff(YnR)(Tj, T]) ~ @ HO’O(Y.,R)

and, for the same reason, (LpysT; — Tj) = D, M(py,)(q;)[pj] is in

~

Homp - (vg.r) (LpyoT), Tj) = Homop . (vo,R) (Tj, py, Tj)

Homoq, (T T) = @ HY (10 R)

Recall that H%?(Y,, R) is the free R-module with rank equal to the num-
ber of connected components of Y, and, analogously, H*?(Y;, R) is the free
R-module with rank equal to the number of connected components of Y.
Since, as we have already noticed at the end of Proposition the homo-
morphism
ro : @ H (Y, R) — P H* (Yo, R)

is injective, we deduce that Lpy4Tj — T; and @ M (py)(q;)[p;j] are identi-
tied, which completes the proof. O

We would like to finish this section by establishing a comparison between
this spectral sequence and the Serre spectral sequence associated to a fiber
bundle in topology. Recall that in topology for a fibre sequence

F—E—B

with 7r1(B) acting trivially on H(F) one has a spectral sequence converging
to H*(E)
Ey' = H%(B, H!(F)) = H*(E)

called Serre spectral sequence (see for example [50, Theorem 15.27]).

Analogously, the spectral sequence of our last theorem allows to recon-
struct somehow the cohomology of the total simplicial scheme from the
cohomology of the base and of the fiber, provided that the fiber is motivi-
cally cellular, which shows a certain similarity with the topological Serre
spectral sequence. Moreover, the triviality condition on the morphisms

w11y (CC(Ya)) — Aut(T))
for any j > 1is analogous to the topological condition on the triviality of the
action of 711(B) on H(F). On the other hand, the main difference resides in
how the spectral sequences are obtained. In fact, while the topological Serre
spectral sequence is achieved by filtering the base, our spectral sequence is
instead realised by filtering the fiber.
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5.3 THE CASE OF PGL,

The spectral sequence in the previous section has been constructed in the
attempt of finding a possible way to study subtle characteristic classes for
Severi-Brauer varieties, which are in one-to-one correspondence with PGL,-
torsors over the point.

From the short exact sequence of algebraic groups
1—G,—~GL, —PGL, —1

and by noticing that all GL,-torsors over a field are trivial we get the follow-
ing fiber sequence (see [4, Lemma 3.4])

BG,, — BGL, — BPGL,

Indeed, we can consider BGL, = (EGL, x EPGL,)/GL, as a model for
BGL,. Then, over any simplicial component, the map BGL, — BPGL,
looks like

(EGL, x PGL™1)/GL, — PGL""1/PGL,

which is equivalent to the projection
(EGLy x PGL,)/GLy, x PGL" — PGL™

By recalling that PGL, = GL, /Gy, via a central extension, we obtain that
(EGL, x PGL,)/GL, = EGL, /Gy = BG,, = BG,,, since G, is a special
algebraic group. It follows that the morphism EGLn — BPGL, is smooth
coherent and, over each simplicial component, is isomorphic to the projec-
tion BG,, x PGL} — PGL}).

Now, the main point is that the cohomology of BGL, is known to be the
polynomial algebra over H generated by Chern classes, i.e.

H(BGLy,) = Hlcy, ..., ¢x]

and BG,, = P* whose motive is cellular. Indeed, we have that M(P%) =
@72 T(j)[2]]. Therefore, our spectral sequence can be constructed for this
particular case, which leads to the following result.

Corollary 5.3.1. There exists a strongly convergent spectral sequence
E'"® = HP=2%17%(BPGLy, R) = HP(BGLy, R)

Proof. Just apply Theorem to the coherent morphism BGL, — BPGL,,.
O
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The hope is to get in future some computational advantages from this
spectral sequence in order to produce some invariants for Severi-Brauer va-
rieties. The natural path to follow would be first to enrich the structure
of this spectral sequence, for example with multiplicative structure or com-
patibility with Steenrod operations, then to produce computations for the
motivic cohomology of BPGL,, at least in some cases. This part of the
research is still at an early stage and will not be performed in this thesis.

92



THE ACTION OF THE MOTIVIC STEENROD ALGEBRA
ON ROST MOTIVES

As we have already pointed out, a really interesting and important part of
motivic homotopy theory is the study of cohomology operations. As an
example, the proof of the Milnor conjecture requires a considerable use of
the motivic Steenrod algebra, namely the algebra of bistable cohomology op-
erations in motivic cohomology, and in particular of the Milnor operations
and of the Margolis homology. The mod p motivic Steenrod algebra has been
constructed in [61] and has been shown to be the algebra of bistable coho-
mology operations for fields of characteristic zero in [64] by Voevodsky and
for all fields of characteristic different from p in [22] by Hoyois, Kelly and
Ostveer. In [31], Milnor constructed Milnor operations and proved some
very useful inductive formulas for them in the classical Steenrod algebra,
which are the same in the motivic case when —1 is a square in the base
tield. These operations have been studied in the general case by Kylling in
[28]. We will use these results throughout this chapter in order to under-
stand the action of the motivic Steenrod algebra on the motivic cohomology
of Cech simplicial schemes of norm quadrics.

Norm quadrics, which are quadrics associated to Pfister quadratic forms,
are the mod 2 case of norm varieties. These extremely interesting objects
and their motives have been deeply studied by several authors and con-
stitute one of the pillars of the proof of the Milnor conjecture (Bloch-Kato
in the general case). In particular, Rost has proved in [45] that motives of
Pfister quadrics are direct sums of particular motives, called Rost motives,
suitably shifted. A Rost motive has the property that it splits into two Tate
motives over the algebraic closure. Moreover, a Rost motive can be repre-
sented in a suitable category as the extension of two simpler objects, namely
two copies of the Cech simplicial scheme associated to the corresponding
quadric appropriately shifted.

The aim of this chapter is to go a bit further in the understanding of Cech
simplicial schemes of norm quadrics and, in particular, in their relations
with the motivic Steenrod algebra. More precisely, we will give a complete
description of the action of the motivic Steenrod algebra over the motivic
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cohomology of the reduced Cech simplicial scheme of a Pfister quadric in
the case —1 is a square in k. This result will be used to describe the cyclic left
module over the motivic Steenrod algebra generated by a certain element in
the motivic cohomology of the Cech simplicial scheme of the Pfister quadric.
We will show that this is the quotient of the motivic Steenrod algebra by
its left ideal generated by the operations quyquH ---54%Sq', Sg* for any
i >0, T and Ann(a). Moreover, we will relate this module to the motivic
cohomology of the reduced Rost motive, presenting it in turn as a quotient
of the Steenrod algebra.

6.1 PFISTER QUADRICS AND ROST MOTIVES

We will start with a recollection on Pfister quadrics and Rost motives.

Definition 6.1.1. We denote by Q, the small Pfister quadric over the field k asso-
ciated to the pure symbol a = {ay,...,a,} in KM (k) /2, i.e. the quadric described
by the equation (a1, ...,a,_1)) = a,t?, and by P, the big Pfister quadric ssociated
to a, i.e. the quadric defined by ((a,...,a,)) = 0.

We know from [62] that Q, is a 2-splitting variety, which means that the
symbol a is 0 in the Milnor K-theory of k(Q,) modulo 2.

Proposition 6.1.2. The symbol a = {ay, ..., a,} is divisible by 2 in KM (k(Q,)).
Proof. See [62, Proposition 4.1]. O
Essentially, Q, splits over a field extension E of k if and only if a is zero

in KM(E) /2.

Let C(Q,) be the Cech simplicial scheme associated to Q, and X, its mo-
tive in D./\/l;ff(k,Z /2). We denote by X, the reduced motive of C(Q,), i.e.

the object in DM, f(k, Z /2) defined by the distinguished triangle

X, = Xo— T — X,[1]

In the preliminary version of [40] and later in [68]], it has been computed the

motivic cohomology of X, and X,.

Theorem 6.1.3. There exists an isomorphism of H-modules

KM(k)/Z)

H(X,) 2 Ha (Z /2[u] @ A(Qo, -, Qr-2)(7) ® “Ann(a)

where Qj are the Milnor operations, 7y is the only element in bidegree (r — 1)[r]
which maps to the symbol a once multiplied by T and u is the element in bidegree

(271 —1)[2" — 1] corresponding to Qr_—2Q;—3 - - - Q1Qo7-
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Moreover, there exists an isomorphism of H-modules

_ KM(k)/2
H(T) 2 2./200] © A(Qo-,Qr2) (1) @ o (02
Proof. See [68, Theorem 5.8]. ]

Rost has computed the motive of the Pfister quadric P, that is reported in
the following result.

Theorem 6.1.4. There exists an object M, in DM;, f(k,Z /2) such that

M(P,) & M, @ M(P¥ ')

Moreover, M, is endowed with two morphisms T(2"~!1 —1)[2" — 2] — M, and
M, — T such that the sequence

TR '—1)[2"—2] > M, =T

is a split distinguished triangle in D/\/l;f f(E,Z /2), for any field extension E/k
where Q, has a point.

Proof. See [45, Theorem 17] and [62, Theorem 4.3]. O
The previous result allows to define Rost motives.

Definition 6.1.5. The motive M, appearing in the previous theorem is called Rost
motive of the pure symbol a.

Besides, we denote by ]\//I\u the reduced Rost motive obtained from M,
by removing both the cells M, — T and T(2"~! —1)[2" — 2] — M,. The
Rost motive M, is the extension of two simpler objects, in fact the following
theorem holds.

Theorem 6.1.6. There exists a distinguished triangle in D./\/l(;r f(k,Z /2)

M, — %5 — X271 = 1)[2" — 1] = M,[1]
where the second arrow represents .

Proof. See [62, Theorem 4.4 and Lemma 4.7]. [

As a corollary to the previous result, we get that even M, is defined by
a distinguished triangle involving Cech simplicial schemes. More precisely,
we have the following result.

Corollary 6.1.7. There exists a distinguished triangle in DM f(k, Z/2)

X2 T =12 1] = X, = M, — X, = 1)[21]
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Proof. 1t follows immediately from the previous theorem by applying the
octahedron axiom. O

Then, we deduce that the motivic cohomology of M, consists of the diag-
onals from < to u. Indeed, one can easily get the following corollary.

Corollary 6.1.8. The motivic cohomology of the reduced Rost motive is given by

— KM(k)/2
H(Ma) = A(QO/- oy Qer)('Y) X W
Proof. The proof is basically the same as Lemma O

6.2 THE ACTION OF STEENROD OPERATIONS ON Y

We begin this section by showing how Steenrod squares corresponding to
powers of 2 act on the element 7.

Lemma 6.2.1. Sq2y = pQqy and Sq% v =0 forany 1 < j <r.

Proof. First, recall that Milnor operations generate an exterior subalgebra
of the motivic Steenrod algebra and that Steenrod operations respect the
KM(k) /2-module structure. From [28, Remark 5] we know that

Qi =S Qi1+ Q1547 +pS¢¥ ' Qj1Qj2

First, we notice that by degree reasons quj’y = xQj_1y with x € KM(k)/2.

Hence, evaluating the previous recursive formula in quj 7, by Adem rela-
tions, we obtain that

QiSe”y = Q1547 Sq7y =
ij1(5q2]‘+1’2j718q2j717 +o 4+ Sq7 2802 + 18547 T 1sgty)
At this point, we notice that for j =1
QiSq*y = Qo(TSq°59"7) = pSq°Sq"y = pQuST* Qo = pQ1 QoY

Therefore, by injectivity of Q; on the target, we get that Sq?y = pQp7y. In
order to prove that Sqg” = 0 for any j > 1 we proceed by induction. For
j = 2, we obtain from the previous formula that Q,Sg*y = Q1(Sg°Sq%y +
7597Sq'). Hence,

QoQ28q™y = QoQi1(Sq°59™y + 75q"Sq™y) = Q1(pSq" Qo + pS7"Qoy) = 0

On the other hand, we already know that Sq4’y = x0Q17, so xQuQ1 Q;'y =0
which implies that x = 0 and Sg*y = 0. Now, suppose that Sg>y = 0
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for any 1 < i < j. Then, Q;Sq%y = Q;_1(5¢%" 28>y + 547" 154" ).
Applying Qo we obtain, as before, that

Qijquj’Y = Qij—1(5qzj+l_25q2’y +1Sg7 " 1sgly) =

Qi 1(054%" "' Qoy + 0S¥ Qo) = 0

But we already know that quj’y = xQj-17, s0 xQoQ;-1Q;y = 0 which
implies that x = 0 and Sq? = 0, which is what we wanted to prove. O

From the previous lemma we get the description of the action of any
Steenrod square on 7.

Proposition 6.2.2. Sq'y = Qu7, S¢*y = pQo7y and Sq™y = 0 for any m > 2.

Proof. We need to prove only the last part of the statement. First, we notice
that Sq®y = Sq'Sg>y = 0. If r = 1, 2 or 3 we know from Lemma m
that Sg™vy = 0 for any m > 4, so we can suppose from now on that r > 3.
We proceed by induction and restrict to the case m even, since the odd case
immediately follows from the relation Sg?"*! = Sgq'Sg?". Suppose now that
Sqty = 0forany 2 < t < m with 2 < m < 271 and j < r. At first, let
us consider the case m = 0 (mod 4). Then, we have the following Adem
relations

m—2 g 2 m 2 21—t t d2¢, m—tg,t
— _ mo -

Sq" < Sq” = Sq" + ;—1 (m i 2t> T Sq™"Sq
since ( fj__zlj) is odd. Evaluating in ¢ we get

2/ —2 2/ —3
m. m—1 1 m—2c¢ .2
5q 'r—( _2]-_2)T5q 54 'r+<m_2j_4)5q 507y

At this point, we notice that

( 2l -2 ):( 2/ -3 >((2f—2)(2j+1—m+1)

m—2l —2 m—2—4)(m—2 —2)(m—2 —3)

Since m = 0 (mod 4), then mzsz_szz is odd and (mz_jiz_z) = (mz_fz—]’a_4) (mod 2).
If they are both even, then we immediately get that Sg”y = 0. Other-
wise, we have Sg"y = tSq"™1Sqly + Sq"~2Sq%*y. Applying Qp we obtain
QoSq™y = pSq"1Qoy + pSq™ QoY = 0. But Qq is a monomorphism on
odd diagonals, hence Sqg™vy = 0. It remains to consider the case m = 2
(mod 4). In this case we can use the Adem relations

Sq*Sq™ 2 = Sq" + tSq" " 'Sq’
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Evaluating in 7y we get

Sq"y = 184" 1Sq'y = 1Q0Sq"™ QoY = 0

since Qp is the 0 homomorphism on even diagonals. If m > 27, from Lemma
we have that Sg"'y = 0 since 21 >4 1, which completes the proof.
O

The following result shows how Milnor operations act on .
Corollary 6.2.3. Qjy = Sq?Sq7 " - S¢2Sq"y for any j.

Proof. We proceed by induction. Notice that the equalities Qpy = Sq'v and
Q17 = S7°Qoy + QoS7*y = S4°Sq'y provide us with the induction basis.
Now, suppose the statement is true for values less than j > 1. Then, we
have from the recursive formulas (see [28, Corollary 4]) that

Qi = S47Qj 17 + Qi 1547 1 + Qi 1547 Q27 = S47Qj 17

since quHQ]-_z'y = Qj_17 by induction hypothesis. Therefore, the state-
ment holds for any j. O

At this point we recall that y denotes the element Q, 2Q,_3---Q1QpY in
bidegree (2! —1)[2" —1].
Lemma 6.2.4. Sg2 " (42°) = 02 12" for any k > 0.

Proof. We proceed by induction. So, let us at first examine the case k = 0.
In order to simplify the notation, we call v the element Q, _>Q,_3--- Q2Q17
of bidegree (2’1 — 2)[2" — 1]. The element v belongs to the slope 2 line and
we know from Lemmas [1.6.6) and [1.6.7] that Sq% ~2v = v2 and Sq"v = 0 for
m > 2" — 2. From an easy computation and from the formula [Qy, S¢%] =
Q1 qur_z, we deduce that

Sq* 1 =54 Qr—2Qr—3- - Q1Q07
= QoSq” Qr2Qr3- - QQu7 + Q1S9* Qr2Qr 3+ QQ1y
= 5%y + 01897 “2v = Q1 (v?) = 54'Sq?(v?) + 4254 (v?)
= Sq'(1Sq'vSq'v) = pp?

which provides the induction basis. Now, suppose the statement is true for
k. Then, from Cartan formula we get

or+k

r+k+1 k+1 k r+k+1__ k
ST () = Y (S ()SF T B (W)
s=0

. k Pkl _ng_ k
F TSP (U )SgF T TR (W)

r+k k r+k k k k+1 k k+1 k+1 k+2
=S (WS (W) = (0P ) (P E ) =p*

that is exactly what we aimed to prove. O
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2k+1_1

Proposition 6.2.5. Q, 1y =p yzkH'y forany k > —1.

Proof. We proceed by induction. First, notice that Q,_17y = u<y which pro-
vides the induction basis for k = —1. Suppose the statement holds for k.
Then,

2r+k+1 (p2k+1_1 2k+1

r+k+1
Qr+k+1'7 = qu o QH—k'Y = Sq ’)’)
_ p2k+1_1(sq2r+k+1 (;,[2k+1)f)/ + qu2r+k+1_1(‘u2k+l)sq1r)/
rrk+1_ k+1 k+1_1 ok+l ok+2 k+2_ 1 ok+2
+87 (W SRy = pF P W Ty =07 Ny

since Qg is a monomorphism on odd diagonals and

Qo(querrkJrl_l(yszrl)Sqlf)/ + Sq2r+k+l _2(ﬂ2k+1)5q2f)/) _
QO(TSq2r+k+l_1 (y2k+l )Qof)/ 4 psq27+k+1_2(‘u2k+l)Q07) _
p5q2r+k+1_1(‘u2k+1)QOfy + qu2r+k+1_1(l/lzk+1)Q0fY _ 0

This completes the proof. O

oj—r+l_q  oj—r+
K

The previous proposition tells us that Q;y = p 17 when j >

r — 1, which implies immediately the following corollary.
Corollary 6.2.6. When p =0, i.e. —1isasquareink, Q;y =0 foranyj>r—1.
Indeed, we notice that the previous corollary holds also for the more

general case p € Ann(a).

63 THE ACTION OF THE MOTIVIC STEENROD ALGEBRA

Here, we compute the complete action of the motivic Steenrod algebra on
Cech simplicial schemes of Pfister quadrics and, therefore, on Rost motives.

We start by proving some relations in the motivic Steenrod algebra involv-
ing Milnor operations. It is proven in [28, Remark 5] that [Q;, Sq%*] = 0 for
any i < j. In the following lemma we extend this result.

Lemma 6.3.1. [Qj, S4™] = 0 for any m < 2.

Proof. Our intention is to proceed by induction. We clearly have the induc-
tion basis for m = 1,2,3,4. Now, consider an even number m such that
20 < m < 21 with i < j and suppose that the statement is true for any
t < m. Then, we have the following Adem relations

m __ni—1 .
2 2 (21—1—15

Sqm—zfsqu _ Sqm + t_zl - 21’ - 2t) Ttmodzsqm—tsqt
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from which it follows that

m__ni—1 .
22 (T—l—t

[Qj/ Sqm—zisqzi] — [Q].’ Sqm] + Z >’l’t modZ[Qj’ Sqm—tsqt]
t=1

m— 2t —2t
Hence, [Q;,5q™] = 0 since all the other commutators in the previous for-
mula are 0 by induction hypothesis, and the lemma is proved. O

Also, from [28, Remark 5], we know that [Q;, Sq%] = pQ;Qj-1. Therefore,
when p = 0 the previous commutator is 0. This remark and the fact that
Steenrod operations are expressible in terms of Sg% allow us to extend the
previous lemma in the following way.

Lemma 6.3.2. When p = 0, [Q;, Sq™] = 0 for any m < 271,

From now on, we consider only the case p = 0. In order to simplify
the notation we write 1; for the generic nonzero element Q;, ---Q;, v with
0<im < ---<ip<randj= 201 4 ... 420 4+ 1. From this notation, we have
naturally that 2 < j < 2" and we agree that v = 1. We notice that clearly
Vj = Qr1Yj_pr-1 = WYj_p1 forany j > 2'=1. Our aim is to prove that every
Steenrod square that, acting on some Vi hits something above the diagonal
of y? acts indeed trivially. We start with the following lemma.

Lemma 6.3.3. When p = 0, [Q,—1,5q™]7; = 0 for any m < 2" 42 and any
]' < 21*71.

Proof. From the previous lemma, we already know that the statement holds
forany m < 2". Since [Q,—1,5¢* | = Q; and Qry = 0, we get [Q,_1,S¢° |7; =
Qryj = 0. Let m be an even integer such that 2" < m < 2"*+1 and suppose
the statement is true for t < m. As before, we have the Adem relations

m r—1
7—2

o or—1—t
m—2 2r m tmod2c m—tg .t
Sq" % Sq* = Sq™ + t; (m o 2t>T Sq"sq
from which it follows that

[Qr-1, 84" S4% |vj =

m r—1
7_2

2N —1—t _
First, we notice that [Q,_1,59™ %] = 0 since m — 2" < 2'. Hence, we

get that [Q,_1,5¢™2'Sq*]y; = 0. Similarly, since t < 2 — 271 < 2771,
we get that 59" 'Sq'Q,_17; = S4™'Q,_154"y;. Now, let us examine two
cases: Sq'y; is an element below the diagonal of y7; Sg'y; is an element
above the diagonal of y. In the first case, Sqt’y]- is a generic element of the
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form x7;, where x in an element of the Milnor K-theory and h < 2r=1 g0
Sq"tQ,-159"y; = Q,—159™'Sq'yj by induction hypothesis. In the second
case, Sqt’yj = xpuy, = xQ,_17, where x is an element of the Milnor K-theory
and h < 21, Hence,

Sqg" ' Qr-15q"y; = xS4" Q1 Q17 = 0

and

Qr-189"'Sq"y; = xQr 159" Qr1vn = xQr—1Qr—154™ Ty =0

by induction hypothesis. In any case, we get that [Q, 1,59™]y; = 0. We
finish the proof by noticing that the formula [Q,_1,54% '] = Q,5¢% from
[28] implies
r+1 r r
Q1,547 17 = Q:Sq% 7 =S¥ Qi =0

since Q,y = 0. [

Proposition 6.3.4. Considering the case p = 0 and using the same notation as
before, we have that Sq™~y; = 0 when 3 +j > 2.

Proof. We write (g;)[p;] for the bidegree of ;. From Lemma we know
that Sq™v; = 0 for any m > 2max{j +1,4;}. Clearly, the last inequality is
satisfied when m > 2"t 42, so we can restrict to the case m < 2't1 + 2.
First, we consider the case j < 21 and q; < 2"=1 _ 1. Then, the condition
T +j > 2 +1implies that

m>2t 42 27> 21 422" =2" 42 > 2max{j + 1,4;}

At this point, let us study the case j > 2"~!. Therefore, we have the following
equality

Sq™yj = S4"Qr-17Yj_o1 = Qr-159"Yj_pr1.
When J +j —2""1 > 27, from the first case we know that $4™7; -1 = 0
which implies that S4™; = 0. Hence, we can restrict again to the case
27t < 4 j— 21 <27 In this case, 54" Yj_or-1 = xQr—17n, from which it
follows that

Sqm’)/j = Qrflsqm’)’];zr—l =xQr1Qr—171 =0
And the proof is complete. O

We already know that the relations given by ququzH - Sq*Sqly = 0
and Sg%y = 0 for i > 0 hold when p = 0. Moreover, we notice that T+ is 0
since there is nothing below the diagonal of -y in the motivic cohomology of
X, and xy = 0 for any x € Ann(a) since multiplication by 7 is a monomor-
phism from the 1st to the Oth diagonal of the motivic cohomology of X,.
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On the other hand, we can consider the epimorphism ¢ : A — M defined
by ¢(6) = 67, where A is the motivic Steenrod algebra and M is the left
A-module generated by . Let Z be the left ideal of A corresponding to the
kernel of the morphism ¢, i.e. the left ideal such that M = % Our aim is to
prove that 7 is generated by the previous relations. Before proceeding, we
recall that, by Corollary A is generated as an algebra over the motivic

cohomology of H by the operations Sg* for i > 0.

In the following preliminary result we will denote by A the subring of A
generated by T and Sg* for i > 0.

Lemma 6.3.5. When p = 0, for every 0 € A, 0 is either 0 or 7 for some j.

Proof. We want to proceed by induction on the square degree of 6. The
induction basis has already been proven, as we know that Sq'y = 7, and
"Sqly = 0 for any m > 0 since T commutes with Steenrod operations.
Now, fix a square degree | and suppose the statement is true for coho-
mology operations of square degree less than /. Note that, by the remark
just before this lemma, it is enough to prove the statement for monomials
qutl ---qut"' of square degree I since T commutes with every operation.
Hence, by induction hypothesis, we know that Sg2' ---Sq2"y = Sq%'v,,
where v, = Q;, - - - Q;,7, whether it is non-trivial. From well known recur-
sive formulas and by induction hypothesis, we deduce the following;:

if f1 < il, then

t t
S v = Qi ST Yy = QiyVj it =

whether it is not 0;
if t; > i1, then

2[1 721'1 +1

t t
Sa*" 1h = Qi ST Vg + Qi+159 Tz = 7j
whether it is not 0. This finishes the proof. O

Now we describe the complete action of A on the motivic cohomology of
the reduced Cech simplicial scheme of a Pfister quadric.

Proposition 6.3.6. When p =0, Sql'y]- = jYj+1 and

K 2j—2\ [j+2k
qu ")/]:( 2k >< 2k )')’j+2k1

forany k > 0and j+2k-1 <27,

Proof. The first formula is obvious once noticed that Sq' = Qg acts trivially
from even to odd diagonals. In order to prove the second formula, we use

an induction argument on j. Clearly, quk'yl = quk’y = 0 which agrees
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with the fact that (2%) is always zero. Now suppose the claim holds for any

h<j=21+4... 42+ 1. If k < i, then

k k
qu vj = Ql-lqu Vjoh =

2j — 20— 2\ /j— 20 4 2k 2j —2\ [j+2
Qil 2k 2k 7j72i1+2k—1 = ok ok ’)/]'Jrzkfl

i nip+1_ P i ol k i1 ok
In fact, (2] 221k+ 2) = (2]2k2) (mod 2) and, when k < iy, (/ 221k+2 ) = (]—’z_kz )
2j-2

(mod 2). On the other hand, we have either (7, ") =0 (mod 2) or iy = iy +

211
1. In the second case, Vj—oin-1 contains Q; which implies that the element
2j—2+l . j . 2j—2y ;j+21
Qiy (™ Ty )n)vjgn-1 is zero as (7,7) (5 )7j40n-1- In the case k =

i1 +1, we get that

1+1

i i1+1
Sq° i = Qi ST Yj—2i T Vjjan

2j — 2+l 2\ /j 420
= Qil( i +1 ) (2i1+1 Vit Vigon

B _(2j =2\ (j+20t!
= Tjv2n = | 5i1 oip+1 ) Vjtan

If kK > i1 + 1, then we notice that quk’yj is on the diagonal of Yokt but

does not hit it. Hence, by the previous lemma we deduce that quk’yj is zero
2j72) ( j2k

as ( 2k 2k

)'yj k-1 Since 2k > i 42 > 2j. And the claim is proved. O

Let us call by 7 the left ideal of A generated by Sq2 Sq* ' - - - Sq2Sq!, Sq*
for any i > 0, T and Ann(a). We already know that 7 C Z. Our aim
is to prove the other side inclusion. Before starting the proof of the main
theorem, we prove the following lemma.

Lemma 6.3.7. When p =0, Q, € J.

Proof. What we want to prove is that it is possible to write Q; as the sum of
Sq% g% R S4%Sg' and 0, where 6; belongs to the left ideal generated only

by the Steenrod squares quk for any k > 0. At fist we notice that Qy = Sq'
satisfies the previous condition. Therefore, it provides us with an induction
basis. Now, suppose the condition we are considering is satisfied by Q; 1.
Then,

| | o . .
Qj =547 Qi1+ Q159" = Sq”' S -~ S4*Sq" + 547 0; 1 + Qj 1547

where 0, = squej,l + Q]-,lsqﬂ. So, the statement is true and for j = r we
get that Q, € J. O
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At this point we are ready to demonstrate the main result.

Theorem 6.3.8. When p = 0, Z = J, i.e. T is generated as a left A-module by
Sq¥ Sq¥ - 542Sq1, Sq¥ for any i > 0, T and Ann(a).

Proof. Before starting, we notice that it is enough to consider only mono-

mials qutl e qutm since T and elements in the Milnor K-theory commute
with all Steenrod operations. We proceed by induction on the number of
the hit diagonal. The induction basis is provided by the fact that the only
non zero operation which hits the second diagonal acting trivially on 7y
is Sg? that clearly belongs to 7. Now, suppose the statement is true for
each operation that hits a diagonal below j + 2¢~1. Besides, suppose that

S¢* - S¢*"y = 7; and S7?°Sg? - Sg?™y = 0. We want to prove that
qukqutl ~~~Sq2tm belongs to J. From our assumptions, we deduce that
S¢®" - S¢*" + Qi - - - Q;, € T which implies by induction hypothesis that
Sq¥t - 52" + Qj, - -+ Qi, € J. Therefore,

quksqul ,..qufm +Sq2sz’1"'Qin cJ

So, it is enough to prove that quk Qi, -+ Q;, € J. For j = 1, there is nothing
to prove. Hence, suppose from now on that j > 1. If k < i, then

k k
S¢* Qi -+ Qi, = Qi,S7% Qi -+ Qi
At this point, we distinguish two cases. When k < ij or i1 > iy + 1, we get
that Sg2'y i_o1 = 0. Therefore, by induction hypothesis, SPQi, - Qi € J,
from which we deduce that SqZin1 -+-Q; € J. On the other hand, the
condition k = i; = ip + 1 implies that

Q1S Qi+ Qi = Q1 Qi Qiy - Qi + Q1 Q1,57 Qi+ Qs

k
= Q1,Q,50" Qiy - Q,
which belongs to J by induction hypothesis, since quk'y].
k > i; + 1, then we have that

i = O If

k k k_n~iqg+1
Sq* Qi - Qi = Q4,547 Qi - -+ Qi + Qi +157° 2 Qi - Qi

Now, we recall that quk'y]._zil = 0 and quk_ziﬁl’yj_zil = 0 since they
both fail to hit their respective generators. Then, by induction hypothesis,
quinz - Q; € J and Sq¥ -2 Qi+ Qi, € J, from which we deduce
that S¢%Q;, - -~ Q;, € J. If k = iy + 1, then 5¢%; = 0 implies that iy = r — 1.
In this case the formula

S4¥ Qi1+ Qi, = Q184”7 Qi - Qi + Qs - Qi
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implies that qur Q;—1---Q;, € J by the previous lemma and by induction
hypothesis, since qur')’]‘_zr—l = 0. At the end, suppose that

/ / v,
542 Sq?" - Sg?" oy + Sg? g2 - SgE" 4 = 0

where both addends are non-trivial. Using the same trick as before we can
limit ourselves to consider the sum quk Qi - Qi, + quk Qii +++Qy . Then,

k K
SP* Qiy -+ Q1+ Qi +547 Q- Quoa-Qy =

k

Qi+ Q189" -+ Qi + Qi - Q- Qi+
k/

Qi+ Qu-1S9" Qi +Qy Q- Qy, =

k K
Qiy -+ Qk1S4” -+ Qi +Qy -+ QuaSq” -+ Qy,
since Q;, -+ Qk---Qi, = Qi{ - Qp -+ Qp . At this point we notice that
both the elements Sq2k - Q; v and Sq2k’ -+ Qyp 7 are zero, from which we

deduce that quk -+ Q; and quk/ -+ Qy belong to J, which shows that

k K
Sqg* Qi+ Qi, + Sq° Qi Qr €J

Since the Steenrod squares quk generate A as an algebra over the motivic
cohomology of the point, the proof is complete. O

At the end, we notice that the module we have studied consists of all the
diagonals from <y to 2, while the motivic cohomology of M, consists of
the diagonals from < to u. Hence, we deduce immediately the following
corollary.

Corollary 6.3.9. When p = 0, the motivic cohomology of M, is the quotient of A
by its left ideal generated by the elements quH ---5¢?Sq", Sq% foranyi >0, T
and Ann(a).
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