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Abstract This book discusses the construction of triangulated categories of mixed
motives over a noetherian scheme of finite dimension, extending Voevodsky’s def-
inition of motives over a field. In particular, it is shown that motives with rational
coefficients satisfy the formalism of the six operations of Grothendieck. This is
achieved by studying descent properties of motives, as well as by comparing differ-
ent presentations of these categories, following and extending insights and construc-
tions of Deligne, Beilinson, Bloch, Thomason, Gabber, Levine, Morel, Voevodsky,
Ayoub, Spitzweck, Rondigs, @stveer and others. In particular, the relation of mo-
tives with K-theory is addressed in full, and we prove the absolute purity theorem
with rational coefficients, using Quillen’s localization theorem in algebraic K-theory
together with a variation on the Grothendieck-Riemann-Roch theorem. Using res-
olution of singularities via alterations of de Jong-Gabber, this leads to a version
of Grothendieck-Verdier duality for constructible motivic sheaves with rational co-
efficients over rather general base schemes. We also study versions with integral
coefficients, constructed via sheaves with transfers, for which we obtain partial re-
sults. Finally, we associate to any mixed Weil cohomology a system of categories
of coefficients and well behaved realization functors, establishing a correspondence
between mixed Weil cohomologies and suitable systems of coefficients. The results
of this book have already served as ground reference in many subsequent works on
motivic sheaves and their realizations, and pointers to the most recent developments
of the theory are given in the introduction.
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Introduction

A Historical background
A.1 The conjectural theory described by Beilinson

In a landmark paper, [Bei87], A. Beilinson stated a series of conjectures which
offers a complete renewal of the traditional theory of pure motives invented by
A. Grothendieck. Namely, he proposes to extend the notion of pure motives to that
of mixed motives with two models in mind: mixed Hodge structures defined by
P. Deligne on the one hand [Del71, Del74], perverse sheaves on the other hand
defined in [BBD&2]. One of Beilinson’s main innovations, motivated by the second
model, is to consider a triangulated version of mixed motives in which one could
hope to find the more involved theory of abelian mixed motives through the concept
of t-structures. This hoped for theory was conjecturally described by Beilinson in
[Bei87, 5.10] under the name of motivic complexes.

It was modeled (see loc. cit., paragraph A) on the theory of étale £-adic sheaves and
their derived category as introduced fifty years ago by Grothendieck and M. Artin.
The major achievement of Grothendieck and his collaborators in [AGV73] was
to define a theory of coefficients systems relative to any scheme with a collec-
tion of operations, fi, f*, fi, f !, ®, Hom, satisfying a set of formulas now called the
Grothendieck six functors formalism (see section A.5 in this introduction for more
details)'. This formalism, formulated in the language of triangulated categories,
ultimately encodes a very general duality theory. Note however that the complete
duality theory for £-adic sheaves was completed only recently by the work of Gabber
[ILO14].

The theory was also conjectured to be deeply linked with Quillen algebraic K-
theory (see [Bei87, 5.10, §B]). In fact, up to torsion and for a regular scheme S, the

! The full derived formalism of £-adic complexes was fully established much later after [AGV 73]
though, by Ekedahl in [Ekego].

xiii
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ext-groups between two Tate motives over S should coincide with Adams graded
parts of Quillen algebraic K-theory.?

The ideas of Beilinson were very fecund and not long after the publication of
[Bei87], three candidates for a triangulated category of mixed motives were proposed,
respectively by M. Hanamura [Hangs, Hano4, Hangg], M. Levine [Levg8], and
V. Voevodsky [Voeg6, Voeg8, VSFoo]. As a matter of fact, Voevodsky introduced
two variants: using the h-topology (obtained by allowing proper surjective maps as
coverings together with Zariski coverings), he defined a candidate for a theory of
étale motivic sheaves [Voeg6]. Inspired by his knowledge of these and by his work
on rigidity results with Suslin [SV96], he introduced a more Zariski local version
[VSFoo] which is the one fitting in his approach to the proof of the Milnor conjecture
and of the Bloch-Kato conjecture. In this book, we will focus on Voevodsky’s
theories.

A.2 Voevodsky’s motivic complexes

As briefly alluded to above, the first attempt of Voevodsky in defining the category
of motivic complexes, in his 1992 Harvard’s thesis, introduces the fundamental
process of Al-localization, which amounts to make the affine line contractible in the
category of mixed motives, by analogy with the topological case. It also involves
the use of the i-topology which was to become fundamental in the area of motives
and cohomology. These two ingredients given, Voevodsky defined the triangulated
category of (effective) h-motives over any base in [Voeg6].

However, Voevodsky was aware that his definition will give the correct an-
swer to Beilinson’s conjectural construction only with rational coefficients (he was
aware that the torsion part of the theory of h-motives would be closely related
to Grothendieck’sétale cohomology?). In [VSFoo, chap. 5], he introduces another
definition of motivic complexes over a perfect field with integral coefficients, still
using the Al localization process but, this time, introducing the notion of Nisnevich
sheaves with transfers and their derived category (see [MVWo06] for a detailed ex-
position). At this stage, all the properties foreseen by Beilinson are established for
this integral category over a perfect field, except for the construction of the motivic
t-structure.* It remained to extend this definition to arbitrary bases and to establish
the Grothendieck six functors formalism.

The path in this direction was laid down by Voevodsky in [Voeioa] where he
uses the theory of relative cycles introduced by Suslin and Voevodsky in [VSFoo]
to extend the definition of sheaf with transfers. This definition was also exploited by

2 See page xxiii below for the precise statement.

3 This is made precise by Suslin and Voevodsky [SV96] over a field, and we developped this idea
in full generality in [CD16], using the main results and constructions of the present book.

4 This hoped for #-structure is described in [Voeg2, Hyp. 0.0.21]. Moreover, Voevodsky proved in
[VSFoo] that such a ¢-structure does not exist with integral coefficients; however, it should exist
with rational coefficients, and, more generally, for h-motives with integral coefficients.
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Ivorrain [Ivoo7] to extend Voevodsky’s construction of geometric motivic complexes
over any base, avoiding the use of sheaves with transfers. Nevertheless, constructing
the Grothendieck six functors formalism for this definition remained untouched at
this point.

A.3 Morel and Voevodsky’s homotopy theory

Soon after the introduction of Voevodsky’s motivic complexes, F. Morel and Vo-
evodsky introduced the more general theory of A'-homotopy of schemes [MVgg]
whose design is to extend the framework of algebraic topology to algebraic geome-
try and is built around the A'-localization tool. It is within this theory that another
important tool in motivic homotopy theory was introduced: the P*-stabilization pro-
cess®. From the purely motivic point of view, this amounts to invert the Tate motive
Z(1) for the tensor product. From the homotopical point of view, this operation is
much more involved and reveals the theory of spectra, objects which incarnate coho-
mology theories in algebraic topology. These two processes, of A'-localization and
P!-stabilization, applied to the category of simplicial Nisnevich sheaves, led to the
stable A'-homotopy category of schemes (see [Jaroo], or the last chapter of [Jari5],
for instance, or [Rob15, Hoy17] for more modern approaches) a triangulated category
with integral coefficients, defined over any base, which generalizes the category of
motivic complexes.®

Over a perfect field, and with rational coefficients, the relation between Al-
homotopy invariant sheaves and motives was clarified in an unpublished paper of
Morel [Moro6] (with precise statements but without proofs): the rational stable
A'-homotopy category contains the stable (i.e. P!-stable) version of the category
of motivic complexes as an explicit direct factor, called the +-part of the stable
homotopy category (that is the part where the algebraic Hopf fibration acts as
in oriented cohomology theories).” Then Morel introduces this +-part as a good
candidate for the rational version of the triangulated category of motives ([Moro6,
paragraph at the end of p.2]). We will dub the objects of this category Morel motives.

In the language of motivic stable homotopy theory, as initiated by Spitzweck in
[Spio1], a natural candidate for the category of motivic sheaves is the homotopy
category of modules over the motivic ring spectrum which represents motivic coho-
mology. With integral coefficients, O. Rondigs and P.A. @stvar showed that, over
a field of characteristic 0, this category of modules is equivalent to the P!-stable

5 At that time, with the impulse of Voevodsky’s theory, the general process of ®-inverting an object
such as a topological circle of P in an homotopy-theoretic way quickly was fully documented; see
[Hovo1].

6 Heuristically, the essential difference between stable A '-homotopy and motivic complexes is the
presence of transfers in the later case.

7 One of the goals of this book is to provide a proof of the generalization to abitrary base schemes
of Morel’s claim; see Theorem 11 in this introduction and its corollary.
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category of motivic complexes (see [R@D08a]).® This ring spectrum was introduced
by Voevodsky [Voeg8, §6.1], using the theory of relative cycles. It is defined over
any base and one is led to consider the category of modules over this ring spectrum
as a possible definition of the integral triangulated category of motives.

A.4 Voevodsky’s cross functors and Ayoub’s thesis

The definitive step towards the six functors formalism in motivic homotopy theory
was taken up by Voevodsky in a series of lectures were he laid down the theory
of cross functors. The main theorem of this theory consists in giving a criterion
on a system of triangulated categories indexed by schemes, equipped with a basic
functoriality, to be able to construct exceptional functors (fi, f') satisfying the prop-
erties required by Grothendieck six functors formalism. In particular, the system
of triangulated categories must satisfy three notable properties: the A'-localization
property, the P1-stability property and the localization property. Unfortunately, only
an introductory part on this theory was released (see [Delo1]) in which the basic
setup is established but which does not contain the proof of the main result.

The writing of this theory was accomplished by J. Ayoub in the first half of his
thesis (see [Ayoo7a]). Ayoub uses the axioms laid down by Voevodsky: he calls a
system of triangulated categories satisfying the properties alluded to above a ho-
motopy stable functor. Moreover, he goes beyond the original result of Voevodsky:
apart from the complete theory of cross functors (concerned with fi, f'), he also
studied monoidal structures, constructibility properties and their stability under the
six operations, homotopy t-structures and specialization functors such as the van-
ishing cycle functor. The main example of a stable homotopy functor is the stable
A'-homotopy category. This was established independently by Rondigs [Ronos]
and Ayoub [Ayoo7a], who both also derived two fundamental properties: the one
of relative purity and the proper base change isomorphism. One readily deduces
that the category of Morel motives is also a homotopy stable functor. Furthermore,
Ayoub’s axiomatic approach allows a uniform treatment which also applies to many
natural variations of the stable A '-homotopy category (as recalled in [Ayoo7b], we
may vary the topology as well as the coefficients in which sheaves take their val-
ues). However, despite its already great level of generality, Ayoub’s work does not
allow us to reach all the constructions of interest. For instance, it only provides the
construction of the functors fi and f' when f is quasi-projective, and the finiteness
and duality theorems only apply under hypothesises (such as absolute purity) which
are far from being obvious in practice (Ayoub only discusses this issue for schemes
of finite type over a perfect field, in which case this follows from the property of
relative purity). Moreover, the techniques recalled in the third chapter of Ayoub’s

8 See also Theorem 8 in this introduction for an extension of their result to arbitrary base, at the
price of working with rational coefficients. For fields of characteristic p > 0, this has been extended
to Z[1/p]-linear coefficients by Hoyois, Kelly and @stveer in [HK@17]. Finally, using the results of
the present book, this has been extended to regular schemes of equal characteristic in [CD15].
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thesis do not explain how to construct examples out of sheaves equipped with extra
structures, such as transfers, which are fundamental tools to understrand how alge-
braic cycles play a role in A'-homotopy theory. The extra technicalities related to
this problem (such as having a derived tensor product as well as derived pull-back
functors for suitable notions of P!-stable sheaves with transfers) where addressed
in two approaches: the first one, by Rondigs and @stver [R@08a], uses homotopy
theory together with enriched category theory, while the second one, due to the
authors [CDog], uses abstract methods of homotopical algebras applied to cochain
complexes in Grothendieck abelian categories. A second kind of problems which
is not addressed in the early work of Ayoub is representability for K-theory, or for
Chow groups, according to Beilinson’s vision.

This is why, in order to discuss the original approach of Voevodsky to motivic
sheaves alluded to above (using h-sheaves or Nisnevich sheaves with transfers), as
well as to prove the absolute purity theorem, we had to take over from scratch many
of the basic constructions. This also lead us to reach a greater level of generality
(avoiding unnecessary quasi-projectivity hypothesises) as well as more precise com-
putations. To be fair, we should mention that, after a first version of the present text
has been made public in 2009, Ayoub [Ayo14] reproved some of the representability
results as well as the absolute purity theorem of this book in the particular case of the
étale version of the motivic stable homotopy theory with rational coefficients. We
should also mention right away that the integral version of Voevodsky’s h-motives
is only fully understood in a sequel of the present book [CD16].

Finally, we would like to end this paragraph by recalling that the problem of
constructing triangulated categories of motives related to Chow groups with integral
coefficients and which define a homotopy stable functor is still an open problem.
For insance, it is by no means obvious that the category of modules over the motivic
homotopy ring spectrum does meet the requirements of a homotopy stable functor. In
fact, this latter property can be seen to be equivalent to Conjecture 17 of Voevodsky
in [Voeozb], which states the stability of the motivic homotopy ring spectrum by
pull-backs; this is made precise in this book in Prop. 11.4.7, as an application of our
main constructions.

A.5 Grothendieck six functors formalism

A.5.1 We now give the precise formulation of the Grothendieck six functors formal-
ism (although we do not describe all the coherences yet). As presented here, it is
extracted from the properties of the derived category of £-adic sheaves.®

A triangulated category 7, fibred over the category of schemes, satisfies the
Grothendieck six functors formalism if the following conditions hold:

1. There exists 3 pairs of adjoint functors as follows:

9 It also coincides with formulas gathered by Deligne in an unpublished note which he graciously
shared with us.
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[ I9X)= ) : f., f any morphism,
fi: T =IX): f,f any separated morphism of finite type,

(®, Hom), symmetric closed monoidal structure on .7 (X).

The functors of type f* are monoidal.
2. There exists a structure of a covariant (resp. contravariant) 2-functors on f — f,

[ fiesp. fi— 7 = ).

3. There exists a natural transformation
ap:fi— f

which is an isomorphism when f is proper. Moreover, @ is a morphism of
2-functors.

4. For any smooth separated morphism f : X — S in . of relative dimension d,
there exists a canonical natural isomorphism

P ff—— fl(=d)[-2d]

where 7(—d) denotes the inverse of the Tate twist iterated d-times. Moreover p’
is an isomorphism of 2-functors.
5. For any cartesian square in .7

such that f is separated of finite type, there exist natural isomorphisms

’ %

g h— flg",
glf" —— f'g..

6. For any separated morphism of finite type f : ¥ — X, there exist natural
isomorphisms

(fiK)®x L — fi(K ®y f*L),
Homx(fi(L),K) —— f.Homy(L, f'(K)),
f'Homx (L, M) —— Homy(f*(L), f'(M)).

oc) For any closed immersion i : Z — S with complementary open immersion
L F y closed i ioni:Z S with pl tary open i i
J» there exists a distinguished triangle of natural transformations as follows:

| j a; O;

i 1 i —— jij'[1]
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where a@; (resp. @) denotes the co-unit (resp. unit) of the relevant adjunction.

A.5.2 The next part of Grothendieck six functors formalism is concerned with
duality. Historically, this is the initial motivation behind Grothendieck six functors
formalism, as it appears in the first account of this formalism, Hartshorne’s notes
of Grothendieck 1963/64 seminar, [Har66]. It is considered more axiomatically, in
the case of étale sheaves, in [Gro77, Exp. I].'° In loc. cit., Grothendieck states the
fundamental property of absolute purity and indicates its fundamental link with
duality. We state these properties as natural extensions of the properties given in the
preceding paragraph; assume .7 satisfies the properties listed above:

(7) Absolute purity.— For any closed immersion i : Z — § of regular schemes of
(constant) codimension c, there exists a canonical isomorphism:

Lz(—e)[-2¢c] —— i'(Ls)

where 1 denotes the unit object for the tensor product.

(8) Duality.— Let S be regular scheme and K be any invertible object of .7 (S). For
any separated morphism f : X — S of finite type, put Kx = f'(Ks). For any
object M of Z(X), put Dx(M) = Hom(M,Kx).

a. For any X/S as above, Ky is a dualizing object of .7 (X): the canonical map
M — Dx(Dx(M))

is an isomorphism.
b. For any X /S as above, and any objects M, N of 7 (X), we have a canonical
isomorphism
Dx(M ® Dx(N)) ~ Homx(M,N).

c. For any morphism between separated S-schemes of finite type f : ¥ — X,
we have natural isomorphisms

Dy(f*(M)) =~ f(Dx(M))

FH(Dx(M)) = Dy(f'(M))
Dx(fi(N)) = f.(Dy(N))
filDy(N)) = Dx(£.(N)) .

A.5.3 The last property we want to exhibit as a natural extension of Grothendieck
six functors formalism is the compatibility with projective limits of schemes. The
basis for the next statement is [AGV 73, Exp. VI] though it does not appear explicitly.
As in the case of the duality property, it should involve some finiteness assumption
(constructibility) on the objects of 7. Note the formulation below is valid for an
arbitrary triangulated monoidal category .7 fibred over schemes.

10 The duality properties are stated in unpublished notes of Deligne, as part of the complete
formalism.
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(9) Continuity.— Let (Sq)aca be an essentially affine projective system of schemes.
Put § = }gl Se-

a€A .
Then the canonical functor

2-1im 7 (Sq) — ()

[e7

is an equivalence of monoidal triangulated categories.

The purpose of this book is to discuss such a formalism in various contexts of
motivic sheaves.

B Voevodsky’s motivic complexes

The primary goal of this treatise is to develop the theory of Voevodsky motives,
integrally over any base scheme!!, within the framework of sheaves with transfers.
Actually, we can define Voevodsky’s motives with coefficients in an arbitrary ring A
and prove all the results stated below in that case, but we restrict this presentation to
integral coefficients for simplicity.

After refining and completing Suslin-Voevodsky’s theory of relative cycles, we
introduce the category ymg”sr of integral finite correspondences over smooth S-
schemes and the related notion of (Nisnevich) sheaves with transfers over a base
scheme S (Def. 10.4.2) as in the usual case of a perfect base field. Following the idea
of stable homotopy, we define the triangulated category DM(X) of stable motivic
complexes (see Def. 11.1.1) as the Pl-stabilization of the A!'-localization of the
derived category of the (Grothendieck) abelian category of sheaves with transfers
over S.

One easily gets that the fibred category DM is equipped with the basic functori-
ality needed by the cross-functor formalism. The main difficulty is the localization
property, labelled (Loc) in Paragraph A.5.1. Unfortunately, though all the functors
involved in the formulation of (Loc) are well-defined for DM, we can only prove
this property when § and Z are smooth over some base scheme (see Prop. 11.4.2). In
particular, the formalism of stable homotopy functors does not apply. However, we
are able to construct the six operations for DM using the method of Deligne, used
in [AGV73, XVII], and partially get the Grothendieck six functors formalism:

Theorem 1 (see Th. 11.4.5) The triangulated category DM, fibred over the category
of schemes, satisfies the following part of the properties stated in Paragraph A.5.1:

e properties (1), (2), (3) (i.e. the construction of fi and f "in DM for any separated
morphism of finite type f),

e property (4) when f is an open immersion or f is projective and smooth,

e property (5) when g is smooth or f is projective and smooth,

11 In this introduction, all schemes will be assumed to be noetherian of finite dimension.
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e property (6) when f is projective and smooth,
e Property (Loc) when S and Z are smooth over some common base scheme.

One of the applications of this theory is that we get a well-defined integral motivic
cohomology theory for any scheme X:

H"."(X,Z) = Hompwx) (1x, Lx(m)[n])

which enjoys the following properties (see section 11.2):

e it admits a ring structure, pullback maps associated with any morphism of
schemes compatible with the ring structure,

e it admits push-forward maps with respect to projective morphisms between
schemes smooth over some common base, or with respect to some finite mor-
phisms (for example finite flat; see Paragraph 11.2.4),

* it coincides with Voevodsky’s motivic cohomology groups when X is smooth
over a perfect field (see Example 11.2.3); in particular one gets the following
identification with higher Chow groups:

H""(X,Z) = CH™(X,2m — n),

e it admits Chern classes and satisfies the projective bundle formula,
* it admits a localization long exact sequence associated with a closed immersion
of schemes which are smooth over some common base.

As in the classical case, any smooth S-scheme X admits a motive Mg(X) in
DM(S). Moreover, one defines the Tate motive 1g(1) as the reduced motive of P}g.
We define the category of constructible motives DM (S) as the thick triangulated
subcategory of DM generated by the objects of the form Mg(X)(n) for a smooth
S-scheme X and an integer n € Z, where ?7(n) refers to the n-th Tate twist. One gets
the following generalization of the classical result obtained by Voevodsky over a
perfect field:

Theorem 2 (see Th. 11.1.13) A motive M in DM(S) is constructible if and only if it
is compact. 12
The category DM (S) is equivalent to the category obtained from the bounded

homotopy category of the additive category /my° in the following way:

o take the Verdier quotient modulo the thick triangulated subcategory generated
by:

— for any Nisnevich distinguished square W Ly of smooth S-schemes:

o] s

U—X

w125 0o vl 25 [x]

12 Recall that M is compact if the functor Hom(M, —) commutes with arbitrary direct sums.
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— for any smooth S-scheme X, p : A)l( — X the canonical projection:

[AL] 2 [x],

e invert the Tate twist,
o take the pseudo-abelian envelope.

The triangulated category DM, (X) is stable under the operations f* for all f,
and f;, when f is smooth projective, as well as ®, but we cannot prove the stability
for the other operations of DM and a fortiori do not get the duality properties (7)
and (8) of the Grothendieck six functors formalism.

However, we are able to prove the continuity property (9) for the category DM,.:

2- 11_>m DMC(S(Z) = DMC(S)’

a

with the restriction that the transition morphisms of (X, ) are affine and dominant
(see Theorem 11.1.24). Note this result allows us to extend the comparison of mo-
tivic cohomology with higher Chow groups to arbitrary regular schemes of equal
characteristics.

Finally, although we could not prove all the expected properties of the six opera-
tions in DMy, we prove that the six operations behave as expected in DM, if and
only if Conjecture 17 of Voevodsky in [Voeo2b] is true; see Prop. 11.4.7.

C Beilinson motives
C.1 Definition and fundamental properties

As anticipated by Morel, the theory of mixed motives with rational coefficients is
much simpler and we succeed in establishing a complete formalism for them. How-
ever, there are many candidates for Q-linear motivic sheaves over a scheme X: there
are Voevodsky’s h-motives DM}, q(X), Voevodsky’s motivic sheaves constructed
out Q-linear sheaves with transfers DMy (X, Q), Morel motives SHq(X)., Q-linear
étale motives D1 ¢4(X,Q) ~ SHgt (X) (also introduced by Morel, and used as
length by Ayoub). Our goal is not only to prove that the six operations act on each of
these candidates, but also to compare all these versions of motivic sheaves with one
another. In fact, our strategy consists in producing yet another candidate for Q-linear
motivic sheaves, namely the one of Beilinson motives DMg/(S), for which we can
prove all the features we want for it, and use them to compare Beilinson motives
with all the other versions of Q-linear motivic sheaves mentionned above.

More precisely, we construct, out of the rational motivic stable homotopy cat-
egory and the ring spectrum associated with rational Quillen K-theory a Q-linear
triangulated category DM (X), which we call the triangulated category of Beilinson
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motives (see Def. 14.2.1). Essentially by construction, in the case where X is regular,
we have a natural identification

Hompw, (x)(Qx, Qx (p)g]) = GryKop—g(X)q,

where the right-hand side is the graded part of the algebraic K-theory of X with
respect to the y-filtration.

These groups were first regarded by Beilinson as the rational motivic cohomology
groups. We call them the Beilinson motivic cohomology groups.

Part of the interest of our definition is that the localization property (Loc) can
be easily deduced from its validity for the stable homotopy category. Therefore,
the cross-functor formalism and more generally, our generalization of the results of
Ayoub can be applied to DMy;.

Theorem 3 (see Cor. 14.2.11 and Th. 2.4.50) All the standard Grothendieck six
functors formalism (see Paragraph A.5.1) is verified by the fibred triangulated cate-
gory DMg.

Concerning duality for Beilinson motives, we first deduce from Quillen’s local-
ization theorem in algebraic K-theory the absolute purity theorem:

Theorem 4 (see Th. 14.4.1) The absolute purity property (see A.5.2(7)) holds for
DMg.

As said before, this result is not enough to establish duality for Beilinson motives.
We first have to use descent theory and resolution of singularities (as first explained
by Grothendieck in [Gro77, 1.3]). Using the existence of trace maps in algebraic
K-theory, we prove the following result:

Theorem 5 (h-descent, see Th. 14.3.3 and Th. 4.4.1) Consider a finite group G
and a pullback square of schemes

~

h
_—

Q
N—— 3
—
~

b

%
L
in which Y is endowed with an action of G over X. Put U = X — Z and assume the

following three conditions are satisfied.

(a) The morphism f is proper and surjective.
(b) The induced morphism f~*(U) — U is finite.
(c) The morphism f~Y(U)/G — U is generically radicial.

Puta = foh =1iog. Then, for any object M of DMg(X), we get a canonical
distinguished triangle in DMp(X):

M — i, i*(M)® f. f*(M)° — a.a*(M)® — M[1]
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where 76 means the invariants under the action of G, and the first (resp. second)
map of the triangle is induced by the difference (resp. sum) of the obvious adjunction
morphisms.

In fact, we show that this apparently simple result implies a much stronger descent
property for the fibred triangulated category DMp: descent for the h-topology, thus,
in particular, étale descent flat descent, as well as proper descent. The general fact
that, in the presence of the six operations, the property of Q-linear h-descent is
essentially equivalent to the presence of a suitable theory trace maps is a key feature
of this text; this is developped systemattically in Chapter 3 of this book. This will be
at the heart of our main comparison results explained below.

C.2 Constructible Beilinson motives

The next step towards duality for Beilinson motives is the definition of a suitable
finiteness condition. As in the case of Voevodsky motives, we define the category
of Beilinson constructible motives, denoted by DMg .(X), as the thick subcategory
of DMy (X) generated by the motives of the form Mx(Y)(p) := fi f'(Qx)(p) for
f 1Y — X separated smooth of finite type, and p € Z. This category coincides with
the full subcategory of compact objects in DMp(X).!3

The usefulness of this definition comes from the following result, which is the
analog of Gabber’s finiteness theorem in the £-adic setting. Analogously, its proof
relies on absolute purity, (a weak form of) proper descent as well as Gabber’s weak
uniformization theorem. '

Theorem 6 (finiteness, see Th. 15.2.1) The subcategory DM . is stable under the
six operations of Grothendieck when restricted to excellent schemes.

The final statement concerning Grothendieck six functors formalism in the setting
of Beilinson motives is that, when one restricts to constructible Beilinson motives
and separated B-schemes of finite type for an excellent scheme B of dimension less
than 2, the complete formalism is available: '

Theorem 7 (see Th. 15.2.4 and Prop. 15.1.6) The fibred category DMy, . over the
category of schemes described above satisfies the complete Grothendieck six functors
formalism described in section A.5, in particular the duality property A.5.2(8) and
the continuity property A.5.3(9).

13 Note the striking analogy with perfect complexes.

14 j.e. that, locally for the h-topology, any excellent scheme is regular, and any closed immersion
between excellent schemes is the embedding of a strict normal crossing divisor into a regular
scheme.

15 There is a way to avoid this extra hypothesis to get duality theorems (i.e. to work with quasi-
excellent schemes over a regular base in full generality). However, this comes at the price of higher
coherence results (i.e. of promoting the construction f — f* to co-categories). See [Cis18].
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C.3 Comparison theorems

In the historical part of this introduction, we saw many approaches for the triangulated
category of (rational) motives. We succeed in comparing them all with our definition
of Beilinson motives.

Denote by KGLg the algebraic K-theory spectrum in Morel and Voevodsky’s
stable homotopy category SH(S). By virtue of a result of Riou, the y-filtration on
K-theory induces a decomposition of KGLgs q:

KGLs q = P Hg s(m)[2n].

neZ

The ring spectrum Hp s represents Beilinson motivic cohomology. Almost by con-
struction, the category DMz (S) is the full subcategory of SHq(S) which consists of
objects E such that the unit map E — Hp s ® E is an isomorphism. In fact, our
first comparison result relates the theory of Beilinson motives with the approach of
Spitzweck, Rondigs and @stveer through modules over a ring spectrum:

Theorem 8 (see Th. 14.2.9) For any scheme S, there is a canonical equivalence of
categories
DMg(S) ~ Ho(Hp s- mod)

where the right hand side denotes the homotopy category of modules over the ring
spectrum Hg s.

The next comparison involves the h-topology: we recall that this is the Grothen-
dieck topology on the category of schemes, generated by étale surjective morphisms
and proper surjective morphisms. The first published work of Voevodsky on triangu-
lated categories of mixed motives [Voeg6], introduces the A'-homotopy category of
the derived category of h-sheaves. We consider a Q-linear and P'-stable version of
it, which we denote by DM, (S) By construction, for any S-scheme of finite type
X, there is a h-motive MS(X) in DMh (S). We define DM, o(S) as the smallest
triangulated full subcategory of DM DM, o (S) which is stable under (infinite) direct
sums, and which contains the objects MS(X )(p), for X/S smooth of finite type, and
p € Z. Using h-descent in DMy, we get the following comparison result.

Theorem 9 (see Th. 16.1.2) If S is excellent, then we have canonical equivalences
of categories
DMg(S) =~ DMy, o(S) .

In fact, we first prove this result for the variant of DM}, q(S) obtained by replacing
everywhere the h-topology by the ¢fh-topology — in the later, also introduced by
Voevodsky, coverings are generated by étale covers and finite surjective morphisms.
In particular, we get an equivalence of categories: DMy, q(S) =~ DMy, q(S). This
result allows us to link Beilinson motives with Voevodsky’s motivic complexes.
Let us denote by DMq the rationalization of the fibred category of stable motivic
complexes alluded to in Paragraph B. Using the preceding result in the case of the
qfh-topology, we prove:
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Theorem 10 (see Th. 16.1.4) If S is excellent and geometrically unibranch, then
there is a canonical equivalence of categories

DM (S) = DMq(S) .

In particular, given such a scheme S, we get a description of DMg ~(S) as in
Theorem 2 cited above. Voevodsky’s integral (resp. rational) motivic cohomology is
represented in SH(S) by aring spectrum H_y4 s (resp. H/(/Q[’ )- The preceding theorem
immediately gives an isomorphism of ring spectra: '

HB,S =~ H/QZ[,S .

As Beilinson motivic cohomology ring spectra over different bases are compatible
with pullbacks, we easily deduce the following corollary which solves affirmatively
conjecture 17 of [Voeo2b] in some cases, and up to torsion:

Corollary For any morphism f : T — S of excellent geometrically unibranch
schemes, the canonical map

x77Q Q
FHy s —Hy
is an isomorphism of ring spectra.

The next comparison statement is concerned with the approach of Morel, accord-
ing to whom the category SHq(S) can be decomposed into two factors, one of them
being SHq(S)+, that is the part of SHq(S) on which the map € : Sg — Sg, induced
by the permutation of the factors in G,; A G, acts as —1. Let Sg .. be the unit object
of SHq(S)+.

Using the presentation of Beilinson motives in terms of Hg-modules (Theorem 8
cited above) as well as Morel’s computation of the motivic sphere spectrum in terms
of Milnor-Witt K-theory, we obtain a proof of a statement, which, in the case where
S is the spectrum of a field, was claimed by Morel in [Moro6]:

Theorem 11 (see Th. 16.2.13) For any scheme S, the canonical map SOJr — Hp s
is an isomorphism.

In fact, we even get the following corollary:

Corollary For any scheme S, there is a canonical equivalence of categories

SHq(S), =~ DM5(S).

16 Note in particular that, when S is regular, we get an isomorphism:
Hf/;q(S, 7Z)® Q= G'I"gKprq(S)Q

which extends the known isomorphism when S has equal characteristics. It is natural with respect
to pullbacks, Gysin morphisms, as well as compatible with products and Chern classes.



C Beilinson motives XXVii

Recall from Morel theory that, when —1 is a sum of squares in all the residue fields
of S, € is equal to —Id on the whole of SHq(S). Thus in that particular case (e.g.
S is a scheme over an algebraically closed field), the category of Beilinson motives
coincide with the rational stable homotopy category. In general, we can introduce
according to Morel the étale variant of SHq(S) denoted by D o1 44(S,Q).!7 Aslocally
for the étale topology, —1 is always a square, and because DMp; satisfies étale descent,
we get the following final illuminating comparison statement. '$

Corollary For any scheme S, there is a canonical equivalence of categories
Da1,¢4(8,Q) = DMg(S) .

Let us draw a conclusive picture which summarize most of the comparison results
we obtained:

Corollary Given any scheme S, the category DMg(S) is a full subcategory of the
rational stable homotopy category SHq(S). Given a rational spectrum E over S, the
following conditions are equivalent:

(i) E is a Beilinson motive,

(ii) E is an Hp s-module,

(iii) E satisfies étale descent,

(iii’) (S excellent) E satisfies qfh-descent,

(iii”) (S excellent) E satisfies h-descent,

(iv) (S excellent geometrically unibranch) E admits transfers,

(v) the endomorphism € € End(Sg) actsby —Id on Eie. e ® 1g = —1g.

Remark (see Corollary 14.2.16) Points (iv) and (v) are related to the orientation
theory for spectra (not only ring spectra). In fact, Hp s is the universal orientable
rational ring spectrum over S.

Let Q.Smg be the Q-linear envelop of the category Smg. One obtains (see
Example 5.3.43 in conjunction with Par. 5.3.35) that the full subcategory of compact
objects of SHq(S) is equivalent to the category obtained from the homotopy category
K?(Q.Sms) by performing the following operations:

« take the Verdier quotient modulo the thick triangulated subcategory generated
by:

17 In brief, this is the P!-stabilization of the A'-localization of the derived category of sheaves of
Q-vector spaces over the lisse-étale site of S.

18 In particular, the finiteness theorem as well as the duality property also hold for D1 ¢:(—, Q).
The finiteness theorem and the duality theorem may be deduced from [Ayoo7a] (Scholie 2.2.34 and
Theorem 2.3.73 respectively) when one restricts to quasi-projective schemes over a field or over a
discrete valuation ring. Nevertheless, even if one is eager to accept such restrictions, over a discrete
valuation ring, the proof relies in an essential way on the absolute purity property (Theorem 4
stated above) which is proved in the present text.
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— for any Nisnevich distinguished square W £,V of smooth S-schemes:

gljlf

U—X

Qs(W) 275 Qs() @ Qs (vV) =L Qs(x)

— for any smooth S-scheme X, p : A; — X the canonical projection:

Qs(A}) = Qs(X).

« invert the Tate twist,
* take the pseudo-abelian envelope.

Let us denote by D1 (S, Q) this category. We finally obtain the following concrete
description of Beilinson constructible motives:

Corollary Given any scheme S, the category DMg (S) is equivalent to the full
subcategory of D1 (S, Q) spanned by the objects E which satisfy one the following
equivalent conditions:

(i) (Galois descent) given any smooth S-scheme X and any Galois S-cover f :
Y — X of group G, the canonical map E ® Qs(Y)/G — E ® Qs(X) is an
isomorphism,

(ii) (Orientability) € acts by —1d on E,

Recall again the following remarks:

1. When (-1) is a sum of square in every residue fields of S, conditions (i), (ii) are
true for any rational spectrum E over S.

2. When § is excellent and geometrically unibranch, the category DMg .(S) is
equivalent to the category of rational geometric Voevodsky motives (same defi-
nition as in Theorem 2 but replacing Z by Q).

C.4 Realizations

The last feature of Beilinson motives is that they are easily realizable in various
cohomology theories. To get this fact, we use the setting of modules over a strict
ring spectrum. '® Given such a ring spectrum & in DMp(S), one can define, for any
S-scheme X, the triangulated category

D(X, &) = Ho(&x-mod),

where & = f*&, for f : X — S the structural map.

19 j.e. we say a ring spectrum is strict if it is a commutative monoid in the underlying model
category.
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We then have realization functors
DMB(X)—> D(X,(g)), Mi— &x @x M

which commute with the six operations of Grothendieck. Using Ayoub’s description
of the Betti realization, we obtain:

Theorem 12 If S = Spec (k) with k a subfield of C, and if &gt represents Betti
cohomology in DMg(S), then, for any k-scheme of finite type, the full subcategory
of compact objects of D(X, &Ber; ) is canonically equivalent to the derived category
of constructible sheaves of geometric origin DIC’(X(C), Q).

More generally, if S is the spectrum of some field k, given a mixed Weil co-
homology &, with coefficient field (of characteristic zero) K, we get realization
functors

DMB’C(X)—> D.(X,8), Mtr—&&x®x M

(where D (X, &) stands for the category of compact objects of D(X,&’)), which
commute with the six operations of Grothendieck (which preserve compact objects
on both sides). Moreover, the category D.(S, &) is then canonically equivalent to
the bounded derived category of the abelian category of finite dimensional K-vector
spaces. As a by-product, we get the following concrete finiteness result: for any
k-scheme of finite type X, and for any objects M and N in D (X, &), the K-vector
space Homp_ (x,&)(M, N[n]) is finite dimensional, and it is trivial for all but a finite
number of values of n.

If the field k is of characteristic zero, this abstract construction gives essentially
the usual categories of coefficients (as seen above in the case of Betti cohomology),
and in a sequel of this work, we shall prove that one recovers in this way the derived
categories of constructible £-adic sheaves (of geometric origin) in any characteristic.
But something new happens in positive characteristic:

Theorem 13 Let V be a complete discrete valuation ring of mixed characteristic,
with field of functions K, and residue field k. Then rigid cohomology is a K-linear
mixed Weil cohomology, and thus defines a ring spectrum &4 in DMgp(k). We
obtain a system of closed symmetric monoidal triangulated categories Dr;q(X) =
Do (X, &rig), for any k-scheme of finite type X, such that

Homp,,,cx)(1x. Lx(p)lg]) = H}, (X)(p),
as well as realization functors
Rrig : DMB,C(X) — Drig(X)

which preserve the six operations of Grothendieck.
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D Detailed organization

The book is organized in four parts that we now review in more details.

D.1 Grothendieck six functors formalism (Part 1)

The first part is concerned with the formalism described in section A.5 above. It is
the foundational part of this work.

We use the language of fibred categories (introduced in [Groo3s, VI]), comple-
mented by that of 2-functors (or pseudo-functors), in order to describe the six functors
formalism. We first describe axioms which allow one to derive the core formalism
— i.e. the part described in section A.5.1 — from simpler axioms. We do not claim
originality in this task: our main contribution is to give a synthesis of the approach
of Deligne described in [AGV 73, XVII] (see also [Har66, Appendix]) with that of
Voevodsky developed by Ayoub in [Ayoo7a].

Recall that a (cleaved) fibred category .# over . can be seen as a family of
categories . (S) for every object S of . together with a pullback functor f* :
M (S) — A (T) for any morphism f : T — S of ..20 Given a suitable class &
of morphisms in ., we set up a systematic study of a particular kind of fibred
categories, called &-fibred categories (definition 1.1.10): one where for any f in &7,
the pullback functor f* admits a left adjoint, generically denoted by fy. The functor
fy has to be thought as a variant of the exceptional direct image functor.?!

In section 1, we study basic properties of &?-fibred categories which will be the
core of the six functors formalism, such as base change formulas and projection
formulas when an additional monoidal structure is involved. These formulas are
special cases of a compatibility relation between different types of functors expressed
through a canonical comparison morphism. This kind of comparison morphisms
are generically called exchange morphisms. They are very versatile and appears
everywhere in the theory (see Paragraphs 1.1.6, 1.1.15, 1.1.24, 1.1.31, 1.1.33, 1.2.5).
In fact, they appear fundamentally in Grothendieck six functors formalism: in the
list of properties A.5.1, they are the isomorphisms of (5), (6) and even (4). In the
direction of the full Grothendieck functoriality, we introduce a core axiomatic for £2-
fibred categories that we consider minimal: the categories satisfying this axiomatic
are called &2-premotivic (section 1.4). &-premotivic categories will form the basic
setting in all this work. They will appear in three different flavors, depending on
which particular kind of additional structure we consider on categories: abelian,
triangulated and model categories.

20 These pullback functors are subject to the usual cocycle condition ; see section 1.

21 This kind of situation frequently happens: the analytic case (open immersions), sheaves on the
small étale site (étale morphisms), Nisnevich sheaves on the smooth site (smooth morphisms).
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In Section 2, we restrict our attention to the triangulated and geometric case,
meaning that we consider triangulated &7-fibred categories over a suitable category
of schemes .#. The aim of this section is to develop, and extend, Grothendieck six
functors formalism in this basic setting. We exhibit many properties of such fibred
categories which are indexed in the appendix. Let us concentrate in this introduc-
tion on the two main properties which will correspond respectively to Deligne and
Voevodsky’s approach on the six functors formalism.

The first one, called the support property and abbreviated by (Supp), asserts that
the adjoint functors of the kind f,, for f proper, and Jg» for j an open immersion,
satisfy a gluing property that allows to use the argument of Deligne to construct the
exceptional direct image functor fi.?> Several properties are derived from (Supp)
and the basic axioms of &?-fibred categories. Eventually, it leads to a partial version
of the six functors formalism (see Theorem 2.2.14).

The second property, most fundamental in the motivic context, is the localization
property abbreviated by (Loc), which is in fact part of the six functors formalism
(see Paragraph A.5.1). It has many interesting consequences and reformulations that
are derived in Section 2.3.1. Note that (Loc) is also known in the literature as the
“gluing formalism”. Some properties that we prove in loc.cit. are already classical
(see [BBD82]).

The most interesting consequence of (Loc) was discovered by Voevodsky: together
with the usual A!-localization and P! -stabilization properties of the motivic context,
it implies the complete basic six functors formalism as stated in Paragraph A.5.1.
This was proved by Ayoub in [Ayoo7a]. In section 2.4, we revisit the proof of Ayoub
and give some improvement of his theorems (see Theorem 2.4.50 for the precise
statement):

* we remove the quasi-projectivity assumption for the existence of fj, replacing it
by the assumption that f is separated of finite type;

* we introduce the orientation property which allows one to get a simpler, more
usual, form of the purity isomorphism (the one actually stated in point (4) of
A.5.1);

* we give another proof of the main theorem in the oriented case by showing
that relative purity is equivalent to some (strong) duality property in the smooth
projective case (see Theorem 2.4.42);

» we directly incorporate the monoidal structure whereas Ayoub gives a separate
discussion for this.

Apart from these differences, the material of section 2.4 is very similar to that of
[Ayoo7a]. Moreover, in the non oriented case, it should be clear that we rely on the
original argument of Ayoub for the proof of Theorem 2.4.42.

Concerning terminology, we have called motivic triangulated category (Definition
2.4.45) what Ayoub calls a “monoidal stable homotopy functor” (except that Ayoub
only considers operations induced by quasi-projective morphisms).

22 In the context of torsion étale sheaves of [AGV 73, XVII], property (Supp) is a consequence of
the proper base change theorem.
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The remaining of Part 1 is concerned with extensions of Grothendieck six functors
formalism.

In Section 3, we show how to use the setting of &?-fibred model categories as a
framework to formulate Deligne’s cohomological descent theory.

Except in trivial cases, object of a derived category are not local.>*> To formulate
descent theory in derived categories, the main idea of Deligne was to extend the
derived category of a scheme by one relative to a simplicial scheme, usually a
hypercover with respect to a Grothendieck topology (see [AGV73, Vbis]). The
construction consists in first extending the theory of sheaves to the case where the
base is a simplicial scheme and then considering the associated derived category.

We generalize this construction to the case of an arbitrary &?-fibred category
equipped with a suitable model category structure. In fact, we show in Section 3.1
how to extend a &-fibred category over a category of schemes to the corresponding
category of simplicial schemes and even of arbitrary diagrams of schemes. Most
importantly, we show how to extend the fibred model structure to the case of diagrams
of schemes (see Prop. 3.1.11).2* Concretely, this means that we define a derived functor
of the kind L¢* (resp. Rg..) for an arbitrary morphism ¢ of diagrams of schemes. Let
us underline that these derived functors mingle two different kinds of functoriality:
the usual pullback f* (resp. direct image f.) for a morphism of schemes f together
with homotopy colimits (resp. limits) of arbitrary diagrams — see the discussion in
Paragraph 3.1.12 till Proposition 3.1.16. With that extension in hands, we can easily
formulate (cohomological) descent theory for arbitrary Grothendieck topologies on
the category of schemes for the homotopy category of a &?-fibred model category:
see Definition 3.2.5.

The end of Section 3 is devoted to concrete examples of descent in Z?-fibred
model categories, and their relation with properties of the associated homotopy
category, assuming it is triangulated, as introduced in Section 2. The first and most
simple example corresponds to the case of a Grothendieck topology associated with
a cd-structure in the sense of Voevodsky (as the Nisnevich and the cdh-topology.
See [Voeiob] or Paragraph 2.1.10). In that case, descent can be characterized as
the existence of certain distinguished triangles (Mayer-Vietoris for Zariski topology,
Brown-Gersten for Nisnevich topology): this is Theorem 3.3.2 which is in fact a
reformulation of the results of Voevodsky.

We then proceed to the most fundamental case of descent in algebraic geometry,
that for proper surjective maps which allows in principle the use of resolution of
singularities. In fact, the main result of the whole of Section 3 is a characterization
of h-descent which allows us to reduce it, for &?-fibred homotopy triangulated
categories which are rational and motivic, to a simple property easily checked in

23 The first example of this fact is the circle: any non-trivial connected open subset of S! is
contractible whereas S itself is not.

24 By restricting the morphisms of diagrams of schemes to a certain class denoted by &4, We
also show how to get a & ,,+-fibred model category over diagrams of schemes (Rem. 3.1.21) but
this is not really needed in the descent theory.
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practice?: this is Theorem 3.3.37. Along the way, we also proved the following
results, interesting on their own:

* several characterizations of étale descent (Theorems 3.3.23 and 3.3.32);
* a characterization of ¢fh-descent (Theorem 13.3.25) as if it was defined by a
cd-structure.?°

In fact, the last point is the heart of the proof of the main result of this section
(Theorem 13.3.37). Whereas the extension of fibred homotopy categories to diagrams
of schemes is not unprecedented (see [Ayoo7b]), our study of proper and h-descent
seems to be completely new. In our opinion, it is one of the most important technical
innovation of this book.

In Section 4, we study the extension of Grothendieck six functors formalism in
rational motivic categories, mainly duality and continuity. As already mentioned,
the general principle is not new and follows mainly the path laid by Grothendieck in
[Gro77].

In the case of an abstract motivic triangulated category — which is for the
purposes of descent theory the homotopy category of an underlying fibred model
category — the first task is to introduce a correct property of finiteness inherent to
any duality theorem. This is done following Voevodsky, as in the work of Ayoub, by
introducing the notion of constructibility in Definition 4.2.1. The name is inspired by
the étale case, but the notion of constructibility which we consider here is defined by
a generation property which really corresponds to what Voevodsky called geometric
motives: constructible motives in our sense are generated by twists of motives of
smooth schemes and are stable by cones, direct factors and finite sums. Let us
mention that in good cases, the property of being constructible coincides with that
of being compact in a triangulated category, resounding with the theory of perfect
complexes (in the context of {-adic sheaves, this corresponds to “constructible of
geometric origin”).

The main point on constructible motives is the study of their stability under the
six operations that we get from the axioms of a triangulated motivic category. This is
done in Section 4.2. As in the étale case, the crucial point is the stability with respect
to the operation f., when f is a morphism of finite type between excellent schemes.
In Theorem 4.2.24, we give conditions on a motivic triangulated category so that
the stability for f. is guaranteed (then the stability by the other operations follows
easily, see 4.2.29). Our proof essentially follows an argument of Gabber. The general
principle, going back to [AGV73, XIX, 5.1], is to use resolution of singularities to
reduce to an absolute purity statement which is among our assumptions.?’

In Section 4.3, we introduce an important property of motivic triangulated cat-
egories, called continuity, which allows reasoning that involves projective limits of

25 This is the separation property defined in 2.1.7. Let us mention here it is a consequence of the
existence of well-behaved trace maps (see the proof of Theorem 14.3.3).

26 It is at the origin of the formulation of descent that we gave for DMy in Theorem 5(b) above. A
systematic approach to such generalized cd-structures is developped by Park in [Par19].

27 Absolute purity will be proved later for Beilinson motives.
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schemes. In fact, it is shown in Proposition 4.3.4 that this property implies the prop-
erty (9) of the (extended) Grothendieck six functors formalism (see Paragraph A.5.3
above). We also give a criterion for continuity (4.3.6) which will be applied later in
concrete cases and draw some interesting consequences.

Finally, Section 4.4 deals with duality itself for constructible motives, that is
property (8) of Paragraph A.5.2. The main theorem 4.4.21 asserts that, under the
same condition as Theorem 4.2.24, and if one restricts to schemes that are separated
of finite type over an excellent base scheme B of dimension less or equal to 2, then the
full duality property holds (see also Corollary 4.4.24). The proof follows the same
lines as the analogous Theorem 2.3.73 of [Ayoo7a]. In particular the main point is
the fact that constructible motives are generated by some nice motives adapted to the
use of resolution of singularities: see Corollary 4.4.3. The main difference with op.
cit. is that we implement De Jong’s equivariant resolution of singularities [dJ97], so
that our assumptions are much weaker.?®

D.2 The constructive part (Part 2)

The purpose of this part is to give a method of construction of triangulated categories
that satisfies the formalism described in Part 1. We have chosen to mainly use the
setting of derived categories. Also, we use our notion of ?-fibred categories (Z?-
premotivic with a good monoidal structure). Recall this means the pullback functor
f* admits a left adjoint fy when f € &7. Essentially, & will be either the class
of smooth morphisms of finite type or the class of all morphisms of finite type
(eventually separated).

In Section 5.1, starting from a &?-premotivic abelian category <7, we first show
how to prove that the associated derived category D(«) is also a ?-premotivic
category. This consists in deriving the structural functors of a &?-premotivic cat-
egory, which is done by building a suitable underlying &-fibred model category
in Proposition 5.1.12. Actually, the proof of the axioms of a model category has
already appeared in our previous work [CDog]. Let us mention the flavor of this
model structure: we can describe explicitly cofibrations as well as fibrations, by the
use of an appropriate Grothendieck topology ¢. This model structure is linked with
cohomological t-descent (as shown later in Proposition 5.2.10). The advantage of our
framework is to easily obtain the functoriality of this construction (Paragraph 5.1.23),
as well as other homotopical constructions (dg-structure: Rem. 5.1.19, extension to
diagrams of schemes: Par. 5.1.20). In paragraph 5.1.c, we also describe in suitable
cases the constructible objects of the derived category by a presentation similar to
that of Voevodsky’s geometric motives over a perfect field.

In Section 5.2 (resp. Section 5.3) we show how to describe the A!-localization
(resp. P!-stabilization) process in Z?-premotivic derived categories: to any -
premotivic abelian category <7 is associated an A!-derived category DeAﬁ;(d ) (resp.

28 See also footnote !5 page xxiv, which applies to this more general setting as well.
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Pl-stable and A'-derived category D,1(7)) in Definition 5.2.16 (resp. 5.3.22).
From the model category obtained in Section 5.1, the construction uses the classical
tools of motivic homotopy theory as introduced by Morel and Voevodsky. Again,
our framework allows us to get the same homotopical constructions as in the simple
derived case as well as some nice universal properties. We also get a description of
constructible objects under suitable assumptions: Section 5.2.d (resp. 5.3.e). These
sections are filled with concrete examples.

In Section 6, we focus on the main (in fact universal) example of motivic derived
categories, the A'-derived category of Morel, obtained by the process described
above from the abelian premotivic category of abelian sheaves over the smooth
Nisnevich site. The main point here is that one gets the localization property for
this category by a theorem of Morel and Voevodsky. We give two new contributions
on this topic. First we show in Section 6.1 that the A!-derived category can be
embedded in a larger category which naturally contains objects that we can call
motives of singular schemes. This is useful to state descent properties and will be
essential to study h-motives. Second, we show in Section 6.3 how one can use
the A'-derived category to obtain good properties of another premotivic derived
category satisfying suitable assumptions. This will be applied to motivic complexes.

In Section 7, we go back to the case of an arbitrary monoidal Z?-fibred model
category .# and explain how to use the setting of ring spectra and modules over
ring spectra in the premotivic context. The main construction associates to a suitable
collection of (commutative) ring spectra R in .# a £-fibred monoidal category
denoted by Ho(R- mod): Proposition 7.2.13. This construction will be used several
times:

¢ in the study of algebraic K-theory (Section 13): the category of modules over
K-theory is the fundamental technical tool to get motivic proper descent as well
as motivic absolute purity;

* in the study of Beilinson motives when we will relate them with modules over
motivic cohomology (Theorem 14.2.9);

* in the study of realizations associated with a mixed Weil cohomology (Section

17).

D.3 Motivic complexes (Part 3)

This part is concerned with the constructions described above, in Section B. Our aim
is to extend the definition of Voevodsky’s integral motivic complexes to any base,
then study their functoriality and introduce their non-effective, or rather Pl-stable,
counter-part.

Our first task, in Section 8, is to revisit Suslin-Voevodsky’s theory of relative cycles
exposed in [SVoob]. Indeed, they will be at the heart of the general construction.
Our presentation is made to prepare the theory of finite correspondences, a particular
case of relative cycles. Especially, we want to give a meaning to the following picture
representing the composition of finite correspondences « from X to Y and 8 from Y
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to Z:
BRya—L—Z.

I

a——Y

!
X

(see also (9.1.4.1)). More precisely, we want to interpret this as a diagram of cycles.
Thus we are led to consider cycles (with their support) as objects of a category. Con-
cretely, a cycle is considered as a multi-pointed scheme, each point being endowed
with some multiplicity (an integral or rational number).

This conceptual shift has the advantage of allowing a treatment of cycles anal-
ogous to that of algebraic varieties, or rather schemes, promoted by Grothendieck
via studying morphisms. Thus, we replace the various groups of relative cycles in-
troduced by Suslin and Voevodsky in op. cit. by properties of morphisms of cycles.
Here is a list of the principal ones:

* pseudo-dominant (8.1.2), equidimensional (8.1.3 and 8.3.18),
e pre-special (8.1.20),

* special (8.1.28),

* A-universal (8.1.49).

The most intriguing one, being pre-special, has no counter-part in op. cit. Its idea
comes from a mistake (fortunately insignificant) in the convention of Suslin and
Voevodsky. Indeed, Lemma 3.2.4 of op. cit. is false whenever the base S is non
reduced and irreducible: then any fat point (xg,x;) and any flat S-scheme give a
counter-example.?® The explanation is that the operation of specialization along a
fat point does not take into account the geometric multiplicities of the base. On the
contrary, when X is flat over an irreducible scheme S, the geometric multiplicity
of any irreducible component of X is a multiple of the geometric multiplicity of S.
This leads us to the definition of a pre-special morphism of cycles /@, where a
divisibility condition appears in the multiplicities of 8 with respect to that of @.3°

The main achievement of Suslin and Voevodsky’s theory is the construction of a
pullback operation for relative cycles. In our language, it corresponds to a kind of
tensor product, more precisely a product of cycles relative to a common base cycle
(as for example the cycle 8 ®y a of the preceding picture). Despite our different
presentation, the method to define this operation follows closely the original idea
of Suslin and Voevodsky: use the flatification theorem of Gruson and Raynaud to
reduce to the case of flat base change of cycles. Recall that the key point is to find
the correct condition on cycles — or rather morphisms of cycles in our language — so

29 Explicitly, take S = Z = Spec (k[t]/(tZ)) ={n}L, R = (k[t])(t). The left-hand side of the
equality of 3.2.4 is 2.77 while the right-hand side is 7;.

30 To anticipate the rest of the construction, given a non reduced scheme S, this will allow for
the operation of pull-back along the immersion S,.qs — S associated with the reduction of S it
simply corresponds to dividing by the geometric multiplicities of S, as the base change to S, cq
does for flat S-schemes.
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that one obtains a uniquely defined operation independent of the chosen flatification.
This is measured by a specialization procedure (Definition 8.1.25) associated with
fat points (Definition 8.1.22) and leads to the central notion of special morphisms of
cycles (Definition 8.1.28). An innovation that we introduce in the theory is to give, as
soon as possible, local definitions at a point in the style of EGA. This is in particular
the case for the property of being special.

Once this notion is in place, one defines for a base cycle «, a special a-cycle 5 and
any morphism ¢ : @’ — « the relative product denoted by 8 ®, a’. Equivalently, it
corresponds to the base change of 8/« along ¢ (Definition 8.1.40). This notion is close
to the correspondence morphisms of Section 3.2 of op. cit. In particular, it usually
involves denominators. The last important notion, being A-universal, corresponds
to cycles B/a with coefficients in a ring A C Q, which keeps their coefficients in A
after any base change.

One sees that our language is especially convenient when it is time to consider
the stability of certain properties of morphisms of cycles under composition (Cor.
8.2.6) or base change (Cor. 8.1.46). Then the usual statements of intersection the-
ory are proven in Section 8.2, still following or extending Suslin and Voevodsky:
commutativity, associativity, projection formulas. This makes our relative product a
good extension of the classical notion of exterior product of cycles (over a field).

The focal point of intersection theory is the study of multiplicities. Thus we in-
troduce Suslin-Voevodsky’s multiplicities, as the ones appearing as a corollary of the
existence of the relative cycle 8 ®, a’ (Definition 8.1.43). A very important result
in the theory, already enlightened by Suslin and Voevodsky, is the fact these multi-
plicities can be expressed in terms of Samuel multiplicities.>' In fact, independently
of Suslin and Voevodsky, we prove a new criterion for the property of being special
at a point involving Samuel multiplicities at the branches of the point: see Corol-
lary 8.3.25. Roughly speaking, the multiplicities arising from Samuel’s definition
at each branches of the point must coincide: then this common value is simply the
Suslin-Voevodsky’s multiplicity.

Finally, still following the treatment of algebraic geometry by Grothendieck, we
add to the theory of Suslin and Voevodsky the study of constructibility properties
for morphisms of cycles (special and A-universal). Here, our categorical point of
view is plainly justified. Explicitly, we prove that given a relative cycle 8/, when
a is the cycle associated with a scheme S, the locus where § is special (resp. A-
universal) is an ind-constructible subset of S (Lemma 8.3.4). This allows to prove
the good behavior of these notions with respect to projective limits of schemes (see
in particular 8.3.9). This will be the key point when proving the continuity property
— (9) of A.5.3 — of the fibred category DM.

The rest of Part 3, consists in extending the theory of sheaves with transfers
introduced by Voevodsky, originally over a perfect field, to the case of an arbitrary
base and apply to it the general procedures studied in Part 2 to get the fibred category
DM.

31 When a correct regularity assumption is added, one reduces to the usual Serre’s Tor-intersection
formula: see 8.3.31 and 8.3.32).
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In Section 9, we work out the theory of finite correspondences using the formalism
of relative cycles. The construction is summarized in Corollary 9.4.1: given a class
of morphisms & contained in the class of separated morphisms of finite type and
a ring of coefficients A, we produce a monoidal Z-fibred category, denoted by
PL°", whose fiber over a noetherian scheme § (eventually singular) is the category
of &-schemes over S with morphisms the finite correspondences.

In Section 10, we develop the theory of sheaves with transfers along the very
same line as the original treatment of Voevodsky. This time, the outcome can be
summarized by Corollaries 10.3.11 and 10.3.15: given a class & of morphisms as
above and a suitable Grothendieck topology ¢, we construct an abelian premotivic
category Sh, (£, A) which is compatible with the topology ¢ (cf Part 2); its fiber
over a scheme S is given by ¢-sheaves of A-modules with transfers (in particular
presheaves on L@/‘\"Sr ).32 The section is closed with an important comparison result,
essentially due to Voevodsky, between Nisnevich sheaves with transfers and sheaves
for the qfh-topology (with rational coefficients over geometrically unibranch bases):
see Theorem 10.5.15.

Finally, Section 11 is devoted to gathering the work done previously and define
the stable derived category of motivic complexes DMy, given an arbitrary ring of
coefficients A. The out-come has already been described in Section B above.

D.4 Beilinson motives (Part 4)

This part contains the construction of Beilinson motives as well as the proof of all
the properties stated before. It is based on the first and second parts but independent
of the third one — except in the comparison statements of Section 16.1.

Section 12 contains a short review of the stable homotopy category and the notion
of oriented ring spectra.

Section 13 is the heart of our construction. It contains a detailed study of the
K-theory ring spectrum KGL and the associated notion of KGL-modules in the
homotopical sense (based on the formalism introduced in Section 7). Using the works
of several authors (most notably: Riou, Naumann, Spitzweck, @stvar), we show how
the central results of Quillen on algebraic K-theory give important properties of
KGL-modules: absolute purity (Th. 13.6.3) and trace maps (Def. 13.7.4).

In Section 14, we finally introduce the definition of Beilinson motives. Let us
describe it in detail now. It is based on the process of Bousfield localization of the
stable homotopy category with respect to a cohomology. This operation is fundamen-
tal in modern algebraic topology. We apply it in algebraic geometry to the rational
stable homotopy category (or, what amount to the same, to the rational stable A'!-
derived category of Morel, Section 6) and to the rational K-theory spectrum KGLq:
the Bousfield localization of D41 (S, Q) with respect to KGLq s is the category of
Beilinson motives DM (S) over S (Definition 14.2.1). Using the preceding study of

32 The most notable topologies 7 that fit in this result are the Nisnevich and the cdh ones. See
Section 10.4.
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KGLq together with the decomposition of Riou recalled in the beginning of Section
C.3, we get the main properties of the premotivic category DMp: the h-descent
theorem (14.3.4) and the absolute purity theorem (14.4.1).

Then the theoretical background laid down in Part 1 is applied to DMg, given
in particular the complete Grothendieck six functors formalism for constructible
Beilinson motives (Section 15). Our work closed with the two main subjects described
above on Beilinson motives: the comparison statements (Section 16) and the study
of motivic realizations (Section 17).

E Developments since the first arXiv version

The first version of this work has first appeared on arXiv on December 2009.33
During almost ten years, until the actual publication by Springer Edition, it has been
used in several works, as well as completed by several other mathematicians, solving
questions left open in the present text. For completeness, it appears to us beneficial
to the reader to give an account of some of these developments which are the most
directly related with the present contribution. Mathematics is indeed a collective
work, each part of which is destined to be used, completed, renewed or superseded.

E.1 Nisnevich motives with integral coefficients

E.1.1 cdh-motives.— One aim of the present work was to work out the theory of finite
correspondences in the spirit of [VSFoo], whose original aim is to obtain an integral
theory of motivic complexes related to Chow groups. The theory of cdh-sheaves
with transfers (see Proposition 10.4.8) was introduced with this motivation in mind.
The theory of cdh-motives and motivic complexes was successfully developed in the
equal characteristic case in [CD15], provided one inverts the residue characteristic.
In this latter work, the crucial property of localization for cdh-motives is shown,
as well as all the expected results: constructibility of the six operations, duality,
continuity, comparison with modules over the cdh-local version of Voevodsky’s
motivic cohomology, relation with higher Chow groups. To get these results, key
points are the continuity property of motivic complexes which is proved in this book
(Theorem 11.1.24), as a result of our reinforcement of Suslin-Voevodsky’s theory
of relative cycles (see in particular Section 8.3.a on constructibility for properties
of relative cycles) together with Kelly’s new motivic descent results [Kel17] which
allow to use Gabber’s improvements of de Jong’s alteration theorems [[LO14]. Note
also that [CD15, 3.6 and 5.1] generalizes our result on Voevodsky’s conjecture on
base change of the motivic Eilenberg-MacLane spectrum (Corollary 16.1.7).

33 A new version was uploaded in 2012, containing more or less the actual introduction which was
written in order to clear-up the contributions and history on mixed motives and more specifically
motivic homotopy theory.
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E.1.2 Spitzweck’s motivic cohomology spectrum.— One of the problems with defin-
ing mixed motives as modules over Voevodsky’s motivic cohomology spectrum is
the compatibility of this spectrum with base change.3* The idea of Spitzweck’s paper
[Spi18] is to build a spectrum which satisfies compatibility by base change; equiv-
alently, one has to build a ring spectrum HZ over S = Spec (Z) (or more generally
over a Dedekind ring) which pullbacks to Voevodsky’s motivic cohomology spec-
trum over the residue fields of S. This is what M. Spitzweck achieves with virtuosity
in loc. cit., therefore obtaining a convenient category of HZ-modules which coin-
cides with Voevodsky’s original triangulated category over the residue fields of S;
in fact, it also coincides with DM .45, over any k-scheme, after inverting the residue
characteristic of k. But the construction of Spitzweck works integrally. Moreover,
by its very construction, the cohomology represented by HZ coincides with Bloch’s
higher Chow groups for smooth S-schemes. A question left open is a possible com-
parison with Voevodsky’s motivic cohomology spectrum (which is again equivalent
to Voevodsky’s base change conjecture).

E.2 Etale motives with integral coefficients and £-adic realization

E.2.1 Voevodsky’s motives in the étale topology and rigidity theorems.— With rational
coefficients, the comparison theorems obtained in this book (Section 16) show that
varying the underlying topology is beneficial. In particular, with rational coefficients,
we are not able to get the localization property for Nisnevich motivic complexes for
all base schemes, but we do get that property when replacing Nisnevich topology
with the gfh-topology, or the h-topology. This lets one believe that the transfers will
be better behaved with integral coefficients with respect to stronger topologies. In
[CD16], we do prove that the localization property holds for motivic complexes with
torsion coefficients locally for the étale topology ([CD16, Theorem 4.3.1]). It follows
that the same property holds with integral coefficients for geometrically unibranch
schemes. Moreover, we prove in loc. cit. that, locally for the h-topology, motivic
complexes with integral coefficients are perfectly well-behaved and satisfy all the
expected properties, as listed in Section A.5 of this introduction.3 It is remarkable
that we were able to get the complete Grothendieck six functors formalism for
Voevodsky’s original construction of étale motives, as defined in his Ph. D. thesis
[Voeg6], and show the visionary power of Voevodsky once more time. Besides, we
also show that one recovers the theory of ¢-adic complexes out of h-motives by the
categorical process of {-adic completion (see [CD16, §7.2]). This gives a new insight
on ¢-adic realization of motives.

34 Recall again this compatibility was conjectured by Voevodsky. See Conjecture 11.2.22 for an
explicit formulation. Note also that we prove the latter conjecture is actually equivalent to the
localization property for (Nisnevich) motivic complexes: see Proposition 11.4.7.

35 Based on the results of this book, we only get Grothendieck-Verdier duality for schemes of finite
type over a regular 2-dimensional excellent scheme, but this extra hypothesis has been removed by
the first author in [Cis18].
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E.2.2 Rigidity theorems without transfers.— Another extension of Suslin and Vo-
evodsky’s rigidity theorem to arbitrary bases is due to Ayoub, [Ayo14]. In this latter
work, Ayoub studies the category introduced in the present book under the nota-
tion D a1 ¢4(S,A) (following Morel), while he uses the notation DA(S, A). The first
result of loc. cit., inspired by an earlier work of Rondigs and @stver [R@o8b], is
indeed a variation on the rigidity theorem, identifying the category D1 ¢:(S,A) for
a A = Z/NZ with N invertible on S with the derived category of the category of
sheaves of A-modules on the small étale site of S (under suitable hypothesises on S
and N). From there, one can extend the results proved in this book for D1 4(S, Q)
(see Theorem 16.2.18) to the case of arbitrary coefficients: absolute purity, con-
structibility of the six operations, duality. Note however that, despite what is claimed
in the appendix of Ayoub’s article, the particular case of 2-torsion for base schemes
S of mixed or positive characteristic is problematic in his approach (see [CD16, Rem.
5.5.81).

Since then, Bachmann [Bac18b] has extended by far the preceding rigidity the-
orems to torsion P!-stable motivic étale sheaves of spectra. This result also solves
the aforementioned issues left open in [Ayo14].

E.3 Motivic stable homotopy theory with rational coefficients

E.3.1 Witt sheaves.— In this book, following Morel’s insights, we have splitted the
rational motivic stable homotopy category SH(X)q =~ D,1(X, Q) into two factors

(Dar(X,Q)1) x (D1 (X,Q)-) = Dp1(X,Q)

and we have identified the oriented part D,1(X,Q); with Beilinson’s motives
DMg(X). On the other hand, in the case where X = Spec (k) is the spectrum
of a field, Ananyevskiy, Levine and Panin [ALP17] have identified the non-oriented
part Da1(k,Q)- with a suitable category of Witt sheaves. The conjunction of their
results with ours may be seen as a motivic analog of (a trivial consequence of) a
theorem of Serre that the stable homotopy groups of spheres are finite in degree > 0;
see the introduction of loc. cit. The results of Ananyevskiy, Levine and Panin have
been improved by Bachmann [Bac18a], where the comparison of SH(k)_ with Witt
sheaves is promoted to Z[1/2]-linear coefficients. Bachmann’s results follow from a
nice analog of the rigidity theorem over a general base for the real étale topology.

E.3.2 Rational absolute purity.— Déglise, Fasel, Jin and Khan [DFJK19] have proved
absolute purity property for the motivic sphere spectrum with rational coefficients.
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E.4 Duality, weights and traces

E.4.1 Weight complexes.— Bondarko’s theory of weight complexes [Bonog] has been
showed to be compatible with the six operations with rational coefficients in [Héb11,
Boni4]. In the setting of cdh-sheaves [CD15], this has been extended by Bondarko
and Ivanov [Bli5] to Z[1/p]-linear coefficients in equal characteristic, where p > 1
denotes the exponent characteristic of the ground field. Such weight complexes have
been used by Wildeshaus [Wil17, Wil18], in order to give inconditional constructions
of motivic intersection complexes of certain Shimura varieties. They also play a
role, together with realization functors associated to mixed Weil cohomologies, in
geometric representation theory, in the work of Soergel and his collaborators [SW18,
SVWi8].

E.4.2 Motivic Lefschetz-Verdier trace formula— An obvious application of the the-
ory of motivic sheaves and their realizations is the proof of independence of ¢
results for a wealth of trace-like constructions. A Q-linear version of such kind of
results is provided by Olsson [Ols15, Ols16], where some versions of the Motivic
Lefschetz-Verdier trace formula and of characteristic classes are discussed. A slight
improvement, allowing torsion, may be found in [Cis18]. But a full account on inte-
gral formulas, including for characteristic classes, is settled in the recent work of Jin
and Yang [JY19].

E.5 Enriched realizations

E.5.1 Structured mixed Weil cohomologies.— In his thesis [Dre13], Drew extends
the formalism of mixed Weil cohomologies to cohomologies with values in a Tan-
nakian category. He also defines the realization functor into algebraic Z-modules
for schemes of finite type over a field of characteristic zero and proves that, for
any separated smooth scheme X over a field of characteristic zero, constructible
modules over de Rham cohomology in SH(X) embedd fully faithfully in algebraic
2-modules. Drew deduces from this embedding a new purely algebraic proof of the
Riemann-Hilbert correspondence, using motivic sheaves, as predicted in Example
17.2.22 in the present book. His work is also a way to define Hodge realizations of
mixed motivic sheaves; see [Dre18].

E.5.2 Arakelov motivic cohomology.— Holmstrom and Scholbach [HS15] have ex-
tended the representability of algebraic de Rham cohomology to the filtered de Rham
complex, and used it to define a motivic version of Arakelov cohomology. The rela-
tion with more classical versions of Arakelov cohomology and with height pairings
is discussed in [Schi5].
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Notations and conventions

In every section, we will fix a category denoted by . which will contain our
geometric objects. Most of the time, .’ will be a category of schemes which are
suitable for our needs; the required hypothesis on . are given at the head of each
section. In the text, when no details are given, any scheme will be assumed to be an
object of .7

When 7 is an additive category, we denote by 7% the pseudo-abelian envelope
of &7. We denote by C(7) the category of complexes of .o7. We consider K(.2)
(resp. K?(«7)) the category of complexes (resp. bounded complexes) of .27 modulo
the chain homotopy equivalences and when .7 is abelian, we let D(<7) be the derived
category of <7

If ./ is a model category, Ho(.#') will denote its homotopy category.

We will use the notation

=98

to mean a pair of functors such that « is left adjoint to 8. Similarly, when we speak
of an adjoint pair of functors (a, 8), @ will always be the left adjoint. We will denote
by

ad(a,B) : 1 — Ba (resp. ad'(a, B) : af — 1)

the unit (resp. counit) of the adjunction (a, 8). Considering a natural tranformation
n : F — G of functors, we usually denote by the same letter 7 — when the context
is clear — the induced natural transformation AF B — AGB obtained when con-
sidering functors A and B composed on the left and right with " and G respectively.

In section 8, we will assume that equidimensional morphisms have constant
relative dimension.
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1 General definitions and axiomatic

1.0.1 We assume that . is an arbitrary category.
We shall say that a class &2 of morphisms of .% is admissible if it is has the
following properties.

(Pa) Any isomorphism is in &.

(Pb) The class & is stable by composition.

(Pc) The class &7 is stable by pullbacks: for any morphism f : X — Y in & and
any morphism Y’ — Y, the pullback X’ = Y’ Xy X is representable in .#, and
the projection " : X’ — Y’ is in Z.

The morphisms which are in & will be called the &2-morphisms.3°
In what follows, we assume that an admissible class of morphisms & is fixed.

1.1 Z-fibred categories

1.1.a Definitions

Let @at be the 2-category of categories.

1.1.1 Let .# be a fibred category over ., seen as a 2-functor .# : ./ °P — Gat,
see [Groos, Exp. VI]
Given a morphism f : T — S in .#, we shall denote by

JreA(S) — A(T)

the corresponding pullback functor between the corresponding fibers. We shall al-

ways assume that (15)* = 1_4(s), and that for any morphisms W N AN Sin
-, we have structural isomorphisms:

(1.1.1.1) g fF—— (fg)

which are subject to the usual cocycle condition with respect to composition of
morphisms.

Given a morphism f : T — § in ., if the corresponding inverse image functor
S has a left adjoint, we shall denote it by

fo 2 M) — M(S).

36 In practice, . will be an adequate subcategory of the category of noetherian schemes and &
will be the class of smooth morphisms (resp. étale morphisms, morphisms of finite type, separated
or not necessarily separated) in ..
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For any morphisms W T 7, S in . such that f* and g* have a left adjoint,
we have an isomorphism obtained by transposition from the isomorphism (1.1.1.1):

(1.1.1.2) (fo)y — fugy -

Definition 1.1.2 A pre-P-fibred category .# over . is a fibred category .#
over . such that, for any morphism p : T — S in &, the pullback functor
p*: AM(S) — A (T) has aleft adjoint py : A (T) — A(S).

Convention 1.1.3 Usually, we will consider that (1.1.1.1) and (1.1.1.2) are identities.
Similarly, we consider that for any object S of .7, (15)* = 1_4(syand (15)g = 1_z(s).>’

Example 1.1.4 Let S be an object of .. We let £2/S be the full subcategory of the
comma category .¥ /S made of objects over S whose structural morphism is in &2.
We will usually call the objects of &7/S the &-objects over S.

Given a morphism f : T — S in .¥ and a &-morphism 7 : X — S, we put
f¥(m) = m Xs T using the property (Pc) of &2 (see Paragraph 1.0.1). This defines a
functor f*: Z/S — PT.

Given two &-morphisms f : T — Sand 7 : ¥ — T, we put fy(n) = fon
using the property (Pb) of . this defines a functor fy : /T — Z/S. According
to the property of pullbacks, fj is left adjoint to f*.

We thus get a pre- Z-fibred category /7 : S +— Z/S.

Example 1.1.5 Assume .7 is the category of noetherian schemes of finite dimension,
and & = Sm. For a scheme S of ., let 7,(S) be the pointed homotopy category
of schemes over S defined by Morel and Voevodsky in [MVqg]. Then according to
op. cit., ¢, is a pre-Sm-fibred category over ..

1.1.6 Exchange structures I.— Suppose given a pre- Z-fibred category . .
Consider a commutative square of .

SN
Jf
S

such that p hence g are &?-morphisms, we get using the identification of convention
1.1.3 a canonical natural transformation

q
g9 A

Ne——~

_
P

* *ad(pu,p*) * % * pk ad'(qu,q*) *
Ex(Dy) i qu9" — a9’ P’ py=ayqa fry —— [y

37 We can always strictify globally the fibred category structure so that g*f* = (fg)* for any
composable morphisms f and g, and so that (15)* = 1_zs) for any object S of .#; moreover, for a
morphism & of .7’ such that a left adjoint of h™ exists, and we can choose the left adjoint functor hy
which we feel as the most convenient for us, depending on the situation we deal with. For instance,
if h = 15, we can choose hy to be 1_ys), and if h = fg, with f* and g" having left adjoints, we
can choose hy to be fygy (with the unit and counit naturally induced by composition).



1 General definitions and axiomatic 5
called the exchange transformation between gy and g*.

Remark 1.1.7 These exchange transformations satisfy a coherence condition with
respect to the relations (fg)* = g* f* and (fg)y = fyg4. As an example, consider
two commutative squares in .%:

VA

hJ

W-—us T ——
P p

q

—_— Y — X

if

and let A o ® be the commutative square made by the exterior maps — it is usually
called the horizontal composition of the squares. Then, the following diagram of
2-morphisms is commutative:

! q
e 9 A

Ne——~

Ex(Ac0);

(9q")yh* f(pp")y

Ex(@};) Ex(A;) H
apqyh” ———— ayg" Py ——— fPypy

To see this, one proceeds as follows. First, we observe that, since ad"l is a natural
transformation, for each object M of .#Z(T), the square

949" 9" (adq(M))

939" 9" (M) 449" 9"p*py(M)
ad;,(.q*(M))l 1ad;, (9" py(M)
g'(M) g'p*py(M)

g"(adq(M))

commutes. In other words, with a slight abuse of notations, we have the following
commutative square of functors.

ad,

PN L P IRk sk

44" 9" — 4,9 9" P" Py

ady, l lad;l

9" (M) ———g"p"py
q

We then consider the diagram below, in which ad, (resp. ad;.) indicates the morphism
obtained from the obvious unit morphism (resp. counit morphism) of the adjunction
(ry,r") by eventually adding functors on the left side or on the right side, and we can
check easily that each cell below is commutative, proving our claim.
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(44 el ——"—— (g (o o) (0 el (o0} ——— 2 ),
Wayh " Py o 48 PP Papy a4939" 9" 1 papy @ 49" f*pypy
U44yq" 9 Py g 944”9 P Ay e, 49" P" Pypy
Wy 2 Ay PPy = yd" I Py g 89 Py a0 P PPy = wd [ Pepy o [Py

q
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Therefore, according to our abuse of notation for natural transformations, Ex
behaves as a contravariant functor with respect to the horizontal composition of
squares. The same is true for vertical composition of commutative squares.

Remark 1.1.8 In the sequel, we will introduce several exchange transformation be-
tween various functor. We speak of an exchange isomorphism when the transforma-
tion is an isomorphism. When only two kind of functors are involved, say of type
a and b, we say that functors of type a and functors of type b commute when the
exchange transformation is an isomorphism.

As an example (see also next definition), when the exchange transformation
E x(AE) is an isomorphism, we simply say that f* and py commute — or also that

f* commutes with py.

1.1.9 Under the setting of 1.1.6, we will consider the following property:

(Z-BC) P-base change.— For any Cartesian square

1 . x

Y
gJ A Jf
T S

—_—
p

such that p is a &Z-morphism, the exchange transformation
Ex(Ay) :q39" — fpy
is an isomorphism.38

Definition 1.1.10 A &-fibred category over . is a pre-#-fibred category .# over
. which satisfies the property of &?-base change.

Example 1.1.11 Consider the notations of Example 1.1.4. Then the transitivity property
of pullbacks of morphisms in &7 amounts to say that the category &7/7 satisfies the
P-base change property. Thus, &?/7 is in fact a &-fibred category, called the
canonical P-fibred category.

Definition 1.1.12 A &?-fibred category .# over .7 is complete if, for any morphism
f : T — S, the pullback functor f* : #(S) — .#(T) admits a right adjoint
fo: M(S) — A(T).

Remark 1.1.13 In the case where &7 is the class of isomorphisms, a &?-fibred category
is what we usually call a bifibred category over ..

Example 1.1.14 The pre-Sm-fibred category .77, of Example 1.1.5 is a complete Sm-
fibred category according to [MVqg, p. 102-105, 108-110].

38 In other words, f* commutes with py.
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1.1.15 Exchange structures I1.— Let .# be a complete &?-fibred category. Consider
a commutative square

_)X

Jf

N~

—)
We obtain an exchange transformation:

vy e p @409 (fﬁ) .
Ex(A): p £ "L g fo = 9.0 1 g

Assume moreover that p and ¢ are &-morphism. Then we can check that Ex(A})
is the transpose of the exchange Ex(A;). Thus, when A is Cartesian and p is a
&-morphism, E x(A}) is an isomorphism according to (Z-BC).

We can also define an exchange transformation:

Ex(A%)™t

# . ad(g”.g:)
Ex(Ay,) : pygs i, ff pigs —— fequg

gr — feaqy.
Remark 1.1.16 As in remark 1.1.7, we obtain coherence results for these exchange
transformations.

First with respect to the identifications of the kind f*g* = (g f)*, (f9)« = figs,
(f9)y = fygy. Second when several exchange transformations of different kinds are
involved. As an example, we consider the following commutative diagram in .7

B

Then the following diagram of natural transformations is commutative:

Y
X

%)

v 1 y

/ \\ 7/\Q

. Ex(4})
q49" P, — [ pyps

Ex(Ty,
Ex(@i)l wj

ayq.h”" f*p-py

Ex(A;
Im [

77, % * o0/
qxqyh Ty 9P
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We leave the verification to the reader (it is analogous to that of Remark 1.1.7 except
that it involves also to the compatibility of the unit and counit of an adjunction).

Definition 1.1.17 Let .# be a complete &?-fibred category. Consider a commutative
square in .

Q
N—~
>

|7 pUa—
TS

q
—
A
—
P

We will say that A is .# -transversal if the exchange transformation
Ex(A):p'fi — 94

of 1.1.15 is an isomorphism.

Given an admissible class of morphisms Q in .%, we say that .# has the transver-
sality (resp. cotransversality) property with respect to Q-morphisms, if, for any
Cartesian square A as above such that f is in Q (resp. p is in Q), A is .# -transversal.

Remark 1.1.18 Assume . is a sub-category of the category of schemes. When Q is
the class of smooth morphisms (resp. proper morphisms), the cotransversality (resp.
transversality) property with respect to Q is usually called the smooth base change
property (resp. proper base change property). See also Definition 2.2.13.

According to Paragraph 1.1.15, we derive the following consequence of our axioms:

Proposition 1.1.19 Any complete &7-fibred category has the cotransversality prop-
erty with respect to .

Let us note for future reference the following corollary:

Corollary 1.1.20 If .# is a P-fibred category, then, for any monomorphism j :
U— S in P, the functor jy is fully faithful. If moreover .4 is complete, then the
functor j. is fully faithful as well.

Proof Because j is a monomorphism, we get a Cartesian square in .7

U=—=U
| 2l
U—S.

J

Remark that Ex(Ag) : 1 — j*jy is the unit of the adjunction (jy, j*). Thus the
Z-base change property shows that jy is fully faithful.

Assume . is complete. We remark similarly that Ex(A}) : j*j. — 1 is the
counit of the adjunction (7, j.). Thus, the above proposition shows readily that j, is
fully faithful. U
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1.1.b Monoidal structures

Let €at® be the sub-2-category of €ar made of symmetric monoidal categories
whose 1-morphisms are (strong) symmetric monoidal functors and 2-morphisms
are symmetric monoidal transformations.

Definition 1.1.21 A monoidal pre- P-fibred category over .
is a 2-functor
M S — Cat®

such that .# is a pre-Z-fibred category.

In other words, .# is a pre-Z?-fibred category such that each of its fibers .Z(S) is
endowed with a structure of a monoidal category, and any pullback morphism f*
is monoidal, with the obvious coherent structures. For an object S of .7, we will
usually denote by ®g (resp. 1g) the tensor product (resp. unit) of .Z(S).

In particular, we then have the following natural isomorphisms:

e for a morphism f : T — S in ., and objects M, N of .Z(S),
fr(M)er f{(N) — f(M ®s N);
e for a morphism f : T — Sin .7,
fr(ls) — 1r.

Convention 1.1.22 As in convention 1.1.3, we will write formula as though these
structural isomorphisms are identities.

Example 1.1.23 Consider the notations of Example 1.1.4.

Using the properties (Pb) and (Pc) of &2 (see Paragraph 1.0.1), for two S-objects
X and Y in &2/S, the Cartesian product X Xg Y is an object of &?/S. This defines a
symmetric monoidal structure on & /S with unit the trivial S-object S. Moreover, the
functor f* defined in Example 1.1.4 is monoidal. Thus, the pre-&-fibred category
S /7 is in fact monoidal.

1.1.24 Monoidal exchange structures 1. Let .4 be a monoidal pre-&-fibred category
over ..

Consider a Z-morphism f : T — §, and M (resp. N) an object of .Z (T) (resp.
A(S)).

We get a morphism in .Z(S)

Ex(fy.®): fy(M &r f*(N)) — fy(M) ®s N
as the composition

fskM e f*(N)) — f(f" fy(M) @r f*(N)) = fyf"(fs(M) ®s N) — fy(M)®s N .
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This map is natural in M and N. It will be called the exchange transformation
between fy and ®r.

Remark also that the functor fy-asa left adjoint of a symmetric monoidal functor,
is colax symmetric monoidal: for any objects M and N of .# (T), there is a canonical
morphism

(1.1.24.1) fy(M) ®s fy(N) — fy(M ®r N)
natural in M and N, as well as a natural map
(1.1.24.2) fi(lr) — 1s.

Remark 1.1.25 As in remark 1.1.7, the preceding exchange transformations satisfy a

o . g S .
coherence condition for composable morphisms W —— T —— S. We get in fact
a commutative diagram:

Ex((f9);®)

(f9)s(M ®s (fg)"(N)) (f9)g(M)) @w N

H . Ex(gé,@) Ex(fn*,®) H
fegy(M ®s 9" [*(N)) ——— fygsM) @1 [*(N)) ——— (/ygs(M)) ®w N

Asinremark 1.1.16, there is also a coherence relation when different kinds of exchange
transformations are involved. Consider a commutative square in .%

q
_

X
C
S

e
p

g f

Ne——~

such that p and g are &?-morphisms. Then the following diagram is commutative:

Ex(A}) Ex(py,®)
q49" (M ®r p*N) ——— f*py(M ®r p*N)

f*(pyM ®s N)

|| Ex(qé,@) Ex(Ag) ||
qy(g*M ®y q" f*N) ———— (qyg™M) ®x "N ———— (f"pyM) ®x f*N

We leave the verification to the reader.
1.1.26 Under the assumptions of 1.1.24, we will consider the following property:

(P-PF) P-projection formula.— For any &-morphism f : T — § the exchange
transformation

Ex(f.@r) : ff(M &r f*(N)) — fz(M)®s N

is an isomorphism for all M and N.
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Definition 1.1.27 A monoidal Z-fibred category over . is a monoidal pre-£2-
fibred category .4 : ./ °P — €at® over . which satisfies the Z?-projection for-
mula.

Example 1.1.28 Consider the canonical monoidal weak &7-fibred category &7/7 (see
Example 1.1.23). The transitivity property of pullbacks implies readily that &2 /7
satisfies the property (£?-PF). Thus, £2/7 is in fact a monoidal £-fibred category
called canonical.

Definition 1.1.29 A monoidal &?-fibred category .# over . is complete if it satisfies
the following conditions:

1. . is complete as a &-fibred category.
2. For any object S of ., the monoidal category . (S) is closed (i.e. has an internal
Hom).

In this case, we will usually denote by Homg the internal Hom in .Z(S), so that we
have natural bijections

Hom(//[(s)(A ®s B,C) ~ Homﬁ(s)(A, Homg(B,()).

Example 1.1.30 The &7-fibred category %, of Example 1.1.14 is in fact a complete
monoidal &7-fibred category. The tensor product is given by the smash product (see
[MV99)).

1.1.31 Monoidal exchange structures I1.— Let .# be a complete monoidal &-fibred
category.

Consider a morphism f : T — § in .. Then we obtain an exchange transforma-
tion:

Ex(f.®s) : (M) ®s N2LE 1 1 ((fb) o5 N)
= £ Ly er N T o ep N,

Remark 1.1.32 As in remark 1.1.25, these exchange transformations are compatible
with the identifications (fg). = fig. and (fg)* = g* f*. Moreover, there is a coher-
ence relation when composing the exchange transformations of the kind Ex(f;", ®)
with exchange transformations of the kind Ex(A}) as in loc. cit. Finally, note that there
is another kind of coherence relations involving Ex(f,",®), E x(A;i) (resp. Ex( fﬂ*, ®))
and Ex(Ay.).

We leave the formulation of these coherence relations to the reader, on the model
of the preceding ones.

1.1.33 Monoidal exchange structures I11.— Let .4 be a complete monoidal &-fibred
category and f : T — S be a morphism in .%.
Because f* is monoidal, we get by adjunction a canonical isomorphism

Homg(M, f.N) — f.Homzy(f*M,N).
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Assume that f is a &2-morphism. Then from the &-projection formula, we get by
adjunction two canonical isomorphisms:

f*Homs(M,N) — Homy(f*M, f*N),
Homg(fyM,N) — f.Homp(M, f*N)

These isomorphisms are generically called exchange isomorphisms.

1.1.c Geometric sections

1.1.34 Consider a complete monoidal &2-fibred category .Z .

Let S be a scheme. For any &-morphism p : X — S, we put Ms(X) := py(1x).
According to our conventions, this object is identified with pyp*(1s). As the -
fibred category .# is complete, the functor pyp* is left adjoint to p.p*. Consider a
commutative diagram of schemes in .

Y # X
N
such that p and ¢ are in 2. In other words, f is a morphism in the category £2/S of

Example 1.1.4. Then we get a natural transformation of functors:

*ad(f*’f*) %% *
(1.1.34.1) PP —— Pufef DT = quq .

By adjunction, one deduces a natural transformation:

asq" — pyp”

which gives a morphism Mg (Y) N Mg(X). One can check that the relation f.g. =
(fg)+ holds — by reducing to the same assertion for the map (1.1.34.1) which follows
by a standard 2-functoriality argument. Therefore, one has obtained a covariant
functor Mg : 2|S — A .

Consider a Cartesian square in .

b

q p

N/

g
_
A
_—
f

nA———

such that p is a &2-morphism. With the notations of Example 1.1.4, Y = f*(X). Then
we get a natural exchange transformation
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Ex(Mr, f7) : Mp(f7(X)) = q4(1y) = q49”" (1x) — f"py(1x) = f"Ms(X).
In other words, M defines a lax natural transformation &2 /7 — /.

Consider Z-morphismsp : X — S,q : Y — S.Let Z = XXgY be the Cartesian
product and consider the Cartesian square:

ZLY
q’J ) Jq
X —r— S.

Using the exchange transformations of the preceding paragraph, we get a canonical
morphism
Ex(Ms,®s) : Ms(X XsY) — Ms(X) ®s Ms(Y)

as the composition
., Ex(©;)
Ms(X xsY) = pyqup” (1y) —— pyp q(1y) = py(Ix ®x p qy(1y))

Ex(py,®x)
— py(lx) ®s gy(ly) = Ms(X) ®s Ms(Y).

In other words, the functor My is symmetric colax monoidal.
Remark finally that for any &?-morphism p : T — §, and any &?-object Y over
T, we obtain according to convention an identification pyMr(Y) = Ms(Y).

Definition 1.1.35 Given a complete monoidal &?-fibred category .# over .7, the
lax natural transformation M : &?/7 — _# constructed above will be called the
geometric sections of M .

The following lemma is obvious from the definitions above:

Lemma 1.1.36 let .# be a complete monoidal ZP-fibred category. Let M
P|? — M be the geometric sections of M . Then:

(i) For any morphism f : T — S in ., the exchange Ex(Mr, f*) defined above is
an isomorphism.
(ii) For any scheme S, the exchange Ex(Ms,®s) defined above is an isomorphism.

In other words, M is a Cartesian functor and My is a (strong) symmetric monoidal
functor.

1.1.37 In the situation of the lemma we thus obtain the following isomorphisms:

* [*Ms(X) =~ Mr(X xs T),
s pyMr(Y) = Ms(Y),
* Ms(X XsY) = Mg(X) ®s Ms(Y),

whenever it makes sense.



1 General definitions and axiomatic 15

1.1.d Twists

1.1.38 Let .# be a pre-Z-fibred category of .#. Recall that a Cartesian section of
M (i.e. a Cartesian functor A : . — _#) is the data of an object Ag of .Z(S) for
each object S of . and of isomorphisms

fH(As) — Ar

for each morphism f : T — S, subject to coherence identities; see [ Groo3, Exp. VI].
If .# is monoidal, the tensor product of two Cartesian sections is defined
termwise.

Definition 1.1.39 let .# be a monoidal pre-Z-fibred category. A set of rwists T for
A is a set of Cartesian sections of .# which is stable by tensor product (up to
isomorphism), and contains the unit 1. For short, when .# is endowed with a set of
twists 7, we say also that .Z is T-twisted.

1.1.40 Let .# be a monoidal pre- #-fibred category endowed with a set of twists 7.
The tensor product on 7 induces a monoid structure that we will denote by + (the
unit object of T will be written 0).
Consider an object i € 7. For any object S of ., we thus obtain an object #(i)s in
A (S) associated with i. Given any object M of .Z(S), we simply put:

M{i} =M ®s is

and call this object the twist of M by i. We also define M{0} = M.

For any i, j € 7, and any object M of .Z(S), we define M{i + j} = (M{i}){j}.
Given a morphism f : T — S, an object M of .Z(S) and a twist i € 7, we also
obtain f*(M{i}) = (f*M){i}. If f is a &-morphism, for any object M of . (T),
the exchange transformation E x( fﬂ*, ®r) of paragraph 1.1.6 induces a canonical mor-
phism

Ex(fy (i)  OM{Y) — (M) (i)

We will say that fy commutes with T-twists (or simply twists when 7 is clear) if for
any i € 7, the natural transformation Ex(fy, {i}) is an isomorphism.

Definition 1.1.41 Let .# be a complete monoidal &?-fibred category with a set of
twists T and M : & /7 — _# be the geometric sections of .Z .
We say ./ is T-generated if for any object S of ., the family of functors

Hom _y(s)(Ms(X){i},—) : M(S) — et

indexed by a #2-object X/S and an element i € 7 is conservative.
Of course, we do not exclude the case where 7 is trivial, but then, we shall simply
say that .# is geometrically generated.

We shall frequently use the following proposition to characterize complete
monoidal &?-fibred categories over .¥:
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Proposition 1.1.42 Let A4 : ¥ — at® be a 2-functor such that:

1. For any &2-morphism f : T — S, the pullback functor f* : #(S) — #(T)
is monoidal and admits a left adjoint fy in €.

2. For any morphism f : T — S, the pullback functor f* : #(S) — #(T)
admits a right adjoint f, in 6.

We consider 4 as a complete monoidal ZP-fibred category and denote by M :
P|? — M its associated geometric sections. Suppose given a set of twists T such
that M is T-generated. Then, the following assertions are equivalent:

(i) A satisfies properties (£?-BC) and (2?-PF)
(i.e. A is a complete monoidal P-fibred category.)
(ii) a. M is a Cartesian functor.
b. For any object S of .#, Ms is (strongly) monoidal.
c. For any &2-morphism f, fy commutes with T-twists.

Proof (i) = (ii): This is obvious (see Lemma 1.1.306).
(i) = (i): We use the following easy lemma:

Lemma 1.1.43 Let 6 and 65 be categories, F,G : €1 — %2 be two left adjoint
functors, and 1 : F — G be a natural transformation. Let 4 be a class of objects
of €1 which is generating in the sense that the family of functors Home, (X, ) for
X in 9 is conservative.

Then the following conditions are equivalent:

1. 17 is an isomorphism.
2. Forall X in¥, nx is an isomorphism. O

Given this lemma, to prove property (4-BC), we are reduced to check that the
exchange transformation Ex(AE) is an isomorphism when evaluated on an object
My (U){i} for an object U of & /T and a twisti € 7. Then it follows from (ii), 1.1.40
and Example 1.1.11.3°

To prove property (Z?-PF), we proceed in two steps first proving the case M =
My (U){i} and N any object of .#Z(S) using the same argument as above with the
help of 1.1.28. Then, we can prove the general case by another application of the
same argument. U

Suppose given a complete monoidal &?-fibred category .# with a set of twists
7. Let f : T — S be a morphism of .%. Then the exchange transformation 1.1.31
induces for any i € 7 an exchange transformation

Ex(foAi}) : (M){i} — fu(M{i}).

39 The cautious reader will use remark 1.1.7 to check that the corresponding map
Mx (U xp Y){i} — Mx(U xr Y){i}

is the identity.
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Definition 1.1.44 In the situation above, we say that f. commutes with t-twists (or
simply with twists when 7 is clear) if, for any i € 7, the exchange transformation
Ex(f.,{i}) is an isomorphism.

It will frequently happen that twists are ®-invertible. Then f,. commutes with twists
as its right adjoint does.

1.2 Morphisms of Z-fibred categories

1.2.a General case

1.2.1 Consider two Z-fibred categories .# and .#’ over ., as well as a Cartesian
functor ¢* : .# — ./’ between the underlying fibred categories: for any object S
of ., we have a functor

o5 1 M(S) — A'(S),

and for any map f : T — S in ., we have an isomorphism of functors ¢y

(S —5 . a(s)

(1.2.1.1) f*l Y cr jf* cr fros —op [T

satisfying some cocycle condition with respect to composition in ..
For any &Z-morphism p : T — S, we construct an exchange morphism

Ex(py.¢") : pyor — @5 P4
as the composition

ad(py.p?) . ad'(py.p*)

* % ‘p * % s
Pyr — PyPrDP Py — 7 PyP PsPy —— PsPi-
Definition 1.2.2 Consider the situation above. We say that the Cartesian functor
o M — M

is a morphism of P-fibred categories if, for any &2-morphism p, the exchange
transformation Ex(py, ¢*) is an isomorphism.

Example 1.2.3 If ./ is a monoidal &?-fibred category, then the geometric sections
M : P[|? — A is a morphism of Z2-fibred categories (1.1.36).

Definition 1.2.4 Let .# and .#" be two complete &-fibred categories. A morphism
of complete P-fibred categories is a morphism of &?-fibred categories
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oM — M

such that, for any object S of ., the functor ¢§ : .Z(S) — .#’(S) has a right
adjoint

Pus 1 M'(S) — M(S).

When we want to indicate a notation for the right adjoint of a morphism as above,
we use the writing
M= N .

the left adjoint being in the left hand side.

1.2.5 Exchange structures III. Consider a morphism ¢* : .#4 — .4’ of complete
P-fibred categories.

Then for any morphism f : T — S in ., we define exchange transformations
(1.2.5.1) Ex(¢", f) : @5 fe — feor,
(12.5.2) Ex(f" )« [ pes — @t [,

as the respective compositions

* ad(f*’ﬁ‘) %k * % ad/(f*’f’;) *
osfe — LS 0sh = fopf7 e —— fuors
ad(f*.f.) ad'(f*.f.)

froes — froushf = [ fiour " — @ f"

Remark 1.2.6 We warn the reader that ¢, : .#’ — . is not a Cartesian functor in
general, meaning that the exchange transformation Ex(f*, ¢.) is not necessarily an
isomorphism, even when f is a #Z-morphism.

1.2.b Monoidal case

Definition 1.2.7 Let .# and .#’ be monoidal &?-fibred categories.

A morphism of monoidal &-fibred categories is a morphism ¢* : 4 — A’
of Z-fibred categories such that for any object S of ., the functor ¢§
M (X) — A (S) has the structure of a (strong) symmetric monoidal functor, and
such that the structural isomorphisms (1.2.1.1) are isomorphisms of symmetric
monoidal functors.

In the case where .# and .#’ are complete monoidal &?-fibred categories, we
shall say that such a morphism ¢* is a morphism of complete monoidal &-fibred
categories if ¢* is also a morphism of complete &-fibred categories.

Remark 1.2.8 If we denote by M(—, .#) and M(—, #") the geometric sections of .Z
and .’ respectively, we have a natural identification:

os(Ms(X, ) ~ Ms(X,.2").
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1.2.9 Monoidal exchange structures IV. Consider a a morphism ¢* : .4 — 4’ of
complete monoidal &-fibred categories. For objects M (resp. N) of .Z(S) (resp.
A (S)), we define an exchange transformation

Ex(¢4,®,¢%) : (pi,sM) ®s N — ¢, s(M ®r ¢sN),
natural in M and N, as the following composite
ad(p*,ps) "
(e, sM) @s N —— ¢.,5¢5((¢:,sM) ®s N)
d'(¢" -

% 5 a ) *
= @u,s((Pgpu,sM) O gN) —— . s(M ®1 ¢¢N).

As in remark 1.1.32, we get coherence relations between the various exchange
transformations associated with a morphism of monoidal &-fibred categories. We
left the formulation to the reader.

Note also that, because ¢* is monoidal, we get by adjunction a canonical isomor-
phism:
Hom_z(s)(M, ., sM") —— . sHom_zs)(¢s M, M) .

1.2.10 Consider two monoidal &?-fibred categories .#, .#" and a Cartesian functor
@ M — A" such that, for any scheme S, ¢ : #(S) — .#’(S) is monoidal.

Given a Cartesian section K = (Kg)sc.s of .#, we obtain for any morphism
f:T — Sin . acanonical map

I e5(Ks) = op(f*(Ks)) — er(Kr)

which defines a Cartesian section of .#’, which we denote by ¢*(K).

Definition 1.2.11 Let (/#, 1) and (.Z’,7’) be twisted monoidal &-fibred categories.
Let ¢* : .4 — .4’ be a Cartesian functor as above (resp. a morphism of monoidal
P -fibred categories).

We say that ¢* : (A,7) — (A, 7’) is compatible with twists if for any i € T,
the Cartesian section ¢*(i) is in 77 (up to isomorphism in .Z").

Remark 1.2.12 In particular, ¢* induces a map 7 — 7’ (if we consider the isomor-
phism classes of objects). Moreover, for any object K of .#Z(S) and any twist i € 7,
we get an identification:

es(K{i}) = (¢sK){¢" (D}

Moreover, the exchange transformation Ex(¢.,®) induces an exchange:

Ex(pA{i}) : ¢ s(K)i} — o s(K{9"(D)}).
When this transformation is an isomorphism for any twist i € 7, we say that ¢,
commutes With twists.

Note finally that Lemma 1.1.43 allows to prove, as for Proposition 1.1.42, the
following useful lemma:
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Lemma 1.2.13 Consider two complete monoidal P-fibred categories M, #' and
denote by M(—, #) and M(—, #") their respective geometric sections. Let ¢* :
M — M’ be a Cartesian functor such that

1. For any scheme S, ¢ : M (S) — #'(S) is monoidal.
2. For any scheme S, ¢ admits a right adjoint . s.

Assume M (resp. M) is T-generated (resp. T’-twisted) and that ¢* induces a sur-
Jective map from the set of isomorphism classes of T-twists to the set of isomorphism
classes of T/-twists. Then the following conditions are equivalent:

(i) ¢* is a morphism of complete monoidal &?-fibred categories.
(ii) For any object X of P/, the exchange transformation (cf. 1.2.1)

O Ms(X, ) — Ms(X,#")

is an isomorphism.

1.3 Structures on Z-fibred categories

1.3.a Abstract definition

1.3.1 We fix a sub-2-category & of %at with the following properties*°:

(1) the 2-functor
Cat — Cat’, Ar— AP

sends € to €, where €’ denotes the 2-category whose objects and maps are
those of 4" and whose 2-morphisms are the 2-morphisms of €, put in the reverse
direction.

(2) ¥ is closed under adjunction: for any functor u : A — B in ¢, if a functor
v : B — Ais aright adjoint or a left adjoint to u, then v is in ¥

(3) the 2-morphisms of & are closed by transposition: if

u:A=—B:vandu' :A=B:v

are two adjunctions in % (with the left adjoints on the left-hand side), a nat-
ural transformation u — u’ is in € if and only if the corresponding natural
transformation v’ — v is in %.

We can then define and manipulate € -structured &?-fibred categories as follows.

Definition 1.3.2 A € -structured P-fibred category (resp. € -structured complete
P-fibred category) A over . is simply a Z-fibred category (resp. a complete

40 See the following sections for examples.
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P-fibred category) whose underlying 2-functor .# : . °P — %at factors through
€.

If A and .4’ are €-structured fibred categories over ., a Cartesian functor
M — M is E-structured if the functors .# (S) — .#'(S) are in € for any object
S of .7, and if all the structural 2-morphisms (1.2.1.1) are in € as well.

Definition 1.3.3 A morphism of ¢-structured &?-fibred categories (resp. € -struct-
ured complete Z2-fibred categories) is a morphism of &?-fibred categories (resp. of
complete &-fibred categories) which is %-structured as a Cartesian functor.

1.3.4 Consider a 2-category % as in the paragraph 1.3.1. In order to deal with the
monoidal case, we will consider also a sub-2-category 6’® of ¢ such that:

1. The objects of €’® are objects of ¢ equipped with a symmetric monoidal
structure;

2. the 1-morphisms of ©’® are exactly the 1-morphisms of 4" which are symmetric
monoidal as functors;

3. the 2-morphisms of €’® are exactly the 2-morphisms of ¢ which are symmetric
monoidal as natural transformations.

Note that €’® satisfies condition (1) of 1.3.1, but it does not satisfy conditions (2) and
(3) in general. Instead, we get the following properties:

(2/) If u : A — B is a functor in €'®, a right (resp. left) adjoint v is a lax*! (resp.
colax) monoidal functor in %
(3”) Consider adjunctions

u:A—B:vandu' :A—B:v

in € (with the left adjoints on the left-hand side). If u — u’ (resp. v — v’) is
a 2-morphism in €’® then v — v’ (resp. u — u’) is a 2-morphism in ¢ which
is a symmetric monoidal transformation of lax (resp. colax) monoidal functors.

We thus adopt the following definition:

Definition 1.3.5 A (€, € ®)-structured monoidal 2-fibred category (resp. a (€, % ®)-
structured complete monoidal &P-fibred category) is simply a monoidal &-fibred
category (resp. a complete monoidal &?-fibred category) whose underlying 2-functor
M . S °P — Cat® factors through € ®. Morphisms of such objects are defined in
the same way.

Note that, with the hypothesis made on %, all the exchange natural transformations
defined in the preceding paragraphs lie in ¥ and satisfy the appropriate coherence
property with respect to the monoidal structure.

¢!
41 For any object a, a’ in A, F is lax if there exists a structural map F(a) ® F(a’) —)> F(a®a')
satisfying coherence relations (see [Macg8, XI. 2]). Colax is defined by reversing the arrow (1).



22 Fibred categories and the six functors formalism

1.3.b The abelian case

1.3.6 Let o/b be the sub-2-category of ¥ar made of the abelian categories, with the
additive functors as 1-morphisms, and the natural transformations as 2-morphisms.
Obviously, it satisfies properties of 1.3.1. When we will apply one of the definitions
1.3.2, 1.3.3 to the case € = /b, we will use the simple adjective abelian for «7b-
structured. This allows speaking of morphisms of abelian &?-fibred categories.

Let «/b® be the sub-2-category of .2/b made of the abelian monoidal categories,
with 1-morphisms the symmetric monoidal additive functors and 2-morphisms the
symmetric monoidal natural transformations. It satisfies the hypothesis of paragraph
1.3.4. When we will apply definition 1.3.5 to the case of (&b, @b®), we will use
the simple expression abelian monoidal for (o/b, o/b®)-structured monoidal. This
allows speaking of morphisms of abelian monoidal &-fibred categories.

Lemma 1.3.7 Consider an abelian &?-fibred category o/ such that for any object S
of 7, & (S) is a Grothendieck abelian category. Then the following conditions are
equivalent:

(i) o is complete.
(it) For any morphism f : T — S in ., f* commutes with sums.

If in addition, <7 is monoidal, the following conditions are equivalent:

(i’) o is monoidal complete.
(ii’) (a) For any morphism f : T — S in .7, f* is right exact.
(b) For any object S of .7, the bifunctor Qg is right exact.

In view of this lemma, we adopt the following definition:

Definition 1.3.8 A Grothendieck abelian (resp. Grothendieck abelian monoidal) &7-
fibred category .7 over .7 is an abelian &-fibred category which is complete (resp.
complete monoidal) and such that for any scheme S, 27 (S) is a Grothendieck abelian
category.

Remark 1.3.9 Let o/ be a Grothendieck abelian monoidal &?-fibred category. Con-
ventionally, we will denote by Mg(—, o) its geometric sections. Note that if o/ is
T-twisted, then any object of <7 is a quotient of a direct sum of objects of shape
Mg(X, o/ ){i} for a Z-object X/S and a twist i € 7.

1.3.10 Consider an abelian category .7 which admits small sums. Recall the follow-
ing definition:

An object X of 7 is finitely presented if the functor Hom & (X, —) commutes with
small filtering colimits. A essentially small ¢ of objects of .o/ is called generating if
for any object A of &7 there exists an epimorphism of the form:

@Gi—>A

where (G;);¢; is a family of objects if ¢.
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Definition 1.3.11 Let . be an abelian &?-fibred category over ..

Given a set of twists 7 of o7, we say <7 is finitely T-presented if for any object
S of .7, for any &-object X/S and any twist i € 7, the object Ms(X){i} is finitely
presented and the class of such objects form an essentially small generating family
of &/(9).

1.3.c The triangulated case

1.3.12 Let 7ri be the sub-2-category of Gat made of the triangulated categories,
with the triangulated functors as 1-morphisms, and the triangulated natural trans-
formations as 2-morphisms. Then 7ri satisfies the properties of 1.3.1 (property (2)
can be found for instance in [Ayoo7a, Lemma 2.1.23], and we leave property (3) as
an exercise for the reader). When we will apply one of the definitions 1.3.2, 1.3.3 to
the case ¥’ = Jri, we will use the simple adjective triangulated for Jri-structured.
This allows speaking of morphisms of triangulated &-fibred categories.

Let Zri® be the sub-2-category of Zri made of the triangulated monoidal
categories, with 1-morphisms the symmetric monoidal triangulated functors and
2-morphisms the symmetric monoidal natural transformations. It satisfies the hy-
pothesis of paragraph 1.3.4. When we will apply definition 1.3.5 to the case of
(Tri, Tri®), we will use the expression triangulated monoidal for (Jri, Tri®)-
structured monoidal. This allows speaking of morphisms of triangulated monoidal
P-fibred categories.

Convention 1.3.13 The set of twists of a triangulated monoidal &?-fibred category
7 will always be of the form Z X 7, by which we mean that 7 is a set of twists,
while Z X 7 is the closure of T by suspension functors [n], n € Z. In the notation,
we shall often make the abuse of only indicating 7. In particular, the expression 7
is T-generated will mean conventionally that .7 is (Z X 7)-generated in the sense of
definition 1.1.41.

1.3.14 Consider a triangulated category .7 which admits small sums. Recall the
following definitions:

An object X of 7 is called compact if the functor Hom (X, —) commutes with
small sums. A class ¢ of objects of .7 is called generating if the family of functor
Hom #(X[n],-), X € ¢, n € Z, is conservative.

The triangulated category .7 is called compactly generated if there exists a generating
set & of compact objects of .7. This property of being compact has been generalized
by A. Neeman to the property of being a-small for some cardinal « (cf. [Neeot1, 4.1.1])
— recall compact=Ng-small. Then the property of being compactly generated has
been generalized by Neeman to the property of being well generated; see [Krao1]
for a convenient characterization of well generated triangulated categories.

Definition 1.3.15 Let .7 be a triangulated &-fibred category over .. We say that
T is compactly generated (resp. well generated) if for any object S of .7, 7(S)
admits small sums and is compactly generated (resp. well generated).
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Given a set of twists 7 for .7, we say .7 is compactly T-generated if it is compactly
generated in the above sense and for any &2-object X /S, any twist i € 7, Ms(X){i}
is compact.

1.3.16 For a triangulated category .7 which has small sums, given a family ¢ of
objects of 7, we denote by (¢) the localizing subcategory of .7 generated by ¥, i.e.
(%) is the smallest triangulated full subcategory of .7 which is stable by small sums
and which contains all the objects in ¢. Recall that, in the case .7 is well generated
(e.g. if 7 compactly generated), then the family ¢ generates .7 (in the sense that
the family of functors {Hom & (X, —)}xcw is conservative) if and only if .7 = (¢).
The following lemma is a consequence of [Neeot1]:

Lemma 1.3.17 Let 7 be a triangulated monoidal &-fibred category over . with
geometric sections M. Assume 7 is T-generated.
If T is well generated, then for any object S of .,

T(S) = (Ms(X){i}; X/S a P-object,i € 1)
Moreover, there exists a regular cardinal « such that all the objects of shape
Mgs(X){i} are a-compact.

Note finally that the Brown representability theorem of Neeman (cf. [Neeo1])
gives the following lemma (analog of 1.3.7):

Lemma 1.3.18 Consider a well generated triangulated &-fibred category 7. Then
the following conditions are equivalent:

(i) T is complete.
(ii) For any morphism f : T — S in .7, f* commutes with sums.

If in addition, T is monoidal, the following conditions are equivalent:

(i') 7 is monoidal complete.
(ii’) (a) For any morphism f : T — S in .7, [* is right exact.
(b) For any object S of .7, the bifunctor Qg is right exact.

We finish this section with a proposition which will constitute a useful trick:

Proposition 1.3.19 Consider an adjunction of triangulated categories
a: T =" :b.

Assume that 7 admits a set of compact generators 4 such that any object in a(¥4)
is compact in J’'. Then b commutes with direct sums. If in addition T’ is well
generated then b admits a right adjoint.

Proof The second assertion follows from the first one according to a corollary of
the Brown representability theorem of Neeman (cf. [Neeo1, 8.4.4]).

For the first one, we consider a family (X;);¢; of objects of 7 and prove that the
canonical morphism
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®ie1b(Xi) — b (@1 Xi)

is an isomorphism in 7. To prove this, it is sufficient to apply the functor
Hom & (G, —) for any object G of ¢. Then the result is obvious from the assump-
tions. t

We shall often use the following standard argument to produce equivalences of
triangulated categories.

Corollary 1.3.20 Let a : T — 7' be a triangulated functor between triangulated
categories. Assume that the functor a preserves small sums, and that 7 admits a
small set of compact generators 4, such that a(94) form a family of compact objects
in 7. Then a is fully faithful if and only if, for any couple of objects G and G’ in Y,
the map

Hom 7(G,G’[n]) — Homg(a(G),a(G")[n])

is bijective for any integer n. If a is fully faithful, then a is an equivalence of categories
if and only if a(9) is a generating family in T’.

Proof Let us prove that this is a sufficient condition. As .7 is in particular well
generated, by the Brown representability theorem, the functor b admits a right adjoint
b: 7’ — Z.By virtue of the preceding proposition, the functor b preserves small
sums. Let us prove that a is fully faithful. We have to check that, for any object M of
7, the map M — b(a(M)) is invertible. As a and b are triangulated and preserve
small sums, it is sufficient to check this when M runs over a generating family of
objects of .7 (e.g. 4). As ¢ is generating, it is sufficient to prove that the map

Hom 7 (G, M[n]) — Homg(a(G),a(M)[n]) = Hom 7 (a(G), b(a(M))[n])

is bijective for any integer n, which hold then by assumption. The functor a thus
identifies 7 with the localizing subcategory of .7’ generated by a(¥); if moreover
a(9) is a generating family in .77/, then 7’ = (a(¥)), which also proves the last
assertion. (]

1.3.d The model category case

1.3.21 We shall use Hovey’s book [Hovgg] for a general reference to the theory of
model categories. Note that, following loc. cit., all the model categories we shall
consider will have small limits and small colimits.

Let .# be the sub-2-category of ¥ar made of the model categories, with 1-
morphisms the left Quillen functors and 2-morphisms the natural transformations.
When we will apply definition 1.3.2 (resp. 1.3.3) to € = .4, we will speak of a &-
fibred model category for a .# -structured Z?-fibred category . (resp. morphism
of &-fibred model categories). Note that according to the definition of left Quillen
functors, ./ is then automatically complete.

Given a property (P) of model categories (like being cofibrantly generated, left
and/or right proper, combinatorial, stable, etc), we will say that a &-fibred model
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category . over . has the property (P) if, for any object S of ., the model
category . (S) has the property (P).

For the monoidal case, we let .#Z® be the sub-2-categories of .# made of
the symmetric monoidal model categories (see [Hovgg, Definition 4.2.6]), with
1-morphisms the symmetric monoidal left Quillen functors and 2-morphisms the
symmetric monoidal natural transformations, following the conditions of 1.3.4. When
we will apply definition 1.3.5 to the case of (.Z,.#®), we will speak simply of a
monoidal P-fibred model category (resp. morphism of monoidal &-fibred model
categories) for a (resp. morphism of) (.#, .# ©)-structured monoidal Z-fibred cat-
egory .4 . Again, ./ is then monoidal complete.

Remark 1.3.22 Let .# be a &-fibred model category over .#. Then for any #-
morphism p : X — Y, the inverse image functor p* : .#(Y) — .#(X) has very
strong exactness properties: it preserves small limits and colimits (having both a left
and a right adjoint), and it preserves weak equivalences, cofibrations, and fibrations.
The only non (completely) trivial assertion here is about the preservation of weak
equivalences. For this, one notices first that it preserves trivial cofibrations and
trivial fibrations (being both a left Quillen functor and a right Quillen functor). In
particular, by virtue of Ken Brown Lemma [Hovgg, Lemma 1.1.12], it preserves weak
equivalences between cofibrant (resp. fibrant) objects. Given a weak equivalence
u:M — N in .Z(Y), we can find a commutative square

M N

in which the two vertical maps are trivial fibrations, and where u’ is a weak equiv-
alence between cofibrant objects, from which we deduce easily that p*(u) is a weak
equivalence in .Z (X).

1.3.23 Consider a &-fibred model category .# over .#. By assumption, we get the
following pairs of adjoint functors:

(a) For any morphism f : X — S of .7,
Lf* : Ho(.#(S)) = Ho(.Z (X)) : R
(b) For any &-morphism p : T — S, the pullback functor
Lpy : Ho(.#(S)) — Ho(.Z(T)) : Lp* = p* = Rp"

Moreover, the canonical isomorphism of shape (fg)* ~ ¢g* f* induces a canonical
isomorphism R(fg)* ~ Rg*Rf*. In the situation of the &?-base change formula
1.1.9, we obtain also that the base change map

anLg* — Lf*Lpﬁ
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is an isomorphism from the equivalent property of .#. Thus, we have defined a
complete Z-fibred category whose fiber over S is Ho(.Z(S)).

Definition 1.3.24 Given a &-fibred model category .# as above, the complete -
fibred category defined above will be denoted by Ho(.#) and called the homotopy
P-fibred category associated with . .

1.3.25 Assume that .# is amonoidal &?-fibred model category over .#. Then, for any
object S of .7, Ho(.#)(S) has the structure of a symmetric closed monoidal category;
see [Hovgg, Theorem 4.3.2]. The (derived) tensor product of Ho(.#)(S) will be
denoted by M ®§‘ N, and the (derived) internal Hom will be written RHomg(M, N),
while the unit object will be written 1g.

For any morphism f : T — S in ./, the derived functor Lf* is symmetric
monoidal as follows from the equivalent property of its counterpart f*.

Moreover, for any &-morphism p : T — § and for any object M in Ho(.Z)(T)
and any object N in Ho(.#)(S), the exchange map of 1.1.24

Lpy(M &" p*(N)) — Lpy(M) 8" N
is an isomorphism.

Definition 1.3.26 Given a monoidal &?-fibred model category .# as above, the
complete monoidal &-fibred category defined above will be denoted by Ho(.#)
and called the homotopy monoidal &-fibred category associated with .Z .

1.4 Premotivic categories

In the present article, we will focus on a particular type of &?-fibred category.

1.4.1 Let . be a scheme. Assume . is a full subcategory of the category of .7-
schemes. In most of this work, we will denote by .#/* the class of morphisms of
finite type in % and by Sm be the class of smooth morphisms of finite type in
.7 There is an exception to this rule: throughout Part 3, ./ will be the class of
separated morphisms of finite type in .%” and Sm will be the class of separated smooth
morphisms of finite type in .. However, the axiomatic which we will present in the
sequel can be applied identically in each cases so that the reader can freely use the
restriction that all morphisms of Sm and .77 are separated.

In any case, the classes Sm and .#/! are admissible in .7 in the sense of Paragraph
1.0.1 (this is automatic, for instance, if . is stable by pullbacks).

Definition 1.4.2 Let &2 be an admissible class of morphisms in ..

A P-premotivic category over . — or simply P-premotivic category when
& is clear — is a complete monoidal &?-fibred category over .. A morphism of
P -premotivic categories is a morphism of complete monoidal &-fibred categories
over ..
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As a particular case, when % is the 2-category Jri of triangulated categories
(resp. 27b of abelian categories), a &2-premotivic triangulated (resp. abelian) cat-
egory over . is a (€,%®)-structured complete monoidal £2-fibred category over
7 (def. 1.3.5). Morphisms of &Z-premotivic triangulated (resp. abelian) categories
are defined accordingly.

We will also say: premotivic for Sm-premotivic and generalized premotivic for
ft premotivic.

The sections of a &7-premotivic category will be called premotives.

Example 1.4.3 Let . be the category of noetherian schemes of finite dimension.

For such a scheme S, recall 77, (S) is the pointed homotopy category of Morel and
Voevodsky; cf. examples 1.1.5, 1.1.14, 1.1.30. Then, according to the fact recalled in
these examples the 2-functor /%, is a geometrically generated premotivic category
(recall Definition 1.1.41).

For such a scheme S, consider the stable homotopy category SH(S) of Morel and
Voevodsky (see [Jaroo, Ayoo7b]). According to [Ayoo7b], it defines a triangulated
premotivic category denoted by SH. Moreover, it is compactly (Z x Z)-generated in
the sense of definition 1.1.41 where the first factor refers to the suspension and the
second one refers to the Tate twist (i.e. as a triangulated premotivic category, it is
compactly generated by the Tate twists).

1.4.4 Let .7 be a &-premotivic triangulated category with geometric sections M
and 7 be a set of twists for .7 (Definition 1.1.39).

Recall from Convention 1.3.13 (resp. and Definition 1.3.15) that .7 is said to
be 7-generated (resp. compactly 7-generated) if for any scheme S, the family of
isomorphism of classes of premotives of the form Mg(X){i} for a &?-scheme X
over S and a twist i € 7 is a set of generators (resp. compact generators) for the
triangulated category 7 (S) (in the respective case, we also assume 7 (S) admits
small sums).

Let E be a premotive over S and X be a &?-scheme over S. For any (n,i) € Z X 7,
we define the cohomology of X in degree n and twist i with coefficients in E as:

H';'(X. E) = Hom (s (Ms(X). E{i}(n).

The fact 7 is T-generated amounts to say that any such premotive E is determined
by its cohomology.

Example 1.4.5 All the known triangulated premotivic categories are 7-generated for
a given set of twist 7. In fact, one defines as usual the Tate twist 1g(1) in such a
premotivic triangulated category .7 by the formula:

Ms(Pg) = L& 1(1)[2].

Then 1(1) = (1g(1))se.« is a cartesian section of 7. We will say that .7 is generated
by Tate twists if it is Z-generated where Z refers to the set of twists (1(n)),ez.

The premotivic triangulated category SH of the previous example is compactly
generated by Tate twists. Similarly, the stable A'-derived category D arp (cf. Ex-
ample 5.3.31), the category of Voevodsky motives DM (cf. Definition 11.1.1), the
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category of KGL-modules (cf. Definition 13.3.3) and the category of Beilinson
motives DMy (cf. Definition 14.2.1) are all compactly generated by Tate twists.

Definition 1.4.6 Let .# and .4’ be &7-premotivic categories.
A morphism of &-premotivic categories (or simply a premotivic morphism) is
a morphism ¢* : .# — 4’ of complete monoidal &-fibred categories. We shall
also say that
oM =M.

is a premotivic adjunction. When moreover .# and .#"’ are &?-premotivic triangu-
lated (resp. abelian) categories, we will ask ¢* is a compatible with the triangulated
(resp. additive) structure — as in Definition 1.3.3.

If we assume that .# (resp. .#") is T-twisted (resp. 7’-twisted), we will say as in
Definition 1.2.11 that ¢* is compatible with twists if for any i € 7, ¢*(i) belongs up
to isomorphism to /. We say ¢* is strictly compatible with twists if it is compatible
with twists and if any element of 7’ is isomorphic to the image of an element of 7.

Usually, premotivic categories comes equip with canonical twists (especially the
Tate twist, see the above example) and premotivic morphisms are compatible with
twists.

Example 1.4.7 With the hypothesis and notations of 1.4.3, we get a premotivic ad-
junction
¥ G — SH: Q%

induced by the infinite suspension functor according to [Jaroo].

1.4.8 Let 7 (resp. &7) be a triangulated &?-premotivic category with geometric
sections M and a set of twists 7. For any scheme S, we let .7; .(S) be the small-
est triangulated thick#? subcategory of .7 (§) which contains premotives of shape
Mg(S){i} (resp. Ms(X, @7){i}) for a &-scheme X/S and a twist i € 7. This sub-
category is stable by the operations f*, py and ®. In particular, 7 . defines a
not necessarily complete triangulated (resp. abelian) &?-fibred category over .. We
also obtain a morphism of triangulated (resp. abelian) monoidal &?-fibred categories,
fully faithful as a functor,
t: T — T

Definition 1.4.9 Consider the notations introduced above. We will call .7 . the 7-
constructible part of 7. For any scheme S, the objects of 7; .(S) will be called
T-constructible.

When 7 is clear from the context, we will put 7. := 7 . and use the terminology
constructible.

Remark 1.4.10 The condition of T-constructibility is a good categorical notion of
finiteness which extends the notion of geometric motives as introduced by Voevodsky.
In the triangulated motivic case, it will be studied thoroughly in section 4.

42 j.e. stable by direct factors.
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Proposition 1.4.11 Let T be a t-twisted P -premotivic triangulated category. Let
S be a scheme such that:

1. The category 7 (S) admits small sums.
2. For any &?-scheme X over S, and any twist i € 7, the premotive Ms(X){i} is
compact.

Then, a premotive M over S is T-constructible if and only if it is compact.

Proof In any triangulated category &, one easily obtains that the property of being
compact is stable under extensions and retracts. In particular, the thick triangulated
subcategory of & generated by compact objects consists precisely of the compact
objects of &. Moreover, if & admits small sums and is generated by a family
of compact objects G, then the thick triangulated subcategory of & generated by
G contains all compact objects, and is therefore equal to the full subcategory of
compact objects (see [Neeg2, Lem. 2.2]).

Coming back to the definition of being 7-constructible, this general fact finishes
the proof. (]

Thus, when the conditions of this proposition are fulfilled, the category 7 (S) does
not depend on the particular choice of 7. This will often be the case in practice (see

5.1.33, 5.2.39, 5.3.42).

Remark 1.4.12 The notion of compact objects in a triangulated category was heav-
ily developed by A. Neeman. Its relation with finiteness conditions is particularly
emphasized when considering the derived category of complexes of quasi-coherent
sheaves over a quasi-compact separated scheme: in this triangulated category, being
compact is equivalent to being perfect ([Neeg6, Cor. 4.3]).

Definition 1.4.13 Consider a 7-generated premotivic category . .
An enlargement of ./ is the data of a 7’-twisted generalized premotivic category
M together with a premotivic adjunction

py: M — M :p

(where . is considered as a premotivic category in the obvious way), satisfying
the following properties:

(a) For any scheme § in .7, the functor py s : .#(S) — #(S) is fully faithful and
its right adjoint p : .#(S) — .#(S) commutes with sums.
(b) py is strictly compatible with twists.

Again, this notion is defined similarly for a %’-structured &7-premotivic category.
Note that for any smooth S-scheme X, we get in the context of an enlargement as
above the following identifications:

py,s(Ms(X)) = Ms(X),
ps(Ms(X)) = Ms(X)
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where M (resp. M) denote the geometric sections of .# (resp. .4).
Remember also that for any morphism of schemes f and any smooth morphism
p, py commutes with f* and py, while p* commutes with f; and p*.

2 Triangulated &7-fibred categories in algebraic geometry

2.0.1 In this entire section, we fix a base scheme .¥, assumed to be noetherian,
and a full subcategory .¥ of the category of noetherian .¥’-schemes satisfying the
following properties:

(a) .7 is closed under finite sums and pullback along morphisms of finite type.
(b) For any scheme S in .#, any quasi-projective S-scheme belongs to ..

In sections 2.2 and 2.4, we will add the following assumption on .

(c) Any separated morphism f : ¥ — X in .”, admits a compactification in . in
the sense of [AGV 73, 3.2.5], i.e. admits a factorization of the form

y L.y -L.x

where j is an open immersion, p is proper, and Y belongs to .#. Furthermore, if
f is quasi-projective, then p can be chosen to be projective.

(d) Chow’s lemma holds in .# (i.e., for any proper morphism ¥ — X in ., there
exists a projective birational morphism p : ¥y — Y in .¥ such that fp is
projective as well).

A category . satisfying all these properties will be called adequate for future
references.*3

We also fix an admissible class & of morphisms in ¥ and a complete triangulated
P -fibred category 7. We will add the following assumptions:

(d) In section 2.2 and 2.3, & contains the open immersions.
(e) In section 2.4, & contains the smooth morphisms of .7.

In the case .7 is monoidal, we denote by
M: 27— T

its geometric sections.

According to the convention of 1.4.2, we will speak of the premotivic case when
& is the class of smooth morphisms of finite type** in . and .7 is a premotivic
triangulated category.

43 For instance, the scheme . can be the spectrum of a prime field or of a Dedekind domain. The
category . might be the category of all noetherian .’-schemes of finite dimension or simply the
category of quasi-projective .#-schemes. In all these cases, property (c) is ensured by Nagata’s
theorem (see [Cono7]) and property (d) by Chow’s lemma (see [GD61, 5.6.1]).

44 or smooth separated morphisms of finite type when applying this section in Part 3
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2.1 Elementary properties

Definition 2.1.1 We say that .7 is additive, if for any finite family (S;);c.» of schemes
in ., the canonical map

y(u Si) — ]jy(si)

i
is an equivalence.
Recall this property implies in particular that .7 () = 0.

Lemma 2.1.2 Let S be a scheme, p : A}g — S be the canonical projection. The
following conditions are equivalent:

(i) The functor p* : T (S) — §(A§) is fully faithful.
(ii) The counit adjunction morphism 1 — p.p* is an isomorphism.

In the premotivic case, these conditions are equivalent to the following ones:
(iii) The unit adjunction morphism pyp* — 1 is an isomorphism.

(iv) The morphism M. S(Aé) AN 1s induced by p is an isomorphism.

1 .
(iv’) For any smooth S-scheme X, the morphism MS(Ai()(X—sz Ms(X) is an iso-
morphism.

The only thing to recall is that in the premotivic case, pyp* (M) = Ms (A;) ® M and
pp (M) = HomS(MS(Aé), M).

Definition 2.1.3 The equivalent conditions of the previous lemma will be called the
homotopy property for 7, denoted by (Htp).

2.1.4 Recall that a sieve R of a scheme X is a class of morphisms in .’ /X which is
stable by composition on the right by any morphism of schemes (see [AGV 73, 1.4]).

Given such a sieve R, we will say that .7 is R-separated if the class of functors
f* for f € R is conservative. Given two sieves R, R’ of X, the following properties
are immediate:

(a) If R c R’ then 7 is R-separated implies .7 is R’-separated.
(b) If 7 is R-separated and is R’-separated then .7 is (R U R’)-separated.

A family of morphisms (f; : X; — X);¢; of schemes defines a sieve R = (f;,i € I)
such that f is in R if and only if there exists i € I such that f can be factored through
fi- Obviously,

(c) 7 is R-separated if and only if the family of functors (f;");¢; is conservative.

Recall that a topology on . is the data for any scheme X of a set of sieves of X
satisfying certain stability conditions (cf. [AGV73, 11, 1.1]), called ¢-covering sieves.
A pre-topology ¢y on . is the data for any scheme X of a set of families of morphisms
of shape (f; : Xi — X)ier satisfying certain stability conditions (¢f. [AGV 73, 11,
1.3]), called #p-covers. A pre-topology fy generated a unique topology ¢.
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Definition 2.1.5 Let ¢ be a Grothendieck topology on .. We say that J is ¢-
separated if the following property holds:

(t-sep) For any t-covering sieve R, .7 is R-separated in the sense defined above.

Obviously, given two topologies 7 and ¢’ on .¥ such that ¢’ is finer than ¢, if .7 is
t-separated then it is ¢’-separated.

If the topology ¢ on .7 is generated by a pre-topology 7o then .7 is ¢-separated if
and only if for any fg-covers (f;);ez, the family of functors (f;");es is conservative —
use [AGV73, 1.4] and 2.1.4(a)+(c).

for any point ¢ of T, the residual extension induced by f at ¢ is radicial (¢f. [GD6o,
3.5.4, 3.5.8])*> The following definition is inspired by [Ayoo7a, Def. 2.1.160].

Definition 2.1.7 We say that .7 is separated (resp. semi-separated) if 7 is separated
for the topology generated by surjective families of morphisms of finite type (resp.
finite radicial morphisms) in .. We also denote by (Sep) (resp. (sSep)) this property.

Remark 2.1.8 If 7 is additive, property (Sep) (resp. (sSep)) is equivalent to ask that
for any surjective morphism of finite type (resp. finite surjective radicial morphism)
f T — Sin.¥, the functor f* is conservative.

Proposition 2.1.9 Assume 7 is semi-separated and satisfies the transversality prop-
erty with respect to finite surjective radicial morphisms.
Then for any finite surjective radicial morphism f : Y — X, the functor

[ TX) — T)

is an equivalence of categories.

Proof We first consider the case when f = i is in addition a closed immersion. In
this case, we can consider the pullback square below.

Y—=Y
| )

4

Using the transversality property with respect to i, we see that the counit i*i, — 1
is an isomorphism. It thus remains to prove that the unit map 1 — i.i* is an isomor-
phism. As i* is conservative by semi-separability, it is sufficient to check that

it — i (M)

is an isomorphism. But this is a section of the map i* i,i*(M) — i*(M), which is
already known to be an isomorphism.

45 It is equivalent to ask that f is universally injective. When f is surjective, this is equivalent to
ask that f is a universal homeomorphism.
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Consider now the general case of a finite radicial extension f. We introduce the
pullback square

Yxx Y —2—y

| |

Yy ——X

Consider the diagonal immersioni : ¥ — Y Xx Y. Because Y is noetherian and p is
separable, i is finite (¢f. [GDO61, 6.1.5]) thus a closed immersion. As p is a universal
homeomorphism, the same is true for its section i. The preceding case thus implies
that i* is an equivalence of categories. Moreover, as pi = gi = ly, we see that p* and
q" are both quasi-inverses to i*, which implies that they are isomorphic equivalences
of categories. More precisely, we get canonical isomorphisms of functors

i"~p.~q., and i, =p"=~q".
We check that the unit map 1 — f.f* is an isomorphism. Indeed, by semi-
separability, it is sufficient to prove this after applying the functor f*, and we get,
using the transversality property for f:

[T = [T S

We then check that the counit map f*f, — 1 is an isomorphism as well. In fact,
using again the transversality property for f, we have isomorphisms

f (M) = g.p"(M) =~ i"i.(M) =~ M.

2.1.10 Recall from [Voei1ob] that a cd-structure on . is a collection P of commu-

tative squares of schemes

—_—
o

f

> —
S~

—
e

which is closed under isomorphisms. We will say that a square Q in P is P-
distinguished.
Voevodsky associates to P a topology ¢p, the smallest topology such that:

o for any P-distinguished square Q as above, the sieve generated by {f :
A — X,e:Y — X} is tp-covering on X.
* the empty sieve covers the empty scheme.

Example 2.1.11 A Nisnevich distinguished square is a square Q as above such that
Q is cartesian, f is étale, e is an open embedding with reduced complement Z and
the induced map f~'(Z) — Z is an isomorphism. The corresponding cd-structure
is called the upper cd-structure (see section 2 of [Voeioc]). Because we work with
noetherian schemes, the corresponding topology is the Nisnevich topology (see
proposition 2.16 of loc.cit.).
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A proper cdh-distinguished square is a square Q as above such that Q is Cartesian,
f is proper, e is a closed embedding with open complement U and the induced map
f~1(U) — U is an isomorphism. The corresponding cd-structure is called the lower
cd-structure. The topology associated with the lower cd-structure is called the proper
cdh-topology.

The topology generated by the lower and upper cd-structures is by definition
(according to the preceding remark on Nisnevich topology) the cdh-topology.

All these three examples are complete cd-structures in the sense of [ Voe1ob, 2.3].

Lemma 2.1.12 Let P be a complete cd-structure (see [Voeiob, def 2.3]) on . and
tp be the associated topology. The following conditions are equivalent:

(i) T is tp-separated.
(ii) For any distinguished square Q for P of the above form, the pair of functors
(e, f*) is conservative.

Proof This follows from the definition of a complete cd-structure and 2.1.4(a). [

Remark 2.1.13 If we assume that .% is stable by arbitrary pullback then any cd-
structure P on . such that P-distinguished squares are stable by pullback is complete
(see [Voe1ob, 2.4]).

2.2 Exceptional functors, following Deligne

2.2.a The support axiom

2.2.1 Consider an open immersion j : U — S. Applying 1.1.15 to the cartesian
square
U p— U

U——S§
j
we get a canonical natural transformation

L. Ex(Ay) .
Vi Jp = Jgle — July = i
Recall that the functors jy and j. are fully faithful (see Corollary 1.1.20).

Note that according to remark 1.1.7, this natural transformation is compatible with
identifications of the kind (jk)y = jyky and (jk). = jik..

Lemma 2.2.2 Let S be a scheme, U and V be subschemes such that S = U LI'V. We
let h: U — S (resp. k : V. — §) be the canonical open immersions.

Assume that the functor (h*,k*) : 7(S) — T(U) x (V) is conservative and
that 7 (&) = 0. Then the natural transformation yy, (resp. yi) is an isomorphism.
Moreover, the functor (h*, k™) is then an equivalence of categories.
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Proof As hy and h, are fully faithful, we have h*hy ~ h*h.. By &-base change,
we also get k*hy =~ k*h, =~ 0. It remains to prove the last assertion. The functor
R = (h*, k") has a left adjoint L defined by L=hy & ky:

L(M,N) = hy(M) @ ky(N) .

The natural transformation LR — 1 is an isomorphism: to see this, is it sufficient to
evaluate at 1* and k*, which gives an isomorphism in .7 (U) and .7 (V) respectively.
The natural transformation 1 — RL is also an isomorphism because hy and ky are
fully faithful.

Remark 2.2.3 Assume 7 is Zariski separated (definition 2.1.5). Then, as a corollary
of this lemma, .7 is additive (definition 2.1.1) if and only if .7 (&) = 0.

2.2.4 Exchange structures V.— Assume .7 is additive. We consider a commutative
square of schemes

(2.2.4.1) q p

S+—<
e~

k
—_—
A
—_—

J

such that j, k are an open immersions and p, g are proper morphisms.
This diagram can be factored into the following commutative diagram:

UxsT—j—T

lp’ €] ll’

U—7>—S.

Then [ is an open and closed immersion so that the previous lemma implies the
canonical morphism y; : [y — [, is an isomorphism. As a consequence, we get a
natural exchange transformation

(©y,) 7t
‘ P*]'él* .

Ex
Ex(Ay,) : jyq- = jypils Psjgly = piky

using the exchange of 1.1.15. Note that, with the notations introduced in 2.2.1, the
following diagram is commutative.

. Ex(Ay.)
JH4- Diky

(2.2.4.2) yjq*J 1P*’)’k

JeGs —— (j@)s = (Pk). —— pik.
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Indeed one sees first that it is sufficient to treat the case where A is cartesian.
Then, as jy is a fully faithful left adjoint to j* it is sufficient to check that (2.2.4.2)
commutes after having applied j*. Using the cotransversality property with respect
to open immersions, one sees then that this consists of verifying the commutativity
of (2.2.4.2) when j is the identity, in which case it is trivial.

Definition 2.2.5 Let p : T — S be a proper morphism in ..

We say that the triangulated &?-fibred category .7 satisfies the support property
with respect to p, denoted by (Supp,), if it is additive and for any commutative square
of shape (2.2.4.1) the exchange transformation Ex(Ay.) : jyg. — p«ky defined
above is an isomorphism.

We say that .7 satisfies the support property, also denoted by (Supp), if it satisfies
(Supp,,) for all proper morphism p in .%.

By definition, it is sufficient to check the last property of property (Supp) in the case
where A is cartesian.

2.2.b Exceptional direct image

2.2.6 We denote by .7%¢P (resp. .S °P¢", S P"°P) the sub-category of the category
- with the same objects but morphisms are separated morphisms of finite type
(resp. open immersions, proper morphisms). We denote by

T S — Tri®
resp. Jy : SV — Tri®

the 2-functor defined respectively by morphisms of type f. and jy (f any morphism of
schemes). The proposition below is essentially based on a result of Deligne [AGV 73,
XVII, 3.3.2]:

Proposition 2.2.7 Assume 7 is a monoidal P-fibred category and satisfies prop-

erty (Supp).
Then there exists a unique 2-functor

RSP — Tri®
with the property that
%Lyprop = %lypr()p’ ﬁlynyen = %

and for any commutative square A of shape (2.2.4.1) with p and q proper, the
composition of the structural isomorphisms

Juq = jrqr = (j@h = (pk)r = prki = p.ky

is equal to the exchange transformation Ex(Ay,).
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2.2.8 Under the assumptions of the proposition, for any separated morphism of
finite type f : ¥ — X, we will denote by fi : 7 (Y) — 7 (X) the functor Z(f).
The functor fi is called the direct image functor with compact support or the left
exceptional functor associated with f.

Proof We recall the principle of the proof of Deligne. Let f : ¥ — X be a separated
morphism of finite type in ..

Let € be the category of compactifications of f in .7, i.e. of factorizations of f
of the form

(2.2.8.1) Yy —Y—X

where j is an open immersion, p is proper, and ¥ belongs to .%. Morphisms of €
are given by commutative diagrams of the form

’

n\p/’X
/p) '

— =i

2.8.2) Y
(2.2.8.2 \

~i

in .. To any compactification of f of shape (2.2.8.1), we associate the functor p. jy.
To any morphism of compactifications (2.2.8.2), we associate a natural isomorphism

) S Ex@g) .
Pidy = PTujy — Pajgls = Pajy.

where A stands for the commutative square made by removing 7 in the diagram
(2.2.8.2), and Ex(Ay,) is the corresponding natural transformation (see 2.2.4). The
compatibility of Ex(Ay,) with composition of morphisms of schemes shows that we
have defined a functor

Iy %fop — Hom(7(Y), 7 (X))
which sends all the maps of € to isomorphisms (by the support property).

The category %y is non-empty by the assumption 2.0.1(c) on ., and it is in
fact left filtering; see [AGV73, XVII, 3.2.6(ii)]. This defines a canonical functor
fi : T(Y)— J(X), independent of any choice compactification of f, defined in
the category of functors Hom(.7 (Y), 7 (X)) by the formula

fi=limIy.
w

If f = p is proper, then the compactification
y —v 2o x

is an initial object of €y, which gives a canonical identification p; = p.. Similarly, if
f = j is an open immersion, then the compactification
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yl.x_=.x

is a terminal object of €}, so that we get a canonical identification jy = jy.

This construction is compatible with composition of morphisms. Letg : Z — Y
and f : Y — X be two separated morphisms of finite type in .¥. For any a couple
of compactifications

z* .7 % yandy L7 Lo x

of f and g respectively, we can choose a compactification
= h r
Z—T —Y

of jg, and we get a canonical isomorphism

figr = psjyqeky = pare hyky = (pr). (hk)y = (fg) .

The independence of these isomorphisms with respect to the choices of compact-
ification follows from [AGV73, XVII, 3.2.6(iii)]. The cocycle conditions (i.e. the
associativity) also follows formally from [AGV73, XVII, 3.2.6]. The uniqueness
statement is obvious. U

2.2.9 This construction is functorial in the following sense.
Define a 2-functor with support on J to be a triple (2, a, b), where:

() 9 : %P — Tri is a 2-functor (we shall write the structural coherence iso-
morphisms as ¢, : Z(gf) —— P(g)Z(f) for composable arrows f and g in
r;

(i) a : Tilgpror — D|yprop and b : Ty — P|popen are morphisms of 2-
functors which agree on objects, i.e. such that for any scheme S in ., we
have

Ys =as =bs : T(S) — 2(S);

(iii) for any commutative square of shape (2.2.4.1) in which j and k are open
immersions, while p and g are proper morphisms, the diagram below commutes.

. ¥s Bx(Ay.)
Us Jyq- Us P ku
b q*l lakﬁ
D(jWu g« D(pWrky

@o’)aj ~ - | 2@
DHND Qv 25 D(jq) = Dk = D(p)D (k)

Morphisms of 2-functors with support on .7

(‘@’ a’ b) i (‘@,7 a’? b,)
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are defined in the obvious way: these are morphisms of 2-functors 2 — 2’ which
preserve all the structure on the nose.

Using the arguments of the proof of 2.2.7, one checks easily that the category of
2-functors with support has an initial object, which is nothing else but the 2-functor
71 together with the identities of .7, | »»rop and of .74 respectively. In particular, for
any 2-functor 2 : .*¢P — Jri, a morphism of 2-functors .7, — & is completely
determined by its restrictions to .’P"°P and .’°P¢", and by its compatibility with
the exchange isomorphisms of type E£x(Ay,) in the sense described in condition (iii)
above.

Proposition 2.2.10 Assume that J satisfies the support property and consider the
notations of Proposition 2.2.7. For any separated morphism of finite type f in .7,
there exists a canonical natural transformation

ar: fi— fe.
The collection of maps ay defines a morphism of 2-functors
@i T — Tilpver, frola: fi— f)

whose restrictions to SP"°P and S °P¢" are respectively the identity and the mor-
phism of 2-functors y : Ty — T.|popen defined in 2.2.1.

Proof The identities f, = f. for f proper (resp. projective) and the exchange natural
transformations of type Ex(Ay,) turns .7 | s sep into a 2-functor with support (resp.
restricted support) on 7 (property (iii) of 2.2.9 is expressed by the commutative
square (2.2.4.2)). O

Proposition 2.2.11 Let .7’ be another triangulated complete &P-fibred category
over . Assume that 7 and 7’ both have the support property, and consider given
a triangulated morphism of P-fibred categories ¢* : T — T’ (recall definition
1.2.2).

Then, there is a canonical family of natural transformations

Ex(¢", fi) : ox fi — fioy

for each separated morphism of finite type f : Y — X in ., which is functorial
with respect to composition in . (i.e. defines a morphism of 2-functors) and such
that, the following conditions are verified:

(a) if f is proper, then, under the identification fi = f., the map Ex(¢*, fi) is the
exchange transformation Ex(¢*, f.) : ¢ fu — fi ¢} defined in 1.2.5;

(b)if f is an open immersion, then, under the identification fi = fy, the
map Ex(¢*, fi) is the inverse of the exchange isomorphism Ex(fy,¢") :
Jo ¥y — @ fy definedin 1.2.1.

Proof The exchange maps of type Ex(¢*, f.) define a morphism of 2-functors

a . %Lsﬂprnp e d Z’lkyprop = Z’Lyprop
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while the inverse of the exchange isomorphisms of type E x( f3, ¢*) define a morphism
of 2-functors

b:%—>§’: %/Lyapen,
in such a way that the triple (.’, a, b) is a 2-functor with support on 7. O

Corollary 2.2.12 Suppose 7 satisfies the support property and consider the nota-
tions of proposition 2.2.7.

1. For any cartesian square

such that f is separated of finite type, there exists a canonical natural transfor-
mation

Ex(A):g" fi— flg”

compatible with horizontal and vertical compositions of squares, and satisfying
the following identifications in 7 (X’)

(a) f proper: (b) f open immersion:
. Ex(AY) ) . Ex(A}) ”
gh———1H9 g i — fig
*| Ex(AY) /”/* *| EX(AB)_l ,||’*
fo ——— 9", g fy——— Jf{9"

Moreover, when g is a &-morphism, Ex(A}) is an isomorphism.
2. For any cartesian square A as in (1), assuming f is separated of finite type and
g is a &-morphism, there exists a canonical natural transformation

Ex(Ag) = g4f) — fig}

compatible with horizontal and vertical compositions of squares, and satisfying
the following identifications in 7 (X’)

(a) f proper: (b) f open immersion:
, Ex(Ay) , , Ex(Ay) ,
gif) ———— figy gify ——— figy
|| 1% Ex(Ay.) ” ’ || ’ ” ’

3. If furthermore 7 is monoidal then for any separated morphism of finite type
f Y — X, there is a natural transformation
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Ex(f.®): (fiK)® L — fi(K® f'L)

which is compatible with respect to composition in ., and such that, in each of
the following cases, we have the following identifications:

(a) f proper: (b) f open immersion:

FK oL ske L) (iK)eL—% ke L)

| s | | g |
(fK)® L ——— f(K® f*'L), (K)®L—— f(K® f*L).

As in the previous analogous cases, the natural transformations Ex(A}), Ex(4y )
and Ex(f,",®) will be called exchange transformations.

Proof To prove (1), consider a fixed map g : X' — X in .. We consider the
triangulated &2 /X-fibred categories .7’ and .7"" over . /X defined by 7'(Y) =
J(Y)and T"(Y) = 7 (Y’) forany X-scheme Y (in.¥), withg’ : Y = Yxx X' — Y
the map obtained from ¥ — X by pullback along g. The collection of functors

9" TY)— T{X)

define an exact morphism of triangulated &7/ X-fibred categories over .7 /X (by the
Z-base change formula):
<p* . yl RN y// .

Applying the preceding proposition to the latter gives (1). The fact that we get an
isomorphism whenever g is a &Z-morphism follows from the &7-base change formula
and from paragraph 1.1.15.

For point (2), we consider the notations above assuming that g is a &?-morphism.
The collection of functors

gy T — T

associated with an X-scheme Y, ¢’ : Y/ = Y Xy X’ — Y obtained from ¢ as
above, define an exact morphism of triangulated &7 /X-fibred categories over .7/ X
(applying again the &-base change formula):

T — T

Applying the preceding proposition to the latter gives (2).

The proof of (3) is similar: fix a scheme X in .#, as well as an object L in 7 (X).
Let .77 be the restriction of .7 to .#/X as above. We can consider L as a cartesian
section of .7, and by the &?-projection formula, we then have an exact morphism
of triangulated &2/ X-fibred categories over ./ X:

Le(-): T — T,
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Here again, we can apply the preceding proposition and conclude.

2.2.c Further properties
We will be particularly interested in the following properties of the triangulated
P-fibred category 7.

Definition 2.2.13 Let f : Y — X be amorphism in.¥. We introduced the following
properties for .7, assuming in the third case that .7 is monoidal:

(Adjr) The functor f. admits a right adjoint. Under this assumption, we denote by
f' the right adjoint of f,.
(BCy) Any cartesian square of . of the form

is .7 -transversal (Def. 1.1.17) — i.e. the exchange transformation
Ex(A):g"fo — flg”

associated with A is an isomorphism.
(PFr) Forany object premotive M overY, and N over X, the exchange transformation
(see paragraph 1.1.31)

Ex(f),®x): (fiM)®x N — f.(M ®y f*N)

is an isomorphism.

We denote by (Adj) (resp. (BC), (PF)) the property (Adjy) (resp. (BCy), (PFy)) for
any proper morphism f in . and call it the adjoint property (resp. proper base
change property, projection formula).

We can summarize the construction and properties introduced in this section as
follows:

Theorem 2.2.14 Assume 7 satisfies the properties (Supp) and (Adj).
Then for any separated morphism of finite type f : Y — X in .7, there exists an
essentially unique pair of adjoint functors

fi: 7)) = 7X): 1

called the exceptional functors, such that:

1. There exists a structure of a covariant (resp. contravariant) 2-functor on f +— fi
!
(resp. f +— f°).
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2. There exists a natural transformation ay : fi — f. compatible with composition
in f which is an isomorphism when f is proper.

3. For any open immersion j, ji = jy (JtrwljI =j"

4. For any cartesian square

v L x

in which f is separated and of finite type, there exists natural transformations

Ex(A):9"fi— f'9".
Ex(A):glf" — f'g.

which are isomorphisms in the following three cases:

o f is an open immersion.
o g is a P-morphism.
® 7 satisfies the proper base change property (BC).

Assume that 7 is in addition monoidal. Then the following property holds:

(5) For any separated morphism of finite type f : Y — X in .7, there exists natural
transformations

Ex(fi",®): (fiK)®x L — fi(K ®y L),
Homx(fi(L),K) — f.Homy(L, f'(K)),
f'Homx (L, M) — Homy(f*(L), f(M)).

which are isomorphisms in the following cases:

® f is an open immersion.
o 7 satisfies the projection formula (PF).

Indeed the existence of fi follows from Proposition 2.2.7 while that of f* follows
directly from assumption (Adj). Assertions (1) and (3) follows from the construction,
(2) is Proposition 2.2.10, (4) (resp. (5)) follows from Corollary 2.2.12 and the
definition of (BC) (resp. (PF)). Note also that the second and third isomorphisms in
(5) are obtained by transposition from Ex(fi, ®).

2.2.15 While the properties (BCy) and (PFy) are only reasonable in practice for
proper morphisms, this is not the case for the property (Adjs). Recall that an exact
functor between well generated triangulated categories admits a right adjoint if and
only if it commutes with small sums: this is an immediate consequence of the Brown
representability theorem proved by Neeman (cf. [Neeo1, 8.4.4]).

Proposition 2.2.16 Assume that 7 is a compactly T-generated triangulated premo-
tivic category over .. Then, for any morphism of schemes f : T — S, the functor
fi 1 T(T) — T(S) admits a right adjoint.
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Proof This follows directly from Proposition 1.3.19. t

2.3 The localization property

2.3.a Definition

2.3.1 Consider a closed immersioni : Z — Sin .. Let U = S — Z be the comple-
ment open subscheme of S and j : U — S the canonical immersion. We will use
the following consequence of the triangulated &7-fibred structure on 7:

(a) The unit 1 — j*j is an isomorphism.
(b) The counit j*j, — 1 is an isomorphism.
(©) i*jy = 0.
(d) j*i. = 0.
d'(jy-j") _ ad(i*,i,
(e) The composite map jﬁj*a—w> 1aL>)i*i* is zero.
In fact, the first four relations all follow from the base change property (£?-BC).
Relation (e) is a consequence of (d) once we have noticed that the following square

is commutative
Jpjt—1

| |

Jal i — i

For the closed immersion i and the triangulated category .7, we introduce the
property (Loc;) made of the following assumptions:

(a) The pair of functors (j*,i*) is conservative.
d »*’»*
(b) The counit i*i*aL)l is an isomorphism.
Definition 2.3.2 We say that .7 satisfies the localization property, denoted by (Loc),
if:

1. 7(@) =0.

2. For any closed immersion i in ., (Loc;) is satisfied.

The main consequence of the localization axiom is that it leads to the situation of
the six gluing functor (cf. [BBD82, prop. 1.4.5]):
Proposition 2.3.3 Let i : Z — S be a closed immersion with complementary open

immersion j : U — S such that (Loc;) is satisfied.

1. The functor i, admits a right adjoint i*.
2. For any K in 7 (S), there exists a unique map 0; g : i.i*K — jyj*K[1] such
that the triangle

ad'(g.J*)  ad(*.i ik . .,
Jui K g e 2K K
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is distinguished. The map 0; k is functorial in K.
3 For any K in 7 (S), there exists a unique map 0/ . : j.j*K — i.i'K[1] such
that the triangle

d'(ii') _ad(*j) . . %%k ..
ik LD A e TR K

is distinguished. The map 0/ . is functorial in K.

Under the property (Loc;), the canonical triangles appearing in (2) and (3) above
are called the localization triangles associated with i.
Proof We first consider point (2). For the existence, we consider a distinguished
triangle
ad'(jy.j*)
'K =5 Kk

Applying 2.3.1(e), we obtain a factorization

+1

ad@i*,i.) . .
K—— l*l*K

™

C

We prove w is an isomorphism. According to the above triangle, j*C = 0. From
2.3.1(d), j¥i.i*K = 0 so that j*w is an isomorphism. Applying i* to the above
distinguished triangle, we obtain from 2.3.1(c) that i*x is an isomorphism. Thus,
applying i* to the above commutative diagram together with (Loc;) (b), we obtain
that i*w is an isomorphism which concludes.

Consider a map K —— L in .7(S) and suppose we have chosen maps a and b
in the diagram:

ad'(jy,j*) ad(i*,i.)

Jni'K K i.i*K s jgi*K(1]
ul MJ lu
T ad'(jy.j*) ad(@i*,i.) ., b -
'L L ii*L Juj L[1]

such that the horizontal lines are distinguished triangles. We can find a map 4 :
i.i* K — i.i* L completing the previous diagram into a morphism of triangles. Then
the map w = h — i,i*(u) satisfy the relation w o ad(i*,i.) = 0. Thus it can be lifted
to a map in Hom(jyj*K[1],i.i*L). But this is zero by adjunction and the relation
2.3.1(d). This proves both the naturality of d; x and its uniqueness.

For point (1) and (3), for any object K of .7(S), we consider a distinguished
triangle

d(j*,js
D — kY K

+1

According to 2.3.1(b), j*D = 0. Thus according to the triangle of point (2) applied to
D, we obtain D = i,i* D. Arguing as for point (2), we thus obtain that D is unique and
depends functorially on K so that, if we puti'K = i*D, point (1) and (3) follows. [
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Remark 2.3.4 Consider the hypothesis and notations of the previous proposition.

1. By transposition from 2.3.1(d), we deduce that i'j, = 0.

2. Assume that i is a &Z-morphism. Then the &-base change formula implies that
i*j. = 0. Dually, we get that i!ju = 0. By adjunction, we thus obtain d; x = 0
and ] ;- = 0 for any object K so that both localization triangles are split. In that
case, we get that 7 (S) = T(Z) x T (U).*¢

The preceding proposition admits the following reciprocal statement:

Lemma 2.3.5 Consider a closed immersion i : Z — S in . with complementary
open immersion j : U — S. Then the following properties are equivalent:

(i) T satisfies (Loc;).
(ii) (a) The functor i, is conservative.
(b) For any object K of .7 (S), there exists a map i.i*(K) — jyj*(K)[1] which
fits into a distinguished triangle

G adit i) -
Jgi"(K) — K —="i.i"(K) — jyj"(K)[1]

Proof The fact (i) implies (ii) follows from Proposition 2.3.3. Conversely, (ii)(b)
implies that the pair (i*, j*) is conservative and it remains to prove (Loc;) (b). Let K
be an object of .7 (S). Consider the distinguished triangle given by (ii)(b):

o ad' G ad(ii)), .
Jeit(K) —= K —="1i%(K) — jyj* (K)[1].

If we apply i, on the left to this triangle, we get using 2.3.1(d) that the morphism

d(i*,iy).1x
LK) N (k)

is an isomorphism. Hence, by the zig-zag equation, the morphism

Lt () k)

is an isomorphism. Property (ii)(a) thus implies that i*i,(K) ~ K. O

2.3.b First consequences of localization

The following statement is straightforward.

Proposition 2.3.6 Assume 7 satisfies the localization property and consider a
scheme S in .&.

46 This remark explains why the localization property is too strong for generalized premotivic
categories.
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1. Let S,cq be the reduced scheme associated with S. The canonical immersion

Syeqd —— S induces an equivalence of categories:
v 1 T(8) — T(Sreaq).

2. For any any partition

3. partition (S; LN S)ier of S by locally closed subsets, the family of functors
(v;‘),-e 1 Is conservative (S; is considered with its canonical structure of a reduced
subscheme of S).

Lemma 2.3.7 If 7 satisfies the localization property (Loc) then it is additive.

Proof Note that, by assumption, .7 (&) = 0. Then the assertion follows directly from
Lemma 2.2.2. ]

Proposition 2.3.8 If .7 satisfies the localization property then it satisfies the cdh-
separation property.

Proof Consider a cartesian square of schemes

Y
o |pr
— X.

e

> +—

According to Lemma 2.1.12, we have only to check that the pair of functors (¢*, p*)
is conservative when Q is a Nisnevich (or respectively a proper cdh) distinguished
square. Let v : A” — X be the complementary closed (resp. open) immersion to e,
where A’ has the induced reduced subscheme (resp. induced subscheme) structure.
Consider the cartesian square
Y +— B’
| e

X+—A
4
By assumption on Q, ¢ is an isomorphism. According to (Loc) (ii), (e*,v*) is

conservative. This concludes. O

The following proposition can be found in a slightly less precise and general form
in [Ayoo7a, 2.1.162].47

Proposition 2.3.9 Assume .7 satisfies the localization property.
Then the following conditions are equivalent:

(i) T is separated.
(ii) For a morphism f : T — Sin .7, f* . T(S) — Z(T) is conservative when-
ever f is:

47 A warning: the proof in loc. cit. seems to require that the schemes are excellent.
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(a) a finite étale cover;
(b) finite, faithfully flat and radicial.

Proof Only (ii) = (i) requires a proof. Consider a surjective morphism of finite
type f : T — S in .. According to [GD67, 17.16.4], there exists a partition (S;);¢s
of S by (affine) subschemes and a family of maps of the form

o 9i , h

S —— 5§ — §;

such that g; (resp. h;) satisfies assumption (a) (resp. (b)) above and such that for any
i €1, fxsS]” admits a section. Thus, Proposition 2.3.6 concludes. O

2.3.c Localization and exchange properties

2.3.10 Consider a morphism of complete triangulated &?-fibred categories over .
T — T

Recall that for any morphism f : ¥ — X, there is an exchange transformation
(1.2.5.1):
Ex(¢", ) : ox i — fugpy.

If  and .7’ satisfies the support axiom and f is separated of finite type, we have
constructed (Proposition 2.2.11) another exchange transformation:

Ex(¢", fi) - ox i — figy-
Proposition 2.3.11 Consider a morphism ¢* : & — 7' as above.

1. Leti : Z — X be a closed immersion such that 7 and J' satisfy property
(Loc;).
Then the exchange Ex(¢",i.) : ¢y i. — L@, is an isomorphism.

2. Assume J and J’ satisfy property (Loc).
Then the following conditions are equivalent:

(i) For any integer n > 0 and any scheme X in ., the exchange Ex(¢*, py.) is
an isomorphism where py, : P — X is the canonical projection.

(ii) For any proper morphism f : Y — X, the exchange Ex(¢*, f.) is an iso-
morphism.

3. Assume T and ' satisfy properties (Loc) and (Supp).
Then conditions (i) and (ii) above are equivalent to the following one:

(iii) For any separated morphism f : Y — X of finite type, the exchange
Ex(¢*, fi) is an isomorphism.

Remark 2.3.12 We will simply say that ¢* commutes with fi when assertion (iii) is
fulfilled. For an important case where this happens, see Proposition 2.4.53.
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Proof Assertion (1) follows easily from the conservativity of (i*, j*) where j is the
complementary open immersion and the relations of paragraph 2.3.1. Assertion (3)
is an easy consequence of the definition of fi and the exchange Ex(¢*, fi).

Concerning assertion (2), we have to prove that (i) implies (ii). We fix a mor-
phism f : ¥ — X and prove that the exchange Ex(¢", f.) : ¢} fi — fig is an
isomorphism.

We first treat the case where f is projective. According to Proposition 2.3.8, 7’
satisfies the Zariski separation property. Using the (&7-BC) property, we see that the
problem is local in X so that we can assume X is affine. Then X admits an ample
line bundle and there exists an integer n > 0 such that f can be factored ([GDO61,
(5.5.4)(ii)]) into a closed immersion i : ¥ — P and the projection p,, : P}, — X.
Thus, assertion (1) and assumption (i) allow us to conclude.

To treat the general case, we argue by noetherian induction on Y, assuming that
for any proper closed subscheme T of Y, the result is known for the restriction of f
to T. In fact, the case T = @ is obvious because .7 (&) = 0.

According to Chow’s lemma [GD61, 5.6.2], there exists a morphismp : Yy — Y
such that:

(a) pand f o p are projective morphisms.
(b) There exists a dense open subscheme Vj of Y over which p is an isomorphism.

Let T be the complement of V in Y equipped with its reduced subscheme structure.
Let j and i be the respective immersion of 7" and V in Y. According to point (3) of
Proposition 2.3.3, it is sufficient to prove that the following natural transformations
are isomorphisms:

(2.3.12.1) @Oy fuls — fipxls.
(2.3.12.2) Py fefu — fepxJn:

Concerning the first one, we consider the following commutative diagram:

v . Ex(e"f) . Ex(p*,i.) .
Oy fuls —— iyl —— [y

. H . Ex(¢".(fi).) o
Oy (fi)s (fi)xp-

Thus the result follows from assertion (1) and the induction hypothesis.
Concerning the natural transformation (2.3.12.2), we consider the pullback square

Assumption (b) above says that ¢ is an isomorphism which implies the relation:
J« = p:«liq”. In particular, it is sufficient to prove that the natural transformation
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@y fuDx — fax D+ is an isomorphism. This follows from the commutativity of the
following diagram

" Ex(¢".f) N Ex(¢",p+) "
Py fuDs —— fepyPs — > [P«

i H Ex(¢",(fp).) .
0y (fp)- (fp)¥xs

according to the projective case treated above and assumption (b). The proof is
complete. U

Corollary 2.3.13 In the next statements, we assume 7 is monoidal when it is needed.

1. Leti : Z — X be a closed immersion such that 7 satisfies property (Loc;).
Then T satisfies property (Supp;) (resp. (BC;), (PF;)).

2. Assume 7 satisfies the localization property. Then the following properties of
T are equivalent:

(i) For any integer n > 0 and any scheme X in ., p, : P — X being the
canonical projection, 7 satisfies (Suppp,,) (resp. (BCp,, ), (PF),, ).
(it) 7 satisfies (Supp) (resp. (BC), (PF)).

3. Assume 7 is well generated and satisfies the localization property. Then the
following properties of 7 are equivalent:

(i’) For any integer n > 0 and any scheme X in ., p, : P§, — X being the
canonical projection, J satisfies (Adjp, ).
(ii’) T satisfies (Adj).

Proof As in the proof of Corollary 2.2.12, each respective case of assertions (1) and
(2) follows from the previous proposition applied to a particular type of morphisms
¢* 1 T — T of complete Z-fibred triangulated categories over a subcategory
S of 7.

For property (Supp), we proceed as follows. We fix an open immersion j : U — X
and let . = . /X. For any Y/X, we let jy =Y Xx U — Y be the pullback of j.
We put 7'(Y) = (Y Xx U) and .7"(Y) = .7 (Y) and let ¢}, be the functor:

Jyg: TY xx U) — T(Y).

For the property (BC) (resp. (PF)), we refer the reader to the proof of assertion
(1) (resp. (2)) in Corollary 2.2.12.

Finally we consider assertion (3). It is sufficient to prove that (i) implies (ii’).

According to the Brown representability theorem [Neeo1, 8.4.4], the property (Adjy)
for a proper morphism f is equivalent to ask that f, preserves small sum.
Consider an arbitrary set I. For any scheme S, we put .7/(S) = .7(S)!, that is
the category of families of object of .7(S) indexed by I. Then 7! is obviously a
complete triangulated £?-fibred category over . (limits and colimits are computed
termwise). For any scheme S, we consider the functor:
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g5 THS) — T(S), (Miesr — P M.

i€l

Then ¢* : ! — 7 is obviously a morphism of complete Z?-fibred categories.
Thus, given condition (i’), the preceding proposition applied to ¢* shows that for
any proper morphism f, f. commutes with sums indexed by /. As this is true for any
1, we obtain (ii’). U

2.3.d Localization and monoidal structure

2.3.14 Assume .7 is monoidal and let M denote its geometric sections. Fix a closed
immersion i : Z — § in .’ with complementary open immersion j : U — S. We
fix an object Mg(S/S — Z) of 7 (S) and a distinguished triangle

B i d;
(23141)  Ms(S—-2Z) L 15 -2 Mg(S/S - Z) — Ms(S - Z)[1].
Remark that according to 2.3.1(c), the map i*(p;) : 1z — i*"Ms(S/S — Z) is an
isomorphism. Given any object K in .7 (S), we thus obtain an isomorphism

i* i -1
i*(Ms(S/S - Z) &5 K) = i'(Ms(S/S ~ 2) @7 i"(K) 5 17 @7 i*(K) = i*(K)

which is natural in K. It induces by adjunction a map
(2.3.14.2) Uik : Ms(S/S—27Z)®s K — i,i"(K)

which is natural in K.
For any &-scheme X /S, we put Ms(X /X — Xz) = Ms(S/S — Z) ®s Mg(X) so that
we get from (2.3.14.1) a canonical distinguished triangle:

Jxx

Ms(X — Xz) — Ms(X) — Ms(X/X - Xz) — Mg(X - Xz)[1].
The map (2.3.14.2) for K = Mg(X) gives a canonical map
(2.3.14.3) Yix : Ms(X/X = Xz) — i.(Mz(X7)).

Proposition 2.3.15 Consider the previous hypothesis and notations. Then the fol-
lowing conditions are equivalent:

(i) 7 satisfies the property (Loc;).

(ii) (a) The functor i, is conservative.
(b) The morphism ; s : Ms(S/S — Z) — i.(1z) is an isomorphism.
(c) For any object K of 7 (S), the exchange transformation

Ex(i’,®) : (i.17) ®s K — i,i'K
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is an isomorphism.
(iii) (a) The functor i, is conservative.
(b) The morphism ; s : Ms(S/S — Z) — i.(1z) is an isomorphism.
(c) For any objects K and L of 7 (S), the exchange transformation

Ex(if,®) : (i.K) ®s L — i,(K ®7i"L)

is an isomorphism.

Assume in addition that 7 is well generated and t-generated as a triangulated
P-fibred category. Then the above conditions are equivalent to the following one:

(iv) (a) The functor i, is conservative, commutes with direct sums and with T-twists.
(b) The morphism y; x : Ms(X/X — Xz) — i.(Mz(X2)) is an isomorphism
for any P-scheme X /8.

In particular, (Loc;) implies that for any object K of .7 (S), the localization triangle
of 2.3.3

Jai () — K — i,i"(K) —25 jy i (K)[1]

is canonically isomorphic (through exchange transformations) to the triangle
(2.3.14.1) tensored with K.

Proof (i) = (iii) : According to (Loc;) (a), we need only to check that the maps
in (iii)(b) and (iii)(c) are isomorphisms after applying i* and j*. This follows easily
from (Loc;) (b).

(iii) = (ii) : Obvious

(i) = (i) : According to (ii)(b), the distinguished triangle (2.3.14.1) is isomorphic
to a triangle of the form

o ad'(jg.j*) _ ad(i*,i.), ., -
JgiT(ls) —— 1g —— i (1s) — jyj (1s).

According to (ii)(c), this latter triangle tensored with K is isomorphic through
exchange transformations to a triangle of the form

@) ad(i). i 7
" (K) —— K ——"ii"(K) — jygj"(K).

Thus Lemma 2.3.5 allows us to conclude.
To end the proof, we remark by using the equations for the adjunction (i*,i,) that
for any object M of 7 (S), the following diagram is commutative:

ii*(ls) ® K =——=1i.(17) ® K
el — (1s) (12)
Ms(S/S-Z)® K Ex(i,®)
Vi x

i,i*(K) =——1i.(12 ® i*i*(K)).
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Note that (i) implies that i, is conservative and commutes with direct sums (see
2.3.3) and (ii)(c) implies it commutes with twists. According to the above diagram,
(ii)(b) implies (iv)(b).

We prove that reciprocally that (iv) implies (ii). Because (ii)(b) (resp. (ii)(a)) is a
particular case of (iv)(b) (resp. (iv)(a)), we have only to prove (ii)(b). In view of
the previous diagram, we are reduced to prove that for any object K of .7 (S), the
map ¥; g is an isomorphism. Consider the full subcategory % of .7 (S) made of the
objects K such that y;  is an isomorphism. Then 7/ is triangulated. Using (iv)(a),
% is stable by small sums and 7-twists. By assumption, it contains the objects
of the form Mg(X) for a &?-scheme X/S. Thus, because .7 is well generated by
assumption, Lemma 1.3.17 concludes. U

Lemma 2.3.16 Consider a closed immersioni : Z — S. We assume the following
conditions are satisfied in addition to that of 2.0.1:

o 7 is well generated, T-generated, and satisfies the Zariski separation property.
o For any P-scheme Xo/Z and any point xqg of Xo, there exists an open neigh-
borhood Uy of xg in Xg and a &?-scheme U /S such that Uy = U X5 Z.%$

Then the functor i, is conservative.

Proof Consider an object K of .7 (Z) such that i,(K) = 0. We prove that K = 0.
Because .7 is t-generated, it is sufficient to prove that for a &?-morphism pg :
Xo — Z and a twist (n,m) € Z X 7,

Hom 7 (z)(Mz(Xo){m}[n], K) = 0.
Because Mz(Xg) = pog(1x,), this equivalent to prove that

Hom 7x,)(1x, {m}[n], po(K)) = 0.

Using the Zariski separation property on .7, this latter assumption is local in Xp.
Thus, according to the assumption on the class &, we can assume there exists a
Z-scheme X /S such that Xy = X Xg Z. Thus Mz(Xp){m}[n] = i*(Ms(X){m}[n])
and the initial assumption on K allows us to conclude. U

Note for future applications the following interesting corollaries:

Corollary 2.3.17 Assume 7 is a premotivic triangulated category which is com-
pactly T-generated for a group of twists T (i.e. any twists in T admits a tensor inverse)
and which satisfies the Zariski separation property.

Then, for any closed immersion i, the functor i, is conservative, commutes with
sums and with twists.

This is a consequence of lemmas 2.3.16 and 2.2.16. In fact, under these conditions,
i.. commutes with arbitrary 7-twists because it is true for its (left) adjoint i*.

48 This property is trivial when 2 is the class of open immersions or the class of morphisms of
finite type in .7. It is also true when & is the class of étale morphism or & = Sm (c¢f. [GD67,
18.1.1]).
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Corollary 2.3.18 Assume 7 satisfies the assumptions of the preceding corollary.
Then the following conditions on a closed immersion i are equivalent:
(i) T satisfies the property (Loc;).
(ii) For any scheme S in . and any smooth S-scheme X, the map (2.3.14.3)
Yix : Ms(X/X — Xz) — i.Mz(Xz)
is an isomorphism.

We finish this section with the following useful result:

Proposition 2.3.19 Assume 7 is T-generated and consider a T’-generated triangu-
lated P-fibred category ' and a morphism

0" (T, 1) = (T,7): p..
We assume the following properties:

(a) the morphism ¢* is strictly compatible with twists;
(b) T’ is well generated.

We consider a closed immersion i : Z — S and further assume the following
properties:

(c) T satisfies the property (Loc;).
(d) The exchange transformation Ex(¢*, i) : ¢*i, — i.¢" is an isomorphism.
(e) The functor i, : T'(Z) — T’ (S) commutes with T’-twists. #°

Then ' satisfies the property (Loc;).

Proof Note that, under the above assumptions, ¢, is conservative (in fact, for any
Z-scheme X/S and any twists i € 7/, the premotive Mg(X){i} is in the essential
image of ¢*). Thus, if i, : T (Z) — Z(§) is conservative (resp. commute with
sums), then i, : Z77(S) — 7(S) is conservative (resp. commute with sums) using
the isomorphism @.i, =~ i.@..

Let M (resp. M’) be the geometric sections of 7 (resp. 7’). As in 2.3.14, we fix a
distinguished triangle

Ms(S - Z) —2 15 =2 Mg(S/S - 2) =4 Mo(S - Z)[1].

and we put M((S/S — Z) = ¢*Ms(S/S — Z). According to loc. cit., we thus get for
any &?-scheme X /S canonical maps

Yix : Ms(X/X = Xz) — i.Mz(Xz),

Wy s MY(X/X = Xz) — i.M}(Xz).

49 This will be satisfied if any 7/-twists is invertible because the left adjoint of i, commutes with
T/-twists.
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By construction, the following diagram is commutative:

O x Ex(¢~,ix)
_—

O Ms(X/X = Xz) —— ¢"1.Mz(Xz) L Mz(Xz)
N 1
My(X/X - Xz) M7 (Xz)
Thus, Proposition 2.3.15 allows us to conclude. O

2.4 Purity and the theorem of Voevodsky-Rondigs-Ayoub

Recall we assume & = Sm in this section.

2.4.a The stability property

The following section is directly inspired by the work of Ayoub in [Ayoo7a, §1.5].%°
We claim no originality except for a closer look on the needed axioms.

Definition 2.4.1 A pointed smooth S-scheme will be a couple (f,s) of morphisms
of . such that f : X — S is a smooth separated morphism of finite type and
s: 8 — Xisasection of f.
We associate with a pointed smooth scheme (f, s) the following endofunctor of
T(S)
Th(f,s) == fys.

called the associated Thom transformation.
If 7 satisfies (Adj,) (recall: s, admits a right adjoint denoted by s'), we put

Th'(f,s) = s'f*
and call it the associated adjoint Thom transformation.
Remark 2.4.2 Note that because f is separated, s is a closed immersion.

Example 2.4.3 1.Let p : E — X be a vector bundle and sy be its zero section.
Following [Ayoo7a], we put Th(E) := Th(p,so) and simply call it the Thom
transformation associated with E/X.

2. Consider a pointed smooth S-scheme (f,s) such that f is étale. Then s is an
open and closed immersion. Thus, if 7 is additive, s, = sy according to Lemma
2.2.2. In particular, Th(f,s) = Ids.

Definition 2.4.4 We will say that .7 satisfies the stability property, denoted by
(Stab), if for any point smooth scheme (f, s), the Thom transformation Th(f, s) is an
equivalence of categories.

50 See also [Delo1, §5].
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2.4.5 Consider a commutative diagram in .# of the form

\
S,/

t

—

(2.4.5.1) Y ——Y
p'l A lp&
S——X——5§
S

such that A is a cartesian square, (f,s), (g,7) are smooth pointed schemes and ¢
is a smooth separated morphism of finite type. Then we get a canonical exchange
morphism:

7.t EX(A“*) ’ ’ L1
(2.4.5.2) Th(g.t) = fypysit. — fyspyt. = Th(f,)Th(p".1").

This is an isomorphism as soon as Ex(Ay, ) is an isomorphism. The following lemma
gives a sufficient condition for this to happen.

Lemma 2.4.6 Consider the above notations. If 7 satisfies (Locg) then the natural
transformations Ex(Ay,) is an isomorphism for any square A as above.

This lemma follows easily from the definition of (Locy), the relations of paragraph
2.3.1 and the &?-base change formula (&7-BC). It motivates the next definition:

Definition 2.4.7 We say that .7 satisfies the weak localization property (wLoc) if it
satisfies (Locy) for any closed immersion s which admits a smooth retraction.

Proposition 2.4.8 Assume that 7 satisfies the Nisnevich separation property. Then
the following conditions are equivalent:

(i) T satisfies (wLoc).
(ii) For any scheme S and any closed immersion i : Z — X between smooth S-
schemes, 7 satisfies (Loc;).

Proof Of course, (ii) implies (i). We prove the reciprocal statement. The Nisnevich
separation property says that for any Nisnevich cover f : X’ — X, the functor f* is
conservative. We deduce from that point the properties (Loc;) (a) and (Loc;) (b) are
local in X with respect to the Nisnevich topology — for (b), one also uses the smooth
projection formula. Thus, we can conclude as locally for the Nisnevich topology, i
admits a smooth retraction (see for example [Dégo7, 4.5.11]). O

Applying the second point of Example 2.4.3, we easily deduce from that con-
struction the following kind of excision property:

Lemma 2.4.9 Assume that 7 satisfies (wLoc).
Then, given any diagram (2.4.5.1) satisfying the assumption as above and such
that p is étale, the natural transformation (2.4.5.2) gives an isomorphism:

Th(g,t) —— Th(f,s).
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2.4.10 To any short exact sequence of vector bundles over a scheme §
(o) 0—E Y E-ZSE"—0,

we can associate a commutative diagram

S
E'—FE
BN
S— E"—S

where the non labelled map are either the canonical projections or the zero sections
of the relevant vector bundles, and A is cartesian. Using the notation of Example
2.4.3, the exchange transformation (2.4.5.2) associated with this diagram has the
following form:

Th(or) : Th(E) — Th(E"") o Th(E").

Recall from the above that this natural transformation is an isomorphism as soon as
T satisfies (wLoc).

Proposition 2.4.11 Assume .7 satisfies (wLoc) and (Zar-sep). Then the following
conditions are equivalent:

(i) The complete triangulated Sm-fibred category 7 satisfies the stability property.
(ii) For any scheme S, the Thom transformation Th(A}g) is an equivalence of cate-
gories.

Proof We have to prove that (ii) implies (i). Note that according to the above
paragraph, we already now that for any scheme S and any integer n > O,
Th(A%) = Th(Ag)*" is an equivalence.

We consider a smooth pointed scheme (f : X — S, s) and we prove that Th(f, s)
is an equivalence.

Recall that (Locy) implies (Adj) s (first point of Proposition 2.3.3). In particular,
Th(f,s) admits a right adjoint Th’(f,s) and we have to prove that the adjunction
morphisms are isomorphisms.

Consider an open immersion j : U — S and let (fp,sp) be the restriction of
the smooth S-point (f, s) over U. Property (Loc,) implies (BC) (Corollary 2.3.13).
Thus, using also property (&?-BC), we obtain a canonical isomorphism:

JTh(f,s) — Th(fo.50)j".

Recall also that (Locy) implies (Supps) (again Corollary 2.3.13). Thus we get a
canonical isomorphism:

JeTh(fo,50) —— Th(f,s)jy
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which gives by adjunction an isomorphism:
Th'(fo,$0)j" —— j"Th'(f,5).

Thus, (Zar-sep) shows that the property for Th(f,s) to be an equivalence is Zariski
local in S.

Consider a point a € S, x = s(a). As X is smooth over S, there exists an open
subscheme U C X, an integer n > 0 and an étale S-morphism 7 : U — A% which
fits into the following cartesian square:

where v is the zero section (cf. [GD67, 17.12.2]). Note that the scheme S = s~1(U)
is an open neighborhood of a in S. Let us put Xg = f~1(Sg) and Uy = U N Xy. Then
we get the following commutative diagram:

Xo
50 x
So so— Up fo— So
v lﬂo/
Ago

where g is the restriction of  above Sy and vg is again the zero section. According
to Lemma 2.4.9, we get isomorphisms

Th(fo,So) = Th(fol, S(I)) =~ T/’l(Ag)

Thus, according to the beginning of the proof, Th(fy,sg) is an equivalence. This
concludes because Sy is an open neighborhood of a in S. O

Definition 2.4.12 Assume that .7 is monoidal.

1. For any smooth pointed scheme (f : X — S, s), we put Ms(X/X — s(S)) :=
f&s*(]].g).

2. For any vector bundle E /S with projection f and zero section s, we define the
Thom premotive associated with E over S as MThg(E) = fys.(1s).

2.4.13 We assume 7 is monoidal and satisfies properties (wLoc) and (Zar-sep).

In each case of the previous definition, if we apply f; to the distinguished triangle
obtained from point (2) of Proposition 2.3.3 applied to s, we get the following
canonical distinguished triangles:
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Ms (X = 5(5)) — Ms(X) — Ms(X/X - 5(5)) =
Ms(EX) — Ms(E) — MThs(E) =

where the first map is induced by the obvious open immersion.
Moreover, property (Loc,) implies (PF) (see Corollary 2.3.13). Thus for any
premotive K over S, the following composite map is an isomorphism:

(2.4.13.1)
Th(f.5).K = fys-(K) = fysa(Ls ®s 5" F*(K)" 2 fis.(1s) @x f*(K)

Ex(f#*,@)
— (fys:(1s)) ®s K = Ms(X/X - 5(5)) ®s K

Similarly, in the case of a vector bundle E /S, we get a canonical isomorphism:
Th(E).K —— MThs(E) ®s K.

From these isomorphisms, we deduce easily the following corollary of the previous
proposition:

Corollary 2.4.14 Consider the above notations and assumptions. Then the following
properties are equivalent:

(i) 7 satisfies the stability property.
(ii) For any smooth pointed scheme (X — S, s), the premotive Mg(X /X — s(S)) is
®-invertible.
(iii) For any vector bundle E |S the Thom premotive MT hg(E) is ®-invertible.
(iv) For any scheme S, the premotive MThS(Aé) is ®-invertible.

Remark 2.4.15 Assume that .7 satisfies the assumptions and the equivalent condi-
tions of the previous corollary. Then, under the notations of Paragraph 2.4.10, we
associate with the exact sequence (o) a canonical isomorphism

(2.4.15.1) Ths(o) : MThg(E) — MThs(E”") ®s MThs(E’).

Recall that Deligne introduced in [Del87, 4.12] the Picard category K(S) of virtual
vector bundle over a scheme S.

Then, it follows from the above isomorphism and the universal properties of K(S)
(see [Del87, 4.3]) that the functor MT hs can be extended uniquely to a symmetric
monoidal functor:

MThs : K(S) — Z(9).
The reader is referred to [Ayoo7a, th. 1.5.18] for a detailed argument.
2.4.16 Assume 7 is monoidal. For any scheme S, the canonical projection p :
Pé — § is a split epimorphism. A splitting is given by the inclusion of the infinite
point v : § — P%. The induced map p.. : MS(Pé) — 1 is a split epimorphism.
Thus it admits a kernel K in the triangulated category 7 (S).
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Definition 2.4.17 Under the above assumption and notations, we define the Tate
premotive over S as the object 15(1) = K[-2] of Z(S).

The monoid generated by the cartesian section (1g)s defines a canonical N-twist
on 7 called the Tate twist. The n-th Tate twist of an object K is denoted by K(n).

2.4.18 Consider again the assumption of Paragraph 2.4.13.
According to Lemma 2.4.9, we get a canonical isomorphism

MThs(Ag) = Ms(Ag/Ag — {0}) — Ms(Pg/Pg —{0}).

On the other hand, 15(1)[2] is by definition the cokernel of the monomorphism
1l — MS(P ). Thus we get a canonical morphism:

(2.4.18.1) Ls(1)[2] — Ms(Pg/Pg — {0}) —— MThs(Ag).
From this definition and Corollary 2.4.14 the following result is obvious:

Corollary 2.4.19 Consider the above assumption and notations. Then the following
conditions are equivalent:

(i) 7 satisfies the homotopy property.
(ii) For any scheme S, the arrow (2.4.18.1) is an isomorphism.

When these equivalent assertions are satisfied, the following conditions are equiva-
lent:

(iii) T satisfies the stability property.
(iv) For any scheme S, the Tate premotive 15(1) is ®-invertible.

2.4.b The purity property

2.4.20 Let f : X — S be a smooth proper morphism in .. We consider the
following cartesian square:

X ><S X AN X
(2.4.20.1) J

—>S

where f’ (resp. f'’) is the projection on the first (resp. second) factor. Let ¢ :
X — X Xs X be the diagonal embedding. Note that (f’,0) is a smooth pointed
scheme which depends only on f. We put:

S = Th(f',6) = f]5.

We then define a canonical morphism:
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1’ Ex(Au*) ,
by = S8 L6 = fo%y

using the exchange transformation introduced in paragraph 1.1.15.

Definition 2.4.21 We say that f is J -pure, or simply pure when .7 is clear, when
the following conditions are satisfied:

1. The natural transformation X is an equivalence.
2. The morphism ps : fy — fi o Xy is an isomorphism.

Then py is called the purity isomorphism associated with f. We say also that f is
universally 7 -pure if f is pure after any base change along a morphism of ..
We introduce the following properties on 7 :

» 7 satisfies the purity property (Pur) if any proper smooth morphism is pure.
» 7 satisfies the weak purity property (wWPur) if for any scheme S and any integer
n > 0, the canonical projection p,, : P — S is pure.

Remark 2.4.22 Consider the above notations and assume f is pure.
Then f. admits a right adjoint f' and we deduce by transposition from pr a
canonical isomorphism:

D}f* _)2;1 Of!~
Recall also that, when &, admits a right adjoint &', X admits as a right adjoint the
transformation Q¢ := 6 'f*. In particular, Qp = 2;1.
The following lemma shows the importance of the purity property.

Lemma 2.4.23 Assume that 7 satisfies (wLoc). Let f : Y — X be a proper smooth
morphism. If f is universally pure then the following conditions hold:

1. I satisfies (Suppy) and (BCy).
2. For any cartesian square

t

Z—Y
hl A lg
X—S

f

such that g is smooth, the exchange transformation:

Ex(Ag) : gy fo — fihg

is an isomorphism.
3 If moreover 7 is monoidal then 7 satisfies (PFy).
Proof We first prove condition (2). By assumption, the natural transformation ZJ; is
an equivalence. for f and f: by assumption the natural transformations X = fﬂ’é*

and X; = f'6,) are equivalences. Thus, it is sufficient to prove that the natural
transformation
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~ EX(Au*)
gﬁﬁz}f — f*hﬁzjz

is an isomorphism.
For matter of notations, let us also introduce the following cartesian squares:

z7—% szxyz—L 7

I e

using the notations of 2.4.20. Thus, by definition: Xy = fﬂ’é*, Zf~ = f’S*. Then we
consider the following diagram of exchange transformations:

by

gﬁﬁi gﬂﬁfﬁ/g*
JvEx(Au*)
Pr ’ Ex(ru*) 77, £r g

Note that it only involves exchange transformations of type Ex(?y,): itis commutative
by compatibility of these exchange transformations with composition. By assump-
tion, the transformations py and pj are isomorphisms. Moreover the property (Locs)
is satisfied and it implies (Supps) according to Corollary 2.3.13. Thus Ex(I'y,) is an
isomorphism and this concludes the proof of (2).

For condition (1), we note that (2) already implies (Suppys). Thus we have only
to prove (BCy). We consider a square of shape A as in the statement of the lemma
without assuming that g is smooth. We have to prove that

Ex(A)):g*f. — fub"

is an isomorphism. We proceed as for condition (2). It is sufficient to prove that
Ex(A}) is an isomorphism after composition on the right with Xs. Then we consider
the following commutative diagram of exchange transformations:

Pf

9"y 9" ffy o

Ex(A?i)J lEx(Ai)
= Pr ;5 Ex() Ex©®p
According to (£-BC), Ex(A;) and Ex(@é) are isomorphisms. By assumption, ps
and py are isomorphisms. Moreover, property (Locs) is satisfied and this implies
Ex(T7) is an isomorphism according to Corollary 2.3.13. Condition (1) is proved.
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It remains to prove (3). We consider again the notations of the cartesian diagram
(2.4.20.1). For any premotives K over X and L over S, we consider the following
commutative diagram of exchange transformations (see Remark 1.1.32):

(K ® (L) ———— L1/6.(K 8 5" f* £(L)
Ex(6;,9)
LF6.(K) ® £ (L)
Ex(f;.®) Ex(f}’,®)
f(fjo(K)® (L))
Ex(f’,®)

£F/8.(K)® L.

Pr

RE)®L

By definition, the exchanges E x( fﬁ*,®) and Ex(f,*,®) are isomorphisms. By as-
sumption, the arrows labeled py are isomorphisms. Moreover, the property (Locs)
is satisfied: Corollary 2.3.13 implies that Ex(5},®) is an isomorphism. We deduce
from this that the arrow Ex(f;,®) is an isomorphism. This concludes the proof of
(3) as the functor Xy = fﬂ’é‘* is an equivalence according to the hypothesis on f. [

2.4.24 Assume that .7 satisfies the support property (Supp). Then we can extend
Definition 2.4.21 to the case of a smooth separated morphism of finite type f :
X — S. Wesstill consider the cartesian square (2.4.20.1) and the diagonal embedding
0: X — X Xs X. Again, (f’,6) is a smooth pointed scheme so that we can put

X :=Th(f’,6) = fﬁ'é*
and we define a canonical morphism:

7 Ex(Aﬁ!) ’
(2.4.24.1) pr:fy= fuff 00— ﬁfﬂég = fioZy.

using the exchange transformation of point (2) in Corollary 2.2.12.

Definition 2.4.25 Using the notations above, we say that f is .7 -pure, or simply
pure when 7 is clear, when the following conditions are satisfied:

1. The natural transformation Xy is an equivalence.
2. The morphism p¢ : fy — fi o Xy is an isomorphism.

We can easily deduce from the construction of the exchange transformation Ex(Ay,)
that, when .7 satisfies properties (Stab) and (Pur), any smooth separated morphism
of finite type f is pure. The following theorem is a consequence of the formalism
developed previously.

Theorem 2.4.26 Assume that 7 satisfies the localization and weak purity proper-
ties. Then the following conditions hold:
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1.  satisfies the stability property.
2. I satisfies the support and base change properties.
If moreover 7 is monoidal, it satisfies the projection formula.
3. Any smooth separated morphism of finite type is pure.
4. For any projective morphism f, the property (Adjy) holds.
If moreover T is well generated, then the adjoint property holds in general.

Proof We start by proving condition (1). As (Loc) implies (Zar-sep), we can apply
Proposition 2.4.11 and we have only to prove that for any scheme S, Th(Aé) is an
equivalence. Lets : § — Aé be the zero section and j : A}g — Pé be the canonical
open immersion. Put = jos. According to Lemma 2.4.9, j induces an isomorphism
Th(Aé) =~ Th(p1,s). Consider now the following cartesian squares:

N pP1

1
P! S

e )

1 1 1 1

Pg — Pg xs Py —>p,1 Pg

where p| (resp. 6) is the projection on the first factor (resp. diagonal embedding). The
property (Locy) implies that s*s. = 1 and that the exchange transformation Ex(Ay,)
is an isomorphism according to Corollary 2.3.13. Thus we get an isomorphism of
functors:

* Ex(Aﬁ*)’l %/ ’ %/ %
Th(p1,s) = p1ys« = " Sup1gse — S PlySese = s'plﬂé*s* =5"2p, S

and this proves (1) because p; is pure.

Condition (2) follows simply from Corollary 2.3.13. In fact, for any scheme S,
the weak purity assumption on 7 implies that p, : P — S is universally pure.
Thus, Lemma 2.4.23 implies properties (Supp,,,) and (BCp,,) so that we can apply
Corollary 2.3.13 to get (Supp) and (BC). The same argument applies to the property
(PF) in the monoidal case.

For condition (3), we consider a smooth separated morphism of finite type g :
Y — § and we prove it is pure. According to (1), X, is an equivalence. Thus, by
definition of pg, it is sufficient to prove that for any cartesian square:

N
xl > l&”'

n+— <
Q

with f separated of finite type, the exchange transformation

Ex(Ag)) : ggfi — fihy



66 Fibred categories and the six functors formalism

is an isomorphism.

To do this, we apply Proposition 2.3.11, as in the case of Corollary 2.3.13. We
consider the obvious complete Sm-fibred triangulated categories .7’ and 7" over
. |S which to an S-scheme Y associates:

. TY) = T x5 X).
. T"Y)= T().

We consider the morphism ¢* : 7’ — 7" such that for any S-scheme 7Y,
¢y = (Y Xs p)y. As for any scheme S, p, : P — § is universally pure, Lemma
2.4.23 shows that ¢* satisfies condition (i) of Proposition 2.3.11. According to that
Proposition, (i) is equivalent to condition (iii), and (iii) is precisely what we want.
It remains only to prove condition (4). According to property (Pur), any smooth
proper morphism f satisfies (Adjs). According to (Loc) and Proposition 2.3.3 any
closed immersion i satisfies (Adj;). It follows easily that any projective morphism f
satisfies (Adjs). When 7 is well generated, we simply apply point (4) of Corollary
2.3.13. t

Remark 2.4.27 In particular, in the assumption of the previous theorem, if 7 satisfies
properties (Loc), (wPur) and (Adj)3!, we can apply Theorem 2.2.14 to 7 so that
we get a complete formalism of operations (f*, fi, fi, f') satisfying all the desired
formulas.

Thus the preceding theorem gives another look at the main result of [Ayoo7a,
1.4.2]. In fact, the proof given here is simpler as the assumptions of our theorem are
stronger. However, we do not use the homotopy property in our theorem.

We end up this section with a theorem due to Ayoub [Ayoo7a, 1.4.2]. The particular
case .7 (X) = SH(X) was also established by Rondigs in [Ronos], after Voevodsky,
with a proof which extends immediately to Ayoub’s axiomatic setting. It may be
stated in a simpler form, according to theorem 2.4.26 above:

Theorem 2.4.28 (Voevodsky-Rondigs-Ayoub) Assume 7 satisfies the localization,
homotopy and stability properties. Then 7 is weakly pure.

In fact, this theorem is stated explicitly in [Ayoo7a, Theorem 1.7.9].

Remark 2.4.29 Recall that Ayoub proves more than just this theorem: indeed he
constructs the whole formalism of the six functors for quasi-projective morphisms
for his monoidal homotopy stable functors — see again [Ayoo7a]. Similarly, the fact
that one can deduce the proper base change formula from relative purity was also
observed by Rondigs [Ronos]. The work we have done here is to isolate the crucial
properties of purity and weak purity. Also, using the construction of Deligne, we
see how to avoid the assumption of quasi-projectiveness made by Ayoub. Finally,
the interest of Theorem 2.4.26 is to give a possible approach to the six functors
formalism without requiring the homotopy property.

51 Note that under the assumptions of the previous theorem, we know that for any proper smooth
morphism f, f. admits a right adjoint. The same is true for a proper morphism which can be
factorized as a closed immersion followed by a smooth proper morphism according to (Loc).
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2.4.c Duality, purity and orientation

2.4.30 This section is concerned with the relation between purity and duality. We
will assume that .7 is premotivic.

Recall that an object M of a monoidal category .# is called strongly dualizable if
there exists an object M’ such that (M’ ® —) is both right and left adjoint to (M ® —).
Then, M’ is called the strong dual of M.

In case .# is closed monoidal, we will say that a morphism of the form

u:MeM —1
is a perfect pairing if the natural transformation
(M ® =) — Hom(M’,-)

obtained from yu by adjunction is an isomorphism. Then M is strongly dualizable
with dual M’.

Proposition 2.4.31 Let f : X — S be a smooth proper morphism. If f is pure then
the premotive Ms(X) is strongly dualizable in 7 (S) with dual:

f(Ix) = f(Qr(1x))
where Qp denotes the inverse of Zy.

Proof By assumption, ¢ is an automorphism of the category .7 (X). Moreover, the
identification (2.4.13.1) can be rewritten as X (M) = (1 x)®x M for any premotive
M over X. The fact Xy is an equivalence means that X¢(1x) is a ®-invertible object,
whose inverse is T := Qr(1s). In particular, we get: Qp(M) =T ® M.

According to the Sm-projection formula, the functor Mg(X) ® . is isomorphic to
fuf”. Thus, its right adjoint is f. f*. As f is pure by assumption, this last functor is
isomorphic to fyQr f*. Using the observation at the beginning of the proof and the
Sm-projection formula again, we obtain:

fiQr f(N) = (T ® f*(N)) = fy(T)® N.

Moreover, the right adjoint of fyQr f* is f,Xr f*. Using again the purity isomorphism
for f, this last functor can be identified with f; f* and this concludes. O

2.4.32 Assume again that the premotivic triangulated category .7 satisfies properties
(wLoc) and (Nis-sep).

Let S be ascheme. A smooth closed S-pair will be pair (X, Z) of smooth S-schemes
such that Z is closed subscheme of X. We consider the canonical projection p :
X — S and the immersion i : Z — X associated with (X, Z). Note that according
to Proposition 2.4.8, .7 satisfies property (Loc;). Then we define the premotive of
(X, Z) as follows:

(2.4.32.1) Ms(X/X = Z) := pyi.(17).
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According to property (Loc;), we thus get a canonical distinguished triangle:

(2.4.32.2) Mg(X - Z) —L Mg(X) — Ms(X/X - Z) =

Note that given any smooth morphism p : § — Sy, we get obviously:
(2.4.32.3) pMs(X/X - Z) = Ms,(X/X - Z).

Moreover, given any morphism f : T — S, we get an exchange isomorphism:
(2.4.32.4) f*Ms(X/X = Z) —— Mr(Xr/Xr - Zr).

A morphism of smooth closed S-pairs (Y,T) — (X, Z) will be a couple (f,g) which
fits into a commutative diagram

Ky

A |f
_.>X9
1

g

N+—™

with i, k the canonical immersions, and such that T = f~1(Z) as a set. We can
associate with (f,g) a morphism of premotives:

Lo Ex(ADY Exy
Ms(Y/Y =T) = ggk.g™(1z) — qyf"i.(1z) — pyi.(1z) = Ms(X/X - Z).

Indeed, the exchange map Ex(A}) is an isomorphism according to (Loc;) and Corol-
lary 2.3.13.

It is easy to check that the triangle (2.4.32.2) is functorial with respect to mor-
phisms of closed S-pairs. Before proving the next theorem, we state the following
lemma.

Lemma 2.4.33 Consider the assumptions and notations above.

Let(f,g) : (Y, T) — (X, Z) be a morphism of smooth closed S-pairs such that f is
étale and g is an isomorphism. Then the induced map Ms(Y |Y-T) — Ms(X/X-2Z)
is an isomorphism.

Proof According to the identification 2.4.32.3, it is sufficient to treat the case where
X =Z.LetU = X—-Zandj : U— X be the obvious immersion. Then (f, j)
is a Nisnevich cover of X. According to (/Nis-sep), it is sufficient to prove that the
pullback of Mx(Y/Y —T) — Mx(X/X — Z) along f and j is an isomorphism. This
is obvious using 2.4.32.4. (|

2.4.34 We consider again the assumption of the paragraph preceding the above
lemma.

Fix a smooth closed S-pair (X, Z). Let BzX (resp. BZ(Ai() be the blow-up of
X (resp. A}() with center in Z (resp. {0} x Z). We define the deformation space
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associated with (X, Z) as the S-scheme Dz X = Bz(Ai)—BZX. NotealsoDzZ = A%
is a closed subscheme of Dz X ; the couple (DzX, A%) is a smooth closed S-pair.
Let NzX be the normal bundle of Z in X. The scheme DX is fibred over Al.
Moreover, the O-fiber of (DzX,A') is the closed pair (NzX, Z) corresponding to
the zero section and the 1-fiber is the closed pair (X, Z). In particular, we get the
following morphisms of closed pairs:

(2.4.34.1) (X.Z) 2 (D2 X, AL) <2 (N, X, Z)

We are now ready to state the purity theorem for smooth closed pairs in our abstract
formalism. Though our assumptions are more general, this theorem follows exactly
from the method of Morel and Voevodsky used to prove this result in the homotopy
category S% (see [MVgo, §3, 2.24]):

Theorem 2.4.35 Consider the above assumptions and notations and suppose that
T satisfies the homotopy property. Then the morphisms

Ms(X/X~Z) 2 Mg(DzX/DzX~AL) <2 Mg(NzX/N3X) =: MThs(NzX).

are isomorphisms.

Proof By noetherian induction and the preceding lemma, the statement is local in X
for the Nisnevich topology. Thus, because (X, Z) is a smooth closed S-pair, we can
assume that there exists an étale map 7 : X — AS* such that n’l(Ag) =7Z—f
[GD67, 17.12.2]. Consider the pullback square

X’;;X
Ql ln
1 V4
A" xZ T2 An A

There is an obvious closed immersion Z — X” and its image is contained in g~ (Z).
As g is étale, Z is a direct factor of ¢ '(Z). Put W = g (Z) - Zand Q = X' - W.
Thus Q is an open subscheme of X', and the reader can check that p and ¢ induces
morphisms of smooth closed S-pairs

(X,Z2) — (Q,Z2) — (A%, Z).

Applying again the preceding lemma, these morphisms induces isomorphisms on the
associated premotives. Thus we are reduced to the case of the closed S-pair (A%, Z).
A direct computation shows that Dz(A%) =~ Al x A7 . Under this isomorphism dj
(resp. d;) corresponds to the O-section (resp. 1-section) of Al x A’ corresponding
to the first factor. Thus, we conclude using the homotopy property. t

2.4.36 The interest of the previous theorem is to simplify the purity isomorphism.
Let us restate the assumptions on the triangulated premotivic category 7 :

» 7 satisfies properties (Nis-sep), (wLoc) and (Htp).
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Then applying the above theorem, we get for any smooth closed S-pair (X,Z) a
canonical isomorphism

(2.4.36.1) px.z : Ms(X/X = Z) — MThs(NzX)

Corollary 2.4.37 Consider the assumptions and notations above.

1. For any smooth pointed S-scheme (f,s) and any premotive K over S, we get a
canonical isomorphism

Th(f,s).K = Ms(X/X — 5(S)) ®s K —>+ MThs(Ny) ®s K.

where the first isomorphism is given by the map (2.4.13.1) and Ny is the normal
bundle of s.

2. For any smooth separated morphism of finite type f : X — S with tangent
bundle>? Ty, and any premotive K over X, we get a canonical isomorphism:

pxx.x : 2p(K) —— MThx(Ty) ®x K
— here, (XX, X) stands for the closed pair corresponding to the diagonal em-
bedding of X/S.

In the assumption of point (2), we thus get a canonical map:

(2.4.37.1) F(K) =L (5K) —— fi(MThx(Ty) ®x K)

that we will still denote by py and call the purity isomorphism associated with f.

Definition 2.4.38 Assume the triangulated premotivic category .7 satisfies (wLoc).
As usual, M(1) denotes the Tate twist of a premotive M.

An orientation t of .7 will be the data for each smooth scheme X and each vector
bundle E/X of rank n of an isomorphism

tg : MThx(E) — 1x(n)[2n],

called the Thom isomorphism, satisfying the following coherence properties:
(a) Given a scheme X and an isomorphism of vector bundles ¢ : E — F of ranks
n over X, the following diagram is commutative:

MThx(E) 2 MThy(F).

I

Lx(n)[2n]

(b) For any morphism f : ¥ — X of schemes, and any vector bundle E/X of rank
n with pullback F over Y, the following diagram commutes:

52 We define T as the normal bundle of the diagonal immersion 6 : X — X Xs X.
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F(MThy(E)) ——5— f*(Ly(n)[2n])

MThy(F) _r | Ly(n)[2n]

where the vertical maps are the canonical isomorphisms.
(c) For any scheme X and any exact sequence (o) of vector bundles over X
0—E 25 E-ZHE"—\,

if n (resp. m) denotes the rank of the vector bundle E” (resp. E”’), the following
diagram commutes:

MThy(E) —22D . MThy(E") @ MThy(E")

fEJ JtEl®tEH

1x(n+ m)[2n + 2m] —— 1x(n)[2n] ® 1x(m)[2m]
where the map Thyx (o) is the isomorphism (2.4.15.1) associated with (o) and
the bottom vertical one is the obvious identification.

We will also say that .7 is oriented when the choice of one particular orientation is
not essential.

Note that the Thom isomorphism can be viewed as a cohomology class in
HZ"™(Thx(E)) := Hom z(x) (MThx(E), Ls(n)[2n])
which in classical homotopy theory is called the Thom class.

2.4.39 Suppose the triangulated premotivic category .7 satisfies the following prop-
erties:

» 7 satisfies properties (Nis-sep), (wLoc), (Htp).
* 7 admits an orientation t.

Consider a smooth closed S-pair (X,Z) of codimension n. Let p (resp. g) be the
structural morphism of X/S (resp. Z/S) and i : Z — X the associated immersion.
Then we associate with (X, Z) the following form of the purity isomorphism:

(tnx)
(24300 Pyt Ms(X/X = 2) 25 MThe(N,X) "2 Mg (2)(n)[2n]

where px_z is the isomorphism (2.4.36.1). For future reference, note that we deduce
from this the so-called Gysin morphism:

(2.4.39.2) i Msg(X) —=— Mg(X/X - Z) ez, Ms(Z)(n)[2n]
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where 7 is the following map:

ad(i*,i.) . .,
Ms(X) = py(1x) — pyisi*(1x) = Ms(X/X - Z).
As a particular case, we get using the notation of Corollary 2.4.37, point (2), an
isomorphism:
tr
Poxx : 2AK) 2255 MThy (T7) © K —— K(d)[2d]

In particular, when .7 satisfies property (Supp), the purity comparison map associ-
ated with f can be rewritten as:

t
XX,X

fild)[2d]

Example 2.4.40 Assume as in the above definition that .7 is premotivic and satisfies
properties (wLoc) and (Vis-sep).
We suppose the following two additional conditions are fulfilled:

t or P
(2.4.39.3) Py Sy fioZy

(a’) There exists a morphism of triangulated premotivic categories:
0" :SH = 7 : ¢.

where SH is the stable homotopy category of Morel and Voevodsky — see
Example 1.4.3.

(b’) For any scheme X, let Pic(X) be the Picard group of X. We assume there exists
an application

c1 : Pie(X) — H?él(X) := Hom 7 (x)(M(X), 1x(1)[2])

which is natural with respect to contravariant functoriality — we do not require
c1 is a morphism of abelian groups.

Then one can apply the results of [Dégo8] to .7 (X) for any scheme X. All the
references which follows will be within loc. cit.: according to section 2.3.2, the tri-
angulated category .7 (X) satisfies the axioms of Paragraph 2.1.53 Then the existence
of the Thom isomorphism follows from Proposition 4.3 and, more explicitly, from
Paragraph 4.4. Property (a) and (b) of the above definition are easy — explicitly, this
is a consequence of 4.10 — and Property (c) follows from Lemma 4.30.

To sum up, the assumptions (a’) and (b’) guarantees the existence of a canon-
ical orientation of .7 in the sense of the above definition. Moreover, the purity

53 Note in particular that for any smooth closed S-pair, we obtain a canonical isomorphism in .7 (S)
of the form:
X/ X -Z2)=Ms(X/X - Z)

where one the left-hand side X /X — Z stands for the homotopy cofiber of the open immersion
(X — Z) — X while the left-hand side is defined by Equality (2.4.32.1).
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isomorphism (2.4.39.1) as well as the Gysin morphism (2.4.39.2) associated in the
preceding paragraph for this particular orientation coincide with the one defined in
[Dégo8] (see in particular the uniqueness statement of [Dégo8, Prop. 4.3]).

Note moreover that assuming .7 satisfies all the properties above except (b’), the
data of an orientation of .7 is equivalent to the data of a map ¢; as in (b’). Indeed,
if t is an orientation of .7, given any line bundle L/X with zero section s, we put
c1(L) = p(tr) where p is the following composite map:

H3!(Thy (L) — H3H (L) —— HZ'(X)

where the first map is induced by the canonical projection Mx (L) — MThx(L).
Then ¢ depends only on the isomorphism classes of L/X — property (a) of the
above definition — and it is compatible with pullbacks — property (c) of the above
definition.

2.4.41 We now assume the following conditions on the triangulated premotivic
category 7 :

7 satisfies properties (Nis-sep), (wLoc), (Htp) and (Stab).
* 7 admits an orientation t.

Let f : X — S be a smooth proper morphism of dimension d. Note we do not need
that .7 satisfies property (Supp) to rewrite the purity comparison map as follows:

(2.4.41.1) D} D fy — fu(d)[2d]

(see Paragraph 2.4.39).
Note also that using the Gysin morphism (2.4.39.2) associated with the diagonal
immersion 6 : X — X Xs X, we get the following morphism:

(2.4.41.2)
W+ Ms(X) ® Ms(X)(~d)[-2d] = Ms(X xs X)(~d)[-2d] —— Ms(X) = 15.

Theorem 2.4.42 Consider the assumptions and notations above. Then the following
conditions are equivalent:

(1) f is pure: vy is an isomorphism.
(i) The natural transformation pr. f* is an isomorphism.
(ii) The premotive Ms(X) is strongly dualizable and /th is a perfect pairing.

Proof In this proof, we put 7(K) = K(d)[2d]. As 7 satisfies property (Stab), f.
commutes with Tate twist (def. 1.1.44). This means the following exchange transfor-
mation is an isomorphism:

(2.4.42.1) Ex; :17f. — fiT.

We first prove that (i) is equivalent to (i’). One implication is obvious so that we
have only to prove that (i’) implies (i). Guided by a method of Ayoub (see [Ayoo7a,
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1.7.14, 1.7.15]), we will construct a right inverse ¢; and a left inverse ¢2 to the
morphism p} as the following composite maps:

by for T g B g g T et

(G ad'(fi.f*)
bo fr 2 fffy e g g

Let us check that p} o ¢1 = 1. To prove this relation, we prove that the following
diagram is commutative:

ad(f*.f,) et ad'(f*.£.) P
ST fffT—>fof—>fff T ST
(1)
H* @ f )t H S fe ad (" f)
f*Tff*—>fnff*—>f* Tffi —— iT
H o
ST AT L S f* 1 ad'(f*.f. fut
3)
(ld(f ﬁ 1 (FE
fir———= L[ fiT ad'(f*.f.) fot.

The commutativity of (1) and (2) is obvious and the commutativity of (3) follows
from Formula (2.4.42.1) defining E x.. Then the result follows from the usual formula
between the unit and counit of an adjunction. The relation ¢2 o p} = 1 is proved
using the same kind of computations.

It remains to prove that (i) and (i’) are equivalent to (ii). We already know from
Proposition 2.4.31 that (i) implies the premotive Ms(X) is strongly dualizable. Saying
that ,u} is a perfect pairing amounts to prove that the natural transformation obtained
by adjunction

dy - (Ms(X) ® =) — Hom(Ms(X),~(d)[2d])

is an isomorphism. On the other hand, as we have already seen previously, the smooth
projection formula implies an identification of functors:

fif " = Ms(X) ® -),

(2.4.42.2) fif" = Hom(Mg(X),-).

Thus, to finish the proof, it will be enough to show that the map

. P . .
W —— i fT = fifT

is equal to d} through the identifications (2.4.42.2).
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Let us consider the following cartesian square

XxSXf—>X

|

—>S

andputg = fof”. According to the definition of y}, and notably Formula (2.4.39.2)

for the Gysin map 6, the natural transformation of functors ( ,u} ®—) can be described
as the following composition:

EX(A* 213 *ad(é*,é*) * _k
T RS —>fnfﬁf [T =g49" — g40.0"¢g

e

Note in particular that the base change map E x(A’é) corresponds to the first identifi-
cation in Formula (2.4.41.2). Thus we have to prove the preceding composite map
is equal to the following one, obtained by adjunction from p}:

5 5 5 ’” *Ex(A’i*) 5 ’ 5
B Rf" = fof B f S 5 o f " £ S f

DXXX ad'(f*.f.) ad'(fy.f")

—— BT = RS T KT — T

This amounts to prove, after some easy cancellation, the commutativity of the fol-
lowing diagram:

Ex(Ag.)

Fly == RS ——— [ L. I}'5.
Ex(A;;)J Jad’(f*, £)
1 frrs ad(s*,6:) ’ sk LI1% ’

According to the definition of the exchange transformation Ex(Ay,) (cf Paragraph
1.1.14), we can divide this diagram into the following pieces:
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% ’” ad(f".f) ¢ * ’” EX(A;;) ¢ 1 LI £ ad'(f".f) * 77
PRS0 ————= RS B0 ——— LB T F0 ——— [ i fy0x

Ex(A’&) ad' (F*.£.) ad' (f*.f)
Iy s oot pm e @R ,
i g e L s,
()
fﬂ/f”* ad(5*,6.,) fﬁ,(‘j*

Every part of this diagram is obviously commutative except for part (x). As f’6 = 1,
the axioms of a 2-functors (for f* and f. say) implies that the unit map

a f‘ﬂlfll* N f‘ﬁ,f,/*(f//é)*(f/,(s)*

is the canonical identification that we get using 1, = 1 and 1* = 1. We can consider
the following diagram:

fﬁlfll* [¢3 f‘n/f/l*(fllé)*(fllé)* _— J;ilfll*ﬁkllé*

1 L% ad(‘fﬂ*’f:’) 1Lk L0 L1k ad(5*’6*) 1 L% " 4 * (£ L1
B S e S Y ad g
ad/(f//* ’ﬁ/l) ad/(f//* ,ﬁ//)
7’ 11% ’ 17% ad(é*’é*) ’ * 1% 4
for which each part is obviously commutative. This concludes. U

As a corollary, together with the results of [Dégo8], we get the following theorem:

Corollary 2.4.43 Let us assume the following conditions on the triangulated pre-
motivic category 7 :

(a) T satisfies properties ( Nis-sep), (wLoc), (Htp) and (Stab).
(b) T admits an orientation t.
(c) There exists a morphism of triangulated premotivic categories:

o' :SH = T : ¢..

Then any smooth projective morphism is 7 -pure. In particular, 7 is weakly pure.
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Proof According to Example 2.4.40, one can apply the results of [Dégo8] to the
triangulated category .7 (X). Then it follows from [Dégo8, 5.23] that condition (ii)
of the above theorem is satisfied. (|

Remark 2.4.44 This theorem is to be compared with the result of Ayoub recalled in
Theorem 2.4.28. On the one hand, if 7 satisfies the localization property, we get
another proof of this result under the additional assumption that .7 is oriented. On the
other hand, the above theorem does not require the assumption that .7 satisfies (Loc);
this is important as we can only prove (wLoc) for the category DM, introduced in
Definition 11.1.1.

2.4.d Motivic categories

This section summarizes the main constructions of this part and draws a conclusive
theorem.

Definition 2.4.45 A motivic triangulated category over . is a premotivic trian-
gulated category over . which satisfies the homotopy, stability, localization and
adjoint property.

Remark 2.4.46 Without the adjoint property, this definition corresponds to what
Ayoub called a monoidal stable homotopy 2-functor (cf [Ayoo7a, def. 2.3.1]). We
think our shorter terminology fits well in the spirit of the current theory of mixed
motives.

Remark 2.4.47 Assume .7 is a premotivic triangulated category such that:

1. 7 is well generated.
2. J satisfies the homotopy and stability properties.
3. 7 satisfies the localization property.

Then .7 is a motivic triangulated category in the above sense. Indeed, property (Adj)
is proved under the above assumptions in point (4) of Theorem 2.4.26. Note also
that if .77 is compactly 7-generated, we simply obtain property (Adj) from Lemma
2.2.16.%4

Example 2.4.48 According to the previous remark, the premotivic category SH of
Example 1.4.3 is a motivic category. In fact, property (1) is proved in [Ayoo7a,
4.5.67], property (2) follows by definition and property (3) is proved in [Ayoo7a,
4.5.44].

2.4.49 In the next theorem, we summarize what is now called the Grothendieck

six functors formalism. In fact, this is a consequence of the axioms in the above
definition, as a result of the work done in previous sections. More precisely:

54 In our examples, (1) will always be satisfied, (2) will be obtained by construction and (3) will be
the hard point.
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* We apply Theorem 2.4.26 using the theorem of Ayoub recalled in 2.4.28, and
use the generalized theorem of Morel and Voevodsky, Theorem 2.4.35, to get
the form (2.4.37.1) of the purity isomorphism.

* In the case where .7 is oriented, we use the form (2.4.41.1) of the purity
isomorphism. Recall that, when .7 satisfies assumption (c) of Corollary 2.4.43,
then we have given a different proof of the Theorem of Ayoub and the theorem
below follows from 2.4.26 and 2.4.43.

Theorem 2.4.50 Let 7 be a motivic triangulated category.
Then, for any separated morphism of finite type f : Y — X in .7, there exists a
pair of adjoint functors, the exceptional functors,

fi: 7)) = 7(X): f*

such that:

1. There exists a structure of a covariant (resp. contravariant) 2-functor on f +— fi
(resp. f +— f').
2. There exists a natural transformation ay : fi — f. which is an isomorphism
when f is proper. Moreover, « is a morphism of 2-functors.
3. For any smooth separated morphism of finite type f : X — S in . with tangent
bundle Ty, there are canonical natural isomorphisms
pr: fﬂ — ﬁ(MThx(Tf) ®Rx )
P f* — MThx(=Ty) ®x f'
which are dual to each other — the Thom premotive MT hx(Ty) is ®-invertible
with inverse MT hx (=Ty).
If  admits an orientation t and f has dimension d then there are canonical
natural isomorphisms
Py fy — fild)[2d]
ppcfT— fi(=d)[-2d]
which are dual to each other.
4. For any Cartesian square:

such that f is separated of finite type, there exist natural isomorphisms

Ex(A):g9"fi— fg9"",
Ex(A): glf" — f'g..
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5. For any separated morphism of finite type f : Y — X in .7, there exist natural
isomorphisms

Ex(f,®) : (fiK)®x L —— fi(K ®y f*L),
Homx(fi(L),K) —— f.Homy(L, f'(K)),
f'Homx(L,M) —— Homy(f*(L), f'(M)).

Remark 2.4.51 It is important to precise that in the case where the morphisms in .7
are assumed to be quasi-projective, this theorem is proved by Ayoub in [Ayoo7a] if
we except the case where 7 is oriented in point (3).5

Regarding this theorem, our contribution is to extend the result of Ayoub to the
non quasi-projective case and to consider the oriented case — which is crucial in the
theory of motives. Recall also we have given another proof of this result in the case
where the motivic category .7 satisfies in addition the assumptions of Corollary
2.4.43 — which will always be the case for the different categories of motives
introduced here.

Remark 2.4.52 The purity isomorphism is compatible with composition. Given
smooth separated morphisms of finite type

g f

y 2o x—1os
we obtain (c¢f. [GD67, 17.2.3]) an exact sequence of vector bundles over Y
(o) 0— g 'Ty — Ty — T, — 0.
which according to Remark 2.4.15 induces an isomorphism:

MTh
€r 1 MThy(Ty,) —Y(*(T)MThY(Tg) ® MThy(g~'Tf)

—— g*MThx(Ty) ® MThy(T,).

One can check the following diagram is commutative:

55 This theorem was first announced by Voevodsky but only notes covering the basic setting were
to be found by the time Ayoub wrote the proof.
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(f9)4(K) Jogy(K)

PfoPg
fi(MThx(Ty) ©x 9i(MThy(T,) @y K))
Prg Ex(g;,®)™!
figi(g*MThy(Ty) ® MThy(T,) ®y K)

6;1

(fONMTh(Tyy) ® K) =——= figi(MTh(Ty,) ® K).

This is not an easy check.>° In fact, this is one of the key technical point in the proof
of the main Theorem of Ayoub ([Ayoo7a, 1.4.2]). We refer the reader to [Ayoo7a,
1.5] for details.

Note also that given the commutativity of the above diagram, if .7 admits an
orientation t, it readily follows from axiom (c) of Definition 2.4.38 that the following
diagram is commutative:

(fg)u(K) fag3(K)
| [
(fgh(K)(n+m)[2n + 2m] == figi(K)(n + m)[2n + 2m]

where n (resp. m) is the relative dimension of f (resp. g).

Morphisms of triangulated motivic categories are compatible with Grothendieck
6 operations in the following sense:

Proposition 2.4.53 Let 7 and 7’ be motivic triangulated categories and
0T =T

be an adjunction of premotivic categories.

Then ¢* (resp. ¢.) commutes with the operations f* (resp. f.), for any morphism
of schemes f, as well as with the operation p (resp. p'), for any separated morphism
of finite type p.

Moreover, ¢* is monoidal and for any premotive M € F(S), N € J'(S), the
canonical map

Hom(M, ¢.(N)) — @.Hom(¢*(M),N)

is an isomorphism.

56 The main point is to check that the isomorphism of Theorem 2.4.35 is compatible with compo-
sition (of closed immersions). On that particular point, see [Dégo8, Th. 4.32, Cor. 4.33].
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Proof The only thing to prove is that ¢* commutes with p; as the other statements
follows either from the definitions or by adjunction. This follows from Proposition
2.3.11, the purity property in .7 and .7’ (property (3) in the above theorem) and the
fact ¢* commutes with py when p is smooth by assumption. O

Remark 2.4.54 With additional assumptions on 7 and .7, and over a field, we will
see that ¢* commutes with all the six operations (see Theorem 4.4.25).

3 Descent in &7-fibred model categories

3.0.1 In this section, . is an abstract category and & an admissible class of
morphisms in .%.

In section 3.3 however, we will consider as in 2.0.1 a noetherian base scheme .%
and we will assume that . is an adequate category of .#’-schemes satisfying the
following condition on .7

(a) Any scheme in . is finite dimensional.
Moreover, in sections 3.3.c and 3.3.d, we will even assume:
(a’) Any scheme in . is quasi-excellent and finite dimensional.

We fix an admissible class & of morphisms in . which contains the class of
étale morphisms in .¥ and a stable combinatorial &-fibred model category .# over
. (See Paragraph 1.3.21).

In section 3.3.d, we will assume furthermore that:

(b) The stable model &?-fibred category .# is Q-linear (see 3.2.14).

3.1 Extension of &7-fibred categories to diagrams

3.1.a The general case

3.1.1 Assume given a &-fibered category .# over .. Then .# can be extended to
.-diagrams (i.e. functors from a small category to .#’) as follows. Let / be a small
category, and 2~ a functor from / to .¥. For an object i of I, we will denote by .Z;
the fiber of 2" at i (i.e. the evaluation of 2" at i), and, foramap u : i — j in I,
we will still denote by u : Z; — 2 the morphism induced by u. We define the
category (%, 1) as follows.

An object of .#Z(Z",1) is a couple (M, a), where M is the data of an object M; in
A (Z;) for any object i of I, and a is the data of a morphism a,, : u*(M;) — M;
for any morphism u : i — j in I, such that, for any object i of I, the map ay, is
the identity of M; (we will always assume that 17 is the identity functor), and, for
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any composable morphisms u : i — j and v : j — k in I, the following diagram
commutes.
uv*(My) — (vu)"(My)

u*(uv)J Javu

A morphism p : (M,a) — (N, b) is a collection of morphisms
pi: Mi — N;

in .#(Z;), for each object i in I, such that, for any morphism u : i — j in I, the
following diagram commutes.

“(pj)
(M) —2 u*(N;)

M; ————Ni

In the case where . is a monoidal &?-fibred category, the category .#(Z,1) is
naturally endowed with a symmetric monoidal structure. Given two objects (M, a)
and (N, b) of #(Z, 1), their tensor product

(M,a)® (N,b) =(M ® N,a ® b)
is defined as follows. For any object i of /,
(M®N); = M; ® N;,

and for any map u : i — j in I, the map (a ® b), is the composition of the
isomorphism u*(M; ® N;) =~ u*(M;) ® u*(N;) with the morphism

ay ® by 1 u*(M;) ® u*(N;j) — M; ® N; .

Note finally that if .# is a complete monoidal &-fibred category, then .Z (2 ,1)
admits an internal Hom.

3.1.2 Evaluation functors. Assume now that for any S, .Z(S) admits small sums.
For each object i of I, we have a functor

" M) — H(XD)

(3.1.2.1) (M.a) — M,

called the evaluation functor associated with i. This functor i* has a left adjoint

(3.1.2.2) iy M) — M(Z,])



3 Descent in &7-fibred model categories 83

defined as follows. If M is an object of .# (.Z;), then iy(M) is the data (M’,a’) such
that for any object j of I,

(3.1.2.3) (ig(M)), = M} = ]_[ u (M),

ucHomj (j,i)

and, for any morphism v : k — j in I, the map «a;, is the canonical map induced by
the collection of maps

(3.1.2.4) v ut(M) = (uv)* (M) — ]_[ w*(M)

weHomy (k,i)

for u € Hom;y(j,i).
If we assume that ./ is a complete &?-fibred category and that .#(S) admits
small products for any S, then i* has a right adjoint

(3.1.2.5) iy ML) — M)

given, for any object M of .#(Z;) by the formula

(3.1.2.6) @0y =[] won,

ueHomy(i,))
with transition map given by the dual formula of 3.1.2.4.

3.1.3 Functoriality. Assume that .# if a &-fibred category such that for any object
S of .7, #(S) has small colimits.

Remember that, if 2 and % are .’-diagrams, indexed respectively by small
categories I and J, a morphism of ./-diagrams ¢ : (2',1) — (#/,J) is a couple
¢ = (o, f), where f : I — J is a functor, and @ : Z — f*(¥) is a natural
transformation (where f*(%') = % o f). In particular, for any object i of I, we have
a morphism

@ : Zi — Yy

in .. This turns .”-diagrams into a strict 2-category: the identity of (Z',1) is
the couple (14-,1y), and, if ¢ = (a,f) : (Z,I) — (#,J) and ¥ = (B,9) :
(#,J) — (Z,K) are two composable morphisms, the composed morphism y o ¢ :
(Z,1) — (Z,K) is the couple (g f,y), where for each object i of I, the map

Yi+ Zi — Zyra)

is the composition
;i Bra
Zi —— Yy — Zy(ry -
There is also a notion of natural transformation between morphisms of .’-diagrams:
if ¢ = (a, f) and ¢’ = (a’, f’) are two morphisms from (27, 1) to (#,J), a natural
transformation ¢ from ¢ to ¢’ is a natural transformation 7 : f — f’ such that the
following diagram of functors commutes.
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7N

Y of Yo f

t

This makes the category of .#’-diagrams a (strict) 2-category.
To a morphism of diagrams ¢ = («, f) : (Z,1) — (¥, J), we associate a functor

o MY T)— ML)

as follows. For an object (M, a) of 4 (%), ¢*(M,a) = (¢* (M), ¢*(a)) is the object
of A (Z) defined by ¢*(M); = a; (M) fori in 1, and by the formula

¢ (@u = a;(arw) : & W) (My;) = u” a;(My()) — a; (Mpa))

foru:i— jinl.

We will say that a morphism ¢ : (Z2,1) — (#/,J) is a Z2-morphism if, for any
objecti in I, the morphism a; : Z; — %}(;) is a &7-morphism. For such a morphism
¢, the functor ¢* has a left adjoint which we denote by

oy M) — MY, D).

For instance, given a .’-diagram 2" indexed by a small category I, each object i of
I defines a &-morphism of diagrams i : 2; — (£, ) (where .Z; is indexed by the
terminal category), so that the corresponding the functor iy corresponds precisely to
(3.1.2.2).

Assume that .7 is a complete &-fibred category such that .#(S) has small limits
for any object S of .#. Then the functor ¢* has a right adjoint which we denote by

Ot ML) — MY, T).

In the case where ¢ is the morphism i : 2; — (£, 1) defined by an object i of 1, i
corresponds precisely to (3.1.2.5).

Remark 3.1.4 This construction can be applied in particular to any Grothendieck
abelian (monoidal) &-fibred category (cf. definition 1.3.8). The triangulated case
cannot be treated in general without assuming a thorough structure — this is the
purpose of the next section.

3.1.b The model category case

3.1.5 Let ./ be a #-fibred model category over . (cf. 1.3.21). Given a .-diagram
& indexed by a small category I, we will say that a morphism of .Z(2,1) is a
termwise weak equivalence (resp. a termwise fibration, resp. a termwise cofibration)
if, for any object i of I, its image by the functor i* is a weak equivalence (resp. a
fibration, resp. a cofibration) in .# (.Z;).
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Proposition 3.1.6 If .# is a cofibrantly generated P-fibred model category over .,
then, for any ./ -diagram & indexed by a small category I, the category M (X ,1) is
a cofibrantly generated model category whose weak equivalences (resp. fibrations)
are the termwise weak equivalences (resp. the termwise fibrations). This model
category structure on M (2", I) will be called the projective model structure.

Moreover, any cofibration of # (X ,1) is a termwise cofibration, and the family
of functors

i":Ho( WX, 1) — Ho(A)(Z:), i€ Ob(),

is conservative.
If M is left proper (resp. right proper, resp. combinatorial, resp. stable), then so
is the projective model category structure on M (Z").

Proof Let 2 ° be the .#-diagram indexed by the set of objects of I (seen as a discrete
category), whose fiber at i is Z;. Let ¢ : (2%, 0bI) — (2,1) be the inclusion
(i.e. the map which is the identity on objects and which is the identity on each fiber).
As ¢ is clearly a &-morphism, we have an adjunction

oy M0, 00N) = [ | (2 = (2 1): "

The functor ¢y can be made explicit: it sends a family of objects (M;); (with M; in
A (Z7)) to the sum of the iy(M;)’s indexed by the set of objects of /. Note also that
this proposition is trivially verified whenever 2°¢ = 2. Using the explicit formula
for iy given in 3.1.2, it is then straightforward to check that the adjunction (¢y, ¢*)
satisfies the assumptions of [Crags, Theorem 3.3], which proves the existence of the
projective model structure on .# (% ,I). Furthermore, the generating cofibrations
(resp. trivial cofibrations of .Z (%, I)) can be described as follows. For each object
iof I,let A; (resp. B;) be a generating set of cofibrations (resp. of trivial cofibrations
in A (Z;). The class of termwise trivial fibrations (resp. of termwise fibrations) of
A(Z 1) is the class of maps which have the right lifting property with respect to
the set A = U;¢; ig(A;) (resp. to the set B = U;¢s iy(B;)). Hence, the set A (resp. B)
generates the class of cofibrations (resp. of trivial cofibrations). In particular, as any
element of A is a termwise cofibration (which follows immediately from the explicit
formula for iy given in 3.1.2), and as termwise cofibrations are stable by pushouts,
transfinite compositions and retracts, any cofibration is a termwise cofibration (by
the small object argument).

As any fibration (resp. cofibration) of .#Z(Z",I) is a termwise fibration (resp. a
termwise cofibration), it is clear that, whenever the model categories .Z(%Z;) are
right (resp. left) proper, the model category .# (2, I) has the same property.

The functor ¢* preserves fibrations and cofibrations, while it also preserves and
detects weak equivalences (by definition). This implies that the induced functor

¢* : Ho(A )2, 1) — Ho(4) (2%, 0b 1) ~ 1_[ Ho(#)(Z;)
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is conservative (using the facts that the set of maps from a cofibrant object to a fibrant
object in the homotopy category of a model category is the set of homotopy classes
of maps, and that a morphism of a model category is a weak equivalence if and only
if it induces an isomorphism in the homotopy category). As ¢* commutes to limits
and colimits, this implies that it commutes to homotopy limits and to homotopy
colimits (up to weak equivalences). Using the conservativity property, this implies
that a commutative square of .Z (%2, 1) is a homotopy pushout (resp. a homotopy
pullback) if and only if it is so in .#(2°°, ObI). Remember that stable model
categories are characterized as those in which a commutative square is a homotopy
pullback square if and only if it is a homotopy pushout square. As a consequence,
if all the model categories .#(.2;) are stable, as .# (2 °, ObI) is then obviously
stable as well, the model category .# (2", I) has the same property.

It remains to prove that, if .#(X,I) is a combinatorial model category for any
object X of ., then .# (% ,I) is combinatorial as well. For each object i in I, let
G; be a set of accessible generators of .Z(Z;). Note that, for any object i of I,
the functor iy has a left adjoint i* which commutes to colimits (having itself a right
adjoint i,). It is then easy to check that the set of objects of shape iy(M), for M in
G; and i in I, is a small set of accessible generators of .# (2", I). This implies that
MM (X, 1) is accessible and ends the proof. O

Proposition 3.1.7 Let .# be a combinatorial &-fibred model category over .&.
Then, for any .7-diagram Z" indexed by a small category I, the category M (X, 1) is
a combinatorial model category whose weak equivalences (resp. cofibrations) are the
termwise weak equivalences (resp. the termwise cofibrations). This model category
structure on M (X", 1) will be called the injective model structure>”. Moreover, any
fibration of the injective model structure on M (X2, 1) is a termwise fibration.

If A is left proper (resp. right proper, resp. stable), then so is the injective model
category structure on M (L, 1).

Proof See [Bario, Theorem 2.28] for the existence of such a model structure (if,
for any object X in .7, all the cofibrations of .#(X) are monomorphisms, this
can also be done following mutatis mutandis the proof of [Ayoo7a, Proposition
4.5.9]). Any trivial cofibration of the projective model structure being a termwise
trivial cofibration, any fibration of the injective model structure is a fibration of the
projective model structure, hence a termwise fibration.

The assertions about properness follow from their analogs for the projective model
structure and from [Ciso6, Corollary 1.5.21] (or can be proved directly; see [Bar1o,
Proposition 2.31]). Similarly, the assertion on stability follows from their analogs for
the projective model structure. O

3.1.8 From now on, we assume that a combinatorial &-fibred model category .#
over . is given. Then, for any .¥-diagram (2, I), we have two model category
structures on .Z (4, I), and the identity defines a left Quillen equivalence from the
projective model structure to the injective model structure. This fact will be used

57 Quite unfortunately, this corresponds to the ‘semi-projective’ model structure introduced in
[Ayoo7a, Def. 4.5.8].
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for the understanding of the functorialities coming from morphisms of diagrams of
S-schemes.

3.1.9 The category of .-diagrams admits small sums. If {(#},1;)};cs is a small
family of .¥’-diagrams, then their sum is the .-diagram (2", I), where

=[x,
jed
and 2" is the functor from / to . defined by

Zi =%, wheneverie€ I;.

Proposition 3.1.10 For any small family of /' -diagrams {(%},1;)} s, the canonical
functor

Ho(#)(| [ %) — [ | Hot) %)

JjeJ JjeJ

is an equivalence of categories.

(%)= [T#@)

JjeJ JjeJ

Proof The functor

is an equivalence of categories. It thus remains an equivalence after localization. To
conclude, it is sufficient to see that the homotopy category of a product of model
categories is the product of their homotopy categories, which follows rather easily
from the explicit description of the homotopy category of a model category; see e.g.
[Hovgg, Theorem 1.2.10]. t

Proposition 3.1.11 Let ¢ = (a,f) : (Z,1) — (#,J) be a morphism of .-
diagrams.

(i) The adjunction ¢* : M (Y ,J) = M (X 1) : . is a Quillen adjunction with
respect to the injective model structures. In particular, it induces a derived

adjunction
Lo* : Ho(# )% ,J) == Ho(# ) Z,I) : Ry, .

(ii) If ¢ is a P-morphism, then the adjunction ¢y : M (X', 1) = M (¥ ,J) : ¢*
is a Quillen adjunction with respect to the projective model structures, and
the functor ¢* preserves weak equivalences. In particular, we get a derived
adjunction

Loy : Ho(#) (2, 1) = Ho(A (¥, J) : Lo" = ¢* =Re".

Proof The functor ¢* obviously preserves termwise cofibrations and termwise trivial
cofibrations (we reduce to the case of a morphism of .& using the explicit description
of ¢* given in 3.1.3), which proves the first assertion. Similarly, the second assertion
follows from the fact that, under the assumption that ¢ is a &Z-morphism, the functor
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¢" preserves termwise weak equivalences (see Remark 1.3.22), as well as termwise
fibrations. O

3.1.12 The computation of the (derived) functors Re. (and Ley whenever it makes
sense) given by Proposition 3.1.11 has to do with homotopy limits (and homotopy
colimits). It is easier to first understand this in the non derived version as follows.

Consider first the trivial case of a constant .’-diagram: let X be an object of .7,
and / a small category. Then, seeing X as the constant functor I — . with value X,
we have a projection map p, : (X,I) — X. From the very definition, the category
A (X,1) is simply the category of on I with values in .Z(X), so that the inverse
image functor

(3.1.12.1) Py MX) — HX D) = (X"
is the ‘constant diagram functor’, while its right adjoint

(3.1.12.2) }gn =pr. AHXID) — M (X)

Iop
is the limit functor, and its left adjoint,

(3.1.12.3) m =Py MX, ) — H(X)

1°r

is the colimit functor.

Let S be an object of .. A .#-diagram over S is the data of a .%-diagram (2, I),
together with a morphism of .-diagrams p : (Z',1) — S (i.e. its a .’/ S-diagram).
Such a map p factors as

(3.1.12.4) (2,0 N (S, 1) 21, S,

where 7 = (p,17). Then one checks easily that, for any object M of .#(Z",I), and
for any object i of I, one has

(3'1'12’5) ﬂ-*(M)l' = pi,*(Mi)s

where p i Z; — § is the structural map, from which we deduce the formula

(3-1.12.6) p«(M) = lim 7.(M); = lim p; (M),
ielop ielopr

Remark that, if I is a small category with a terminal object w, then any .¥’-diagram
Z indexed by [ is a .#-diagram over Z,,, and we deduce from the computations
above that, if p : (27,1) — %, denotes the canonical map, then, for any object M
of #(Z,1),

(3.1.12.7) p(M) =~ M, .
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Consider now a morphism of .%-diagrams ¢ = (a, f) : (Z,1) — (#,J). For
each object j, we can form the following pullback square of categories.

.U
1/j——1
(3.1.12.8) f/Ji Jf
J/Jj ——J
J

in which J/j is the category of objects of J over j (which has a terminal object,
namely (j, 1;), and v; is the canonical projection; the category 1/ is thus the category
of pairs (i,a), where i is an object of I, and a : f(i) — j a morphism in J. From
this, we can form the following pullback of .-diagrams

([, 1])) —— (2, 1)

(3-1.12.9) w/jJ Jw
GOV ) e d C )

in which Z'/j = Z ouj, #/j = # o v;, and the maps u; and v; are the one
induced by u; and v; respectively. For an object M of .# (% ,I) (resp. an object
N of #(#,J)), we define M/j (resp. N/j) as the object of .#Z(Z /j,1/j) (resp.
of #(#/j,J/j)) obtained as M/j = ,u;‘.(M) (resp. N/j = V;T(N)). With these
conventions, for any object M of .#(.Z", 1) and any object j of the indexing category
J, one gets the formula

(3.1.12.10) (M) = (/)M [])j1,) = 1m  ap(M;).
(i,a)el [}

This implies that the natural map

(3-112.11) @u(M)]j = v; (M) — (@] )« 1;(M) = (¢/j)(M] )

is an isomorphism: to prove this, it is sufficient to obtain an isomorphism from
(3.1.12.11) after evaluating by any object (j’,a : j° — j) of J/j, which follows
readily from (3.1.12.10) and from the obvious fact that (I/j)/(j’,a) is canonically
isomorphic to 1/j’.

In order to deduce from the computations above their derived versions, we need
two lemmata.

Lemma 3.1.13 Let 2 be a .-diagram indexed by a small category I, and i an
object of 1. Then the evaluation functor

"M ]) — ML)
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is a right Quillen functor with respect to the injective model structure, and it preserves
weak equivalences.

Proof Proving that the functor i* is a right Quillen functor is equivalent to proving
that its left adjoint (3.1.2.2) is a left Quillen functor with respect to the injective
model structure, which follows immediately from its computation (3.1.2.3), as, in
any model category, cofibrations and trivial cofibrations are stable by small sums.
The last assertion is obvious from the very definition of the weak equivalences in
ML ]). O

Lemma 3.1.14 For any pullback square of #-diagrams of shape (3.1.12.9), the
functors

uy A2 ) — A ]), 1)), Mi— M]j
Vi MY D) — MY T]]), N NJj

are right Quillen functors with respect to the injective model structure, and they
preserve weak equivalences.

Proof 1t is sufficient to prove this for the functor y% (as v]*. is simply the special case
where I = J and f is the identity). The fact that ﬂ; preserves weak equivalences is
obvious, so that it remains to prove that it is a right Quillen functor. We thus have to
prove that left adjoint of /J;‘.,

Mg o AL ] ] ]) — A(Z1),

is a left Quillen functor. In other words, we have to prove that, for any object i of I,
the functor
Py X)) — ML)
is a left Quillen functor. For any object M of .# (% ,I), we have a natural isomor-
phism
Fugn = [ Gay).

acHom (f(i),))

But we know that the functors (i,a)y are left Quillen functors, so that the stability of
cofibrations and trivial cofibrations by small sums and this description of the functor
i*u; y achieves the proof. (|

Proposition 3.1.15 Let S be an object of .7, and p : (Z',1) — S a ./-diagram
over S, and consider the canonical factorization (3.1.12.4). For any object M of

Ho(#) (2, 1), there are canonical isomorphisms and Ho(.#)(S):

Rr.(M); ~Rp; ,(M;) and Rp.(M)= Rlim Rp; ,(M;).

ieror
In particular, if furthermore the category I has a terminal object w, then

Rp.(M) =~ Rp, +(My,) .
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Proof This follows immediately from Formulas (3.1.12.5), (3.1.12.6) and from the
fact that deriving (right) Quillen functors is compatible with composition. O

Proposition 3.1.16 We consider the pullback square of .#-diagrams (3.1.12.9) (as
well as the notations thereof). For any object M of Ho(.#)(Z ,I), and any object j
of J, we have natural isomorphisms

Re.(M)j =~  Rlim Re;.(M;) and Re.(M)/j = R(g/j)(M]])
(i,a)el/j°P

in Ho(.# )(%;) and in Ho(Z ) (¥ [ j,J ] ]) respectively.

Proof Using again the fact that deriving right Quillen functors is compatible with
composition, by virtue of Lemma 3.1.13 and Lemma 3.1.14, this is a direct translation
of (3.1.12.10) and (3.1.12.11). O

Proposition 3.1.17 Letu : T — S be a &-morphism of &, and p : (Z,I) — S a
< -diagram over S. Consider the pullback square of ./ -diagrams

V1) —2— (2,1

ql l"

T—0— 5

(ie. % =T xg Z; for any object i of 1). Then, for any object M of Ho(.#)( X', 1),
the canonical map

Lu* Rp.(M) — Rg. Lv*(M)
is an isomorphism in Ho(.Z )(T).

Proof By Remark 1.3.22, the functor v* is both a left and a right Quillen functor
which preserves weak equivalences, so that the functor Lv* = v* = Ry* preserves
homotopy limits. Hence, by Proposition 3.1.15, one reduces to the case where I is the
terminal category, i.e. to the transposition of the isomorphism given by the &7-base
change formula (£?-BC) for the homotopy &-fibred category Ho(.#) (see 1.1.19).0]

3.1.18 A morphism of .-diagrams v = (a, f) : (¥, J") — (¥, J), is cartesian if,
for any arrow i — j in J’, the induced commutative square

@i/ - gjl
| P
&0 D)
is cartesian.

A morphism of .-diagrams v = (a, f) : (#",J") — (¥, J) is reduced if J = J’
and f =1y.
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Proposition 3.1.19 Let v : (%', J) — (%, J) be a reduced cartesian &-morphism

of -diagrams, and ¢ = (a, f) : (Z,1) — (¥ ,J) a morphism of ./-diagrams.
Consider the pullback square of -diagrams

(2.1 L= (2.1
lﬁJ Jw
@' J)—— (¥, J)

(ie. 2/ = Z’/f’<i) Xa, ., i Jor any object i of I). Then, for any object M of
Ho(.#)( 2, 1), the canonical map

Lv* Re.(M) — Ry, L™ (M)
is an isomorphism in Ho(L# (%", J).
Proof By virtue of Proposition 3.1.6, it is sufficient to prove that the map
J'Lv* R (M) — j*Rap. L™ (M)
is an isomorphism for any object j of J. Let p : (Z7/j,1/j) — %, and q :

(271§, J,j) — @j’ be the canonical maps. As v is cartesian, we have a pullback
square of .¥’-diagrams

@50 ) 2 (2.1 )

Vi

But v; being a &-morphism, by virtue of Proposition 3.1.17, we thus have an
isomorphism

Lv; Rp.(M/j) =~ Rq. L(u/j)"(M/j) = Rq.(Lp"(M)/j) .

Applying Proposition 3.1.16 and the last assertion of Proposition 3.1.15 twice, we
also have canonical isomorphisms

J'Re.(M) = Rp.(M/j) and "Ry Ly (M) = Rq.(Ly"(M)/ ).
The obvious identity j*Lv* = ij”.‘ J* achieves the proof. (]

Corollary 3.1.20 Under the assumptions of Proposition 3.1.19, for any object N of
the category Ho(# )(¥", j), the canonical map

Luy Ly (N) — Lg" Lvy(N)
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is an isomorphism in Ho(.# )X, 1).

Remark 3.1.21 The class of cartesian &7-morphisms form an admissible class of
morphisms in the category of .¥-diagrams, which we denote by &2..,,+. Proposition
3.1.11 and the preceding corollary thus asserts that Ho(.#) is a & ,,+-fibred category
over the category of .’-diagrams.

3.1.22 We shall sometimes deal with diagrams of .7’-diagrams. Let / be a small
category, and .% a functor from I to the category of .#-diagrams. For each object
i of I, we have a .%/-diagram (% (i), J;), and, for each map u : i — i’, we have a
functor f, : J; — J; as well as a natural transformation «,, : % (i) — % (') o f,,
subject to coherence identities. In particular, the correspondence i — J; defines a
functor from I to the category of small categories. Let 14 be the cofibred category
over [ associated to it; see [Groo3, Exp. VI]. Explicitly, /4 is described as follows.
The objects are the couples (i, x), where i is an object of I, and x is an object of J;.
A morphism (i, x) — (i’,x") is a couple (u,v), where u : i — i’ is a morphism of 7,
and v : f,(x) — x’ is a morphism of J;. The identity of (i, x) is the couple (1;, 1),
and, for two morphisms (u,v) : (i,x) — (i’,x") and (u’,v’) : (i’,x") — (@, x"),
their composition (u”,v”") : (i,x) — (i”’,x"’) is defined by u”" = u’ o u, while v’ is
the composition of the map

f;,t’(v) ’ ! ’”
Jur(x) = fur(fu(x)) —— fur(x") ——x".
The functor p : I — I is simply the projection (i, x) — i. For each object i of I,
we get a canonical pullback square of categories

i

lp

in which i is the functor from the terminal category e which corresponds to the object
i, and ¢; is the functor defined by ¢;(x) = (i, x).

The functor .# defines a .¥-diagram ( f ZF,1z). for an object (i,x) of I#,
(/ﬁ)([’x) = % (i)x, and for a morphism (u,v) : (i,x) — (i’,x”), the map

J.
(3.1.22.1) qJ
e

E—

0) - ([ Fi) = F )y — ([ Py = F(@)w

is simply the morphism induced by «,, and v. For each object i of I, there is a natural
morphism of .¥’-diagrams

(3.1.22.2) A (F ), ) — (fﬁ, I1z),

given by 4; = (1.z¢), ;)



94 Fibred categories and the six functors formalism

Proposition 3.1.23 Let X be an object of .7, and f : F — X a morphism of
Sfunctors (where X is considered as the constant functor from I to .7 -diagrams with
value the functor from e to .# defined by X ). Then, for each object i of I, we have a
canonical pullback square of . -diagrams

(F (i), J) — ([ 7, 15)

X—— X1

in which ¢ and ¢; are the obvious morphisms induced by f (where, this time, (X, 1)
is seen as the constant functor from I to . with value X).
Moreover, for any object M ofHo((///)(fﬁ, 1), the natural map

i"Rp (M) = Rp.(M); — Ry; . /IT(M)

is an isomorphism. In particular, if we also write by abuse of notation f for the
induced map of ./ -diagrams from ( f F,1z) to X, we have a natural isomorphism

Rf.(M) ~ Rlim Ry, 4;(M).
ielop

Proof This pullback square is the one induced by (3.1.22.1). We shall prove first that
the map
i Rp.(M) = Rp.(M); — Repi s 4;(M)

is an isomorphism in the particular case where [ has a terminal object w and i = w.
By virtue of Propositions 3.1.15 and 3.1.16, we have isomorphisms

(3-1.23.1) w" Ry (M) = Rlin Re.(M); ~ Rlin Rei x.« (M(ix)) s
ieor (el

where ¢; x : #(i)x — X denotes the map induced by f. We are thus reduced to
prove that the canonical map

(3.1.23.2)
R!&I’l Ry x « (M(i,x)) - Rm R .« (M(w,x)) =~ R /lz)(M)
(i.x)el xeJP

is an isomorphism. As I # is cofibred over I, and as w is a terminal object of I, the
inclusion functor ¢, : J, — I & has a left adjoint, whence is coaspherical in any
weak basic localizer (i.e. is homotopy cofinal); see [Malos, 1.1.9, 1.1.16 and 1.1.25].
As any model category defines a Grothendieck derivator ([Ciso3, Thm. 6.11]), it
follows from [Ciso3, Cor. 1.15] that the map (3.1.23.2) is an isomorphism.

To prove the general case, we proceed as follows. Let .% /i be the functor obtained
by composing .% with the canonical functor v; : I/i — I. Then, keeping track of
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the conventions adopted in 3.1.12, we check easily that (//i)g;; = (I#)/i and that
f(ﬂ/i) = (/ﬁ)/i. Moreover, the pullback square (3.1.22.1) is the composition of
the following pullback squares of categories.

ai ui

Ji Iz /i Iz
ql p/iJ JP
e 1/i 1

(i,1¢) vi

The pullback square of the proposition is thus the composition of the following
pullback squares.

(Z (i) J) — ([ F i 17 |D) L ([ F,17)

9011 WiJ Jso

X —— o (X)) ———— (X.])
1,1 L

The natural transformations
(i.1:)° R(¢/i). — Ry and v} Re, — R(@/i). i1}

are both isomorphisms: the first one comes from the fact that (i,1;) is a terminal
object of 1/i, and the second one from Proposition 3.1.16. We thus get:

" Rp. (M) = (i,1;)" v Rp.(M)
= (i, 1;)" R(p/i). p1; (M)
~Ry; . af pi(M)
= Ry« 4;(M).

The last assertion of the proposition is then a straightforward application of Propo-
sition 3.1.15. (]

Proposition 3.1.24 If .# is a monoidal &P-fibred combinatorial model category
over ., then, for any ./-diagram Z indexed by a small category I, the injec-
tive model structure turns (A, 1) into a symmetric monoidal model category.
In particular, the categories Ho(.# ) (2, I) are canonically endowed with a closed
symmetric monoidal structure, in such a way that, for any morphism of . -diagrams
¢ (2, 1) — (¥, J), the functor Ly* : Ho(A )Y ,J) — Ho( )X ,1) is sym-
metric monoidal.

Proof This is obvious from the definition of a symmetric monoidal model category,
as the tensor product of .Z (%, 1) is defined termwise, as well as the cofibrations
and the trivial cofibrations. U
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Proposition 3.1.25 Assume that .# is a monoidal 2-fibred combinatorial model
category over ., and consider a reduced cartesian &-morphism ¢ = (a,f) :
(X, 1) — (#,1). Then, for any object M in Ho(#)(Z',1) and any object N in
Ho(#)(#,1), the canonical map

Lgy(M ®" ¢*(N)) — Lgy(M) ®" N
is an isomorphism.
Proof Leti be an object of 1. It is sufficient to prove that the map
i"Log(M ®" ¢*(N)) — i"Lgy(M) " N

is an isomorphism in Ho(.# )(Z;). Using Corollary 3.1.20, we see that this map can
be identified with the map

Ly; 4(M; ®" ¢7(N;)) — Lg; y(M;) @" N;,

which is an isomorphism according to the &-projection formula for the homotopy
P-fibred category Ho(A). O

3.1.26 Let (Z,1) be a .-diagram. An object M of .# (%, 1) is homotopy carte-
sian if, for any map u : i — j in I, the structural map u*(M;) — M; induces an
isomorphism
Lu*(M;) =~ M;

in Ho(.Z)(Z', 1) (i.e. if there exists a weak equivalence M J’ — M; with M j’ cofibrant
in ./ (%) such that the map u*(MJf) — M; is a weak equivalence in .Z(.2})).

We denote by Ho(.#Z ) (2, I ) j,cart the full subcategory of Ho(.#Z ) (42, I) spanned
by homotopy cartesian sections.

Definition 3.1.27 A cofibrantly generated model category ¥ is tractable if there
exist sets 7 and J of cofibrations between cofibrant objects which generate the class
of cofibrations and the class of trivial cofibrations respectively.

Remark 3.1.28 If ./ is a combinatorial and tractable &?-fibred model category over
., then so are the projective and the injective model structures on .Z (2, I); see
[Bario, Thm. 2.28 and 2.30].

Proposition 3.1.29 If .Z is tractable, then the inclusion functor
Ho(A )2, Dhcart — Ho(A )X, 1)
admits a right adjoint.

Proof This follows from the fact that the cofibrant homotopy cartesian sections are
the cofibrant objects of a right Bousfield localization of the injective model structure
on A (Z',1); see [Bario, Theorem 5.25]. O
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Definition 3.1.30 Let . and .#’ two &-fibred model categories over .. A Quillen
morphism vy from .# to .#' is a morphism of &-fibred categories y : A4 — A’
such that y* : #(X) — .#’(X) is a left Quillen functor for any object X of ..

Remark 3.1.31 Ify : .M — ./’ is a Quillen morphism between ?-fibred combina-
torial model categories, then, for any .¥’-diagram (2", I), we get a Quillen adjunction

v oM X D) = H(X,]) .
(with the injective model structures as well as with the projective model structures).

Proposition 3.1.32 For any Quillen morphismy : M — M, the derived adjunc-
tion
Ly* : Ho(.#)(X) — Ho(.#")(X) : Ry.

defines a morphism of &-fibred categories Ho(.#') — Ho(.#") over .. If more-
over M and #' are combinatorial, then the morphism Ho(.#') — Ho(.#") extends
to a morphism of P cqr-fibred categories over the category of . -diagrams.

Proof This follows immediately from [Hovgg, Theorem 1.4.3]. (|

3.2 Hypercovers, descent, and derived global sections

3.2.1 Let . be an essentially small category, and & an admissible class of mor-
phisms in .. We assume that a Grothendieck topology ¢ on .# is given. We shall
write .7 for the full subcategory of the category of .-diagrams whose objects are
the small families X = {X;};c; of objects of .% (seen as functors from a discrete
category to .#). The category .#! is equivalent to the full subcategory of the cat-
egory of presheaves of sets on .% spanned by sums of representable presheaves. In
particular, small sums are representable in .% I (but note that the functor from .¥ to
™ does not preserve sums). Finally, we remark that the topology ¢ extends naturally
to a Grothendieck topology on .#’!! such that the topology ¢ on .# is the topology
induced from the inclusion . ¢ .#’!. The covering maps for this topology on .’
will be called ¢-covers (note that the inclusion . ¢ . is continuous and induces
an equivalence between the topos of ¢-sheaves on .# and the topos of ¢-sheaves on
S}

Let A be the category of non-empty finite ordinals. Remember that a simplicial
object of .’ is a presheaf on A with values in .#’!. For a simplicial set K and an
object X of .U, we denote by K x X the simplicial object of .#!! defined by

(K X X)y = UX ., n>0.

xekK,

We write A" for the standard combinatorial simplex of dimension n, and i, :
0A" — A for its boundary inclusion.
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A morphism p : 2~ — % between simplicial objects of .7’ is a t-hypercover
if, locally for the #-topology, it has the right lifting property with respect to boundary
inclusions of standard simplices, which, in a more precise way, means that, for any
integer n > 0, any object U of .11, and any commutative square

ON"x U =——

A"ny—»@/ ,

there exists a f-covering ¢ : V — U, and a morphism of simplicial objects z :
A" XV — 2, such that the diagram bellow commutes.

1
HA”XVM%

S

A" XV —
y(1xq)

A t-hypercover of an object X of .7 is a a t-hypercover p : 2" — X (where X is
considered as a constant simplicial object).

Remark 3.2.2 This definition of #-hypercover is equivalent to the one given in
[AGV73, Exp. V, 7.3.1.4].

3.2.3 Let 2 be a simplicial object of .. It is in particular a functor from the
category A°P to the category of .’-diagrams, so that the constructions and consid-
erations of 3.1.22 apply to 2". In particular, there is a .%’-diagram 2 associated to
Z , namely 2" = (/%,(Aof’)gg). More explicitly, for each integer n > 0, there is a
family {2, x }xek,, of objects of ., such that

(3.2.3.1) I = U Znx -

xekK,

In fact, the sets K, form a simplicial set K, and the category (A°P) o can be identified
over A°P to the category (A/K)°P, where A/K is the fibred category over A whose
fiber over n is the set K,, (seen as a discrete category), i.e. the category of simplices
of K. We shall call K the underlying simplicial set of 2", while the decomposition
(3.2.3.1) will be called the local presentation of Z . The construction 2 +— Z  is
functorial. If p : 2~ — % is a morphism of simplicial objects of .7, we shall still
denote by p : 2 — % the induced morphism of .’-diagrams. In particular, for a
morphism of p : Z° — X, where X is an object of RS p: 2 — X denotes the
corresponding morphism of .’-diagrams.

Let .# be a &-fibred combinatorial model category over .%. Given a simplicial
object 2" of .7, we define the category Ho(.#)(Z") by the formula:

(3.2.3.2) Ho(A)ZX') = Ho(%)(/%,(AOp)g).
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Given an object X of . and amorphism p : 2~ — X, we have a derived adjunction
(3.2.3.3) Lp* : Ho(#Z)(X) == Ho(A#Z ) Z) : Rp. .

Proposition 3.2.4 Consider an object X of ., a simplicial object 2 of /Y, as
well as a morphism p : Z — X. Denote by K the underlying simplicial set of Z,
and for each integer n > 0 and each simplex x € Ky, write pp x : Znx — X for
the morphism of Y induced by the local presentation of 2 (3.2.3.1). Then, for any
object M of Ho(# )(X), there are canonical isomorphisms

Rp.Rp'(M) = RIimRp,, Lp;(M) = Rlim( | | Rpu.Lpj, (1)
neA neA X€Kn

Proof The firstisomorphism is a direct application of the last assertion of Proposition
3.1.23 for & = £, while the second one follows from the first one by Proposition
3.1.10. O

Definition 3.2.5 Given an object Y of .U, an object M of Ho(.# )(Y) will be said
to satisfy ¢-descent if it has the following property: for any morphism f : X — Y
and any 7-hypercover p : &~ — X, the map

Rf.Lf"(M) — Rf. Rp. Lp" Lf"(M)

is an isomorphism in Ho(.Z)(Y).
We shall say that .# (or by abuse, that Ho(.#)) satisfies t-descent if, for any
object Y of .71, any object of Ho(.#)(Y) satisfies ¢-descent.

Proposition 3.2.6 IfY = {Y;};¢; is a small family of objects of . (seen as an object
of .#W), then an object M of Ho(.#)(Y) satisfies t-descent if and only if, for any
i € I, any morphism f : X — Y; of &, and any t-hypercover p : & — X, the map

Rf.Lf*(M;) — Rf. Rp. Lp* Lf*(M;)
is an isomorphism in Ho(.Z)(Y;).
Proof This follows from the definition and from Proposition 3.1.10. (]

Corollary 3.2.7 The &-fibred model category ./ satisfies t-descent if and only if,
for any object X of ., and any t-hypercover p : & — X, the functor

Lp* : Ho(#)(X) — Ho(4Z)(Z)
is fully faithful.

Proposition 3.2.8 If .# satisfies t-descent, then, for any t-cover f : Y — X, the
functor

Lf* : Ho(#)(X) — Ho(.#)(Y)

s conservative.
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Proof Let f : Y — X be a t-cover, and u : M — M’ a morphism of Ho(.Z)(X)
whose image by Lf* is an isomorphism. We can consider the Cech ¢-hypercover
associated to f, that is the simplicial object # over X defined by

%ZYX)(YXX“'X)(Y.

n+ 1 times

Let p : % — X be the canonical map. For each n > 0, the map p, : %;, — X
factor through f, from which we deduce that the functor

Lp;, : Ho(.)(X) — Ho(.#)(%p)
sends u to an isomorphism. This implies that the functor
Lp* : Ho(#)(X) — Ho(.#)(%)

sends u to an isomorphism as well. But, as % is a t-hypercover of X, the functor
Lp* is fully faithful, from which we deduce that u is an isomorphism by the Yoneda
Lemma. 0

3.2.9 Let ¥ be a complete and cocomplete category. For an object X of .7, define
PSh(7/X,7') as the category of presheaves on .//X with values in #. Then
PSh (C/-,7) is a &-fibred category (where, by abuse of notations, .% denotes also
the class of all maps in .¥): this is a special case of the constructions explained in
3.1.2 applied to 7/, seen as a fibred category over the terminal category. To be more
explicit, for each object X of .7, we have a # -enriched Yoneda embedding

(3.2.9.1) SUXxV — PSh(Z/X, V) ., (UMy—USM,

where, if U = {U, };¢; is a small family of objects of ./ X, U ® M is the presheaf

(32.9.2) vie | | [ M.
iel acHom y/s(V,U;)

For a morphism f : X — Y in ., the functor
f*:PSh(/Y,?) — PSh(Y/X,¥)

is the functor defined by composition with the corresponding functor ./ X — /Y.
The functor f* has always a left adjoint

fy : PSh(Z/X, V) — PSh(Z/Y,7),
which is the unique colimit preserving functor defined by

RUSM)=UM,
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where, on the left hand side U is considered as an object over X, while, on the right
hand side, U is considered as an object over Y by composition with f. Similarly,
if all the pullbacks by f are representable in .~ (e.g. if f is a &?-morphism), the
functor f* can be described as the colimit preserving functor defined by the formula

fflUesM)=XxyU)®M.

If ¥ is a cofibrantly generated model category, then, for each object X of .7, the
category PSh (& /X, V) is naturally endowed with the projective model category
structure, i.e. with the cofibrantly generated model category structure whose weak
equivalences and fibrations are defined termwise (this is Proposition 3.1.6 applied
to 7, seen as a fibred category over the terminal category). The cofibrations of the
projective model category structure on PSh (./X,?") will be called the projective
cofibrations. If moreover ¥ is combinatorial (resp. left proper, resp. right proper,
resp. stable), so is PSh (% /X, 7). In particular, if ¥ is a combinatorial model
category, then PSh (.7/—, ') is a &?-fibred combinatorial model category over .7

According to Definition 3.2.5, it thus makes sense to speak of z-descent in
PSh(&/-, 7).

If U = {U;}ies is a small family of objects of . over X, and if F is a presheaf
over .’/ X, we define

(32.9.3) F) = |Frw.

iel

the functor F' +— F(U) is a right adjoint to the functor £ +— U ® E.
We remark that a termwise fibrant presheaf F on .¥’/ X satisfies ¢t-descent if and
only if, for any object Y of .71, and any ¢-hypercover % — Y over X, the map

F(Y) — RImF(%,)

neA
is an isomorphism in Ho(%).

Proposition 3.2.10 If V" is combinatorial and left proper, then the category of
presheaves PSh (7 /X, V) admits a combinatorial model category structure whose
cofibrations are the projective cofibrations, and whose fibrant objects are the
termwise fibrant objects which satisfy t-descent. This model category structure will
be called the t-local model category structure, and the corresponding homotopy
category will be denoted by Ho,(PSh (L /X, ¥)).

Moreover, any termwise weak equivalence is a weak equivalence for the t-local
model structure, and the induced functor

a* : Ho(PSh(/X,¥)) — Ho,(PSh(/X,¥))
admits a fully faithful right adjoint

a, : Ho,(PSh (.7 /X,¥)) — Ho(PSh (. /X, ¥))
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whose essential image consists precisely of the full subcategory of Ho(PSh (< /X, V"))
spanned by the presheaves which satisfy t-descent.

Proof Let H be the class of maps of shape

(3.2.10.1) hocolim%, ® E — Y ®E,

neaA°r
where Y is an object of .7 over X, % — Y is a t-hypercover, and E is a cofi-
brant replacement of an object which is either a source or a target of a generating
cofibration of . Define the ¢-local model category structure as the left Bousfield
localization of Pr(.%/X,?") by H; see [Bario, Theorem 4.7]. We shall call ¢-local
weak equivalences the weak equivalences of the 7-local model category structure.

For each object Y over X, the functor ¥ ® (—) is a left Quillen functor from ¥ to
Pr(.#/X,7). We thus get a total left derived functor

Y ®" (=) : Ho(?) — Ho,(PSh(.7/X, V)

whose right adjoint is the evaluation at Y. For any object E of ¥ and any ¢-local
fibrant presheaf F on .’/ X with values in ¥, we thus have natural bijections

(3.2.10.2) Hom(E, F(Y)) ~ Hom(Y ®" E, F),

and, for any simplicial object # of .¥’/ X, identifications

. N . L
(3.2.10.3) Hom(E, R@F(%)) ~ Hom(Lh_n)l% ®"E,F),
neA neA

One sees easily that, for any #-hypercover %" — Y and any cofibrant object E of ¥/,
the map

(3.2.10.4) L@% QUE—YQE

neA

is an isomorphism in the ¢-local homotopy category Ho,(PSh (.#/X,¥")): by the
small object argument, the smallest full subcategory of Ho(PSh (.%#/X, ")) which
is stable by homotopy colimits and which contains the source and the targets of the
generating cofibrations is Ho,(PSh (/X,¥)) itself, and the class of objects E of
¥ such that the map (3.2.10.4) is an isomorphism in Ho(?) is sable by homotopy
colimits. Similarly, we see that, for any object E, the functor (-)®" E preserves sums.
As a consequence, we get from (3.2.10.2) and (3.2.10.3) that the fibrant objects of the
t-local model category structure are precisely the termwise fibrant objects F of the
projective model structure which satisfy 7-descent. The last part of the proposition
follows from the general yoga of left Bousfield localizations. (|

3.2.11 Let .# be a &-fibred combinatorial model category over .#, and S an object
of . . Denote by
SIS — S
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the canonical forgetful functor. Then there is a canonical morphism of .’-diagrams
(3.2.11.1) o (S,L]S) —(S,7/S)

(where (S,./S) stands for the constant diagram with value S). This defines a functor

(3.2.11.2)
Ro, : Ho(#Z)(&,|S) — Ho(#)(S,”/S) = Ho(PSh (& /S, #(S))) .

For an object M of Ho(.#')(S), one defines the presheaf of geometric derived global
sections of M over S by the formula

(3.2.11.3) RTyeom(— M) = Ro. Lo* (M) .

This is a presheaf on .¥/S with values in .Z(S) whose evaluation on a morphism
f : X — S is, by virtue of Propositions 3.1.15 and 3.1.16,

(3.2.11.4) Rrgeom(x; M) = Rf* Lf*(M) .

Proposition 3.2.12 For an object M of Ho(.# )(S), the following conditions are
equivalent.

(a) The object M satisfies t-descent.
(b) The presheaf RI geom (=, M) satisfies t-descent.

Proof For any morphism f : X — S and any ¢-hypercover p : 2 — X over S, we
have, by Proposition 3.2.4 and formula (3.2.11.4), an isomorphism

RfRp. Lp" Lf* (M) = REMRT geom (2. M).

neA

From there, we see easily that conditions (a) and (b) are equivalent. O

3.2.13 The preceding proposition allows us to reduce descent problems in a fibred
model category to descent problems in a category of presheaves with values in a
model category. On can even go further and reduce the problem to category of
presheaves with values in an ‘elementary model category’ as follows.

Consider a model category 7. Then one can associate to ¥ its correspond-
ing prederivator Ho('), that is the strict 2-functor from the 2-category of small
categories to the 2-category of categories, defined by

(3.2.13.1) Ho(¥)(I) = Ho(¥'"") = Ho(PSh (1, %))

for any small category I. More explicitly: for any functor u : I — J, one gets a
functor
u* : Ho(¥)(J) — Ho(¥)()

(induced by the composition with u), and for any morphism of functors
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one has a morphism of functors
/L\
Ho(7')(I) ) Ho(7)(J)
—_—
e

Moreover, the prederivator Ho(%¥") is then a Grothendieck derivator; see [Ciso3,
Thm. 6.11]. This means in particular that, for any functor between small categories
u : I — J, the functor u* has a left adjoint

(3.2.13.2) Luy : Ho(7)(I) — Ho(¥)(J)
as well as a right adjoint
(3.2.13.3) Ru. : Ho(¥)(I) — Ho(¥)(J)

(in the case where J = e is the terminal category, then Luy is the homotopy colimit
functor, while Ru, is the homotopy limit functor).
If ¥ and ¥ are two model categories, a morphism of derivators

® : Ho(¥') — Ho(¥")
is simply a morphism of 2-functors, that is the data of functors
@y : Ho(¥)(I) — Ho(¥")(I)
together with coherent isomorphisms
u (2 (F)) = @1 (F))

for any functor u : I — J and any presheaf F on J with values in 7 (see [Ciso3,
p. 210] for a precise definition).

Such a morphism & is said to be continuousmorphism!continuous if, for any
functor u : I — J, and any object F of Ho(¥")(I), the canonical map

(3.2.13.4) ®; Ru.(F) — Ru, D;(F)

is an isomorphism. One can check that a morphism of derivators @ is continuous if
and only if it commutes with homotopy limits (i.e. if and only if the maps (3.2.13.4)
are isomorphisms in the case where J = e is the terminal category); see [Ciso8,
Prop. 2.6]. For instance, the total right derived functor of any right Quillen functor
defines a continuous morphism of derivators; see [Ciso3, Prop. 6.12].
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Dually a morphism ® of derivators is cocontinuous if, for any functoru : I — J,
and any object F' of Ho(?')(I), the canonical map

(3.213.5) Luy ®;(F) — & Luy(F)
is an isomorphism.

3.2.14 We shall say that a stable model category ¥ is Q-linear if all the objects of
the triangulated category Ho(?”") are uniquely divisible.

Theorem 3.2.15 Let V' be a model category (resp. a stable model category, resp. a
Q-linear stable model category), and denote by . the model category of simplicial
sets (resp. the stable model category of S*-spectra, resp. the Q-linear stable model
category of complexes of Q-vector spaces). Denote by 1 the unit object of the closed
symmetric monoidal category Ho(.). Then, for each object E of Ho(V), there exists
a unique continuous morphism of derivators

R Hom(E,-) : Ho(¥) — Ho(.¥)
such that, for any object F of Ho(¥), there is a functorial bijection
Hompo(s)(1, R Hom(E, F)) = Hompey)(E, F)) .

Proof Note that the stable Q-linear case follows from the stable case and from the
fact that the derivator of complexes of Q-vector spaces is (equivalent to) the full
subderivator of the derivator of S*-spectra spanned by uniquely divisible objects.

It thus remains to prove the theorem in the case where ¥ be a model category
(resp. a stable model category) and . is the model category of simplicial sets (resp.
the stable model category of S*-spectra). The existence of R Hom(E, —) follows then
from [Ciso3, Prop. 6.13] (resp. [CT11, Lemma A.6]).

For the unicity, as we don’t really need it here, we shall only sketch the proof
(the case of simplicial sets is done in [Ciso3, Rem. 6.14]). One uses the universal
property of the derivator Ho(.¥): by virtue of [Ciso8, Cor. 3.26] (resp. of [CT11,
Thm. A.5]), for any model category (resp. stable model category) ¥ there is a
canonical equivalence of categories between the category of cocontinous morphisms
from Ho(¥) to Ho(?"’) and the homotopy category Ho(?"). As a consequence, the
derivator Ho(.#) admits a unique closed symmetric monoidal structure, and any
derivator (resp. triangulated derivator) is naturally and uniquely enriched in Ho(.%”);
see [Ciso8, Thm. 5.22]. More concretely, this universal property gives, for any object
E in Ho(¥"’), a unique cocontinuous morphism of derivators

Ho(.¥) — Ho(V"’) , K—KQE

such that 1 ® E = E. For a fixed K in Ho(.)(I), this defines a cocontinuous
morphism of derivators

Ho(¥') — Ho(¥'!™) , E+—K®E
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which has a right adjoint
Ho(¥"'")— Ho(¥') , F— FK.

Let
RHom(E,-) : Ho(¥') — Ho(.¥)

be a continuous morphism such that, for any object F of 7, there is a functorial
bijection
ir : Hompgo(s)(1, RHom(E, F)) ~ Homyey)(E, F)) .
Then, for any object K of Ho(.#)(I), and any object F of Ho(?')(I) a canonical
isomorphism
R Hom(E, FX) ~ RHom(E, F)X

which is completely determined by being the identity for K = 1 (this requires the
full universal property of Ho(.¥) given by by [Ciso8, Thm. 3.24] (resp. by the dual
version of [CT11, Thm. A.5])). We thus get from the functorial bijections ir the
natural bijections:

Hompo(# )y (K, RHom(E, F)) ~ Hompo( o) (1, R Hom(E, F)K)
~ Homp () (1, R Hom(E, FXy)
~Homyo(y)(E, F)
=~ Homyeyy1)(K ® E, F).

In other words, R Hom(FE, —) has to be a right adjoint to (-) ® E. O

Remark 3.2.16 The preceding theorem mostly holds for abstract derivators. The
only problem is for the existence of the morphism R Hom(E,—) (the unicity is
always clear). However, this problem disappears for derivators which have a Quillen
model (as we have seen above), as well as for triangulated derivators (see [CT11,
Lemma A.6]). Hence Theorem 3.2.15 holds in fact for any triangulated Grothendieck
derivator.

In the case when ¥ is a combinatorial model category (which, in practice, will
essentially always be the case), the enrichment over simplicial sets (resp, in the stable
case, over spectra) can be constructed via Quillen functors by Dugger’s presentation
theorems [Dugo1] (resp. [Dugo6]).

Corollary 3.2.17 Let # be a P-fibred combinatorial model category (resp. a
stable P-fibred combinatorial model category, resp. a Q-linear stable P-fibred
combinatorial model category) over ., and ¥ the model category of simplicial
sets (resp. the stable model category of S*-spectra, resp. the Q-linear stable model
category of complexes of Q-vector spaces).

Consider an object S of ., a morphism f : X — S, and a morphism of .-
diagrams p : (Z°,1) — X over S. Then, for an object M of Ho(.# )(S), the following
conditions are equivalent.

(a) The map
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Rf.Lf*(M) — Rf. Rp. Lp* Lf*(M)

is an isomorphism in Ho(L#)(S).
(b) The map
Rrgeom(Xs M) - Rm Rrgeom(f%v M)
ierop
is an isomorphism in Ho(.#)(S).
(c) For any object E of Ho(.#)(S), the map

R Hom(E,RI yeom (X, M)) — R!iil R Hom(E,RT geom(Zi, M))

ielop
is an isomorphism in Ho(.%).

Proof The equivalence between (a) and (b) follows from Propositions 3.1.15 and
3.1.16, which give the formula

Rf.Rp. Lp" Lf"(M) ~ Rlim R geom (Zi, M).

iel°p

The identification
Homypio(s)(1, R Hom(E, F)) ~ Hompo(z)s)(E, F)

and the Yoneda Lemma show that a map in Ho(.#)(S) is an isomorphism if and
only its image by R Hom(E, —) is an isomorphism for any object E of Ho(.Z)(S).
Moreover, as R Hom(E, —) is continuous, for any small category / and any presheaf
F on I with values in .Z(S), there is a canonical isomorphism

R Hom(E, Rlim F;)) =~ Rlim R Hom(E, F})).

ielop ielop
This proves the equivalence between conditions (b) and (c). O

Corollary 3.2.18 Under the assumptions of Corollary 3.2.17, given an object S of
<, an object M of Ho(.# )(S) satisfies t-descent if and only if, for any object E of
Ho(.#)(S) the presheaf of simplicial sets (resp. of S'-spectra, resp. of complexes of
Q-vector spaces)

R Hom(E,RT yeom (=, M))

satisfies t-descent over ./ S.

Proof This follows from the preceding corollary, using the formula given by Propo-
sition 3.2.4. (]

Remark 3.2.19 We need the category . to be small in some sense to apply the
two preceding corollaries because we need to make sense of the projective model
category structure of Proposition 3.2.10. However, we can use these corollaries even
if the site .# is not small as well: we can either use the theory of universes, or apply



108 Fibred categories and the six functors formalism

these corollaries to all the adequate small subsites of .. As a consequence, we
shall feel free to use Corollaries 3.2.17 and 3.2.18 for non necessarily small sites .7,
leaving to the reader the task to avoid set-theoretic difficulties according to her/his
taste.

Definition 3.2.20 For an S'-spectrum E and an integer n, we define its nth coho-
mology group H"(E) by the formula

H"(E) = n_n(E),

where 71; stands for the ith stable homotopy group functor.

Let .# be a monoidal &-fibred stable combinatorial model category over ..
Given an object S of . as well as an object M of Ho(.#)(S), we define the presheaf
of absolute derived global sections of M over S by the formula

RI'(-,M) = RHom(1Ls, RT yeom (- M)).

Foramap X — S of ., we thus have the absolute cohomology of X with coefficients
in M, RI'(X, M), as well as the cohomology groups of X with coefficients in M:

H"(X,M) = H"(RT'(X,M)).
We have canonical isomorphisms of abelian groups

H"(X,M) ~ Hompo(zys)(1s,Rf. Lf*(M))
~ Hompyo(z)x)(1x, Lf*(M)) .

Note that, if moreover .# is Q-linear, the presheaf RI'(—, M) can be considered
as a presheaf of complexes of Q-vector spaces on .¥/S.

3.3 Descent over schemes

The aim of this section is to give natural sufficient conditions for .# to satisfy descent
with respect to various Grothendieck topologies>®

58 In fact, using remark 3.2.16, all of this section (results and proofs) holds for an abstract algebraic
prederivator in the sense of Ayoub [Ayoo7a, Def. 2.4.13] without any changes (note that the results
of 3.1.b are in fact a proof that (stable) combinatorial fibred model categories over .7 give rise to
algebraic prederivators). The only interest of considering a fibred model category over . is that
it allows formulating things in a little more naive way. Of course, the optimal setting in which
to formulate descent theory is the one of co-categories. However, restricting to presentable oo-
categories, using Dugger’s presentation theorem [Dugot1], as well as rectification theorems such as
[Cis19, Thm. 7.5.30 and 7.9.8] as well as those from [Balig], we can see that the case of model
categories remains meaningful.
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3.3.a Localization and Nisnevich descent

3.3.1 Recall from example 2.1.11 that a Nisnevich distinguished square is a pullback
square of schemes

Ly

Vv
(3.3.1.1) gJ f
U

B —

J

in which f is étale, j is an open immersion with reduced complement Z and the
induced morphism f~1(Z) — Z is an isomorphism.

For any scheme X in .%, we denote by Xp;s the small Nisnevich site of X.

Theorem 3.3.2 (Morel-Voevodsky) Let ¥ be a (combinatorial) model category
and T a scheme in . For a presheaf F on Tyjs with values in ¥V, the following
conditions are equivalent.

(i) F(@) is a terminal object in Ho(¥), and for any Nisnevich distinguished square
(3.3.1.1) in Tn;s, the square

F(X) —— F(Y)

|

F(U) —— F(V)

is a homotopy pullback square in V.
(ii) The presheaf F satisfies Nisnevich descent on T ;.

Proof By virtue of corollaries 3.2.17 and 3.2.18, it is sufficient to prove this in the
case where ¥ is the usual model category of simplicial sets, in which case this is
precisely Morel and Voevodsky’s theorem; see [MV g, Voe1ob, Voeioc]. (|

3.3.3 Consider a Nisnevich distinguished square (3.3.1.1) and put a = jg = fI.
According to our general assumption 3.0.1, the maps a, j and f are &-morphisms.
For any object M of .#(X), we obtain a commutative square in .# (which is
well-defined as an object in the homotopy of commutative squares in .Z (X)):

Laya™M —— L fy f*(M)

(3-3.3.1) J J

Ljyj*"(M) ——— M.

We also obtain another commutative square in .# by applying the functor
RHomx(—,]lx)Z
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M ———Rf. [*(M)

(3-33-2) J J

Rj. j*(M) —— Ra. a*(M).

Proposition 3.3.4 If the category Ho(.#) has the localization property, then for
any Nisnevich distinguished square (3.3.1.1) and any object M of Ho(.#)(X), the
squares (3.3.3.1) and (3.3.3.2) are homotopy cartesians.

Proof Leti : Z — X be the complement of the open immersion j (Z being endowed
with the reduced structure) and p : f~(Z) — Z the map induced by f.

We have only to prove that one of the squares (3.3.3.1), (3.3.3.2) are cartesian. We
choose the square (3.3.3.1).

Because the pair of functor (Li*, j*) is conservative on Ho(.#Z)(X), we have only to
check that the pullback of (3.3.3.1) along j* or Li* is homotopy cartesian. But, using
the #2-base change property, we see that the image of (3.3.3.1) by j* is (canonically
isomorphic to) the commutative square

Lgya* (M) == Lgya*(M)
J'(M) =—=j"(M)

which is obviously homotopy cartesian.
Using again the &7-base change property, we obtain that the image of (3.3.3.1) by
Li* is isomorphic in Ho(.#) to the square

0—— pﬁp*Li*(M)

|

0 — Li*(M)

which is again obviously homotopy cartesian because p is an isomorphism (note for
this last reason, py = Lpy). O

Corollary 3.3.5 If Ho(.#') has the localization property then it satisfies Nisnevich
descent.

Proof This corollary thus follows immediately from Corollary 3.2.17, Theorem 3.3.2
and Proposition 3.3.4. O

Remark 3.3.6 Note that using Theorem 3.3.2, if we assume only that Ho(.#) satisfies
Nisnevich descent, then the squares (3.3.3.1) and (3.3.3.2) are homotopy cartesian
for any Nisnevich distinguished square (3.3.1.1).

Assume that ./ is monoidal with geometric sections M. Let S be a base scheme
and consider a Nisnevich distinguished square (3.3.1.1) of smooth S-schemes. Then
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the fact that the square (3.3.3.1) is homotopy cartesian implies there exists a canonical
distinguished triangle:

Ms(V) 225 Mg(U) @ Ms(v) 25 Ms(X) — Ms(V)[1]

It is called the Mayer-Vietoris triangle associated with the square (3.3.1.1).

3.3.b Proper base change isomorphism and descent by blow-ups

3.3.7 Recall from example 2.1.11 that a cdh-distinguished square is a pullback square
of schemes

h<

k
_—

(3.3.7.1) g

N——
-
k,’

B

N
1

in which f is proper surjective, i a closed immersion and the induced map f~1(X —
Z) — X — Z is an isomorphism.

Recall from Example 2.1.11 the cdh-topology is the Grothendieck topology on the
category of schemes generated by Nisnevich coverings and by coverings of shape
{Z — X,Y — X} for any cdh-distinguished square (3.3.7.1).

Theorem 3.3.8 (Voevodsky) Let ¥ be a (combinatorial) model category. For a
presheaf F on . with values in V', the following conditions are equivalent.

(i) The presheaf F satisfies cdh-descent on ..
(ii) The presheaf F satisfies Nisnevich descent and, for any cdh-distinguished square
(3.3.7.1) of &, the square

F(X) —— F(Y)

|

F(Z)—— F(T)
is a homotopy pullback square in V.

Proof 1t is sufficient to prove this in the case where ¥ is the usual model category
of simplicial sets; see corollaries 3.2.17 and 3.2.18. As the distinguished cdh-squares
define a bounded regular and reduced cd-structure on ., the equivalence between
(i) and (ii) follows from Voevodsky’s theorems on descent with respect to topologies
defined by cd-structures [ Voe1iob, Voe1oc]. O

3.3.9 Consider a cdh-distinguished square (3.3.7.1) and put @ = ig = fk. For any
object M of .#(X), we obtain a commutative square in .# (which is well-defined
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as an object in the homotopy of commutative squares in .Z(X)):
M — R LA(M)

(3-3-9-1) J
Ri, Li*(M) —— Ra, La*(M)

Proposition 3.3.10 Assume Ho(.#') satisfies the localization property and the
transversality property with respect to proper morphisms. Then the following condi-
tions hold:

(i) For any cdh-distinguished square (3.3.7.1), and any object M of Ho(.# )(X) the
commutative square (3.3.9.1) is homotopy cartesian.
(ii) The P-fibred model category Ho(.#) satisfies cdh-descent.

Proof We first prove (i). Consider a cdh-distinguished square (3.3.7.1) and let j :
U — X be the complement open immersion of i. As the pair of functor (Li*, j*) is
conservative on Ho(.#)(X), we have only to check that the image of (3.3.9.1) under
Li* and j* is homotopy cartesian.

Using projective transversality, we see that the image of (3.3.9.1) by the functor
Li* is (isomorphic to) the homotopy pullback square

Li*(M) —— Ry, Lg* Li*(M)

Li*(M) —— Rg, Lg* Li*(M)

Let h : f~(U) — U be the pullback of f over U. As j is an open immersion,
it is by assumption a &?-morphism and the &?-base change formula implies that the
image of (3.3.9.1) by j* is (isomorphic to) the commutative square

Lj*(M) —— RA.LA*Lj*(M)
0 ———— 0

which is obviously homotopy cartesian because /% is an isomorphism.

We then prove (ii). We already know that . satisfies Nisnevich descent (Corollary
3.3.5). Thus, by virtue of the equivalence between conditions (i) and (ii) of Theorem
3.3.8, the computation above, together with corollaries 3.2.17 and 3.2.18 imply that
M satisfies cdh-descent. O

3.3.11 To any cdh-distinguished square (3.3.7.1), one associates a diagram of
schemes % over X as follows. Let ™ be the category freely generated by the oriented
graph
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— b

a
(3.3.11.1) J
C

Then ¢ is the functor from ™ to .’/ X defined by the following diagram.

Ty
(3.3.11.2) gJ
Z

We then have a canonical map ¢ : # — X, and the second assertion of Theorem
3.3.10 can be reformulated by saying that the adjunction map

M — Re. Le"(M)

is an isomorphism for any object M of Ho(.#)(X): indeed, by virtue of Proposition
3.1.15, Ry, Le*(M) is the homotopy limit of the diagram

RfLf(M)

J

Ri, Li*(M) —— Ra, La*(M)

in Ho(.#')(X). In other words, if .# has the properties of localization and of projec-
tive transversality, then the functor

Le* : Ho(#)(X) — Ho(A)(¥,")

is fully faithful.

3.3.c Proper descent with rational coefficients I: Galois excision

From now on, we assume that any scheme in . is quasi-excellent> (in fact, we
shall only use the fact that the normalization of a quasi-excellent schemes gives rise
to a finite surjective morphism, so that, in fact, universally japanese schemes would
be enough). We fix a scheme S in .#, and we shall work with S-schemes in .%
(assuming these form an essentially small category).

3.3.12 The h-topology (resp. the qfh-topology) is the Grothendieck topology on the
category of schemes associated to the pretopology whose coverings are the univer-
sal topological epimorphisms (resp. the quasi-finite universal topological epimor-
phisms). This topology has been introduced and studied by Voevodsky in [Voeg6].

59 See 4.1.1 below for a reminder on quasi-excellent schemes.



114 Fibred categories and the six functors formalism

The h-topology is finer than the cdh-topology and, of course, finer than the gfh-
topology. The gfh-topology is in turn finer than the étale topology. An interesting
feature of the h-topology (resp. of the gfh-topology) is that any proper (resp. finite)
surjective map is an h-cover. In fact, the h-topology (resp. the ¢fh-topology) can be
described as the topology generated by the Nisnevich coverings and by the proper
(resp. finite) surjective maps; see Lemma 3.3.28 (resp. Lemma 3.3.27) below for a
precise statement.

3.3.13 Consider a morphism of schemes f : ¥ — X. Consider the group of auto-
morphisms G = Auty(X) of the X-scheme Y.

Assuming X is connected, we say according to [Groo3, exp. V] that f is a Galois
cover if it is finite étale (thus surjective) and G operates transitively and faithfully
on any (or simply one) of the geometric fibers of Y/X. Then G is called the Galois
group of Y /X.60

When X is not connected, we will still say that f is a Galois cover if it is so over
any connected component of X. Then G will be called the Galois group of X. If
(Xi)ies is the family connected components of X, then G is the product of the Galois
groups G; of f xx X; for each i € I. The group G; is equal to the Galois group of
any residual extension over a generic point of X;.

The following definition is an extension of the definition 5.5 of [SVoob]:

Definition 3.3.14 A pseudo-Galois cover is a finite surjective morphism of schemes
f : Y — X which can be factored as
y Lox 2 x

where f’ is a Galois cover and p is radicial®' (such a p is automatically finite and
surjective).

Note that the group G defined by the Galois cover f’ is independent of the choice
of the factorization. In fact, if X denotes the semi-localization of X at its generic
points, considering the cartesian squares

Yy — X' — X
[ |
y Lx Py

then G = Autg(Y) — for any point y € ¥, x’ = f'(y), x = f(y), kv /kx is the
maximal radicial sub-extension of the normal extension «, /. It will be called the
Galois group of Y / X.

Remark also that Y is a G-torsor over X locally for the gfh-topology (i.e. it is a
Galois object of group G in the gfh-topos of X): this comes from the fact that finite

60 The map f induces a one to one correspondence between the generic points of Y and that of X.
For any generic point y € Y, x = f(y), the residual extension k, /«, is a Galois extension with
Galois group G.

6l See 2.1.6 for a reminder on radicial morphisms.
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radicial epimorphisms are isomorphisms locally for the gfh-topology (any universal
homeomorphism has this property by [Voeg6, prop. 3.2.5]).

Let f : Y — X be a finite morphism, and G a finite group acting on Y over X.
Note that, as Y is affine on X, the scheme theoretic quotient Y /G exists; see [Groo3s,
Exp. V, Cor. 1.8]. Such scheme-theoretic quotients are stable by flat pullbacks; see
[Groos, Exp. V, Prop. 1.9].

Definition 3.3.15 Let G be finite group. A qfh-distinguished square of group G is a
pullback square of S-schemes of shape

h
B —

(3.3.15.1) 9

N———™

.
L

in which Y is endowed with an action of G over X, and satisfying the following three
conditions.

(a) The morphism f is finite and surjective.
(b) The induced morphism f~(X — Z) — f~1(X — Z)/G is flat.
(¢) The morphism f~1(X — Z)/G — X — Z is radicial.

Immediate examples of gfh-distinguished squares of trivial group are the follow-
ing. The scheme Y might be the normalization of X, and Z is a nowhere dense closed
subscheme out of which f is an isomorphism; or Y is dense open subscheme of X
which is the disjoint union of its irreducible components; or Y is a closed subscheme
of X inducing an isomorphism Y;.q = Xyeq.

A gfh-distinguished square of group G (3.3.15.1) will be said to be pseudo-Galois
if Z is nowhere dense in X and if the map f~!(X — Z) — X — Z is a pseudo-Galois
cover of group G.

The main examples of pseudo-Galois gff-distinguished squares will come from
the following situation.

Proposition 3.3.16 Consider an irreducible normal scheme X, and a finite extension
L of its field of functions k(X). Let K be the inseparable closure of k(X) in L, and
assume that L/K is a Galois extension of group G. Denote by Y the normalization
of X in L. Then the action of G on k(Y) = L extends naturally to an action on Y
over X. Furthermore, there exists a closed subscheme Z of X, such that the pullback
square

T——Y

[

1

is a pseudo-Galois qfh-distinguished square of group G.
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Proof The action of G on L extends naturally to an action on Y over X by functoriality.
Furthermore, Y /G is the normalization of X in K, so that Y /G — X is finite radicial
and surjective (see [Voeg6, Lemma 3.1.7] or [Boug8, V, §2, n°® 3, lem. 4]). By
construction, Y is generically a Galois cover over Y /G, which implies the result (see
[GD67, Cor. 18.2.4)). U

3.3.17 For a given S-scheme T, we shall denote by L(T') the corresponding repre-
sentable gfh-sheaf of sets (remember that the gfi-topology is not subcanonical, so
that L(T') has to be distinguished from T itself). Beware that, in general, there is no
reason that, given a finite group G acting on 7, the scheme-theoretic quotient L(7/G)
(whenever defined) and the gfh-sheaf-theoretic quotient L(7)/G would coincide.

Lemma 3.3.18 Let f : Y — X be a separated morphism, G a finite group acting
onY over X, and Z a closed subscheme of X such that f is finite and surjective
over X — Z, and such that the quotient map f~Y(X — Z) — f~Y(X — 2)/G is flat,
while the map = (X — Z)/G — X — Z is radicial. For g € G, write g : Y — Y for
the corresponding automorphism of Y, and define Y, as the image of the diagonal
Y — Y Xx Y composed with the automorphism 1y Xx g : Y Xx Y — Y Xx Y. Then,
ifT = Z xx Y, we get a qfh-cover of Y Xx Y by closed subschemes:

YxXYz(TxZT)UUYg.
geG

Proof Note that, as f is separated, the diagonal Y — Y Xx Y is a closed embedding,
so that the ;s are closed subschemes of ¥ Xx Y. Asthe map ¥ Xy, Y — Y xx Yis
a universal homeomorphism, we may assume that Y /G = X. It is sufficient to prove
that, if y and y’ are two geometric points of ¥ whose images coincide in X and do
not belong to Z, there exists an element g of G such that y’ = gy (which means
that the pair (y, y’) belongs to ¥,). For this purpose, we may assume, without loss
of generality, that Z = &. Then, by assumption, Y is flat over X, from which we get
the identification (Y Xx Y)/G ~Y Xx (Y/G) = Y (where the action of GonY xXx Y
is trivial on the first factor and is induced by the action on Y on the second factor).
This achieves the proof. (]

Proposition 3.3.19 For any qfh-distinguished square of group G (3.3.15.1), the com-
mutative square
L(T)/G—— LY)/G

|

L(Z) —— L(X)

is a pullback and a pushout in the category of qfh-sheaves. Moreover, if X is normal
and if Z is nowhere dense in X, then the canonical map L(Y)/G — L(Y/G) =~
L(X) is an isomorphism of qfh-sheaves (which implies that L(T)/]G — L(Z) is an
isomorphism as well).



3 Descent in &7-fibred model categories 117

Proof Note that this commutative square is a pullback because it was so before taking
the quotients by G (as colimits are universal in any topos). As f is a gfh-cover, it is
sufficient to prove that

L(T) Xpz) L(T)/|G —— L(Y) X x) L(Y)/G

| l

L(T) L(Y)

is a pushout square. This latter square fits into the following commutative diagram

L(T) L(Y)

| J

L(T) Xpz) L(T)/G —— L(Y) xpx) L(Y)/G

l J

L(T) L(Y)

in which the two vertical composed maps are identities (the vertical maps of the
upper commutative square are obtained from the diagonals by taking the quotients
under the natural action of G on the right component). It is thus sufficient to prove
that the upper square is a pushout. As the lower square is a pullback, the upper
one shares the same property; moreover, all the maps in the upper commutative
square are monomorphisms of ¢gfh-sheaves, so that it is sufficient to prove that the
map (L(T) X z) L(T)/G)U L(Y) — L(Y) X x) L(Y)/G is an epimorphism of gfh-
sheaves. According to Lemma 3.3.18, this follows from the commutativity of the
diagram

L(T %z )1 ( L geq L(Y,)) ——— L(Y xx ¥)

|

(L(T) xp(z) L(T)/G) U L(Y) —— L(Y) Xrx) L(Y)/G

in which the vertical maps are obviously epimorphic.

Assume now that X is normal and that Z is nowhere dense in X, and let us prove
that the canonical map L(Y)/G — L(X) is an isomorphism of ¢fh-sheaves. This is
equivalent to prove that, for any ¢fh-sheaf of sets F, the map f* : F(X) — F(Y)
induces a bijection

F(X)~ F(Y)°.

Let F be a gfh-sheaf. The map f* : F(X) — F(Y) is injective because f is a
qfh-cover, and it is clear that the image of f* lies in F(Y)©.
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Let a be a section of F over Y which is invariant under the action of G. Denote by
pri,pre 1 Y Xx Y — Y the two canonical projections. With the notations introduced
in Lemma 3.3.18, we have

pri(@ly, = a=a.g = pri(aly,

for every element g in G. As Z does not contain any generic point of X, the scheme
T xz T does not contain any generic point of ¥ Xx Y neither: as any irreducible
component of ¥ dominates an irreducible component of X, and, as X is normal, the
finite map Y — X isuniversally open; in particular, the projection pry : YxXx¥Y — Y
is universally open, which implies that any generic point of Y Xx Y lies over a generic
point of Y. By virtue of [Voeg6, prop. 3.1.4], Lemma 3.3.18 thus gives a gfh-cover
of Y Xx Y by closed subschemes of shape

Yxx¥=|]¥,.
geG

This implies that
pri(a) = pry(a).

The morphism ¥ — X being a gfh-cover and F a qfh-sheaf, we deduce that the
section a lies in the image of f*. U

Corollary 3.3.20 For any qfh-distinguished square of group G (3.3.15.1), we get a
bicartesian square of qfh-sheaves of abelian groups

Zyn(T)g —— Loy (Y)G

|

Ly (Z) ——— Zgm(X)

(where the subscript G stands for the coinvariants under the action of G). In other
words, there is a canonical short exact sequence of sheaves of abelian groups

0—Z2Z¢pn(T)G — Lgn(Z) ® Lgpn(Y)G — Zgm(X) — 0.

Proof As the abelianization functor preserves colimits and monomorphisms, the
preceding proposition implies formally that we have a short exact sequence of shape

Zyn(T)g — Logpn(2) ® Ly, (Y)G — ZLgpn(X) — 0,

while the left exactness follows from the fact that Z — X being a monomorphism,
the map obtained by pullback, L(T)/G — L(Y)/G, is a monomorphism as well. [J

3.3.21 Let 7 be a Q-linear stable model category (see 3.2.14).

Consider a finite group G, and an object E of ¥/, endowed with an action of G. By
viewing G as a category with one object we can see E as functor from G to # and
take its homotopy limit in Ho(?'), which we denote by E”*C (in the literature, E"C
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is called the object of homotopy fixed points under the action of G on E). One the
other hand, the category Ho(7) is, by assumption, a Q-linear triangulated category
with small sums, and, in particular, a Q-linear pseudo-abelian category so that we
can define E€ as the object of Ho(?') defined by

(3.3.21.1) ES =Imp,
where p : E — E is the projector defined in Ho(¥") by the formula

1
(3.3.21.2) p(x) = % Z g.x.

geG

The inclusion E¢ — E induces a canonical isomorphism

(3.3.21.3) EC = ERC

in Ho(7): to see this, by virtue of Theorem 3.2.15, we can assume that ¥ is the

model category of complexes of Q-vector spaces, in which case it is obvious.

Corollary 3.3.22 Let C be a presheaf of complexes of Q-vector spaces on the
category of S-schemes. Then, for any qfh-distinguished square of group G (3.3.15.1),
the commutative square

R g (X, Copn) —— R (Y, quh)G

| J

RI f(Z, Cyfn) —— R (T, Cyn)®

is a homotopy pullback square in the derived category of Q-vector spaces. In par-
ticular, we get a long exact sequence of shape

- — HUl (X, Cypn) — Hlty (Z,Copn)®H 1, (Y, Copn)® — Hlty (T, Cypn) — ---

If furthermore X is normal and Z is nowhere dense in X, then the maps
Hgfh(xa quh) —_— H(r;fh(Ya quh)G and Hgfh(z» quh) — H;th(T’ quh)G

are isomorphisms for any integer n.

Proof Let Cyp — C’ be a fibrant resolution in the gfh-local injective model cate-
gory structure on the category of gfii-sheaves of complexes of Q-vector spaces; see
for instance [Ayoo7a, Cor. 4.4.42]. Then for U = Y, T, we have a natural isomorphism
of complexes

Hom(Q,(U)g,C’) = C'(U)°

which gives an isomorphism

R Hom(quh(U)G, quh) =~ qufh(U, quh)G
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in the derived category of the abelian category of Q-vector spaces. This corollary
thus follows formally from Corollary 3.3.20 by evaluating at the derived functor
R Hom(—, quh)~

If furthermore X is normal, then one deduces the isomorphism H;’fh(X ,Cypn) =
H"]‘fh(Y, quh)G from the factthat L(Y)/G ~ L(Y /G) ~ X (Proposition 3.3.19), which

implies that Z g, (Y)G = Zgpn(X). The isomorphism Hl'y, (Z, Cypn) = Hyp, (T, Cym)®
then comes as a byproduct of the long exact sequence above. U

Theorem 3.3.23 Let X be a scheme, and C be a presheaf of complexes of Q-vector
spaces on the small étale site of X. Then C satisfies étale descent if and only if it has
the following properties.

(a) The complex C satisfies Nisnevich descent.
(b) For any étale X-scheme U and any Galois cover V.— U of group G, the map
C(U) — C(V)© is a quasi-isomorphism.

Proof These are certainly necessary conditions. To prove that they are sufficient, note
that the Nisnevich cohomological dimension and the rational étale cohomological
dimension of a noetherian scheme are bounded by the dimension; see [MVqo,
proposition 1.8, page 98] and [Voeg6, Lemma 3.4.7]. By virtue of [SVooa, Theorem
0.3], for 7 = Nis, ét, we have strongly convergent spectral sequences

EYY = HY(U,HY(C);) = HI™(U,Cy).
Condition (a) gives isomorphisms HP*4(C(U)) ~ HR (U, Cn;s), so that it is suffi-

Nis
cient to prove that, for each of the cohomology presheaves F' = H?(C), we have

HY, (U,Fyis) =~ HS,(U, Fgt) .

As the rational étale cohomology of any henselian scheme is trivial in non-zero
degrees, it is sufficient to prove that, for any local henselian scheme U (obtained as
the henselisation of an étale X-scheme at some point), Fy;s(U) = Fs:(U). Let G be
the absolute Galois group of the closed point of U. Then we have

Fuis(U) = F(U) and  Fg(U) = lim F(Ua) %,

a

where the U,’s run over all the Galois covers of U corresponding to the finite
quotients G — G But it follows from (b) that F(U) =~ F(U, )% for any «, so that
Fyis(U) = Fat(U). -

Lemma 3.3.24 Any qfh-cover admits a refinement of the form Z — Y — X, where
Z — Y is a finite surjective morphism, and Y — X is an étale cover.

Proof This property being clearly local on X with respect to the étale topology, we
can assume that X is strictly henselian, in which case this follows from [Voeg6,
Lemma 3.4.2]. (|
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Theorem 3.3.25 A presheaf of complexes of Q-vector spaces C on the category of
S-schemes satisfies qfh-descent if and only if it has the following two properties:

(a) the complex C satisfies Nisnevich descent;
(b) for any pseudo-Galois qfh-distinguished square of group G (3.3.15.1), the com-
mutative square

C(X)—— C(Y)%

|

C(Z) —— C(T)°
is a homotopy pullback square in the derived category of Q-vector spaces.

Proof Any complex of presheaves of Q-vector spaces satisfying gfh-descent satisfies
properties (a) and (b): property (a) follows from the fact that the gfh-topology is finer
than the étale topology; property (b) is Corollary 3.3.22.

Assume now that C satisfies these two properties. Let ¢ : C — C’ be a morphism
of presheaves of complexes of Q-vector spaces which is a quasi-isomorphism locally
for the gfh-topology, and such that C’ satisfies gfh-descent (such a morphism exists
thanks to the gfh-local model category structure on the category of presheaves of
complexes of Q-vector spaces; see Proposition 3.2.10). Then the cone of ¢ also
satisfies conditions (a) and (b). Hence it is sufficient to prove the theorem in the case
where C is acyclic locally for the gfh-topology.

Assume from now on that Cyy, is an acyclic complex of gfh-sheaves, and denote
by H"(C) the nth cohomology presheaf associated to C. We know that the associated
qfh-sheaves vanish, and we want to deduce that H"(C) = 0.

We shall prove by induction on d that, for any S-scheme X of dimension d and
for any integer n, the group H"(C)(X) = H"(C(X)) vanishes. The case where d < 0
follows from the fact, that by (a), the presheaves H"(C) send finite sums to finite
direct sums, so that, in particular, H"(C)(@) = 0. Before going further, notice that
condition (b) implies H"(C)(X,eq) = H"(C)(X) for any S-scheme X (consider the
case where, in the diagram (3.3.15.1), Z = Y = T = X,q), so thatitis always harmless
to replace X by its reduction. Assume now that d > 0, and that the vanishing of
H"(C)(X) is known whenever X is of dimension < d and for any integer n. Under
this inductive assumption, we have the following reduction principle.

Consider a pseudo-Galois ¢fh-distinguished square of group G (3.3.15.1). If Z and
T are of dimension < d, then by condition (b), the map H"(C)(X) — H"(C)(Y)¢
is an isomorphism: indeed, we have an exact sequence of shape

H" 1 (C)T)® — H"(C)(X) — H™(C)(Z)® H"(C)(Y)® — H"(C)T)®,

which implies our assertion by induction on d.

We shall prove now the vanishing of H"(C)(T') for normal S-schemes 7" of dimen-
sion d. Let a be a section of H"(C) over such a T. As H"(C) 4 (T) = 0, there exists
a qfh-cover g : Y — T such that g*(a) = 0. But, by virtue of Lemma 3.3.24, we can
assume g is the composition of a finite surjective morphism f : ¥ — X and of an
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étale cover e : X — T. We claim that e¢*(a) = 0. To prove it, as, by (a), the presheaf
H"(C) sends finite sums to finite direct sums, we can assume that X is normal and
connected. Refining f further, we can assume that Y is the normalization of X in
a finite extension of k(X), and that k(Y) is a Galois extension of group G over the
inseparable closure of k(X) in k(Y). By virtue of Proposition 3.3.16, we get by the
reduction principle the identification H"(C)(X) = H"(C)(Y)%, whence e*(a) = 0.
As a consequence, the restriction of the presheaf of complexes C to the category of
normal S-schemes of dimension < d is acyclic locally for the étale topology (note
that this is quite meaningful, as any étale scheme over a normal scheme is normal;
see [GD67, Prop. 18.10.7]). But C satisfies étale descent (by virtue of Theorem 3.3.23
this follows formally from property (a) and from property (b) for Z = @), so that
H"(C)(T) = H},(T,Cgt) = 0 for any normal S-scheme T of dimension < d and any
integer n.

Consider now a reduced S-scheme X of dimension < d. Let p : T — X be the
normalization of X. As p is birational (see [GD61, Cor. 6.3.8]) and finite surjective
(because X is quasi-excellent), we can apply the reduction principle and see that the
pullback map p* : H*(C)(X) — H™(C)(T) = 0 is an isomorphism for any integer
n, which achieves the induction and the proof. O

Lemma 3.3.26 Etale coverings are finite étale coverings locally for the Nisnevich
topology: any étale cover admits a refinement of the form Z — Y — X, where
Z — Y is a finite étale cover and Y — X is a Nisnevich cover.

Proof This property being local on X for the Nisnevich topology, it is sufficient to
prove this in the case where X is local henselian. Then, by virtue of [GD67, Cor.
18.5.12 and Prop. 18.5.15], we can even assume that X is the spectrum of field, in
which case this is obvious. O

Lemma 3.3.27 Any qfh-cover admits a refinement of the form Z — Y — X, where
Z — Y is a finite surjective morphism, and Y — X is a Nisnevich cover.

Proof As finite surjective morphisms are stable by pullback and composition, this
follows immediately from lemmata 3.3.24 and 3.3.26. U

Lemma 3.3.28 Any h-cover of an integral scheme X admits a refinement of the form
U—Z7—Y —X,

where U — Z is a finite surjective morphism, Z — Y is a Nisnevich cover, Y — X
is a proper surjective birational map, and Y is normal.

Proof By virtue of [ Voeg6, Theorem 3.1.9], any h-cover admits a refinement of shape
W—V—X,

where W — V is a g¢fh-cover, and V — X is a proper surjective birational map. By
replacing V by its normalization Y, we get a refinement of shape
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WxyY —Y—X

where W Xy Y — Y is a gfh-cover, and Y — X is proper surjective birational map.
We conclude by Lemma 3.3.27. O

Lemma 3.3.29 Let C be a presheaf of complexes of Q-vector spaces on the category
of S-schemes satisfying qfh-descent. Then, for any finite surjective morphism f :
Y — X with X normal, the map f* : H'(C)(X) — H"(C)(Y) is a monomorphism.

Proof 1tis clearly sufficient to prove this when X is connected. Then, up to refinement,
we can assume that f is a map as in Proposition 3.3.16. In this case, by virtue of
Corollary 3.3.22, the Q-vector space H"(C)(X) =~ H"(C)(Y)Y is a direct factor of
H"(C)(Y). (]

Theorem 3.3.30 A presheaf of complexes of Q-vector spaces on the category of
S-schemes satisfies h-descent if and only if it satisfies qfh-descent and cdh-descent.

Proof This is certainly a necessary condition, as the h-topology is finer than the
gfh-topology and the cdh-topology. For the converse, as in the proof of Theorem
3.3.235, it is sufficient to prove that any presheaf of complexes of Q-vector spaces C
on the category of S-schemes satisfying gfh-descent and cdh-descent, and which is
acyclic locally for the h-topology, is acyclic. We shall prove by noetherian induction
that, given such a complex C, for any integer n, and any S-scheme X, for any section
a of H"(C) over X, there exists a cdh-cover X’ — X on which a vanishes. In other
words, we shall get that C is acyclic locally for the cdh-topology, and, as C satisfies
cdh-descent, this will imply that H"(C)(X) = H.,, (X,Ccqp) = 0 for any integer n
and any S-scheme X. Note that the presheaves H"(C) send finite sums to finite direct
sums (which follows, for instance, from the fact that C satisfies Nisnevich descent).
In particular, H"(C)(@) = 0 for any integer n.

Let X be an S-scheme, and a € H"(C)(X). We have a cdh-cover of X of shape
X' X" — X, where X’ is the sum of the irreducible components of X,..; and X"’
is a nowhere dense closed subscheme of X, so that we can assume X is integral. Let
a be a section of the presheaf H"(C) over X. As H"(C);, = 0, by virtue of Lemma
3.3.28, there exists a proper surjective birational map p : ¥ — X with Y normal, a
Nisnevich cover g : Z — Y, and a surjective finite morphism r : U — Z such that
r*(¢*(p*(a))) = 0 in H*(C)(U). But then, Z is normal as well (see [GD67, Prop.
18.10.7]), so that, by Lemma 3.3.29, we have ¢*(p*(a)) = 0 in H*(C)(Z). Let T be
a nowhere dense closed subscheme of X such that p is an isomorphism over X — 7.
By noetherian induction, there exists a cdh-cover T’ — T such that a|y+ vanishes.
Hence the section a vanishes on the cdh-cover T’ 11 Z — X. O

3.3.d Proper descent with rational coefficients II: separation

From now on, we assume that Ho(.#) is Q-linear.
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Proposition 3.3.31 Let f : Y — X be a morphism of schemes in ., and G a finite
group acting on'Y over X. Denote by % the scheme Y considered a functor from G
to the category of S-schemes, and denote by ¢ : (%,G) — X the morphism induced
by f. Then, for any object M of Ho(.# )(X), there are canonical isomorphisms

RLLF (M) = RELS(M)'C = Ry, Lp*(M).

(where G acts by functoriality of the construction R f, L f*, as expressed by formulas
(3.2.11.3) and (3.2.11.4)).

Proof The second isomorphism comes from Proposition 3.1.15, and the first, from
(3.3.21.3). O

Theorem 3.3.32 If Ho(.#) satisfies Nisnevich descent, the following conditions are
equivalent:

(i) Ho(.#) satisfies étale descent.
(ii) for any finite étale cover f : Y — X, the functor

Lf* : Ho(.#)(X) — Ho(.4)(Y)

is conservative;
(iii) for any finite Galois cover f : Y — X of group G, and for any object M of
Ho(#)(X), the canonical map

M — (RfLf(M))°
is an isomorphism.

Proof The equivalence between (i) and (iii) follows from Theorem 3.3.23 by corol-
laries 3.2.17 and 3.2.18, and Proposition 3.2.8 shows that (i) implies (ii). It is thus
sufficient to prove that (ii) implies (iii). Let f : ¥ — X be a finite Galois cover of
group G. As the functor f* = Lf* is conservative by assumption, it is sufficient to
check that the map M — (Rf, Lf*(M))® becomes an isomorphism after applying
f*. By virtue of Proposition 3.1.17, this just means that it is sufficient to prove (iii)
when f has a section, i.e. when Y is isomorphic to the trivial G-torsor over X. In
this case, we have the (equivariant) identification &5 gec M = Rf. Lf*(M), where
G acts on the left term by permuting the factors. Hence M ~ (Rf. Lf*(M))¢. O
Proposition 3.3.33 Assume that Ho(.#') has the localization property. The follow-
ing conditions are equivalent:
(i) Ho(A) is separated.
(ii) Ho(.#) is semi-separated and satisfies étale descent.

Proof This follows from Proposition 2.3.9 and Theorem 3.3.32. (]

Corollary 3.3.34 Assume that all the residue fields of . are of characteristic zero,
and that Ho(.#') has the property of localization. Then the following conditions are
equivalent:
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(i) Ho(.#) is separated.
(ii) Ho(.#) satisfies étale descent.

Proof Consider a radicial finite surjective morphism f : ¥ — X in .¥. To prove
that the functor L f* is conservative, as Ho(.#) has the property of localization, by
noetherian induction, we may replace X by any dense open subscheme U (and Y by
U xx Y). The residue fields of X being of characteristic zero, this means that we
may assume that f induces an isomorphism after reduction Y,eq =~ X,eq. But it is
clear that, by the localization property, such a morphism f induces an equivalence
of categories L f*, so that Ho(.#) is automatically semi-separated. We conclude by
Proposition 3.3.33. O

Proposition 3.3.35 Assume that Ho(.#) is separated, satisfies the localization
property the proper transversality property. Then, for any pseudo-Galois cover
f Y — X of group G, and for any object M of Ho(.# )(X), the canonical map

M — RLLf(M))¢
is an isomorphism.

Proof By Proposition 3.3.33, this is an easy consequence of Proposition 2.1.9 and of
condition (iii) of Theorem 3.3.32. U

3.3.36 From now on, we assume furthermore that any scheme in .% is quasi-
excellent.

Theorem 3.3.37 Assume that Ho(.#) satisfies the localization and proper transver-
sality properties. Then the following conditions are equivalent:

(i) Ho(.#) is separated;
(it) Ho(.#) satisfies h-descent;
(iii) Ho(.#) satisfies qfh-descent;
(iv) for any qfh-distinguished square (3.3.15.1) of group G, if we write a = fh =
ig : T — X for the composed map, then, for any object M of Ho(.#)(X), the
commutative square

M ——— (RLLf (M)

(3-3.37.1) J l

Ri. Li*(M) —— (Ra, La*(M))C

is homotopy cartesian;
(v) the same as condition (iv), but only for pseudo-Galois qfh-distinguished squares.

Proof As . satisfies cdh-descent (Theorem 3.3.10), the equivalence between con-
ditions (ii) and (iii) follows from Theorem 3.3.30 by Corollary 3.2.18. Similarly,
Theorem 3.3.25 and corollaries 3.3.22, 3.2.17 and 3.2.18 show that conditions (iii),
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(iv) and (v) are equivalent. As étale surjective morphisms as well as finite radicial
epimorphisms are gfh-coverings, it follows from Proposition 3.2.8, Theorem 3.3.32
and Proposition 3.3.33, that condition (iii) implies condition (i). It thus remains to
prove that condition (i) implies condition (v). So let us consider a pseudo-Galois
qfh-distinguished square (3.3.15.1) of group G, and prove that (3.3.37.1) is homotopy
cartesian. Using proper transversality, we see that the image of (3.3.37.1) by the
functor Li* is (isomorphic to) the homotopy pullback square

Li*(M) —— (Rg. Lg* Li*(M))¢

Li*(M) —— (Rg. Lg* Li*(M))®

Write j : U — X for the complement open immersion of i, and b : f~1(U) — U
for the map induced by f. As j is étale, we see, using Proposition 3.1.17, that the
image of (3.3.9.1) by j* = Lj* is (isomorphic to) the square

j*([W) —— (Rb. Lb* j*(M))©
—770

in which the upper horizontal map is an isomorphism by Proposition 3.3.35. Hence
it is a homotopy pullback square. Thus, because the pair of functors (Li*, j*) is
conservative on Ho(.#)(X), the square (3.3.37.1) is homotopy cartesian. (]

Corollary 3.3.38 Assume that all the residue fields of .¥ are of characteristic zero,
and that Ho( ') has the localization and proper transversality properties. Then
Ho( ) satisfies h-descent if and only if it satisfies étale descent.

Proof This follows from Corollary 3.3.34 and Theorem 3.3.37. O

Corollary 3.3.39 Assume that Ho(.#') is separated and has the localization and
proper transversality properties. Let f : Y — X be a finite surjective morphism,
with X normal, and G a group acting on'Y over X, such that the map Y /|G — X is
generically radicial (i.e. radicial over a dense open subscheme of X ). Consider at
last a pullback square of the following shape.

Y ——Y
1
X — X
Then, for any object M of Ho(.# )(X’), the natural map

M — Rf/Lf*(M))°
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is an isomorphism.

Proof For any presheaf C of complexes of Q-vector spaces on .%’/X, one has an
isomorphism
RE g (X', Cypn) = REgpn (Y, Cypn)© .

This follows from the fact that we have an isomorphism of gfh-sheaves of sets
L(Y)/G =~ L(X) (the map ¥ — Y /G being generically flat, this is Proposition
3.3.19), which implies that the map L(Y’)/G — L(X’) is an isomorphism of ¢fh-
sheaves (by the universality of colimits in topoi), and implies this assertion (as in the
proof of 3.3.22).

By virtue of Theorem 3.3.37, Ho(.#) satisfies qfh-descent, so that the preceding
computations imply the result by corollaries 3.2.17 and 3.2.18. (]

Corollary 3.3.40 Assume that Ho(.#) is separated and has the localization and
proper transversality properties. Then for any finite surjective morphism f : Y — X
with X normal, the morphism

M — R L (M)

is a monomorphism and admits a functorial splitting in Ho(.# )(X). Furthermore,
this remains true after base change by any map X’ — X.

Proof It is sufficient to treat the case where X is connected. We may replace Y
by a normalization of X in a suitable finite extension of its field of function, and
assume that a finite group G acts on Y over X, so that the properties described in the
preceding corollary are fulfilled (see 3.3.16). U

Remark 3.3.41 The condition (iv) of Theorem 3.3.37 can be reformulated in a more
global way as follows (this won’t be used in these notes, but this might be useful for
the reader who might want to formulate all this in terms of (pre-)algebraic derivators
[Ayoo7a, Def. 2.4.13]). Given a ¢fh-distinguished square (3.3.15.1) of group G, we
can form a functor . from category I = (3.3.11.1) to the category of diagrams of
S-schemes corresponding to the diagram of diagrams of S-schemes

(7.6) 2% @, 6)

d

Z

in which .7 and % correspond to T anf Y respectively, seen as functor from G to
7/ X. The construction of 3.1.22 gives a diagram of X-schemes ( f F,1z) which
can be described explicitly as follows. The category I & is the cofibred category over
™ associated to the functor from ™ to the category of small categories defined by
the diagram
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1
G—-¢G

|

e

in which e stands for the terminal category, and G for the category with one object
associated to G. It has thus three objects a, b, ¢ (see (3.3.11.1)), and the morphisms
are determined by

* ify =c;
Homy, (x,y) =19 ifx # yand x = b,c;
G otherwise.

The functor .% sends a,b,c to T,Y, Z respectively, and simply encodes the fact that
the diagram

TLY

]

z

is G-equivariant, the action on Z being trivial. Now, by propositions 3.1.23 and 3.3.31,
ifo : (#,12) — (X, ) denotes the canonical map, for any object M of Ho(.# )(X),
the object Ry, Lo* (M) is the functor from _| = °P to .# (X) corresponding to the
diagram below (of course, this is well defined only in the homotopy category of the
category of functors from _J to .Z(X)).

(RELf (M)

|

Ri, Li*(M) —— (Ra, La*(M))®

As a consequence, if ¢ : ( f F,1z) — X denotes the structural map, the object
Ry Ly*(M) is simply the homotopy limit of the diagram of . (X) above, so that
condition (iv) of Theorem 3.3.37 can now be reformulated by saying that the map

M — Ry, Ly (M)
is an isomorphism, i.e. that the functor
Ly* : Ho(#)(X) — Ho(.4)([F.,15)

is fully faithful.
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4 Constructible motives

4.0.1 Consider as in 2.0.1 a base scheme .% and a sub-category .# of the category of
¥ -schemes. In section 4.4, and for the main theorem of section 4.2, we will assume:

(a) Any scheme in . is quasi-excellent.®?

Apart in Definition 4.3.2 and the subsequent proposition, where we will consider
an abstract situation, we will be concerned with the study of a fixed premotivic
triangulated category .7 over . (recall Definition 2.4.45) such that:

(b) 7 is motivic (see Definition 2.4.45).

(c) J is endowed with a set of twists 7 (see Paragraph 1.4.4) which is stable under
Tate twists 1(p)[q], for p,q € Z.

(d) 7 is the homotopy category associated with a stable combinatorial Sm-fibred
model category .# over ./.%3

As usual, the geometric sections of .7 will be denoted by M.
Unless explicitly referring to the underlying model category .#, we will not
indicate in the notation of the six operations that the functors are derived functors.

4.1 Resolution of singularities

The aim of this subsection is to gather the results from the theory of resolution of
singularities that will be used subsequently.

4.1.1 In [GD67, 1V, 7.8.2], Grothendieck defined the notion of an excellent ring.
Matsumura introduced in [Mat70] the weaker notion of a quasi-excellent ring A.
Recall A is quasi-excellent if the following conditions hold:

1. A is noetherian.

2. For any prime ideal p, Ap being the completion of A at p, the canonical morphism
A— Ap is regular (see 4.1.4 below).

3. For any A-algebra B of finite type, the regular locus of Spec (B) is open.

Then a ring A is excellent if it is quasi-excellent and universally catenary. Following
Gabber, we say a scheme X is quasi-excellent (excellent) if it admits an open cover
by affine schemes whose rings are quasi-excellent (excellent, respectively).

Theorem 4.1.2 (Gabber’s weak local uniformization) Let X be a quasi-excellent
scheme, and Z C X a nowhere dense closed subscheme. Then there exists a finite
h-cover {f; : Y; — X}ieq such that for all i in I, f; is a morphism of finite type, the
scheme Y; is regular, and fi’l(Z) is either empty or the support of a strict normal
crossing divisor in Y;.

62 See Paragraph 4.1.1. The reader can safely restrict his attention to the more classical notion of an
excellent scheme ([GD67, IV, 7.8.5]).

63 We need this assumption to apply descent theory as described in section 3.3.
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See [ILO14] for a proof. Note that, if we are only interested in schemes of finite type
over Spec (R), for R either a field, a complete discrete valuation ring, or a Dedekind
domain whose field of functions is a global field, this is an immediate consequence of
de Jong’s resolution of singularities by alterations; see [dJ96]. One can also deduce
the case of schemes of finite type over an excellent noetherian scheme of dimension
lesser or equal to 2 from [dJg7]; see Theorem 4.1.10 and Corollary 4.1.11 below for
a precise statement.

Remark 4.1.3 This theorem will be used in the proof of Lemma 4.2.14 which is the
key point for the proof of Theorem 4.2.16.

4.1.4 Recall that a morphism of rings u : A — B is regular if it is flat, and if,
for any prime ideal p in A, with residue field x(p), the «(p)-algebra «x(p) ®4 B is
geometrically regular (equivalently, this means that, for any prime ideal g of B, the
A-algebra B, is formally smooth for the g-adic topology). We recall the following
great generalization of Neron’s desingularization theorem:

Theorem 4.1.5 (Popescu-Spivakovsky) A morphism of noetherianringsu : A — B
is regular if and only if B is a filtered colimit of smooth A-algebras of finite type.

Proof See [Spigg, theorems 1.1 and 1.2]. (]

4.1.6 Recall that an alferation is a proper surjective morphism p : X’ — X which
is generically finite, i.e. such that there exists a dense open subscheme U C X over
which p is finite.

Definition 4.1.7 (de Jong) Let X be a noetherian scheme endowed with an action
of a finite group G. A Galois alteration of the couple (X, G) is the data of a finite
group G’, of a surjective morphism of groups G’ — G, of an alteration X’ — X,
and of an action of G’ on X’, such that:

(i) the map X’ — X is G’-equivariant;
(ii) for any irreducible component 7' of X, there exists a unique irreducible compo-
nent 7’ of X’ over T, and the corresponding finite field extension

k(T)C c k(T

is purely inseparable.

In practice, we shall keep the morphism of groups G’ — G implicit, and we shall
say that (X’ — X, G’) is a Galois alteration of (X, G).

Given a noetherian scheme X, a Galois alteration of X is a Galois alteration
(X" — X, G) of (X, e), where e denotes the trivial group. In this case, we shall say
that X — X is a Galois alteration of X of group G.

Remark 4.1.81f p : X’ — X is a Galois alteration of group G over X, then, if X
and X’ are normal, irreducible and quasi-excellent, p can be factored as a radicial
finite surjective morphism X’ — X, followed by a Galois alteration X’ — X"’ of
group G, such that k(X”) = k(X’)C (just define X" as the normalization of X in
k(X")9). In other words, up to a radicial finite surjective morphism, X is generically
the quotient of X’ under the action of G.
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Definition 4.1.9 A noetherian scheme S admits canonical dominant resolution of
singularities up to quotient singularities if, for any Galois alteration S” — S of
group G, and for any G-equivariant nowhere dense closed subscheme Z’ c §’, there
exists a Galois alteration (p : §” — §’,G’) of (§’,G), such that S” is regular and
projective over S, and such that the inverse image of Z’ in §” is contained in a
G’-equivariant strict normal crossing divisor (i.e. a strict normal crossing divisor
whose irreducible components are stable under the action of G”).

A noetherian scheme S admits canonical resolution of singularities up to quo-
tient singularities if any integral closed subscheme of S admits canonical dominant
resolution of singularities up to quotient singularities.

A noetherian scheme S admits wide resolution of singularities up to quotient
singularities if, for any separated S-scheme of finite type X, and any nowhere dense
closed subscheme Z C X, there exists a projective Galois alteration p : X" — X of
group G, with X’ regular, such that, in each connected component of X', Z’ = p N 2)
is either empty or the support of a strict normal crossing divisor.

Theorem 4.1.10 (de Jong) If an excellent noetherian scheme of finite dimension S
admits canonical resolution of singularities up to quotient singularities, then any
separated S-scheme of finite type admits canonical resolution of singularities up to
quotient singularities.

Proof Let X be an integral separated S-scheme of finite type. There exists a finite
morphism S” — S, with S’ integral, an integral dominant S’-scheme X’ and a
radicial extension X’ — X over S, such that X’ has a geometrically irreducible
generic fiber over §’. It follows then from (the proof of) [dJg7, theorem 5.13] that X’
admits canonical dominant resolution of singularities up to quotient singularities,
which implies that X has the same property. O

Corollary 4.1.11 (de Jong) Let S be an excellent noetherian scheme of dimension
lesser or equal to 2. Then any separated scheme of finite type over S admits canonical
resolution of singularities up to quotient singularities. In particular, S admits wide
resolution of singularities up to quotient singularities.

Proof See [dJg7, corollary 5.15]. U

4.2 Finiteness theorems

The aim of this section is to study the notion of 7-constructibility in the triangulated
motivic case and to study its stability properties under Grothendieck six operations.
Recall the following particular case of Definition 1.4.9:

Definition 4.2.1 For a scheme X in ., we denote by .7.(X) the thick triangulated
sub-category of .7 (X) generated by premotives of the form My (Y){i} for a smooth X-
scheme Y and a twisti € 7. We will say that a premotive in .7, (X) is T-constructible,
or, simply, constructible.
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Remark 4.2.2 Let us mention that our main examples:

* the stable homotopy category SH (cf. Example 1.4.3),
* the category of Voevodsky motives DM (cf. Definition 11.1.1),
* the category of Beilinson motives DMp (cf. Definition 14.2.1)

are all generated by the Tate twists (i.e. T = Z). Recall also Proposition 1.4.11: it
applies to all these examples so that constructible premotives coincides with compact
objects.®*

Proposition 4.2.3 If M and N are constructible in 7 (X), so is M ®x N.

Proof For a fixed M, the full subcategory of .7 (X) spanned by objects such that
M ®x N is constructible is a thick triangulated subcategory of .7 (X). In the case
M is of shape Mx(Y){n} for Y smooth over X and n € T, this proves that M ®x N
is constructible whenever N is. By the same argument, using the symmetry of the
tensor product, we get to the general case. (]

Similarly, one has the following conservation property.
Proposition 4.2.4 For any morphism f : X — Y of schemes, the functor
[T — J(X)
preserves constructible objects. If moreover f is smooth, the functor
fy: T(X)— 7()
also preserves constructible objects.

Corollary 4.2.5 The categories F.(X) form a thick triangulated monoidal Sm-
fibred subcategory of 7.

Proposition 4.2.6 Let X a scheme, and X = |J;c; U; a cover of X by open sub-
schemes. An object M of 7 (X) is constructible if and only if its restriction to U; is
constructible in  (U;) for alli € 1.

Proof This is a necessary condition by 4.2.4. For the converse, as X is noetherian, it
is sufficient to treat the case where / is finite. Proceeding by induction on the cardinal
of I it is sufficient to treat the case of a cover by two open subschemes X = U U V.
For an open immersion j : W — X, write My = jy j*(M). If the restrictions of
M to U and V are constructible, then so is its restriction to U N V. According to
Proposition 3.3.4, we get a distinguished triangle

Myry — My @ My — M — Mynv[1]

in which My is constructible for W = U,V,U NV (using 4.2.4 again). Thus the
premotive M is constructible. U

64 Notice however this fact is not true for étale motivic complexes.
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Corollary 4.2.7 For any scheme X and any vector bundle E over X, the functors
Th(E) and Th(—E) preserve constructible objects in 7 (X).

Proof To prove that Th(E) and Th(—E) preserves constructible objects, by virtue
of the preceding proposition, we may assume that E is trivial of rank r. It is thus
sufficient to prove that M(r) is constructible whenever M is so for any integer r.
For we may assume that M = 1x{n} for some n € 7 (using 4.2.4), this is true by
assumption on 7; see 4.0.1(c). U

Corollary 4.2.8 Let f : X — Y a morphism of finite type. The property that the
functor

i TX)— T(X)

preserves constructible objects is local on Y with respect to the Zariski topology.

Proof Consider a finite Zariski cover {v; : ¥; — Y};¢s, and write f; : X; — Y; for
the pullback of f along v; for each i in /. Assume that the functors f; . preserves
constructible objects; we shall prove that f, has the same property. Let M be a con-
structible object in .7 (X). Then fori € I, using the smooth base change isomorphism
(for open immersions), we see that the restriction of f.(M) to ¥; is isomorphic to
the image by f; . of the restriction of M to X;, hence is constructible. The preceding
proposition thus implies that f,(M) is constructible. O

Proposition 4.2.9 For any closed immersion i : Z — X, the functor
iv: T (Z) — T(X)
preserves constructible objects.

Proof Tt is sufficient to prove that for any smooth Z-scheme Y and any twist n € 7,
the premotive i.(Mz(Yp){n}) is constructible in .7 (X). According to the Mayer-
Vietoris triangle (see Remark 3.3.0), this assertion is local in X. Thus we can assume
there exists a smooth X-scheme Y such that Yy = Y Xx Z (apply [GD67, 18.1.1]). Put
U=X-Zandletj: U — X be the obvious open immersion. From the localization
property, we get a distinguished triangle

Mx (Y xx U){n} — Mx(Y){n} — i.(Mz(Yo){n}) — Mx(Y xx U){n}[1]
and this concludes. t

Corollary 4.2.10 Let i : Z — X be a closed immersion with open complement
J 1 U— X. an object M of T (X) is constructible if and only if j*(M) and i*(M)
are constructible in 7 (U) and 7 (Z) respectively.

Proof We have a distinguished triangle
Jg ' (M) — M — i i*(M) — jg j*(M)[1].

Hence this assertion follows from propositions 4.2.4 and 4.2.9. O
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Proposition 4.2.11 If f : X — Y is proper, then the functor

fi: T(X) — TX)
preserves constructible objects.

Proof We shall first consider the case where f is projective. As this property is
local on Y (Corollary 4.2.8), we may assume that f factors as a closed immersion i :
X — Py followed by the canonical projection p : Py — Y. By virtue of Proposition
4.2.9, we can assume that f = p. In this case, the functor p. is isomorphic to py
composed with the quasi-inverse of the Thom endofunctor associated to the cotangent
bundle of p; see 2.4.50 (3). Therefore, the functor p, preserves constructible objects
by virtue of Proposition 4.2.4 and of Corollary 4.2.7. The case where f is proper
follows easily from the projective case, using Chow’s lemma and cdh-descent (the
homotopy pullback squares (3.3.9.1)), by induction on the dimension of X. (]

Corollary 4.2.12 If f : X — Y is separated of finite type, then the functor
fi: T(X)— T(Y)
preserves constructible objects.

Proof It is sufficient to treat the case where f is either an open immersion, either a
proper morphism, which follows respectively from 4.2.4 and 4.2.11. U

Proposition 4.2.13 Let X be a scheme. The category of constructible objects in
T (X) is the smallest thick triangulated subcategory which contains the objects of
shape f.(1x-{n}), where f : X’ — X is a (strictly) projective morphism, and n € .

Proof Let .7,(X) be the smallest thick triangulated subcategory which contains the
objects of shape f.(1x-{n}), where f : X’ — X is a (strictly) projective morphism,
and n € 7. Proposition 4.2.11 shows that .7,(X) ¢ J.(X), to that it is sufficient to
prove the reverse inclusion. Note that, for any separated smooth morphism f, locally
for the Zariski topology, fi coincides with fi up to a Tate twist. In other words, it is
sufficient to prove that, for any separated morphism of finite type f : ¥ — X, fi(1y)
belongs to .7,(X). If we factor f into an open immersion j : ¥ — X’ followed by a
proper morphism p : X" — X, we see that is sufficient to prove that jy(1y) belongs
to J,(X"). This follows straight away from the localization property. O

The following lemma is the key geometrical point for the finiteness Theorem
4.2.16

Lemma 4.2.14 Let j : U — X be a dense open immersion such that X is quasi-
excellent. Then, there exists the following data:

(i) a finite h-cover { f; : Y; — X}ier such that for alliin I, f; is a morphism of finite
type, the schemeY; is regular, and fi_l(U ) is either Y; itself or the complement
of a strict normal crossing divisor in Y;; we shall write
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f:Y:LIY,-—>X

iel

for the induced global h-cover;
(ii) a commutative diagram

(4.2.14.1) ql Jf

x"_* . x P . x
in which: p is a proper birational morphism, X' is normal, u is a Nisnevich
cover, and q is a finite surjective morphism.

Let T (resp. T') be a closed subscheme of X (resp. X') and assume that for any
irreducible component Ty of T, the following inequality is satisfied:

(4.2.14.2) codimx/(T") > codimy (Tp),

Then, possibly after shrinking X in an open neighborhood of the generic points of T
in X, one can replace X"' by an open cover and X' by its pullback along this cover,
in such a way that we have in addition the following properties:

(iii) p(T") C T and the induced map T" — T is finite and pseudo-dominant;
(iv) if we write T"” = u=Y(T"), the induced map T" — T’ is an isomorphism.

Proof The existence of f : Y — X as in (i) follows from Gabber’s weak uniformiza-
tion theorem (see 4.1.2), while the commutative diagram (4.2.14.1) satisfying prop-
erty (ii) is ensured by Lemma 3.3.28.

Consider moreover closed subschemes T C X and 77 C X’ satisfying (4.2.14.2).

We first show that, by shrinking X in an open neighborhood of the generic points
of T and by replacing the diagram (4.2.14.1) by its pullback over this neighborhood,
we can assume that condition (iii) is satisfied. Note that shrinking X in this way
does not change the condition (4.2.14.2) because codimy(7p) does not change and
codimy-(T”) can only increase.®°

Note first that, by shrinking X, we can assume that any irreducible component
T, of T’ dominates an irreducible component Ty of 7. In fact, given an irreducible
component 7 which does not satisfy this condition, p(7;) is a closed subscheme of
X disjoint from the set of generic points of 7" and replacing X by X — f(7{)), we can
throw out 7.

Further, shrinking X again, we can assume that for any pair (7,7p) as in the
preceding paragraph, p(T})) C Tp. In fact, in any case, as p(7})) is closed we get that
To € p(Tj). Let Z be the closure of p(T)) — To in X. Then Z does not contain any

65 Recall from 8.1.3 that this means that any irreducible component of 7’ dominates an irreducible
component of T'.

66 Remember that for any scheme X, codimx (&) = +oo.
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generic point of T (because p(7) is irreducible), and p(T)) N (X — Z) C To. Thus it
is sufficient to replace X by X — Z to ensure this assumption.

Consider again a pair (7, Tp) as in the two preceding paragraphs and the induced
commutative square:

T, — X’
(4.2.14.3) pol p
TO — X
We show that the map pg is generically finite. In fact, this will conclude the first
step, because if it is true for any irreducible component 7 of 7", we can shrink X
again so that the dominant morphism pg : 7 — Tp becomes finite.

Denote by ¢’ (resp. ¢) the codimension of Ty in X (resp. 7;j in X”). Note that
(4.2.14.2) gives the inequality ¢’ > c. Let #y be the generic point of Ty, Q the

localization of X at ¢y and consider the pullback of (4.2.14.3):
WI - QI
(4.2.14.4) qol lq
{to} — Q.
We have to prove that dim(W’) = 0. Consider an irreducible component ) of
Q) containing W’. As ¢ is still proper birational, €, corresponds to a unique irre-

ducible component g of € such that g induces a proper birational map Q( — Qo.
According to [GD67, 5.6.6], we get the inequality

dim(Q() < dim(Qyp).
Thus, we obtain the following inequalities:

dim(W’) < dim(Q) — codimg, (W)
< dim(Q) — codimg, (W)
< dim(Q) - codimg; w").

As this is true for any irreducible component Q) of Q’, we finally obtain:
dim(W’) < dim(Q) — codimg(W’) < ¢ — ¢’

and this concludes the first step.

Keeping 7’ and T as above, as the map from 7" to T’ is a Nisnevich cover, it is a
split epimorphism in a neighborhood of the generic points of 7’ in X’. Hence, as the
map X’ — X is proper and birational, we can find a neighborhood of the generic
points of 7' in X over which the map 7" — T’ admits a section s : T/ — T".
Let S be a closed subset of X”” such that 7" = s(T’) II S (which exists because
X' — X’is étale). The map (X" —T")LI (X" —S) — X’ is then a Nisnevich cover.
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Replacing X" by (X" —T”) LI (X" — S) (and X" by the pullback of X""" — X"’
along (X" -T")I1(X"" - S) — X’), we may assume that the induced map 7" — T”
is an isomorphism, without modifying further the data f, p, T and T’. This gives
property (iv) and ends the proof the lemma. (]

4.2.15 Let 7 be a full Open-fibred subcategory of .7 (where Open stands for the
class of open immersions). We assume that .7 has the following properties:

(a) for any scheme X in ., 95(X) is a thick subcategory of .7 (X) which contains
the objects of the form 1x{n},n € 7;

(b) for any separated morphism of finite type f : X — Y in ., .9 is stable under
BiE

(c) for any dense open immersion j : U — X, with X regular, which is the com-
plement of a strict normal crossing divisor, j.(1y{n})isin ZH(U) forany n € 7.

Properties (a) and (b) have the following consequences: any constructible object be-
longs to Z; given a closed immersion i : Z — X with complement open immersion
Jj : U — X, an object M of 7 (X) belongs to Z(X) if and only if j*(M) and i*(M)
belongs to (V) and 9(Z) respectively; for any scheme X in .7, the condition
that an object of .7 (X) belongs to 75(X) is local on X for the Zariski topology.

Theorem 4.2.16 Consider the above hypothesis and assume that 7 is Q-linear and
separated. Let Y be a quasi-excellent scheme and f : X — Y be a morphism of
finite type. Then for any constructible object M of 7 (X), the object f.(M) belongs
to Jp(Y).

Proof It is sufficient to prove that, for any dense open immersion j : U — X, and
for any n € 7, the object j.(1y{n}) is in . Indeed, assume this is known. We
want to prove that f.(M) is in Z5(Y) whenever M is constructible. We deduce from
property (b) of 4.2.15 and from Proposition 4.2.13 that it is sufficient to consider
the case where M = 1x{n}, with n € 7. Then, as this property is assumed to be
known for dense open immersions, by an easy Mayer-Vietoris argument, we see that
the condition that f,(1x{n}) belongs to .7 is local on X with respect to the Zariski
topology. Therefore, we may assume that f is separated. Consider a compactification
of f,i.e. a commutative diagram

J

17

X

Y

with j a dense open immersion, and f proper. By property (b) of 4.2.15, we may
assume that f = j is a dense open immersion.

Let j : U — X be a dense open immersion. We shall prove by induction on the
dimension of X that , for any n € 7, the object j.(1y{n}) is in F. The case where X
is of dimension < 0 follows from the fact the map j is then an isomorphism, which
implies that j ~ j., and allows to conclude (because .7 is Open-fibred).
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Assume that dim X > 0. Following an argument used by Gabber [[LO14] in the
context of £-adic sheaves, we shall prove by induction on ¢ > 0 that there exists a
closed subscheme 7' ¢ X of codimension > c¢ such that, for any n € 7, the restriction
of j.(1y{n})to X—Tisin FH(X —T). As X is of finite dimension, this will obviously
prove Theorem 4.2.16.

The case where ¢ = 0 is clear: we can choose T such that X -7 = U. If ¢ > 0, we
choose a closed subscheme T of X, of codimension > ¢ — 1, such that the restriction
of j.(1y{n}) to X — T is in . It is then sufficient to find a dense open subscheme
V of X, which contains all the generic points of 7', and such that the restriction
of j.(Iy{n}) to V is in F4: for such a V, we shall obtain that the restriction of
J«(1y{n}) to VU (X = T) is in F, the complement of V U (X — T being the support
of a closed subscheme of codimension > ¢ in X. In particular, using the smooth
base change isomorphism (for open immersions), we can always replace X by a
generic neighborhood of 7. It is sufficient to prove that, possibly after shrinking X
as above, the pullback of j.(1y{n}) along T — X is in 7 (as we already know that
its restriction to X — T is in .%p).

We may assume that 7' is purely of codimension c. We may assume that we have
data as in points (i) and (ii) of Lemma 4.2.14. We let j* : U’ — X’ denote the
pullback of j along p : X’ — X. Then, we can find, by induction on ¢, a closed
subscheme 7" in X’, of codimension > ¢ — 1, such that the restriction of j/(1y{n})
to X’ — T’ is in .%. By shrinking X, we may assume that conditions (iii) and (iv) of
Lemma 4.2.14 are fulfilled as well.

For an X-scheme w : W — X and a closed subscheme Z C W, we shall write

oW,Z) = w,i.i" JW J;v(]lw{n}) s

where i : Z — W denotes the inclusion, and jy : Wy — W stands for the pullback
of j along w. This construction is functorial with respect to morphisms of pairs of
X-schemes: if W — W is a morphism of X-schemes, with Z’ and Z two closed
subschemes of W’ and W respectively, such that Z’ is sent to Z, then we get a natural
map (W, Z) — @o(W’,Z’). Remember that we want to prove that ¢(X,T) is in 7.
This will be done via the following lemmas (which hold assuming all the conditions
stated in Lemma 4.2.14 as well as our inductive assumptions).

Lemma 4.2.17 The cone of the map ¢(X,T) — (X', T') is in F. (|
The map ¢(X,T) — o(X’,T’) factors as
¢(X,T) — @(X',p~ (D) — ¢(X".T").

By the octahedral axiom, it is sufficient to prove that each of these two maps has a
cone in 7.

We shall prove first that the cone of the map (X', p~(T)) — @(X’,T’) is in Fp.
Given an immersion a : § — X’, we shall write

Mg =aya*(M).
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We then have distinguished triangles
Mp’l(T)fT’ — Mp—l(T) e MT/ — Mp’l(T)fT’[l] .

For M = j/(1y-{n}) (recall j’ is the pullback of j along p) the image of this triangle
by p. gives a distinguished triangle

Pe(Mp-riy1) — @(X',p~ (1) — @(X".T") — pu(Mp-1y 711

As the restriction of M = j/(1y-{n}) to X’ — T’ is in % by assumption on 7’,
the object M,,-1(ry_- is in T as well (by property (b) of 4.2.15 and because 7 is
Open-fibred), from which we deduce that p.(M,,-1(7)_7+) is in  (using condition
(iii) of Lemma 4.2.14 and property (b) of 4.2.15).

Let V be a dense open subscheme of X such that p~!(V) — V is an isomorphism.
We may assume that V ¢ U, and write i : Z — U for the complement closed
immersion. Let py : U’ = p~}(U) — U be the pullback of p along j, and let Z be
the reduced closure of Z in X. We thus get the commutative squares of immersions
below,

z—* .z 7z K 7

iJ Jz and i’J Jl’

UT> U/—.,>X’
J

where the square on the right is obtained from the one on the left by pulling back along
p : X’ — X. As p is an isomorphism over V, we get by cdh-descent (Proposition
3.3.10) the homotopy pullback square below.

1y{n} —— pu 1y {n})

J |

i, i*(1z{n}) —— i.i* py «(Ly-{n})

Ifa : T — X denotes the inclusion, applying the functor a, a* j. to the commutative
square above, we see from the proper base change formula and from the identification
Jx I« = I, k. that we get a commutative square isomorphic to the following one

(X, T) —— (X', p~X(T))

| |

W(Z,ZNT)—— o(Z',p"(ZNT)),

which is thus homotopy cartesian as well. It is sufficient to prove that the two objects
©(Z,ZNT)and o(Z’,p~*(ZNT)) are in .. It follows from the proper base change
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formula that the object ¢(Z, Z N T) is canonically isomorphic to the restriction to T
of I, k.(1z{n}). As dim Z < dim X, we know that the object k,(1z{n}) is in Fp.
By property (b) of 4.2.15, we obtain that ¢(Z,Z N T) is in Zp. Similarly, the object
©(Z',p~(Z N T)) is canonically isomorphic to the restriction of p, I/ k’(1{n}) to
T, and, as dim Z’ < dim X’ (because, p being an isomorphism over the dense open
subscheme V of X, Z’ does not contain any generic point of X"), k/(1{n}) is in
. We deduce again from property (b) of 4.2.15 that ¢(Z’,p~(Z N T)) is in P as
well, which achieves the proof of the lemma.

Lemma 4.2.18 The map o(X',T") — (X", T") is an isomorphism in 7 (X). O

Condition (iv) of Lemma 4.2.14 can be reformulated by saying that we have the
Nisnevich distinguished square below.

Xl/ — TII XII

o

X -T—X

This lemma follows then by Nisnevich excision (Proposition 3.3.4) and smooth base
change (for étale maps).

Lemma 4.2.19 Let T"" be the pullback of T" along the finite surjective mor-
phism X" — X". The map (X", T"") — o(X"",T"") is a split monomorphism
in 7(X). O

We have the following pullback squares

s
t J
T X" U’

T s X" J U’

in which j”” and j"”* denote the pullback of j along pu and pugq respectively, while s
and ¢ are the inclusions. By the proper base change formula applied to the left-hand
square, we see that the map (X", T"") — (X'”,T""") is isomorphic to the image
of the map

124

J Qurin}) — q. q" j' (Lyr{n}) — q. j" (Lu~{n}).

by f.s*, where f : T" — T is the map induced by p (note that f is proper as
T” ~ T’ by assumption). As q. j!”" =~ j!’ qu .+, we are thus reduced to prove that the
unit map

1y»{n} — qu.-(1y~{n})

is a split monomorphism. As X"’ is normal (because X’ is so by assumption, while
X"" — X’ is étale), this follows immediately from Corollary 3.3.40.
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Now, we can finish the proof of Theorem 4.2.16. Consider the Verdier quotient
D =7(X)/ 7(X).

We want to prove that, under the conditions stated in Lemma 4.2.14, we have
©(X,T) ~0in D. Let 7 : T"”" — X be the map induced by pug : X" — X. If
a : T — Y denotes the map induced by g : X"/ — Y, and jy : Yy — Y the
pullback of j by f, we have the commutative diagram below.

QD(X, T) SD(X”I, T//l)

mea” jy «(ly, {n})

By virtue of lemmas 4.2.17, 4.2.19, and 4.2.18, the horizontal map is a split monomor-
phism in D. It is thus sufficient to prove that this map vanishes in D, for which it
will be sufficient to prove that 7, a* jy .(1y, {n}) is in Z5. The morphism 7 is finite
(by construction, the map 7"/ — T" is an isomorphism, while the maps 7" — T
and 7" — T are finite). Under this condition, .7 is stable under the operations .
and a*. To finish the proof of the theorem, it remains to check that jy .(1y, {n}) is
in %, which follows from property (c) of 4.2.15 (and additivity). O

Definition 4.2.20 We shall say that .7 is T-compatible if it satisfies the following
two conditions.

(a) For any closed immersion i : Z — X between regular schemes in ., the image
of 1x{n}, n € 7, by the exceptional inverse image functor i' : .7 (X) — .7 (Z)
is constructible.

(b) For any scheme X, any n € 7, and any constructible object M in 7 (X), the
object Homy (1 x{n}, M) is constructible.

As usual, when 7 is the monoid generated by the Tate twist, we say compatible with
Tate twists.

Remark 4.2.21 Condition (b) of the definition above will come essentially for free if
the objects 1x{n} are ®-invertible with constructible ®-quasi-inverse (which will
hold in practice, essentially by definition).

Example 4.2.22 In practice, condition (a) of the definition above will be a con-
sequence of the absolute purity theorem. In particular, the category of Beilinson
motives DMy is compatible with Tate twist as a corollary of the fact the Tate twist
is invertible and Theorem 14.4.1.

Lemma 4.2.23 Assume that 7 is T-compatible. Leti : Z — X be a closed immer-
sion, with X regular, and Z the support of a strict normal crossing divisor. Then
i'(1x{n}) is constructible for any n € . As a consequence, if j : U — X denotes
the complement open immersion, then j.(1y{n}) is constructible for any n € 1.
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Proof The first assertion follows easily by induction on the number of irreducible
components of Z, using Proposition 4.2.6. The second assertion follows from the
distinguished triangles

(M) — M — j. j* (M) — i.i' (M)[1]
and from Lemma 4.2.9. O

Theorem 4.2.24 Assume that 7 is Q-linear, separated, and t-compatible. Then,
for any morphism of finite type f : X — Y such that Y is quasi-excellent, the functor

fi: T(X)— TX)

preserves constructible objects.

Proof By virtue of propositions 4.2.4 and 4.2.11 as well as of Lemma 4.2.23, if
is T-compatible, we can apply Theorem 4.2.16, where .7 stands for the subcategory
of constructible objects. O

Corollary 4.2.25 Under the assumptions of the above theorem, for any quasi-
excellent scheme X, and for any couple of constructible objects M and N in 7 (X),
the object Homx (M, N) is constructible.

Proof Itis sufficient to treat the case where M = fy(1y{n}),forn € rand f : ¥ — X
a smooth morphism. But then, we have, by transposition of the Sm-projection
formula, a natural isomorphism:

Homx(M,N) = f. Hom(1y{n}, f*(N)).

This corollary follows then immediately from Proposition 4.2.4 and from Theorem
4.2.24. O

Corollary 4.2.26 Under the assumptions of the above theorem, for any closed im-
mersion i : Z — X such that X is quasi-excellent, the functor

i T(X)— T(2)
preserves constructible objects.

Proof Let j : U — X be the complement open immersion. For an object M of
7 (X), we have the following distinguished triangle.

i i'(M) — M — j. j* (M) — i.i' (M)[1].

By virtue of Proposition 4.2.6 and Theorem 4.2.24, if M is constructible, then
J« j*(M) have the same property, which allows us to conclude. O

Lemma 4.2.27 Let f : X — Y be a separated morphism of finite type. The con-
dition that the functor f' preserves constructible objects in 7 is local over X and
over'Y for the Zariski topology.
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Proof If u : X’ — X is a Zariski cover, then we have, by definition, u* = u!, so that,
by Proposition 4.2.6, the condition that f' preserves T-constructibility is equivalent
to the condition that the functors u* f' ~ (fu)' preserve r-constructibility. Let
v : Y’ — Y be a Zariski cover, and consider the following pullback square.

x " . x

|}

V' ——Y

We then have a natural isomorphism u* f' =~ ¢' v*, and, as u is still a Zariski cover,
we deduce again from Proposition 4.2.6 that, if g' preserves T-constructibility, so
does f'. O

Corollary 4.2.28 Under the assumptions of the above theorem, for any separated
morphism of finite type f : X — Y, the functor

7)) — 7(X)
preserves constructible objects.

Proof By virtue of the preceding lemma, we may assume that f is affine. We can
then factor f as an immersion i : X — Aj followed by the canonical projection
p : Ay — Y. The case of an immersion is reduced to the case of an open immersion
(4.2.4) and to the case of a closed immersion (4.2.26). Thus we may assume that
f = p, in which case p' ~ p*(=)(n)[2n] (according to point (3) of Theorem 2.4.50),
so that we conclude by 4.2.4 and 4.2.9. O

In conclusion, we have proved the following finiteness theorem:

Theorem 4.2.29 Assume the motivic triangulated category  is Q-linear, separated
and t-compatible. ”

Then constructible objects of  are closed under the six operations of Grothendieck
when restricted to the subcategory ./’ of . made of quasi-excellent schemes and
morphisms of finite type. In particular, J,. is a T-generated motivic category over
B0

4.3 Continuity

4.3.1 For the next definition, we consider an admissible class & of morphisms in
. and an abstract symmetric monoidal &-fibred category .7 over ..
Let (Sq)eca be a projective system of schemes in .#, with affine transition

maps, and such that § = lin S, is representable in . (we assume that A is a
acA

67 Remember also that .7 is associated with a combinatorial stable premotivic model category.



144 Fibred categories and the six functors formalism

partially ordered set to keep the notations simple). For each index «, we denote by
Po @ S — Sq the canonical projection. Given an index @g € A and an object E,,
in J(Sq,), we write E, for the pullback of E,, along the map S, — Sg,, and
put £ = Lp},(E,). We will say that (Sy)eea is dominant if each transition map is
furthermore dominant.

Definition 4.3.2 Consider the assumptions above and let 7 be a set of twists of .7.

We say that .7 is T-continuous (resp. weakly T-continuous), or simply continuous
(resp. weakly continuous) if T is clearly specified by the context, if it is 7-generated
and if, given any projective system (resp. dominant projective system) of schemes
(So) as above, for any index g, any object Eq, in .7 (S, ), and any twist n € 7, the
canonical map

lim Homs,)(1s,{n}, Ea) — Homgs)(Ls{n}, E),

azag
is bijective.
Example 4.3.3 The main examples of 7-continuous categories will be seen after-
wards:

« the A'-derived category D1  (Example 6.1.13);
* the motivic category DMp of Beilinson motives (Proposition 14.3.1).

The triangulated motivic category of motivic complexes DMy, as well as its effective
counterpart DMf{, is weakly continuous (Theorem 11.1.24). We are only able to prove
itis continuous in some special cases (namely when it compares to Beilinson motives,
see Theorem 16.1.4).

The interest of the continuity property is to allow a description of constructible
objects over S in terms of constructible objects over the S,’s.

Proposition 4.3.4 Assume, under the hypothesis of 4.3.1, that J is T-continuous
(resp. weakly T-continuous). Consider a scheme S in ., as well as a projective
system of schemes (Sq)aeca in - with affine (resp. affine dominant) transition maps
and such that S = m Sa-

o4
Then, for any index g, and for any objects Cq, and Eqo, in T (Sa,), if Cqy IS
constructible, then the canonical map

(4.3-4.1) lim Homzs,)(Cas Eo) — Hom gz (s)(C, E)

azap

is bijective. Moreover, the canonical functor

(4.3.4.2) 2-1im Je(Sa) — Te(S)

a

is an equivalence of monoidal triangulated categories.
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Proof To prove the first assertion, we may assume, without loss of generality, that
Cay = Ms,,(Xay){n} for some smooth Sy, -scheme of finite type Xo,, and n € 7.
Consider an object E,,, in 7 (Sy, ). For @ > g, write X, (resp. E, ) for the pullback
of Xy, (resp. of E,,) along the map S, — Sy,. Similarly, write X (resp. E) for
the pullback of X, (resp. of E,,) along the map S — S,,,. We shall also write E/,
(resp. E’) for the pullback of E, (resp. E) along the smooth map X, — S, (resp.
X — 8). Then, (X, ) is a projective system of schemes in .#, with affine transition
maps, such that X = lin X,. Note that if (S,) is dominant in the sense of Paragraph

(o7
4.3.1, then (X, ) is dominant, as dominant morphisms are stable under smooth base
change. Then, by continuity (resp. weak continuity), we have the following natural
isomorphism, which proves the first assertion.

lim Hom g s,,)(Ms, (Xo){n}, Eo) ~limHom 7(x,)(1x, {n}, E)
(e (o4
~Hom 7x)(1x{n},E")
~Hom 7 (5)(Ms(X){n},E)

Note that the first assertion implies that the functor (4.3.4.2) is fully faithful. Pseudo-
abelian triangulated categories are stable under filtered 2-colimits. In particular, the
source of the functor (4.3.4.2) can be seen as a thick subcategory of .7 (S). The
essential surjectivity of (4.3.4.2) follows from the fact that, for any smooth S-scheme
of finite type X, there exists some index @, and some smooth S,-scheme X, such
that X = Sxg, Xqo; see [GD67, 8.8.2 and 17.7.8]: this implies that the essential image
of the fully faithful functor (4.3.4.2) contains all the objects of shape Mg(X){n} for
n € T and X smooth over S, so that it contains .7,(S), by definition. O

4.3.5 Before showing how the assumption of weak continuity can be used in the case
of motivic categories, we state a proposition which later on will allow us to show
continuity or weak continuity in concrete cases. Let .# be a symmetric monoidal
Z-fibred model category .# over .7 .

We consider again the assumptions and notations of 4.3.1, assuming the transition
maps of the pro-scheme (S,) are &2-morphisms, with .7 = Ho(.#). For each index
a € A, we choose a small set I, (resp. J,) of generating cofibrations (resp. of
generating trivial cofibration) in Ho(.#)(S,). We also choose a small set I (resp. J)
of generating cofibrations (resp. of generating trivial cofibration) in Ho(.#)(S).

Consider the following assumptions:

(@) We have I C Ugea pa(la) and J € Ugea Pa(Ja)-
(b) For any index ay, if Cq,, and E,, are two objects of .Z (Sa, ), with C,,, either a
source or a target of a map in I,, U Ju, the natural map

lim Hom (s,)(Cas Eo) — Hom s5)(C,E)

a€cA

is bijective.
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Proposition 4.3.6 Under the assumptions of 4.3.5, for any index ag € A, the pull-
back functor py : M (Say) — A (S) preserves fibrations and trivial fibrations.
Moreover, given an index ag € A, as well as two objects Co, and Eq, in M (Sq,),
if Cq, belongs to the smallest full subcategory of T (Sq,) which is closed under
finite homotopy colimits and which contains the source and targets of I, then, the
canonical map

lim Homuo(.z)(s,)(Cas Ea) — Homuo(zs)(C, E)

a€cA

is bijective.

Proof We shall prove first that, for any index ag € A, the pullback functor p;,
preserves fibrations and trivial fibrations. By assumption, for any @ > «q, the
pullback functor along the &?-morphism S, — S, is both a left Quillen functor
and a right Quillen functor. Let E,, — Fy,, be a trivial fibration (resp. a fibration)
of A (Sq,). Let i : C — D a generating cofibration (resp. a generating trivial
cofibration) in .Z(S). By condition (a) of 4.3.5, we may assume that there exists
a1 € A, a cofibration (resp. a trivial cofibration) iy, : Cq, — Dq,, such that

i = Py, (ia; )- We want to prove that the map
Hom(D, E) — Hom(C, E) XHom(c,r) Hom(D, F)

is surjective. But, by condition (b) of 4.3.5, this map is isomorphic to the filtered
colimit of the surjective maps

Hom(Dm Ea) I HOHl(C(,,Ea) XHom(Cq,Fy) Hom(D,, Fy)

with @ > sup(ag, @1), which proves the first assertion.

To prove the second assertion, we may assume that C,,, is cofibrant and that
E,, if fibrant. The set of maps from a cofibrant object to a fibrant object in the
homotopy category of a model category can be described as homotopy classes of
maps. Therefore, using the fact that py, = preserves cofibrations and fibrations, as well
as the trivial ones, we see it is sufficient to prove that the map

h_I)l’l Hom/fl(S,,)(Cm E(z) - Hom(//{(S)(C, E)

a€cA

is bijective for some nice cofibrant replacement of C,,. But the assumptions on C,
imply that it is weakly equivalent to an object C, such that the map @ — C;
belongs to the smallest class of maps in .# (S, ), which contains I,,, and which is
closed under pushouts and (finite) compositions. We may thus assume that C,, =
C,,- In that case, Cy, is in particular contained in the smallest full subcategory of
M (Sq,) which is stable by finite colimits and which contains the source and targets
of I,,. As filtered colimits commute with finite limits in the category of sets, we
conclude by using again condition (a) of 4.3.5. U
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We now go back to the situation of a motivic triangulated category .7 satisfying
our general assumptions 4.0.1 on page 129
Lemma 4.3.7 Let a : X — Y be a morphism in .. Assume that X = }El Xa,
o4

where (Xo)aca IS a projective system of smooth affine Y -schemes.
If T is T-continuous, then, for any objects E and F in F (Y), with E constructible,
then the exchange morphism

a* Homy(E, F) ~ Homx(a*(E),a*(F)),

defined in Paragraph 1.1.33, is an isomorphism.
The same conclusion holds if 7 is weakly T-continuous and the transition maps
of (Xy) are dominant.

Proof We have
a. Homx(a*(E),a"(F)) ~ Homy(E,a. a*(F)),
so that the map F — a, a*(F)) induces a map
Homy(E,F) — a, Homx(a*(E),a*(F)),
hence, by adjunction, a map
a* Homy(E,F) — Homx(a*(E),a"(F)).

We already know that the later is an isomorphism whenever a is smooth.

Let us write a,, : X, — Y for the structural maps. Let C be a constructible object
in 7 (X). By Proposition 4.3.4, we may assume that there exists an index g, and
a constructible object Cy,, in 7 (X, ), such that, if we write C, for the pullback of
Ca, along the map X, — X, for @ > ag, we have isomorphisms:

Hom(C,a* Homy(E,F)) ~ h_>m Hom(C,, a;, Homy(E, F))

a

= lim Hom(C, Homy (e (E),a,(F)))
a

= lim Hom(Cy ®x, a4(E), aq(F))
a

~Hom(C ®x a*(E),a*(F))

~Hom(C, Homx(a*(E),a*(F))).

As constructible objects generate 7 (X), this proves the first assertion. The second
assertion obviously follows from the same argument. (]

4.3.8 Let X be a scheme in .. Assume that, for any point x of X, the corresponding
morphism i, : Spec ( ﬁ}’} x) — X is in . (where ﬁ)’; . denotes the henselization
of Uy ). Consider at last a scheme of finite type ¥ over X, and write
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ay : Yy = Spec (ﬁ)h(’x) XxY —Y
for the morphism obtained by pullback. Finally, for an object E of .7 (Y), let us write
Ey =a(E).

Proposition 4.3.9 If the motivic category 7 is weakly T-continuous, then the family
of functors
TJY)— T¥), Er—E,, xeX,

s conservative.

Proof Let E be an object of 7 (Y) such that E, =~ 0 for any point x of X. For
any constructible object C of .7 (Y), we have a presheaf of S'-spectra on the small
Nisnevich site of X:

F:U+— F(U)=Hom(My(U Xx Y),Homy(C,E)).

It is sufficient to prove that F(X) is acyclic. As 7 satisfies Nisnevich descent
(3-3.4), it is sufficient to prove that F is acyclic locally for the Nisnevich topology,

i.e. that, for any point x of X, the spectrum F(Spec (ﬁ)h(’x)) is acyclic. Writing

Spec (ﬁ;‘( x) as the projective limit of the Nisnevich neighborhoods of x in X,
we see easily, using Proposition 4.3.4 and Lemma 4.3.7, that, for any integer i,
:(F(Spec (ﬁ)’;,x)) ~ Hom(Cy, Ex[i]) ~ 0. O
Proposition 4.3.10 Let S be a quasi-excellent noetherian and henselian scheme.
Write S for its completion along its closed point, and assume that both S and S are

in . Consider an S-scheme of finite type X, and write i : Sxg X — X for the
induced map. If 7 is t-continuous, then the pullback functor

i T(X) — T(S x5 X)

is conservative.
Proof As S is quasi-excellent, the map S — S is regular. By Popescu’s theorem,
we can then write § = !ﬂ‘ Sa, Where {S, } is a projective system of schemes with

a
affine transition maps, and such that each scheme S, is smooth over S. Moreover, as
S and S have the same residue field, and as S is henselian, each map S, has a section.
Write X, = So Xs X, so that we have X = }21 X, . Consider a constructible object

C and an object E in .7 (X). Then, as the maf;s X, — X have sections, it follows
from the first assertion of Proposition 4.3.4 that the map

Hom 7 (x)(C,E) — Homy(gxsx)(i*(c), i"(E))

is a monomorphism (as a filtered colimit of such things). Hence, if i*(E) = 0, for
any constructible object C in .7 (X), we have Hom o (x)(C, E) = 0. Therefore, as
T-constructible objects generate .7 (X), we get E =~ 0. O



4 Constructible motives 149

Proposition 4.3.11 Let a : X — Y be a regular morphism in . If T is -
continuous, then, for any objects E and F in 7 (Y), with E constructible, there
is a canonical isomorphism

a* Homy(E,F) ~ Homx(a*(E),a"(F)) .
Proof We want to prove that the canonical map
a* Homy(E,F) — Homx(a*(E),a"(F))

is an isomorphism, while we already know it is so whenever a is smooth. Therefore,
to prove the general case, we see that the problem is local on X and on Y with respect
to the Zariski topology. In particular, we may assume that both X and Y are affine.
By Popescu’s Theorem 4.1.5, we thus have X = hm Xq, Where { X, } is a projective

system of smooth affine Y-schemes. We conclude by Lemma 4.3.7. t

4.3.12 Consider the following pullback square in .

X -4 . x

| |

Y ——Y
b

and assume that f is separated of finite type. Then one gets, using the recipe that we
have seen several times before, the following exchange transformation:

ad(b*,b, [Ex(AY)]L d'(a*,a, .
Ex(A™) : a* 4008 g RO g gt ) e

where Ex(6}) is the exchange isomorphism of Theorem 2.4.50, point (4).

Proposition 4.3.13 Consider the previous notations and assume that b is regular
and 7 is T-continuous. Then the exchange transformation defined above

E.X(A*!) . a*f! . g'b*
is an isomorphism.

Proof The exchange transformation Ex(A*) is invertible whenever b is smooth:
this is obvious in the case of an open immersion, so that, by Zariski descent, it is
sufficient to treat the case where b is smooth with trivial cotangent bundle of rank d;
in this case, by relative purity (2.4.50 (3)), this reduces to the canonical isomorphism
a' f' ~ ¢'b' evaluated at E(—d)[—2d]. To prove the general case, as the condition
is local on X and on Y for the Zariski topology, we may assume that f factors as
an immersion X — Py, followed by the canonical projection Py, — Y. We deduce
from there that it is sufficient to treat the case where f is either a closed immersion,
either a smooth morphism of finite type. The case where f (hence also g) is smooth
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follows by relative purity (2.4.50): we can then replace f "and ¢' by f* and g*
respectively, and the formula follows from the fact that a* f* ~ g*b*. We may thus
assume that f is a closed immersion. As g is a closed immersion as well, the functor
g1 is conservative (it is fully faithful). Therefore, it is sufficient to prove that the map

b fi fHE) = gra* f(E) — g1 4" b"(E)

is invertible. Then, using Proposition 4.3.11 (which makes sense because the functor
fi preserves T-constructibility by 4.2.11), and the projection formula, we have

b* fi f{(E) ~ b*Homy(fi(1x), E)
=~ Homy (D" fi(1x),b"(E))
~ Homy (g(1x:),b*(E))

=g19'b'(E).
which achieves the proof. (|

Lemma 4.3.14 Let f : X — Y be a morphism in .. Assume that X = 1&“ Xo
a
and Y = m Yy, where {X,} and {Y,} are projective systems of schemes with

affine (resp. acjjine and dominant) transition maps, while f is induced by a system
of morphisms fo : Xo — Yy. Let ag be some index, Cq, a constructible object
of T (Ya,), and Eq, an object of T (Xa,). If T is t-continuous (resp. weakly -
continuous), then we have a natural isomorphism of abelian groups

li_II)l Homy(Yn)(Ca’fa,*(Ea)) = Homﬁ(Y)(C’ﬁf(E)) .

az>aq

Proof By virtue of Proposition 4.3.4, we have a natural isomorphism

lim Hom g (x,)(f5(Ca), Ea) = Hom 7 y)(f*(C), E).

azap
The expected formula follows by adjunction. (]
Proposition 4.3.15 Consider the following pullback square in ..

X 25X

|}

Y ——Y
b

with b regular. If 7 is T-continuous, then, for any object E in 7 (X), there is a
canonical isomorphism in 7 (Y'):

b* f(E) = g.a’(E).
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Proof This proposition is true in the case where b is smooth (by definition of Sm-
fibred categories), from which we deduce, by Zariski separation, that this property
is local on Y and on Y’ for the Zariski topology. In particular, we may assume that
both Y and Y’ are affine. Then, by Popescu’s Theorem 4.1.5, we may assume that
Y = !in Y;, where {Y,} is a projective system of smooth Y-algebras. Then, using

o4
the preceding lemma as well as Proposition 4.3.4, we reduce easily the proposition
to the case where b is smooth. (]

Proposition 4.3.16 Assume that .7 is weakly t-continuous, Q-linear and semi-
separated, and consider a field k, with inseparable closure k’, such that both Spec (k)
and Spec (k') are in .#. Given a k-scheme X write X' = k' Q X, and f : X' — X
for the canonical projection. Then the functor

[ I7X) — JX)
is an equivalence of categories.

Proof Note that X’ is a projective limit of k-schemes with affine and dominant (even
flat) transition maps. Thus, it follows from weak 7-continuity, Proposition 4.3.4 and
Proposition 2.1.9 that the functor

70 Te(X) — Te(X))

is an equivalence of categories. Similarly, for any objects C and E in .7 (X), if C is
constructible, the map

Hom 7(x)(C, E) — Hom g x)(f*(C), f*(E))
is bijective. As constructible objects generate .7 (X), this implies that the functor
[ X)) — 7X)

is fully faithful. As the latter is essentially surjective on a set of generators, this
implies that it is an equivalence of categories (see 1.3.20). (]

Proposition 4.3.17 Assume that 7 is weakly T-continuous. Then, for any scheme X
in ., the family of functors induced by its points

X" T (X) — T (Spec(k(x)), xeX,
is conservative.

Proof We proceed by induction on the dimension d of X. If d < 0, this is trivial. If
d > 0, using Proposition 4.3.9, we may assume that X is local. By induction, the
proposition is true on the complement of the closed point of x. Therefore, Proposition
2.3.6 achieves the proof. (]
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4.4 Duality

The aim of this section is to prove a local duality theorem in 7 (see 4.4.21 and
4.4.24).

If we work with rational coefficients, resolution of singularities up to quotient
singularities is almost as good as classical resolution of singularities: we have the
following replacement of the blow-up formula.

Theorem 4.4.1 Assume that 7 is Q-linear and separated. Let X be a scheme in ..
Consider a proper surjective morphism p : X’ — X and a finite group G acting on
X' over X. Assume that there is a closed subscheme Z C X such thatU = X — Z
is normal, while the induced map py : U’ = p~Y(U) — U is finite, and the map
U’'/G — U is generically radicial (i.e. is radicial over an open dense subscheme
of U) — e.g. this situation occurs when p is a Galois alteration. Then the pullback
square

(4.4.1.1) qJ JP

induces an homotopy pullback square
M ————— (Rp. Lp*(M))¢
(4.4.1.2) J J
Ri, Li*(M) —— (Ri.Rq. Lg* Li*(M))©
for any object M of T (X).
Proof We already know that, for any object N of .7 (U), the map
N — (Rpy. Lpj(N)°©

is an isomorphism (Corollary 3.3.39). The proof is then similar to the proof of
condition (iv) of Theorem 3.3.37. U

Remark 4.4.2 Under the assumptions of the preceding theorem, applying the total
derived functor R Homy (-, E) to the homotopy pullback square (4.4.1.2) for M =
1x, we obtain the homotopy pushout square

(i1 q ¢'i'(E))g — (p1 P'(E))G

(4.4.2.1) J J

ivi'(E) E
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for any object E of 7 (X).

Corollary 4.4.3 Assume that 7 is Q-linear and separated. Let B be a scheme in
<, admitting wide resolution of singularities up to quotient singularities. Consider
a separated B-scheme of finite type S, endowed with a closed subscheme T C S.
The category of constructible objects in 7 (S) is the smallest thick triangulated
subcategory which contains the objects of shape R f,.(1x{n}) for n € 7, and for f :
X — S a projective morphism, with X regular and connected, such that f~(T)eq
is either empty, either X itself or the support of a strict normal crossing divisor.

Proof Let 7 (S)’ be the smallest thick triangulated subcategory of .7(S) which
contains the objects of shape Rf.(1x{n}) forn € v and f : X — S a projective
morphism with X regular and connected, while f~1(T),q is empty, or X itself, or
the support of a strict normal crossing divisor. We clearly have .7 (S)" c Z.(S)
(Proposition 4.2.11). To prove the reverse inclusion, by virtue of Proposition 4.2.13,
it is sufficient to prove that, for any n € 1, and any projective morphism f : X — S,
the object R f.(1x{n}) belongs to .7(S)’. We shall proceed by induction on the
dimension of X. If X is of dimension < 0, we may replace it by its reduction, which
is regular. If X is of dimension > 0, by assumption on B, there exists a Galois
alteration p : X’ — X of group G, with X’ regular and projective over S (and in
which T becomes either empty, either X" itself, either the support of a strict normal
crossing divisor, in each connected component of X”). Choose a closed subscheme
Z c X, such that U = X — Z is a normal dense open subscheme, and such that the
induced map r : U’ = p~1(U) — U is a finite morphism, and consider the pullback
square (4.4.1.1). As Z and Z’ = p~1(Z) are of dimension smaller than the dimension
of X, we conclude from the homotopy pullback square obtained by applying the
functor R f; to (4.4.1.2) for M = 1x{n},n € 7. O

Definition 4.4.4 Let S be a scheme in .. An object R of .7(S) is T-dualizing if it
satisfies the following conditions.

(i) The object R is constructible.
(ii) For any constructible object M of .7 (S), the natural map

M — RHoms(RHomg(M,R),R)

is an isomorphism.

Remark 4.4.5If 7 is T-compatible, Q-linear and separated, then, in particular, the
six operations of Grothendieck preserve 7-constructibility in .7 (4.2.29). Under this
assumption, for any scheme X in .#, and any ®-invertible object U in 7 (X) which
is constructible, its quasi-inverse is constructible: the quasi-inverse of U is simply
its dual U = RHom(U, 1x), which is constructible by virtue of 4.2.25.

Proposition 4.4.6 Assume that 7 is T-compatible, Q-linear and separated, and
consider a scheme X in .&.

(i) Let R be a t-dualizing object, and U be a constructible ®-invertible object in
T (X). Then U ®g R is T-dualizing.



154 Fibred categories and the six functors formalism
(ii) Let R and R’ be two t-dualizing objects in 7 (X). Then the evaluation map
RHoms(R,R') ®% R — R’
is an isomorphism.
Proof This follows immediately from [Ayoo7a, 2.1.139]. O

Proposition 4.4.7 Consider an open immersion j : U — X in . If R is a 1-
dualizing object in 7 (X), then j'(R) is t-dualizing in T (U).

Proof If M is a constructible object in .7 (U), then ji(M) is constructible, and the
map

(4.4.7.1) J1I(M) — RHomx(RHomx (ji(M),R), R)
is an isomorphism. Using the isomorphisms of type
M = j* j(M)=j'j(M) and j"RHomx(A,B)~RHomy(j"(A),j"(B)),

we see that the image of the map (4.4.7.1) by the functor j* = j' is isomorphic to
the map

4-4.7:2) M — RHomy (RHomy(M. j'(R)).j'(R)).
which proves the proposition. (]

Proposition 4.4.8 Let X be a scheme in ., and R an object in 7 (X). Assume there
exists an open cover X = J;¢; U; such that the restriction of R on each of the open
subschemes U; is T-dualizing in 7 (U;). Then R is T-dualizing.

Proof We already know that the property of 7-constructibility is local with respect
to the Zariski topology (4.2.6). Denote by j; : U; — X the corresponding open
immersions, and put R; = j l' (R). Let M be a constructible object in .7 (X). Then, for
alli € I, the image by j; = ]l' of the map

M — RHomyx(RHomx(M,R),R)
is isomorphic to the map
Jji (M) — RHomy,(RHomy, (j; (M), R;),R;) .

This proposition thus follows from the property of separation with respect to the
Zariski topology. (|

Corollary 4.4.9 Let f : X — Y be a separated morphism of finite type in .. Given
an object R of T (Y), the property for f'(R) of being a t-dualizing object in 7 (X)
is local over X and overY for the Zariski topology.
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Proposition 4.4.10 Assume that 7 is T-compatible. Let i : Z — X be a closed
immersion and R be a t-dualizing object in T (X). Then i'(R) is T-dualizing in
T(2).

Proof As 7 is T-compatible, we already know that i'(R) is constructible. For any
objects M and R of 7 (Z) and 7 (X) respectively, we have the identification:

iy RHomz(M,i'(R)) ~ RHomx (i\(M),R) .
Let j : U — X be the complement immersion. Then we have
j'RHomx (ir(M). R) = RHomy (j* i(M).j'(R)) = 0,
so that
RHomx (i\(M),R) ~ iy Li*RHomx (iy(M),R) .

As i) is fully faithful, this provides a canonical isomorphism
Li*RHomx (i(M), R) ~ i'RHomy, (is(M), R) .
Under this identification, we see easily that the map
(M) — RHomyx(RHomx (ii(M),R), R)
is isomorphic to the image by i, of the map
M — RHomz(RHomz(M,i'(R)),i'(R)).

As i) is fully faithful, it is conservative, and this ends the proof. O

Proposition 4.4.11 Assume that 7 is T-compatible, Q-linear and separated, and
consider a scheme B in . which admits wide resolution of singularities up to quotient
singularities. Consider a separated B-scheme of finite type S, and a constructible
object R in 7 (S). The following conditions are equivalent.

(i) For any separated morphism of finite type f : X — S, the object f'(R) is
T-dualizing.
(ii) For any projective morphism f : X — S, the object f'(R) is T-dualizing.
(iii) For any projective morphism f : X — S, with X regular, the object f'(R) is
T-dualizing.
(iv) For any projective morphism f : X — S, with X regular, and for any n € T,
the map

(4.4.11.1) Lx{n} — RHomx(RHomx(1x{n}, f'(R)), f'(R))

is an isomorphism in 7 (X).

If, furthermore, for any regular separated B-scheme of finite type X, and for any
n € 1, the object 1x{n} is ®-invertible, then these conditions are equivalent to the
following one.
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(v) For any projective morphism f : X — S, with X regular, the map

(4.4.11.2) 1x — RHomx(f'(R), f'(R))

is an isomorphism in 7 (X).

Proof 1t is clear that (i) implies (ii), which implies (iii), which implies (iv). Let us
check that condition (ii) also implies condition (i). Let f : X — S be a morphism
of separated B-schemes of finite type, with S regular. We want to prove that f'(1s)
is T-dualizing, while we already know it is true whenever f is projective. In the
general case, by virtue of Corollary 4.4.9, we may assume that f is quasi-projective,
so that f = pj, where p is projective, and j is an open immersion. As f' =~ j' p', we
conclude with Proposition 4.4.7. Under the additional assumption, the equivalence
between (iv) and (v) is obvious. It thus remains to prove that (iv) implies (ii). It is in
fact sufficient to prove that, under condition (iv), the object R itself is T-dualizing.
To prove that the map

(4.4.11.3) M — RHomyx(RHomx(M,R),R)

is an isomorphism for any constructible object M of .7 (S), it is sufficient to consider
the case where M = Rf.(1x{n}) = fi(lx{n}), wheren e Tand f : X — Sisa
projective morphism with X regular (Corollary 4.4.3). For any object A of .7 (X),
we have canonical isomorphisms

RHoms(fi(A), R) = R f. RHomx(A, f'(R))
= fiRHomx(A, f'(R)),

from which we get a natural isomorphism:
RHoms(RHoms(fi(A). R). R) = fi RHomx (RHomx (A, f(R)). f'(R)).

Under these identifications, the map (4.4.11.3) for M = fi(1x{n}) is the image of the
map (4.4.11.1) by the functor fi. As (4.4.11.1) is invertible by assumption, this proves
that R is 7-dualizing. O

Lemma 4.4.12 Let X be a scheme in ., and R be an object of 7 (X). The property
for R of being ®-invertible is local over X with respect to the Zariski topology.

Proof Let R® = RHom(R, 1x) be the dual of R. The object R is ®-invertible if and
only if the evaluation map
R" ®% R — 1x

is invertible. Let j : U — X be an open immersion. Then, for any objects M and N
in .7 (X), we have the identification

j*RHomx(M,N) ~ RHomy (j*(M), j*(N)).

In particular, we have j*(R") ~ j*(R)". As j* is monoidal, the lemma follows from
the fact that .7 has the property of separation with respect to the Zariski topology.[]
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Definition 4.4.13 We shall say that .7 is 7-dualizable if it satisfies the following
conditions:

(i) .7 is T-compatible (4.2.20);

(ii) for any closed immersion between regular schemes i : Z — § in ., the ob-
ject i'(1g) is ®-invertible (i.e. the functor i'(1g) ®§ (=) is an equivalence of
categories);

(ii) for any regular scheme X in ., and for any n € 7, the map

1x{n} — RHomx(RHomx(1x{n},1x),1x)
is an isomorphism.

As in other similar situations, we simply say dualizable with respect to Tate twist
when the set of twists 7 is generated by the Tate twist.

Example 4.4.14 In practice, the property of being dualizable with respect to Tate
twist is a consequence of the absolute purity theorem. Our main example is the
motivic category DMy of Beilinson motives over excellent noetherian schemes, as
a consequence of Theorem 14.4.1.

Remark 4.4.15 Note that, whenever the set of twists 7 consists of rigid objects (which
will be the case in practice), conditions (i) and (ii) of the preceding definition are
equivalent to the condition that i*(1 ) is constructible and ®-invertible for any closed
immersion i between regular separated schemes in ., while condition (iii) is then
automatic. This principle gives easily the property of T-purity when .# is made of
schemes of finite type over some perfect field:

Proposition 4.4.16 Assume that . consists exactly of schemes of finite type over a
field k. If the objects 1{n} are rigid with constructible duals in 7 (Spec (k)) for all
n €7, then 7 is t-dualizable.

Proof For any k-scheme of finite type f : X — Spec(k), as the functor Lf* is
symmetric monoidal, the objects 1x{n} are rigid in .7 (X) for all n € 7. Therefore,
as stated in remark 4.4.15, we have only to prove that, for any closed immersion
i : Z — X between regular k-schemes of finite type, the object i'(1x ) is ®-invertible
and constructible. Note that, as & is perfect, X and Z are in fact smooth. Using 4.4.12
and 4.2.6, we may also assume that X is quasi-projective and that Z is purely of
codimension ¢ in X, while the normal bundle of i is trivial. This proposition is
then a consequence of relative purity (2.4.50), which gives a canonical isomorphism
i'(Lx) = Lz(~c)[~2c]. O

Proposition 4.4.17 Assume that . consists of schemes of finite type over a field k
and that 7 has the following properties:

(a) it is T-dualizable;
(b) for any n € v, 1{n} is rigid;
(c) either k is perfect, either 7 is continuous.
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Then, any constructible object of 7 (k) is rigid.

Proof By 4.3.16, it is sufficient to treat the case where k is perfect. It is well-known
that rigid objects form a thick subcategory of 7. Thus, we conclude easily from
Corollary 4.4.3 and Proposition 2.4.31. (]

Lemma 4.4.18 Assume that 7 is T-dualizable. Then, for any projective morphism
f : X — S between regular schemes in ., the object f'(1s) is ®-invertible and
constructible.

Proof As, for any open immersion j : U — X, one has j* = j ', we deduce easily
from Lemma 4.4.12 (resp. Proposition 4.2.6) that the property for f'(1s) of being
®-invertible (resp. constructible) is local on S for the Zariski topology. Therefore,
we may assume that S is separated over B and that f factors as a closed immersion
i : X — P followed by the canonical projection p : P'c — S. Using relative purity
for p, we have the following computations:

fi(Ls) =i p'(1s) = i'(Lpn (m)[2n]) = i (Tpn )(n)[2n] .

Asiis a closed immersion between regular schemes, the object i (]lprsl ) is ®-invertible

and constructible by assumption on .7, which implies that f'(1g) is ®-invertible
and constructible as well. 0

Definition 4.4.19 Let B a scheme in .. We shall say that local duality holds over
B in  if, for any separated morphism of finite type f : X — §, with S regular and
of finite type over B, the object f'(1s) is 7-dualizing in .7 (X).

Remark 4.4.20 By definition, if 7 is T-compatible, and if local duality holds over
B in 7, then the restriction of .7 to the category of B-schemes of finite type is
7-dualizable. A convenient sufficient condition for local duality to hold in .7 is the
following (in particular, using the result below as well as Proposition 4.4.16, local
duality holds almost systematically over fields).

Theorem 4.4.21 Assume that 7 is T-dualizable, Q-linear and separated, and con-
sider a scheme B in . which admits wide resolution of singularities up to quotient
singularities (e.g. B might be any scheme which is separated and of finite type over
an excellent noetherian scheme of dimension lesser or equal to 2 in . see 4.1.11).
Then local duality holds over B in 7.

Proof Let S be a regular separated B-scheme of finite type. Then, for any separated
morphism of finite type f : X — S, the object f'(1s) is 7-dualizing: Lemma 4.4.18
implies immediately condition (iv) of Proposition 4.4.11. The general case (without
the separation assumption on S) follows easily from Corollary 4.4.8. U

Proposition 4.4.22 Consider a scheme B in .. Assume that 7 is T-dualizable, and
that local duality holds over B in . Consider a regular B-scheme of finite type S.

(i) Anobject of 7 (S) is T-dualizing if and only if it is constructible and ®-invertible.
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(ii) For any separated morphism of S-schemes of finite type f : X — Y, and for
any t-dualizing object R in 7 (Y), the object f'(R) is T-dualizing in 7 (X).

Proof As the unit of .7 (S) is T-dualizing by assumption, Proposition 4.4.6 implies
that an object of 7 (S) is 7-dualizing if and only if it is constructible and ®-invertible.

Consider a regular B-scheme of finite type S, as well as a separated morphism of
S-schemes of finite type f : X — Y, as well as a 7-dualizing object R in .7 (Y). To
prove that f'(R) is T-dualizing, by virtue of Corollary 4.4.8, we may assume that ¥ is
separated over S. Denote by u and v the structural maps from X and Y to S respectively.
As we already know that v'(1lg) is 7-dualizing, by virtue of Proposition 4.4.6, there
exists a constructible and ®-invertible object U in .7 (Y) such that U ®II; R ~v'(1g).
As the functor L f* is symmetric monoidal, it preserves ®-invertible objects and their
duals, from which we deduce the following isomorphisms:

W' (ls) = £ o'(1s)
~ f{U L R)
~ f! RHomy (U™, R)
~ RHomx(Lf*(U"), f\(R))
~ RHomx (L f*(U)", f'(R))
~Lf'(U) ®% f'(R).

The object a'(1g) being 7-dualizing, while L f*(U) is constructible and invertible,
we deduce from Proposition 4.4.6 that f'(R) is 7-dualizing as well. O

4.4.23 Assume that .7 is T-dualizable, Q-linear and separated.

Consider a scheme B in ., such that local duality holds over B in 7 — this
is the case if B admits wide resolution of singularities up to quotient singularities
according to the above Theorem. Consider a fixed regular B-scheme of finite type S,
as well as a constructible and ®-invertible object R in .77 (S) (in the case S is of pure
dimension d, it might be wise to consider R = 15(d)[2d], but an arbitrary R as above
is eligible by 4.4.22). Then, for any separated S-scheme of finite type f : X — S,
we define the local duality functor

Dy : 7(X)? — T(X)

by the formula
Dx(M) = RHomx (M, f'(R)).

This functor Dy is right adjoint to itself.

Corollary 4.4.24 Under the above assumptions, we have the following properties of
the motivic triangulated category 7 :

(a) For any separated S-scheme of finite type X, the functor Dx preserves con-
structible objects.
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(b) For any separated S-scheme of finite type X, the natural map
M — Dx(Dx(M))

is an isomorphism for any constructible object M in 7 (X).
(c) For any separated S-scheme of finite type X, and for any objects M and N in
T (X), if N is constructible, then we have a canonical isomorphism

Dx(M ®% Dx(N)) ~ RHomx(M,N).

(d) For any morphism between separated S-schemes of finite type f : Y — X, we
have natural isomorphisms
Dy(f*(M)) = f'(Dx (M)
FH(Dx(M)) = Dy (f'(M))
Dx(fi(N)) = f.(Dy(N))
filDy(N)) = Dx(f.(N))

for any constructible objects M and N in 7 (X) and 7 (Y) respectively.

This corollary sums up what must be called the Grothendieck duality property for
the motivic triangulated category .7 with respect to the set of twists 7.

Proof Assertions (a) and (b) are only stated for the record®®; see 4.2.25. To prove
(c), we see that we have an obvious isomorphism

Dx(M ®% P) ~ RHomx (M, Dx(P))

for any objects M and P. If N is constructible, we may replace P by Dx(N) and get
the expected formula using (b). The identification Dy f* ~ f' Dy is a special case
of the formula

RHomy (f*(A), f'(B)) = f' RHomx(A,B).

Therefore, we also get:

f*Dx =D} f*Dx = Dy f' D% = Dy f'.
The two other formulas of (d) follow by adjunction. O
Theorem 4.4.25 Assume that . consists of schemes of finite type over a field k.

We consider a v’-generated motivic triangulated category 7' over . as well as a
premotivic morphism

68 We have put to a lot of assumptions here: in fact, if .7 is 7-dualizable and if local duality holds
over B in .7, the six Grothendieck operations preserve constructible objects on the restriction of
7 to B-schemes of finite type; we leave this as a formal exercise for the reader.
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T — T
We suppose that the following properties hold:

(a) T is t-dualizable, Q-linear and separated;
(b) 7' is Q-linear and separated;
(b) the object 1{i} is rigid in 7 (k) for anyi € 1.

Then, the premotivic morphism
90* . z‘ . yi
commutes with the six operations.

Remark 4.4.26 Remark that, as a corollary, we obtain immediately, under the as-
sumptions of the theorem that .7 is ¢*(7)-dualizable and that the functor ¢* com-
mutes with the duality functors on 7 and .7, respectively obtained by applying the
above corollary in the case B = Spec (k).

Proof Given a morphism of finite type f : X — Spec(k), let us consider the
following property.

(*)¢ For any constructible object M in 7 (X), the natural exchange map

¢ fulM) — f. ¢"(M)
is invertible.

We will first prove the theorem assuming that property (*)s holds for any f.
Letu : X — Y be a k-morphism of finite type. We claim that the exchange map

" u(M) — u. ¢*(M)

is invertible for any 7-constructible object M of 7 (X).

It is sufficient to prove that, for any smooth separated k-morphism of finite type
g : T — X, any constructible object M in .7 (X) and any twist i in 7/, the natural
map

Hom 7(x)(gy(1r){i}. " u(M)) — Hom g (x)(g4(1r){i}, urg"(M))

is bijective. Consider the following commutative diagram of morphisms of schemes:

v
‘|
X

NN
Q

|

a b
Spec (k)

in which the square is cartesian. Recall that the functor v, preserves constructible
objects by virtue of Theorem 4.2.16. Then we conclude by the computations below:
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Hom 7(y)(g4(1r){i}, ¢" u(M)) = Hom g(r)(17{i},g" ¢* u.(M))
= Hom z/)(17{i},¢" 9" u.(M))
= Hom 7+ (g"b"(Li){i}, " 9" u.(M))
= Hom z+7)(9"b" (L ){i}, " v K" (M)
= Hom g (1x{i}, (bg)« ¢" v h*(M))
= Hom z(t)(1i{i}, ¢* (bg)s va K" (M) (bY (%)bg)
= Hom z()(Lx{i}, (bgv). ¢ h*(M)) ~ (by (*)bgo)
= Hom z+(t)(Li{i}, (bg)« 9" ux 9" (M)
= Hom (y)(gy (17 ){i}, u. ¢"(M))

From there, we see that, for any k-scheme of finite type X and any 7-constructible
objects M and N of 7 (X), the natural map

¢"(Homx(M,N)) — Homx(¢"(M),¢"(N))

is invertible in .7’(X). For this, we may assume that M = fy(1y{i}) for a smooth
morphism of finite type f : ¥ — X and a twist i, in which case we have

¢ (Homx(M,N)) = ¢" f. f*(N) = f. f* ¢"(N) = Homx (¢"(M), ¢"(N)).

It remains to prove that for any separated k-morphism f : X — Y of finite type and
any constructible object N in .7 (X), the exchange map:

¢ fIIN) — fg"(N)

is an isomorphism. It is easy to see that this property is local for the Zariski topology,
both on X and on Y, so that we may assume that the morphism f is affine. Therefore,
it is sufficient to consider the situation where f i either a closed immersion or a
separated smooth map. In the smooth case, as the functor f is of the form f*(d)[2d],
this is obvious. If f =i is a closed immersion with open complement j, as we already
know that ¢* commutes with u, for any morphism u, this property follows straight
away from the localization distinguished triangles

N -
Wi —1—j.j — .

It remains to prove property (*); for any morphism f of finite type.
We claim it is sufficient to prove that, for any k-scheme of finite type X with
structural morphism f, the following property holds:

(#%)x For any twist i € 1, the natural exchange map

¢ f(Ix{i}) — fo @ (Ix{i})

is invertible.
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Indeed, by virtue of Theorem 4.2.13, we may assume that M = w.(1w{i}) for w :
W — X a projective k-morphism, and i € 7. As the exchange map ¢* w., — w, ¢*
is invertible (Proposition 2.4.53), we see that we may assume that M = 1x{i} for
some twist i.

Let us prove property (xx*)x in the case X is in addition smooth over k. As ¢* is
monoidal, for any rigid object M of .7 (k), we get the identification:

(M) = ¢*(M)".

On the other hand, according to assumption (b), the object fy(1x) is rigid in 7 (k)
as well as in .77’(k) (because the functor ¢* is symmetric monoidal and commutes
with the operations of the form fy for f smooth). Thus we get:

f(Lx{i}) = Homi(fy(1x), Le{i}) = fy(Lx)*{i}.

Then property (x*)x readily follows.

We finally prove property (xx)x for any algebraic k-scheme X. We will proceed
by induction on the dimension of X.

In case dim(X) < 0, the result is obvious. Let us assume dim(X) > 0. According
to the localization property, we can assume that X is reduced. Let k be an inseparable
closure of k and X = X ®; k. According to De Jong theorem applied to X (see Th.
4.1.10 for § = Spec (k)), there exists a Galois alteration X’ — X of group G such
that X’ is smooth over k.

We can assume that such a smooth alteration exists over a finite inseparable
extension field E/k. Because 7 (resp. .7’) is Q-linear and separated, the base
change functor 7* associated with the finite morphism n : Spec (E) — Spec (k)
and relative to the premotivic category .7 (resp. .7’) is an equivalence of categories
(see Proposition 2.1.9). Thus we can replace k by E and assume that there exists a
Galois alteration p : X’ — X of group G such that X’ is a smooth k-scheme. Using
the localization property, we can assume X is reduced. Then there exists a nowhere
dense closed subscheme v : Z — X such that U = X — Z is regular (thus normal)
and the induced map p|y : p~}(U) — U is finite. Thus we can apply Theorem 4.4.1
to the cartesian square:

Vv

7 —— X
7z—r X

and we get the distinguished triangle in .7 (X) (thus in Z’(X) as well, as the functor

*

¢" is monoidal and commutes with the operations of the form u, for any proper
morphism u) of the form:

Lx{i} — p(Ix i) & v(12{i}) — (vg).(1z{i})° ——

for any twist i. If we consider the triangles in .7 (k) and .7’(k) obtained by applying
the functor f., where f is the structural morphism of X /k, we deduce that property
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(#x)x follows from properties (##)x-, (#%)z, (*%)z . Thus we can conclude applying
either the case of a smooth k-scheme treated above or the induction hypothesis as
dim(Z) = dim(Z’) < dim(X). O
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5 Fibred derived categories

5.0.1 In this entire section, we fix a full subcategory . of the category of noetherian
-schemes satisfying the following properties:

(a) .7 is closed under finite sums and pullback along morphisms of finite type.
(b) For any scheme S in ., any quasi-projective S-scheme belongs to ..

We fix an admissible class of morphisms & of .. All our &-premotivic cat-
egories (cf. definition 1.4.2) are defined over .. Moreover, for any abelian £2-
premotivic category 7 in this section, we assume the following:

(c) &/ is a Grothendieck abelian &-premotivic category (see definition 1.3.8 and
the recall below).

(d) o7 is given with a generating set of twists 7. We sometimes refer to it as the
twists of < .

(e) We will denote by Ms(X, <), or simply by Mg(X), the geometric section over
a P-scheme X/S.

Without precision, any scheme will be assumed to be an object of .7
In section 5.2, except possibly for 5.2.a, we assume further:

(f) &2 contains the class of smooth morphisms of finite type.

5.0.2 We will sometimes refer to the canonical dg-structure of the category of
complexes C(«7) over an abelian category 7. Recall that to any complexes K and L
over &/, we associate a complex of abelian groups Hom?, (K, L) whose component
in degree n € Z is

l_[ Hom , (K?, LP*™)
peZ

and whose differential in degree n € Z is defined by the formula:

(fp)pEZ = (dL o fp - (_1)n~fp+1 o dK))pET

In other words, this is the image of the bicomplex Hom ./ (K, L) by the Tot-product
functor which we denote by Tot™. Of course, the associated homotopy category is
the category K(27) of complexes up to chain homotopy equivalence.

5.1 From abelian premotives to triangulated premotives

5.1.a Abelian premotives: recall and examples

Consider an abelian &?-premotivic category .2/ According to the convention of
5.0.1, for any scheme S, <7 is a Grothendieck abelian closed symmetric monoidal
category. Moreover, if 7 denotes the twists of <7, the essentially small family
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(Ms(OAY) xeos.ier
is a family of generators of <7 in the sense of [Gro57].

Example 5.1.1 Consider a fixed ring A. Let PSh(Z/S,A) be the category of A-
presheaves (i.e. presheaves of A-modules) on &/S. For any &?-scheme X/S, we
let As(X) be the free A-presheaf on &?/S represented by X. Then PSh(£2/S,A)
is a Grothendieck abelian category generated by the essentially small family
(As(X)) x e go/s-

There is a unique symmetric closed monoidal structure on PSh(£?/S, A) such
that

As(X) ®s As(Y) = As(X Xg ).

Finally the existence of functors f*, f. and, in the case when f is a 4-morphism,

of fy, follows from general sheaf theory (cf. [AGV73]).
Thus, PSh(Z, A) defines an abelian &7-premotivic category.

5.1.2 Consider an abstract abelian &Z-premotivic category 7. To any premotive M
of of5, we can associate a presheaf of abelian groups

X — Hom . (Ms(X), M)

which we denote by y.(M).
This defines a functor y. : /s — PSh(£2/S,Z). It admits the following left adjoint:

Y 1 PSW(P[S.T) — s, Fi— lim Ms(X, o)
X/F

where the colimit runs over the category of representable presheaves over F.
It is now easy to check we have defined a morphism of (complete) abelian &-
premotivic categories:

(5.1.2.1) v :PSh(P,Z) = & : ..

Moreover PSh(Z2,Z) appears as the initial abelian &7-premotivic category.
Remark that the functor vy, : @7g — PSh(Z?/S,Z) is conservative if the set of
twists 7 of & is trivial.

Definition 5.1.3 A &7-admissible topology # is a Grothendieck pretopology 7 on the
category ., such that any ¢-covering family consists of &2-morphisms.

Note that, for any scheme S in ., such a topology ¢ induces a pretopology on
/8§ (which we denote by the same letter). For any morphism (resp. &?-morphism)
f: T — S, the functor f* (resp. fy) preserves ¢-covering families.

As & is fixed in all this section, we will simply say admissible for &7-admissible.

Example 5.1.4 Let t be an admissible topology. We denote by Sh;(Z/S,A) the
category of z-sheaves of A-modules on &7/S. Given a &-scheme X/S, we let
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AG(X) be the free A-linear t-sheaf represented by X. Then, Sh,(Z£?/S,A) is an
abelian Grothendieck category with generators (Ag X)) xez)s-

As in the preceding example, the category Sh,(<?/S,A) admits a unique closed
symmetric monoidal structure such that AL(X) ®s AL(Y) = AG(X Xs Y). Finally,
for any morphism f : T — S of schemes, the existence of functors f*, f. (resp. fy
when f is a &-morphism) follows from the general theory of sheaves (see again
[AGV73]: according to our assumption on ¢ and [AGV73, III, 1.6], the functors
f 2 PIS— PITand fy : P|T — Z/S (for f in &) are continuous).

Thus, Sh; (£, A) defines an abelian &?-premotivic category (with trivial set of
twists).

The associated #-sheaf functor induces a morphism

(5.1.4.1) a; : PSh(Z,A) = Sh,(Z,A) : a...

Remark 5.1.5 Recall the abelian category Sh,(£?/S,Z) is a localization of the cat-
egory PSh(S,Z) in the sense of Gabriel-Zisman. In particular, given an abstract
abelian &-premotivic category 7, the canonical morphism

v :PSW(ZL/S,Z) = s : .
induces a unique morphism
Sh (2/S,1) = s

if and only if for any presheaf of abelian groups F on &?/S such that a,(F) = F; = 0,
one has y*(F) = 0.

We leave to the reader the exercise which consists of formulating the universal
property of the abelian &2-premotivic category Sh, (2, Z).%°

5.1.b The ¢-descent model category structure

5.1.6 Consider an abelian &Z-premotivic category 7 with set of twists 7.

We let C(«7) be the &-fibred abelian category over . whose fibers over a
scheme S is the category C(27s) of (unbounded) complexes in 7. For any scheme
S, we let 15 : ofs — C(fs) the embedding which sends an object of <7 to the
corresponding complex concentrated in degree zero.

If & is T-twisted, then the category C(7) is obviously (Z X 7)-twisted. The
following lemma is straightforward:

Lemma 5.1.7 With the notations above, there is a unique structure of abelian &-
premotivic category on C(<f) such that the functor v : o — C() is a morphism
of abelian &-premotivic categories.

69 We will formulate a derived version in the paragraph on descent properties for derived premotives
(¢f: 5.2.9).
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5.1.8 For a scheme S, let (22/S)! be the category introduced in 3.2.1. The functor
Mg(—) can be extended to (2 /S)! by associating to a family (X;);c; of &-schemes

over S the premotive
@ Ms(X;).
iel
If 2 is a simplicial object of (22 /S)!, we denote by Ms(2") the complex associated

with the simplicial object of .5 obtained by applying degreewise the above extension
of M. S(_)-

Definition 5.1.9 Let .o/ be an abelian &2-premotivic category and ¢ be an admissible
topology.
Let S be a scheme and C be an object of C(.e7s):

1. The complex C is said to be local (with respect to the geometric section) if, for
any &-scheme X /S and any pair (n,i) € Z X 7, the canonical morphism

Homg (o) (Ms(X){i}[n], C) — Homp(er)(Ms(X){i}[n].C)

is an isomorphism.
2. The complex C is said to be t-flasque if for any #-hypercover 2 — X in &2/S,
for any (n,i) € Z X 7, the canonical morphism

Homg (o) (Ms(X){i}[n], C) — Homg(u)(Ms(Z Ni}[n],C)

is an isomorphism.

We say the abelian &-premotivic category 7 satisfies cohomological t-descent if
for any z-hypercover 2" — X of a #-scheme X/S, and for any i € 7, the map

Ms(2){i} — Ms(X){i}

is a quasi-isomorphism (or equivalently, if any local complex is ¢-flasque).
We say that <7 is compatible with t if <7 satisfies cohomological z-descent, and
if, for any scheme S, any ¢-flasque complex of <75 is local.

Example 5.1.10 Consider the notations of 5.1.4.
Consider the canonical dg-structure on C(Sh,(£?/S, A)) (see 5.1.1). By definition,
for any complexes D and C of sheaves, we get an equality:

Homgsn,(2/s,a)(D,C) = H O(Homéht( 15.0)D-C))
= H°(Tot™ Homgp,(/s,4)(D, C)).

In the case where D = AG(X) (resp. D = AG(Z)) for a &-scheme X/S (resp. a
simplicial &7-scheme over S) we obtain the following identification:

Homp s, 2/s,a)(A5(X),C) = HY(C(X)).
(resp. Homg sh,(#/s,a)(A5(2),C) = H(Tot™ C(Z))).
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Thus, we get the following equivalences:

C is local & for any &?-scheme X/S, H'(X,C) ~ H"(C(X)).
C is t-flasque < for any #-hypercover 2" — X, H*(C(X)) ~ H"(Tot™ C(Z")).

According to the computation of cohomology with hypercovers (cf. [Bro74]), if
the complex C is t-flasque, it is local. In other words, we have the expected property
that the abelian &-premotivic category Sh, (7, A) is compatible with 7.

5.1.11 Consider an abelian &7-premotivic category .2/ and an admissible topology
t.

Fix a base scheme S. A morphism p : C — D of complexes on o7 is called a
t-fibration if its kernel is a z-flasque complex and if for any &?-scheme X/S, any
i € T and any integer n € Z, the map of abelian groups

Hom g (Ms(X){i}, C") — Hom g (Ms(X){i}, D")

is surjective.

For any object A of <75, we let S"A (resp. D" A) be the complex with only one
non-trivial term (resp. two non-trivial terms) equal to A in degree n (resp. in degree
n and n + 1, with the identity as only non-trivial differential). We define the class of
cofibrations as the smallest class of morphisms of C(.27) which:

1. contains the map S"*! Mg(X){i} — D"Ms(X){i} for any Z?-scheme X/S, any
i € 7, and any integer n;
2. is stable by pushout, transfinite composition and retract.

A complex C is said to be cofibrant if the canonical map 0 — C is a cofibration.
For instance, for any £?-scheme X /S and any i € 7, the complex Ms(X){i}[n] is
cofibrant.

Let Y5 be the essentially small family made of premotives Mg(X){i} for a &-
scheme X /S and a twist i € 7, and 7% be the family of complexes of the form
Cone(Ms(Z ){i} — Ms(X){i}) for any z-hypercover 2~ — X and any twisti € 7.
By the very definition, as 7 is compatible with ¢ (definition 5.1.9), (¥s,.743) is a
descent structure on <75 in the sense of [CDoo, def. 2.2]. Moreover, it is weakly flat
in the sense of [CDog, par. 3.1]. Thus the following proposition is a particular case
of [CDog, theorem 2.5, proposition 3.2, and corollary 5.5]:

Proposition 5.1.12 Let </ be an abelian &-premotivic category, which we as-
sume to be compatible with an admissible topology t. Then for any scheme S, the
category C(gfs) with the preceding definition of fibrations and cofibrations, with
quasi-isomorphisms as weak equivalences is a proper symmetric monoidal model
category.

5.1.13 We will call this model structure on C(<Zs) the t-descent model category
structure (over S). Note that, for any &?-scheme X /S and any twist i € 7, the
complex Ms(X){i} concentrated in degree O is cofibrant by definition, as well as any
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of its suspensions and twists. They form a family of generators for the triangulated
category D(Ag).

Observe also that the fibrant objects for the t-descent model category structure are
exactly the 7-flasque complexes in .27s. Moreover, essentially by definition, a complex
of 275 is local if and only if it is 7-flasque (see [CDog, 2.5]).

5.1.14 Consider again the notations and hypothesis of 5.1.11.
Consider a morphism of schemes f : T — S. Then the functor

I* C(dls) — C(ar)

sends ¥s in ¥, and S5 in ¢ because the topology ¢ is admissible. This means
it satisfies descent according to the definition of [CDog, 2.4]. Applying theorem
2.14 of op. cit., the functor f* preserves cofibrations and trivial cofibrations, i.e. the
pair of functors (f*, f.) is a Quillen adjunction with respect to the 7-descent model
category structures.

Assume that f is a &Z-morphism. Then, similarly, the functor

Jy : Clarr) — C(s)

sends ¥s (resp. J5) in ¥r (resp. #7) so that Jfy also satisfies descent in the sense
of op. cit. Therefore, it preserves cofibrations and trivial cofibrations, and the pair
of adjoint functors (f4, *) is a Quillen adjunction for the z-descent model category
structures.

In other words, we have obtained the following result.

Corollary 5.1.15 Let o/ be an abelian &-premotivic category compatible with an
admissible topology t. The &P-fibred category C(<f) with the t-descent model cate-
gory structure defined in 5.1.12 is a symmetric monoidal P-fibred model category.
Moreover, it is stable, proper and combinatorial.

5.1.16 Recall the following consequences of this corollary (see also 1.3.23 for the
general theory). Consider a morphism f : T — S of schemes. Then the pair of
adjoint functors (f*, f.) admits total left/right derived functors

Lf*: D(#s) = D(aT) : Rf..

More precisely, f. (resp. f*) preserves t-local (resp. cofibrant) complexes. For any
complex K on @7, Rf.(K) = fi(K’) (resp. Lf*(K) = f*(K”)) where K’ — K
(resp. K — K"’) is a t-local (resp. cofibrant) resolution of K.7°
When f is a &-morphism, the functor f* is even exact and thus preserves quasi-
isomorphisms. This implies that L f* = f*. The functor f; admits a total left derived
functor
Lfy : D(e) = D(c) : Rf*

70 Recall also that fibrant/cofibrant resolutions can be made functorially, because our model cate-
gories are cofibrantly generated, so that the left or right derived functors are in fact defined at the
level of complexes.
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defined by the formula Lf(K) = f4(K") for a complex K on 2/ and a cofibrant
resolution K — K.

Note also that the tensor product (resp. internal Hom) of C(«7s) admits a total
left derived functor (resp. total right derived functor). For any complexes K and L
on s, this derived functors are defined by the formula:

K®tL=K"®sL"
RHoms(K,L) = Homg(K"',L")

where K — K’ and L — L” are cofibrant resolutions and L’ — L is a t-local
resolution.

It is now easy to check that these functors define a triangulated &?-premotivic
category D(&7), which is 7-generated according to 5.1.13.

Definition 5.1.17 Let .o/ be an abelian &?-premotivic category compatible with an
admissible topology t.

The triangulated &2-premotivic category D(.2¢) defined above is called the derived
P -premotivic category associated with o7.7!

The geometric section of a &-scheme X/S in the category D(%7) is the complex
concentrated in degree 0 equal to the object Mg(X). The triangulated &?-fibred
category is T-generated and well generated in the sense of 1.3.15. Recall this means
that D(.e7s) is equal to the localizing7? subcategory generated by the family

(5.1.17.1) {Ms(X){i}; X/S &-scheme,i € 7}.

Example 5.1.18 Given any admissible topology #, the abelian &Z-premotivic category
Sh; (£, A) introduced in example 5.1.4 is compatible with ¢ (¢f. 5.1.10) and defines
the derived &2-premotivic category D(Sh, (2, A)).

Remark also that the abelian &2-premotivic category PSh(£2, A) introduced in
example 5.1.1 is compatible with the coarse topology and gives the derived &-
premotivic category D(PSh(Z, A)).

Remark 5.1.19 Recall from 5.0.2 there exists a canonical dg-structure on C(a7).
Then we can define a derived dg-structure by defining for any complexes K and L
of 275, the complex of morphisms:

R Hom g, (K, L) = Hom?, (Q(K), R(L))

where R and Q are respectively some fibrant and cofibrant (functorial) resolutions
for the r-descent model structure. The homotopy category associated with this new
dg-structure on C(27s) is the derived category D(.27s). Moreover, for any morphism
(resp. &-morphism) of schemes f, the pair (Lf*,Rf.) (resp. (Lfy, f*)) is a dg-
adjunction. The same is true for the pair of bifunctors (®g, RHomy).

71 Indeed remark that D(.«7) does not depend on the topology 7.
72 i.e. triangulated and stable by sums.
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5.1.20 Consider an abelian &Z-premotivic category </ compatible with a topology
t. According to section 3.1.b, the 2-functor D(%?) can be extended to the category of
.-diagrams: to any diagram of schemes 2" : I — . indexed by a small category
I, we can associate a closed symmetric monoidal triangulated category D(</)(Z", )
which coincides with D(#7)(X) when I = e, 2" = X for a scheme X.

Let us be more specific. The fibred category <7 admits an extension to .7-
diagrams: a section of o7 over a diagram of schemes 2" : I — ., indexed by a
small category 1, is the following data:

1. A family (A;);er such that A; is an object of .o, .

2. A family (a, )y erir) such that for any arrow u : i — jin I, a, : u*(A;) — A;
is a morphism in 2%, and this family of morphisms satisfies a cocyle condition
(see paragraph 3.1.1).

Then, D(&/)(Z,1) is the derived category of the abelian category /(% ,1). In
particular, objects of D(<7)(Z",I) are complexes of sections of .2/ over (2, 1) (or,
what amount to the same thing, families of complexes (K;);e; with transition maps
(ay) as above, relative to the fibred category C()).

Recall that a morphism of .’-diagrams ¢ : (Z°,1) — (#/,J) is given by a functor
f : I — J and a natural transformation ¢ : 2~ — % o f. We say that ¢ is a &-
morphism if for any i € I, ¢; : Z; — %};) is a &-morphism. For any morphism
(resp. &Z-morphism) ¢, we have defined in 3.1.3 adjunctions of (abelian) categories:

o AW, D)= A (X,]): .
resp. @y : A (2 1) = A (Y, J): ¢"

which extends the adjunctions we had on trivial diagrams.
According to Proposition 3.1.11, these respective adjunctions admits left/right
derived functors as follows:

(5.1.20.1) Lo : D(INY,J) == D)L ,I): Re.
(5.1.20.2) resp. Loy : D( )2, 1) = D(F)Z,J) : Ly = ¢"

Again, these adjunctions coincide on trivial diagrams with the map we already had.
Note also that the symmetric closed monoidal structure on C(</ (2", 1)) can be
derived and induces a symmetric monoidal structure on D(27)(Z", I) (see Proposition
3.1.24).73
Recall from 3.2.5 and 3.2.7 that, given a topology ¢’ (not necessarily admissible)
over .7, we say that D(.27) satisfies #’-descent if for any ¢’-hypercover p : 2~ — X
(here 2" is considered as a .’-diagram), the functor

(5.1.20.3) Lp* : D(#)X) — D(&)Z)

is fully faithful (see Corollary 3.2.7).

73 In fact, D(¢/) is then a monoidal Z,,+-fibred category over the category of .”-diagrams (remark
3.1.21).



5 Fibred derived categories 175

Proposition 5.1.21 Consider the notations and hypothesis introduced above. Let t’
be an admissible topology on .. Then the following conditions are equivalent:

(i) D() satisfies t’-descent, in the sense recalled above.
(ii) of satisfies cohomological t’-descent.

Proof We prove (i) implies (ii). Consider a ¢’-hypercover p : 2" — X in &/S.
This is a &Z-morphism. Thus, by the fully faithfulness of (5.1.20.3), the counit map
Lpyp* — 1 is an isomorphism. By applying the latter to the unit object 1y of
D(a7x), we thus obtain that

Mx(2') — 1x

is an isomorphism in D(@x). If 7 : X — § is the structural &?-morphism, by
applying the functor Ly to this isomorphism, we obtain that

Ms(Z') — Ms(X)

is an isomorphism in D(.e75) and this concludes.

Reciprocally, to prove (i), we can restrict to ¢t’-hypercovers p : 2~ — X which
are &-morphisms because ¢’ is admissible. Because Rp* = p* admits a left adjoint
Lpy, we have to prove that the counit

Lpyp — 1

is an isomorphism. This is a natural transformation between triangulated functors
which commutes with small sums. Thus, according to (5.1.17.1), we have only to
check this is an isomorphism when evaluated at a complex of the form Mx (Y){i} for
a #-scheme Y /X and a twist i € 7. But the resulting morphism is then Mx(Z" Xx
Y){i} — Mx(Y){i} and we can conclude because 2" xx Y — Y is a t’-hypercover
in /8§ (again because t’ is admissible). [l

5.1.22 . Consider the situation of 5.1.20 Let S be a scheme. An interesting particular
case is given for constant .#’-diagrams over S; for a small category I, we let I be
the constant .’-diagram I — .%,i — S,u — 1g. Then the adjunctions (5.1.20.1)
for this kind of diagrams define a Grothendieck derivator

I+— D()(Is).

Recall that, if f : I — e is the canonical functor to the terminal category and
¢ = fx : Ix — X the corresponding morphism of .%’-diagrams, for any /-diagram
K. = (K;);eq of complexes over <7, we get right derived limits and left derived
colimits:

Ry.(K.) = RlimK;.
iel
Lgy(K.) = Llim K.

i€l
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5.1.23 The associated derived Z2-premotivic category is functorial in the following
sense.
Consider an adjunction
oA =By

of abelian &2-premotivic categories. Let 7 (resp. 7’) be the set of twists of .o (resp.
%), and recall that ¢ induces a morphism of monoid 7 — 7’ still denoted by ¢.
Consider two topologies ¢ and ¢’ such that ¢’ is finer than ¢. Suppose <7 (resp. )
is compatible with ¢ (resp. ¢’) and let (%S“Z{ , %ﬂsﬂ ) (resp. (%S%‘ , %‘g@ )) be the descent
structure on <75 (resp. As) defined in 5.1.11.

For any scheme S, consider the evident extensions

ps : Clels) = C(Bs) : Ys

of the above adjoint functors to complexes. Recall that for any 4?-scheme X /S and
any twist i € 7, ps(Ms(X, /){i}) = Ms(X, B){¢(i)} by definition. Thus, ¢g sends
%Sﬂ to %S‘Q{. Because ¢’ is finer than 7, it sends also %?y to g%‘g% . In other words, it
satisfies descent in the sense of [CDog, par. 2.4] so that the pair (¢s,¥s) is a Quillen
adjunction with respect to the respective ¢-descent and #’-descent model structure on
C(gfs) and C(ABs).

Considering the derived functors, it is now easy to check we have obtained a
&-premotivic adjunction’

Ly : D(&/) = D(%) : Ry.

Example 5.1.24 Let t be an admissible topology. Consider an abelian &?-premotivic
category ./ compatible with ¢. Then the morphism of abelian &2-premotivic cate-
gories (5.1.2.1) induces a morphism of triangulated &7-premotivic categories:

(5.1.24.1) Ly* : D(PSh(£,Z)) = D(#) : Ry,

Similarly, the morphism (5.1.4.1) induces a morphism of triangulated &?-premotivic
categories

(5.1.24.2) a; : D(PSh(Z,A)) = D(Sh;(Z,A)) : Ray ..
Note that af = La; on objects, because the functor a; is exact.

Example 5.1.25 Consider an admissible topology . Let ¢ : A — A’ be a morphism
of rings. For any scheme S, it induces a pair of adjoint functors:

74 Remark also that this adjunction extends on .’-diagrams considering the situation described in
5.1.20: for any diagram 2" : I — ., we get an adjunction

Log : D) (2) == D(BNZ) : Ry

and this defines a morphism of triangulated monoidal & .,,+-fibred categories over the .#’-diagrams
(cf. Proposition 3.1.32).
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(5.1.25.1) ¢ 1 Shy(Ps,A) == Sh,(Ps,N) : .

such that ¢* (resp. ¢.) is induced by the obvious extension (resp. restriction) of
scalars functor. By definition, for any £Z-scheme X/S, the functor ¢* sends the
representable sheaf of A-modules Ag(X ) to the representable sheaf of A’-modules
AZ(X). Thus (¢*,¢.) defines an adjunction of abelian &?-premotivic categories.
Applying the results of Paragraph 5.1.23, one deduces a &7-premotivic adjunction:

Lo : D(Sh,(22,A)) == D(Sh,(2,A")) : Re..
The functor ¢, is exact so that Ry, = ¢,. Similarly when A’/A is flat, Ly* = ¢*.

The following result can be used to check the compatibility to a given admissible
topology:

Proposition 5.1.26 Lett be an admissible topology. Consider a morphism of abelian
P -premotivic categories

p:d =By
such that:

(a) For any scheme S, s is exact.
(b) The morphism ¢ induces an isomorphism of the underlying set of twists of <
and A.

According to the last property, we identify the set of twists of </ and 9B to a monoid
T in such a way that ¢ acts on T by the identity.
Assume that <f is compatible with t. Then the following conditions are equivalent:

(i) $ is compatible with t.
(ii) P satisfies cohomological t-descent,

Proof The fact (i) implies (ii) is clear from the definition, and we prove the converse
using the following lemma:

Lemma 5.1.27 Consider a morphism of &?-premotivic abelian categories
o =By

satisfying conditions (a) and (b) of the above proposition and a base scheme S.
Given a simplicial scheme 2 which is degree-wise a sum of &?-schemes over S,
a twisti € T and a complex C over Bs, we denote by

€ai,c : Homegg) (Ms(27, B){i}, C) — Homqywy) (Ms(27, )i} ys(0))

the adjunction isomorphism obtained for the adjoint pair (ps,¥s).
Then there exists a unique isomorphism eé&”,i, ¢ making the following diagram com-
mutative:
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Homqy ) (Ms(2, B){i}, C) ——" s Hom(urs) (Ms( 2, ) {i}. s (C))

J 6, |

Homk ) (Ms(2, B){i}, C) —==“— Homg .zg) (Ms(Z,){i},ws(C)).

Assume moreover that A satisfies cohomological t-descent.
Then there exists an isomorphism €, . ~ making the following diagram commutative:

(5.1.27.1)

’

Hom () (Ms(2, B){i},C) _fwic | Hom () (Ms(2,.27){i},5(C))

2 o
”%,f,CJ J”ﬁ(‘,i,c
”

Hompay) (Ms(2", 8){i},C) SREZIN Hompug) (Ms(2, )i}, ys(C)),

where 1 Z.ic and i o.i.care induced by the obvious localization functors. U

The existence and unicity of isomorphism e% ¢ follows from the fact that the
functors ¢g and s are additive. Indeed, this 1mplles that the isomorphism €2 ; ¢ is
compatible with chain homotopies.

Consider the injective model structure on C(«%) and C(%s) (see for example
[CDoog, 1.2] for the definition). We first treat the case when C is fibrant for this
model structure on C(As). Because the premotive Mg(Z", #){i} is cofibrant for
the injective model structure, we obtain that the canonical map ﬂg,i’ ¢ is an iso-
morphism. This implies there exists a unique map e‘g/,’l.’ ¢ making diagram (5.1.27.1)
commutative. On the other hand, the isomorphism 6"%’1.’ ¢ obtained previously is ob-
viously functorial in 2. Thus, because 4 satisfies z-descent, we obtain that y/s(C) is
t-flasque. Because o7 is compatible with #, this implies /5(C) is t-local, and because
Mg (2, 2){i} is cofibrant for the 7-descent model structure on C(Zs), this implies
”g”,i,c is an isomorphism. Thus finally, G%,i,c is an isomorphism as required.

To treat the general case, we consider a fibrant resolution C — D for the injective
model structure on C(As). Because s is exact, it preserves isomorphisms. Using
the previous case, We define e%.’i’ ¢ by the following commutative diagram:

”

Hompzg) (Ms(2, #){i},C) _Tmie | Homp.g) (Ms(2,.27){i},s(C))

| |

Hompsg) (Ms(2, B){i}, D) ——"2— Hompuy) (Ms(2', )i}, ¥s(D)).

The required property for €7 , ~ then follows easily and the lemma is proved.

To finish the proof that (ii) implies (i), we note the lemma immediately implies,
under (ii), that the following two conditions are equivalent:

* C is t-flasque (resp. local) in C(ZAs);
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* Ys(C) is t-flasque (resp. local) in C(o7s).
This concludes. O

5.1.c Constructible premotivic complexes

Definition 5.1.28 Let 7 be an abelian &?-premotivic category compatible with an
admissible topology ¢. We will say that ¢ is bounded in <7 if for any scheme S, there
exists an essentially small family .4’ of bounded complexes which are direct factors
of finite sums of objects of type Ms(X){i} in each degree, such that, for any complex
C of 7, the following conditions are equivalent.

(i) C is t-flasque.
(ii) For any H in ‘/Vst , the abelian group Homg . )(H, C) vanishes.

In this case, we say the family Jl/S’ is a bounded generating family for t-hyperco-
verings in <.

Example 5.1.29 1. Assume & contains the open immersions so that the Zariski
topology is admissible. Let M Vs to be the family of complexes of the form

Tet]s

As(U N V) 25 Ag(U) @ As(V) 2225 Ag(x)

for any open cover X = U UV, where i,j,k,/ denotes the obvious open immer-
sions. It follows then from [BG73] that M Vs is a bounded generating family of
Zariski hypercovers in Shz,,.(Z2/S, A).

2. Assume & contains the étale morphisms so that the Nisnevich topology is
admissible. We let BGs be the family of complexes of the form

Gu—ls ot fr
AsW) L5 As(U) @ As(V) 225 As(x)

for a Nisnevich distinguished square in . (cf. 2.1.11)

w-v

gljlf

U—X.

Then, by applying 3.3.2, we see that BGs is a bounded generating family for
Nisnevich hypercovers in Sh ;s (Z/S, A).

3. Assume that &2 = .#/" is the class of morphisms of finite type in .. We let
PCDHg be the family of complexes of the form

e —Ky i+ f
As(T) 275 Ag(Z) @ As(Y) L As(X)

for a cdh-distinguished square in . (¢f. 2.1.11)
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Then, by virtue of 3.3.8, CDHs = BGs U PCDHs is a bounded generating
family for cdh-hypercovers in Sheap, (771 /S, A).

4. The étale topology is not bounded in Shg:(Sm,A) for an arbitrary ring A.
However, if A = Q, it is bounded: by virtue of Theorem 3.3.23, a bounded
generating family for étale hypercovers in She.(Sm,Q)g is the union of the
class BGg and that of complexes of the form Qgs(Y)g — Qs(X) for any Galois
cover Y — X of group G.

5. As in the case of the étale topology, the ¢fh-topology is not bounded in general,
but it is so with rational coefficients. Let PQF Hg be the family of complexes of
the form

Qs(Ne 275 Qs(2) @ Qs (V)6 —L Qs(X)

for a gfh-distinguished square of group G in . (cf. 3.3.15)

k
—_—

T Y

o s

Z—X
Then, by virtue of Theorem 3.3.25, QFHs = PQFHs U BGg is a bounded
generating family for gfh-hypercovers in Shyy, (Yf '/5.Q).

6. Similarly, by Theorem 3.3.30, Hs = CDHs U QF Hg is a bounded generating
family for h-hypercovers in Shy, (#/1/S,Q).

Proposition 5.1.30 Let o/ be an abelian &2-premotivic category compatible with
an admissible topology t. We make the following assumptions:

(a) t is bounded in < ;
(b) for any -morphism X — S and any n € 1, the functor Hom o, (Ms(X){n},—)
preserves filtered colimits.

Then t-local complexes are stable by filtering colimits.

Proof Let /¢ is a bounded generating family for ¢-hypercovers in /5. Then a
complex C of o7 is t-flasque if and only if for any H € JI@’, the abelian group
Homg .z (H, C) is trivial. Hence it is sufficient to prove that the functor

C — Homg(u)(H,C)

preserves filtering colimits of complexes. This will follow from the fact that the
functor
C — Homc ) (H,C)

preserves filtering colimits. As H a is bounded complex that is degreewise compact,
this latter property is obvious. (]
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5.1.31 Consider an abelian &?-premotivic category .« compatible with an admissi-
ble topology ¢, with generating set of twists 7. Assume that 7 is bounded in </ and
consider a bounded generating family .4/ for -hypercovers in .<7s.

Let M(Z/S, <) be the full subcategory of .25 spanned by direct factors of finite
sums of premotives of shape Mg(X){i} for a #?-scheme X /S and a twisti € 7. This
category is additive and we can associate with it its category of complexes up to
chain homotopy. We get an obvious triangulated functor

(5.1.31.1) KP (M(2/S, <)) — D(os).
Then the previous functor induces a triangulated functor
K" (M(2]8, 7)) | N — D(efs)

where the left hand side stands for the Verdier quotient of K? (M(2]S, <)) by the
thick subcategory generated by JI@’.

The category K? (M(2 /S, o))/ ¢ may not be pseudo-abelian while the aim of
the previous functor is. Thus we can consider its pseudo-abelian envelope and the
induced functor

(5.1.31.2) (Kb(M(@/S,mf)) /</V,;)h — D(H).

According to Definition 1.4.9, the image of this functor is the subcategory of 7-
constructible premotives of the triangulated &?-premotivic category D(.<s). Then
the following proposition is a corollary of [CDog, theorem 6.2]:

Proposition 5.1.32 Consider the hypothesis and notations above.
If & is finitely T-presented then D() is compactly T-generated. Moreover, the
Sfunctor (5.1.31.2) is fully faithful.

Let us denote by D. (&) the subcategory of D(<?) made of t-constructible
premotives in the sense of Definition 1.4.9. Taking into account Proposition 1.4.11,
the previous proposition admits the following corollary:

Corollary 5.1.33 Consider the situation of 5.1.31, and assume that </ is finitely 7-
presented. For any premotive A in D(<s), the following conditions are equivalent:

(i) A is compact.
(ii) M is T-constructible.

Moreover, the functor (5.1.31.2) induces an equivalence of categories:
b
(K*(M(2/5,9) /.4 ) — De(ks).

Example 5.1.34 According to example 5.1.29, we get the following examples:

1. Let A(Sm/S) = M(Sm/S, /) for &7 = Shy;s(Sm/S,A). We obtain a fully
faithful functor
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B
(K? (A(Sm/$)) /BGs)" — D (Shyis(Sm/S,A))

which is essentially surjective on compact objects.
2. Let A(#71/S) = M(Sm/S, o) for &/ = Sheap (-#71/S,A). We obtain a fully
faithful functor

(Kb (A(#!1]8))/BGs U CDHS)u —D (Shcdh(yf 's, A))

which is essentially surjective on compact objects.
3. Let Q¢ (Sm/S) = M(Sm/S, o) for & = She(Sm/S,Q). We obtain a fully
faithful functor

b
(K” (@e(Sm/$)) /BGs) — D (Sheu(Sm/S.Q)).
which is essentially surjective on compact objects.

5.1.35 Consider an abelian &-premotivic category 7. We introduce the following
property of o7:

(C) Consider a projective system (Sg)qca of schemes in . with affine transition
maps such that § = lin S. belongs to .. For any index ag € A, any object

a€A
Aq, in g/, , and any twist n € 7, the canonical map

aq

li_I>n Hom'Qfs(,(]lsn {n}’ Aa) - Hom(Qfs(]lS{n}’ A)

a€Alag

is an isomorphism where A,, (resp. A) is the pullback of A,, along the canonical
map So — S (resp. § — Sop).

We will denote by (wC) the analogous property when one restricts pro-objects to
thus with affine and dominant transition maps.

Proposition 5.1.36 Consider an abelian &7-premotivic category </ compatible with
an admissible topology t and satisfying the assumption (C) (resp. (wC)) above.

Then the derived premotivic category D(<7) is T-continuous (resp. weakly -
continuous) — see Definition 4.3. 2.

Proof We use Proposition 4.3.6 applied to the ¢-descent model structure on C(.a7)
forT = SorT = §,. (see Paragraph 5.1.13). Recall from Paragraph 5.1.11 that this
model structure is associated with a descent structure. Thus according to [CDog,
2.3], there exists an explicit generating set / (resp. J) for cofibrations (resp. trivial
cofibrations). Moreover, the source or target of any map in / U J is a complex C
satisfying the following assumption:

(rep) for any integer i € Z, C' is a sum of premotives of the form Mz (X){n} where
X/T isa &-scheme and n € 1.
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Thus, to check the assumption of 4.3.6 for C(7), we fix a projective system (Sy)qca
satisfying the assumptions of property (C) (resp. (wC)) above; we have to prove that
for any index @p € A and any complexes C,,, and E,, such that C,, satisfies (rep),
the natural map:

lim Homc (g, )(Cas Ea) — Home(e)(C,E)

acA/ag

is bijective.

Given the definition of morphisms in a category of complexes, it is sufficient to
check this when the Hom groups are computed as morphisms of Z-graded objects.
Thus it is sufficient to treat the case where C,,, and E,, are concentrated in degree
0. Thus, as C,, satisfies property (rep), we are exactly reduced to assumption (C)
(resp. (wC)) on <7 . O

Example 5.1.37 1. Assume & is contained in the class of morphisms of finite type.
Then the abelian &7-premotivic category PSh(Z2, A) of example 5.1.1 satisfies
assumption (C). Indeed, property (C) when A is a representable presheaf follows
from the assumption on &2: &?-schemes over some base S always are of finite
presentation over S — S is noetherian according to our general assumption 5.0.1.
Then the case of a general presheaf A follows because A is an inductive limit of
representable presheaf and the global sections functor commutes with inductive
limit of presheaves.

2. Let .#/7 be the class of morphisms of finite type and let 7 be one of the following
topologies: Nis, ét, cdh, qfh, h.
Then the generalized abelian premotivic category Sh, (,Vf !, A) of example 5.1.4
satisfies assumption (C).
Indeed, according to the preceding example, we have only to prove that for any
morphism f : X — S, the functor

f*: PSh(#L",A) — PSh(#L',A)

preserves the property of being a z-sheaf.
If f is a morphism of finite type, the functor f* admits as a left adjoint the
functor fy, which preserves z-covers. Thus the assertion is clear in that case.
In the general case, we use the fact that X /S is a projective limit of a projective
system (X, )qea Where X, is an S-scheme affine and of finite type over S. To
check that for a t-sheaf F over S, the presheaf f*(F) is a ¢t-sheaf, we fix a t-cover
(Wi)ier of X in Y)J;t. As X is noetherian, we can assume / is finite. Moreover,
there exists an index @ € A such that for the ¢-cover (W;); s can be lifted to X, .
Then, using property (C) of PSh(.#7?, A) applied to F and (X,), we reduce to
check that f;;(F) is a t-sheaf for @ > ag. This follows from the first case treated.
3. Let Sm be the class of smooth morphisms and 7 be one of the topologies: Nis, ét.
As we will see in Example 6.1.1, there exists a canonical enlargement of abelian
premotivic categories (see (6.1.1.1)):
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py : Shy(Sm,A) = Sh, (yff,A) . .

As the functor py is fully faithful and commutes with f* for any morphism
of schemes f, we deduce from the preceding point that the abelian premotivic
category Sh, (Sm, A) satisfies the above condition (C).

As an application of the previous proposition, we thus obtain that the derived
premotivic category D(Sh,(Sm, A)) is T-continuous.

5.2 The Al-derived premotivic category

5.2.a Localization of triangulated premotivic categories

5.2.1 Let .o/ be an abelian &7-premotivic category compatible with an admissible
topology r and D(<7) be the associated derived &7-premotivic category.

Suppose given an essentially small family of morphisms % in C(<) which is
stable by the operations f*, f (in other words, % is a sub-2-fibred category of
C(£7)). Remark that the localizing subcategory .7 of D(.2¢) generated by the cones of
arrows in # is again stable by these operations. Moreover, as for any &?-morphism
f: X — 8 we have fyf* = Mg(X) ®s (-), the category .7 is stable by tensor
product with a geometric section.

We will say that a complex K over s is # -local if for any object T of .7 and
any integer n € Z, Homp (T, K[n]) = 0. A morphism of complexes p : C — D
over @75 is a # -equivalence if for any # -local complex K over <7, the induced
map

HomD(Q{S)(D, K) i HomD(ds)(C, K)
is bijective.

A morphism of complexes over o7 is called a # -fibration if it is a t-fibration
with a % -local kernel. A complex over @75 will be called # -fibrant if it is t-local
and # -local.

As consequence of [CDog, 4.3, 4.11 and 5.6], we obtain:

Proposition 5.2.2 Let &7 be an abelian &2-premotivic category compatible with an
admissible topology t and W be an essentially small family of morphisms in C(</)
stable by f* and fy.

Then the category C(<s) is a proper closed symmetric monoidal category with
the W -fibrations as fibrations, the cofibrations as defined in 5.1.11, and the W -
equivalences as weak equivalences.

The homotopy category associated with this model category will be denoted by
D(ﬂg)[%‘l]. It can be described as the Verdier quotient D(.a%5)/ J5s.

In fact, the # -local model category on C(<Z) is nothing else than the left
Bousfield localization of the f-local model category structure. As a consequence, we
obtain an adjunction of triangulated categories:
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(5.2.2.1) s : D(els) = D(s)[#5]: Os

such that Oy is fully faithful with essential image the % -local complexes. In fact,
the model structure gives a functorial % -fibrant resolution 1 — Ry

Ry : C(els) — C(dls),

which induces 0.

Note that the triangulated category D(dg)[V//S‘l] is generated by the complexes
concentrated in degree O of the form Mg(X){i} — or, equivalently, the % -local
complexes Ry (Mgs(X){i}) — for a &?-scheme X and a twisti € 7.

Remark 5.2.3 Another very useful property is that % -equivalences are stable by
filtering colimits; see [CDog, prop. 3.8].

5.2.4 Recall from 5.1.14 that for any morphism (resp. &?-morphism) f : T — S,
the functor f* (resp. fy) satisfies descent; as it also preserves %, it follows from
[CDog, 4.9] that the adjunction

17 C(ds) — Clar) - [
(resp. fy : C(als) — C(ar) : f7)

is a Quillen adjunction with respect to the % -local model structures. This gives the
following corollary.

Corollary 5.2.5 The &-fibred category C(&/) with the W -local model structure on
its fibers defined above is a monoidal &-fibred model category, which is moreover
stable, proper and combinatorial.

We will denote by D(.27)[# ~'] the triangulated &-premotivic category whose fiber
over a scheme S is the homotopy category of the #5-local model category C(<7s).
The adjunction (5.2.2.1) readily defines an adjuntion of triangulated 42-premotivic
categories

(5.2.5.1) n:D() = DA)[#]: 0.

The Z-fibred categories D(27) and D(a7)[# ~'] are both 7-generated (and this
adjunction is compatible with 7-twists in a strong sense).

Remark 5.2.6 For any scheme S, the category D(.;afg)[”/ﬂs‘l] is well generated and
has a canonical dg-structure (see also 5.1.19).

5.2.7 With the notations above, let us put .7 = D(o7)[# ~!] to clarify the following
notations. As in 5.1.20, the fibred category .7 has a canonical extension to .7-
diagrams 2 : [ — .7

If we define #4 as the class of morphisms (f;);e; in C(&/ (2", 1)) such that
for any object i, f; is a # -equivalence, then .7 (X) is the triangulated category
D(« (%, I))[Wél].
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Again, this triangulated category is symmetric monoidal closed and for any
morphism (resp. &-morphism) ¢ : (Z,1) — (¥, J), we get (derived) adjunctions
as in 5.1.20:

(5.2.7.1) Lo* : (%, J) = T(%,I) : Ry,
(5.2.7.2) (resp. Loy : T(2,1) = T(¥,J) : Lg" = ¢7)

In fact, 7 is then a complete monoidal &.,,-fibred category over the category
of diagrams of schemes and the adjunction (5.2.5.1) extends to an adjunction of
complete monoidal &2,,;-fibred categories.

Example 5.2.8 Suppose we are under the hypothesis of Example 5.1.24.2.

Let #; s denote the family of maps which are of the form As(Z") — As(X) for
a t-hypercover 2~ — X in £2/S. Then % is obviously stable by f* and fj.

Recall now that a complex of ¢-sheaves on &?/S is local if and only if its ¢-
hypercohomology and its hypercohomology computed in the coarse topology agree
(cf. 5.1.10).

This readily implies that the adjunction considered in Example 5.1.24.2

a; : D(PSh(Z,A)) = D(Sh/(£,A)) : Ray »
induces an equivalence of triangulated £2-premotivic categories
D(PSh(2, A)[#,"'] = D(Sh/(Z,A)).

Recall Ra, . is fully faithful and identifies D(Sh, (S, A)) with the full subcategory of
D(PSh(S, A)) made by t-local complexes.

5.2.9 A triangulated &7-premotivic category (.7, M) such that there exists:

1. an abelian &Z-premotivic category .2/ compatible with an admissible topology
to on Sm.

2. an essentially small family % of morphisms in C(/) stable by f* and fy

3. an adjunction of triangulated Z2-premotivic categories D(&7)[# 1| ~ T

will be called for short a derived &2-premotivic category. According to convention
5.0.1(d) and from the above construction, .7 is T-generated for some set of twists 7.
75

Let us denote simply by Ms(X) the geometric sections of 7. In this case, using
the morphisms (5.1.24.1) and (5.2.5.1), we get a canonical morphism of triangulated
P -premotivic categories:

7> We will formulate in some remarks below universal properties of some derived &2-premotivic
categories. When doing so, we will restrict to morphisms of derived Z-premotivic categories
which can be written as

Lo : D(a)[#7 '] — D(a)[#5]

for a morphism ¢ : @/ — % of abelian &7-premotivic categories compatible with suitable
topologies. More natural universal properties could be obtained if one considers the framework of
dg-categories or triangulated derivator.
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(5.2.9.1) ¢" : D(PSh(Z2,Z)) —= T : ¢..

By definition, for any premotive .#, any scheme X and any integer n € Z, we get a
canonical identification:

(52.9.2) Hom 7 (s)(Ms(X),.#[n]) = H'T(X. p.(A).

Given any simplicial scheme 2, we put Ms(2") = ¢*(Zs(2")), so that we also
obtain:

(5293) Hom 7 s)(Ms(2),.4/n]) = H" (Tot” (2 Ry.(.4))).

Proposition 5.2.10 Consider the above notations and t an admissible topology. The
following conditions are equivalent.

(i) For any t-hypercover Z — X in &2/S, the induced map Ms(Z) — Ms(X)
is an isomorphism in 7 (S).
(i’) For any t-hypercover p : 2 — X in &/S, the induced functor Lp* :
T(X) — T(X) is fully faithful.
(i”) The triangulated &7 -premotivic category 7 satisfies t-descent (Definition 3.2.5).
(ii) There exists an essentially unique map ¢} : D(Sh,(Z/S,Z)) — 7 (S) making
the following diagram essentially commutative:

D(PSh(2/S. 7)) —F— 7(S)

az

D(Sh,(#/S,Z))

@;

(ii’) For any complex C € C(PSh(£/S,Z)) such that a;,(C) = 0, ¢*(C) = 0.

(ii”) For any map f : C — D in C(PSh(Z/S,Z)) such that a,(f) is an isomor-
phism, ¢*(f) is an isomorphism.

(iii) There exists an essentially unique map . : 7 (S) — D(Sh,(Z/S, 7)) making
the following diagram essentially commutative:

D(PSh(2/S,Z)) —2— F(S)
v |
D(Sh, (2/S,7))

Pt

(iii’) For any premotive M in 7 (S), the complex . ) is local.
(iii”’) For any premotive M in 7 (S), any &P-scheme X /S and any integer n € Z,

Hom 7(5)(Ms(X), #[n]) = H(X, p.(A)).

When these conditions are fulfilled for any scheme S, the functors appearing in (ii)
and (iii) induce a morphism of triangulated &?-premotivic categories:

o' : D(Sh(P,2)) = T : ¢..
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Proof The equivalence between conditions (i), (i) and (i”’) is clear (we proceed as in
the proof of 5.1.21). The equivalences (ii) & (ii’) < (ii’’) and (iii) & (iii") follows
from example 5.2.8 and the definition of a localization. The equivalence (i) < (ii”’)
follows again from loc. cit. The equivalences (i) & (iii’) & (iii”") follows finally
from (5.2.9.2), (5.2.9.3), and the characterization of a local complex of sheaves (cf.
5.1.10). (|

Remark 5. 2.11 The preceding proposition expresses the fact that the category D(Sh, (<, Z))
is the universal derived &7-premotivic category satisfying z-descent.

5.2.12 We end this section by making explicit two particular cases of the descent
property for derived &Z-premotivic categories.

Consider a derived &2-premotivic category 7 with geometric sections M. Con-
sidering any diagram 2~ : I — £/§ of £?-schemes over S, with projection
p: Z — S, we can associate a premotive in .7 :

Ms(2") = Lpy(1s) = Llim Mg(2).
iel
In particular, when I is the category e — e, we associate to every S-morphism
f Y — X of Z-schemes over S a canonical’® bivariant premotive

Mg(X —L— v).

When f is an immersion, we will also write Mg(Y /X) for this premotive. Note that
in any case, there is a canonical distinguished triangle in 7 (S):

Ms(X) = Mg(v) 2 Mg(x —L v) ~Z MO,

This triangle is functorial in the arrow f — with respect to commutative squares.
Given a commutative square of &?-schemes over S

e’

— Y

(5.2.12.1) g r

e
_—

> ——

we will say that the image square in 7 (S)

Ms(B) —=— Ms(Y)

]

Ms(A) = Ms(X)

76 In fact, if 7 = D(&/)[# '] for an abelian Z-premotivic category </, then we can de-
fine Mg(X — Y) as the cone of the morphism of complexes (concentrated in degree 0)

Ms(X) —L— Mg(Y).



5 Fibred derived categories 189

is homotopy cartesian” if the premotive associated with diagram 5.2.12.1 is zero.

Proposition 5.2.13 Consider a derived &?-premotivic category 7. We assume that
P contains the étale morphisms (resp. 2 = .#I1). Then, with the above definitions,
the following conditions are equivalent:

(i) 7 satisfies Nisnevich (resp. proper cdh) descent.
(ii) For any scheme S and any Nisnevich (resp. proper cdh) distinguished square Q
of S-schemes, the square Ms(Q) is homotopy cartesian in 7 (S).
(iii) For any Nisnevich (resp. proper cdh) distinguished square of shape (5.2.12.1),
the canonical map Ms(Y / B) M Mgs(X/A) is an isomorphism.
Moreover, under these conditions, to any Nisnevich (resp. proper cdh) distinguished
square Q of shape (5.2.12.1), we associate a map

Ao« Mg(X) —— MS(X/A)% Ms(Y/B) O Ms(Y)[1]

which defines a distinguished triangle in 7 (S):

e
)

Ms(B) ~—25 M (V) & Ms(A) L5 mg(x) 22

Mg(Y)[1].

Proof The equivalence of (i) and (ii) follows from the theorem of Morel-Voevodsky
3.3.2 (resp. the theorem of Voevodsky 3.3.8). To prove the equivalence of (ii) and
(iii), we assume .7 = D(&7)[# ~1]. Then, the homotopy colimit of a square of shape
5.2.12.1 is given by the complex

Cone(Cone(Ms(B) — Ms(Y)) — Cone(Ms(A) — Ms(X))).

This readily proves the needed equivalence, together with the remaining assertion.[]

Remark 5.2.14 In the first of the respective cases of the proposition, condition (ii) is
what we usually called the Brown-Gersten property (BG) for .7, whereas condition
(iii) can be called the excision property. In the second respective case, condition
(ii) will be called the proper cdh property for the generalized premotivic category
7. We say also that .7 satisfies the (cdh) property if it satisfies condition (ii) with
respect to any cdh distinguished square Q.

5.2.b The homotopy relation

5.2.15 Let .o be an abelian &7-premotivic category compatible with an admissible
topology ¢.

We consider #)1 to be the family of morphisms MS(A)l(){i} — Mgs(X){i} for a
Z-scheme X /S and a twist i in 7. The family /1 is obviously stable by f* and fj.

771f F = D(o7)[# "], this amount to say that the diagram obtained of complexes by applying the
functor M s(—) is homotopy cartesian in the % -local model category C(</).
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Definition 5.2.16 Let 7 be an abelian &?-premotivic category compatible with an
admissible topology ¢. With the notation above, we define ng(% ) = D(o )[WA‘ll]
and refer to it as the (effective) Z-premotivic A'-derived category with coefficients
in .

By definition, the category DeAl(,d ) satisfies the homotopy property (Htp) (see 2.1.3).
According to the general facts about localization of derived premotivic categories,
the triangulated premotivic category Djﬁ(% ) is T-generated.

Example 5.2.17 We can divide our examples into two types:
1) Assume & = Sm:

Consider the admissible topology r = Nis. Following F. Morel, we define the
(effective) A'-derived category over S to be Diﬁ; (Sh ;s (Sm/S, A)). Indeed we get
a triangulated premotivic category (see also the construction of [Ayoo7b]):

(5.2.17.1) DZ’;’A = DY, (Shuis (Sm.A)) .

‘We shall also write its fibers

(5.2.17.2) DY(S.A) = DZﬁI’A(S) = DY, (Shyis(Sm/S. )

for a scheme S. For A = Z, we shall often write simply

(5.2.17.3) Dif’; = D;ﬁ; (Shyis(Sm,Z)).

Another interesting case is when ¢t = ét; we get a triangulated premotivic category
of effective étale premotives:

DY, (Shet (Sm.A)) .

In each of these cases, we denote by Ag(X) the premotive associated with a
smooth S-scheme X.

2) Assume & = S/

Consider the admissible topology ¢ = h (resp. t = ¢fh). In [Voeg6], Voevodsky
has introduced the category of hA-motives (resp. gfh-motives). In our formalism, one
defines the category of effective h-motives (resp. effective h-motives) over S with
coeflicients in A as:

DM (8, 8) = DY (St (#77/5.A) )

resp. DM (,A) = Dgfﬁ(Shqfh (yf ‘s, A)) .

In other words, this is the A'-derived category of h-sheaves (resp. qfh-sheaves) of
A-modules. Moreover, these categories for various schemes S are the fibers of a gen-
eralized premotivic triangulated category. What we have added to the construction
of Voevodsky is the functors of the generalized premotivic structure.
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We will denote simply by Ag(X ) the corresponding premotive associated with X
in DM (S, A).

Another interesting case is obtained when ¢ = cdh. We get an A'-derived gen-
eralized premotivic category ng(Sthh (#71,A)) whose premotives are simply
denoted by Agdh(X ) for any finite type S-scheme X.

5.2.18 Let C be a complex with coefficients in 275. According to the general case,
we say that C is A'-local if for any &2-scheme X/S and any (i,n) € T x Z, the map
induced by the canonical projection

Homp o) (Ms(X){i}[n], €) — Hompus)(Ms(Ax){i}[n],C)

is an isomorphism. The adjunction (5.2.2.1) defines a morphism of triangulated
&-premotivic categories
D(e/) = DY\(e7)

such that for any scheme S, DeAﬁ;(szfs) is identified with the full subcategory of D(.7)
made of A'-local complexes.

Fibrant objects for the model category structure on C(27s) appearing in Proposi-
tion 5.2.2 relatively to #j1, simply called A'-fibrant objects, are the ¢-flasque and
A'-local complexes.

We say a morphism f : C — D of complexes of <75 is an A'-equivalence
if it becomes an isomorphism in ng(dg). Considering moreover two morphisms
f.g : C — D of complexes of <75, we say they are A'-homotopic if there exists a
morphism of complexes

H: Ms(Az) ®s C— D

such that H o (so ® 1¢) = f and H o (s1 ® 1¢) = g, where sg and s; are respectively
induced by the zero and the unit section of A§ /S. When f and g are A'-homotopic,
they are equal as morphisms of DeAﬁ;(ds). We say the morphism p : C — D is
a strong A'-equivalence if there exists a morphism ¢ : D —s C such that the
morphisms p o ¢ and g o p are Al-homotopic to the identity. A complex C is
Al-contractible if the map C — 0 is a strong A!-equivalence.

As an example, for any integer n € N, and any &?-scheme X /S, the map

P« : Ms(AR) — Ms(X)

induced by the canonical projection is a strong A!-equivalence with inverse the zero
section sg . : Ms(X) — Ms(A%).

5.2.19 The category DeA’i(,szf ) is functorial in <.

Let ¢ : & — % : ¢ be an adjunction of abelian Z?-premotivic categories.
Consider two topologies 7 and ¢ such that ¢’ is finer than ¢. Suppose 27 (resp. A) is
compatible with ¢ (resp. t’).

For any scheme S, consider the evident extensions ¢g : C(a%s) == C(%Bs) : s
of the above adjoint functors to complexes. We easily check that the functor yg
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preserves Al-local complexes. Thus, applying 5.1.23, the pair (ps,¥s) is a Quillen
adjunction for the respective A!-localized model structure on C(/s) and C(%s);
see [CDog, 3.11]. Considering the derived functors, it is now easy to check we have
obtained an adjunction

Ly : DY(o#) = DYy(#) : Ry
of triangulated &7-premotivic categories.

Example 5.2.20 Consider the notations of 5.2.17. In the case where &2 = Sm, we get
from the adjunction of (5.1.24.2) the following adjunction of triangulated premotivic
categories

ay, : DY, = DY (Shet(Sm,A)) : Ragy,.
Example 5.2.21 Let 7 be aderived &2-premotivic category as in 5.2.9. If 7 satisfies
the property (Htp), then the canonical morphism (5.2.9.1) induces a morphism

DY (PSW(2,2)) = 7.

If moreover .7 satisfies t-descent for an admissible topology ¢, we further obtain as
in 5.2.10 a morphism
DY (Sh(2.2)) = 7.

Particularly interesting cases are given by Djﬁ (resp. DY, (Shean (7 /1.Z))) which is
the universal derived premotivic category (resp. generalized premotivic category),
i.e. initial premotivic category satisfying Nisnevich descent (resp. cdh descent) and
the homotopy property.

5.2.22 As in Example 5.1.235, let  be an admissible topology and ¢ : A — A’ be an
extension of rings. Then, from the &?-premotivic adjunction (5.1.25.1) and according
to Paragraph 5.2.19, we get an adjunction of triangulated &7-premotivic categories:

Lo : DY, (Shy(2.A)) = DY, (Sh(2.A")) : Re.

Consider also complexes C and D of t-sheaves of A-modules over 5. Then there
exists a canonical morphism of A’-modules:
(5.2.22.1)
’ * *
HomD‘;l(Sht(g"s,A)) (C.,D) @y A" — HomDil(Sht(Ws,A')) (Ly™(C),Le*(D))
There are two notable cases where this map is an isomorphism:

Proposition 5.2.23 Consider the above assumptions. Then the map (5.2.22.1) is an
isomorphism in the two following cases:

1. If N is a free A-module and C is compact;
2. If N’ is a free A-module of finite rank.



5 Fibred derived categories 193

Proof Note that in any case, the functor ¢, admits a right adjoint ¢'.78
We can assume that A’ = I.A for a set /. In this case, we get for any sheaf F of
A-modules:

00" (F)=F®x AN =LF.

Moreover, for any &?-scheme X /S, we get:
¢(NE(X) = A(X) = LA(X).

In particular, the functor ¢, : C(Sh,(Hs,A’)) — C(Sh,(Hs, A)) satisfies descent
in the sense of [CDog, 2.4] and preserves the family #/,1. Thus it is a left Quillen
functor with respect to the A'-local model structures. In particular, because it is
also a right Quillen functor, we get: Ry, = ¢, = Lg.. In particular, we get in
DY\(Sh: (25, A):

Ry.L¢"(D) = Lo.Ly"(D) = L(p.¢")(D) = I.D.

Thus the Proposition follows as the functor Hom(C, —) commutes with direct sums
if C is compact and with finite direct sums in any case. (]

We remark the following useful property.

Proposition 5.2.24 Consider a morphism
oA = B .

of abelian &-premotivic categories such that o7 (resp. 9B) is compatible with an
admissible topology t (resp. t’). Assume t’ is finer than t.

Let S be a base scheme. Assume that ¢, : o/s — PBs commutes with colimits’°.
Then @, : C(als) — C(ABs) respects Al-equivalences.

In other words, the right derived functor Ry, : Dzﬂl(%’s) — D“’Aﬁi(%g) satisfies the
relation Ry, = ¢..

Proof In this proof, we write ¢, for ¢, s. We first prove that ¢, preserves strong
A'-equivalences (see 5.2.18).

Consider two maps u,v : K — L in C(%s). To give an Al-homotopy H :
MS(A}g,%’) ®s K — L between u and v is equivalent by adjunction to give a
map H' : K — Homg(Ms(AL, %), L) which fits into the following commutative
diagram:

78 It is defined by the formula:
¢'(F) = Homp(A', F)
equipped with its canonical structure of sheaf of A’-modules.
79 This amounts to ask that ¢, is exact and commutes with direct sums.
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H/
LY—— Homg (Ms(AL,#),L) ——— L
So Sl

where sg and s are the respective zero and unit section of Aé/ S.
Because Ms(Ag, ) = ¢s(Ms(Ag, 27)), we get a canonical isomorphism (see
paragraph 1.2.9)

QD*(HOI’I’L@S (MS(Al > %)7 L)) = Hom(%’s (MS(Al > d)’ QD*(L))

Thus, applying ¢.. to the previous commutative diagram and using this identification,
we obtain that ¢, (u) is A'-homotopic to ¢, (v).
As a consequence, for any &-scheme X over S, and any Z-twist i, the map

@ (Ms(AY, B)i}) — o (Ms(X, B){i})

induced by the canonical projection is a strong Al-equivalence, thus an A'l-
equivalence.

The functor ¢, : HBs — /s commutes with colimits. Thus it admits a right
adjoint that we will denote by ¢'. Consider the injective model structure on C(Ag)
and C(%s) (see [CDoog, 2.1]). Because ¢, is exact, it is a left Quillen functor for
these model structures. Thus, the right derived functor Rt,ol is well-defined. From
the result we just get, we see that Rg' preserves A'-local objects, and this readily
implies Ly, = ¢. preserves A!-equivalences. t

5.2.25 To relate the category Diﬁl(S) with the homotopy category of schemes of
Morel and Voevodsky [MV9gg], we have to consider the category of simplicial
Nisnevich sheaves of sets denoted by A°” Sh(Sm/S). Considering the free abelian
sheaf functor, we obtain an adjunction of categories

A°P Sh(Sm/S) = C(Sh(Sm/S,Z)).

If we consider Blander’s projective A'-model structure [Blao3] on the category
AP Sh(Sm/S), we can easily see that this is a Quillen pair, so that we obtain a
&-premotivic adjunction of simple &7-premotivic categories

N:jf:’DeAﬁl:K.

Note that the functor N sends cofiber sequences in .77(S) to distinguished triangles
in DL,(9).
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5.2.c Explicit A!-resolution

5.2.26 Consider an abelian &-premotivic category ./ compatible with an admissi-
ble topology t.
Consider the canonically split exact sequence

0— g —2s Ms(AL) — U —0

where the map sg : 1 — Mg (Aé) is induced by the zero section of A!. The section
corresponding to 1 in A' defines another map

S1 - ]]-S — Ms(Aé)

which does not factor through sg, so that we get canonically a non-trivial map
u: 1g — U. This defines for any complex C of @7 a map, called the evaluation at
1,

Hom(U,C) = 1s ®s Hom(U,C) =% U @5 Hom(U, C) - C.

We define the complex Rgl) (C)tobe

RSI)(C) = Cone(Hom(U,C) — C).
We have by construction a map

rc:C— Rgll(C).

This defines a morphism of functors from the identity functor to Rf:l). For an integer
n > 1, we define by induction a complex
1 1 7
R{V(0) = R (RN (C)),
and a map
. pn) (n+1)

rer)(C) : RAl(C) — RA1 .

We finaly define a complex Ry 1(C) by the formula
Ry:(C) = lim RY)(C).
n

We have a functorial map

C — Ry (O).

Lemma §.2.27 With the above hypothesis and notations, the map C — Rx1(C) is
an A'-equivalence.

Proof For any closed symmetric monoidal category ¢ and any objects A, B, C and
I in ¥, we have
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Hom(I ® Hom(B, C), Hom(A,C)) = Hom(Hom(B, C), Hom(I, Hom(A, C)))
= Hom(Hom(B, C),Hom(I ® A, C)).

Hence any map / ® A — B induces a map I ® Hom(B,C) — Hom(A, C) for any
object C.If we apply thisto €’ = C(/s)and I = Ms(A'), we see immediately that the
functor Hom(—, C) preserves strong A'-homotopy equivalences. In particular, for any
complex C, the map C — Hom(Ms(Ai), C) is a strong A'-homotopy equivalence.
This implies that Hom(U,C) — 0 is an A'-equivalence, so that the map r¢ is an
A'-equivalence as well. As Al-equivalences are stable by filtering colimits, this
implies our result. (]

Proposition 5.2.28 Consider the above notations and hypothesis, and assume that
t is bounded in <.

For any t-flasque complex C of <75, the complex Rx1(C) is t-flasque and A -local.
Moreover, the morphism C —s Rx1(C) is an A'-equivalence. If furthermore C is
t-flasque, so is Ry1(C).

Proof The last assertion is a particular case of Lemma 5.2.27. The functor Rgl) pre-
serves t-flasque complexes. By virtue of 5.1.30, the functor R,: has the same gentle
property. It thus remains to prove that the functor Rp1 sends ¢-flasque complexes on
A'-local ones. We shall use that the derived category D(./) is compactly generated;
see 5.1.30.

Let C be a t-flasque complex of .oZ5. To prove Ry1(C) is A'-local, we are reduced
to prove that the map

Rx1(C) — Hom(Ms(A}), Ry1(C))

is a quasi-isomorphism, or, equivalently, that the complex Hom(U, Ry1(C)) is acyclic.
As U is a direct factor of MS(Ai(,fszf), for any &-scheme X over S and any i in 1,
the object Zs(X; o7){i} ®s U is compact. This implies that the canonical map

lim Hom(U, R{'}(C)) — Hom(U. Ry1(C))

n

is an isomorphism of complexes. As filtering colimits preserve quasi-isomorphisms,
the complex Hom(U, Ry1(C)) (resp. Ry1(C)) can be considered as the homotopy
colimit of the complexes Hom(U, Rf:l) (C)) (resp. Rf:l) (C)). In particular, for any
compact object K of D(a), the canonical morphisms

lim Hom(K, Hom(U, R{}(C))) — Hom(K, Hom(U, Ry1(C)))

n

lim Hom(K, R{"}(C)) — Hom(K, Ry1(C))
n

are bijective.
By construction, we have distinguished triangles
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Hom(U. R{(C)) — R{(C) — R{V(C) — Hom(U. R (O))[1].
This implies that the evaluation at 1 morphism

ev1 : Hom(U,Rp1(C)) — Rx1(C)
induces the zero map
Homp( o) (K, Hom(U, Rp1(C))) — Homp(uz)(K, Rp1(C))
for any compact object K of D(.27s). Hence the induced map
a = Hom(U, evy) : Hom(U,Hom(U, Ry1(C))) — Hom(U, Rx1(C))
has the same property: for any compact object K, the map
Homp o) (K, Hom(U, Hom(U, Rpy1(C)))) — Homp o )(K, Hom(U, Rx1(C)))

is zero.
The multiplication map A' x A — A induces a map

p:UeslU—U
such that the composition of
u*: Hom(U, Rp1(C)) — Hom(U ®s U, Ry1(C)) = Hom(U, Hom(U, Ry1(C)))

with a is the identity of Hom(U, Ry1(C)). As D(«s) is compactly generated, this
implies that Hom(U, Ry1(C)) = 0 in the derived category D(a%). O

Remark 5.2.2¢9 Consider a r-flasque resolution functor (i.e. a fibrant resolution for
the ¢-local model structure) R, : C(«s) — C(o%), 1 — R;. As a corollary of the
proposition, the composite functor Ry1 o R, is a resolution functor by ¢-local and
A'-local complexes.

Example 5.2.30 Consider an admissible topology ¢ and the Z?-premotivic A'-
derived category D = Dzﬂl (Sh; (£, A)). Suppose that ¢ is bounded for abelian
t-sheaves (for example, this is the case for the Zariski and the Nisnevich topologies,
see 5.1.29).

Let C be a complex of abelian z-sheaves on &2 /S. If C is Al-local, then

Homps)(A5(X),C) = H'(X; C)

(this is true without any condition on 7).
Consider a ¢-local resolution C; of Cin C ( Sh,(Z/S,A\) ) Then we get the following
formula:

Homps) (A5(X),C[n]) = H"(T(X,Rp1(Cy))).
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Corollary 5.2.31 Consider a morphism of abelian &?-premotivic categories
o =By

Suppose there are admissible topologies t and t’, with t’ finer than t, such that the
following conditions are verified.

(i) o is compatible with t and P is compatible with t’.
(it) B and D(HB) are compactly T-generated.
(iii) For any scheme S, the functor s : Bs — s preserves filtering colimits.

Then, yrs : C(Bs) — C(als) preserves A'-equivalences between t’-flasque objects.
If moreover yrs is exact, the functor s preserves Al -equivalences.

Proof We already know that s is a right Quillen functor, so that it preserves local
objects and A'-fibrant objects. This implies also that yrg preserves A!-equivalences
between A'!-fibrant objects (this is Ken Brown’s lemma [Hovgo, 1.1.12]). Let D be
a t’-flasque complex of HAs. Then Ys(D) is a t-flasque complex of 7. It follows
from Proposition 5.2.28 that Ry1(D) is A'-local and that D — Ru1(D) is an A'-
equivalence. Lemma 5.2.27 implies the map

Us(D) — Rp1(¥s(D)) = ys(Ra1(D))

is a an Al-equivalence. This implies the first assertion.
The last assertion is a direct consequence of the first one. U

5.2.32 Consider the usual cosimplicial scheme A® defined by
A" = Spec (Z[tg,...,ty]/(t1 + -+ 1, — 1)) = A"

(see [MVg9]). For any scheme S, we get a cosimplicial object of <75, namely Mg(AY).
Given any complex C of 75, we define its associated Suslin singular complex as

(5.2.32.1) C*(C) = Tot®Hom(Ms(A%),C),

where Hom(Ms(A%), C) is considered as a bicomplex by the Dold-Kan correspon-
dence. The canonical map Ms(Ay) — 1 induces a map

C — C*(C).
Lemma 5.2.33 For any complex C of <fs, the map
C(C) — Hom(Ms(Ag).C*(C)) = C"(Hom(Ms(Ay),C))
is a chain homotopy equivalence.
Proof The composite morphism

(sop X Id). : Ms(A' x Ay) — Mgs(A X AY),
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where s¢ is the map induced by the zero section, and p is the map induced by the
obvious projection of A! on its base, is chain homotopic to the identity. Indeed, the
homotopy relation is given by the formula

sn= Y (<118 i) : Ms(AT x A1) — Ms(A' x A%)
i=0

where 1 is the identity of MS(Aé), and y; is induced by the map Ag*l — Al x A
which sends the j-th vertex vj , 11 to either 0Xv; ,if j < i, orto 1xv;_1 , otherwise.
This implies the lemma. (]

Lemma 5.2.34 For any t-flasque complex C of /s, we have a canonical isomor-
phism
C*(C) = LlimRHom(Ms(A}).C)

n

in D(s).

This is a variation on the Dold-Kan correspondence. As a direct consequence, we
get:

Lemma 5.2.35 For any complex C of /s, the map C — C*(C) is an A'-
equivalence.

Proposition 5.2.36 If t is bounded in <, then, for any t-flasque complex C of <5,
C*(C) is At-local.

Proof Using the first premotivic adjunction of example 5.2.21 and the fact that D(.</)
is compactly generated (5.1.30), we can reduce the proposition to the case where .o7g
is the category of presheaves of abelian groups over &7/S, in which case this is
well-known. (]

5.2.d Constructible A'-local premotives
5.2.37 Consider an abelian &7-premotivic category ¢ compatible with an admissi-
ble topology ¢. Assume that ¢ is bounded in <7 (see Definition 5.1.28) and consider

a bounded generating family Jig’ for t-hypercovers in o7s.
Let 7, AL be the family of complexes of C(<7s) of shape

Ms(A){i} — Ms(X){i}

for a &-scheme X over S and a twist i € I. Then the functor (5.1.31.1) obviously
induces the following functor

b .
(5.2:37.1) (K®(M(25.) )45 U Ty ) — Do),
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where the category on the left is the pseudo-abelian category associated to the Verdier
quotient of K?(M(2/S, 7)) by the thick subcategory generated by Nd U T AL

Applying Thomason’s localization theorem [Neeo1], we get from Proposition 5.1.32
the following result:

Proposition 5.2.38 Consider the previous hypothesis and notations and assume that
4 is finitely T-presented.

Then Df{fl(ﬂ) is compactly t-generated. Moreover, the functor (5.2.37.1) is fully
faithful.

Let us denote by DeAﬂ; C(;z/ ) the subcategory of ng(ﬂ ) made of T-constructible
premotives in the sense of Definition 1.4.9. Taking into account Proposition 1.4.11,
we deduce from the above proposition the following corollary:

Corollary 5.2.39 Under the assumptions of 5.2.38, for any premotive M in
ng(dg), the following conditions are equivalent:

(i) A is compact;
(ii) M is T-constructible.

Moreover, the functor (5.2.37.1) induces an equivalence of categories:
b
(Kb (M(2]S,2)) | N U yAé) — DY, (k).

Example 5. 2.40 With the notations of 5.1.34, we get the following equivalences of
categories:

(K" (ASm/9) /(BGs U 7)) — DIF, (5.
(K” (A7) /CDHs U z%)h — DY, (Shean(#7 /5.0 ).

This statement is the analog of the embedding theorem [VSFoo, chap. 5, 3.2.6].

Proposition 5.2.41 Assume &2 = 71" is the class of finite type (resp. separated and
of finite type) morphisms.
Let 7 be an abelian generalized premotivic category compatible with an admis-
sible topology t and satisfying the property (C) (resp. (wC)) of Paragraph 5.1.35.
Then the triangulated generalized premotivic category ng(ﬂ ) is T-continuous
(resp. weakly T-continuous) — see Definition 4.3. 2.

Proof The proof relies on the following lemma:

Lemma 5.2.42 Under the assumptions of the preceding proposition, for any mor-
phism of schemes f : T — S, the functor

Lf*: D(#s) — D(a7r)

preserves Al-local complexes. 0
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When f is a morphism of finite type (resp. separated of finite type), the functor
Lf* admits Lfy as a left adjoint and the lemma is clear. In the general case, one
can write f as a projective limit of a projective system of morphisms of scheme
(fa : To — S)aea such that f, is affine of finite type. Recall from Proposition
5.1.36, D(&7) is T-continuous. Thus, to check that for an A'-local complex C in
D(47s), the complex Lf*(C) is A'-local, we thus are reduced to prove that Lf:(C)
is A'-local which follows from the first treated case. The lemma is proven.

Given the full embedding D%,(«/) — D(</) whose image is made of A'-local
complexes, the proposition now directly follows from the previous lemma and the
fact D(&7) is T-continuous. O

Example 5. 2.43 Taking into account the second point of Example 5.1.37, the previous
proposition can be applied to the category Sh, (Yf !,Z) wheret = Nis, ét, cdh, qfh, h.

Remark s.2.44 The previous proposition will be extended to the (non generalized)
premotivic case in Corollary 6.1.12.

5.3 The stable A'-derived premotivic category

5.3.a Modules

Let 7 be an abelian &7-premotivic category with generating set of twists 7.

A cartesian commutative monoid R of </ is a cartesian section of the fibred
category o/ over . such that for any scheme S, Rg has a commutative monoid
structure in 275 and for any morphism of schemes f : T — S, the structural transition
maps @7 : f*(Rs) — Ry are isomorphisms of monoids.

Let us fix a cartesian commutative monoid R of o7

Consider a base scheme S. We denote by Rg- mod the category of modules in the
monoidal category 75 over the monoid Rg. For any &?-scheme X/S and any twist
i €T, weput

Rs(X){i} = Rs ®s Ms(X){i}

endowed with its canonical Rg-module structure. The category Rs-mod is a
Grothendieck abelian category such that the forgetful functor Ug : Rg- mod — s
is exact and conservative. A family of generators for Rg- mod is given by the mod-
ules Rg(X){i} for a &-scheme X /S and a twist i € 7. As Ag is commutative,
Rs-mod has a unique symmetric monoidal structure such that the free Rg-module
functor is symmetric monoidal. We denote by ®g this tensor product. Note that
Rs(X) ®r Rs(Y) = Rs(X Xg Y). Finally, the categories of modules Rg- mod form
a symmetric monoidal &-fibred category, such that the following proposition holds
(see 7.2.10).

Proposition 5.3.1 Let <7 be a t-generated abelian &2-premotivic category and R
be a cartesian commutative monoid of </ .
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Then the category R-mod equipped with the structures introduced above is a
T-generated abelian &2-premotivic category.
Moreover, we have an adjunction of abelian &?-premotivic categories:

(5.3.1.1) R®(-):« — R-mod: U.

Remark 5.3.2 With the hypothesis of the preceding proposition, for any morphism
of schemes f : T — S, the exchange transformation f*Us — Ur f™ is an isomor-
phism by construction of R- mod (7.2.10).

Proposition 5.3.3 Let o be a T-generated abelian & -premotivic category compat-
ible with an admissible topology t. Consider a cartesian commutative monoid R
of &/ such that for any scheme S, tensoring quasi-isomorphisms between cofibrant
complexes by Rs gives quasi-isomorphisms (e.g. Rs might be cofibrant (as a com-
plex concentrated in degree zero), or flat). Then the abelian &-premotivic category
R-mod is compatible with t.

Proof In view of Proposition 5.1.26, we have only to show that R- mod satisfies
cohomological #-descent. Consider a ¢t-hypercover p : 2~ — X in &2/S. We prove
that the map p. : Rs(Z") — Rs(X) is a quasi-isomorphism in C(Rg- mod). The
functor Uy is conservative, and Ug(p.) is equal to the map:

Rs ®s Ms(Z') — Rs ®s Ms(X).

But this is a quasi-isomorphism in C(47) by assumption on Rg. O

Remark 5.3.4 According to Lemma 5.1.27, for any simplicial &7-scheme 2~ over S,
any twist i € 7 and any Rg-module C, we get canonical isomorphisms:

(5.3.4.1) Homg (rg-mod) (Rs(Z){i},C) =~ Homg o) (Ms(Z ){i},C)
(5.3-4.2) Homp(rg- mod)(Rs(Z){i}, C) = Homp(ur)(Ms(Z){i}, C).

5.3.b Symmetric sequences

Let o/ be an abelian category.
Let G be a group. An action of G on an object A € o5 is a morphism of groups
G — Aut(A),g — y;;. We say that A is a G-object of /. A G-equivariant

morphism A L B of G-objects of &7 is a morphism f in .o/ such that 75 of =
fovg.

If E is any object of o/, we put G X E = (P
the permutation isomorphisms of the summands.

If H is a subgroup of G, and E is an H-object, G X E has two actions of H : the
first one, say v, is obtained via the inclusion H C G, and the second one denoted
by y’, is obtained using the structural action of H on E. We define G Xy E as the
coequalizer of the family of morphisms (y, — v/ )ocr, and consider it equipped
with its induced action of G.

E considered as a G-object via
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Definition 5.3.5 Let 27 be an abelian category.

A symmetric sequence of <7 is a sequence (A, ),en such that foreachn € N, A,
is a S,-object of «7. A morphism of symmetric sequences of 7 is a collection of
S, -equivariant morphism (f;; : A, — By)nenN-

We let .7 © be the category of symmetric sequences of o7 .

It is straightforward to check .7 is abelian. For any integer n € N, we define the
n-th evaluation functor as follows:

evy A% — o, A, — A,

Any object A of o7 can be considered as the trivial symmetric sequence (A4,0,. . .).
The functor iy : A+ (A,0,...) is obviously left adjoint to evg and we obtain an
adjunction

(5-3-5.1) io: o = A% : evg.

Remark iy is also right adjoint to evg. Thus, iy preserves every limit and colimit.
For any integer n € N and any symmetric sequence A, of <7, we put

_ S X pen Apnifm>n
(53.52) (Ac{=nHm = {0 otherwise.

This define an endofunctor on </, and we have A.{-n}{-m} = A.{-n — m}
(through a canonical isomorphism). Remark finally that for any integer n € N, the
functor

in: A — A% A (ig(A){-n}

is left adjoint to ev,,.

Remark 5.3.6 Let S be the category of finite sets with bijective maps as morphisms.
Then the category of symmetric sequences is canonically equivalent to the category
of functors & — &7. This presentation is useful to define a tensor product on .27 <.

Definition 5.3.7 Let <7 be a symmetric closed monoidal abelian category.
Given two functors A,, B, : © — &7, we put:

EQ°F:G — o
N — Dn-puo E(P)® F(Q).

If 1., is the unit object of the monoidal category o7, the category </ is then a
symmetric closed monoidal category with unit object ig(1 o).

5.3.8 Let A be an object of .. Then the n-th tensor power A®" of A is endowed with
a canonical action of the group S,, through the structural permutation isomorphism
of the symmetric structure on 7. Thus the sequence Sym(A) = (A®"),cN is a
symmetric sequence.
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Moreover, the isomorphism A®" ® A®™ — A®"M jg G, x G, -equivariant. Thus
itinduces a morphism g : Sym(A)®°Sym(A) — Sym(A) of symmetric sequences.
We also consider the obvious morphism 7 : ig(1.) = ig(A®Y) — Sym(A). One
can check easily that Sym(A) equipped with the multiplication u and the unit 7 is a
commutative monoid in the monoidal category .o7°.

Definition 5.3.9 Let .o/ be an abelian symmetric monoidal category. The commu-
tative monoid Sym(A) of &7 defined above will be called the symmetric monoid
generated by A.

Remark 5.3.10 One can describe Sym(A) by a universal property: given a commuta-
tive monoid R in .7, to give a morphism of commutative monoids Sym(A) — R
is equivalent to give a morphism A — R; in 7.

5.3.11 Consider an abelian &?-premotivic category .o

Consider a base scheme S. According to the previous paragraph, the category
szse is an abelian category, endowed with a symmetric tensor product ®§:. For any
Z-scheme X /S and any integer n € N, using (5.3.5.2), we put

Ms(X, /%) {-n} = io(Ms(X, o/ )){-n}.

It is immediate that the class of symmetric sequences of the form Mg(X, .7 ©){-n}
for a smooth S-scheme X and an integer n > 0 is a generating family for the abelian
category @%SS which is therefore a Grothendieck abelian category. It is clear that for
any &-scheme X and Y over S,

Ms(X, o/ °){-n} @5 Ms(Y,/°){-n} = Ms(X X5 Y, o/ °){-n}.

Given a morphism (resp. &Z-morphism) of schemes f : T — S and a symmetric
sequence A, of /s, we put f2(A.) = (f*Awlnen (resp. fiZ(A.) = (fyAnnen). This
defines a functor f2 : &/ — 7 (resp. ff : A7 — /) which is obviously right
exact. Thus, the functor fZ admits a right adjoint which we denote by 5. When f
is in &, we check easily the functor fﬁS is left adjoint to fZ.

From criterion 1.1.42 and Lemma 1.2.13, we check easily the following proposi-
tion:

Proposition 5.3.12 Consider the previous hypothesis and notations.

The association S +— Ms‘s together with the structures introduced above defines
an N X t-generated abelian &2-premotivic category.

Moreover, the different adjunctions of the form (5.3.5.1) over each fibers over a
scheme S define an adjunction of &-premotivic categories:

(5.3.12.1) io: o — A° : evy

Indeed, iy is trivially compatible with twists.

Proposition 5.3.13 Let </ be an abelian &-premotivic category, and t be an ad-
missible topology. If <7 is compatible with t then </ is compatible with t.
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Proof This is based on the following lemma (see [CDog, 7.5, 7.6]):

Lemma 5.3.14 For any complex C of <fs, any complex E of %SS and any integer
n > 0, there are canonical isomorphisms:

(5.3.14.1) HomK(ﬂg)(iO(C){_n}’E) ~ Hom () (C, Ep)
(5.3.14.2) HomD(dg)(io(C){—n},E) ~ Homp ) (C, Ep)

If &7 is compatible with ¢, this implies that E is local (resp. z-flasque) if and only if
for any n > 0, E,, is local (resp. ¢-flasque). This concludes. U

5.3.¢c Symmetric Tate spectra

5.3.15 Consider an abelian &2-premotivic category <.

For any scheme S, the unit point of G, s defines a split monomorphism of <7-
premotives 1 — Ms(G,,.s). We denote by 1s{1} the cokernel of this monomor-
phism and call it the suspended Tate S-premotive with coefficients in <. The collec-
tion of these objects for any scheme S is a cartesian section of .# denoted by 1{1}.
For any integer n > 0, we denote by 1{n} its n-the tensor power.

With the notations of 5.3.9, we define the symmetric Tate spectrum over S as the
symmetric sequence Ig{*} = Sym(1s{1}) in ;zfse. The corresponding collection
defines a cartesian commutative monoid of the fibred category </, called the
absolute Tate spectrum.

Definition 5.3.16 Consider an abelian &?-premotivic category 7.

We denote by Sp(&) the abelian &?-premotivic category of modules over 1 {x}
in the category 7. The objects of Sp(.27) are called the abelian (symmetric) Tate
spectra.s?

The category Sp(«) is (N X 7)-generated. Composing the adjunctions (5.3.1.1) and
(5.3.12.1), we get an adjunction

(5.3.16.1) % of = Sp(«) : QF
of abelian &7-premotivic categories.
Let us explicit the definition. An abelian Tate spectrum (E, o) is the data of :

1. for any n € N, an object E,, of 25 endowed with an action of &,
2. for any n € N, a morphism o, : E, {1} — E,;+1 in o5

such that the composite map

omin-1} m+n—
Em{n} — Em+1{n - 1} i ---a- 1Em+n

80 As we will almost never consider non symmetric spectra, we will cancel the word "symmetric"
in our terminology.



206 Construction of fibred categories

is S, X S,,-equivariant with respect to the canonical action of S, on 1s{n} and the
structural action of S,,, on E,,,. By definition, Q*(E) = Ey. Thus, the functor Q% is
exact.

Given an object A of o7, the abelian Tate spectrum X* A is defined such that
(Z*A),, = A{n} with the action of S,, given by its action on 15{n} by permutations
of the factors.

Be careful we consider the category Sp(<7s) as N-twisted by negative twists. For
any abelian Tate spectrum E., (E.{-n})m = G Xg,,_,, Em-n forn > m.

5.3.17 Consider a morphism
p: A — B

of abelian &-premotivic categories. Then as (1 {1}) = 1%{1}, ¢ can be extended
to abelian Tate spectra in such a way that the following diagram commutes:

o ¢ B

|
Sple)

Sp(«f) ————— Sp(A).

(Of course the obvious diagram for the corresponding right adjoints also commutes.)

Definition 5.3.18 For any scheme S, a complex of abelian Tate spectra over S will
be called simply a Tate spectrum over S.

A Tate spectrum E is a bigraded object. In the notation E}*, the index m corresponds
to the (cochain) complex structure and the index n to the symmetric sequence
structure.

From propositions 5.3.3 and 5.3.13, we get the following:

Proposition 5.3.19 Let o/ be an abelian &7-premotivic category compatible with
an admissible topology t. Then Sp() is compatible with t.

Note also that remark 5.3.4 and Lemma 5.3.14 implies that for any simplicial -
scheme 2" over S, any integer n € N, and any Tate spectrum E, we have canonical
isomorphisms:

(5319.1)
HomK(Sp(ﬂfs))(szS(%3 ,Q{){—I’l}, E) = HomK(.Qfs)(zooMS(‘%" %)’ En)

(53192)
Hompsp(ars))(EMs(Z, &/ ){—n}, E) =~ Homp(u) (X" Ms(Z, o7 ), Ey)

According to the proposition, the category C(Sp(<Zs)) of Tate spectra over S has a -
descent model structure. The previous isomorphisms allow to describe this structure
as follows:

1. For any simplicial &?-scheme 2 over S, and any integer n > 0, the Tate
spectrum X*° Mg (2", o/ ){—n} is cofibrant.
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2. A Tate spectrum E over § is fibrant if and only if for any integer n > 0, the
complex E,, over s is local (i.e. t-flasque).

3. Let f : E — F be a morphism of Tate spectra over S. Then f is a fibration
(resp. quasi-isomorphism) if and only if for any integer n > 0, the morphism
fu : En — F,, of complexes over 75 is a fibration (resp. quasi-isomorphism).

Note that properties (2) and (3) follows from (5.3.4.1) and (5.3.14.1).

5.3.20 We can also introduce the A!-localization of this model structure. The corre-
sponding homotopy category is the A!-derived &2-premotivic category Df‘fl(Sp(Jz{ )
introduced in 5.2.16. The isomorphism (5.3.19.2) gives the following assertion: From
the above, a Tate spectrum E is A'-local if and only if for any integer n > 0, E,, is
Al-local.

1. A Tate spectrum E over S is Al-local if and only if for any integer n > 0, the
complex E,, over <75 is A!-local.

2. Let f : E — F be a morphism of Tate spectra over S. Then f is a Al-local
fibration (resp. weak A'-equivalence) if and only if for any integer n > 0, the
morphism f, : E, — F, of complexes over o7 is a A'-local fibration (resp.
weak A'-equivalence).

As a consequence, the isomorphism (5.3.19.2) induces an isomorphism

(5.3.20.1)

Hom, (Z°Ms(2, o/ ){~n},E) = Hom o, (E°Ms(Z, ), Ey).
Al Al

(Sp(s)) (s)

Similarly, the adjunction (5.3.16.1) induces an adjunction of triangulated 47-
premotivic categories

(5.3.20.2) Ly* : DY (o) = DY (Sp()) : RQ™.

5.3.d Symmetric Tate Q-spectra

5.3.21 The final step is to localize further the category Dfﬁ(Sp(sz )). The aim is
to relate the positive twists on DeAﬁ;(@f ) obtained by tensoring with 1g{1} and

the negative twists on DeAﬂ;(Sp(ﬂ )) induced by the consideration of symmetric
sequences.

Let X be a &?-scheme over S. From the definition of £, there is a canonical
morphism of abelian Tate spectra:

[Z%(1s{1})]{-1} — =%15.

Tensoring this map by X°Mg(X, o7 ){—n} for any F-scheme X over S and any
integer n € N, we obtain a family of morphisms of Tate spectra concentrated in
cohomological degree 0:
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= (Ms (X, ){1}) [{-n - 1} — Z°Ms(X, o/ ){-n}.

We denote by #4q this family and put #g o1 = #o U #1. Obviously, #g a1 is
stable by the operations f* and fj.

Definition 5.3.22 Let <7 be an abelian &?-premotivic category compatible with an
admissible topology 7. With the notations introduced above, we define the stable A'-
derived & -premotivic category with coefficients in </ as the derived &-premotivic

category
Dpi(e) := D(Sp(e/ )[# 5. ]

defined in Corollary 5.2.5.

5.3.23 According to this definition, we get the following identification:
Di(«/) = DY (Sp(a )75 ].

Using the left Bousfield localization of the A!-local model structure on C(Sp(.#7)),
we thus obtain a canonical adjunction of triangulated Z-fibred premotivic categories

DY, (Sp(e)) = DY (Sp(/)[# ]

which allows us to describe D 5 1(%) as the full subcategory of D%(Sp(ds)) made

of Tate spectra which are #q-local in D%(Sp(&zfs)). Recall a Tate spectrum E is a
sequence of complexes (E; ),eN over 75 together with suspension maps in C(o7s)

on: Is{1} ® E,, — Ej;41.

From this, we deduce a canonical morphism 1g{1} ®" E, — E,;; in Dgﬁl(% )
whose adjoint morphism we denote by

(53231) up : By — RHomeﬁ(g{S>(]-S{l}vEn+1)

According to (5.3.20.1), the condition that E is #q-local in D;l(Sp(,;z%)) is equivalent
to ask that for any integer n > 0, the map (5.3.23.1) is an isomorphism in D%(Sp(%)).

Considering the adjunction (5.3.20.2), we obtain finally an adjunction of triangu-
lated &7-fibred categories:

(5.3.23.2) T Dig(d) = Dfﬁ(Sp(%)) — Dy(e) : Q%.

Note that tautologically, the Tate spectrum X*°(1g{1}) has a tensor inverse given
by the spectrum (X*°1g){-1} in D1(«%). Thus, we have obtained from the abelian
premotivic category <7 a triangulated premotivic category D ,1(.2%s) which satisfies
the properties:

* the homotopy property (Htp);
* the stability property (Stab);
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* the t-descent property.

As we will see in the followings, the construction satisfies a universality property
that the reader can already guess.

Definition 5.3.24 Consider the assumptions of definition 5.3.22.
For any scheme S, we say that a Tate spectrum E over S is a Tate Q-spectrum if
the following conditions are fulfilled:

(a) For any integer n > 0, E,, is t-flasque and A '-local.
(b) For any integer n > 0, the adjoint of the structural suspension map

E, — Homc(og)(1s{1}, Ens1)
is a quasi-isomorphism.

In particular, a Tate Q-spectrum is #q-local in DeAl(Sp(szs)). Infact, itis also # a1-
local in the category D(Sp(Zs)) so that the category D,1(«7) is also equivalent to
the full subcategory of D(Sp(<7s)) spanned by Tate Q-spectra.

Fibrant objects of the # a1-local model category on C(Sp(<7)) obtained in
definition 5.3.22 are exactly the Tate Q-spectra.

Proposition 5.3.25 Consider the above notations. Let S be a base scheme.

1. If the endofunctor

DY (ets) — DY (ets).C — RHomr (o) (Ls{11,0)

is conservative, then the functor Qg" is conservative.
2. If the Tate twist E +— E(1) is fully faithful in D;ﬁ;(ds), then X is fully faithful.

3. If the Tate twist E +— E(1) induces an auto-equivalence of Dzﬁl(szfs), then
(X5,Q7) are adjoint equivalences of categories.

Remark 5.3 26 Similar statements can be obtained for the derived categories rather
than the A'-derived categories. We left their formulation to the reader.

Proof Consider point (1). We have to prove that for any #-local Tate spectrum E
in D%(Sp(%g)), if RQ®(E) = 0, then £ = 0. But RQ¥(E) = Q®(E) = Ey (see
5.3.20). Because for any integer n > 0, the map (5.3.23.1) is an A'-equivalence, we
deduce that for any integer n € Z, the complex E,, is (weakly) A'-acyclic. According
to (5.3.20.1), this implies E = 0 — because D 1(.o75) is N-generated.

Consider point (2). We want to prove that for any complex C over «Zg, the counit
map C — RQ®LX*(C) is an isomorphism. It is enough to treat the case where C
is cofibrant.

Considering the left adjoint LE* of (5.3.20.2), we first prove that LX¥*(C) is #-
local. Because C is cofibrant, this Tate spectrum is equal in degree n to the complex
C{n} (with its natural action of ©,). Moreover, the suspension map is given by the
isomorphism (in the monoidal category C(.7s))
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oy, 1g{1} ®s C{n} — C{n+1}.

In particular, the corresponding map in DeAﬁ;(%S)
oy Is{1} ®% C{n} — C{n+1}.

is canonically isomorphic to
L 1®1 L
Is{1} ®5 C{n} — 1s{1} ®¢ C{n}.

Thus, because the Tate twist is fully faithful in ng(ds), the adjoint map to o, is
an Al-equivalence. In other words, LX®(C) is #q-local. But then, as C is cofibrant,
C = Q%X%(C) = RQ®LX*(C), and this concludes.

Point (3) is then a consequence of (1) and (2). U

Remark 5.3.27 1. The construction of the triangulated category D 5 1(27) can also be
obtained using the more general construction of [CDog, §7] — see also [Hovoz,
7.11] and [Ayoo7b, chap. 4] for even more general accounts. Here, we exploit
the simplification arising from the fact that we invert a complex concentrated in
degree 0: this allowed us to describe D 1(7) simply as a Verdier quotient of
the derived category of an abelian category. However, we can also consider the
category of symmetric spectra in C(.2Zs) with respect to one of the complexes
1s(1)[2] or 1 (1) and this leads to the equivalent categories; see [Hovo1, 8.3].

2. Point (3) of Proposition 5.3.25 is a particular case of [Hovoz1, 8.1].

5.3.28 Consider a morphism of abelian &7-premotivic categories
oA =By

such that &7 (resp. #) is compatible with a system of topology ¢ (resp. ¢’). Suppose ¢’
is finer than ¢. According to 5.3.17, we obtain an adjunction of abelian &2-premotivic
categories

¢ : O(Sp(#)) = C(Sp(A)) : .

The pair (¢s,¥s) is a Quillen adjunction for the stable model structures (apply again
[CDog, prop. 3.11]). Thus we obtain a morphism of triangulated £?-premotivic
categories:

Ly : Dyi(&7) = Dp1(%) : Ry.

Remark 5.3.2¢9 Under the light of Proposition 5.3.25, the category D j1(.2/)) might
be considered as the universal derived &?-premotivic category .7 with a morphism
D(«/) — 7, and such that .7 satisfies the homotopy and the stability property.
This can be made precise in the setting of algebraic derivators or of dg-categories
(or any other kind of stable co-categories).

Proposition 5.3.30 Let t and t' be two admissible topologies, with t’ finer than
t. Then Dp1(Shy (P, N)) is canonically equivalent to the the full subcategory of
D1 (Sh; (22, A)) spanned by the objects which satisfy t’-descent.
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Proof Tt is sufficient to prove this proposition in the case where ¢ is the coarse
topology. We deduce from [Ayoo7b, 4.4.42] that, for any scheme S in ., we have

D1 (She (2/8,A)) = D (PSh(2/S,A) [# '],
with # = W U #a1 U #g, where #; is the set of maps of shape
I¥Ms (2 ){n}i] — Z¥Ms(X){n}[i],

for any ¢’-hypercover 2~ — X and any integers n < 0 and i. The assertion is then
a particular case of the description of the homotopy category of a left Bousfield
localization. (|

Example 5.3.31 We have the stable versions of the &7-premotivic categories intro-
duced in example 5.2.17:

1) Consider the admissible topology ¢ = Nis. Following F. Morel, we define the
stable A'-derived premotivic category as (see also the construction of [Ayoo7b]):

Dt = Dat (Shyis(Sm,A))  and Dy p i= Dy (Sh Nis (yf ’,A)) :
as well as the generalized stable A'-derived premotivic category®!

(5.3.31.1) Dy = Das (ShMS (yf ‘,A)) .

Given a scheme §, we shall also write:
(5.3.31.2) Da1(S,A) :=Dp1a(S) and  D,i(S,A) := Dyi s ().

In the case when ¢t = é€t, we get the triangulated premotivic categories of étale
premotives:

D1 (Shet (Sm,A)) and Dy (Shét (yf’,A)) :

In each of these cases, we denote by ZmAg(X) the premotive associated with a
smooth S-scheme X.
From the adjunction (5.1.24.2), we get an adjunction of triangulated premotivic
categories:
a¢t :Da1p == Daa (Shet(Sm,A)) : ROg:.
2) Assume & = .#/1;
Consider the .#/*-admissible topology ¢ = h (resp. t = gfh). In [Voeg6], Vo-

evodsky has introduced the category of effective h-motives (resp. gfh-motives).
According to the theory presented above, one can extend this definition to the stable

81 We will see in Example 6.1.10 that the generalized version contains the usual one as a full
subcategory.
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setting: one defines the category of stable h-motives (resp. qfh-motives) over S with
coefficients in A as:

DM, (S,A) := D1 (Shh (yf’ /S, A)) .

resp. DM _;, (5. A) := D,y (Shqfh (yf ' /S,A)) .

In other words, this is the stable A!-derived category of h-sheaves (resp. gfh-sheaves)
of A-modules. Moreover, we get the generalized triangulated premotivic category
of h-motives (resp. qfh-motives) with coefficients in A over .7:

DM, , = D1 (Shy (777, A)).

resp. DM o :=Dp (Shqfh (Yf’,l\)) :

For an S-scheme of finite type X, we will denote by ZMA’S’(X ) (resp ZMAgf h(X))
the corresponding premotive associated with X in DM (S,A). Note that the h-
sheafification functor induces a premotivic adjunction (see Paragraph 5.3.28):

(5.3.31.3) MQﬂL,A = mh,A :

These generalized premotivic categories are too big to be reasonable (in particular
for the localization property — see Remark 2.3.4). Therefore, we introduce the tri-
angulated category DM, (S, A) as the localizing subcategory of DM._ (S, A) generated
by objects of shape Z* A% (X)(p)[g] for any smooth S-scheme of finite type X and
any integers p and q. The fibred category DMy, o (resp. DMy, o) defined above
is premotivic. We call it the premotivic category of h-motives (resp. qfh-motives).
The family of inclusions

(5.3.31.4) DM;(S,A) — DM, (S,A)

indexed by a scheme S defines a premotivic morphism (the existence of right adjoints
is ensured by the Brown representability theorem).

Remark 5.3.32 When A = Q, we will show that the categories DM, g and DM ¢,
are equivalent and satisfy the axioms of a motivic category. In fact, they are equivalent
to the category of Beilinson motives. See Theorem 16.1.2 for all these results.

Proposition 5.3.33 Consider the notations of the second point in the above example.
Then the premotivic category DM,  satisfies t-descent.

Proof This is true for DM, , by construction, which implies formally the assertion
for DM; . O

Remark 5.3.34 According to Proposition 5.2.10 and Remark 5.3.29, for any admis-
sible topology t, D1(Sh, (£, 7)) is the universal derived &?-premotivic category
satisfying 7-descent as well as the homotopy and stability properties.
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A crucial example for us: the stable A'-derived premotivic category D1 is the
universal derived premotivic category satisfying the properties of homotopy, of
stability and of Nisnevich descent.

5.3.35 We assume &2 = Sm.
Let She(Sm) be the category of pointed Nisnevich sheaves of sets. Consider the
pointed version of the adjunction of &2-premotivic categories

N : A°? She(Sm) = C(Shpis(Sm,Z)) : K

constructed in 5.2.25.

If we consider on the left-hand side the A'-model category defined by Blan-
der [Blao3s], (Ns, Ks) is a Quillen adjunction for any scheme S.

We consider (G, 1) as a constant pointed simplicial sheaf. The construction of
symmetric G,,-spectra respectively to the model category A°” Sh(Sm) can now be
carried out following [Jaroo] or [Ayoo7b] and yields a symmetric monoidal model
category whose homotopy category is the stable homotopy category of Morel and
Voevodsky SH(S).

Using the functoriality statements [Hovoi, th. 8.3 and 8.4], we finally obtain a
&-premotivic adjunction

(5.3-35.1) N :SH = Dy:1: K.

The functor K is the analog of the Eilenberg-Mac Lane functor in algebraic
topology; in fact, this adjunction is actually induced by the Eilenberg-MacLane
functor (see [Ayoo7b, chap. 4]). In particular, as the rational model category of
topological (symmetric) S'-spectra is Quillen equivalent to the model category of
complexes of Q-vector spaces, we have a natural equivalence of premotivic categories

(5.3-35.2) SHq = Da1q,

(where SHq(S) denotes the Verdier quotient of SH(S) by the localizing subcategory
generated by compact torsion objects).

5.3.36 We can extend the considerations of Example 5.1.25 and Paragraph 5.2.22
on changing coefficients in categories of sheaves.

Let f be an admissible topology and ¢ : A — A’ be an extension of rings. Using
the &?-premotivic adjunction (5.1.25.1) and according to Paragraph 5.3.28, we get
an adjunction of triangulated &?-premotivic categories:

Le" : Dai (Shy(2,A)) = Dy1 (Shi(2,A")) : Re..

Given two Tate spectra C and D of f-sheaves of A-modules over Hs, we get a
canonical morphism of A’-modules:
(5-3.36.1)

Homp ,shy(2s.) (C, D) ®@ A" — Homp ,(sh,(25.47) (Le*(C), L™ (D))

Then the stable version of Proposition 5.2.23 holds (the proof is the same):
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Proposition 5.3.37 Consider the above assumptions. Then the map (5.3.36.1) is an
isomorphism in the two following cases:

1. If N is a free A-module and C is compact;
2. If N’ is a free A-module of finite rank.

5.3.¢ Constructible premotivic spectra

Lemma 5.3.38 Let o/ be an abelian &-premotivic category compatible with a
topology t and such that the category A'-derived category DeAﬁl(,Q{ ) satisfies Nis-
nevich descent.

Then, for any scheme S, the non-trivial cyclic permutation (123) of order 3 acts
as the identity on the premotive 15{1}%3 in Diﬁl(xzfs).

Proof Using example 5.2.21, it is sufficient to prove this in Dfﬁ A(S), which is
well-known; see for example [Ayoo7b, 4.5.65]. (]

Proposition 5.3.39 Consider the hypothesis of the previous lemma and assume that
the triangulated premotivic category ng(% ) is compactly T-generated.

Then, for any scheme S, any couple of integers (i,a), any compact object C of
ng(dg) and any Tate spectrum E in o5, we have a canonical isomorphism

Homp , , (ar5)(LE¥(C){a}, E[i]) = lim Hoijﬁ(ds)(C{a + r}, E.[i]).

r>>0

Proof Given the previous lemma, this is a direct consequence of [Ayoo7b, theorems
4.3.61 and 4.3.79]. (]

Corollary 5.3.40 Under the assumptions of the preceding proposition, the triangu-
lated category D s1(o7s) is compactly (Z X 7)-generated where the factor Z corre-
sponds to the Tate twist.

More precisely, if DeAﬁ; . (7s) denotes the category of compact objects in Diﬁi(ﬂg ),
then the category of con’1pact objects in D 1(97s) is canonically equivalent to the
pseudo-abelian completion of the category obtained as the 2-colimit of the following
diagram:

: ®ls{1} : ®ls{1}
DY (ats) == DY () — -+ — DY, (o) =='DY, (o) — ---

5.3.41 Let .o/ be an abelian &-premotivic category compatible with an admissible
topology t. Assume that:

* The topology ¢ is bounded in <7 (Definition 5.1.28).
* The abelian &7-premotivic category o7 is finitely T-presented.

We will denote by Ji{gt a bounded generating family for #-hypercovers in .27s.
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Recall from Proposition 5.2.38 that the category of compact objects of the tri-
angulated category Dfﬁ(%g) is canonically equivalent to the triangulated monoidal
category:

(K (Z(Sm/: ) /(A U T3))

Let us denote by D a1 ,,(<75) the category obtained from the monoidal category on

the left-hand side of the above functor by formally inverting the Tate twist Zg‘“ (1).
Because D, 1(.%7) satisfies the stability property by construction, we readily obtains
a canonical monoidal functor

(53411) DAl,gm(ﬂS) - DAl(ﬂS)'

Then applying Proposition 5.2.38, the above corollary and Proposition 1.4.11, we
deduce:

Corollary 5.3.42 Consider the above hypothesis and notations.
Then the triangulated premotivic category Dai(<?) is compactly (Z X 1)-
generated. For any premotive A in D y1(s) the following conditions are equivalent:

(i) A is compact;
(it) A is (Z X T)-constructible.

Moreover, the functor (5.3.41.1) is fully faithful and has for essential image the
compact (i.e. T-constructible) objects of D y1(os).

Example 5.3.43 From the considerations of Example 5.2.40, we get that, for any
scheme S, the category of compact objects of Dp1(S,A) (resp., of its cdh-local
counterpart D1 ( Shegn (ZF1/S,A) )) is obtained from the monoidal triangulated
category

K” (A(Sm/S)) (resp. K” (A(yff /S)))

by the following steps:

* one mods out by the triangulated subcategories 9A§ and BGg (resp. CDHy)

corresponding to the A'-homotopy property and the Brown-Gersten triangles
(resp. cdh-triangles),

* one takes the pseudo-abelian envelope,

* one formally inverts the Tate twist.

Proposition 5.3.44 Assume &2 = /11 is the class of finite type (resp. separated and
of finite type) morphisms.

Let of be an abelian generalized premotivic category compatible with an admis-
sible topology t such that:

o o/ satisfies property (C) (resp. (wC)) of Paragraph 5.1.35.

o The Al-derived category D;ﬁ;(% ) is compactly T-generated and satisfies Nis-
nevich descent.
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Then the stable A'-derived premotivic category D y1(<7) is (X T)-continuous (resp.
weakly (Z X T)-continuous) — see Definition 4.3. 2.

Proof This is an immediate corollary of Proposition 5.2.41 combined with Proposi-
tion 5.3.39. (]

Example 5.3.45 According to the previous proposition and the second point of Ex-
ample 5.1.37, the generalized triangulated premotivic category D, 4 is continuous.
We also refer the reader to Corollary 6.1.12 for an extension of this result to the non
generalized case.

6 Localization and the universal derived example

6.0.1 In this section, . is an adequate category of .%’-schemes as in 2.0.1. In sections
6.2 and 6.3, we assume in addition that the schemes in .¥ are finite dimensional.
We will apply the definitions of the preceding section to the admissible class
made of morphisms of finite type (resp. smooth morphisms of finite type) in .7,
denoted by .7/ (resp. Sm).
Recall the general convention of section 1.4:

* premotivic means Sm-premotivic;
« generalized premotivic means .7 -premotivic.

6.1 Generalized derived premotivic categories

Example 6.1.1 Let t be a .#/*-admissible topology. For a scheme S, we denote by
Sh, (.#71/8, A) the category of sheaves of abelian groups on .#’/! /S for the topology
ts. For an S-scheme of finite type X, we let /_\’S(X ) be the free t-sheaf of A-modules
represented by X. Recall Sh, (Yf ’ A) is a generalized abelian premotivic category
(see 5.1.4).

Let p : Sm/S — .#/1/S be the obvious inclusion functor and let us denote by tg
the initial topology on Sm /S such that p is continuous. Then it induces (cf: [AGV 73,
1V, 4.10]) a sequence of adjoint functors

P
Sh, (Sm /S, A) +——p*—— Sh, (#/1/S, A)

e S 4
P

and we checked easily that this induces an enlargement of abelian premotivic cate-
gories:

(6.1.1.1) py : Shy(Sm,A) = Sh, (yff,A) L .



6 Localization and the universal derived example 217

Remark 6.1.2 Note that for any scheme S, the abelian category Sh,(Sm/S,A) can
be described as the Gabriel quotient of the abelian category Sh, (Jﬂf /S,A) with
respect to the sheaves F over .#/? /S such that p*(F) =

An example of such a sheaf in the case where t = Nis and dim(S) > 0 is the
Nisnevich sheaf Ag(Z) on.#/? /S represented by a nowhere dense closed subscheme
Z of S is zero when restricted to Sm/S.

6.1.3 Consider an abelian premotivic category /' compatible with an admissible
topology ¢ on Sm and a generalized abelian premotivic category ./ compatible
with an admissible topology ¢’ on .. We denote by M (resp. M) the geometric
sections of &7 (resp. .o/). We assume that ¢’ restricted to Sm is finer that ¢, and
consider an adjunction of abelian premotivic categories:

py:d = A pt.

Let S be a scheme in .. The functors py and p* induce a derived adjunction (see
5.2.19):
Loy : DY (ats5) = DY() : Rp*

(where o7 is considered as an Sm-fibred category).

Proposition 6.1.4 Consider the previous hypothesis, and fix a scheme S. Assume
furthermore that we have the following properties.

(i) The functor py : ols — s is fully faithful.
(ii) The functor p* : s — ols commutes with small colimits.

Then, the following conditions hold :

(a) The induced functor
p*: C(Fs) — C(s)

preserves Al-equivalences.
(b) The A'-derived functor Loy : D (4275) — D (_S) is fully faithful.

Proof Point (a) follows from Proposition 5.2.24. To prove (b), we have to prove that
the unit map
M — p*Lpy(M)

is an isomorphism for any object M of D (.dg) For this purpose, we may assume
that M is cofibrant, so that we have

M = p*py(M) = p"Lpy(M)
(where the first isomorphism holds already in C(s)). O

Corollary 6.1.5 Consider the hypotheszs of the previous proposition. Then the family
of adjunctions Lpy : DAl(szs) — DA1(_S) Rp* indexed by a scheme S induces
an enlargement of triangulated premotivic categories

Loy : DY\(«/) = Di(&) : Rp".
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Example 6.1.6 Considering the situation of 6.1.1, we will be particularly interested in
the case of the Nisnevich topology. We denote by _DeAﬁr1 » the generalized Al-derived
premotivic category associated with Sh (yf ’,A) (see also Example 5.3.31). The
preceding corollary gives a canonical enlargement:

(6.1.6.1) ng’A :Dzﬂl’[\

6.1.7 Consider again the hypothesis of 6.1.3. We denote simply by M (resp. M) the

geometric sections of the premotivic triangulated category D 5 1(.27) (resp. Dy 1( ).
Recall from 5.3.15 that we have defined 15{1} (resp. 14{1}) as the cokernel of the

canonical map 1s — Mg(G,s) (resp. 1y — Ms(Gyy,s)). Thus, it is obvious that

we get a canonical identification py(1s{1}) = 1¢{1}. Therefore, the enlargement py

can be extended canonically to an enlargement

py : Sp(ed) = Sp() : p°

of abelian premotivic categories in such a way that for any scheme S, the following
diagram commutes:

s — s s

Z;l JE‘;
Sp(ars) — = Sp(.s).

According to Proposition 5.3.13, Sp(f) (resp. Sp(#)) is compatible with 7 (resp.
t"), and we obtain an adjoint pair of functors (5.3.28):

Loy : Dai(els) = Dpi(s) : Rp".
From the preceding commutative square, we get the identification:
(6.1.7.1) LpgoX$, = 220 Loy
As in the non-effective case, we get the following result:

Proposition 6.1.8 Keep the assumptions of Proposition 6.1.4, and suppose further-
more that both Dil(szf ) and DZ1( /) are compactly T-generated. Then the derived
functor Loy : Dp1(els) — Dai(s) is fully faithful.

Proof We have to prove that for any Tate spectrum E of Dj1(%), the adjunction
morphism
E — Lp"Rpy(E)

is an isomorphism. According to Proposition 1.3.19, the functor Lp* admits a right
adjoint. Thus, applying Lemma 1.1.43, it is sufficient to consider the case where
E = Mg(X){i}[n] for a smooth S-scheme X, and a couple (n,i) € Z X 7.

Moreover, it is sufficient to prove that for another smooth S-scheme Y and an
integer j € Z, the induced morphism
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Hom(Z*Ms(Y){j}, £ Ms(X){i}[n]) — Hom(Z*Ms(Y){j},Z"Ms(X){i}[n])

is an isomorphism. Using the identification (6.1.7.1), propositions 5.3.39 and 6.1.4
allows us to conclude. t

Corollary 6.1.9 If the assumptions of Proposition 6.1.8 hold for any scheme S in .,
then we obtain an enlargement of triangulated premotivic categories

Loy : Dar(/) == Dpi( ) : Rp".

Example 6.1.10 Considering again the situation of 6.1.1, in the case of the Nisnevich
topology. We denote by D1 4 the generalized stable A'-derived premotivic category
associated with Sh (. i, A). The preceding corollary gives a canonical enlargement:

(6.1.10.1) Loy : Da1 o = Da1 A : Rp"

which is compatible with the enlargement (6.1.6.1) in the sense that the following
diagram is essentially commutative:

eff eff
DAI,A —DAl,A

| F

Data——Da1a

Corollary 6.1.11 Consider a Grothendieck topology t on our category of schemes
. Let S be a scheme in 7, and M an object of D y1 A(S). Then M satisfies t-descent
in Da1 A (S) if and only if Lpy(M) satisfies t-descent in D1 A(S).

Proof Let f : & — § be a diagram of S-schemes of finite type. Define
HY(Z',M(p)) = Homp ,  (s)(Az,Lf*(M)(p)lq])

HY(Z',M(p)) = Homp ,  (s)(A o, Lf" Lpy(M)(p)lq])

for any integers p and ¢. The full faithfulness of Loy ensures that the comparison
map

HY(Z',M(p)) — HI(Z",M(p))

is always bijective. This proposition follows then from the fact that M (resp. Loy(M))
satisfies r-descent if and only if, for any integers p and g, for any S-scheme of finite
type X, and any ¢-hypercover 2~ — X, the induced map

HI(X,M(p)) — HY (2", M(p)) (resp. H*(X,M(p)) — H(Z",M(p)))
is bijective. (]

We end-up this section with another interesting application of the preceding
results.
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Corollary 6.1.12 Consider the hypothesis and assumptions of Proposition 6.1.4. We
suppose furthermore that the generalized abelian premotivic category 7 satisfies
condition (C) of Paragraph 5.1.35.

1. Then the triangulated premotivic category Dzﬁ;(d ) is T-continuous.

2. Assume furthermore that ng(d ) and Dj’;ﬁl( /) are compactly T-generated.
Then the triangulated premotivic category D s1(<7) is T-continuous.

Proof According to Proposition 5.2.41, the category Dgﬁl( o/ is T-continuous. Ac-
cording to Corollary 6.1.5, the functor Lpy : DeAﬁl(.Q/) — Djﬁ(g) : Rp* is fully
faithful and commutes with L f*. Thus Point (1) follows.

In the assumption of Point (2), we deduce from Proposition 5.3.44 that D y1(.%7)
is (Z X 7)-continuous. Thus it is sufficient to apply Corollary 6.1.9 as in the effective
case to get the assertion of Point (2). [l

Example 6.1.13 According to the second point of Example 5.1.37, we can apply this
corollary to the enlargement

Shiyis (Sm, A) — Shuvis (yf’,A) .

Thus, we deduce that the triangulated premotivic categories DeAﬁ; , and Dp1 4 both
are continuous. ’

6.2 The fundamental example

Recall the following theorem of Ayoub [Ayoo7b]:

Theorem 6.2.1 The triangulated premotivic categories Djﬂ’ A and D a1  satisfy the
localization property.

Corollary 6.2.2 1. The premotivic category D1 , is a motivic category.
2. It is compactly generated by the Tate twist.
3. Suppose that 7 is a derived premotivic category (see 5.2.9) which is a mo-
tivic category. Then there exists a canonical morphism of derived premotivic
categories:

DAI,Z — ﬂ

Proof The first assertion follows from the previous theorem and Remark 2.4.47. The
second one follows from Corollary 5.3.42. The last one follows from Proposition
3.3.5 and Example 5.3.34. U

Remark 6.2.3 Thus, Theorem 2.4.50 can be applied to D a1 4. In particular, for any
separated morphism of finite type f : T — S, there exists a pair of adjoint functors

fi : Dar A(T) == Dp1 A(S) : £
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as in the theorem loc. cit. so that we have removed the quasi-projective assumption
in [Ayoo7a].

6.2.4 Because the cdh topology is finer than the Nisnevich topology, we get an
adjunction of generalized premotivic categories:

gy, i Dara == Dan (Shcdh (Yﬂ,l\)) : Racdn -
Corollary 6.2.5 For any scheme S, the composite functor
Dr(8,8) — Dr(8.4) % Dyu (Shean (#7'/5,1))

is fully faithful.
Moreover, it induces an enlargement of premotivic categories:

(6.2.5.1) Dpip = Dt (Shcdh (yf ’,A))

Remark 6.2.6 This corollary is a generalization in our derived setting of the main
theorem of [Voeioc]. Note that if dim(S) > 0, there is no hope that the above
composite functor is essentially surjective because as soon as Z is a nowhere dense
closed subscheme of S, the premotive M gdh (Z, A) does not belong to its image (cf.
remark 6.1.2).

Proof According to Corollary 6.2.2 and Proposition 3.3.10, any Tate spectrum E of
D1 (S, A) satisfies cdh-descent in the derived premotivic category D a1 4, and this
implies the first assertion by 5.3.30 and 6.1.11. The second one then follows from the
fact the forgetful functor

Dyt (Shcdh (yft/S,/\)) — Dpr(S,A).

commutes with direct sums (its left adjoint preserves compact objects). O

6.3 Nearly Nisnevich sheaves

6.3.1 In all this section, we fix an abelian premotivic category ¢ and we consider
the canonical premotivic adjunction (5.1.2.1) associated with .o7.
We assume o7 satisfies the following properties.

(i) & is compatible with Nisnevich topology, so that we have from (5.1.2.1) a
premotivic adjunction:

(6.3.1.1) v* : Shyis (S, Z) = o : ..

(ii) &7 is finitely presented (i.e. the functors Hom g (Ms(X),—) preserve filtered
colimits and form a conservative family, Def. 1.3.11).
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(iii) For any scheme S, and for any open immersion U — X of smooth S-schemes,
the map Ms(U) — Ms(X) is a monomorphism.
(iv) For any scheme S, the functor vy, : @/ — Shp;s(Sm/S,Z) is exact.

Note that the functor vy, : /s — Shp;s(Sm/S,Z) is exact and conservative. As it
also preserves filtered colimits, this functor preserves in fact small colimits.

Observe also that, according to assumptions (i)-(iv), the abelian premotivic cate-
gory of Tate spectra Sp(.<7) is compatible with Nisnevich topology and N-generated.
Moreover, we get a canonical premotivic adjunction

(6.3.1.2) Y : Sp(Shyis (Sm, 2)) = Sp(#) : v-

such that vy, is conservative and preserves small colimits.

In the following, we show how one can deduce properties of the premotivic
triangulated categories Diﬁl(szf ) and D 5 1(«¢) from the good properties of Dfﬂ , and
Dp1 g ’

6.3.a Support property (effective case)

Proposition 6.3.2 Forany scheme S, the functory, : C(<fs) — C(Shy;s(Sm/S,Z))
preserves and detects Al-equivalences.

Proof It follows immediately from Corollary 5.2.31 that y, preserves A !-equivalences.
The fact it detects them can be rephrased by saying that the induced functor

¥o: DY(els) — D (9)
is conservative. This is obviously true once we noticed that its left adjoint is essen-
tially surjective on generators. (]

Corollary 6.3.3 The right derived functor

Ry. =y, : DY () — DY, ,(5)

is conservative.

Proposition 6.3.4 Let f : 8" — S be a finite morphism of schemes. Then the in-
duced functor

f:k . C(Q/S/) — C(«Q/S)
preserves colimits and A'-equivalences.

Proof We first prove f, preserves colimits. We know the functors y. preserve colimits
and are conservative. As we have the identification vy. f. = f.v., it is sufficient to
prove the property for &7 = Shp;s(Sm,Z). Let X be a smooth S-scheme. It is
sufficient to prove that, for any point x of X, if X" denotes the henselization of X at
x, the functor
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Shyis(Sm/S" L) — /b ,  Fr— fu(F)(X}) = F(S' xs X!

commutes to colimits. Moreover, the scheme S’ Xg Xff is finite over X)’}, so that we
have S’ Xg Xf = 11;Y;, where the ¥;’s are a finite family of henselian local schemes
over S’ X5 X. Hence, we have to check that the functor F +— P, F(Y;) preserves
colimits. As colimits commute to sums, it is thus sufficient to prove that the functors
F +— F(Y;) commute to colimits. This follows from the fact that the local henselian
schemes Y; are points of the topos of sheaves over the small Nisnevich site of X.

We are left to prove that the functor f, : C(efs) — C(a/) respects Al-
equivalences. For this, we shall study the behavior of f. with respect to the A'-
resolution functor constructed in 5.2.26. Note that f. commutes to limits because
it has a left adjoint. In particular, we know that f is exact. Moreover, one checks
easily that f*RXll) = f*RX’l> . As f. commutes to colimits, this gives the formula
fxRa1 = Rp1 fi. Let C be a complex of Nisnevich sheaves of abelian groups on
Sm/S’. Choose a quasi-isomorphism C — C’ with C’ a Nis-flasque complex. Ap-
plying Proposition 5.2.28, we know that R1(C’) is Al-fibrant and that we get a
canonical A'-equivalence

JA(C) — fulC') — fulRa1(C) = Ry (£(C7)).

Hence, we are reduced to prove that f, preserves A'-equivalences between Al-
fibrant objects. But such A'-equivalences are quasi-isomorphisms, so that we can
conclude using the exactness of f.. (]

Proposition 6.3.5 For any open immersion of schemes j : U — S, the exchange
transformation jyy. — . jy is an isomorphism of functors.

Proof Let X be a scheme, and F a Nisnevich sheaf of abelian groups on Sm/X.
Define the category 6 as follows. The objects are the couples (Y, s), where Y is a
smooth scheme over X, and s is a section of F over Y. The arrows (Y, s) — (Y’,s”)
are the morphisms f € Homg , (sm/x,2)(Zx(Y), Zx(Y’)) such that f*(s’) = 5. We
have a canonical functor

¢F : CF — Shyis(Sm/X,Z)

defined by ¢p(Y,s) = Zx(Y), and one easily checks that the canonical map

H_I)l’l(pp = h_n)] Zx(Y)— F
Cr (Y,s)e€r

is an isomorphism in Shy;s(Sm/X,Z) (this is essentially a reformulation of the
Yoneda lemma).

Consider now an object F' in the category <7;. We get two categories ), (r) and
©y.(jy(F))- There is a functor

i1 Cy.(F) — Cy(jy(F)
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which is defined by the formula i(Y,s) = (¥, jy(s)). To explain our notations, let us
say that we see s as a morphism from Mg(U,.27) to F, so that jy(s) is a morphism
from Ms(Y, o) = jyMs(U, ) to jy(F). This functor i has right adjoint

i+ Gy (k) — Crup)

defined by i’(Y,s) = (Yy, sy ), where Yy = Y Xg U, and sy is the section of y..(F) over
Yy that corresponds to the section j*(s) of j* jyy.(F) over Yy under the canonical
isomorphism y.(F) = j*jyy.(F) (here, we use strongly the fact the functor jy is fully
faithful). The existence of a right adjoint implies i is cofinal. This latter property is
sufficient for the canonical morphism

im @y, guryoi—  lm @ gy = v(g(F))
Crap) Cysiy(F)

to be an isomorphism. But the functor ®y,(jy(Fy) © 1 is exactly the composition of the
functor jy with ¢, (). As the functor jz commutes with colimits, we have

li_n} Py, (y(F) O1 = h_r)n Jg Py.(F) = g h_r,n @y.(F) = Jg(y=(F)).

Cyur) Cur) G
Hence we obtain a canonical isomorphism jy(y.(F)) = v.(jy(F)). It is easily seen
that the corresponding map y.(F) — j*(y.(jy(F))) = v.(j*jy(F)) is the image by
7. of the unit map F — j* jy(F). This shows the isomorphism we have constructed
is the exchange morphism. (]

Corollary 6.3.6 For any open immersion of schemes j : U — S, the functor jy :
Sy — s is exact. Moreover, the induced functor

Jg : Cley) — C(s)
preserves Al-equivalences.

Proof Using the fact y. is exact and conservative, and propositions 6.3.2 and 6.3.5,
it is sufficient to prove this corollary when o7 = Sh ;5 (Sm, Z). It is straightforward
to prove exactness using Nisnevich points. The fact jy preserves A'l-equivalences
follows from the exactness property and from the obvious fact it preserves strong
A'-equivalences. O

Corollary 6.3.7 Let j : U — S be an open immersion of schemes. For any object
M of DeAﬁ;(,@/U) the exchange morphism

(6.3.7.1) Ljy(Ry.(M)) — Ry.(Ljy(M))

is an isomorphism in Difi (S,Z2).



6 Localization and the universal derived example 225

6.3.b Support property (stable case)

6.3.8 Recall from 5.3.17 that the premotivic adjunction (y*,vy.) induces a canonical
adjunction of abelian premotivic categories that we denote by:

¥+ Sp(Shyis (Sm, Z)) = Sp(s) : ¥«
Proposition 6.3.9 For any scheme S, the functor induced functor
.+ C(Sp(efs)) = C(Sp(Shyis(Sm/S,Z)))
preserves and detects stable A1 -equivalences.

Proof Using the equivalence between symmetric Tate spectra and non symmetric
Tate spectra, we are reduced to prove this for complexes of non symmetric Tate
spectra. Consider a non symmetric Tate spectrum (E,),en With suspension maps
0y En{1} — Ep41. The non symmetric Tate spectrum y.(E) is equal to y.(E,) in
degree n € Z, and the suspension map is given by the composite:

1s{1} ®s y:(En) — v:(y"(Ls{1}) ®s En) = y+(En{1}) ) By

Thus, propositions 6.3.2 and 5.3.40 allows us to conclude. O
Corollary 6.3.10 The right derived functor

Ry. = 7. : Dps(es) — Da1 z(S)
is conservative.

Proposition 6.3.11 Let j : U — X be an open immersion of schemes. For any
object M of D p1(y), the exchange morphism

Ljy(Ry.(M)) — Ry.(Ljy(M))
is an isomorphism in D z1 z(X).

Proof From Corollary 6.3.6 and the £2-base change formula for the open immersion
J» one deduces easily that jy preserves stable A'l-equivalences of (non symmetric)
Tate spectra. Moreover, Proposition 6.3.5 shows that jyy. = v.jy at the level of Tate
spectra. This concludes. (]

Corollary 6.3.12 The triangulated premotivic category D 1(<7) satisfies the sup-
port property.

Proof According to corollary 6.3.10, the functor Ry, is conservative. Thus, by virtue
of the preceding proposition, to prove the support property in the case of D y1(.2/)
it is sufficient to prove it in the case where &7 = Sh ;s (Sm, Z). This follows from
theorems 6.2.1 and 2.4.50. (|



226 Construction of fibred categories

6.3.c Localization for smooth schemes

Lemma 6.3.13 Let i : Z — S be a closed immersion which admits a smooth re-
traction p : S — Z. Then the exchange transformation

Ly*Ri, — Ri.Ly”*
is an isomorphism in DeAﬁi(dg) (resp. Da1(2s)).

Proof We first remark that for any object C of C(o7z) (resp. C(Sp(</z))) the canonical
sequence

Jap)) (€) — p"(C) — i.(C)

is a cofiber sequence in Dfﬁ(;zfs) (resp. Dp1(7)s)). Indeed, we can check this after
applying the exact conservative functor .. The sequence we obtain is canonically
isomorphic through exchange transformations to

jﬁj*P*(V*C) — p*(¥:C) — i.i"p*(y.C)

using Corollary 6.3.7, the commutation of vy, with j*, p* and i, (recall it is the right
adjoint of a premotivic adjunction) and the relation pi = 1. But this last sequence is
a cofiber sequence in Defi Z(S) (resp. Da1 7(S)) because it satisfies the localization
property (see 6.2.1).
Using exchange transformations, we obtain a morphism of distinguished triangles

in DMJ(s)

Y g p*(C) — ¥ (C) — ¥"i.(C) — ¥"jyi P (O)[1]

I I | Extri |
B P (v C) — p*(y*C) — i(y"C) — jyj P (v O)[1]

The first two vertical arrows are isomorphisms as y* is the left adjoint of a premotivic
adjunction; thus the morphism Ex(y*,i.) is also an isomorphism. O

Proposition 6.3.14 Let i : Z — S be a closed immersion. If i admits a smooth
retraction, then D;ﬂl(d ) satisfies (Loc;).

Proof This follows from Proposition 2.3.19 and the preceding lemma. (]

Corollary 6.3.15 Let S be a scheme. Then the premotivic category Dfﬁ(% ) (resp.
Da1(?)) satisfies localization with respect to any closed immersion between smooth
S-schemes.

Proof Leti : Z — X be closed immersion between smooth S-schemes. We want to

prove that Dzﬂl(d ) (resp. D 4 1(27)) satisfies localization with respect to i. According
to 2.3.18, it is sufficient to prove that for any smooth S-scheme S, the canonical map

Ms(X/X - X7) — i.Mz(Xz)
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is an isomorphism where we use the notation of loc. cit. and M(.,.</) denotes the
geometric sections of DeAﬂ;(yi ) (resp. Dp1(7)). But the premotivic triangulated

category Dy 1(o7) (resp. D;ﬂl(d )) satisfies the Nisnevich separation property and
the Sm-base change property. Thus, we can argue locally in S for the Nisnevich
topology. Thus, the statement is reduced to the preceding proposition as i admits
locally for the Nisnevich topology a smooth retraction (see for example [Dégo7,

4.5.11]). O

7 Basic homotopy commutative algebra
7.1 Rings

Definition 7.1.1 A symmetric monoidal model category ¥ satisfies the monoid
axiom if, for any trivial cofibration A — B and any object X, the smallest class of
maps of ¥ which contains the map X ® A — X ® B and is stable by pushouts and
transfinite compositions is contained in the class of weak equivalences.

7.1.2 Let 7 be a symmetric monoidal category. We denote by Mon (%) the category
of monoids in ¥'. If 7" has small colimits, the forgetful functor

U: Mon(V)— 7V

has a left adjoint
F:vV — Mon(¥).

Theorem 7.1.3 Let V" a symmetric monoidal combinatorial model category which
satisfies the monoid axiom. The category of monoids Mon(¥) is endowed with
the structure of a combinatorial model category whose weak equivalences (resp.
fibrations) are the morphisms of commutative monoids which are weak equivalences
(resp. fibrations) in V. In particular, the forgetful functor U : Mon(¥) — ¥ isa
right Quillen functor. Moreover, if the unit object of ¥ is cofibrant, then any cofibrant
object of Mon(¥) is cofibrant as an object of V.

Proof This is very a particular case of the third assertion of [SSoo, Theorem 4.1]
(the fact that Mon(?') is combinatorial whenever 7 is so comes for instance from
[Bekoo, Proposition 2.3]). (]

Definition 7.1.4 A symmetric monoidal model category ¥ is strongly Q-linear if
the underlying category of ¥ is additive and Q-linear (i.e. all the objects of ¥ are
uniquely divisible).

Remark 7.1.5 If ¥ is a strongly Q-linear stable model category, then it is Q-linear in
the sense of 3.2.14.
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Lemma 7.1.6 Let ¥ be a strongly Q-linear model category, G a finite group, and
u : E — F an equivariant morphism of representations of G in V. Then, if u is a
cofibration in ¥, so is the induced map EG — Fg (where the subscript G denotes
the coinvariants under the action of the group G).

Proof The map Eg — F is easily seen to be a direct factor (retract) of the cofibra-
tion E — F. O

7.1.7 If ¥ is a symmetric monoidal category, we denote by Comm/(¥’) the category
of commutative monoids in #". If #” has small colimits, the forgetful functor

U: Comm(V)— 7V

has a left adjoint
F: vV — Comm(?).

Theorem 7.1.8 Let ¥ a symmetric monoidal combinatorial model category. Assume
that ¥ is left proper and tractable, satisfies the monoid axiom, and is strongly Q-
linear. Then the category of commutative monoids Comm(Y') is endowed with
the structure of a combinatorial model category whose weak equivalences (resp.
fibrations) are the morphisms of commutative monoids which are weak equivalences
(resp. fibrations) in V. In particular, the forgetful functor U : Comm(¥) — ¥V is
a right Quillen functor.

If moreover the unit object of V is cofibrant, then any cofibrant object of
Comm(Y) is cofibrant as an object of V.

Proof We will observe first that 7 is freely powered in the sense of [Lur17, Definition
4.5.4.2]. Therefore, the existence of this model category structure will follow from a
general result of Lurie [Lur17, Proposition 4.5.4.6]. For this, it is sufficient to check
that a G-equivariant map f : A — B in ¥ which is a trivial cofibration when we
forget the G-action has the left lifting property with respect to any G-equivariant
map p : X — Y which is a fibration in ¥ (after forgetting the G-action). In other
words, we have to check that the map induced by f and p in ¥

Homy (B,X) — Homy (A, X) XHom , (4,x) Homy (Y, B)

will induce a surjective map after we apply the G-invariants functor (we let the
reader construct a natural G-action on Homy (B, X), the G-invariants of which gives
the Q-vector space of G-equivariant maps from B to X). Since G is a finite group,
the G-invariant subspace functor is exact, hence this is obvious. This proves the first
assertion. The second assertion of the theorem is true by definition.

The last assertion is proved by a careful analysis of pushouts by free maps in
Comm(¥) as follows. For two cofibrationsu : A— Bandv : C — D in ¥, write
u A v for the map

uANv:A®DlUpgc B®C — B®D

(which is a cofibration by definition of monoidal model categories). By iterating this
construction, we get, for a cofibration u : A — B in ¥/, a cofibration
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Aw)y=uAn---Au:0"(u) — B,
[ —
n times

Note that the symmetric group S, acts naturally on B®" and [1"(u). We define
Sym™(B) = (B®")g, and Sym™(B,A)="(u)s, .
By virtue of Lemma 7.1.6, we get a cofibration of ¥
o™ (u) : Sym™(B,A) — Sym"(B).

Consider now the free map F(u) : F(A) — F(B) can be filtered by F(A)-modules
as follows. Define Dy = F(A). As A = Sym!(B, A), we have a natural morphism
F(A)® Sym* (B, A) — F(A). The objects D,, are then defined by induction with the
pushouts below.

F(A)®0 ™ (u)

F(A) ® Sym™(B, A) ! F(A) ® Sym"(B)

J |

Dn—l Dn

We get natural maps D, — F(B) which induce an isomorphism

lim D,, = F(B)

n>0

in such a way that the morphism F(u) correspond to the canonical map

F(A) = Dy — 1im D, .

n>0

Hence, if F(A) is cofibrant, all the maps D,,-; — D,, are cofibrations, so that the
map F(A) — F(B) is a cofibration in 7. In the particular case where A is the initial
object of ¥, we see that for any cofibrant object B of ¥/, the free commutative
monoid F(B) is cofibrant as an object of ¥ (because the initial object of Comm(¥")
is the unit object of ¥"). This also implies that, if u is a cofibration between cofibrant
objects, the map F(u) is a cofibration in ¥.

This description of F(u) also allows to compute the pushouts of F(u) in Comm(?")
in ¥ as follows. Consider a pushout

Fa) 2 F(B)

|
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in Comm(¥'). For n > 0, define R,, by the pushouts of ¥":

F(A)—— D,

|

R——R,

We then have an isomorphism
limR, =~ S.
—
n>0

In particular, if u is a cofibration between cofibrant objects, the morphism of com-
mutative monoids v : R — § is then a cofibration in #". As the forgetful functor
U preserves filtered colimits, we conclude easily from there (with the small object
argument [Hovgg, Theorem 2.1.14]) that any cofibration of Comm(¥’) is a cofibra-
tion of #". Using again that the unit object of 7" is cofibrant in 7 (i.e. that the initial
object of Comm/(¥') is cofibrant in ¥") this proves the last assertion of the theorem.[]

Corollary 7.1.9 Let V' a symmetric monoidal combinatorial model category. As-
sume that V' is left proper and tractable, satisfies the monoid axiom, and is strongly
Q-linear. Consider a small set H of maps of ¥, and denote by Ly¥ the left Bous-
field localization of ¥V by H; see [Bario, Theorem 4.7]. Define the class of H-
equivalences in Ho(?) to be the class of maps which become invertible in Ho(Ly V).
If H-equivalences are stable by (derived) tensor product in Ho(¥), then Ly V is a
symmetric monoidal combinatorial model category (which is again left proper and
tractable, satisfies the monoid axiom, and is strongly Q-linear).

In particular, under these assumptions, there exists a morphism of commutative
monoids 1 — R in ¥ which is a weak equivalence of LyV', with R a cofibrant and
fibrant object of Ly V.

Proof The first assertion is a triviality. The last assertion follows immediately: the
map 1 — R is simply obtained as a fibrant replacement of 1 in the model category
Comm(Ly¥') obtained from Theorem 7.1.8 applied to Ly 7. O

7.1.10 Consider now a category .¥, as well as a closed symmetric monoidal bifibred
category .# over .. We shall also assume that the fibers of .# admit limits and
colimits.

Then the categories Mon(.# (X)) (resp. Comm(.# (X))) define a bifibred cate-
gory over . as follows. Given a morphism f : X — Y, the functor

[r i Y) — A(X)

is symmetric monoidal, so that it preserves monoids (resp. commutative monoids)
as well as morphisms between them. It thus induces a functor

f*: Mon(A(Y)) — Mon(# (X))

(7.1.10) (resp. f* : Comm(A/(¥)) — Comm(A(X))).
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As f* . #(Y) — #(X)is symmetric monoidal, its right adjoint £ is lax monoidal:
there is a natural morphism

(7.1.10.2) ly — f(Ix) = f f*(1y),

and, for any objects A and B of .#(X), there is a natural morphism

(7.1.10.3) f(A) &y f(B) — f(A®x B)

which corresponds by adjunction to the map

[ (f(A) 8y fu(B) = f* f.(A)® f* f.(B) — A®B.

Hence the functor f. preserves also monoids (resp. commutative monoids) as well
as morphisms between them, so that we get a functor

fi: Mon( A (X)) — Mon(#(Y))

(7-1.10.4) (resp. f. : Comm(.# (X)) — Comm(.#(Y))).

By construction, the functor f* of (7.1.10.1) is a left adjoint ot the functor f. of
(7.1.10.4). These constructions extend to morphisms of .#’-diagrams in a similar
way.

Proposition 7.1.11 Let .# be a symmetric monoidal combinatorial fibred model
category over .. Assume that, for any object X of .7, the model category .#(X)
satisfies the monoid axiom (resp. is left proper and tractable, satisfies the monoid
axiom, and is strongly Q-linear).

(a) For any object X of &, the category Mon(.# ) X) (resp. Comm(#)(X)) of
monoids (resp. of commutative monoids) in M (X) is a combinatorial model cat-
egory structure whose weak equivalences (resp. fibrations) are the morphisms of
commutative monoids which are weak equivalences (resp. fibrations) in M (X).
This turns Mon(A) (resp. Comm/(.#)) into a combinatorial fibred model cat-
egory over &

(b) For any morphism of ./ -diagrams ¢ : (Z",1) — (Y, J), the adjunction

@ Mon(AYNY,J) = Mon(A)NZL,I) : .

(resp. ¢* : Comm(ANY,J) = Comm( AN ,I): ¢.)

is a Quillen adjunction (where the categories of monoids Mon(.#) (2, 1) (resp.
of commutative monoids Comm(# )X ,1)) are endowed with the injective
model category structure obtained from Proposition 3.1.7 applied to Mon ()
(resp. to Comm(A)).

(d) If moreover, for any object X of ., the unit 1x is cofibrant in .#(X), then, for
morphism of ./-diagrams ¢ : (Z°,1) — (Y, J), the square
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Ho(Mon( /)X, J) —£— Ho(Mon(.4))(2, 1)

(7.1.11.1) UJ JU

Ho( )Y, J) — Ho( (2, 1)

is essentially commutative. Similarly, in the respective case, the square

Ho( Comm( ), J) —E— Ho( Comm ()2, T)
(7.1.11.2) UJ JU
Ho(. (¥, J) Ho(.2)(2,1)

is essentially commutative.

Proof Assertion (a) is an immediate consequence of Theorem 7.1.3 (resp. of The-
orem 7.1.8), and assertion (b) is a particular case of Proposition 3.1.11 (beware that
the injective model category structure on Comm(.#)(Z",I) does not necessarily
coincide with the model category structure given by Theorem 7.1.3 (resp. of Theo-
rem 7.1.8) applied to the injective model structure on .# (%, 1)). For assertion (d),
we see by the second assertion of Proposition 3.1.6 that it is sufficient to prove it
when ¢ : X — Y is simply a morphism of .#. In this case, by construction of the
total left derived functor of a left Quillen functor, this follows from the fact that
¢* commutes with the forgetful functor and from the fact that, by virtue of the last
assertion of Theorem 7.1.3 (resp. of Theorem 7.1.8), the forgetful functor U preserves
weak equivalences and cofibrant objects. (]

Remark 7.1.12 The main application of the preceding corollary will come from as-
sertion (d): it says that, given a monoid (resp. a commutative monoid) R in .Z(Y)
and a morphism f : X — Y, the image of R by the functor

Lf* : Ho(.#)(Y) — Ho(#)(X)

is canonically endowed with a structure of monoid (resp. of commutative monoid) in
the strongest sense possible. Under the assumptions of assertion (c) of Proposition
7.1.11, we shall often make the abuse of saying that Lf*(R) is a monoid (resp. a
commutative monoid) in .# (X) without refereeing explicitly to the model category
structure on Mon(.Z)(X) (resp. on Comm(.#)(X)). Similarly, for any monoid
(resp. commutative monoid) R in .Z (X), R f.(R) will be canonically endowed with
a structure of a monoid (resp. a commutative monoid) in .Z (Y). In particular, for
any monoid (resp. commutative monoid) R in .Z(Y), the adjunction map

R— RELS(R)

is a morphism of monoids (i.e. is a map in the homotopy category Ho(Mon(.#))(X)
(resp. Ho(Comm(.#))(X))), and, for any monoid (resp. commutative monoid) R in
A (X), the adjunction map
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Lf*Rf.(R) — R

is a morphism of monoids (i.e. is a map in the homotopy category Ho(Mon(.#))(Y)
(resp. Ho(Comm(.#))(Y))).

Remark 7.1.13 In order to get a good homotopy theory of commutative monoids
wihout the strongly Q-linear assumption, we should replace commutative monoids
by E.-algebras (i.e. objects endowed with a structure of commutative monoid up
to a bunch of coherent homotopies). More generally, we should prove the analog
of Theorem 7.1.3 and of Theorem 7.1.8 by replacing Mon(?') by the category of
algebras of some ‘well-behaved’ operad, and then get as a consequence the analog of
Proposition 7.1.11. All this is a consequence of the general constructions and results
of [Spio1, BMo3, BMog].

However, in the case we are interested in the homotopy theory of commutative
monoids in some category of spectra ¥/, it seems that some version of Shipley’s posi-
tive stable model structure (cf. [Shio4, Proposition 3.1]) would provide a good model
category for commutative monoids, which, by Lurie’s strictification theorem [Lur17,
Theorem 4.5.4.7], would be equivalent to the homotopy theory of E.-algebras in
Y. This kind of technics is now available in the context of stable homotopy theory
of schemes, which provides a good setting to speak of motivic commutative ring
spectra; see [Hor13, GG16, GG18, PS18]. Therefore, Theorem 7.1.8 and Proposition
7.1.11 are in fact true in SH for genuine commutative monoids without any Q-linearity
assumption.

7.2 Modules

7.2.1 Given a monoid R in a symmetric monoidal category 7', we shall write
R-mod(¥) for the category of (left) R-modules. The forgetful functor

U:R-mod(¥)— ¥
is a left adjoint to the free R-module functor
R®(-): ¥ — R-mod(¥).

If 7 has enough small colimits, and if R is a commutative monoid, the category
R-mod(¥) is endowed with a unique symmetric monoidal structure such that the
functor R ® (—) is naturally symmetric monoidal. We shall denote by ®p the tensor
product of R- mod(¥).

Theorem 7.2.2 Let V' be a combinatorial symmetric model category which satisfies
the monoid axiom.

(i) For any monoid R in ¥, the category of right (resp. left) R-modules is a
combinatorial model category with weak equivalences (resp. fibrations) the
morphisms of R-modules which are weak equivalences (resp. fibrations) in V.
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(ii) For any commutative monoid R in ¥V, the model category of R-modules given
by (i) is a combinatorial symmetric monoidal model category which satisfies the
monoid axiom.

Proof Assertions (i) and (ii) are particular cases of the first two assertions of [SSoo,
Theorem 4.1]. O

Definition 7.2.3 A symmetric monoidal model category 7 is perfect if it has the
following properties.

(a) 7 is combinatorial and tractable (3.1.27);

(b) ¥ satisfies the monoid axiom;

(c) For any weak equivalence of monoids R — S, the functor M +— S ®r M is a
left Quillen equivalence from the category of left R-modules to the category of
left S-modules.

(d) weak equivalences are stable by small sums in 7.

Remark 7.2.4 If 'V is a perfect symmetric monoidal model category, then, for any
commutative monoid R, the symmetric monoidal model category of R-modules in
¥ given by Theorem 7.2.2 (ii) is also perfect: condition (c) is quite obvious, and
condition (d) comes from the fact that the forgetful functor U : R-mod — ¥
commutes with small sums, while it preserves and detects weak equivalences. Note
that condition (d) implies that the functor U : Ho(R- mod) — Ho(¥") preserves
small sums.

Remark 7.2.5 If ¥ is a stable symmetric monoidal model category which satisfies the
monoid axiom, then for any monoid R of ¥/, the model category of (left) R-modules
given by Theorem 7.2.2 is stable as well: the suspension functor of Ho(R- mod)
is given by the derived tensor product by the R-bimodule R[1], which is clearly
invertible with inverse R[—1].

In this work, a basic example of perfect model categories are those coming from
stable A'-derived premotivic categories (cf Def. 5.3.22):

Proposition 7.2.6 Let t be an admissible topology. Then, for any scheme S in .,
the symmetric monoidal model structure on C(Sp(Sh;(Z?/S,Z))) underlying the
triangulated category D a1 (Shy (£ /8S, Z)) is perfect.

Proof The generating family of Sh,(Z?/S,Z) is flat in the sense of [CDog, 3.1], so
that, by virtue of [CDog, prop. 7.22 and cor. 7.24], the assumptions of Proposition
7.2.9 are fulfilled. O

Proposition 7.2.7 Let ¥ be a stable perfect symmetric monoidal model category.
Assume furthermore that Ho(V') admits a small family & of compact generators
(as a triangulated category). For any monoid R in ¥, the triangulated category
Ho(R- mod(¥)) admits the set {RQVE | E € 4} as a family of compact generators.



7 Basic homotopy commutative algebra 235
Proof We have a derived adjunction
R&" (<) : Ho(¥) = Ho(R-mod(¥)) : U .

As the functor U preserves small sums the functor R ® (-) preserves compact
objects. But U is also conservative, so that {R®" E | E € ¢} is a family of compact
generators of Ho(R- mod(¥)). O

Remark 7.2.8 If ¥ is a combinatorial symmetric model category which satisfies the
monoid axiom, then there are two ways to derive the tensor product. The first one
consists in deriving the left Quillen bifunctor (=) ® (—), which gives the usual derived
tensor product

(=) ®" (=) : Ho(?) x Ho(¥) — Ho(¥).

Remember that, by construction, A @l B = A’ ® B’, where A’ and B’ are cofibrant
replacements of A and B respectively. On the other hand, the monoid axiom gives
that, for any object A of 7, the functor A ® (—) preserves weak equivalences between
cofibrant objects, which implies that it has also a total left derived functor

A®" () : Ho(¥) — Ho(¥).

Despite the fact we have adopted very similar (not to say identical) notations for
these two derived functor, there is no reason they would coincide in general: by
construction, the second one is defined by A ®' B = A® B’, where B’ is some
cofibrant replacement of B. However, they coincide quite often in practice (e.g. for
simplicial sets, for the good reason that all of them are cofibrant, or for symmetric
S'-spectra, or for complexes of quasi-coherent &’x-modules over a quasi-compact
and quasi-separated scheme X).

Proposition 7.2.9 Let ¥ be a stable combinatorial symmetric monoidal model cat-
egory which satisfies the monoid axiom. Assume furthermore that, for any cofibrant
object A of V', the functor A ® (—) preserve weak equivalences (in other words, that
the two ways to derive the tensor product explained in Remark 7.2.8 coincide), and
that weak equivalences are stable by small sums in V. Then the symmetric monoidal
model category V' is perfect.

Proof We just have to check condition (c) of Definition 7.2.3. Consider a weak
equivalence of monoids R — S. We then get a derived adjunction

S ®k (=) : Ho(R-mod(¥)) = Ho(S-mod(¥)) : U,

where S ®}3 (=) is the left derived functor of the functor M +— S ®g M. We have to
prove that, for any left R-module M, the map

M— Sy M

is an isomorphism in Ho(¥"). As this is a morphism of triangulated functors which
commutes with sums, and as Ho(R-mod(7)) is well generated in the sense of
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Neeman [Neeo1] (as the localization of a stable combinatorial model category),
it is sufficient to check this when M runs over a small family of generators of
Ho(R-mod(¥')). Let us chose is a small family of generators ¢ of Ho(¥'). As
the forgetful functor from Ho(R- mod(?")) to Ho(?) is conservative, we see that
(R E | E € ¢4} is a small generating family of Ho(R- mod(%)). We are thus
reduced to prove that the map

RO"E — S®R (RQVE)~Se"E

is an isomorphism for any object E in ¢. For this, we can assume that E is cofi-
brant, and this follows then from the fact that the functor (=) ® E preserves weak
equivalences by assumption. (]

7.2.10 Let.” be a category endowed with an admissible class of morphisms &, and
A a cocomplete symmetric monoidal &7-fibred category. Consider a monoid R in
the symmetric monoidal category .Z (1 »,.7) (i.e. a section of the fibred category
Mon(#) over .¥). In other words, R consists of the data of a monoid Ry for each
object X of ., and of a morphism of monoids as : f*(Ry) — Rx for each map
f X — Y in ., subject to coherence relations; see 3.1.2.

For an object X of ., we shall write R- mod(X) for the category of (left) Rx-
modules in .Z(X), i.e.

R-mod(X) = Rx- mod(.Z(X)).

This defines a fibred category R- mod over .# as follows.
For a morphism f : X — Y, the inverse image functor

(7.2.10.1) f*: R-mod(Y) — R-mod(X)
is defined by
(7.2.10.2) M — Rx ®f«ry) f (M)

(where, on the right-hand side, f* stands for the inverse image functor in .#). The
functor (7.2.10.1) has a right adjoint

(7.2.10.3) fi« : R-mod(X) — R-mod(Y)

which is simply the functor induced by f. : .#(X) — .#(Y) (as the latter sends
Rx-modules to f.(Rx)-modules, which are themselves Ry-modules via the map ay).
If the map f is a 7-morphism, then, for any Ry-module M, the object f(M)
has a natural structure of Ry-module: using the map ay, M has a natural structure of
f*(Ry)-module
fRy)ex M — M,

and applying fy, we get by the &?-projection formula (1.1.26) a morphism

Ry ® fy(M) = fy(f*(Ry) ® M) — fy(M)
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which defines a natural Ry-module structure on f3(M). For a &-morphism f :
X — Y, we define a functor

(7.2.10.4) Sy 1 R-mod(X) — R-mod(Y)

as the functor induced by fy : .#(X) — .#(Y). Note that the functor (7.2.10.4) is
a left adjoint to the functor (7.2.10.1) whenever the map ay : f*(Ry) — Rx is an
isomorphism in .Z(X).

We shall say that R is a cartesian monoid in 4 over . if R is a monoid of
M (14,%) such that all the structural maps f*(Ry) — Rx are isomorphisms (i.e. if
R is a cartesian section of the fibred category Mon(.#) over .7)

If R is a cartesian monoid in .# over ., then R-mod is a &?-fibred category
over .#: to see this, it remains to prove that, for any pullback square of .

x 2 .x

1]

Y ——Y
h
in which f is a &?-morphism, and for any Rx-module M, the base change map

£ 6" (M) — I fy(M)

is an isomorphism, which follows immediately from the analogous formula for ..

Similarly, we see that whenever R is a commutative monoid of .Z (1 »,.%) (i.e.
Ry is a commutative monoid in . (X) for all X in .¥), then R- mod is a symmetric
monoidal &2-fibred category.

Proposition 7.2.11 Let .# be a combinatorial symmetric monoidal &-fibred model
category over . which satisfies the monoid axiom, and R a monoid in # (1 »,.7)
(resp. a cartesian monoid in M over /). Then 7.2.2 (i) applied termwise turns
R-mod into a combinatorial fibred model category (resp. a combinatorial &-fibred
model category).

If moreover R is commutative, then R-mod is a combinatorial symmetric
monoidal fibred model category (resp. a combinatorial symmetric monoidal -
fibred model category).

Proof Choose, for each object X of ., two small sets of maps Ix and Jx which
generate the class of cofibrations and the class of trivial cofibrations in .Z (X) re-
spectively. Then Rx ®x Ix and Rx ®x Jx generate the class of cofibrations and the
class of trivial cofibrations in R- mod(X) respectively. For amap f : X — Y in
.7, we see from formula (77.2.10.2) that the functor (7.2.10.1) sends these generating
cofibrations and trivial cofibrations to cofibrations and trivial cofibrations respec-
tively, from which we deduce that the functor (7.2.10.1) is a left Quillen functor. In
the respective case, if f is a &7-morphism, then we deduce similarly from the projec-
tion formula (1.1.26) in .# that the functor (7.2.10.4) sends generating cofibrations



238 Construction of fibred categories

and trivial cofibrations to cofibrations and trivial cofibrations respectively. The last
assertion follows easily by applying 7.2.2 (ii) termwise. O

Definition 7.2.12 Let .# be a symmetric monoidal &?-fibred model category over
7. A homotopy cartesian monoid R in .# will be a homotopy cartesian section of

Mon(A).

Proposition 7.2.13 Let .4 be a perfect symmetric monoidal &-fibred model cate-
gory over ., and consider a homotopy cartesian monoid R in M over .
Then Ho(R-mod) is a &-fibred category over ., and

R &" (-) : Ho(.#) — Ho(R-mod)

is a morphism of ZP-fibred categories. In the case where R is commutative,
Ho(R-mod) is even a symmetric monoidal &-fibred category.

Moreover, for any weak equivalence between homotopy cartesian monoids
R — S over .7, the Quillen morphism

S ®g (=) : R-mod — S-mod
induces an equivalence of P-fibred categories over .
S ®}{, (=) : Ho(R-mod) — Ho(S-mod).

Proof 1t is sufficient to prove these assertions by restricting everything over .#/S,
where S runs over all the objects of .. In particular, we may (and shall) assume
that . has a terminal object S. As .# is perfect, it follows from condition (c) of
Definition 7.2.3 that we can replace R by any of its cofibrant resolution. In particular,
we may assume that Rg is a cofibrant object of Mon(.Z)(S). We can thus define
a termwise cofibrant cartesian monoid R’ as the family of monoids f*(Rg), where
f + X — S runs over all the objects of . ~ .%/S. There is a canonical morphism
of homotopy cartesian monoids R” — R which is a termwise weak equivalence. We
thus get, by condition (c) of Definition 7.2.3, an equivalence of fibred categories

R ®F, (-) : Ho(R’-mod) — Ho(R-mod) .

We can thus replace R by R’, which just means that we can assume that R is cartesian
and termwise cofibrant. The first assertion follows then easily from Proposition
7.2.11. In the case where R is commutative, we prove that Ho(R- mod) is a &?-fibred
symmetric monoidal category as follows. Let f : X — Y a morphism of .. We
would like to prove that, for any object M in Ho(R- mod)(X) and any object N in
Ho(R- mod)(Y), the canonical map

(7.2.13.1) Lfi(M ®% f*(N)) — Lfy(M) ®% N

is an isomorphism. By adjunction, this is equivalent to prove that, for any objects N
and E in Ho(R- mod)(Y), the map
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(7.2.13.2) J"RHomg(N, E) — RHomg(f*(N), f*(E))

is an isomorphism in Ho(R- mod)(X) (where RHompg stands for the internal Hom
of Ho(R- mod)). But the forgetful functors

U : Ho(R-mod)(X) — Ho()(X)

are conservative, commute with f* for any &-morphism f, and commute with
internal Hom: by adjunction, this follows immediately from the fact that the functors

R&" (=) : Ho(.#)(X) — Ho(R-mod)(X) ~ Ho(R’- mod)(X)

are symmetric monoidal and define a morphism of &-fibred categories (and thus, in
particular, commute with f for any &7-morphism f). Hence, to prove that (7.2.13.2)
is an isomorphism, it is sufficient to prove that its analog in Ho(.#) is so, which
follows immediately from the fact that the analog of (7.2.13.1) is an isomorphism in
Ho(.#) by assumption.

For the last assertion, we are also reduced to the case where R and S are cartesian
and termwise cofibrant, in which case this follows easily again from condition (c) of
Definition 7.2.3. O

Proposition 7.2.14 Let .# be a combinatorial symmetric monoidal model category
over . which satisfies the monoid axiom. Then, for any cartesian monoid R in .#
over . we have a Quillen morphism

R®(-): . # — R-mod .

If, for any object X of ., the unit object 1x is cofibrant in # (X) and the monoid
Rx is cofibrant in Mon(#)(X), then the forgetful functors also define a Quillen
morphism

U:R-mod — # .

Proof The first assertion is obvious. For the second one, note that, for any object X
of .7, the monoid Ry is also cofibrant as an object of .#(X); see Theorem 7.1.3.
This implies that the forgetful functor

U : Rx-mod — . (X)

is a left Quillen functor: by the small object argument and by definition of the model
category structure of Theorem 7.2.2 (i), this follows from the trivial fact that the
endofunctor

Rx ® (=) : M(X) — M (X)
is a left Quillen functor itself whenever Ry is cofibrant in .Z(X). O
Remark 7.2.15 The results of the preceding proposition (as well as their proofs) are
also true in terms of P.,,¢-fibred categories (3.1.21) over the category of .¥/S-

diagrams for any object S of .’ (whence over all .¥-diagrams whenever . has a
terminal object).
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7.2.16 Consider now a noetherian scheme § of finite dimension. We choose a full
subcategory of the category of separated noetherian S-schemes of finite dimension
which is stable by finite limits, contains separated S-schemes of finite type, and such
that, for any étale S-morphism Y — X, if X is in /S, so is Y. We denote by .7#/S
this chosen category of S-schemes.

We also fix an admissible class & of morphisms of .#/S which contains the
class of étale morphisms.

Definition 7.2.17 A property P of Ho(.#), for .4 a stable combinatorial Z-fibred
model category over .¥ /S, is homotopy linear if the following implications are true.

(@)Ify : A4 — A’ is a Quillen equivalence (i.e. a Quillen morphism which is
termwise a Quillen equivalence) between stable combinatorial &-fibred model
category over ./ S, then .# has property P is and only if .#" has property P.

(b) If . is a stable combinatorial symmetric monoidal &?-model category which
satisfies the monoid axiom, and such that the unit 1x of .# (X) is cofibrant, then,
for any cartesian and termwise cofibrant monoid R in .# over ./S, R-mod
has property P.

Proposition 7.2.18 The following properties are homotopy linear: A'-homotopy
invariance, P1-stability, the localization property, the property of proper transver-
sality, separability, semi-separability, t-descent (for a given Grothendieck topology
ton.7/S).

Proof Property (a) of the definition above is obvious. Property (b) comes from the
fact that the forgetful functors

U : Ho(R- mod) — Ho(.#)

are conservative and commute with all the operations: L f* and R f, for any morphism
f» as well as L fy for any &7-morphism (by Proposition 7.2.14). Hence any prop-
erty formulated in terms of equations involving only these operations is homotopy
linear. t
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In this entire part, we adopt the special convention that smooth means smooth
separated of finite type. This concerns also the framework of premotivic categories:
we assume the admissible class Sm is made of smooth separated morphisms of finite
type.

This assumption is required by the use of the theory of finite correspondences
(see more precisely Example 9.1.4).

8 Relative cycles

8.0.1 In this entire section, . is the category of noetherian schemes; any scheme
is assumed to be noetherian. We fix a subring A C Q which will be the ring of
coefficients of the algebraic cycles considered in the following section. When we
want to be precise, we say A-cycle for "algebraic cycle with coefficients in A".
Otherwise, we simply say cycle and the reader must assume that all algebraic cycles
have their coefficients in the ring A.

8.1 Definitions

8.1.a Category of cycles

8.1.1 Let X be a scheme. As usual, an element of the underlying set of X will be
called a point and a morphism Spec (k) — X where k is a field will be called a
geometric point. We often identify a point x € X with the corresponding geometric
point Spec (k) — X. However, the explicit expression "the point Spec (k) — X"
always refers to a geometric point.

As our schemes are assumed to be noetherian, any immersion f : X — Y is quasi-
compact. Thus, according to [GD6o, 9.5.10], the schematic closure Xof XinY
exists which gives a unique factorization of f

x21.x—"‘.y

such that i is a closed immersion and j is an open immersion with dense image?2.
Note that when Y is reduced, X coincide with the topological closure of X in Y with
its induced reduced subscheme structure. In this case, we simply call Y the closure
of Vin X.

Definition 8.1.2 A A-cycle is a couple (X, @) such that X is a scheme and « is a A-
linear combination of points of X. A generic point of (X, @) is a point which appears

82 Recall the scheme X is characterized by the property of being the smallest sub-scheme of ¥ with
the existence of such a factorization.
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in the A-linear combination a with a non zero coefficient. The support Supp(a) of
« is the closure of the generic points of @, seen as a reduced closed subscheme of X.

A morphism of A-cycles (Y, 8) — (X, @) is a morphism of scheme f : Y — X
such that f(Supp(B)) C Supp(a). We say this morphism is pseudo-dominant if for
any generic point y of (Y, 8), f(y) is a generic point of (X, @).

When considering such a pair (X, @), we will denote it simply by @ and refer to X as
the domain of a. We also use the notation @ C X to mean the domain of the cycle
is the scheme X.

The category of A-cycle is functorial in A with respect to morphisms of integral
rings. In what follows, cycles are assumed to have coefficients in A unless explicitly
stated (following our conventions for this section, see Paragraph 8.0.1).

8.1.3 Given a property (<) of morphisms of schemes, we will say that a morphism
f : B— « of cycles satisfies property () if the induced morphism f |SE§§E;§;
satisfies property ().

Definition 8.1.4 Let X be a scheme. We denote by X(©) the set of generic points of
X. We define as usual the cycle associated with X as the cycle with domain X:

(X)= ) 1g(Ox.0).x.

xeXx©)

The integer 1g(Ox ), length of an artinian local ring, is called the geometric multi-
plicity of x in X.

When no confusion is possible, we usually omit the delimiters in the notation (X).
As an example, we say that @ is a cycle over X to mean the existence of a structural
morphism of cycles @ — (X).

8.1.5 When Z is a closed subscheme of a scheme X, we denote by (Z)x the cycle
(Z) considered as a cycle with domain X.

Consider a cycle @ with domain X. Let (Z;);<; be the family of the reduced closure
of generic points of @. Then we can write @ uniquely as @ = };¢; n;.{(Z;)x. We call
this writing the standard form of a for short.

Definition 8.1.6 Let @ = };; n;.x; be a cycle with domain X and f : X — Y be
any morphism.

For any i € I, put y; = f(x;). Then f induces an extension field x(x;)/x(y;)
between the residue fields. We let d; be the degree of this extension field in case it is
finite and O otherwise.

We define the pushforward of a by f as the cycle with domain Y

fula) = mid. f(x).
iel

Thus, when f is an immersion, f.(«) is the same cycle as @ but seen as a cycle with
domain X. Remark also that we obtain the following equality



8 Relative cycles 245

(8.1.6.1) L)) = (X),

where X is the schematic closure of X in Y (indeed X is a dense open subscheme in
X). When f is clear, we sometimes abusively put: (X)y := £.((X)).

By transitivity of degrees, we obviously have f.g. = (fg). for a composable pair
of morphisms (f, g).

Definition 8.1.7 Let @ = };¢; n;.x; be a cycle over a scheme S with domain f :
X — Sand U C S be an open subscheme. Let I’ = {i € I | f(x;) € U}. We define
the restriction of a over U as the cycle a|ly = Y ;cp n;-x; with domain X xg U
considered as a cycle over U.

If @« = X;crni(Zi)x, then obviously a|y = X;c;ni(Z; xs U)x,, . We state the
following obvious lemma for convenience:

Lemma 8.1.8 Let S be a scheme, U C S an open subscheme and X be an S-scheme.
Let j : Xy — X be the obvious open immersion.

(i) For any cycle (Xy,a’), (j-(@))lu = a’.
(ii) Assume U = S. For any cycle (X, @) pseudo-dominant over S, j.(a ) = a.

8.1.b Hilbert cycles

8.1.9 Recall that a finite dimensional scheme X is equidimensional — we will say
absolutely equidimensional — if its irreducible components have all the same dimen-
sion.

We will say that a flat morphism f : X — S is equidimensional if it is of finite
type and for any connected component X’ of X, there exists an integer ¢ € N such
that for any generic point 7 in X’, the fiber f~'[ ()] is absolutely equidimensional
of dimension e.

Definition 8.1.10 Let S be a scheme.

Let a be a cycle over S with domain X. We say that « is a Hilbert cycle over
S if there exists a finite family (Z;);e; of closed subschemes of X which are flat
equidimensional over S and a finite family (1;);c; € A such that

a = Zni.<Zi)X.
iel

Example 8.1.11 Any cycle over a field k is a Hilbert cycle over Spec (k). Let S be
the spectrum of a discrete valuation ring. A cycle @ = Y};c; n;.x; over S is a Hilbert
cycle if and only if each point x; lies over the generic points of S. Indeed, an integral
S-scheme is flat if and only if it is dominant.

The following lemma follows almost directly from a result of [SVoob]:
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Lemma 8.1.12 Let f : S" — S be a morphism of schemes and X be an S-scheme
of finite type. Put X' = X Xg S’

Let (Z;)ic be a finite family of closed subschemes of X such that each Z; is flat
equidimensional over S. We assume the following relation:

(8.1.12.1) Z ni{Z)x =0

iel

Then we the following equality holds:

Z ni {Z: x5 §)x = 0.

iel

Proof When we assume that for any index i € I, Z;/S is equidimensional of dimen-
sion e, this lemma is exactly [SVoob, Prop. 3.2.2]. We show how to reduce to that
case.

Up to adding more members to the family (Z;), we can always assume that Z;
is connected. Then, because Z;/S is equidimensional by assumption, there exists
an integer e; such that for any point x € Z}O) , the fiber f~1[f(x)] is absolutely
equidimensional of dimension e;. In particular the transcendence degree d, of the
residual extension K /ky(y) satisfies the relation: dy = e;.

For any integer e € N, we define the following subset of I:

L ={iel|VxeZ.d, = e}

Thus (1.)cen is a partition of 1.
One can rewrite the assumption (8.1.12.1) as follows: for any point x € X,

Z n;1g(Oz, ) = 0.

icllxez!”

In particular, given any integer e € N, we deduce that the family (Z;);;, still satisfies
the relation (8.1.12.1). As any member of this family is equidimensional of dimension
e, we can apply [SVoob, Prop. 3.2.2] to (Z;);er, - This concludes. O

8.1.13 Consider a Hilbert S-cycle @ ¢ X and a morphism of schemes f : §" — S.
Put X’ = X Xg §’. We choose a finite family (Z;);c; of flat equidimensional S-
schemes and a finite family (n;);c; € A’ such that @ = ¥, ¢; n;.(Z;)x. The previous
lemma says exactly that the cycle

Z ni{Z xs S")x
iel

depends only on @ and not on the chosen families.

Definition 8.1.14 Adopting the preceding notations and hypothesis, we define the
pullback cycle of a along the morphism f : § — § as the cycle with domain X’
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a ®g S = Zi’li.(zi Xs S’)X'.

iel

In this setting the following lemma is obvious:

Lemma 8.1.15 Let « be a Hilbert cycle over S, and S” — S — S be morphisms
of schemes.
Then (@ ®% S') ®%, 5 = a ®% S”.

We will use another important computation from [SVoob] (it is a particular case
of loc. cit., 3.6.1).

Proposition 8.1.16 Let R be a discrete valuation ring with residue field k.
Let @ C X be a Hilbert cycle over Spec(R) and f : X — Y a morphism over
Spec (R). We denote by f’ : X’ — Y’ the pullback of f over Spec (k).
Suppose that the support of « is proper with respect to f.
Then f.(@) is a Hilbert cycle over R and the following equality of cycles holds in
X’
fl@dl k) = f(a) ) k.

Definition 8.1.17 Let p : S — S be a birational morphism. Let C be the minimal
closed subset of S such that p induces an isomorphism (S -8x5C)—(S-0).
Consider @ = 3};¢; ni.{Z;)x acycle over S written in standard form.
We define the strict transform Zi of the closed subscheme Z; in X along p as the
schematic closure of (Z; — Z; xg C) Xs Sin X x S S. We define the strict transform
of @ along p as the cycle over S

a = Z ni'<2i>X><S§'

iel

As in [SVoob], we remark that a corollary of the platification theorem of Gruson-
Raynaud is the following:

Lemma 8.1.18 Let S be a reduced scheme and a be a pseudo-dominant cycle over
S.

Then there exists a dominant blow-up p : S — S such that the strict transform a
of a along p is a Hilbert cycle over S.

We conclude this part by recalling an elementary lemma about cycles and Galois
descent which will be used extensively in the next sections:

Lemma 8.1.19 Let L/K be an extension of fields and X be a K-scheme. We put
X1 = X Xk Spec (L) and consider the faithfully flat morphism f : X; — X.
Denote by Cycl(X) (resp. Cycl(Xy)) the cycles with domain X (resp. X1 ).
1. The morphism f* : Cycl(X) — Cycl(Xp),8+— B ®';( L is a monomorphism.
2. Suppose L/K is finite. For any K-cycle 8 € Cycl(X),
f(B&% L)=[L:K].B.
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3. Suppose L/K is finite normal with Galois group G.
The cycles in the image of f* are invariant under the action of G. For any cycle
B € Cycl(X1)C, there exists a unique cycle Bx € Cycl(X) such that

Bk ®% L=[L:K].B

where [L : K]; is the inseparable degree of L/K.

8.1.c Specialization

The aim of this section is to give conditions on cycles so that one can define a relative
tensor product on them.

Definition 8.1.20 Consider two cycles @ = };¢; nj.s; and B = X ;c; m;.x;. Let S be
the support of .

A morphism L a of cycles is said to be pre-special if it is of finite type and
for any j € J, there exists i € I such that f(x;) = s; and n;|m; in A. We define the
reduction of 8/« as the cycle over S

mj
ﬁ() = ‘ Z n—i.xj .
JET.f(xj)=si

Example 8.1.21 Let S be a scheme and a a Hilbert S-cycle. Then the canonical
morphism of cycles @ — (S) is pre-special. If S is the spectrum of a discrete
valuation ring, an S-cycle « is pre-special if and only if it is a Hilbert S-cycle.

Definition 8.1.22 Let a be a cycle.

A point (resp. trait) of a will be a morphism of the form Spec (k) —— « (resp.
Spec (R) —— @) such that k is a field (resp. R is a discrete valuation ring). We
simply say that x (resp. 7) is dominant if the image of the generic point in the domain
of « is a generic point of a.

Let x : Spec (kg) — « be a point. An extension of x will be a point y on « of the
form Spec (k) — Spec (ko) — a.
A fat point of @ will be a couple of morphisms

Spec (k) —— Spec(R) —— a

such that 7 is a dominant trait and the image of s is the closed point of Spec (R).
Given a point x : Spec (k) — a, a fat point over x is a factorization of x through a
dominant trait as above.

In the situation of the last definition, we denote simply by (R, k) a fat point over x,
without indicating in the notation the morphisms s and 7.
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Remark 8.1.23 With our choice of terminology, a point of « is in general an extension
of a specialization of a generic point of @. As a further example, a dominant point
of @ is an extension of a generic point of @.

Lemma 8.1.24 For any cycle a and any non dominant point x : Spec (ky) — «a,
there exists an extension y : Spec (k) — « of x and a fat point (R, k) over y.

Proof Replacing « by its support S, we can assume @ = (S). Let s be the image of
x in S, k its residue field. We can assume S is reduced, irreducible by taking one
irreducible component containing s, and local with closed point s. Let S = Spec (A),
K = Frac(A). According to [GD61, 7.1.7], there exists a discrete valuation ring R
such that A € R C K, and R/A is an extension of local rings. Then any composite
extension k/x of ko and the residue field of R over x gives the desired fat point
(R, k). ]

Definition 8.1.25 Let 8 — « be a pre-special morphism of cycles. Consider S the
support of @ and X the domain of . Let By = X ;c; m;.(Z;)x be the reduction of
[/a written in standard form.

1. Let Spec(K) — «a be a dominant point. We define the following cycle over
Spec (K) with domain Xg = X Xg Spec (K):

Bx = ) mj{Z; xs Spec (K))xy -

jeJ

2. Let Spec(R) —— S be a dominant trait, K be the fraction field of R and
J : Xx — Xr be the canonical open immersion. We define the following cycle
over R with domain Xg:

Br = j:(Bx)-

According to example 8.1.11, Bg is a Hilbert cycle over R.
3. Let x : Spec (k) — a be a point on « and (R, k) be a fat point over x.
We define the specialization of B along the fat point (R, k) as the cycle

Brk = Br ®|} k

using the above notation and definition 8.1.14. It is a cycle over Spec (k) with
domain X; = X Xg Spec (k).

Remark 8.1.26 Let 8 be an S-cycle, x : Spec(K) — S be a dominant point and U
be an open neighborhood of x in S.

Then if B is pre-special over S, S|y is pre-special over U and Bx = (B|y )k -

If 7 : Spec(R) — S (resp. (R, k)) is a trait (resp. fat point) with generic point x, we
also get Br = (Blu)r (resp. Brx = (Blu)r.k)-

8.1.27 Let S be a reduced scheme, and 8 = ;¢; n;.x; be an S-cycle with domain
X. For any index i € I, let «; be the residue field of x;.
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Consider a dominant point x : Spec(K) — S. Let 1 be its image in S and F be
the residue field of . We put I’ = {i € I | f(x;) = n} where f : X — S is the
structural morphism. With these notations, we get

Bk = Z n;.(Spec (k; ®F K))xy»

iel’

and for a dominant trait Spec (R) — S with generic point x,

(8.1.27.1) Br = ) ni-(Spec (ki ®F K))xp.

iel’

where Spec (k; ®f K) is seen as a subscheme of Xk (resp. Xg).

Consider a fat point (R, k) with generic point x and write 8 = > ;c; n;.(Z;)x in
standard form (i.e. Z; is the closure of {x;} in X). Then according to (8.1.6.1), we
obtain?®3 L

Brk = Z n;. <Zi,K XR Spec (k)>
iel’ Xk
where Z; k = Z; Xs Spec (K) is considered as a subscheme of Xx and the schematic
closure is taken in Xg.

Considering the description of the schematic closure for the generic fiber of
an R-scheme (cf. [GD67, 2.8.5]), we obtain the following way to compute SR k.
By definition, R is an F-algebra. For i € I’, let A; be the image of the canonical
morphism

ki ®F R — k; Qr K.

It is an R-algebra without R-torsion. Moreover, the factorization
Spec (k; ® K) — Spec(A;) — Spec (k; ®r R)

defines Spec (A;) as the schematic closure of the left hand side in the right hand side
(cf. [GD67, 2.8.5]). In particular, we get an immersion Spec (A; ®g k) — X and
the nice formula:

Brik = Z n;. (Spec (A; ®r k))x, -

iel’

Definition 8.1.28 Consider a morphism of cycles f : B — « and a point x :
Spec (kg) — a.
We say that f is special at x if it is pre-special and for any extension y :
Spec (k) — a of x, for any fat points (R, k) and (R’,k) over y, the equality
Br.k = Br .k holds in Xi. Equivalently, we say that 8/« is special at x.
We say that f is special (or that g is special over «) if it is special at every point of
a.

8.1.29 Here is a dictionary to compare the above definition with that of Suslin and
Voevodsky in [SVoob, 3.1.3].

83 This shows that our definition coincide with the one given in [SVoob] (p. 23, paragraph preceding
3.1.3) in the case where @ = (S), S reduced.
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Consider a pre-special morphism 8/a. Let X be the domain of 3, S be the support
of @ and By be the reduction (see Definition 8.1.20) of 8/, seen as a pre-special
S-cycle.

Then the following conditions are equivalent:

(i) B/« is special,
(ii) Bo/S is special.

This follows from the very definition of the specialization of 8/« along fat points
(Definition 8.1.25).

Moreover, condition (ii) says exactly that By is a relative cycle on X over S in the
sense of Definition 3.1.3 of [SVoob].

Remark 8.1.30 1. Trivially, f is special at every dominant point of «.
2. Given an extension y of x, it is equivalent for f to be special at x or at y (use
Lemma 8.1.19(1)). Thus, in the case where a = (S), we can restrict our attention
to the points s € S.
3. According to 8.1.26, the property that /S is special at s € S depends only on
an open neighborhood U of s in S. More precisely, the following conditions are
equivalent:

(i) B is special at s over S.
(ii) Bly is special at s over U.

Example 8.1.31 Let S be a scheme and S be a Hilbert cycle over S. We have already
seen that B — (S) is pre-special. The next lemma shows this morphism is in fact
special.

Lemma 8.1.32 Let S be a scheme and B be a Hilbert cycle over S. Consider a point
x : Spec (k) — S and a fat point (R, k) over x.
Then Br.x = B ®% k.

Proof According to the preceding definition and Lemma 8.1.15 it is sufficient to prove
Br =P ®g R. As the two sides of this equation are unchanged when replacing S
by the reduction By of /S, we can assume that S is reduced. By additivity, we are
reduced to the case where 8 = (X) is the fundamental cycle associated with a flat
S-scheme X. According to 8.1.6.1, Bgr = <X_K>XR' Applying now [GD67, 2.8.5],

X is the unique closed subscheme Z of Xg such that Z is flat over Spec (R) and
Z Xg Spec(K) = Xk. Thus, as Xg is flat over Spec (R), we get Xx = Xg and this
concludes. O

Lemma 8.1.33 Let p : S — S be a birational morphism and consider a commuta-
tive diagram

/ S
Spec (k) — Spec(R) ll’
\ S

such that (R, k) is a fat point of S and S.
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Consider a pre-special cycle 8 over S and B its strict transform along p. Then, B
is pre-special and SR x = PR k-

Proof Using 8.1.26, we reduce to the case where p is an isomorphism which is
trivial. U

Lemma 8.1.34 Let S be a reduced scheme, x : Spec (kg) — S be a point and « be
a pre-special cycle over S. Let p : S — S be a dominant blow-up such that the strict
transform & of a along p is a Hilbert cycle over S. Then the following conditions are
equivalent:

(i) « is special at x.
(ii) for every couple of points x1,x2 : Spec (k) — S such that p o x1 = p o x9 and
p © x1 is an extension of x, & ®g X1 =a ®g Xo.

Proof The case where x is a dominant point follows from the definitions and the fact
p is an isomorphism at the generic point. We thus assume x is non dominant.

(i) = (ii): Applying Lemma 8.1.24 to x;, i = 1,2, we can find an extension x/ :
Spec (ki) — S of x; and a fat point (R, k;) over x!. Taking a composite extension
L of k1 and ko over k, we can further assume L = k; = ko and po xi =po xé. Then
fori = 1,2, we get

8.1.15 - 8.1.32.  8.1.33
e ®% X == QRr,,L. = QR L

(@ ®%x)®; L

and this concludes according to 8.1.19(1).

(i) = (i): Consider an extension y : Spec (k) — « over x and two fat point (Ry, k),
(Ro, k) over y. Fix i € {1,2}. As p is proper birational, the trait Spec (R;) on S can
be extended (uniquely) to S. Let x; : Spec (k) — Spec(R;) — S be the induced
point. Then the following computation allows concluding:

8.1.33 ~ 8.1.32 . _p
QR k —— AR, k — X ® X; O

8.1.d Pullback

8.1.35 In this part, we construct a pullback which extends the pullback defined by
Suslin et Voevodsky in [SVoob, 3.3.1] to the case of morphism of cycles. Consider
the situation of a diagram of cycles

= |

Q@ —a S —

where the diagram on the right is the domain of the one on the left. Let n be
exponential characteristic of Supp(a’).

The pullback of 8, considered as an a-cycle, over @’ will be a A[1/n]-cycle
denoted by 8 ®, a’. It will fits into the following commutative diagram of cycles
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B®ya — B XxgS§S —X
[ N
o ——a S — 5

where the right commutative square is again the support of the left one.

It will be defined under an assumption on 8/« and is therefore non symmetric4.
This assumption will imply that 8/« is pre-special, and the first property of 8 ®, o’
is that it is pre-special over @’.

We define this product in three steps in which the following properties®> will be a
guideline:

(P1) Let Sy be the support of @ and Sy be the reduction (see Definition 8.1.20) of
B/a, as an Sy-cycle. Consider the canonical factorization @’ — Sy — a.
Then, 8 ®, o’ = Bo ®s, @’

(P2) Consider a commutative diagram

Spec (E) — Spec (R") — Spec (R)

| () l

o —a

such that (R, E) (resp. (R’, E)) is a fat point on « (resp. @’).
Then, (B ® @')r",E = BR.E-

Assume @’ — @ = (§' — §).

(P3) If B is a Hilbert cycle over S, B®s S’ = 8 ®g S’

(P4) Consider a factorization S — U — . § such that J is an open immersion.
Then B ®s S’ = Blu ®u S’.

(P5) Consider a factorization §” — S —2 § such that p is a birational morphism.
Then f®s S"' = B®5 S,

Lemma 8.1.36 Consider the hypothesis of 8.1.35 in the case where @’ = Spec (k) is
a point x of .

We suppose that f is special at x.

Then the pre-special A[1/n]-cycle B ®, k exists and is uniquely determined by
property (P2) above. We also put By := B ®q k.

The properties (P1) to (Ps) are fulfilled and in addition :
(P6) For any extension fields L[k, Br = Bx ®z L.

Proof According to Lemma 8.1.24 there always exists a fat point (R, E) over an
extension of x. Thus the unicity statement follows from 8.1.19(1).

For the existence, we first consider the case where @ = (S) is a reduced scheme.
Applying Lemma 8.1.18, there exists a blow-up p : S — S such that the strict
transform 3 of 3 along p is a Hilbert cycle over S.

84 See further 8.2.3 for this question.
85 All these properties except (P3) will be particular cases of the associativity of the pullback.
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As p is surjective, the fiber Sy is a non-empty algebraic k-scheme. Thus, it admits
a closed point given by a finite extension kj of k. Let k’/k be a normal closure
of k{,/k and G be its Galois group. As /S is special at x by hypothesis, Lemma
8.1.34 implies that 3 ®g k' is G-invariant. Thus, applying Lemma 8.1.19, there exists
a unique cycle Sx C X with coefficients in A[1/n] such that B ®z k=8 ®g k'

We prove (P2). Given a diagram (x) with @’ = Spec (k), we first remark that
Br)r.E = Bk ®2 E. As p is proper birational, the dominant trait Spec (R) — S lifts

to a dominant trait Spec (R) — S. Let E’/k be a composite extension of k’/k and
E / k. With these notations, we get the following computation:

8.1.33 5 8.1.32 5 8.1.15, 5
Br.E ®y E'==Pr ®) E'==p &) E'==(B 8" k') ®) E' = P ®) E',

so that we can conclude by applying 8.1.19(1).

In the general case, we consider he support S of @ abd By/S the reduction of
B/a. According to (P1), we are led to put Bx := (Bp)x with the help of the preceding
case. Considering the definition of specialization along fat points, we easily check
this cycle satisfies property (P2).

Finally, property (P6) (resp. (P3), (P5)) follows from the unicity statement apply-
ing lemmas 8.1.24, 8.1.19(1) (resp. and moreover Lemma 8.1.32, 8.1.33). U

Remark 8.1.37 In the case where x is a dominant point, the cycle S defined in the
previous proposition agrees with the one defined in 8.1.25(1).

Lemma 8.1.38 Consider the hypothesis of 8.1.35 in the case where &’ = Spec (0) is
a trait of a. Let K be the fraction field of O and x the corresponding point on «.

We suppose that f is special at x.

Then the pre-special A[1/n]-cycle B ®, O exists and is uniquely defined by the
property (8 ®q O) ®b0 K = Bk with the notations of the preceding lemma. We also
put Bo = B ®4 O.

The properties (P1) to (Ps) are fulfilled and in addition :

(P6’) For any extension O’ /O of discrete valuation rings, Bor = Bo ®?) 0.

Proof Remark that, with the notation of definition 8.1.7, 8o ®b0 K = Bolspec(k)-
For the first statement, we simply apply Lemma 8.1.8 and put Sop = j.(Bk) where
Jj : Xk — Xo is the canonical open immersion.

Then properties (P1), (P3), (P4), (P5) and (P6’) of the case considered in this
lemma follows easily from the uniqueness statement and the corresponding properties
in the preceding lemma (applying again 8.1.8).

It remains to prove (P2). According to (P1), we reduce to the case @ = (S) for a
reduced scheme S. We choose a birational morphism p : S — S such that the proper
transform S is a Hilbert S-cycles. Consider a diagram of the form (x) in this case.
According to property (P3), we can assume R’ = O.

Remark the trait Spec (R) — S admits an extension Spec (R) — S as p is proper.
The point x admits an extension K’/K which lifts to a point x” : Spec (K’) — § —
again Sk is a non empty algebraic scheme. The discrete valuation corresponding to
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O C K extends to a discrete valuation on K’ as K’/K is finite. Let O’ C K’ be the
corresponding valuation ring. The corresponding trait Spec (O’) — S thus admits
a lifting to S corresponding to the point x’ as p is proper. Considering a composite
extension E’/K of K’ /K and E /K, we have obtained a commutative diagram

Spec (E’) —— Spec (0O’) — Spec (R)
1
Spec(0)) ——— §

which lifts our original diagram (x). Let x; (resp. x3) be the point Spec (E) — §
corresponding to the the composite through the upper way (resp. lower way) in the
preceding diagram.

Then, Br.E ®5’5 E’ = ,8~xl. Moreover, we get

(P5)+(P6') (P3)

(B ®s 0)o.r ®) E'=Z (B ®5 0) @), E’ (B ®5 0") &2, E! == B,.

By hypothesis, 8/« is special at Spec (K’) — S. Thus Lemma 8.1.34 concludes.[]

Theorem 8.1.39 Consider the hypothesis of 8.1.35.

Assume f is special at the generic points of a’.

Then the pre-special A[1/n]-cycle B ®, o’ exists and is uniquely determined by
property (P2).

It satisfies all the properties (P1) to (P5).

Proof According to Lemma 8.1.24, for any point s of S” with residue field «, there
exists an extension E/k and a fat point (R, E) (resp. (R’,E)) of « (resp. @’) over
Spec (E) — a (resp. Spec (E) — a’). The uniqueness statement follows by ap-
plying Lemma 8.1.19(1).

For the existence, we write @’ = }};c; n;.(Z;)s in standard form.

For any i € I, let K; be the function field of Z; and consider the canonical
morphism Spec (K;) — . Let Bk, C Xk, be the A[1/n]-cycle defined in lemma
8.1.36. Let j; : Xk, — X’ be the canonical immersion and put:

(8.1.39.1) B®ya’ = Z n;.jis(Bk;)-

iel

Then properties (P1), (P3), (P4) and (P5) are direct consequences of this definition
and of the corresponding properties of Lemma 8.1.36.

We check property (P2). Given a diagram of the form (x), there exists a unique
i € I such that Spec (R’) dominates Z;. Thus we get for this choice of i € I that
(B®a @)r,E = (Jix(Bk,)) g - Let K’ be the fraction field of R” and consider the
open immersion j’ : Xg» — Xg/. The following computation then concludes:

. T 3.1.26. .1.38 8.1.38(P2
(]i*(ﬁKi))R',E =];(]i*(ﬁKi)K') ®I]7e/ Eb= Ji(Bk) ®?3, E8= R’ ®?€’ E

R,E -
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Definition 8.1.40 In the situation of the previous theorem, we call the A[1/n]-cycle
B ®q a’ the pullback of B/a by a’.

8.1.41 By construction, the cycle 8®, @’ is bilinear with respect to addition of cycles
in the following sense:

(P7) Consider the hypothesis of 8.1.35. Let @], a;, be cycles with domain S’ such
that @ = @] + . If B/« is special at the generic points of a1 and a2, then the
following cycles are equal in X Xg S”:

B® (] + ) =B® ] +B® .

(P7°) Consider the hypothesis of 8.1.35. Let 51, B2 be cycles with domain X such
that 8 = B1 + Bo. If B1 and B9 are special over « at the generic points of @’, then
B/« is special at the generic points of @’ and the following cycles are equal in
X Xg N

(B1+B2)®a ' =B1®qa" +B2®y .
In the theorem above, we can assume that X (resp. S, S”) is the support of g (resp.

a, @’). Thus the support of 8 ®, o’ is included in X Xs S’. More precisely:

Lemma 8.1.42 Consider the hypothesis of 8.1.35 and assume that X (resp. S, S’) is
the support of B (resp. «, @’). Then, if B/« is special at the generic points of a’, we
obtain:

(i) Let (X x5 ")) be the generic points of X Xs S’. Then, we can write
B®, a’ = Z My.X
xe(Xxs58")©)

(ii) For any generic point x of X Xs S’, if my # 0, the image of x in S’ is a generic
point s’ and the multiplicity of s" in &’ divides m, in A[1/n].

Proof Point (ii) is just a traduction that 8 ®, o’ is pre-special over a’. For point (i),
we reduce easily to the case where « is the scheme S and § is reduced. We can also
assume that o’ is the spectrum of a field k. It is sufficient to check point (i) after an
extension of k. Thus we can apply Lemma 8.1.18 to reduce to that case where g is a
Hilbert cycle over S. This case is obvious. ]

Definition 8.1.43 In the situation of the previous lemma, we put
SV(.. "N
m>" (x; B®q @) :=my € A[1/n]
and we call them the Suslin-Voevodsky multiplicities (in the operation of pullback).

Remark 8.1.44 Consider the notations of the previous lemma:

1. Assume that « is the spectrum of a field k. Then the product 8 ®; o’ is always
defined and agrees with the classical exterior product (according to (P3)).
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2. According to the previous lemma, the irreducible components of X Xg S’ which
does not dominate an irreducible component of S’ have multiplicity O: they
correspond to the "non proper components" with respect to the operation 8®, @’.

3. Assume @’ — a = (S’ LN S), B = Xierni-xi. Let y be a generic point of
X xs 8" lying over a generic point s’ of §’. Let S/, be the irreductible component
of S’ corresponding to s’. Consider any irreducible component Sy of S which
contains p(s”) and let By = ; n;.x; where the sum runs over the indexes i such
that x; lies over Sp. Then, according to (8.1.39.1),

m®Y (y; B ®s (S')) = mY (y; Bo ®s, (S))-

This is a key property of the Suslin-Voevodsky multiplicities which explains
why we have to consider the property that B/« is special at s’ (see 8.3.25 for a
refined statement).

Lemma 8.1.45 Consider a morphism of cycles @’ — a and a pre-special morphism
f : B — a which is special at the generic points of a. Consider a commutative
square

Spec (k) X
!

Spec (k) —— @
such that k and k' are fields. Then the following conditions are equivalent:

(i) f is special at x.
(ii) B ®q @’ — ' is special at x’.

Proof This follows easily from Lemma 8.1.24 and property (P2). t

Corollary 8.1.46 Let f : § — a be a special morphism.
Then for any morphism @' — a, B ®, ¢’ — &' is special.

Definition 8.1.47 Let f :  — « be a morphism of cycles and x : Spec (k) — «
be a point.

We say that f is A-universal at x if it is special at x and the cycle 8 ®, k has
coefficients in A.

In the situation of this definition, let s be the image of x in the support of @, and «;
be its residue field. Then according to (P6), Bx = B, ®Zs k. Thus f is A-universal
at x if and only if it is A-universal at s. Furthermore, the following lemma follows
easily:

Lemma 8.1.48 Let f : B — a be a morphism of cycles. The following conditions
are equivalent:

(i) For any point s € a, f is A-universal at s.
(ii) For any point x : Spec (k) — «, f is A-universal at x.
(iii) For any morphism of cycles o’ — «, B ®, ' has coefficients in A.
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Definition 8.1.49 We say that a morphism of cycles f is A-universal if it satisfies
the equivalent properties of the preceding lemma.

Of course, A-universal morphisms are stable by base change. These definitions
will be applied similarly to morphisms of schemes by considering the associated
morphism of cycles.

Example 8.1.50 According to property (P3) of the pullback, a flat equidimensional
morphism of schemes is A-universal.

8.1.51 Let B/a be a morphism of A-cycles.
Let S be the support of @ and consider the obvious morphism of cycles S — a.
Recall from property (P1) of Paragraph 8.1.35 that the cycle

Bo:=F® S

is the reduction of B/a (Definition 8.1.20). This is a special A-cycle over S (see
Paragraph 8.1.29)

Moreover, it follows from the definition of the product that the following condi-
tions are equivalent:

(i) B/« is A-universal;
(ii) Bo/S is A-universal.

In particular, condition (ii) appear in Lemma 3.3.9 of [SVoob] (with a restriction on
the relative dimension that is not needed in fact).

Remark 8.1.52 Though Lemma 3.3.9 of [SVoob] does not give rise to any definition
in loc. cit., it is central in the theory of Suslin and Voevodsky. In particular, it
appears in the definition of the groups z(X/S,r), c¢(X/S,r),... that takes place right
after Lemma 3.3.9.

Our definition has the advantage to:

 work properly over non reduced schemes;

* have a local formulation (this is essential for the theorems of constructibility in
subsection 8.3.2);

* being free of unnecessary assumptions such has the relative dimension of fibers
(the integer r that appear in z(X/S,r)).

Besides, the categorical language introduced, obviously inspired by E.G.A., is very
natural and will prove to be useful in the treatment of finite correspondences (see for
example the definition of the composition product, 9.1.5, and the short proof of the
properties of this composition product, 9.1.7).

The following proposition shows that one can bound the denominators that can
happen after an arbitrary number of base changes.

Proposition 8.1.53 Let 8/a be a special morphism of A-cycles. Then there exists
an integer N > 0 such that N . is A-universal.
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Proof According to Paragraph 8.1.51, one can reduce to the case where « is a reduced
scheme S. We then prove by noetherian induction on § the following assertion: for
any closed subscheme Z C S, and any special A-cycle @ on S, there exists an integer
N > 0 such that N.«a is A-special

Take a special A-cycle @ on S. According to Lemma 8.1.18, there exists a birational
morphism p : § — S such that the strict transform & of « along p is a Hilbert cycle,
thus A-universal. Let U be a dense open subscheme of § above which p is an
isomorphism. Thus for any point s € U, with inverse image ¢ in p~!(U), we obtain
that the cycle a5 = @; has A-coefficients.

Let Z be the complement of U in S, with its reduced schematic structure. Then, by
construction, the pullback @ ®g Z is an A[1/N]-cycle. In particular ¢y = N.a ®s Z
is a special A-cycle over Z. As Z is a proper closed subscheme of S, we can apply
to the Noetherian induction hypothesis to Z and ag. We find an integer N’ > 0 such
that N’.aq is A-universal. By transitivity of pullbacks (which follows easily from the
uniqueness statement of Theorem 8.1.39; see Proposition 8.2.4), we thus obtain that
(NN’).a is A-universal over S. O

Recall that A is a sub-ring of the ring of rationals. One easily deduce from the
preceding proposition the following result.

Corollary 8.1.54 For any A-cycle a special over a (noetherian) scheme S, there
exists an integer N > 0 such that N .« is Z-universal over S.

8.2 Intersection theoretic properties

8.2.a Commutativity

Lemma 8.2.1 Consider morphisms of cycles with support in the left diagram

B X
l c lf
Yy —a y A

such that B/« is pre-special and y |« is pseudo-dominant.
Assume
a = Zni.si, B= ij.xj, Y = Zpl.tl
iel jeJ leH
and denote by ks, (resp. Kx;, ki) the residue field of s; (resp. x;, 11) in S (resp. X,
T). Considering (i,j,1) € 1 x J x H such that f(x;) = g(t;) = si, we denote by
vj1:Spec (Kxj By, Kt,) — X Xg T the canonical immersion.
Then the following assertions hold:
(i) B is special at the generic points of y.
(ii) The cycle B ®q v has coefficients in A.
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(iii) The following equality of cycles holds

B®ay = Z %m-v]yl*((Spec (Kyj ®x,, KZz)))

il
where the sum runs over (i, j,1) € I x J X H such that f(x;) = g(t;) = s;.

Proof Assertion (i) is in fact the first point of 8.1.30. Assertion (ii) follows from
assertion (iii), which is a consequence of the defining formula (8.1.39.1) and remark
8.1.37. ]

Corollary 8.2.2 Let g : T — S be a flat morphism and B = 3, ;c; m;.(Zj)x be a
pre-special S-cycle written in standard form.
Then B/S is pre-special at the generic points of T and

Bos(Ty =) mi(Z;xsT).

jeJ

The pullback 8 ®, 7y, at it is defined only when B/« is special, is in general
non symmetric in S and y. However the previous lemma implies it is symmetric
whenever it makes sense:

Corollary 8.2.3 Consider pre-special morphisms of cycles § — « and y — «a.
Then B (resp. y) is special at the generic points of y (resp. B) and the following
equality holds: B ®q Y =Y Qa B.

8.2.b Associativity

Proposition 8.2.4 Consider morphism of cycles 3 RN a, @' — a' — «a such
that f is special at the generic points of @’ and of a”. Let n be the exponential
characteristic of a”'.

Then the following assertions hold:

(i) The relative cycle (8 ®q ')/ a’ is special at the generic points of a”.
(ii) The cycle (B ®q a') ® @’ has coefficients in A[1/n].
(tii) (ﬁ B a'/) O @' = B Ba a”.

Proof Assertion (i) is a corollary of Lemma 8.1.45. Assertion (ii) is in fact a corollary
of assertion (iii), which in turn follows easily from the uniqueness statement in
theorem 8.1.39. O

Lemma 8.2.5 Let y N B L» a be two pre-special morphisms of cycles with
domains Y — X — S. Consider a fat point (R, k) over a such that vy /B is special
at the generic points of BRr k.

Then v/« is pre-special and the following equality of cycles holds in Yy :

YRk =Y ®g (BR.K)-
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Proof The first statement is obvious.

We first prove: yr =y ®g Br.
Remark that Bg — B is pseudo-dominant. Thus v/ is special at the generic points
of Br and the right hand side of the preceding equality is well defined. Moreover,
according to Lemma 8.2.1, we can restrict to the case where @ = s, 8 = x and y = y,
with multiplicity 1. Let g, kx, k, be the corresponding respective residue fields, and
K be the fraction field of R.
Then, according to (8.1.27.1), Yr = (K, ®«, K)yg and Sr = (kx ®, K)x,. But
Lemma 8.2.1 implies that y ®g Br = (k, ®«, (kx @, K))xx. Thus the associativity
of the tensor product of fields allows concluding.

From this equality and Proposition 8.2.4, we deduce that:

YR ®8r Br.k = (¥ 83 BR) ®8r BRA =Y ®8 PR.A-

Thus, the equality we have to prove can be written yg ®;’3 k = vr ®px (Br ®?€ k) and
we are reduced to the case @ = Spec (R).
In this case, we can assume 8 = (X) with X integral. Let us consider a blow-up

X —2— X such that the proper transform ¥ of y along p is a Hilbert cycle over X
(8.1.18). We easily get (from (P3) and 8.1.15) that

Vi =7 ®x (Xi).
Let Y (resp. Y) be the support of y (resp. ¥), g : ¥ — Y the canonical projection. We
consider the cartesian square obtained by pullback along Spec (k) — Spec (R):

?kLYk

||

)N(kLXk.

As X C X (resp. Y C Y)is purely of codimension 1, the proper morphism py (resp.
qr) is still birational. As a consequence, gx(y) = . Let y be a point in l?k(o) ~ Yk(o)
which lies above a point x in X0 ~ XIEO)

N Then, according to (P5) and using the
notations of 8.1.43, we get

m*Y (y;7 ®% (Xi)) = m*Y (y; 7 ®x (X))
This readily implies gi.(y ®% (Xk)) = ¥ ®x (Xx) and allows us to conclude. O

As a corollary of this lemma using the uniqueness statement in Theorem 8.1.309,
we obtained:

Corollary 8.2.6 Let y <, B L a be pre-special morphisms of cycles.

Let x : Spec (k) — a be a point. If B/« is special (resp. A-universal) at x and
v /B is special (resp. A-universal) at the generic points of B, then v/« is special at
X.
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Let @’ — a be any morphism of cycles with domain S’ — S and n be the
exponential characteristic of a’. Then, whenever it is well defined, the following
equality of A[1/n]-cycles holds:

Y B (ﬂ®a/ a’/) =Y Qa o’
A consequence of the transitivity formulas is the associativity of the pullback:

Corollary 8.2.7 Suppose given the following morphisms of cycles

@ B 4
N SN
0 o
such that f and g are pre-specials.

Then, whenever it is well defined, the following equality of cycles hold:

Y ®r (B®s a) = (y ® B) ® @

Proof Indeed, by the transitivity formulas 8.2.4 and 8.2.6, both members of the
equation are equal to (y ®4 8) @3 (8 ®s a). O

8.2.c Projection formulas

Proposition 8.2.8 Consider morphisms of cycles with support in the left diagram

B X
| < o |
o —a S — S

such that B/« is special at the generic points of .

Consider a factorization S’ LN U
Then B/« is special at the generic points of g.(«) and the following equality of
cycles holds in X Xs T

B®q g«(a’) = (1x Xs 9)+(B & ).

Proof The first assuption is obvious. By linearity, we can assume S’ is integral and
a’ is the generic point s of S with multiplicity 1. Let L (resp. E) be the residue field
of s (resp. g(s)).

Consider the pullback square Xy, LN Xr  where i and j are the natural

jl gx J'i
X Xgs ST =X xs T

immersions.

Let d be the degree of L/E if it is finite and 0 otherwise. We are reduced to
prove the equality gx.(j.(8r)) = d.i.(Bg). Using the functoriality of pushforward
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and property (P6), it is sufficient to prove the equality go.(BE ®% L) =dpg. If
d = 0, the morphism gg induces an infinite extension of fields on any point of X,
which concludes. If L/E is finite, g is finite flat and B¢ ®‘b€ L is the usual pullback
by go. Then the needed equality follows easily (see [Fulg8, 1.7.4]). (]

Lemma 8.2.9 Let § — « be a pre-special morphism of cycles with domain

X L5 Let (R, k) a fat point over a and X LN Y — S be a factorization
of p. Let fi be the pullback of f over Spec (k).

Suppose that the support of B is proper with respect to f. Then f.(B) is pre-special
over a and the equality of cycles (f.(B)) g . = fis(Br.x) holds in Yy.

Proof As usual, considering the support S of @, we reduce to the case where a = (S).
Let K be the fraction field of R. As Spec (K) maps to a generic point of S, we can
assume S is integral. Let F be its function field. We can assume by linearity that 8
is a point x in X with multiplicity 1.

Let L (resp. E) be the residue field of x (resp. y = f(x)). Let d be the degree of
L/E if it is finite and O otherwise. Consider the following pullback square

Spec (L ®F K) I, X Xs Spec(R) = Xg
hl . | fi
Spec (E ®F K) —— Y xg Spec (R) = Yg.

According to the formula (8.1.27.1), we obtain:

Sr«(BR) = fr+J«({L ®F K)) = i.. fo.({L ®F K))
= i fo«(fo (E ®F K)) = i.(d.(E ®F K)) = (f(8))r-

We are finally reduced to the case S = Spec(R) and g is a Hilbert cycle over
Spec (R). Note that f.(8) is still a Hilbert cycle over Spec (R). As Brx = B ®?€ k,
the result follows now from Proposition 8.1.16. O

Corollary 8.2.10 Consider morphisms of cycles with support in the left diagram

B X
l c lp
o —a S —S

such that B/« is special at the generic points of a’ (resp. A-universal).

Consider a factorization X L Y — Sofp.

Suppose that the support of B is proper with respect to f. Then f.(B)/« is special
at the generic points of o’ (resp. A-universal) and the following equality of cycles
holds in X x5 S’:

(f Xs 1s):(B®q @) = (ﬁ(ﬁ)) ®a .
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8.3 Geometric properties

8.3.1 We introduce a notation which will often come in the next section. Let S be a
scheme and @ = };¢; n;.(Z;)x an S-cycle written in standard form.

Let s be a point of S and Spec (k) —— S be a geometric point of S with k
separably closed. Let S’ be one of the following local schemes: the localization of S
at s, the Hensel localization of § at s, the strict localization of S at 5.

We then define the cycle with coefficients in A and domain X Xg S’ as:

als = Zm(zi Xs 8" ) xxss"-

iel

Remark 8.3.2 The canonical morphism S’ — S is flat. In particular, «/S is special
at the generic points of S” and we easily get: a|s = a ®s §’.

8.3.a Constructibility

Definition 8.3.3 Let S be a scheme and s € S a point. We say that a pre-special
S-cycle « is emphtrivial at s if it is special at s and @ ®g s = 0.

Naturally, we say that « is trivial if it is zero. Thus « is trivial if and only if it is
trivial at the generic points of S.

Recall from [GD67, 1.9.6] that an ind-constructible subset of a noetherian scheme
X is a union of locally closed subset of X.

Lemma 8.3.4 Let S be a noetherian scheme, and « /S be a pre-special cycle. Then
the set
T = {s € S| a/S is special (resp. trivial, A-universal) at s}

is ind-constructible in S.

Proof Let s be a point of T, and Z be its closure in S with its reduced subscheme
structure. Put @z = @ ®s Z, defined because « is special at the generic point of Z.
Given any point t of Z, we know that /S is special at ¢ if and only if @/ Z is special
at 7 (cf. 8.1.45). But there exists a dense open subset U, of Z such that az|y, is a
Hilbert cycle over Uz. Thus, a/S is special at each point of Uy and Uy C T. This
concludes and the same argument proves the respective statements. (|

8.3.5 Let I be a left filtering category and (;); e be a projective system of noetherian
schemes with affine transition morphisms. We let S be the projective limit of (S;)
and we assume the followings:

1. S is noetherian.
2. There exists an index i € I such that for all j > i, the canonical projection

Pi o .
§ —— §; is dominant.
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In this case, there exists an index j/i such that for any k/j, the map py induces an
isomorphism $(© — S,(CO) on the generic points (cf. [GD67, 8.4.2, 8.4.2.1]). Thus,
replacing / by //j, we can assume that this property is satisfied for all index i € I.

As a consequence, the following properties are consequences of the previous ones:

(3) Foranyi € I, p; : S — S; is pseudo-dominant and p; induces an isomorphism
5O — 5.
L
(4) For any arrow j — i of I, p;; : §; — §; is pseudo-dominant and p;; induces
an isomorphism ¥ — 5@
p ,] i .
Proposition 8.3.6 Consider the notations and hypothesis above. Assume we are
given a projective system of cycles («;);cy such that «; is a pre-special cycle over S;
and for any j — i, @j = a; ®s; Sj. Put @ = a; ®s, S for an indexi € 1.5
The following conditions are equivalent:
(i) a/S is special (resp. A-universal).
(ii) There exists i € I such that «;[S; is special (resp. A-universal).
(iii) There exists i € I such that for all j[i, a;/S; is special (resp. A-universal).

Let s be point of S and s; its image in S;. Then the following conditions are
equivalent:
(i) a/S is special (resp. A-universal) at s.
(ii) There exists i € I such that a;[S; is special (resp. A-universal) at s;.
(iii) There exists i € I such that for all j[i, a;/S; is special (resp. A-universal) at s;.

Proof Let P be one of the respective properties: “special”, “trivial”, “A-universal”.
Using the fact that being P at s is an ind-constructible property (from Lemma 8.3.4),
it is sufficient to apply [GD67, th. 8.3.2] to the following family of sets:

F; ={s; €S;| a;satisfies P ats;}, F ={s eS| asatisfies P at s}.

To get the two sets of equivalent conditions of the statement from op. cit. we have to
prove the following relations:

(1) :V( — i) € FUD).pj; (Fi) < Fj,
(2): F = Uierp; ' (F).

We consider the case where P is the property “special”. For relation (1), we apply
8.1.45 which implies the stronger relation pJTl.l(Fi) = Fj. For relation (2), another

application of 8.1.45 gives in fact the stronger relation F' = pi_l(F[) foranyi e I.
Consider a point s; € S and put s; = p;;(s;). Assume a; is special at s;. Then,
applying 8.2.4 and (P3), we get:

(8.3.6.1) @; ®s; s; = (@i ®s; s;) ®E(Si) Kk(s;).

36 The pullback is well defined because of point (3) and (4) of the hypothesis above.



266 Motivic complexes and relative cycles
Similarly, given s € S}, s; = p;(s), and assuming a; is special at s;, we get:
(8.3.6.2) a®s s = (a; ®s; §;) ®2<Si) k(s).

We consider now the case where P is the property “trivial”. Then relation (1)
follows from (8.3.6.1). Relation (2) follows from (8.3.6.1) and 8.1.19(1).

We finally consider the case P is the property “A-universal”. Relation (1) in this
case is again a consequence of (8.3.6.1). According to (8.3.6.2), we get the inclusion
Ujer fl.‘l(F,) C F. We have to prove the reciprocal inclusion.

Consider a point s € S with residue field k such that «//S is A-universal at s. For
any i € I, we put s; = p;(s) and denote by k; its residue field. It is sufficient to find
an index i € I such that ; ®s, s; has coefficients in A. Thus we are reduced to the
following lemma:

Lemma 8.3.7 Let (k;);cjor be an ind-field and put: k = m ki.

ielop

Consider a family (B;);e; such that B; is a ki-cycle of finite type with coefficients in
Q and for any j/i, B; = Bi ®zi kj. We put B = f3; ®zi k.

If for an indexi € I, B; ®,|; k has coefficients in A, then there exists j[i such that
B; has coefficients in A. O

We can assume that for any j/i, 8; has positive coefficients. Let X; (resp. X) be the
support of g; (resp. §). We obtain a pro-scheme (X;);/; such that X = liLn_EI X;.
The transition maps of (X;);,; are dominant. Thus, by enlarging i, we can alssume
that for any j/i, the induced map mo(X;) — mo(X;) is a bijection. Thus we can
consider each element of my(X) separately and assume that all the X; are integrals:
for any j/i, Bj = n;j.(X;) for a positive element n; € Q. Arguing generically, we
can further assume X; = Spec (L;) for a field extension of finite type L; of k;. By
assumption now, for any j /i, L; ®, k; is an Artinian ring whose reduction is the field
L;. Moreover, n; = n;.1g(L; ®, k;) and we know that n := n;.1g(L; ®, k) belongs
to A.

Let p be a prime not invertible in A such that v,(n;) < 0 where v, denotes the
p-adic valuation on Q. It is sufficient to find an index j/i such that v,(n;) > 0. Let
L = (L; ®k, k)rea.- Remark that L = h_n}l Jor L;. It is a field extension of finite type
of k. Consider elements aq,...,a, algeb;aedcally independent over k such that L is a
finite extension of k(ay,...,a,). By enlarging i, we can assume that ay, ..., a,, belongs
to L;. Thus L; is a finite extension of k;(as, ..., a,): replacing k; by k;(a1, ...,a,), we
can assume that L;/k; is finite.

Let L’ be the subextension of L over k generated by the p-th roots of elements of k. As
L/kisfinite, L’/ k is finite, generated by elements b1, ..., b, € L.consider anindex j /i
such that by, ..., b, belongs to L;. It follows that v, (Ig(L; ®; k;)) = vp(1g(L; ®, k)).
Thus v, (1) = vp(n) > 0 and we are done. O

Corollary 8.3.8 Let S be a scheme and a be a pre-special S-cycle.
Let 5 be a geometric point of S, with image s in S, and S’ be the strict localization of
S ats.

Then the following conditions are equivalent:
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(i) a/S is special at s.
(i’) a/S is special at s.
(ii) (als’) /S’ is special at 5 (notation of 8.3.1).
(iii) There exists an étale neighborhood V of 5 in S such that (a ®s V)|V is special
ats.

Proof The equivalence of (i) and (i’) follows trivially from definition (c¢f. 8.1.30).
Recall from 8.3.1 that @|ss = @ ®s S’. Thus (i’) = (ii) is easy (see 8.1.45). Moreover,
(if) = (iii) is a consequence of the previous proposition applied to the pro-scheme
of étale neighborhood of 5. Finally, (iii) = (i) follows from Lemma 8.1.45. O

Proposition 8.3.9 Consider the notations and hypothesis of 8.3.5. Assume that S
and S; are reduced for any i € I.

Suppose given a projective system (X;);eq of Si-schemes of finite type such that
forany jli, X; = X; Xs, Sj. We let X be the projective limit of (X;).

Then for any pre-special (resp. special, A-universal) S-cycle @ C X, there exists
i € I and a pre-special (resp. special, A-universal) S;-cycle o; C X; such that
a=aq;®s, S.5

Proof Using Proposition 8.3.6, we are reduced to consider the first of the respective
cases of the proposition. Write @ = }},.cg -.(Z;)x in standard form.

Consider r € ©. As X is noetherian, there exists an index i € I and a closed
subscheme Z,; C X; such that Z, = Z,; Xs, S. Moreover, replacing Z, ; by the

.
reduced closure of the image of the canonical map Z, L Z, ;, we can assume that

the map (*) is dominant. For any j € I/i, we put Z, ; = Z, ; X5, S;. The limit of the
pro-scheme (Z; j)jcyjior is the integral scheme Z,. Thus, applying [GD67, 8.2.2],
we see that by enlarging i, we can assume that for any j € 1/i, Z, ; is irreducible
(but not necessarily reduced).

We repeat this construction for every r € ®, enlarging i at each step. Fix now an
element j € I/i. The scheme Z, ; may not be reduced. However, its reduction Z;’ ;
is an integral scheme such that Zr”j Xs; § = Zy. We put

a; = Z nr(Z;’])Xj.

re®

Let z, ; be the generic point of Zr”j, and s, ; be its image in §;. It is a generic point
and corresponds uniquely to a generic point s, of S according to the point (3) of the
hypothesis 8.3.5. Thus a;/S; is pre-special. Moreover, we get from the above that
k(zr.j) ®x(s, ;) kK(sr) = Kk(zr) where z, is the generic point of Z,. Thus the relation
@; ®s; S = a follows from lemma 8.2.1. O

87 This pullback is defined in any case because of point (3) of the hypothesis above.
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8.3.b Samuel multiplicities

8.3.10 We give some recall on Samuel multiplicities, following as a general reference
[Boug3, VIIL.§7].

Let A be a noetherian local ring with maximal ideal m. Let M # 0 be a A-module of
finite type and g € m an ideal of A such that M /qM has finite length. Let d be the
dimension of the support of M. Recall from loc. cit. that Samuel multiplicity of M
at q is defined as the integer:

A : d! n
¢ (M):= lim n—dlgA(M/q M)

In the case M = A, we simply put ¢,(A) := ea“(A) and e(A) := e} (A).
We will use the following properties of these multiplicities that we recall for the
convenience of the reader; let A be a local noetherian ring with maximal ideal m:
Let @ be the generic points p of Spec (A) such that dim(A/pA) = dim A. Then
according to proposition 3 of loc. cit.:

(1) ealA) = D" 1a(Ap).eq(A/P),
ped

Let B be a local flat A-algebra such that B/mB has finite length over B. Then
according to proposition 4 of loc. cit.:

emB (B)
e(A)

(#2) — lgz(B/mB).

Let B be a local flat A-algebra such that mB is the maximal ideal of B. Letq C A
be an ideal such that A/qA has finite length. Then according to the corollary of
proposition 4 in loc. cit.:

(yg) qu(B) = eq(A)~

Assume A is integral with fraction field K. Let B be a finite local A-algebra such
that B O A. Let kp/k4 be the extension of the residue fields of B/A. Then, according
to proposition 5 and point b) of the corollary of proposition 4 in loc. cit.,

emB(B) _ dimg (B ®4 K)
e(A) - [kB : kA]

Definition 8.3.11 (i) Let S = Spec (A) be alocal scheme, s = m the closed point
of S.

Let Z be an S-scheme of finite type with special fiber Z;. For any generic point z of
Zs, denoting by B the local ring of Z at z, we define the Samuel multiplicity of Z at
z over S as the rational number:

(4

emB(B)
e(A)

m” (z,Z]S) =
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In the case where Z is integral, we define the Samuel specialization of the S-cycle
(Z) at s as the cycle with rational coefficients and domain Z:

@ efs= > m7(22/9)z

z EZ§.0>

Consider an S-cycle of finite type @ = ¢y 1;.(Z;)x written in standard form. We
define the Samuel specialization of the S-cycle « at s as the cycle with domain Xj:

a ®S‘5ﬂ s = Zni.(Zi) ®Sy s.

iel

(ii) Let S be a scheme. For any point s of S, we let S be the localized scheme
of S at s.
Let f : Z — S be an S-scheme of finite type, and z a point of Z which is generic in
its fiber. Put s = f(z). We define the Samuel multiplicity of Z /S at z as the integer

m”(2,Z]S) := m” (2, Z Xs S(5)/S(s))-

Consider an S-cycle of finite type @ with domain X and a point s of S. We define the
Samuel specialization of the S-cycle a at s as the cycle with rational coefficients:

Lemma 8.3.12 Let S be a scheme, and p : Z' — Z an S-morphism which is a
birational universal homeomorphism. Then for any point s € S,

(2o s=(2)® s
in (Zs/)red = (Zs)red-

Proof By hypothesis, p induces an isomorphism Z’© ~ Z©) between the generic
points. Given any irreducible component 77 of Z’ corresponding to the irreducible
component T of Z, we get by hypothesis:

T!,; = Trea (as schemes), 1g (07 1) =g (Oz1).

Thus, we easily conclude from the definition. O

8.3.13 Let Z ., S be a morphism of finite type and a z a point of Z, s = f(z).
Assume z is a generic point of Z;. We introduce the following condition:

_ | For any irreducible component T of Z),
2 2/S): { T, = @ or dim(T) = dim(Zg)).

Remark 8.3.14 This condition is in particular satisfied if Z;) is absolutely equidi-
mensional (and a fortiori if Z is absolutely equidimensional).
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An immediate translation of (.#'1) gives:

Lemma 8.3.15 Let S be a local scheme with closed point s and Z be an S-scheme
of finite type such that Zg is irreducible with generic point z.
If the condition 9(z,Z/S) is satisfied, then (Z) ®§ﬂ s=m”(z,Z/S).z.

We get directly from (.#’2) the following lemma:

Lemma 8.3.16 Let S be a scheme, s be a point of S, and a = };¢; n; {Z;i)x be an
S-cycle in standard form such that Z; is a flat S-scheme of finite type.
Then « is a Hilbert S-cycle and « ®S‘7) s=a ®g s.

With the notations of 8.3.1, we get from (.'3):

Lemma 8.3.17 Let S be a scheme, s a point of S with residue field k and « an S-cycle
of finite type.

(i) Let S’ be the Hensel localization of S at s. Then, a ®J s = (alsy) ®F s

(ii) Let k a separable closure corresponding and s the corresponding geometric
point of S. Let S5 be the strict localization of S at 5. Then,

7 N b 7 7
(a/ (=X s) ®, k = (als;)) ®5, S

Let us recall from [GD67, 13.3.2] the following definition:

Definition 8.3.18 Let f : X — S be a morphism of finite type between noetherian
schemes, and x a point of X.
We say f is equidimensional at x if there exists an open neighborhood U of x in
X and a quasi-finite pseudo-dominant S-morphism U — Agl for d € N. The integer
d is independent of the choice of U it is called the relative dimension of f at x.
We say f is equidimensional if it is equidimensional at every point of X.

Remark 8.3.19 A quasi-finite morphism is equidimensional if and only if it is pseudo-
dominant. According to [GD67, 12.1.1.5], this definition agrees with the convention
stated in paragraph 8.1.9 in the case of flat morphisms.

Note that a direct translation of (.7/4) gives:

Lemma 8.3.20 Let S = Spec (A) be an integral local scheme with closed point s
and fraction field K. Let Z be a finite equidimensional S-scheme and z a generic
point of Zs. Let B be the local ring of Z at z.

Then,
dimg (B ®4 K)

[k(2) = k(s)]

8.3.21 Recall that a scheme S is said to be unibranch (resp. geometrically unibranch)
ata point s € S if the henselisation (resp. strict henselisation) of the local ring O
is irreducible (see [GD67, 6.15.1, 18.8.16]). The scheme S is said to be unibranch
(resp. geometrically unibranch) if it is so at any point s € S.

The following result is the key point of this subsection.

m” (2,Z/5) =
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Proposition 8.3.22 Consider a cartesian square

7%z
A

s 25

and a point s of §', s = g(s’). Let k (resp. k') be the residue field of s (resp. s’). We
assume the following conditions:

1. S (resp. S’) is geometrically unibranch at s (resp. s’).

2. f and f’ are equidimensional of dimension n.

3. For any generic point 7 of Zs (resp. 7’ of Zy) the condition 9(z,Z/S) (resp.
D(z',Z']8)) is satisfied.

Then, the following equality holds in Z:
(Z2)ed s =(Z2) e s) & k.
Proof According to Lemma 8.3.15, we have to prove the equality:

(8.3.22.1) Z m” (2, Z']S").7 = Z m” (z,Z/S).(Spec (xk(z) ® k'))z,..

ez ez

As f is equidimensional of dimension n, we can assume according to 8.3.18
that there exists a quasi-finite pseudo-dominant S-morphism p : Z — A%. For any
generic point z of Z, t = p(z) is the generic point of A}. Thus applying (./3), we
get:

m”(2,Z/S) = m” (z,Z|A).

Consider the §” morphism p’ : Z" — A7, obtained by base change. It is quasi-
finite. As Z’/S’ is equidimensional of dimension n, p’ must be pseudo-dominant.
For any generic point z’ of Zy, ' = p’(z’) is the generic point of A”, and as in the
preceding paragraph, we get

mY(Z/’ Z//S/) — my(zl’ Z’/An,).

Moreover, the residue field «; of ¢ (resp. k- of t') is k(t1, ..., 1) (resp. k' (t1, ....t,))
and this implies Spec (k(z) ®, k) is homeomorphic to Spec (k(z) ® k') and has
the same geometric multiplicities. Putting this and the two preceding relations in
(8.3.22.1), we get reduced to the case n = 0 — indeed, according to [GD67, 14.4.1.1],
A% (resp. AY,) is geometrically unibranch at 7 (resp. ).

Assume now n = 0, so that f and f’ are quasi-finite pseudo-dominant.

Let k be a separable closure of k and k’ a separable closure of a composite of
k and k’. It is sufficient to prove relation (8.3.22.1) after extension to k’ (Lemma
8.1.19). Thus according to 8.3.17 and hypothesis (3), we can assume S and S’ are
integral strictly local schemes.
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For any z € Zéo) , the extension «(z)/k is totally inseparable. Moreover, 7z corre-
sponds to a unique point 7’ € ZS)) and we have to prove for any z € Zio):

m” (2, Z']S") = m” (2,Z/S). 1g(xk(2) ® k').

Let S = Spec(A), K = Frac(A) and B = 0z, (resp. S” = Spec (A”), K’ = Frac(A")
and B’ = Oz ). As B is quasi-finite dominant over A and A is henselian, B/A is
necessarily finite dominant. The same is true for B’/A” and (.¥’4) gives the formulas:

dimg (B ®4 K) dimg/ (B’ ®4 K’)
[k(z) - k]~ [k(z") < k']

As B’ @4 K' = (B®a K) ®k K’, the numerator of these two rationals are the same.
To conclude, we are reduced to the easy relation

m” (2,Z/S) = m” (2, Z2'|S") =

[k(z) « k'] 1g(k(2) ® k') = [«(2) : k].

Definition 8.3.23 Let Sbe aschemeand a = };<; n;.(Z;)x be an S-cycle in standard
form.

We say /S is pseudo-equidimensional over s if it is pre-special and forany i € I,
the structural map Z; — § is equidimensional at the generic points of the fiber Z; ;.

Proposition 8.3.24 Let S be a strictly local integral scheme with closed point s and
residue field k and a be an S-cycle pseudo-equidimensional at s.

Then for any extension Spec (k") s of s and any fat point (R, k") of S over
s’, the following relation holds:

QR ) = ((x o7 s) ®Z k'
Proof We put §” = Spec (R) and denote by s’ its closed point.

Reductions.— By additivity, we reduce to the case @ = (Z), Z is integral and the
structural morphism f : Z — § is equidimensional at the generic points of Z;. Any
generic point of 7, dominate a generic point of Z so that we can argue locally at
each generic point x of Z;. Thus we can assume Z; is irreducible with generic point
x. Moreover, as Z is equidimensional at x, we can assume according to 8.3.18 there
exists a quasi-finite pseudo-dominant S-morphism

(8.3.24.1) AR A%.

Note that S is geometrically unibranch at s. Thus, applying [GD67, 14.4.1] ("critere
de Chevalley"), f is universally open at x. As S’ is a trait whose close point goes to
s in S, it follows from [GD67, 14.3.7] that the base change f’ : Z’ — S’ of f along
S’/S is pseudo-dominant.

Let T be an irreducible component of Z’, with special fiber 7y and generic fiber
Tk over S’. Then T — S’ is a dominant morphism of finite type. Thus, according



8 Relative cycles 273

to [GD67, 14.3.10], either Ty = & or dim(Ty') = dim(Tk-). Moreover, the dimension
of T, is equal to the transcendental degree of the function field of T over K’,
which is equal to the transcendental degree of Z over K. This is n according to
(8.3.24.1). Thus, in any case, T is equidimensional of dimension n over S” and this
implies Z’ is equidimensional of dimension n over S’. Moreover, either Ty = & or
dim(7T) = n+ 1 = dim(Z’). Note this implies that for any generic point z’ of Z, the
condition 2(z’,Z’/S’) is satisfied.

Middle step.— We prove: agr x = (Z’) ®S‘7f s’
According to Lemma 8.3.16,

ary = (Zp) &% k' = (Z}) @3 5.

But the canonical map z — Z’ is a birational universal homeomorphism so that
we conclude this step by Lemma 8.3.12.

Final step.— We have only to point out that the conditions of Proposition 8.3.22 are
fulfilled for the obvious square; this is precisely what we need. O

Corollary 8.3.25 Let S be a reduced scheme, s a point of S and a an S-cycle which
is pseudo-equidimensional over s.

Let 5 be a geometric point of S with image s in S and S’ be the strict localization
of Sats. Welet S" = U1 S/ be the irreducible components of S and a; be the cycle
made by the part of the cycle « ®g §” whose points dominate S].

Then the following conditions are equivalent:

(i) a/S is special at s.

(ii) the cycle a, ®S/ 5 does not depend on i € 1.

Moreover, when these conditions are fulfilled, @ ®s s = a, ®§ s.
Proof According to Corollary 8.3.8, we reduce to the case S = S’. Then this follows

directly from the preceding proposition. U

Corollary 8.3.26 Let S be a reduced scheme, geometrically unibranch at a point
s € S, and a an S-cycle. The following conditions are equivalent:

(i) a/S is pseudo-equidimensional over s.

(ii) a/S is special at s.
Under these conditions, a ®s s = a ®f s.

Remark 8.3.27 In particular, over a reduced geometrically unibranch scheme S, every
cycle whose support is equidimensional over S is special.

Corollary 8.3.28 Let S be a reduced scheme and s € S a point such that S is
geometrically unibranch at s and e(Os s) = 1. Then for any S-cycle a, the following
conditions are equivalent:

(i) a/S is pseudo-equidimensional over s.
(ii) a/S is A-universal at s.
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Remark 8.3.29 In particular, over a regular scheme S, every cycle whose support is
equidimensional over § is A-universal. Remark also the following theorem:

Theorem 8.3.30 Let S be an excellent scheme, s € S a point. The following condi-
tions are equivalent:

(i) S is regular at s.
(ii) S is geometrically unibranch at s and e(Os ) = 1.
(iii) S is unibranch at s and e(Os ) = 1.

Bibliographical references for the proof. We can assume S is the spectrum of an
excellent local ring A with closed point s. The implication (i) = (ii) follows from
the fact that a normal local ring is geometrically unibranch (at its closed point)
and from [Boug3, AC.VIIL.§7, prop. 2]. (ii) = (iii) is trivial. Concerning the
implication (iii) = (i), let A be the completion of the local ring A. We know from
[Boug3, AC.VIIL108, ex. 24] that when e(A) = 1 and A is integral, A is regular.
Note e¢(A) = 1 implies A is reduced. To conclude, we refer to [GD67, 7.8.3, (vii)]
which established that if A is local excellent reduced, A is integral if and only if A is
unibranch.

Finally, we get the following theorem already proved by Suslin and Voevodsky
([SVoob, 3.5.9]):

Theorem 8.3.31 Let S be a scheme and s a point with residue field ks such that the
local ring A of S at s is regular. Then for any equidimensional S-scheme Z and any
generic point 7 of Z,

mY (2,(2) @5 5) = D (=1 IgoTor} (07, k).

Proof Wereduce to the case S = Spec (A). Then Z is absolutely equidimensional, and
we can apply Lemma 8.3.15 together with Corollary 8.3.26 to get that m3Y (z, (Z) ®g
s) = m”(z,Z/S). Then the result follows from a theorem of Serre [Ser75, IV.12, th.
1]. U

Remark 8.3.32 Let S be a regular scheme, X a smooth S-scheme and @ C X an S-
cycle whose support is equidimensional over S. Let s be a point of S andi : X; — X
the closed immersion of the fiber of X at s. Then the cycle i*(@) of [Ser75, V-28,
par. 7] is well-defined and we get:

a®s s =i(a).

9 Finite correspondences

9.0.1 In this section, . is the category of all noetherian schemes. We fix an admis-
sible class & of morphisms in . and assume in addition that & is contained in the
class of separated morphisms of finite type.
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Consider two S-schemes X and Y. To clarify certain formulas, we will denote
X XsY simply by XY and let p§Y : XY — X be the canonical projection morphism.
We fix a ring of coefficients A C Q.

9.1 Definition and composition

9.1.1 Let S be a base scheme. For any &?-scheme X/S, we let ¢o(X/S,A) be the
A-module made of the finite and A-universal S-cycles with domain X.8% Consider
a morphism f : Y — X of S?-schemes over S. Then the pushforward of cycles
induces a well-defined morphism:

fi i co(Y /S, A) — co(X/S,N).

Indeed, consider a cycle @ € co(Y/S). Let us denote by Z its support in ¥ and
by f(Z) c X image of the latter by f. We consider these subsets as reduced
subschemes. Note that f(Z) is separated and of finite type over S because X /S is
noetherian, separated, and of finite type, by assumption 9.0.1. Because Z/S is proper,
[GD61, 5.4.3(ii)] shows that f(Z) is indeed proper over S. Thus, the cycle fi(«a) is
A-universal according to Corollary 8.2.10. Finally, Z /S is finite, we deduce that f(Z)
is quasi-finite, thus finite, over S. This implies the result.

Definition 9.1.2 Let X and Y be two &?-schemes over S.
A finite S-correspondence from X to Y with coefficients in A is an element of

cs (X,Y)A = Co(X Xs Y/X).

We denote such a correspondence by the symbol X e—— Y.

In the case A = Z, we simply put cs (X,Y) := c¢s(X,Y)z. Through the rest of
this section, unless explicitly stated, any cycle and any finite S-correspondence are
assumed to have coeflicients in A.

Remark ¢9.1.3 1. According to properties (P7) and (P7°) (cf. 8.1.41) of the pullback,
¢s (X,Y), commutes with finite sums in X and Y.

2. Consider @ € c¢s (X,Y),. Let Z be the support of @. Then, Z is finite pseudo-
dominant over X (by definition 8.1.20). This means that Z is finite equidimen-
sional over X.

When X is regular (resp. X is reduced geometrically unibranch and char(X) c
A¥), acycle @ C X Xg Y written in standard form:

a= Z ni{Zi)xxsY

i

88 With the notations of [SVoob], co(X/S, Z) = cegui(X/S, 0) when S is reduced.
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defines a finite S-correspondence from X to Y if and only if for any index i € I,
the scheme Z; is finite equidimensional over X (i.e. finite and dominant over an
irreducible component of X) — ¢f. 8.3.29 (resp. 8.3.27).
Moreover, in each respective case, cs(X,Y), is the free A-module generated by
the closed integral subschemes Z of X Xg Y which are finite equidimensional
over X.

3. By definition, we get an inclusion:

cs (X,Y) Ces (X,Y)p
which induces an injective map:
cs (X, Y)®z A — cs (X,Y)y

According to Corollary 8.1.54, this map is a bijection. Indeed, given any finite A-
linear S-correspondence « : X e—— Y, applying the mentioned corollary, there
exists an integer N > 0 such that N.« is Z-universal, so in particular an element
of cs (X,Y). If we assume that N is minimal, as « is A-universal by assumption,
N must be invertible in A. Therefore, (N.a) ® % belongs to ¢s (X,Y) ®z A and
is sent to & by the preceding map, which concludes.
Given more generally inclusions of rings A € A’ c Q, we get an inclusion of
groups

cs (X,Y)p Ces (X, Y)y

which induces an injection:
(9.1.3.1) cs (X, V) @4 A — cs (X, Y)pr -

Applying Proposition 8.1.53 and the same argument as above, we get that this
map is in fact surjective, and therefore a bijection.

Example 9.1.4 1. Let f : X — Y be a morphism in /8.
Because X/S is separated (assumption 9.0.1), the graph I'; of f is a closed
subscheme of X Xg Y. The canonical projection I'y — X is an isomorphism.
Thus (I'y)xy is a Hilbert cycle over X. In particular, it is A-universal and also
finite over X, thus it defines a finite S-correspondence from X to Y.

2. Let f : Y — X be a finite S-morphism which is A-universal (as a morphism
of the associated cycles). Then the graph I'y of f is closed in X Xg Y and the
projection I'r — X is isomorphic to f. Thus the cycle (I'y)xy is a finite A-
universal cycle over X which therefore define a finite S-correspondence f :
X e— Y called the transpose of the finite A-universal morphism f.

Suppose we are given finite S-correspondences X e—— Y LN Z. Consider the
following diagram of cycles :
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B®ya—L—Z.

il !

(9-1.4.1) a——Y

Dt —

The pullback cycle is well-defined and has coefficients in A as 8 is A-universal
over Y. Moreover, according to the definition of pullback (cf. 8.1.39) and Corollary
8.2.6, B ®y « is a finite A-universal cycle over X with domain XY Z. Note finally
that according to 9.1.1, the pushforward of this latter cycle by p§32,2 is an element of
cs (X ,Z )A'

Definition 9.1.5 Using the preceding notations, we define the composition product
of 8 and « as the finite S-correspondence

Boa=pXt, By a): X e—s Z.

Remark ¢.1.6 In the case where S is regular and X, Y, Z are smooth over S, the
composition product defined above agree with the one defined in [Dégo7, 4.1.16] in
terms of the Tor-formula of Serre. In fact, this is a direct consequence of 8.3.31 after
reduction to the case where @ and 3 are represented by closed integral subschemes
(see also point (2) of remark 9.1.3).

We sum up the main properties of the composition for finite correspondences in
the following proposition :

Proposition 9.1.7 Let X, Y, Z be &-schemes over S.

1. For any finite S-correspondences X e—— Y LN Ze 1o T, we have
(yoRoa=yo(Boa).

2 Forany X 2~y -2 7, Tyhvz o a = (1x X5 g)«(@).

3. Forany X . Y LN Z, Bo(Iy)xy = B®y (X).
Moreover, if f is flat, o (I'y)xy = (f Xs 12)*(B) considering the flat pullback
of cycles in the classical sense.

4. Forany X ; Y LN Z such that f is finite A-universal,
Bo'f =(fxs12)(p).

5. For any X v <L 7 such that g is finite A-universal,
'goa =(Z) ®y a.
If we suppose that g is finite flat, then'g o @ = (1x Xg g)*(a).

Proof (1) Using respectively the projection formulas 8.2.10 and 8.2.8, we obtain

(yoB)oa=pXy r.((y ®z B) &y )
yo(Boa)=pxyzr.(y®z By ).
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Thus this formula is a direct consequence of the associativity 8.2.7.

(2) Lete : Ty — Y and p§l§ : XTy — XZ be the canonical projections. As
g
€ is an isomorphism, we have tautologically (Y) = e.({I'y)). We conclude by the
following computation :

(Ix x5 9)«(a) = (1x X5 9):((Y) ®y @) = (1x X5 9)«(e(Iy) By @)

2 (1x x5 9):(1x X5 €).((Ty) B @) = pXE. .(Ty) @y @)

)
= Pxvz.((Cydvz ® @)
The equalities labeled () follow from the projection formula of 8.2.10.
(3) The first assertion follows from projection formula of 8.2.8 and the fact that
I’y is isomorphic to X :

BoTr)xy = pxiz.(B®y (Trxy) = B ® Pry.((Lr)xy) = B ®y (X)

The second assertion follows from Corollary 8.2.2.

(4) and (5): The proof of these assertions is strictly similar to that of (2) and (3)
instead that we use the projection formula of 8.2.8 (and do not need the commutativity
8.2.3). (]

As a corollary, we obtain that the composition of S-morphisms coincide with
the composition of the associated graph considered as finite S-correspondences.
For any S-morphism f : X — Y, we will still denote by f : X «—— Y the finite
S-correspondence equal to {I'r)xy. Note moreover that for any P-scheme X/S,
the identity morphism of X is the neutral element for the composition of finite
S-correspondences.

Definition 9.1.8 We let 27 °f be the category of &-schemes over S with morphisms
the finite S-correspondences and the composition product of definition 9.1.5.

An object of &7{° will be denoted by [X]. The category &(% is additive, and the
direct sum is given by the disjoint union of Z?-schemes over S. We have a canonical
faithful functor

(9.1.8.1) y: PIS — ﬂf\"sr

which is the identity on objects and the graph on morphisms. We call it the graph
functor.

9.1.9 Given extension of rings A € A’ ¢ Q, we get according to Remark 9.1.3(3)
and the definition of composition of finite correspondences a functor of A’-linear
categories:

(9.1.9.1) PN% AN — P
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which is the identity on objects and the maps of the form (9.1.3.1) on morphisms.
According to Remark 9.1.3(3), the later maps are bijections and we get the following
result about changing coefficients.

Proposition 9.1.10 With the notations above, the functor (9.1.9.1) is an equivalence
of categories.

9.1.11 Given two S-morphisms f : ¥ — X and g : X’ — X such that g is finite
A-universal, we get from the previous proposition the equality of cycles in Y X:

'go f=(X")ox (Vyx

where Y is seen as a closed subscheme of Y X through the graph of f.
In particular, when either f or g is flat, we get (use property (P3) of 8.1.35 or
Corollary 8.2.2):
'gof=(X"xxY)yx.

To state the next formulas (the generalized degree formulas), we introduce the
following notion:

Definition 9.1.12 Let f : X’ — X be a finite pseudo-dominant morphism (recall
Definition 8.1.2). For any generic point x of X, we define the degree of f at x as the
integer:

deg,(f) = > [kv @ 4]

x'/x
where the sum runs over the generic points of X’ lying above x.

Proposition 9.1.13 Let X be a connected S-scheme and f : X' — X be a finite
S-morphism.

If f is special then there exists an integer d € N* such that for any generic point
xof X, deg, (f) =d.

Moreover, f o' f =d.1x.

We simply call d the degree of the finite special morphism f.

Proof Let A’ be the diagonal of X’/S. For any generic point x of X, we let A, be
the diagonal of the corresponding irreducible component of X, seen as a closed
subscheme of X. According to Proposition 9.1.7, and the definition of pushforwards,
we get

@:=folf=(fxs Pl(Ahxx)= D deg(f)-(Ar)xx.

xex(©

Considering generic points x, y of X, we prove deg,(f) = deg,(f). By induction,
we can reduce to the case where x and y have a common specialization s in X
because X is connected and noetherian. Then, as @/ X is special, we get by definition
of the pullback (see more precisely 8.1.44)

@ ®s s = deg,(f).s = deg,(f).s
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as required. The remaining assertion then follows. U

Proposition 9.1.14 Let f : X’ — X be an S-morphism which is finite, radicial and
A-universal.

Assume X is connected, and let d be the degree of f.

Then' f o f = d.1x. In particular, if d is invertible in A, f is an isomorphism in
D5

Proof According to 9.1.11, ' f o f = (X’) ®x (X’ as cycles in X’X’. Let x be the
generic point of X and k be its residue field. Let {x/,i € I} be the set of generic
points of X, and for any i € 1, klf be the residue field of xlf . According to 8.2.1, we
thus obtain:
"fof= Y (Spec(k @ k).
(i.j)el?

The result now follows by the definition of the degree and the fact that for any i € I,
k!/k is radicial. O

9.2 Monoidal structure

Fix a base scheme S. Let X, X', Y, Y’ be &?-schemes over S.

Consider finite S-correspondences @ : X e——Y and @’ : X’ e——Y’. Then
aX' = a®x(XX’)yand a'X := @’ ®x (X X’) are both finite A-universal cycles over
X X’. Using stability by composition of finite A-universal morphisms (c¢f. Corollary
8.2.6), the cycle (aX’) ®xx' (a’X) is finite A-universal over X X’.

Definition 9.2.1 Using the above notation, we define the fensor product of @ and
a’ over S as the finite S-correspondence

a®¢ o =(aX)oxx (@'X): XX e——YY'.

Let us first remark that this tensor product is commutative (use commutativity of the
pullback 8.2.3) and associative (use associativity of the pullback 8.2.7). Moreover,
it is compatible with composition :

Lemma 9.2.2 Suppose given finite S-correspondences :
a:X—Y, B:Y—Z o : X —Y, B :Y —Z Then
(Boa)®y (B oa)= (B p)o(a®f o).

Proof We put aX’ = a ®@x (XX’), &’X = o’ ®x (XX’) and BY’ = B Qy (YY’),
B'Y = B ®y (YY’). We can compute the right hand side of the above equation as
follows :



9 Finite correspondences 281
P§§:%1%IZZ'*((BY' ®vy B'Y) ®yy (aX’ ®xx’ cx'X))
Q PXXNA V720 ((ﬁY' Qyy B'Y) Qyy (’'X ®xx’ aX’))
D DX 1 (BY O1v (BY @1y 0’ X) & aX')

® xxzz
= p§§,§}%22,*((ﬂY’ vy aX’) ®xx’ (B'Y ®yy O/X)))~

Equality (1) follows from commutativity 8.2.3, equality (2) from associativity 8.2.7
and equality (3) by both commutativity and associativity.

For the left hand side, we note that using the projection formula 8.2.10, the left
hand side is equal to

P§§:§gzz'*(((ﬁ ®y @) ®x (XX")) ®xx' (8’ ®y ') ®x/ (XX’))).
We are left to remark that
(B®y a) ®x (XX') = ((BY) ®yy @) ®x (XX') = BY' ®yyr a X',

using transitivity 8.2.4 and associativity 8.2.7. We thus conclude by symmetry of
the other part in the left hand side. (|

Definition 9.2.3 We define a symmetric monoidal structure on the category &(°¢
by putting [X] ®¢" [Y] = [X Xs Y] on objects and using the tensor product of the
previous definition for morphisms.

9.2.4 Note that the functory : /S — @Z"Sr is monoidal for the cartesian structure
on the source category. Indeed, this is a consequence of property (P3) of the relative
product (see 8.1.35) and the remark that for any morphisms f : X — Y and f’ :
X —Y, (Ff Xs X/) Xxx’ (1"} Xs X) = l“fxsf/.

9.3 Functoriality

Fix a morphism of schemes f : T — S. For any &?-scheme X/S, we put Xr =
XX gT.For apair of #-schemes over S (resp. T-schemes) (X,Y), we put XY = Xxg¥
(resp. XYr = X X7 Y).

9.3.a Base change

Consider a finite S-correspondence @ : X e—— Y. The cycle @ ®x (Xr) defines a
finite 7-correspondence from X7 to ¥ denoted by a7.
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Lemma 9.3.1 Consider finite S-correspondences X e—— Y LN Y.

Then (B o a)r = Br o ar.

Proof This follows easily using the projection formula 8.2.10, the associativity for-
mula 8.2.7 and the transitivity formula 8.2.4 :

Pxvz.(B ®y @) ®x (Xr) = Pi@r* ((B®y @) ®x (X))

= Pxrg, (B ®y (@ ®x (X)) = pyyy (B &y (¥r)) 8y, (@ ®x (Xr))).

Definition 9.3.2 Let f : T — S be a morphism of schemes. Using the preceding
lemma, we define the base change functor

[0 — PR
[X/S] — [Xr/T]
CS(X,Y)ABG’ — ar.

We sum up the basic properties of the base change for correspondences in the
following lemma.

Lemma 9.3.3 Take the notation and hypothesis of the previous definition.

1. The functor f* is symmetric monoidal.
2. Let fi + P|S — P|T be the classical base change functor on &-schemes
over S. Then the following diagram is commutative:

s -
215 P

%] |
PIT T 2.
3. Let o : T" — T be a morphism of schemes. Through the canonical isomor-
phisms (X7)r =~ Xpv, equality (f o o) = 0" o f* holds.

Proof (1) This point follows easily using the associativity formula 8.2.7 and the
transitivity formulas 8.2.4, 8.2.6.

(2) This point follows from the fact that for any S-morphism f : X — Y, there is a
canonical isomorphism I'y, — I'y Xg T.

(3) This point is a direct application of the transitivity 8.2.4. (]

Lemma 9.3.4 Let f : T — S be a universal homeomorphism.
Then f* : P08 — PP{% is fully faithful.

Proof Let X and Y be &?-schemes over S. Then X7 — X is a universal homeomor-
phism. Any generic point x of X corresponds uniquely to a generic point of Xr. Let
my (resp. m’) be the geometric multiplicity of x in X (resp. Xr). Consider a finite
S-correspondence @ = ;¢ n;.z;. For each i € I, let x; be the generic point of X
dominated by z;. Then we get by definition:
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* _ , M
Fl@= Y m, =
iel Xi

and the lemma is clear. O

9.3.b Restriction

Consider a ZZ-morphism p : T — S. For any pair of T-schemes (X, Y), we denote
by 0xy : XXrY — X XsY the canonical closed immersion deduced by base change
from the diagonal immersion of 7'/S.

Consider a finite T-correspondence « : X «— Y. The cycle dxy.(@) is the cycle
a considered as a cycle in X X5 Y. It defines a finite S-correspondence from X to Y.

Lemma 9.3.5 Let X, Y and Z be T-schemes. The following relations are true :
1. For any T-morphism f : X — Y, dxv.((Tr)xyy) = Tr)xy-
2. Forall @ € ey (X,Y)p and B € cr (Y,Z),,

O0xz+(B o) = (Syz.(B)) o (xy.(@)).

Proof The first assertion is obvious.
The second assertion is a consequence of the projection formulas 8.2.8 and 8.2.10,
and the functoriality of pushforwards :

(Oyz(B)) © (Oxy.(@)) = P77, (6yz:(B) ®y Sxy.(e))

X7 Xz
= Pxyz:Oxyz«(B ®y @) = 6xz:Pxy .. (B ®y ).

Definition 9.3.6 Let p : T — S be a &?-morphism.
Using the preceding lemma, we define a functor
Py P — PR
[X —T] — [X —T—2-5]
cr (X,Y)p 2 @ + dxy«(a).
This functor enjoys the following properties:
Lemma 9.3.7 Let p : T — S be a &?-morphism.
1. The functor py is left adjoint to the functor p*.

2. For any composable &2-morphisms Z SN N S, (pq)y = pyay-
3. Let pg s PIT — P/S be the functor induced by composition with p. Then the
following diagram is commutative:

Yr
LT — L@X?T’

p;)l | P

Ys
DS —— P
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Proof For point (1), we have to construct for schemes X /T and Y /S a natural iso-
morphism cg (pﬁX ,Y) A = cr (X,p*Y),. Itis induced by the canonical isomorphism
of schemes (pyX) Xs ¥ =~ X X7 (p*Y).

Point (2) follows from the associativity of the pushforward functor on cycles. Note
also that this identification is compatible with the transposition of the identification
of 9.3.3(3) according to the adjunction property just obtained.

Point (3) is a reformulation of 9.3.5(2). O

9.3.c A finiteness property

9.3.8 We assume here that & is the class of all separated morphisms of finite type
in ..

Let I be a left filtering category and (X;);c; be a projective system of separated
S-schemes of finite type with affine dominant transition morphisms. We let 2~ be
the projective limit of (X;); and assume that 2" is Noetherian over S.

Proposition 9.3.9 Let Y be a &?-scheme of finite type over S. Then the canonical
morphism
@ lim cg (X, V) — co( X xs Y/ Z,N).
ielop

is an isomorphism.

Proof Note that according to [AGV 73, IV, 8.3.8(i)], we can assume the conditions
(2) of 8.3.5 is verified for (X;);es. Thus conditions (1) to (4) of loc. cit. are verified.
Then the surjectivity of ¢ follows from 8.3.9 and the injectivity from 8.3.6. (]

9.4 The fibred category of correspondences

We can summarize the preceding constructions:

Proposition 9.4.1 The 2-functor
P S P

equipped with the pullback defined in 9.3.2 and with the tensor product of 9.2.3is a
monoidal P-fibred category such that the functor

y: P — P

(see (9.1.8.1)) is a morphism of monoidal P-fibred category.

Proof According to Lemma 9.3.7, for any &2 morphisms p, p* admits a left adjoint
py. We have checked that y is symmetric monoidal and commutes with f* and py
(see respectively 9.2.4, 9.3.3 and 9.3.7). But y is essentially surjective. Thus, to prove
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the properties (£?-BC) and (£?-PF) for the fibred category &7(°", we are reduced to
the case of & which is easy (see example 1.1.28). This concludes. O

Remark ¢.4.2 Consider the definition above.

1. The category &7{°" is A-linear. For any scheme S, &7{°( is additive. For any
finite family of schemes (S;);¢; which admits a sum S in ., the canonical map

cor cor
‘@A,S - @ ‘@A,Si

iel

is an isomorphism.
2. The functor y : & — £2{°" is nothing else than the canonical geometric
sections of Z2{°" (see definition 1.1.35).

We will apply these definitions in the particular cases &2 = Sm (resp. & = .#/1)
the class of smooth separated (resp. separated) morphisms of finite type. Note that
we get a commutative square

cor

Sm —X— ymA

1 |

t;ﬂff Y yI{t,cur

where the vertical maps are the obvious embeddings of monoidal Sm-fibred cate-
gories.

9.4.3 Consider extensions of rings A ¢ A’ C Q. The functors (9.1.9.1) for various
schemes § in .% are compatible with the operations of a &?-fibred category be-
cause it is just concerned with adding denominators in the coefficients of the finite
correspondences considered. Thus they induce a morphism of monoidal &-fibred
categories over .

(9.4.3.1) PN — P
According to Proposition 9.1.10, we immediately get the following result:

Proposition 9.4.4 Then the morphism (9.4.3.1) is an equivalence of monoidal -
fibred categories.

Remark 9.4.5 Therestriction of the category &7;°" to the category of regular schemes
was already defined in [Dégo7]. Indeed, one can check using the comparison of
Suslin-Voevodsky’s multiplicities with Serre’s intersection multiplicities (using Tor-
formulas ; ¢f. 8.3.31), that the operations 7*, 74, and ®"” defined here coincide with
that of [Dégo7]. This remark extends 9.1.6.
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10 Sheaves with transfers

10.0.1 The category . is the category of noetherian schemes of finite dimension. We
fix an admissible class &2 of morphisms in .7 satisfying the following assumptions:

(a) Any morphism in & is separated of finite type.
(b) Any étale separated morphism of finite type is in &.

We fix a topology # on . which is &?-admissible and such that:

(c) For any scheme S, there is a class of covers & of the form (p : W — S) with p
a &-morphism such that ¢ is the topology generated by & and the covers of the
form (U — U U V,V — U U V) for any schemes U and V in ..

We fix a ring of coefficients A. Whenever we speak of A-cycles (or the premotivic
category (", etc...), we mean cycles with coefficients in the localization of Z with
respect to invertible primes in A.

Note that in sections 10.4 and 10.5, we will apply the conventions of section 1.4
by replacing the class of smooth morphisms of finite type (resp. morphisms of finite
type) there by the class of smooth separated morphisms of finite type (resp. separated
morphisms of finite type).

10.1 Presheaves with transfers

We consider the additive category &2{°¢ of definition 9.1.8 and the graph functor
y: PIS — P of (9.1.8.).

Definition 10.1.1 A presheaf with transfers F over S is an additive presheaf of
A-modules over #7;{°F. We denote by PSh (@X"Sr ) the corresponding category.

If X is a &2-scheme over S, we denote by A’Sr(X ) the presheaf with transfers
represented by X.
We denote by .. the functor

(10.1.1.1) PSh (gzg?g) . PSW(P/S,A),F — Foy.

Note that PSh (@X”bf ) is obviously a Grothendieck abelian category generated
by the objects A (X) for a &7-scheme X /S. Moreover, the following proposition is
straightforward:

Proposition 10.1.2 There is an essentially unique Grothendieck abelian & -premotivic

category PSh (@X‘”) which is geometrically generated (cf. 1.1.41), whose fiber over

a scheme S is PSh (@Z"Sr ) and such that the functor A induces a morphism of
additive monoidal &-fibred categories.
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(10.1.2.1) Por ., PSh(257) .

Moreover, the functor (10.1.1.1) induces a morphism of abelian &?-premotivic cate-
gories
7" : PSh(Z,A) == PSh (2L°") : 7.

Proof To help the reader, we recall the following consequence of Yoneda’s lemma:

Lemma 10.1.3 Let F : (2(°)°P — A-mod be a presheaf with transfers. Let .¥ be
the category of representable presheaves with transfers over F. Then the canonical
map

lim AJ(X)— F

AU (X) — F
is an isomorphism. The limit is taken in PSh (@X"S’ ) and runs over % O

This lemma allows us to define the structural left adjoint of PSh (22(°") (recall f*,
py for p a &-morphism and the tensor product) because they are indeed determined
by (10.1.2.1). The existence of the structural right adjoints is formal.

The same lemma allows to get the adjunction (¥, 7). (|

Remark 10.1.4 Note that for any presheaf with transfers F over S, and any morphism
f: T — S (resp. Z-morphism p : § — §’), we get as usual f,F = F o f* (resp.
p*F = F o py) where the functor f* (resp. py) on the right hand side is taken with
respect to the &-fibred category 71"

Let us state the following lemma for future use.

Lemma 10.1.5 Let Let (Sq)qea be a projective system of schemes in ., with domi-
nant affine transition maps, and such that S = lin S is representable in ..

Consider an index ag € A and a presheaf wi?}f ?ransfers F over Sq,. For any
index a/ag, we denote by F, (resp. F) the pullback of Fy, over S, (resp. S) in the
sense of the premotivic structure on PSh (22{°").

Then the canonical map:

li_I'I}l Fo(Sq) — F(S)

a€cA / ao
is an isomorphism.
Proof The presheaf F,, can be written as an inductive limit of representable sheaves

of the form Ag’no (Xop) of a P-scheme X, /Sq,. As the global section functor on

presheaves with transfers commute with inductive limit, we are reduced to the case
where F = Ag’ (X4 )- In this case, the lemma follows directly from Proposition
0]

9-3.9- (]
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10.2 Sheaves with transfers

Definition 10.2.1 A 7-sheaf with transfers over S is a presheaf with transfers F' such
that the functor F o ys is a r-sheaf. We denote by Sh, (@X"Sr ) the full subcategory

of PSh(Z7%, A) of sheaves with transfers.

According to this definition, we get a canonical faithful functor
yo: Sh(25%) — Sh(P/S,N).F — Foy.

Example 10.2.2 A particularly important case for us is the case when ¢t = Nis is the
Nisnevich topology. According to the original definition of Voevodsky, a Nisnevich
sheaf with transfers will be called simply a sheaf with transfers.

Remark 10.2.3 Later on, in the case & = It we will use the notation I_\?(X) to

denote the presheaf on the big site ,5”/{ ’S’cor represented by a separated S-scheme of
finite type.

Proposition 10.2.4 Let X be an &?-scheme over S.

1. The presheaf A (X) is an étale sheaf with transfers.
2. If char(X) ¢ AX, A (X) is a qfh-sheaf with transfers.

Proof For point (1), we follow the proof of [Dégo7, 4.2.4]: the computation of the
pullback by an étale map is given in our context by point (3) of Proposition 9.1.7.
Moreover, the property for a cycle @/Y to be A-universal is étale-local on Y according
to 8.3.8. For point (2), we refer to [SVoob, 4.2.7]. U

We can actually describe explicitly representable presheaves with transfers in the
following case:

Proposition 10.2.5 Let S be a scheme and X be a finite étale S-scheme. Then for
any P-scheme Y over S,

T(Y, A (X)) = mo(Y Xs X).A.

This readily follows from the following lemma:

Lemma 10.2.6 Let f : X — S be an étale separated morphism of finite type. Let
ﬁgmite(X /S) be the set of connected components V of X such that f(V) is equal to
a connected component of S (i.e. f is finite over V).

Then co(X/S,A) = x) " (X /S).A.

Proof We can assume that S is reduced and connected.

We first treat the case where X = S. Consider a finite A-universal S-cycle a with
domain S. Write @ = };¢; n;.{Z;)s in standard form. By definition, Z; dominates an
irreducible component of S thus Z; is equal to that irreducible component.
Consider Sy an irreducible component of S and an index i € I such that Sy N Z; is not
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empty. Consider a point s € Sy N Z;. We have obviously a, = n;.(Spec (k(s))) # 0.
Thus there exists a component of & which dominates Sy i.e. 3j € I such that Z; = Sg.
Moreover, computing a; using alternatively Z; and Z; gives n; = n;.
As S is noetherian, we see inductively {Z;|i € I} is the set of irreducible components
of S and for any i, j € I, n; = nj. Thus co(S/S,A) = Z.

Consider now the case of an étale S-scheme X. By additivity of ¢y, we can assume
that X is connected. Consider the following canonical map:

co(X/S,A) — co(X x5 X/X,A), @ — a &} X.

Note that considering the projection p : X Xg X — X, by definition, 0/®'§ X = p*(a).
Consider the diagonal § : X — X Xg X of X/S. Because X/ is étale and separated,
0 is a direct factor of X Xg X and we can write X Xg X = X U U. Because cg is
additive,

co(X Xs X/X,A) = co(X/X,A) ® co(U/X,N).

Moreover, the projection on the first factor is induced by the map 6" on cycles.
Because §*p* = 1, we deduce that a cycke in ¢o(X/S, A) corresponds uniquely to a
cycle in ¢o(X/X,A). According to the preceding case, this latter group is the free
group generated by the cycle (X). This latter cycle is A-universal over S, because X /S
is flat. Thus, if X /S is finite, it is an element of co(X/S, A) so that co(X/S,A) = A.
Otherwise, not any of the A-linear combination of (X) belongs to co(X /S, A) so that
co(X/S,A) = 0. O

10.3 Associated sheaf with transfers

10.3.1 Recall from 3.2.1 that we denote by (£/S)! the category of I-diagrams of
objects in &?/S indexed by a discrete category I. Given any simplicial object 2
of (2/S)1, we will consider the complex AJ(Z) of PSh (@X"g ) applying the
definition of 5.1.8 to the Grothendieck &2-fibred category PSh (£?).

Consider a t-cover p : W — X in & /X. We dvenote by W)"C the n-fold product of
W over X (in the category &7/X). We denote by S(W/X) the Cech simplicial object
of 2% such that §,(W/X) = Wg*'. The canonical morphism S(W/X) — X is
a t-hypercover according to definition 3.2.1. We will call these particular type of
t-hypercovers the Cech t-hypercovers of X.

Definition 10.3.2 We will say that the admissible topology ¢ on & is compatible
with transfers (resp. weakly compatible with transfers) if for any scheme S and any
t-hypercover (resp. any Cech ¢-hypercover) 2~ — X in the site &2/, the canonical
morphism of complexes

(10.3.2.1) AJ(Z) — AL (X)

induces a quasi-isomorphism of the associated 7-sheaves on Z/S.
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Obviously, if # is compatible with transfers then it is weakly compatible with transfers.

Recall from 10.2.4 that, in the cases t = Nis, €¢, (10.3.2.1) is actually a morphism
of complexes of ¢-sheaves with transfers. The following proposition is a generaliza-
tion of [Voeg6, 3.1.3] but its proof is in fact the same.

Proposition 10.3.3 The Nisnevich (resp étale) topology t on & is weakly compatible
with transfers.

Proof We consider a t-cover p : W — X, the associated Cech hypercover 2~ =
S(W/X) of X and we prove that the map (10.3.2.1) is a quasi-isomorphism of 7-
sheaves. Recall that a point of &?/S for the topology ¢ is given by an essentially
affine pro-object (V;);ey of &2 /S. Moreover, its projective limit %" in the category of
schemes is in particular a local henselian noetherian scheme.

It will be sufficient to check that the fiber of (10.3.2.1) at the point (V;);¢; is a quasi-
isomorphism. Thus, according to Proposition 9.3.9, we can assume that S = ¥ is
a local henselian scheme and we are to reduce to prove that the complex of abelian
groups

. — co(W xx W/S,A) — co(W/S,A) 2= co(X/S,A) — 0

is acyclic. We denote this complex by C.

Recall that the abelian group co(X/S) is covariantly functorial in X with respect
to separated morphisms of finite type f : X’ — X (cf. paragraph 9.1.1). Moreover,
if f is an immersion, f; is obviously injective.

Let % be the set of closed subschemes Z of X such that Z/S is finite. Given a
closed subscheme Z in %, we let C be the complex of abelian groups

Pz«

(10.3.3.1) ... — co(Wz Xz Wz/S,A) — co(Wz/S,A) — co(Z/S,A) — O

where pz is the f-cover obtained by pullback along Z — X. From what we have
just recalled, we can identify Cz with a subcomplex of C. The set .%( can be ordered
by inclusion, and C is the union of its subcomplexes Cz. If % is empty, then C = 0
and the proposition is clear. Otherwise, % is filtered and we can write:

C = lim Cz.
—
ZE.?Q

Thus, it will be sufficient to prove that C is acyclic for any Z € %#;. Because S is
henselian and Z is finite over S, Z is indeed a finite sum of local henselian schemes.
This implies that the 7-cover pz, which is in particular étale surjective, admits a
splitting s : Z — Wz. Then the complex (10.3.3.1) is contractible with contracting
homotopy defined by the family of morphisms

(s Xz Lwg ) : oWy /S, A) — co(W5 /S, A).

10.3.4 Considering an additive abelian presheaf G on &2/, the natural transforma-
tion
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X — Hompgy(/s)(7:AY (X),G)

defines a presheaf with transfers over S.3° We will denote by G its restriction to the
site #/S. Note that this definition can be applied in the case where G is a ¢-sheaf
on Z/8§, because under the assumption 10.0.1 on ¢, it is in particular an additive
presheaf.

Definition 10.3.5 We will say that ¢ is mildly compatible with transfers if for any
scheme S and any ¢-sheaf F on &2/S, F; is a t-sheaf on £/S.

If ¢ is weakly compatible with transfers then is it mildly compatible with transfers.

Remark 10.3.6 Assume ¢ is mildly compatible with transfers. Then for any scheme
S, any t-cover p : W — X in Z2/S induces a morphism

pe s A (W) — AY(X)

which is an epimorphism of the associated z-sheaves on 47/S. This means that
for any correspondence @ € cs (Y, X), there exists a t-cover ¢ : W — Y and a
correspondence @’ € cg (W’, W) making the following diagram commutative:

W W
(10.3.6.1) ql lp
Yo X
Lemma 10.3.7 Assume t is mildly compatible with transfers.
Let S be a scheme and P'" be a presheaf with transfers over S. We put P = P oy as
apresheafon & [S. We denote by F the t-sheaf associated with P and byn : P — F

the canonical natural transformation.
Then there exists a unique pair (F'",n'") such that:

1. F'" is a sheaf with transfers over S such that F'" oy = F.
2. 9" . P'" — F' s a natural transformation of presheaves with transfers such
that the induced transformation

P=(P"oy)— (F"oy)=F
coincides with 7.

Proof As a preliminary observation, we note that given a presheaf G on &/S, the
data of a presheaf with transfers G'" such that G'" o y = G is equivalent to the data
for any &?-schemes X and Y of a bilinear product

(10.3.7.1) GX)®zcs (Y, X) — GY),pQ at— {(p,a)

such that:

89 Actually, this defines a right adjoint to the functor ..
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(a) For any morphism f : Y’ — Y in /S, f*(p,a) = {p,a@ o f).

(b) For any morphism f : X — X’ in #/S, if p = f*(0), (p,a) = {p’, f o @).
(c) When X =Y, forany p € F(X), {p,1x) = p.

(d) For any finite S-correspondence 8 € c¢s (Z,Y), ({p, @), B) = {p,a o B).

On the other hand, the data of products of the form (10.3.7.1) for any &?-schemes X
and Y over S which satisfy the conditions (a) and (b) above is equivalent to the data
of a natural transformation

¢:G— G,

by putting {p, @) = [¢x(p)]y..
Applying this to the presheaf with transfers P’", we obtain a canonical natural
transformation
Y P— Pr.

By assumption on ¢, F; is a t-sheaf. Thus, there exists a unique natural transformation
¥ such that the following diagram commutes:

p

|

LFT

SNPELEI

Thus we get products of the form 10.3.7.1 associated with ¢ which satisfies (a) and
(b). The commutativity of the above diagram asserts they are compatible with the
ones corresponding to P'" and the unicity of the natural transformation ¢ implies
the uniqueness statement of the lemma.

To finish the proof of the existence, we must show (c) and (d) for the product (., ).
Consider a couple (p,@) € F(X) X cs (Y, X). Because F is the t-sheaf associated
with P, there exists a f-cover p : W — X and a section p € P(W) such that
p*(p) = nw(p). Moreover, according to Remark 10.3.6, we getat-coverg : W — Y
and a correspondence & € cs (W’, W) making the diagram (10.3.6.1) commutative.
Then we get using (a) and (b):

g (p. @)y = (pa o q)y =(p.po )y = (P"p.a)p = (Nw(P) @)y = (. Gy

Because ¢* : F(X) — F(W) is injective, we deduce easily from this principle the
properties (c) and (d) and this concludes. U

10.3.8 Let us consider the canonical adjunction
a; : PSh(Z/S,A) = Sh,(Z/S,A) : O,

where O is the canonical forgetful functor.
We also denote by O}" : Sh,(ﬁi"sr ) — PSh (,@/‘\"S’ ) the obvious forgetful
functor. Trivially, the following relation holds:

(10.3.8.1) Va Qg s = Ap 5 Voo
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Proposition 10.3.9 Using the notations above, the following condition on the ad-
missible topology t are equivalent:

(i) t is mildly compatible with transfers.
(ii) For any scheme S, the functor O'" admits a left adjoint

aj - PSh(25%) — shy(25%)
which is exact and such that the exchange transformation
(103.9.1) a7 — vea

induced by the identification (10.3.8.1) is an isomorphism.

Under these conditions, the following properties hold for any scheme S':

(iii) The category Shy (ﬂg"sr ) is a Grothendieck abelian category.

(iv) The functor y. commutes with all limits and colimits.

Proof The fact (i) implies (ii) follows from the preceding lemma as we can put

al”(F) = F'" with the notation of the lemma. The fact this defines a functor, as well

as the properties stated in (ii), follows from the uniqueness statement of loc. cit.
Let us assume (ii). Then (iii) follows formally from (ii), from the existence,

adjunction property and exactness of aj, as PSh (QX"; ) is a Grothendieck abelian

category. Moreover, we deduce from the isomorphism (10.3.9.1) that vy, is exact:
indeed, a; and y, are exact. As vy, commutes with arbitrary direct sums, we get (iv).
From this point, we deduce the existence of a right adjoint ' to the functor ... Using
again the isomorphism (10.3.9.1), we obtain for any t-sheaves F on &?/S and any
Z-scheme X /S a canonical isomorphism Fr(X) = y'F(X). This proves (i). U

10.3.10 Under the assumption of the previous proposition, given any Z?-scheme
X /S, we will put Ag’(X ) = ang’(X ). The above proposition shows that the family
AY (X), for Z-schemes X /S is a generating family in Sh, (9{‘\"5 ) Moreover, we get
easily the following corollary of the preceding proposition and Proposition 10.1.2:
Corollary 10.3.11 Assume that t is mildly compatible with transfers.

Then there exists an essentially unique Grothendieck abelian & -premotivic cat-
egory Sh,(@/‘;"r ) which is geometrically generated, whose fiber over a scheme S

is Sh,(ﬁi"; ) and such that the t-shedfification functor induces an adjunction of

abelian P-premotivic categories:
a; : PSh(2°") = Sh (2" : O]".
Moreover, the functor .. induces an adjunction of abelian &7 -premotivic categories:

(10.3.11.1) ¥*: Sh(2,A) = Sh(Z°") : v..
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Remark 10.3.12 Notice moreover that y* a; = a; y*.

Proof In fact, using the exactness of a;, given any sheaf F' with transfers F over S,
we get a canonical isomorphism

F = ll_r)n Agr(X)t
AL (X), — F

where the limit is taken in Sh;, (ng\osr ) and runs over the representable ¢-sheaves with
transfers over F. As in the proof of 10.1.2, this allows defining uniquely the structural
left adjoints of Sh;, (@X"’). The existence (and uniqueness) of the structural right
adjoints then follows formally. The same remark allows to construct the functor y*.[]

Remark 10.3.13 Let us explicit the meaning of the preceding Corollary for a topology
t which is compatible with transfers. Given a complex C with coeflicients in the

category Shy (f@f\osr ), the following conditions are equivalent:

(i) C is local (Definition 5.1.9),
(i) y«(C) is local,
(i”) given any &?-scheme X /S and any integer n € Z, the canonical map

H"(C(X)) — H'(X,v.(C))

is an isomorphism,
(ii) C is t-flasque (Definition 5.1.9),
(ii’) v«(C) is t-flasque,
(ii”) given any z-hypercover p : & — X in &?/S and any integer n € Z, the
canonical map
p*: H'(C(X)) — H"(C(Z)

is an isomorphism.

More precisely, the equivalence of (i) and (ii) is the preceding corollary, while the
equivalence of (i) and (i’) (resp. (ii) and (ii’)) follows from the existence of the
adjunction (10.3.11.1) and the fact 7y, is exact. The equivalence between (i) and (i)
(resp. (ii’) and (ii”")) is a simple translation of Definition 5.1.9.

10.3.14 Recall from Definition 5.1.9 we say that the abelian &7-premotivic cate-
gory Sht(@f\”) satisfies cohomological ¢-descent if for any scheme S, and any

t-hypercover ' — X in &/S, the induced morphism of complexes in Sh;, (@X"Sr )
Af{(%)t - Afgr (X)r
is a quasi-isomorphism. The preceding corollary thus gives the following one:

Corollary 10.3.15 Assume t is mildly compatible with transfers.
Then the following conditions are equivalent:
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(i) The topology t is compatible with transfers.
(ii) The abelian &-premotivic category Sh, (z@/‘\“” ) satisfies cohomological t-
descent.
(iii) The abelian &-premotivic category Sh, (QZX”) is compatible with t (see 5.1.9).

Proof The equivalence of (i) and (ii) follows easily from the isomorphism (10.3.9.1).
The equivalence of (ii) and (iii) is Proposition 5.1.26 applied to the adjunction
(10.3.11.1), in view of 10.3.9(iv). U

10.3.16 Recall from Paragraph 2.1.10 that a cd-structure P on .# is the data of a
family of commutative squares, called P-distinguished, of the form

k
—
o

(10.3.16.1) g f

> —
<~

N
L

which is stable by isomorphisms. Further, we will consider the following assumptions
on P:

(a) P is complete, regular and bounded in the sense of [Voe1oc].

(b) Any P-distinguished square as above is made of &?-morphisms and k is an
immersion.

(c) Any square as above which is cartesian and such that X = AU Y, i and f being
the obvious immersions, is P-distinguished.

Then the topology tp associated with P (see 2.1.10) is &-admissible and satisfy
assumption 10.0.1(c). Moreover, according to [Voe1oc, 2.9], we obtain the following
properties:

(d) A presheaf F on &/S is a tp-sheaf if and only if F(&) = 0 and for any
P-distinguished square (10.3.16.1) in Z/S, the sequence

0— F(X) 2% Fivy e FA) 24 FB)

is exact.
(e) For any P-distinguished square (10.3.16.1) the sequence of representable pre-
sheaves on /S

0 — As(B) “2% Ag(Y) @ As(A) 5% Ag(X) — 0

becomes exact on the associated 7p-sheaves.

Proposition 10.3.17 Consider a cd-structure P satisfying properties (a) and (b)
above and assume that t = tp is the topology associated with P. Then the following
conditions are equivalent:

(i) The topology t is compatible with transfers.
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(ii) The topology t is mildly compatible with transfers.
(iii) For any scheme S and any P-distinguished square (10.3.16.1) in &[S, the short
sequence of presheaves with transfers over S

0— A"(B) LAY @ A”(A) % AT (X) — 0

becomes exact on the associated t-sheaves on 2 [S.

Proof The implication (i) = (ii) is obvious.

The implication (ii) = (iii) follows from point (e) above and the follow-
ing facts: y* is right exact (Corollary 10.3.11), y*a, = a!y* (remark 10.3.12),
k. : AJ(B) — A (Y)is amonomorphism of presheaves with transfers (use 9.1.7(2)
and the fact k is an immersion from assumption (b)).

Assume (iii). Then we obtain (ii) as a direct consequence of the point (d) above.
Thus, to prove (i), we have only to prove that the abelian &?-premotivic category
Sh, (WXOV) satisfies cohomological 7-descent according to 10.3.15.

Let S be a scheme. Recall that the category D (Sh,(2?/S,A)) has a canonical

DG-structure (see for example 5.0.2). The cohomological z-descent for Sh, (.@Xosr )

can be reformulated by saying that for any complex K of t-sheaves on &7/S, and any
t-hypercover 2~ — X, the canonical map of D(A- mod)

R Homs, gy, /5.0 (V=AY (X)r. K) — RHompy g s 0 (VAT (2. K)

is an isomorphism. Recall also that there is the injective model structure on the cate-
gory C(Sh,(£2/S, A)) for which every object is cofibrant, with quasi-isomorphisms
as weak equivalences (see [CDog, 2.1] for more details). Replacing K by a fibrant
resolution for the injective model structure, we get for any simplicial objects 2~ of
22/SY that:

RHom'D(Sht(g,/S’A))(y*Agr(3&”),,K) = Hom].3(811,(9/S,A))(7*Ag(%)l’K)'
Thus it is sufficient to prove that the presheaf
E: 2/5°° — C(A-mod), X — Hom].D(Sh,(gZ/s,A))(V*Agr(X)t’K)

satisfies 7-descent in the sense of 3.2.5.

We derive from (iii) that £ sends a P-distinguished square to a homotopy cartesian
square in D(A-mod). Thus the assertion follows from the arguments on z-descent
from [Voe1ob, Voeioc]. U

Remark 10.3.18 It follows from Remark 10.3.13 that under the equivalent conditions
(i), (ii), (iii) of the above corollary, the admissible topology ¢ = tp is bounded in
Shy, (@X"r) in the sense of Definition 5.1.28. Over a scheme S, a bounded generating

family is given by the following complexes of Sh, (ﬂlﬁ"sr ):

- —0— A"(B) A"(Y) ® A"(A) A"(X) — 00— .-
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induced by a P-distinguished square of the form (10.3.16.1) — see also Example
5.1.20.

We end-up this section with a compatibility of certain sheaves with transfers with
projective limits of schemes. This will be the key point to establish continuity for
motivic complexes.

Proposition 10.3.19 Let t be one of the topologies Nis, ét, cdh.
Let (Sg)aca be a projective system of schemes in ., with dominant affine transi-

tion maps, and such that S =lim S, is representable in ..
a€A

Consider an index ag € A and a t-sheaf with transfers F over . /{gzor. For any
index a/ag, we denote by F, (resp. F) the pullback of Fo, over S, (resp. S) in the
sense of the premotivic structure on Sh, (f@f\‘”) (obtained in Corollary 10.3.11).

Then the canonical map:

lim  Fy(Sa) — F(S)

Q/GA/(I()
is an isomorphism.

Proof We consider the forgetful functor: 67" : Sh, (5”/{”60’) — PSh (Y/{ ”C"r).

It is fully faithful and it commutes with the global section functor. We want to
prove the proposition by using Lemma 10.1.5. Thus it is sufficient to prove that,
for any morphism f : X — § in ., the functor €}" commutes with f*. In other
words, the pullback functor f* for presheaves with transfers on 5”/{ COT breserves
t-sheaves with transfers: for any 7-sheaf with transfers F over S, f*(F) is a t-sheaf
with transfers.

Let us first treat the case where f is separated of finite type. Then f * admits a left
adjoint fﬁ which preserves t-covers. Thus the property is clear.

In the general case, we write f as a projective limit of morphisms of schemes
(fa : Xa — S)aea such that the transition morphisms of the projective scheme
(X )aea are affine and dominant and each f, is separated of finite type.®° To check
that f *(F) is a t-sheaf, we consider a r-cover p : W — X of an S-scheme separated
of finite type. Because of our choice of topology ¢, there exists an index a1 /@ such
that p : W — X can be lifted as a r-cover p1 : W, — X,, over S, . Using Lemma
10.1.5 again, we now are reduced to prove that for any « /a1, f;l (F) satisfies the
t-sheaf property with respect to the pullback of p; over S, /Sq, . This follows from
the first case treated. (]

Remark 10.3. 20 The previous proposition generalizes [Dégo7, Prop. 2.19].

90 Write the Os-algebra f.(Ox) as the filtered union of its finite type sub-O’s -algebras, ordered by
inclusion.



298 Motivic complexes and relative cycles

10.4 Examples

10.4.1 Assume that ¢ is the Nisnevich topology. According to Lemma 10.3.3 and
Proposition 10.3.17, ¢ is then compatible with transfers. With the notation of Corollary
10.3.11, we get the following definition:

Definition 10.4.2 We denote by
Sh*" (=, A), Sh'" (-, A)

the respective abelian premotivic and generalized abelian premotivic categories
defined in Corollary 10.3.11 in the respective cases & = .¥m, & = .7/,

From now on, the objects of Sh'"(S,A) (resp. Sh'"(S,A)) are called sheaves with
transfers over S (resp. generalized sheaves with transfers over S).

Let X be a separated S-scheme of finite type. We let /_\gr (X) be the generalized
sheaf with transfers represented by X (cf. 10.2.4). If X is S-smooth, we denote by
A (X) its restriction to meog — i.e. the sheaf with transfers over S represented by
X.

An important property of sheaves with transfers is that the abelian premotivic
category Sh?" (=, A) (resp. Sh'" (-, A)) is compatible with the Nisnevich topology on
Sm (resp. /1) according to Proposition 10.3.17. Note moreover that it is compactly
geometrically generated.

10.4.3 We also obtained an adjunction (resp. generalized adjunction) of premotivic
abelian categories

¥* : Sh(Sm,A) = Sh'"(=,A) : y.
¥ Sh(AA) = ShT(=A) - v

Note that in each case 7. is conservative and exact according to 10.3.9(iv).

Remark 10.4.4 An important application of the existence of the pair of adjoint func-
tors (y*,y.) is the following computation: given any complex K of sheaves with
transfers over S and any smooth S-scheme X,

Hompgpirs,a)(AY (X), K[n]) = Hompgpirs, o)Ly As(X), K[n])
= Homp(sn(.sm,n))(As(X), y«(K)[n])
= Hy, (X, 7.(K)).

This is a generalization of [VSFoo, chap. 5, 3.1.9] to unbounded complexes and
arbitrary bases.

ft,cor

10.4.5 Let S be a scheme. Consider the inclusion functor ¢ : Sm{%¢ — 7} ¢

It induces a functor

@* : Sh'"(S,A) — Sh'"(S,A),F — Fo¢
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which is obviously exact and commute with arbitrary direct sums. In particular, it
commutes with arbitrary colimits.

Lemma 10.4.6 With the notations above, the functor ¢* admits a left adjoint ¢
such that for any smooth S-scheme X, p((A{ (X)) = I_\?(X) The functor ¢y is fully
faithful.

In other words, we have defined an enlargement of premotivic abelian categories (cf.
definition 1.4.13)

(10.4.6.1) @1 : Sh" (=, A) — Sh'"(—,A) : ¢*.

Proof Let F be a sheaf with transfers. Let {X/F} be the category of representable
sheaf A (X) over F for a smooth S-scheme X. We put

@(F) = lim AZ(X).
{X/F}

The adjunction property of ¢; is immediate from the Yoneda lemma. We prove
that for any sheaf with transfers F, the unit adjunction morphism F — ¢*¢(F) is
an isomorphism. As already remarked, ¢* commutes with colimits so that we are
restricted to the case where F = Ag’(X ) which follows by definition. O

10.4.7 Assume now that ¢ = cdh is the cdh-topology, and &2 = .#/" is the class of
separated morphisms of finite type. Recall the topology ¢ is associated with the lower
cd-structure — see Example 2.1.11. Then the assumptions of Proposition 10.3.17 with
respect to the lower cd-structure are fulfilled according to [SVoob, 4.3.3] combined
with [SVoob, 4.2.9]. Thus we get the following result:

Proposition 10.4.8 The admissible topology cdh on .#* is compatible with trans-
fers.

As a corollary, we get a generalized premotivic abelian category whose fiber over
a scheme S is the category ﬂlizh(S, A) of cdh-sheaves with transfers on .7/%. Tt is
compatible with the cdh-topology. Moreover, the restriction of a.g;, to Sh' (S, A)
induces a morphism of generalized premotivic categories; we get the following
commutative diagram of such morphisms:

&(—, A) — &th(—, A)

* *
Y l chd}L
*
Aedn

Sh¥"(=,A) —= Shl, (=, A)
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10.5 Comparison results

10.5.a Change of coefficients

10.5.1 Assume the topology ¢ is mildly compatible with transfers and consider a
localization A’ of A.

Then the morphism (9.4.3.1) of &7-premotivic categories extends to an adjunction
of abelian &-premotivic categories:

(10.5.1.1) Sh, (22:°") @ A" = Sh,(2")
Proposition 9.4.4 immediately yields the following result:

Proposition 10.5.2 Consider the above notations. Then the adjuction (10.5.1.1) is an
equivalence of 2-premotivic categories.

Remark 10.5.3 Remark 9.4.5 can be extended to sheaves with transfers: for any regular
scheme S, the category Sh'"(S,Z) = Shyis (ﬂmg(’sr ) defined here coincides with

that defined in [Dégo7], as well as its operations of a &-premotivic category when
restricted to regular schemes.

Remark 10.5.4 In a previous version of this text, the preceding proposition was ob-
tained under restrictive hypothesis. We have been able to remove these unnecessary
assumptions thanks to point (3) of Remark 9.1.3, which is a consequence of Propo-
sition 8.1.53 (bound on the denominators of intersection multiplicities).

10.5.b Representable qfh-sheaves

10.5.5 Let us denote by Shp, (S, A) the category of gfh-sheaves of A-modules over
11/S. Remark that for an S-scheme X, the A-presheaf represented by X is not
a sheaf for the gfh-topology. We denote the associated sheaf by A‘Szf h(X ). We let
agpn be the associated gfh-sheaf functor. Recall that for any S-scheme X, the graph
functor (10.4.3) induces a morphism of sheaves

Yx/s

As(X) == AJ(X).
We recall the following theorem of Suslin and Voevodsky (see [SVoob, 4.2.7+4.2.12]):

Theorem 10.5.6 Let S be a scheme such that char(S) C A*. Then, for any S-scheme
X, the application of aqp, to the map yx s gives an isomorphism in Sh g (S, A):

afl
Yx/s

h
AP(X) == AT (X).
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10.5.7 Assume char(S) c A*. Using the previous theorem, we associate to any
gfh-sheaf F' € Shgp,(S, A) a presheaf with transfers

p(F) : X — Homgp ;s,0) (A (X), F).

We obviously get y*p(F) = F as a presheaf over .77 /S so that p(F) is a sheaf with
transfers and we have defined a functor

p : Shgm(S,A) — Sh'(S,A).

For any S-scheme X, p(Agf "(x)) = ALY (X) according to the previous proposition.

Corollary 10.5.8 Assume char(S) c A*. Let f : X’ — X be a morphism of S-
schemes.

If f is a universal homeomorphism, then the map f. : /_\ng(X ") — /_\?(X ) is an
isomorphism in Sh*"(S, A).

Proof Indeed, according to [Voeq6, 3.2.5], A‘S’f h X" — A‘S’f h (X) is an isomorphism
in Shgp (S, A) and we conclude by applying the functor p. O

10.5.c qfh-sheaves and transfers

Proposition 10.5.9 Assume char(S) c A*. Any qfh-sheaf of A-modules over the
category of S-schemes of finite type is naturally endowed with a unique structure
of a sheaf with transfers, and any morphism of such qfh-sheaves is a morphism of
sheaves with transfers.

In particular, the qfh-sheafification functor defines a left exact functor left adjoint
to the forgetful functor p : Shqpm(S,A) — Sh"(S, A) introduced in 10.5.7.

Proof It follows from Theorem 10.5.6 that the category of A-linear finite correspon-
dences is canonically equivalent to the full subcategory of the category of gfh-sheaves
of A-modules spanned by the objects of shape Agf h(X ) for X separated of finite type
over S. The first assertion is thus an immediate consequence of Theorem 10.5.6 and
of the (additive) Yoneda lemma. The fact that the gfh-sheafification functor defines
a left adjoint to the restriction functor p is then obvious, while its left exactness is
a consequence of the facts that it is left exact (at the level of sheaves without trans-
fers) and that forgetting transfers defines a conservative and exact functor from the
category of Nisnevich sheaves with transfers to the category of Nisnevich sheaves.L]

Recall the following theorem:

Theorem 10.5.10 Assume A is a Q-algebra. Let F be an étale A-sheaf on /1 /S.
Then for any S-scheme X, and any integer i, the canonical map

Hy, (X,F) — H, (X,F)

is an isomorphism.
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Proof Using the compatibility of étale cohomology with projective limits of schemes,
we are reduced to prove that ch; (X, F) = 0 whenever X is henselian local and
i > 0. Let k be the residue field of X, G its absolute Galois group and Fy the
restriction of F to Spec (k). Then Fy is a G-module and according to [AGV73,
8.6], Hé,t(X, F) = H (G, Fy). As G is profinite, this group must be torsion so that it
vanishes by assumption. U

Remark 10.5.11 The preceding theorem also follows formally from Theorem 3.3.23.

Proposition 10.5.12 Assume A is a Q-algebra. Let S be an excellent scheme and
F be a qfh-sheaf of A-modules on .1 |S. Then for any geometrically unibranch
S-scheme X of finite type, and any integer i, the canonical map

Hy, (X, F) — H. 5 (X, F)
is an isomorphism.

Proof According to 10.5.10, Hy, (X,F) = H. (X,F). Let p : X’ — X be the
normalization of X. As X is an excellent geometrically unibranch scheme, p is a
finite universal homeomorphism. It follows from [AGV 73, VII, 1.1] that H ’e (X F) =
Hét(X’,F) and from [Voeg6, 3.2.5] that H;fh(X,F) = H;fh(X’,F). Thus we can
assume that X is normal, and the result is now exactly [Voeq6, 3.4.1]. (]

Corollary 10.5.13 Assume A is a Q-algebra. Let S be an excellent scheme.

1. Let X be a geometrically unibranch S-scheme of finite type. For any point x of X,
the local henselian scheme X" is a point for the category of sheaves Shysm(S,A)
(i.e. evaluating at Xf defines an exact functor).

2. The family of points X;’ of the previous type is a conservative family for
Shgpm (S, A).

Proof The first point follows from the previous proposition. For any excellent
scheme X, the normalization morphism X’ — X is a gfh-cover. Thus the cate-
gory Shg (S, A) is equivalent to the category of gfh-sheaves on the site made of
geometrically unibranch S-schemes of finite type. This implies the second asser-
tion. ]

10.5.14 Given any scheme S, we introduce the following composite functor using
the notations of 10.5.7 and 10.4.5:

U Shy(S.A) —2— Sh¥(S,A) —2— Sh'"(S,A).

Theorem 10.5.15 Assume A is a Q-algebra and let S be a geometrically unibranch
excellent scheme. Considering the above notation, the following conditions are true:

(i) For any S-scheme X of finite type, y* (A‘Slfh(X)) = AJ(X).
(ii) The functor * admits a left adjoint ).
(iii) For any smooth S-scheme X, Y1 (AY (X)) = Agfh(X).
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(iv) The functor y* is exact and preserves colimits.
(v) The functor yn is fully faithful.

According to property (iii), the functor iy commutes with pullbacks. In other words,
we have defined an enlargement of abelian premotivic categories (cf. definition
1.4.13) over the category of (noetherian) geometrically unibranch schemes:

(10.5.15.1) yn 1 Sh" (=, A) = Shypm(—A) : y*

Proof Point (i) follows from Theorem 10.5.6. Recall the enlargement of (10.4.6.1):
@1 : Sh"(—,A) — Sh'"(-,A) : ¢*.

We define the functor ¥ as the composite:

Sh'7(S.A) —2 Sh*7(S,A) —— Sh(S.A) ~Z Shym(S.A).

According to the properties of the functors in this composite, ¥ is exact and preserves
colimits. Moreover, for any smooth S-scheme X, as A{(X) is a gfh-sheaf over .7 fi/s
according to 10.2.4, wy(Ag’ (X)) = Agf h (X) which proves (iii). Property (ii) follows
from (iii) and the fact y; commutes with colimits, while the sheaves Ag’ (X) for X/S
smooth generate Sh*"(S, A).

For any smooth S-scheme X, I'(X;y*(F)) = F(X). Thus the exactness of ¢*
follows from Corollary 10.5.13 — here we use the assumption that S is geometrically
unibranch and excellent, as it implies that X satisfies the same properties, so that we
can apply the mentioned corollary. As * obviously preserves direct sums, we get
(iv).

To check that for any sheaf with transfers F the unit map F — " yn(F) is an
isomorphism, we thus are reduced to the case where F = Ag’(X ) for a smooth
S-scheme X which follows from (i) and (iii). U

11 Motivic complexes

11.0.1 In this section, . is the category of noetherian finite dimensional schemes. It
is adequate in the sense of 2.0.1. Given a scheme S, we denote by .#mg the category
smooth separated S-schemes of finite type. It is admissible in the sense of 1.0.1.

We fix a ring of coefficients A.
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11.1 Definition and basic properties

11.1.a Premotivic categories

According to Proposition 10.3.17 and Corollary 10.3.15, the abelian premotivic cate-
gory Sh'"(—, A) constructed in 10.4.2 is compatible with Nisnevich topology. Thus
we can apply to it the general definitions of section 5. This gives the following
definition:

Definition 11.1.1 We define the (A-linear) category of motivic complexes (resp.
stable motivic complexes or simply motives) following Definition 5.2.16 (resp.
Definition 5.3.22) as

DM = DY, (Sh™"(-,A))
resp. DM = Dy (Sh (-, A)) .

Given a scheme S, we will put: DM/(S, A) = DMj(f(S), DM(S, A) = DMA(S).

11.1.2 Let us unfold the preceding definition. Given a scheme S in ., the triangu-
lated category DM4/(S, A) is equal to the A'-localization of the derived category
D(Sh*"(S, A)) of the category of sheaves with transfers over S.

Given a smooth scheme S-scheme X of finite type, we have denoted by A{(X) the
sheaf with transfers represented by X over S. We will see this sheaf as an object of
DM(S, A), as a complex concentrated in degree 0, and call it the effective motivic
complex associated with X/S.

Recall the following operations as part of the premotivic structure:

* Given any morphism f : T — S in ., there exists an adjunction of the form:
Lf* : DMY(S,A) == DM(T,A) : R, .

* Given a separated smooth morphism of finite type f : T — S in ., there exists
an adjunction of the form:

Lfy : DMY(S,A) = DM (T,A) : f* =Lf*.

« Given any noetherian finite dimensional scheme S, the category DM/(S, A) is
symmetric closed monoidal.

These operations are subject to the properties of a premotivic category: functoriality,
smooth base change formula, smooth projection formula — see section 1 for more
details. By construction, the triangulated premotivic category DMff satisfies the
homotopy property and the Nisnevich descent properties.

By construction (cf. (5.3.23.2)), we get an adjunction of triangulated premotivic
categories

(11.1.2.1) DI DMf{7r — DM, : Q.
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Considering the Tate motivic complex
(11.1.2.2) AL (1) = AY (P/{1}),

the object (A (1)) is ®-invertible in DM(S, A) and this property characterizes
uniquely the homotopy category DM(S, A) — see Remark 5.3.29. Given a smooth
separated S-scheme X of finite type, we put:

Ms(X) := Z°AY(X)

and simply call it the motive associated with X /S. Usually we denote by 15 the unit
of the monoidal category DM(S, A).

By construction, the premotivic category DMy satisfies the homotopy, stability
and Nisnevich descent properties (see Paragraph 5.3.23).

Example 11.1.3 * Let k be a perfect field. Then DM/ (k,Z) contains as a full
subcategory the category DM (k) defined by Voevodsky (cf [VSFoo, Chap.

5]). This is the content of the proof of [VSFoo, Chap. 5, Prop. 3.2.3]. Indeed,
recall from Paragraph 5.2.18 that DM¢/(k, Z) is equivalent to the full subcategory

of D(Sh'"(k,Z)) made by the complexes which are A'-local. Over a perfect
field, Theorem 3.1.12 of [VSFoo, Chap. 5] implies that a complex of sheaves
with transfers is A'-local if and only if its homotopy sheaves are A!l-invariant.

* Let S be a regular scheme. The triangulated categories DM/ (S, Z) and DM(S, Z)
introduced here coincide with that constructed in [CDog]. The same is true
concerning the operations of premotivic triangulated categories (see Remark

10.5.3).
11.1.4 Let A’ be a localization of A. The premotivic adjunction
(11.1.4.1) Shi"(—,A) ® A’ = Sh'"(-,A)

obtained as a particular case of (10.5.1.1) gives the following adjunctions of triangu-
lated premotivic categories:

DMp @pAA" == DMy,
(11.1.4.2) of , off
DM, @ A" = DM, .

Proposition 10.5.2 immediately yields the following result:

Proposition 11.1.5 The premotivic adjunctions (11.1.4.2) are equivalences of trian-
gulated premotivic categories.

In other words, for any scheme S, the triangulated monoidal category DM(S,A’)
(resp. DM¥(S,A)) is the naive localization of the category DM(S,A) (resp.
DM(S, A)) with respect to integers invertible in A’.
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11.1.b Constructible and geometric motives

11.1.6 The premotivic triangulated category DMfFis geometrically generated: given

any scheme S, the essentially small set gsef I of motivic complexes of the form
A’S’(X ) for a smooth separated S-scheme X of finite type form a set of generators in
the triangulated category DM/(S, A).

Similarly, the premotivic triangulated category DM}, is Z-generated where Z is
the set of twists corresponding to the Tate twist: given any scheme S, the essentially
small set Y5 of motives of the form Mg(X)(n) for a smooth separated S-scheme X of
finite type and an integer n € Z form a set of generators in the triangulated category
DM(S, A).

Following the general conventions about premotivic triangulated category (Defi-
nition 1.4.9), we define the notion of constructibility for motives as follows:

Definition 11.1.7 Given any scheme S, we define the category of constructible mo-
tives (resp. constructible motivic complexes) over S as the thick triangulated sub-
category of DM(S, A) (resp. DM¥(S, A)) generated by ¥s (resp. gsef S ). We denote

it by DM,(S, A) (resp. DM (S, A)).
Remark 11.1.8 Recall that DM, A (resp. DMiﬁ A) 18 Sm-fibred monoidal subcategory

of DM}y (resp. DMfF) over .. In other words, constructible motives (resp. motivic
complexes) are stable by the operations f*, py for p smooth and tensor product. This
is obvious from definitions.

11.1.9 Let S be a scheme. Consider the triangulated subcategory #s of K? (Fm%)
generated by complexes of one the following forms :

1. for any distinguished square W £ v of smooth S-schemes,

gl |7

J

U—X
w] 275 e (v 25 1x)

2. for any smooth S-scheme X, p : A§( — X the canonical projection.
[AX] = [X].

Definition 11.1.10 We define the category DM;’Z;(S, A) of geometric effective mo-
tives over S as the pseudo-abelian envelope of the triangulated category

KP(Im) ) s.

We define the category DMy, A(S) of geometric motives over S as the triangulated
category obtained from DMZ"L(S, A) by formally inverting the Tate complex

[Pg] — [S].
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Remark 11.1.11 The categories of geometric motives (resp. effective geometric mo-
tives) over an arbitrary base, as defined here, already appears in the work of Ivorra
[Ivoo7, sec. 1.3].

11.1.12 According to this definition, we can construct for any scheme S a commuta-
tive diagram of functors:

DM, (S, A) —— DM(S, A)
(11.1.12.1) | lzw
DM,(S, A) —— DM(S, A)

where the right vertical map is the left adjoint of (11.1.2.1).

Recall from Remark 10.3.18 that the Nisnevich topology is bounded in Sh*" (-, A).
Thus, as a corollary of Proposition 5.2.38, Corollary 5.2.39 and Corollary 5.3.42 we
get the following result:

Theorem 11.1.13 The horizontal functors of the square (11.1.12.1) are fully faithful
and their essential images consist of constructible objects in the sense of Definition
11.1.7.

Given any motive (resp. motivic complex) .4 over S, the following conditions are
equivalent:

(i) A is geometric (i.e. in the image of the horizontal map of diagram (11.1.12.1)),
(ii) M is constructible,
(iii) A is compact.
The triangulated category DM(S, A) (resp. DMY(S, A)) is compactly generated.

More precisely, the objects of the set of generators Ys (resp. gsef S ) defined in
Paragraph 11.1.6 are compact.

Remark 11.1.14 If S = Spec (k) is the spectrum of a perfect field, then the categories
DMgm(S,A) and DMZJ*‘Z;(S, A) coincide with the categories introduced by Voevodsky
in [VSFoo, chap. 5, Sec. 2.1]. The above theorem is a generalization of [ VSFoo, chap.
5, Th. 3.2.6] to an arbitrary base (and the non-effective case).

11.1.c Enlargement, descent and continuity
11.1.15 We can apply the definitions of section 5 to the generalized abelian premo-
tivic category Sh*"(—, A) constructed in 10.4.2

Definition 11.1.16 We define the (A-linear) category of generalized motivic com-
plexes (resp. generalized motives) following definition 5.3.22 (resp. definition 5.2.16)
as

DM = DY, (Sh" (=, A))
resp. DM, = D1 (Sh"(-,A)) .
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11.1.17 The advantage of this definition is that any separated S-scheme X of finite
type defines a generalized motivic complex, given by the sheaf with transfers /_\?(X )
seen as a complex concentrated in degree O (see Definition 10.4.2).

The category DMf(?, as a generalized premotivic category, admits the following
operations:

* Given any morphism f : T — S in ., there exists an adjunction of the form:
Lf* : DMY(S,A) = DM (T,A) : Rf. .

* Given a separated morphism f : T — S of finite type in .¥’ (non necessarily
smooth), there exists an adjunction of the form:

Lfy : DMY(S,A) = DM(T,A) : f* = Lf".

* Given any noetherian finite dimensional scheme S, the category DM/(S, A) is
symmetric closed monoidal.

These operations satisfy the properties of a generalized premotivic category for
which we refer the reader to section 1.4.

As in the non generalized case, we get from the general construction (see
(5.3.23.2)) an adjunction of triangulated generalized premotivic categories

(11.1.17.1) DI DM?: DM, : Q%.
To any separated S-scheme X of finite type, we associate a generalized motive as:

Ms(X) := ZAY(X).

By construction, the generalized premotivic category DMf{f (resp. DM, ) satisfies
the homotopy property, Nisnevich descent property (resp. and stability property).

11.1.18 By virtue of Remark 10.3.18, the Nisnevich topology is bounded in Sh*"(—, A).
Therefore, as a corollary of Proposition 5.2.38 (resp. Corollary 5.2.39), we obtain in
particular that DM/(S, A) (resp. DM(S, A)) is compactly generated, with the essen-
tially small family of objects 1_\§T(X ) (resp. Ms(X)(n)) for a separated S-scheme of
finite type X (resp. and an integer n € Z) as compact generators.

Recall that for any scheme S, the obvious restriction functor

¢* : Sh*"(S,A) — Sh'"(S,A)

admits a left adjoint ¢ which is fully faithful (Lemma 10.4.6). Moreover, the adjoint
pair (1, ¢*) satisfies the assumption of Proposition 6.1.4 so that applying Corollary
6.1.9 gives the following proposition:
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Proposition 11.1.19 Given any scheme S, the adjoint pair (¢, ¢*) can be derived
and induces the following pair of adjoint functors
@1 : DM(S,A) == DM(S,A) : ¢",

(11.1.19.1) : :
’ resp. g1 : DM(S, A) = DM(S,A) : ",

such that ¢y is fully faithful.
More generally, the family of these adjunctions for a noetherian finite dimensional
scheme S defines an enlargement of premotivic categories (Definition 1.4.13).

The abuse of notations is justified because of the following essentially commutative
diagram of functors:

DM 22 DM,
(11.1.19.2) o lw
DM —— DM,

Recall that, given a smooth separated S-scheme X, we have the relation:
01(Ms(X)) = Ms(X).

Remark 11.1.20 Beware that the functor ¢* is far from being conservative. The fol-
lowing example was suggested by V. Vologodsky: let Z be a nowhere dense closed
subscheme of S. Then ¢*(Ms(Z)) = 0. In fact, one can see that DM(S,A) is a
localization of the category DM(S, A) with respect to the objects .# such that
" (A) = 0.

11.1.21 With rational coefficients, the preceding proposition can be refined. Recall
that the gfh-sheafification functor (10.5.9) induces by 5.3.28 a premotivic adjunction

@ :DMg =DM g q:a,.

Theorem 11.1.22 If S is a geometrically unibranch excellent noetherian scheme of
finite dimension then the following composite functor

a’¢ : DM(S,Q) — DMqﬂL,Q(S)
is fully faithful.

Proof Note that DM¢/(S, Q) and D%(Shqﬂl (5,Q)) are compactly generated; see
example 5.1.29 and Proposition 5.2.38. Hence this corollary follows from Theorem
10.5.15 and Proposition 6.1.8. (|

Remark 11.1.23 Recall this theorem can be rephrased by saying that motives over S
satisfies gfh-descent — see Remark 5.2.11 and more generally Section 3. In the next
section, we will give applications of this fact to motivic cohomology.

Theorem 11.1.24 The following assertions hold:
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1. The triangulated premotivic categories DMf\ﬁ and DMy are weakly continuous
(Definition 4.3.2).

2. The generalized triangulated premotivic categories DMff and DM, are weakly
continuous.

Proof Note that Proposition 10.3.19 shows precisely that the generalized premotivic
abelian category Sh'"(—, A) satisfies Property (wC) of Paragraph 5.1.35. Therefore,
the assertion (2) follows from Propositions 5.2.41 and 5.3.44.

Moreover, the assertion (1) follows from Corollary 6.1.12 given the enlargement
obtained in Proposition 11.1.19. (]

Example 11.1.25 From the previous theorem and Proposition 4.3.4, we obtain in
particular that for any pro-scheme (S )qeca With affine and dominant transition map

such that S = m S, is noetherian finite dimensional, there exists canonical
a€A
equivalences of categories:

2-li_r>n(DMZ’f A8a)) — DMZH'L A(S),

m
a

2- h_n}l ( DMgm,A(S(x)) — DMy a(S).

a

This result generalizes [[voo7, 4.16].

11.2 Motivic cohomology

11.2.a Definition and functoriality

Definition 11.2.1 Let S be a scheme and (n,m) € Z? be a couple of integers. We
define the motivic cohomology of S in degree n and twist m with coefficients in A as
the A-module

H""(S,A) = Hompuis.a) (Ls, Ls(m)[n]).

Assuming m > 0, we define the effective motivic cohomology of S in degree n and
twist m with coefficients in A as the A-module

H')" +(S.A) = Hompyyrs o (AY LAY (m)[n]).

Motivic cohomology (resp. effective motivic cohomology) is contravariant with

respect to morphisms of schemes and the monoidal structure on DMy (resp. DMf{f)
defines a ring structure compatible with pullbacks: given two cohomology classes:

a:ly — Ls(m)nle": 1s — Ls(m")[n’],

one simply put:
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a.a' =a®sa.

The link between motivic cohomology and effective motivic cohomology is provided
by Proposition 5.3.39. Given any scheme S and any couple of integers (1n,m) € Z2,
one has a canonical identification:

H""(S,A) = lim Hompyrerg o) (AS (r), AS (m + r)[n]).
r>>0

11.2.2 Let A’ be a localization of A. Then using the left adjoint of the premotivic
adjunction (11.1.4.2), we get a canonical morphism

H""(S,A) @ A" — H""(S,A).

It is obviously compatible with pullbacks and the product structure. According to
Proposition 11.1.5, this map is an isomorphism.

Example 11.2.3 Let k be a perfect field. Given any smooth separated k-scheme S of
finite type, with structural morphism £, and any pair of integers (n,m) € Z2, motivic
cohomology as defined in the previous definition coincide with motivic cohomology
as defined by Voevodsky in [VSFoo, chap. 5] according to the following computation
and Remark 11.1.14:

H""(X,Z) = Hompwmx,z)(Lx, Lx(m)[n]) = Hompnx,z)(1x, £ (L )(m)[n])
= Hompm,z)(Lfy(1x), 1x(m)[n]) = Hompnik,z)(M(X), L (m)[n])
= Hompwm,,, (k.2)(Mk(X), Lx(m)[n]).
In particular, it coincides with higher Chow groups (cf [Voeo2a]) according to the

following formula:
H"J"(X,Z) = CH™(X,2m — n).

Recall in particular the following computations:

Z70(X) ifn=m=0,

G(X) ifn=m=1,

CH™(X) ifn=2m,

0 if m < 0,n > min(m + dim(X), 2m)

H""™(X,Z) =

where CH™(X) is the usual Chow group of m-codimensional cycles in X.

Note we will extend the identification of motivic cohomology as defined in the
previous definition with the general version defined by Voevodsky — [Voeg8] — in
section 11.2.c.

11.2.4 Consider a separated morphism p : X — § of finite type. Recall from the
ZT*_fibred structure of DM A that Ms(X) = Lpyp*(1s). Using the adjunction prop-
erty of the pair (Lpy, p*), we easily get:
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(11.2.4.1)
H""(X,A) = Hompwx.a) (Lx, 1x(m)[n]) = Hompwmx,a) (1x, 1x(m)[n])

= Hompyics,a) (Ms(X), 1s(m)[n]).

In particular, given any finite S-correspondence o : X e—— Y between separated
S-schemes of finite type, we obtain a pullback

a" H"(Y,A) — H"(X,A)

which is, among other properties, functorial with respect to composition of finite
S-correspondences and extends the natural contravariant functoriality of motivic
cohomology.
In particular, given any finite A-universal morphism f : ¥ — X, we obtain a
pushout
fer HMY,A) — HM(X,A)

by considering the transpose of the graph of f.

Proposition 11.2.5 Let f : Y — X be a finite A-universal morphism of schemes.
Assume X is connected and let d > 0 be the degree of f (cf. 9.1.12). Then for any
element x € H"'(X,A), f.f*(x) = d.x.

This is a simple application of Proposition 9.1.13. We left to the reader the exercise
to state projection and base change formulas for this pushout.

Example 11.2.6 Let f : Y — X be a finite morphism. Recall that f is A-universal
in the following particular cases:

* f is flat (see Example 8.1.50);
* X is regular and f sends the generic points of ¥ to generic points of X (see
Corollary 8.3.28).

In particular, motivic cohomology is covariant with respect to this kind of finite
morphisms.

Another important application of the generalized motives is obtained using the
Corollary 10.5.8:

Proposition 11.2.7 Let f : X' — X be a separated universal homeomorphism of
finite type. Assume that char(X) C A*. Then the pullback functor

H"(X,A) — H" (X', A)
is an isomorphism.

Remark 11. 2.8 The preceding considerations hold similarly for the effective motivic
cohomology.

Example 11. 2.9 In characteristic 0, motivic cohomology (effective and non-effective)
is invariant under semi-normalization ([Swa80]).
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When restricted to excellent geometrically unibranch scheme X, motivic coho-
mology (effective and non-effective) is invariant under normalization. Indeed, the
normalization X’ — X of such a scheme is a universal homeomorphism ([GD67,
1Vy, 23.2.2]) of finite type.

11.2.b Effective motivic cohomology in weight 0 and 1

11.2.10 Let S be a scheme and X a smooth S-scheme. For any subscheme Y of X, we
denote by AY'(X/Y) the cokernel of the canonical morphism of sheaf with transfers
AY(Y) — AJ(X). As this morphism is a monomorphism, we obtain a canonical

distinguished triangle in DM/(S, A)
AY(Y) — AT (X) — AV (X/Y) — AT(X)[1].

Using this notation and according to Definition 2.4.17, the Tate motivic complex is
defined as: AY (1) = AL (Pg/{co})[-2].
The following computation is classical:

AY (1) = AY(P5/AL)[-2] = AY (A5 /G -2];

the first identification follows from homotopy invariance and the second one by
Nisnevich descent (cf. Prop. 5.2.13).

Proposition 11.2.11 Suppose S is a normal scheme.
Then the sheaf on Smg represented by G,,, admits a canonical structure of a sheaf
with transfers and there is a canonical isomorphism in DM (S, A):

G ®z A —— AY(D)[1].

Proof Let U be an open subscheme of Ailg and X be a smooth S-scheme. Note that
X is normal according to [GD67, 18.10.7]. Consider a cycle

a = an(zl>

4

of X xg U with n; € A and Z; irreducible finite and dominant over an irreducible
component of X. Then Z; is a divisor in X Xg U and according to [GD67, 21.14.3],
it is flat over X. In other words, « is a Hilbert cycle which implies it is A-universal
(Example 8.1.50). As a consequence, we obtain the equality

HT(X; "N (U)) = H"(X x5 U/X) ®7 A

where the functor C* is the associated Suslin singular complex (see (5.2.32.1)) and
the right-hand side is the Suslin homology of X xs U/X (cf. [SVoob]).

Suppose in addition that X and U are affine and let Z = P}g — U. According to a
theorem of Suslin and Voevodsky (cf. [SVoob, th. 3.1]),
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Pic(X xs PL, X x5 Z)ifi =0

sing _
HZ (X Xs U/X) = {0 otherwise;

the group on the left-hand side is the relative Picard group. In particular, the
complex C*AY(U), seen as a complex of presheaves with transfers, is con-
centrated in cohomological degree 0 and its O-th cohomology is the presheaf
X +— Pic(X xs P§, X X5 Z) ®7 A.

Consider the following exact sequence of presheaves with transfers:

0 — AY(Gy) — AY(AS) — AT (AL/Gyn) — 0.

Applying the functor C* to it, relatively to the category of complexes of presheaves
with transfers, we obtain a distinguished triangle in D(PSh*"(S, A)):

C'AY(Gy) — C*AY (Ag) — C*AY (A5/Gy) — C*AY (Gy)[1].

Taking the associated long exact sequence of cohomology presheaves, we obtain
that the complex of presheaves with transfers C *Ag(Aé/ G,,) is concentrated in
cohomological degree 0 and —1, and we get an exact sequence of presheaves:

0 — H'C'AY(A/G)] — HO[C*AY (Gp)] — HO[CTAY (A)]
— H[C'AY (Ag/G)] — 0.

By definition of the relative Picard group, given any smooth (affine) scheme X, we
get an exact sequence of abelian groups:

(11.2.11.1) 0 — Gy (X) — Pic(X xs P4, Xo U Xeo) — Pic(X xs Pg, Xo) — 0.
Thus we deduce that:

H[C"A (A}/Gm)] = 0,
H[C' AT (AL/G)] = G ®7 A

This gives in particular a canonical isomorphism:
C'AY(AG/Gu)[~1] = G ®7 A

in D(PSh'" (S, A)). Taking its image in DM%(S, A) we obtain a canonical isomor-
phism which can be written as:

C'AY(As/Gp)[-1] = G,y ®7 A
Thus we can conclude because, according to Lemma 5.2.35, the canonical map
A (Ag/Gp) — C*AY (Ag/Gm)

is an isomorphism in DM4/(S, A). O
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Remark 11.2.12 In the course of the proof, a canonical structure of a sheaf with
transfers over S on G, has naturally appeared — described by the exact sequence
(11.2.11.1). This structure is classical (see [MVWo6, Ex. 2.4]). One can describe it
as follows.

Let X and Y be smooth S-schemes. Assume X is connected (thus irreducible as it
isnormal). Let Z be a closed integral subscheme Z of X xsY which is finite surjective
over X. Then Z/X corresponds to an extension of function fields L/K. The norm
map of L/K induces a morphism of abelian groups: Nz/x : Gp(Z) — Gp(X).
Then we associate with Z, seen as a finite correspondence from X to Y, the following
morphism:

GouY) = Gn(2) 225 ()
where p : Y — Z is the natural projection.

The following proposition is well-known to the expert. We include a proof for
completeness.

Proposition 11.2.13 For any regular scheme X and any integeri > 0,

Ox(X)* ifi=0,
HjVis(X’ Gm) = PIC(X) [f‘l = 1’

0 otherwise

where Pic(X) is the Picard group of X.

Proof Let Y be any étale scheme over X. We let CY(V) be the abelian group made
by the invertible rational functions on V and C*(V)) be the group of 1-codimensional
cycles in V. Classically, one associates with any rational function f on V its Weil
divisor div(f) € C*(V). Recall, when V is integral with function field K, f € K,
one puts:

divy ()= ) vuf)x;

xev@)
the sum runs over the points of codimension 1 in V and v, (f) is the valuation of f
corresponding to the valuation ring Oy .
According to this definition, we get a complex:

din

0 — G,(V) — CO(v) —= cH(V).

This sequence is functorial with respect to pullback of étale X-schemes. Thus we
have defined a morphism of presheaves on Xg;:

n:G, — C".

Given any Nisnevich distinguished square Q (Example 2.1.11), one can check easily
that the image of Q by C° (resp. C!) is cocartesian. As a consequence C* is a
complex of Nisnevich sheaves which satisfies the Brown-Gersten property — i.e. it
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is Nisnevich flasque in the sense of Definition 5.1.9 according to Proposition 5.2.13
applied to the derived category of Nisnevich sheaves over X.
On the other hand, r is a quasi-isomorphism of Nisnevich sheaves over S: indeed
it is well-known that for any regular local ring A, the sequence
di
0 — AX — Frac(A)* —2 Z1(A) — 0
is exact. This is an easy consequence of the fact A is a unique factorization domain

— the classical Auslander-Buchsbaum theorem, (e.g. [Mat7o0, 20.3]).
In particular, we get H'(X, G,,) = H'(C*(X)) and this concludes. O

The following theorem is a generalization of a well-known computation of Vo-
evodsky for smooth schemes over a perfect field. The second case is a corollary of
the two preceding propositions.

Theorem 11.2.14 Let S be a scheme and n € Z an integer. The following computation
holds:

1

.0 : . o i _ A”O(S) lfn =0
H) o (S:A) = Hompyrerq) (A5 Ag [n]) = {0 otherwise;

2. if S is regular,

Os(SY*®z Aifn=1
H"' (8. A) = Hompper) (AY, AY (D[n]) = | Pie(S) @z A ifn =2
0 otherwise

Proof For the first case, according to Proposition 10.2.5, the sheaf Ag’ is Nisnevich
local and A'-local as a complex of sheaves. It is obviously acyclic for the Nisnevich
topology. Thus, we conclude using again 10.2.5 in the case n = 0.

Consider the second case. According to Proposition 11.2.13, the sheaf G,, on Smg
is Al-local. Thus according to Proposition 11.2.11 G,, ® A[-1] is an A'-resolution
of AtS’(l). In particular,

HomDMe/f(S)(AtSr,AtSr(l)[n]) = HomD(Shtr(s,A))(Ag, Gm ® A[I’l - 1])
= Hy NS, Gp) ® A
where the second identification follows from Remark 10.4.4. The conclusion follows
from another application of Proposition 11.2.13. (]

The following corollary is a (very) weak cancellation result in DM¢/(S) :
Corollary 11.2.15 Let S be a regular scheme. Then
RHom(AY (1),A§ (1)) = AY .

Moreover, if m = 0 or m = 1, for any integer n > m,
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RHom(AY (n), A (m)) = 0.

Proof We consider the first assertion. Any smooth S-scheme is regular. Hence, it is
sufficient to prove that for any connected regular scheme S, for any integer n € Z,

Aifn=0

tr tr —
HomDMfﬁ(S)(AS (1. Ag (Dln]) = {O otherwise.

Using the exact triangle

(11.2.15.1) AT (G) — AT(AY) — AT (D[2] =

and the second case of the previous theorem, we obtain the following long exact
sequence

-+ — Hom(AY (A), A (D)) — Hom(AY (Gyn). AY (D[n])
— Hom(AY (1), A (1)[n - 1]) — Hom(AY (AY),AY(D[n+1]) — -
Then we conclude using the previous theorem and the fact
Pic(A! x §) = Pic(G,, X S)

whenever S is regular.
For the last assertion, we are reduced to prove that if S is a regular scheme, for
any integers n > 0 and i,

HomDMe_ff(S)(Agr(n), AY[i]) = 0.

This is obviously implied by the case n = 1.

Consider the distinguished triangle (11.2.15.1) again. Then the long exact sequence
attached to the cohomological functor HOmDMeff( s, A)(—, Agr) and applied to this
triangle together with the first case of the previous theorem allows us to conclude.[]

11.2.¢c The motivic cohomology ring spectrum

11.2.16 According to definition 10.4.2 and paragraph 10.4.3, we have an adjunction
of abelian premotivic categories

y* : Sh(-,A) == Sh¥"(-,A) : vy,

such that v, is conservative and exact. According to Paragraph 5.3.28, it induces an
adjunction of triangulated premotivic categories

(11.2.16.1) Ly* : Dp1 o == DM, : Ry..
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Composing with the premotivic adjunction between the stable homotopy category
and the A'-derived homotopy category (5.3.35.1), we finally get a canonical premo-
tivic adjunction:

(11.2.16.2) ¢" : SH — DMy : ¢..

Recall that, because ¢* is monoidal, ¢, is weakly monoidal. In particular, for any
scheme §, one gets canonical morphisms

Is — ¢.(ls), @«(1s) A @u(ls) — @.(1s)

which gives a structure of a commutative monoid to the spectrum ¢.(1gs) i.e. a ring
spectrum.

Definition 11.2.17 Given any scheme S, one defines the motivic cohomology ring
spectrum over S with coefficients in A as the commutative ring spectrum:

H,[/\//,s = .(1g).

The properties of the functor ¢, immediately implies that the ring spectrum Hfﬂ’ s
represents motivic cohomology. One now easily checks that this ring spectrum
coincides with the original one of Voevodsky (see [Voeg8, sec. 6.1]) in the case
A = Z. Therefore, our definition of motivic cohomology (with Z-coefficients) agrees
with that given by Voevodsky in loc. cit.

11.2.18 Consider a localization A’ of A. Then one gets an essentially commutative

diagram of right adjoints of premotivic adjunctions:

Dp1(S,A) @ A" +—— DM(S,A) @ A’
SH(S) < ’(1) ’@)
Dp1(S,A’) «——— DM(S, A’)

where the map (1) is the canonical equivalence (see Proposition 5.3.37) and the map
(2) is the equivalence from (11.1.4.2). Note in particular that (2) is monoidal (as its
reciprocal equivalence is monoidal as the left adjoint of a premotivic adjunction).
Thus this essentially commutative diagram defines a canonical morphism of ring
spectra:

(11.2.18.1) Hﬁ,/,s AN — Hﬁflz,&

As a corollary of Proposition 11.1.5, we get the following result:
Proposition 11.2.19 The map (11.2.18.1) is an isomorphism of ring spectra.

Remark 11.2.20 In a previous version of this text, we only get the above result in
particular cases. The main argument for the general case obtained above can be
traced back to Proposition 8.1.53.
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11.2.21 Let f : T — S be a morphism of schemes. Recall from the structure of the
premotivic adjunction (¢*, ) defined above that we get an exchange morphism:

froe — @uf”

Applying this natural transformation to the unit object 1g of DM(S, A), one gets a
canonical morphism of ring spectra:

T f*(Hi\//,s) - H.//\/{,T'

Remark that this shows the collection (H(//\// ) is a section of the fibred category SH.
Recall also the following conjecture of Voevodsky ([Voeozb, conj. 17]):

Conjecture 11.2.22 (Voevodsky) For any morphism f as above, the map 7y is an
isomorphism.

Remark 11. 2.23 Atleast, Voevodsky formulated this conjecture in the case where A =
Z. According to the preceding proposition, this implies the case of any coefficients
ring A ¢ Q. We will solve affirmatively a particular case of this conjecture in 16.1.7
when A = Q. We will see below that this conjecture of Voevodsky is strongly related
to the behaviour of the six operations in DMy ; see Proposition 11.4.7. References
for other known cases of variants of the conjecture may be found in Remark 11.4.8.

11.3 Orientation and purity

11.3.1 For any scheme S, we let P’ be the ind-scheme
S—>P§—> —>Pg—>Pg+1—>

made of the obvious closed immersions. This ind-scheme has a comultiplication
given by the Segre embedding

P x5 P — PY
Define AY(P*) = lim A{(P"). Applying Theorem 11.2.14 in the case S =
Spec (Z), we obtain a canonical isomorphism:

Homp )\ respec(zy. ) (A" (PT), AT (1)[2]) = Pic(P™) ®z A,

whose aim is a free A-algebra of power series in one variable. Considering the
canonical dual invertible sheaf on P*, we obtain a canonical formal generator of
this A-algebra and thus a morphism DM (Spec (Z), A):

¢ AT(PP) — AT(1)[2].
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For any scheme S, considering the canonical projection f : § — Spec(Z), we
obtain by pullback along f a morphism of DM¢/(S, A)

(s | A (P) — AY (D21,

Consider G, as a sheaf of groups over Sms. Following [MVqg, part 4], we introduce
its classifying space BG,, as a simplicial sheaf over Smg. From proposition 1.16 of
loc. cit., we get Hom yzs(5)(S+, BG,,) = Pic(S). Moreover, in the homotopy category
of pointed simplicial sheaves 7¢(S), we have a canonical isomorphism BG,, ~ P
(cf. loc. cit., prop. 3.7). Thus, finally, we obtain a canonical map of pointed sets

PIC(S) = Hom%S(s)(S_,_, BGm) — Hom%(s)(&, Pm)
— Hompgers o) (AY A (P /%)) — Hompy g o) (AY AL (P)).

Definition 11.3.2 Consider the above notations. We define the first motivic Chern
class as the following composite morphism

((1,S)*

c1 : Pic(S) — HomDMfﬁ(S’A)(A",Agr(P?)) — HomDMe/f(S’A)(A",Agr(l)[Q])
— Hompis,a)(Ls, Is(D[2]) = HZ/(S.A)

The first motivic Chern class is evidently compatible with pullback.

Remark 11.3.3 Beware that the map
Pic(S) — HomDqu(S’A)(A”,AtSr PS))

defined above is not necessarily a morphism of abelian groups. However, the com-
posite:

. r o trrmoony (C1,8)k oAt
Pic(S) — HOmDMeﬂ(S’A)(AtS ,Ag Py)) — HomDMgﬁ'(S’A)(Ag ,Ag (OI2h
is the isomorphism of Theorem 11.2.14 when S is normal. In particular, it is a
morphism of abelian groups in this case. We will give an argument below for the
general case.

11.3.4 The triangulated category DM(S, A) thus satisfies all the axioms of [Dégo8,
§2.1] (see also Paragraph 2.3.1 of loc. cit. in the regular case). In particular, we derive
from the main results of loc. cit. the following facts:

1. Let p : P — S be a projective bundle of rank n. Let ¢ : 1g — 15(1)[2] be the
first Chern class of the canonical line bundle on P. Then the map

Ms(PY= 2 ) 15021
i=0

is an isomorphism. This gives the projective bundle theorem in motivic coho-
mology for any base scheme.
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One deduces using the method of Grothendieck that motivic cohomology pos-
sesses Chern classes of vector bundles which satisfies all the usual properties
(see remark below for additivity).

2. Leti : Z — X be a closed immersion between smooth separated S-schemes of
finite type. Assume i has pure codimension ¢ and let j be the complementary
open immersion. Then there is a canonical purity isomorphism:

px.z : Ms(X/X = Z) — Ms(Z)(c)[2c].

This defines in particular the Gysin triangle

Ms(X — Z) =2 Mo(X) = Mg(2)(0)[2¢] 22 Mg(X - Z)[1].

3. Let f : Y — X be a projective morphism between smooth separated S-schemes
of finite type. Assume f has pure relative dimension d. Then there is an associ-
ated Gysin morphism

f* s Ms(X) — Mg(Y)(d)[2d]

functorial in f. We refer the reader to loc. cit for various formulas involving the
Gysin morphism (projection formula, excess intersection,...)

Note in particular that we deduce from that Gysin morphism the following map
in motivic cohomology:

fot HY(Y,A) — H?EHXA).

4. For any smooth projective S-scheme X, the premotive Ms(X) admits a strong
dual. If X has pure relative dimension d over S, the strong dual of Mg(X) is
Ms(X)(—d)[-2d].

Remark 11.3.5 According to loc. cit., there exists for any scheme S a formal group law
Fs(x,y) with coefficients in the graded ring H%;;’*(S, A). If one consider the Segre
embedding (

z: Pgo — Pg? Xs Pgo

one has: Fg(x, y) = 0*(1) through the isomorphism:
H?"(PS xs PY.A) = H2 (S M)[x y]

which results from the projective bundle formula in motivic cohomology.

According to Remark 11.3.3, whenever S is normal, one gets Fs(x,y) = x + y.
In particular, Fspecz)(X,y) = X + y. On the other hand, according to the above
definition of Fg(x,y), Fs(x,y) is compatible with pullback. Thus one deduces that
Fs(x,y) = x + y for any scheme S.

11.3.6 According to the properties that we have previously proved, motivic cohomol-
ogy, and in particular the bigraded part HE;"(X, Z), possesses many of the desired
property of a generalized Chow theory for regular schemes (see [BGI71, XIV, §8]).
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Note in particular that the existence of Chern classes allows to define a Chern
character:

Ko(X) ®2 Q -2 H%*(X,Z) ® Q ~ H>*(X,Q)

where the final isomorphism follows from Paragraph 11.2.2. In particular, we will
prove in the next section (Corollary 16.1.7) that, when X is regular, this map is an
isomorphism as expected.

Remark 11.3.7 Among the good properties of motivic cohomology is the fact it is
defined, with its ring structure and natural functoriality, other arbitrary schemes.
On the other hand, even when X is regular, one cannot describe at the moment the
cohomology group H”, 2n, (X, Z) in terms of classes of n-codimensional cycles in X
modulo an approprlate equivalence relation.

Let us however mention the two following interesting facts:

1. Let X be a scheme of finite type over Spec (Z) and X, be its fiber over a primer
p- Then one has a pullback map:

H>"(X,Z) — H*" (X, L),0 — 0.

When X is an arithmetic scheme (regular and flat over Z) with good reduction at
p, the target is the Chow group of n-codimensional cycles (see Example 11.2.3).
Then o, should be thought as the specialization of its generic fiber (which lies in
H2" "(Xq,Z) = CH"(Xq) according to the Example 11.2.3). This construction
should coincide with other specialization maps in the arithmetic case (see for
example [Fulg8, §20.3]).

2. Let X be a smooth S-scheme. Then any n-codimensional closed subscheme Z
of X which is smooth over S defines using the Gysin morphism an element

(2] =i.(1) € H*"(X,Z)

which should be called the fundamental class of X. One can extract from [Dégo8]
some expected properties of these fundamental classes (relation to Chern classes,
pullback properties such as compatibility with base change).

In particular, any S-point of X defines an element of HZI"J(X ,Z) where d
is the dimension of X (assumed of pure dimension). In particular, the group
H;j’d(X, Z) is close to a group of cycles in X of relative dimension O over S.

11.3.8 We end up this series of remarks on motivic cohomology with the following
construction that the reader might enjoy.

Let S be any scheme and &g be the category of smooth projective S-schemes.
Given any scheme X and Y in &g, one can use the group

H*(X x5 Y,A)

where d is the relative dimension of Y as a group of correspondences using the
properties obtained so far from motivic cohomology. In particular, one can mimic
the construction of the category of Chow motives over a field k using the category g
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and these correspondences. One obtains an additive monoidal category Chow’(S, A)
of strong Chow motives.

According to the duality property of motives (Paragraph 11.3.4, point 4) one also
obtains a canonical isomorphism

Hompys,a)(Ms(X), Ms(Y)) = H> (X x5 Y, A).
Thus one deduces a canonical full embedding of monoidal categories:
Chow’(S,A) — DM,u(S,A)

which extends the well-known case when S is a perfect field.

Remark 11.3.9 Beware that, with rational coefficients, a sharper notion of Chow
motives — in more precise terms, these are motives of weight zero — have been
introduced recently (see [Héb11], [Bon14]).

11.4 The six functors

11.4.1 Recall that according to Definition 10.4.2 and Paragraph 10.4.3, we have an
adjunction of abelian premotivic categories

y* : Sh(=,A) = Sh'"(=,A) : y.

such that vy, is exact and conservative. Moreover, for any scheme S, any smooth
S-schemes X, Y and any open immersion j : U — X, the canonical map:

j* : CS (Y7U) — CS (Y’X)

is obviously a monomorphism. Thus the abelian premotivic category Shi”(—, A)
satisfies the assumptions (i)-(iv) of Paragraph 6.3.1. In particular, we deduce from
Corollaries 6.3.12 and 6.3.15 the following theorem:

Proposition 11.4.2 The premotivic triangulated category DMy satisfies the support
property. Moreover, for any scheme S and any closed immersioni : Z — X between
smooth S-schemes, DMy satisfies the localization property with respect to i, (Loc;).

An important corollary of this proposition is that given any separated morphism
f Y — X of finite type, one can construct an adjunction of triangulated categories:

fi : DM(Y,A) = DM(X,A) : /'

such that fi = f. when f is proper (see Section 2.2). We will elaborate on this fact
at the end of this section.

11.4.3 Note that in particular, the premotivic category DM, satisfies the weak
localization property (wLoc). According to the premotivic adjunction (11.2.16.2)
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and the existence of the first Chern class in motivic cohomology (Definition 11.3.2),
one can apply Example 2.4.40 to the premotivic triangulated category DM, (which
satisfies the Nisnevich separation property by construction). This implies in particular
that DM, is oriented as a premotivic triangulated category (Definition 2.4.38).

In particular, one can apply Corollary 2.4.43 to DMy and get the following result:

Proposition 11.4.4 Any smooth projective morphism f is DMa-pure: the canonical
purity map (2.4.39.3)
Jy — A(d)2d],

is an isomorphism where d is the relative dimension of f.

In particular, DM, is weakly pure. The only property of the premotivic triangu-
lated category DM, that we cannot prove is the localization property for general
closed immersions. However, the properties we have seen so far allows to construct
the 6 operations and establish some of its properties that are already of interest. Let
us summarize this formalism, from Theorem 2.2.14 together with Lemma 2.4.23:

Theorem 11.4.5 For any separated morphism of finite type f : Y — X, there exists
an essentially unique pair of adjoint functors

fi : DM(Y,A) — DM(X,A): f'

such that:

1. There exists a structure of a covariant (resp. contravariant) 2-functor on f +— fi
(resp. f +— f).

2. There exists a natural transformation ay : fi — f. which is an isomorphism
when f is proper. Moreover, a is a morphism of 2-functors.

3. For any smooth projective morphism f : X — § of relative dimension d, there
are canonical natural isomorphisms

Py fy — fi(d)[2d]
P ff— f(=d)[-2d]

which are dual to each other.
4. For any cartesian square:

such that f is separated of finite type, there exist natural transformations

’ I

gh— f'9",
/! ~ !

which are isomorphisms in the following cases:
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® g is smooth;
e f is projective and smooth.

5. For any smooth projective morphism [ : Y — X, there exist natural isomor-
phisms

E)C(fi*,®) : (f'K) ®x L — ﬁ(K ®y f*L)’
Homx (fi(L),K) —— f.Homy(L, f'(K)),
f'Homx (L, M) —— Homy(f*(L), f(M)).

Remark 11.4.6 As an example of application, let us recall the construction of the
general trace map (from [AGV73]) in the case of a smooth projective morphism
f 1Y — X of relative dimension d. It is the following composite map:

-1 st |
I « VF | ad'(fi.f*)
RS == ff" —— fif @[2d] = Ld)[2d].
This allows one to recover the Gysin map associated with f, already constructed in
Paragraph 11.3.4, as well as the duality property for the motive Mx (Y).

We will reformulate Voevodsky’s conjecture 11.2.22 in terms of the six operations
as follows.

Proposition 11.4.7 We fix a base scheme S as well as a ring of coefficients A. The
following assertions are equivalent:

(i) for any S-schemes X and Y and any morphism of finite type f : X — Y, the
canonical map vy : f*(Hf}l x) — Hi}l y 1s invertible;
(ii) for any S-scheme X, the canonical functor

Ho(H", y-mod) — DM(X,A)

is an equivalence of categories, and DM(—, A) is a motivic category over S-
schemes;
(iii) the premotivic category DM(—, A) has the localization property for S-schemes;
(iv) DM(—, A) is a motivic category over S-schemes.

Proof The fact that properties (iii) and (iv) are equivalent is obvious, since the
only missing property that is not known for DMy to be a motivic category is the
localization property. Condition (iv) is obviously a consequence of condition (ii).
Keeping track of notations introduced in paragraph 11.2.16, we shall observe that
the forgetful functor
¢. : DMy — SH

commutes with the operator jy, for any open immersion j, as follows. Since the
forgetful functor from D1 5 to SH is conservative and commutes with jy for any
open immersion j, it is sufficient to prove that the functor Ry, : DMy — Dj1 5
has the same property, which is precisely Proposition 6.3.11.
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Let us check that condition (i) (i.e. Voevodsky’s conjecture 11.2.22) is a con-
sequence of condition (iv). Let us assume that (iv) holds true, and that we have a
morphism of finite type f : X — Y. The property that the canonical map

7t T HY x) — Hiyy

is invertible is local for the Zariski topology on X and on Y, so that we may assume
that f is affine. Since the map 7 is invertible for f smooth, we observe from there
that it is sufficient to prove that 7¢ is invertible when f is a closed immersion. Let
Jj : U—Y be the open immersion complement to f. Assuming (iv), there is a
homotopy cofiber sequence of the form

Jly — 1y — fillx
in DM(Y, A), the image of which is isomorphic to the homotopy cofiber sequence
jﬁH.I/\/z,U - HA///,Y - ﬁH//\/z,x

in SH(Y), since the functor ¢. commutes with jy (as recalled above) and with f.
(for obvious reasons). But the localization property in SH implies that the homo-
topy cofiber of the map jyH", , — H', | is f.f*H",, . Since the functor f, is
conservative in SH (being fully faithful), this shows that the map 7 is invertible.

Let us assume that condition (i) is true. Since the forgetful functor ¢, is conserva-
tive and commutes with i.. for any closed immersion i, in order to prove that condition
(iv) holds, i.e. that DM has the localization property, it is sufficient to prove that
condition (ii) of Corollary 2.3.18 is verified in DM, . We observe furthermore that,
for any smooth and projective morphism of S-schemes p : X — Y every where of
relative dimension d, the functor ¢. commutes with py. Indeed, for any object M in
DM(X,A), we have:

pp(M) = @.p.(M)(d)[2d]
> p.p.(M)(d)[2d]
= p(Thx(Tf) ® @.(M))
= pyp«(M)

(where the identification Thx(Ty) ® ¢.(M) = ¢.(M)(d)[2d] comes from the ori-
entation on ¢,(M) induced by its Hﬁ”,x—module structure). This implies that the
functor ¢, commutes with f; for any smooth morphism of S-schemes f. Indeed, this
is a local condition with respect to the Zariski topology both on the source and on
the target of f, so that it is sufficient to check the case where f is quasi-projective.
Since the case where f is an open immersion is already known, and since we just
discussed the case where f is a smooth and projective, this proves our claim. Finally,
we observe that, given a closed immersioni : Z — X as well as a smooth morphism
f Y — X, the diagram

A A .ok rTA
94l p1x_z) — fiH oy — LUHy, y
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is a homotopy cofiber sequence, where g : f~1(X — Z) — X is the restriction of
S Since the functor ¢. is conservative and commutes with fy, gy and i., this proves
that DM, has the localization property, by Corollary 2.3.18.

If condition (i) is true, then, by virtue of Proposition 7.2.13, there is a morphism
of premotivic categories

a®: Ho(Hﬁ‘/{— mod) =— DM, : a..

Furthermore, Proposition 7.2.18 implies that, under condition (i), Ho(H ;/— mod) is
a motivic category (in particular, has the localization property). We just saw that
DM, is a motivic category as well. To prove that the functor o™ is an equivalence of
categories, by virtue of Corollary 1.3.20, it is sufficient to prove that, for any smooth
morphism f : X — Y, the unit map

fﬂHl/\/z,X - “*a’*fﬂHﬁ/z,x = a’*fﬁ“*Hi\/z,x

is invertible. Since the operators . and f; commute (when we forget the H’/\” X"
module structure, a. is just ¢.), it is sufficient to check this property when f is the
identity. But the map
A =1y A
H,x—aadH,

is invertible (in fact the identity), by definition. O

Remark 11.4.8 A variant of Voevodsky’s conjecture would be that the map 77 :
f *(Hi\//,x) — H(//\/[,Y is invertible for regular S-schemes. We invite the reader to
check that this version of the conjecture may be reformulated as in Proposition 11.4.7
(restricting ourselves to regular S-schemes, obviously), essentially with the same
proof. Evidence for this weaker form of the conjecture is given by the fact that over
any field of exponent characteristic p, it is true with A = Z[1/p]; see [CD15]. A
variant consists in replacing DM by its cdh-local version. In equal characteristic
zero, this is proved for possibly singular scheme in [CD15] (in characteristic p > 0,
this also holds up to p-torsion). The cdh-local version of H i\/z should be isomorphic
to Spitzweck’s motivic cohomology spectrum [Spi18].
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11.4.9 In all this part, .¥ is assumed to be the category of noetherian schemes of
finite dimension.

12 Stable homotopy theory of schemes
12.1 Ring spectra

Consider a base scheme S.

Recall that a ring spectrum E over S is a monoid object in the monoidal category
SH(S). We say that E is commutative if it is commutative as a monoid in the
symmetric monoidal category SH(S). In what follows, we will assume that all our
ring spectra are commutative without mentioning it.

The premotivic category is Z?-graded where the first index refers to the simplicial
sphere and the second one to the Tate twist. According to our general convention,
a cohomology theory representable in SH is Z2-graded accordingly: given such a
ring spectrum E, for any smooth S-scheme X, and any integer (i,n) € Z2, we get a
bigraded ring:

En’i(X) = HOI’IISH(S) (ZOOX+,E(i)[I’t]).

When X is a pointed smooth S-scheme, it defines a pointed sheaf of sets still denoted
by X and we denote by E"/(X) for the corresponding cohomology ring.

The coefficient ring associated with E is the cohomology of the base E** := E**(S).
The ring E**(X) (resp. E**(X)) is in fact an E**-algebra.

12.1.1 We say E is a strict ring spectrum if there exists a monoid in the category of
symmetric Tate spectra E’ and an isomorphism of ring spectra E ~ E’ in SH(S). In
this case, a module M over the monoid E in the monoidal category SH(S) will be
said to be strict if there exists an E’-module M’ in the category of symmetric Tate
spectra, as well as an isomorphism of E-modules M ~ M’ in SH(S).

12.2 Orientation

12.2.1 Consider the infinite tower
1 2 n
P —P;— -« —Pt— ...

of schemes pointed by the infinity. We denote by P¢’ the limit of this tower as a
pointed Nisnevich sheaf of sets and by ¢ : P}g — PY the induced inclusion. Recall
the following definition, classically translated from topology:

Definition 12.2.2 Let E be a ring spectrum over S. An orientation of E is a coho-
mology class ¢ in E 2’1(P§°) such that ¢*(c) is sent to the unit of the coefficient ring

of E by the canonical isomorphism E1(P}) = E%0.
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We then say that (E, ¢) is an oriented ring spectrum. We shall say also that E is
orientable if there exists an orientation c.

According to [MV g9, 1.16 and 3.7], we get a canonical map for any smooth S-scheme
X

Pic(X) = H'(X,G,) — Hom g s)(X1, P®) — Homgpys)(E% X+, Z°P®)

(the first map is an isomorphism whenever S is regular (or even geometrically
unibranch)). Given this map, an orientation ¢ of a ring spectrum E defines a map of
sets

C1,x PIC(X) — Ez’l(X)

which is natural in X (and from its construction in [MVgg], one can check that
c= cl,p?(ﬁ(l))). Usually, we put ¢; = ¢1 x.

Example 12.2.3 1. The original example of an oriented ring spectrum is the alge-
braic cobordism spectrum MGL introduced by Voevodsky (cf. [Voeg8]).

2. According to Definition 11.3.2, the motivic cohomology ring spectrum Hﬁ”’ s
defined in 11.2.17 is an oriented ring spectrum.

3. Consider a triangulated premotivic category .7 which satisfies the weak local-
ization property (wLoc) and such that there exists an adjunction of triangulated
premotivic categories:

¢ :SH —= 7 : ¢..

Recall that ¢* is symmetric monoidal. Thus, its right adjoint is weakly symmetric
monoidal and for any the spectrum

Hz s = ¢.(1s)

admits a (commutative) ring structure.

Then 7 is oriented in the sense of Definition 2.4.38 if and only if the ring
spectrum Hz g is oriented in the sense of Definition 12.2.2 — see Example
2.4.40. Moreover, an orientation of .7 is equivalent to the data of orientations
H 7 s for any scheme S which are stable by pullbacks (on cohomology).

Remark 12.2.4 When E is a strict ring spectrum, the category E- mod satisfies the
axioms of [Dégo8, 2.1] (see example 2.12 of loc.cit.).

Recall the following result, which first appeared in [Vezo1]:

Proposition 12.2.5 (Morel) Let (E, ¢) be an oriented ring spectrum. Then:
E™(PS) =E™[[c]] and E™(PS xPYF)=E"[[x,y]l],

where x (resp. y) is the pullback of c¢ along the first (resp. second) projection.

Remark 12.2.6 When E is a strict ring spectrum, this is [Dégo8, 3.2] according to
remark 12.2.4. The proof follows an argument of Morel ([Dégo8, lemma 3.3]) and
the arguments of op.cit., p. 634, can be easily used to obtain the proposition arguing
directly for the cohomology functor X +— E**(X).
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12.2.7 Recall that the Segre embedding
n m n+m+nm
P5 x P — Py

define a map
o : P xPy — PY.
It gives the structure of an H-group to PY in the homotopy category J#°(S). Con-

sider the hypothesis of the previous proposition. Then the pullback along o in
E-cohomology induces a map

E™[[c]] -Z— E™[[x, y]]

and following Quillen, we check that the formal power series o*(c) defines a formal
group law over the ring E**.

Definition 12.2.8 Let (E, ¢) be an oriented ring spectrum and consider the previous
notation.

The formal group law Fg(x,y) := o*(c) will be called the formal group law
associated to (E, ¢).

Recall the formal group law has the form:

Fe(x,y)=x+y+ Z aij.xiyf

i+j>0

with ajj = aj; in E~272717
The coeflicients a;; describe the failure of additivity of the first Chern class cq.
Indeed, assuming the previous definition, we get the following result:

Proposition 12.2.9 Let X be a smooth S-scheme.

1. For any line bundle L/ X, the class c1(L) is nilpotent in E**(X).
2. Suppose X admits an ample line bundle. For any line bundles L,L’ over X,

c1(L1 ® Ly) = Fe(c1(Ly),c1(L2)) € E*1(X).

We refer to [Dégo8, 3.8] in the case where E is strict; the proof is the same in the
general case.
Recall the following theorem of Vezzosi (cf. [Vezo1, 4.3]):

Theorem 12.2.10 (Vezzosi) Let (E,c) be an oriented spectra over S, with formal
group law Fg. Then there exists a bijection between the following sets:

(i) Orientation classes ¢’ of E.
(it) Morphisms of ring spectra MGL — E in SH(S).
(iii) Couples (F, ) where F is a formal group law over E** and ¢ is a power series
over E** which defines an isomorphism of formal group law: ¢ is invertible as
a power series and Fg(p(x), ¢(y)) = F(x,y).
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12.3 Rational category

In what follows, we shall use frequently the equivalence of premotivic categories
(see 5.3.35)
SHQ — DAl,Q y

and shall identify freely any rational spectrum over a scheme S with an object of
Da1(S,Q).

13 Algebraic K-theory
13.1 The K-theory spectrum

We consider the spectrum K GLg which represents homotopy invariant K-theory in
SH(S) according to Voevodsky (see [Cis13], [Voeg8, 6.2], [Rio10, 5.2] and [PPR09]).
It is characterized by the following properties:

(K1) For any morphism of schemes f : T — S, there is an isomorphism f*KGLg ~
KGLy in SH(T).
(K2) For any regular scheme S and any integer n, there exists an isomorphism

Homgpys) (1s[n], KGLs) — Ky(S)

(where the right-hand side is Quillen algebraic K-theory as defined by Thomason
and Trobaugh, [TTgo], in the case where S does not admit an ample family) such
that, for any morphism f : T — S of regular schemes, the following diagram
is commutative:

Hom (1g[n], KGLs) — Hom (f*1g[n], f* KGLs) == Hom (1[n], KGLy)

| |

Kn(S) Kn(T)

(where the lower horizontal map is the pullback in Quillen algebraic K-theory
along the morphism f and the upper horizontal map is obtained by using the
functor f* : SH(S) — SH(T') and the identification (K1)).

(K3) For any scheme S, there exists a unique structure of a commutative monoid on
KGLg which is compatible with base change — using the identification (K1) —
and induces the canonical ring structure on K(S).

Thus, according to (K1) and (K3), the collection of the ring spectrum KGLg for any
scheme S form an absolute ring spectrum. As usual, when no confusion can arise,
we will not indicate the base in the notation KGL.

Note that (K1) implies formally that the isomorphism of (K2) can be extended for
any smooth S-scheme X (with S regular), giving a natural isomorphism:
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Homgps) (X° X4 [n], KGL) — K, (X).

13.2 Periodicity

13.2.1 Recall from the construction the following property of the spectrum KGL:
(K4) the spectrum KGL is a P!-periodic spectrum in the sense that there exists a
canonical isomorphism

KGL —— RHom (z‘”P}g, KGL) = KGL(-1)[-2].

As usual, P}g is pointed by the infinite point.

This isomorphism, classically called the Bott isomorphism, is characterized uniquely
by the fact that its adjoint isomorphism (obtained by tensoring with 15(1)[2]) is equal
to the composite

1ou

(13.2.1.1) yu : KGL()[2] =24 KGL A KGL -2~ KGL.

where u : 3°P! — KGL corresponds to the class [¢(1)] — 1 in Ko(P') through
the isomorphism (K2) and u is the structural map of monoid from (K3).

Using the isomorphism of (K4), the property (K1) can be extended as follows: for
any smooth S-scheme X and any integers (i,n) € Z?, there is a canonical isomor-
phism:

(13.2.1.2) KGL™(X) —— Kai_n(X).

Remark 13.2.2 The element u is invertible in the ring KGL*(S). Its inverse is the
Bott element B € KGL*1(S). If we chose as an orientation of the ring spectrum
KGL (cf. 12.2.2) the class

B(O(D] -1) € KGL*'(P),
the corresponding formal group law is the multiplicative formal group law:

Flx,y)=x+y +,8_1.xy.

13.3 Modules over algebraic K-theory

Theorem 13.3.1 (Bstveer, Rondigs, Spitzweck) The spectrum KGL can be repre-
sented canonically by a cartesian monoid KGL', as well as by a homotopy cartesian
commutative monoid KGIP in the fibred model category of symmetric P'-spectra,
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in such a way that there exists a morphism of monoids KGL' — KGIFP which is a
termwise stable A'-equivalence.

Proof For any noetherian scheme of finite dimension S, one has a strict commutative
ring spectrum KGL? which is canonically isomorphic to KGLg in SH(S) as ring

spectra; see [RS@10]. One can check that the objects K GL/; do form a commuta-
tive monoid over the diagram of all noetherian schemes of finite dimension (i.e. a
commutative monoid in the category of sections of the fibred category of P*-spectra
over the category of noetherian schemes of finite dimension), either by hand, by
following the explicit construction of loc. cit., either by modifying its construction
very slightly as follows: one can perform mutatis mutandis the construction of loc.
cit. in the P! -stabilization of the A '-localization of the model category of Nisnevich
simplicial sheaves over (any essentially small adequate subcategory of) the category
of all noetherian schemes of finite dimension, and get an object KGIF, whose re-
striction to each of the categories Sm /S is the object K GL?. From this point of view,

we clearly have canonical maps f*(K GL{;) — K GL[; for any morphism of schemes
f : T — S. The object KGIF is homotopy cartesian, as the composed map

Lf*(KGLs) =~ Lf*(KGLE) — f(KGLY) — KGIL =~ KGLy
is an isomorphism in SH(7T'). Consider now a cofibrant resolution

KGL,SpeC(Z) - KGLgpcc(Z)

in the model category of monoids of the category of symmetric P!-spectra over
Spec (Z); see Theorem 7.1.3. Then, we define, for each noetherian scheme of finite
dimension S, the P!-spectrum K. GLY as the pullback of K GL’SpeC(Z) along the map
f 8 — Spec(Z). As the functor f* is a left Quillen functor, the object KGLyg is
cofibrant (both as a monoid and as a Pl-spectrum), so that we get, by construction,
a termwise cofibrant cartesian strict P1-ring spectrum KGL’, as well as a morphism
KGL' — KGIP which is a termwise stable A!-equivalence. O

13.3.2 For each noetherian scheme of finite dimension S, one can consider the model
categories of modules over KGLg and K GL/; respectively; see 7.2.2. The change

of scalars functor along the stable A'-equivalence K GLy — K GL/; defines a left
Quillen equivalence, whence an equivalence of homotopy categories:

Ho(KGL§-mod) = Ho(KGLj-mod).

Definition 13.3.3 We define the premotivic triangulated category of KGL-modules
over . as the fibred triangulated category whose fiber over a scheme S in .# is
defined as:

KGL-mod(S) := Ho(KGILf-mod).

13.3.4 By definition, for any smooth S-scheme X, we have a canonical isomorphism

Homsii(s)(E°(X,). KGL[n]) = Hom 1(KGLs(X), KGL[n))
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(where KGLs(X) = KGLsN5£%(X.,), while Hom g ¢, stands for Hom k.- mod(s))-
According to (K1) and (K3), for any regular scheme X, we thus get a canonical
isomorphism:

(13341) €5 : HOHlKGL(KGLs[n], KGLs) —/ Kn(S)

Using Bott periodicity (K4), and the compatibility with base change, this isomor-
phism can be extended for any smooth S-scheme X and any pair (n,m) € Z?:

(13.3.4.2) ex/s : Homggr(KGLs(X), KGLs(m)[n]) —— Kam-n(X).

Corollary 13.3.5 The premotivic triangulated category KGL- mod) form a motivic
category, and the functors

SH(S) — KGL-mod(S), M +— KGLs A% M
Jor a scheme S in . define a morphism of motivic categories
SH — KGL-mod
over the category of noetherian schemes of finite dimension.

Proof This follows from the preceding theorem and from 7.2.13 and 7.2.18. O

13.4 K-theory with support

13.4.1 Consider a closed immersion i : Z — S with complementary open immer-
sion j : U — S. Assume S is regular.
We use the definition of [Gil81, 2.13] for the K-theory of § with support in Z denoted
by KZ(S). In other words, we define K%(S) as the homotopy fiber of the restriction
map

RI(S,KGLs) = K(S) — K(U) = RI'(U, KGLy),

and put: KZ(S) = m,(K%(S)).
Applying the derived global section functor RI'(S,—) to the homotopy fiber
sequence

(13.4.1.1) ivi't KGLs — KGLs — j. j*KGLs,
we get a homotopy fiber sequence
(13.4.1.2) RI(S,iii' KGLs) — RI(S, KGLs) — RI(U, KGLg)

from which we deduce an isomorphism in the stable homotopy category of S!-
spectra:
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(13.4.1.3) RI(Z,i' KGLs) = RI(S,i1i' KGLg) ~ K%(S).

We thus get the following property:

(K6) There is a canonical isomorphism
Homsus) (Lslnlii KGLs) — KZ(S)

which satisfies the following compatiblities:
(K6a) the following diagram is commutative:

Hom(1[n + 1], j.j* KGLs) — Hom(1[n],iji' KGLs) — Hom(1[n), KGLs)

| | |

Kni1(U) K7 (§) ———— Ku(9)

where the upper horizontal arrows are induced by the localization sequence
(13.4.1.1), and the lower one is the canonical sequence of K-theory with support.
The extreme left and right vertical maps are the isomorphisms of (K2);

(K6b) for any morphism f : Y — S of regular schemes, k : T — Y the pullback
of i along f, the following diagram is commutative:

Hom(1[n),ii' KGLs) — Hom(f*1[n], f*ii' KGLs) = Hom(1[n], kik' KGLy)

|

K7(S)

Kl (Y)

where the lower horizontal map is given by the functoriality of relative K-theory
(induced by the funtoriality of K-theory) and the upper one is obtained using the
functor f* of SH, the canonical exchange morphism f*iji' — kik' f* and the
identification (K1).

This property can be extended to the motivic category Ho( KGL- mod) and we get a
canonical isomorphism

(13.4.1.4) & : Homgqr(KGLs[nl,ii' KGLs) —— KZ(S)

satisfying the analog of (K6a) and (K6b).

13.5 Fundamental class

13.5.1 Consider a cartesian square of regular schemes
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Z/ L} S/

o)

Z——8

with i a closed immersion. We will say that this square is Tor-independant if Z
and S’ are Tor-independent over S in the sense of [BGI71, III, 1.5]: for any i > 0,
Tor$ (07, 0g) = 0.5
In this case, when we assume in addition that all the schemes in the previous
square are regular and that i is a closed immersion we get from [TTqo, 3.18]°2 the
formula
f*i* = k*g* : K*(Z) i K*(Sl)

in Quillen K-theory. An important point for us is that there exists a canonical homo-
topy between these morphisms at the level of the Waldhausen spectra.®* According
to the localization theorem of Quillen [Qui73, 3.1], we get:

Theorem 13.5.2 (Quillen) For any closed immersion i : Z — S between regular
schemes, there exists a canonical isomorphism

ai : KZ(S) — Kn(Z).

Moreover, this isomorphism is functorial with respect to the Tor-independent squares
as above, with i a closed immersion and all the schemes regular.

Remark 13.5.3 In the condition of this theorem, the following diagram is commutative
by construction:

where the non labeled map is the canonical one.

Definition 13.5.4 Leti : Z — S be a closed immersion between regular schemes.
We define the fundamental class associated with i as the morphism of KGL-
modules:
n; 1 i.KGLzy — KGLg

defined by the image of the unit element 1 through the following morphism:

1

-1 -
Ko(Z) —— KZ(S) —— Hom(KGLs.ii' KGLs) = Hom(i, KGLz, KGLs).

91 For example, when i is a regular closed immersion of codimension 1, this happens if and only if
the above square is transversal.

92 When all the schemes in the square admit ample line bundles, we can refer to [Qui73, 2.11].

93 In the proof of Quillen, one can also trace back a canonical homotopy with the restriction
mentioned in the preceding footnote.
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We also denote by 7/ : KGLz — i 'KGLg the morphism obtained by adjunction.

Remark 13.5.5 The fundamental class has the following functoriality properties.

(1) By definition, and applying remark 13.5.3, the composite map

KGLs — i,i*(KGLs) = i, KGL; —— KGLs

corresponds via the isomorphism eg to i.(1) € Ky(S). According to [BGI71,
Exp. VII, 2.7], this class is equal to A_1(N;) where N; is the conormal sheaf of
the regular immersion i.

(2) In the situation of a Tor-independent square as in 13.5.1, remark that f*n; =
N through the canonical exchange isomorphism f*i, = k.g* — apply the
functoriality of €; from (K6b) and the one of ;.

(3) Using the identification i'i, = 1, we get n;=1i 'ni. Consider a cartesian square
as in 13.5.1 and assume f is smooth. Then the square is Tor-independent and we
get g*n; = n; using the exchange isomorphism gt = k' f*.

13.6 Absolute purity for K-theory

Proposition 13.6.1 For any closed immersion i : Z — S between regular schemes,
the following diagram is commutative:

Hom xon(KGLz[n], KGLy) —— Hom gor(KGLz[n), i KGLs)

€z J (*) Jéi
-1

Kn(2) ' KZ(S)

Proof In this proof, we denote by [—, —] the bifunctor Hom g gr.(—, —).

Step 1: We assume that i : Z — S admits a retraction p : § — Z.

Consider a KGL-linear map « : KGLz[n] — KGLz. Then, n/(a) corresponds by
adjunction to the composition

i KGLz[n]) =% i, KGL, " KGLs.
Applying the projection formula for the motivic category Ho( K G L- mod), we get:
iv(@) =i.(1®ip" (@) = i.(1) ® p*(a).

Here 1 stands for the identity morphism of the KGL-module KGLy. This shows
that n/(a) corresponds by adjunction to the composite map:

n ® p*(a) : i. KGLz[n] = i, KGLz[n] ® KGLs — KGLs ® KGLs = KGLg
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(the tensor product is the KGL-linear one). By assumption, i, : K.(Z) — K.(S)
admits a retraction which implies the canonical map &; : K#(S) — K.(S) admits a
retraction (¢f. remark 13.5.3). To check that the diagram (x) is commutative, we can
thus compose with &;.

Recall the first point of remark 13.5.5: applying property (K6a) and the fact the iso-
morphism es : [KGLs[n], KGLs] — K,(S) is compatible with the algebra struc-
tures, we are finally reduced to prove that

ix(@) = i.(1).p"(@) € K, (S).

This follows from the projection formula in K-theory (see [Qui73, 2.10] and [TTgo,
317)).

Step 2: We shall reduce the general case to Step 1. We consider the following
deformation to the normal cone diagram: let D be the blow-up of A}g in the closed
subscheme {0} X Z, P be the projective completion of the normal bundle of Z in
S and s be the canonical section of P/Z; we get the following diagram of regular
schemes:

S N
Z—1>A%<LZ

(13.6.1.1) iJ J js

S——D+——P

where sg (resp. s1) is the zero (resp. unit) section of A% over Z. These squares are
cartesian and Tor-independent in the sense of 13.5.1. The maps so and s; induce
isomorphisms in K-theory because Z is regular. Thus, the second point of remark
13.5.5 allows reducing to the case of the immersion s which was done in Step 1.

13.6.2 Consider a cartesian square
k

B —

g

1
_—

N——~

C/MTX

such that S and Z are regular, i is a closed immersion and f is smooth. In this case,
the following diagram is commutative

’

Hom g (KGLz(T)[n), KGLz) —~— Hom g r(KGLz(T)[n].i* KGLs)

| y

Hom ger(KGLr[n], KGLy) ———— Hom kg (KGLyr[n], k' KGLx)

using the adjunction (gy, g.), the exchange isomorphism g*i' ~ k'f* (which uses
relative purity for smooth morphisms) and the third point of remark 13.5.5. In
particular, the preceding proposition has the following consequences:
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Theorem 13.6.3 (Absolute purity) For any closed immersion i : Z — S between
regular schemes, the map

n!: KGLy — i' KGLg
is an isomorphism in the category Ho(KGL- mod)(Z) (or in SH(Z)).

Corollary 13.6.4 Given a cartesian square as above, for any pair (n,m) € Z2, the
following diagram is commutative:

Hom(KGLs(X),i. KGLz(m)[n]) LN Hom(KGLs(X), KGLs(m)[n])

Hom(KGL(T), KGLy(m)[n]) ~|exss
er/z lN
KZm—n(T) & KQm—n(X)

where the vertical maps are the isomorphisms (13.3.4.2).

13.7 Trace maps

13.7.1 Let S be a regular scheme. Let Y be a smooth S-scheme. The obvious map
Pic(Y) — Ko(Y) together with the canonical maps

Ko(Y) —— Homgar(KGLs(Y), KGLs) —2— Homxar(KGLs(Y), KGLs(1)[2])

defines Chern classes in the category Ho(KXGL- mod)(S); they corresponds to the
orientation defined in remark 13.2.2.

Let p : P — S be a projective bundle of rank n. Let v = [0(1)] — 1 in Ky(P). It
corresponds to a map v : KGLs(P) — KGLg. According to [Dégo8, 3.2] and our
choice of Chern classes, the following map

- BLiRp,
KGLs(P)" 222" (D) KGLs(i)2i]

0<i<n

is an isomorphism. As S is invertible, it follows that the map

Zinigp*
(13.7.1.1) op)s : KGLg(P)"— @ KGLg

0<i<n

is an isomorphism as well. Using this formula, the map Hom(¢p/s, KGLs) is equal
to the isomorphism of Quillen’s projective bundle theorem in K-theory (c¢f. [Qui73,
4.3]):
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Fors : @D KAS) — Ku(P)(So.cnSn) = D p"(Si).0".
i=0 i

Let p. : K.(P) — K.(S) be the pushout by the projective morphism p. According
to the projection formula, it is K.(S)-linear. In particular, it is determined by the
n+ 1-uple (ag, ...,a,) where a; = p.(v') € Ko(S) through the isomorphism fp/s. Let
a; : KGLs — KGLg be the map corresponding to a;.

Definition 13.7.2 Consider the previous notations. We define the frace map as-
sociated with the projection p : P — S as the morphism of KGL-modules
Tr, KGL . p.(KGLp) — KGLg determined as the composite

P/S

p.(KGLp) = RHom(KGLg(P), KGLS) =F, @KGLS 0 .
i=0

From this definition, it follows that Tr, represents the push-forward by p in K-theory:

TriKGL
Hom kg r(KGLs[n], ps KGLp) —— Hom gr(KGLs[n], KGLs)
|
Hompgqr(KGLp[n], KGLp) €s
Epl
Kn(P) & Kn(S)

Consider moreover a cartesian square:

P
! S

_—

~—

such that f is smooth. From the projective base change theorem, we get f*p.p* =
q+q*g*. Using this identification, we easily obtain that f* TrK GL Trf GL Thus,
we conclude that the map

TI‘KGL

Hom ger(KGLs(Y)[nl, p. KGLp) —— Hom g (KGLs(Y)[n], KGLs)
represents the usual pushout map
g« : Kn(Q) — Kn(Y)
through the canonical isomorphisms (13.3.4.2).

13.7.3 Consider a projective morphism f : 7 — S between regular schemes and
choose a factorization
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T—.p_ L. g

where i is a closed immersion and p is the projection of a projective bundle. Let us
define a morphism

rI\rKGL

TGl KGLr = pui. KGLr =% p,KGLp —— KGLs.

According to 13.6.4 and the previous paragraph, for any cartesian square

Y—>

JJ

T ——

such that a is smooth, the following diagram is commutative.

(13.7.3.1)
T KCL

Hom scon(KGLs (X), £ KGLr(m)[n]) —2" Hom k(K GLs(X), KGLs(m){n])

Homgar(KGLy (Y), KGLz(m)[n]) ~| s
Ey/T ~
K2m—n(y) 2 K2m—n(X)

Definition 13.7.4 Considering the above notations, we define the frace map associ-
ated to f as the morphism

ﬁKGL T&f;Cj)L f.f*KGLs — KGLs.

Remark 13.7.5 By definition, the trace map TrK GLj

As a consequence, the map obtained by adJunctlon

is a morphism of KGL-modules.

ny: KGLr = f*KGLs — f'KGLs

is also a morphism of K GL-module. This implies that the morphism r]}. (and thus

also Trff GLy s completely determined by the element
n; € Homgar(KGLr, f' KGLs) ~ Homsuer(17, f KGLs) .
Moreover, as p is smooth, there is a canonical isomorphism p!K GLs ~ KGLp (by

relative purity for p and by periodicity; see [Rio10, lemma 6.1.3.3]). From there, we
deduce from Theorem 13.6.3 that we have a canonical isomorphism

f'KGLs ~i'KGLp ~ KGLr .



14 Beilinson motives 345
This implies that we have an isomorphism:
Homgr(1r, f' KGLs) = Ko(T).

Hence, the map n} is completely determined by a class in Ko(7'). The problem of the
functoriality of trace maps in the motivic category Ho(KGL- mod) is thus a matter
of functoriality of this element . in Ky, which can be translated faithfully to the
problem of the functoriality of pushforwards for Kj.

However, the only property of trace maps we shall use here is the following.

Proposition 13.7.6 Let f : T — S be a finite flat morphism of regular schemes such
that the Os-module f,.Or is (globally) free of rank d. Then the following composite
map

TrKGL

KGLs — f.f*KGLs —— KGLs
is equal to d .1 in Ho(KGL- mod)(S) (whence in SH(S) as well).

Proof Let ¢ be the composite map of Ho(KGL- mod)(S)

T
KGLs — f.f*KGLs — KGLg .
As ¢ is KGLg-linear by construction, it corresponds to an element
¢ € Homgor(KGLs, KGLg) ~ HOmSH(S)(]lS,KGLS) ~ Ko(S).

According to the commutative diagram (13.7.3.1), if we apply the global sections
functor Homggs)(1s,—) to ¢, we obtain through the evident canonical isomor-
phisms the composition of the usual pullback and pushforward by f in K-theory:

Ko(S) —L— Ko(T) —L— Ko(S).

With these notations, the element of K((S) corresponding to ¢ is the pushforward
of 17 = f*(1s) by f, while the element corresponding to the identity of KGLg is
of course 1g5. Under our assumptions on f, it is obvious that we have the identity
f:(17) = d.15 € Ko(S). This means that ¢ is d times the identity of KGLg. O

14 Beilinson motives
14.1 The y-filtration

14.1.1 We denote by KG Lq the Q-localization of the absolute ring spectrum KGL,
considered as a cartesian section of D1 q. From [Rio10, 5.3.10], this spectrum has
the following property:
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(K5) For any scheme S, there exists a canonical decomposition, called the Adams
decomposition

~ O]
KGLq.s ~ @ KGL{
i€Z

compatible with base change and such that for any regular scheme S, the

isomorphism of (K2) induces an isomorphism:
Homp, (5.0 (QS(X)[n], KGL%”) = K(X) = GriK,(X)q

where the right-hand side is the i-th graded piece of the y-filtration on K-theory
groups.

We will denote by
m: KGLg.s — KGLY,
resp. (; : KGL(Si) — KGLqgs

the projection (resp. inclusion) defined by the decomposition (K3) and we put p; =
t;m; for the corresponding projector on KGLqs.

Definition 14.1.2 (Riou) We define the Beilinson motivic cohomology spectrum as
the rational Tate spectrum Hp s = K GL(SO).

Remark 14.1.3 Note that, by definition, for any morphism of schemes f : T — S,
we have f*Hp s ~ Hp 1.

Lemma 14.1.4 The isomorphism vy, of (13.2.1.1) is homogeneous of degree +1 with
respect to the graduation (K5). In other words, for any integer i € Z, the following
composite map is an isomorphism

KGLO(1)[2] == KGLq(1)[2] 2~ KGLq —— KGLD.
For any integer i € Z, we thus get a canonical isomorphism

(14.1.4.1) Hp()[2i] —— KGLY.

Proof Tt is sufficient to check that, for j #i + 1,

pj°vuopi =0,
pioYu opi=0
in Homp , (5,q)(KGLq, KGLq). But according to [Rio10, 5.3.1 and 5.3.6], we have

only to check these equalities for the induced endomorphism of K (seen as a
presheaf on the category of smooth schemes over Spec (Z)). This follows then from
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the compatibility of the projective bundle isomorphism with the y-filtration; see
[BGI71, Exp. VI, 5.6]. [l

14.1.5 Recall from [NS@og9] that KGLgq is canonically isomorphic (with respect to
the orientation 13.2.2) to the universal oriented rational ring spectrum with multi-
plicative formal group law introduced in [NS@og]. The isomorphism of the pre-
ceding corollary shows in particular that Hy is obtained from KGLq by killing the
elements " for n # 0. In particular, this shows that Hg is canonically isomorphic
to the spectrum denoted by LQ in [NS@og], which corresponds to the universal
additive formal group law over Q. This implies that Hy has a natural structure of a
(commutative) ring spectrum.

Proposition 14.1.6 The multiplication map
u: Hg ® Hp — Hp
is an isomorphism.
This trivially implies that the following map is an isomorphism:

(14.1.6.1) 1®n: Hy — Hp ® Hg.

Proof It is enough to treat the case S = Spec (Z). We will proove that the projector

1
W : Hy ® H, —— Hi, —% Hy; ® H

is an isomorphism (in which case it is in fact the identity). We do that for the
isomorphic ring spectrum LQ.

Let H’°P Q be the topological spectrum representing rational singular cohomol-

ogy. In the terminology of [NS@09], LQ is a Tate spectrum representing the Landwe-
ber exact cohomology which corresponds to the Adams graded M U.,-algebra Q
obtained by killing every generator of the Lazard ring MU,. The corresponding
topological spectrum is of course H°P Q.
According to [NS@o9, 9.2], the spectrum £ = LQ ® LQ is a Landweber exact
spectrum corresponding to the M U,-algebra Q ®)/y, Q = Q. In particular, the cor-
responding topological spectrum is simply H’°? Q. Thus, according to [NS@o9, 9.7],
applied with F = E = LQ ® LQ, we get an isomorphism of Q-vector spaces

End(LQ ® LQ) = Homgq(Q, E...) = Q.

Thus ¥ = A.Id for A € Q. But 2 = 0 is excluded because ¢ is a projector on a
non-trivial factor, so that we can conclude. O
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14.2 Definition

Definition 14.2.1 Let S be any scheme.

We say that an object E of Dp1(S,Q) is Hg-acyclic if H; ® E = 01in Dy1(S, Q).
A morphism of D1 (S, Q) is an Hi-equivalence if its cone is Hp-acyclic (or, equiv-
alently, if its tensor product with Hy is an isomorphism).

An object M of Dp1(S, Q) is Hp-local if, for any Hp-acyclic object E, the group
Hom(E, M) vanishes.

We denote by DM (S) the Verdier quotient of D 41(S, Q) by the localizing sub-
category made of Hp-acyclic objects (i.e. the localization of D 4 1(S, Q) by the class
of H-equivalences).

The objects of DM (S) are called the Beilinson motives.

Proposition 14.2.2 An object E of D1(S, Q) is Hg-acyclic if and only if we have
KGLg®E =0.

Proof This follows immediately from property (K5) (see 14.1.1) and Lemma 14.1.4.0J

Proposition 14.2.3 The localization functor D1(S, Q) — DMgp(S) admits a fully
faithful right adjoint whose essential image in Dx1(S,Q) is the full subcategory
spanned by Hp-local objects. More precisely, there is a left Bousfield localization of
the stable model category of symmetric Tate spectra Sp(S, Q) by a small set of maps
whose homotopy category is precisely DMg(S).

Proof For each smooth S-scheme X and any integers n,i € Z, we have a functor with
values in the category of Q-vector spaces

Fx i = Homp , 5,027 Qs(X), Hs ® (-)(i)[n]) : Sp(S, Q) — Q-mod

which preserves filtered colimits. We define the class of Hp-weak equivalences as
the class of maps of Sp(S, Q) whose image by Fx ,; is an isomorphism for all X
and n, i. By virtue of [Bekoo, Prop. 1.15 and 1.18], we can apply Smith’s theorem
[Bekoo, Theorem 1.7] (with the class of cofibrations of Sp(S, Q)), which implies the
proposition. U

Remark 14.2.4 We shall often make the abuse of considering DMp(S) as a full
subcategory in D1 o(S), with an implicit reference to the preceding proposition.

Note that Hp-acyclic objects are stable by the operations f*, fy and ®, so that
applying Corollary 5.2.5, we obtain a premotivic category DMy together with a
premotivic adjunction:

(14.2.4.1) B*:Dp1 g = DMg : B..

Proposition 14.2.5 The spectrum Hp s is Hp-local and the unit map npy
1 — Hp_s is an Hp-equivalence in D p1(S, Q).
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Proof The unit map n : 1s — Hy s is an Hi-equivalence by 14.1.6.
Consider a rational spectrum E over S such that E ® Hz = 0 and a map f :
E — Hg. It follows trivially from the commutative diagram

E —f>HB’S

1®7]J 1®7]J \
fel M

E®Hys —— Hg s ® Hg s —— Hp s

that f = 0, which shows that Hy g is H-local. U

Corollary 14.2.6 The family of ring spectra Hy s comes from a cofibrant cartesian
commutative monoid (7.2.10) of the symmetric monoidal fibred model category of
Tate spectra over the category of schemes.

Proof By virtue of Proposition 14.2.5 and of Corollary 7.1.9, there exists a cofibrant
commutative monoid in the model category of symmetric Tate spectra over Spec (Z)
which is canonically isomorphic to Hg z in D s1(Spec(Z), Q) (as commutative ring
spectrum). For a morphism of schemes f : S — Spec (Z), we can then define Hy s
as the pullback of Hp z (at the level of the model categories); using Proposition
7.1.11, we see that this defines a cofibrant cartesian commutative monoid on the
fibred category of spectra which is isomorphic to Hi s as commutative ring spectra
in Dy1(S, Q). O

14.2.7 From now on, we shall assume that Hg is given by a cofibrant cartesian
commutative monoid of the symmetric monoidal fibred model category of Tate
spectra over the category of schemes. By virtue of propositions 7.2.11 and 7.2.18), we
get the motivic category Ho(H - mod) of Hi-modules, together with a commutative
diagram of morphisms of premotivic categories

Dy1q Hs o) Ho(Hg- mod)

S~

DMg

(any Hp-acyclic object becomes null in the homotopy category of Hi-modules by
definition, so that Hp ® (—) factors uniquely through DM by the universal property
of localization).

Proposition 14.2.8 The forgetful functor U : Ho(Hp-mod)(S) — Dx1(S,Q) is
fully faithful.

Proof We have to prove that, for any Hy_s-module M, the map
HB,S M — M

is an isomorphism in D1 o(S). As this is a natural transformation between exact
functors which commute with small sums, and as D1 q is a compactly generated
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triangulated category, it is sufficient to check this for M = Hp s ® E, with E a
(compact) object of D g1 o(S) (see 7.2.7). In this case, this follows immediately from
the isomorphism (14.1.6.1). O

Theorem 14.2.9 The functor DMy (S) — Ho(Hg s- mod) is an equivalence of tri-
angulated monoidal categories.

Proof This follows formally from the preceding proposition by definition of DMp
(see for instance [GZ67, Chap. I, Prop. 1.3]). U

Remark 14.2.10 The preceding theorem shows that the premotivic category of Hp-
modules Ho(Hg- mod) as well as the morphism D1 g — Ho(Hp-mod) are com-
pletely independent of the choice of the strictification of the (commutative) monoid
structure on Hy given by Corollary 14.2.6.

Corollary 14.2.11 The premotivic category DMp =~ Ho(Hp-mod) is a Q-linear
motivic category.

Proof 1t follows from Proposition 7.2.18 and Theorem 14.2.9 that DMy satisfies the
homotopy, stability and localization properties (because this is true for D1 g by
6.2.2). It is also well generated because it is a localization of D1 . Thus we can
apply Remark 2.4.47 to conclude. O

Remark 14.2.12 One can also prove that DMy is motivic much more directly: this
follows from the fact that D41 g is motivic and that the six Grothendieck operations
preserve Hi-acyclic objects, so that all the properties of D1 g induce their analogs
on DMy by the 2-universal property of localization (we leave this as an easy exercise
for the reader).

Definition 14.2.13 For a scheme X, we define its Beilinson motivic cohomology by
the formula:

HE(X,Q(p)) = Homp, x)(Lx, Lx(p)[g]) -

In fact, according to the preceding corollary, the cohomology theory defined above
is represented by the ring spectrum Hp. In particular, we can now justify the termi-
nology of Beilinson motives:

Corollary 14.2.14 For any regular scheme X, we have a canonical isomorphism

HE(X,Q(p) = Gry Kap—g(X)q -

14.2.15 Recall from Paragraph 14.1.5 that Hp s is canonically oriented for any
scheme S. Moreover, these orientations are compatible with pullbacks with respect
to S. This means in particular that the motivic triangulated category DMy is oriented
(see Example 12.2.3).

In particular, the fibred category DMy satisfies the usual Grothendieck 6 functors
formalism. We refer the reader to Theorem 2.4.50 for the precise statement.
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It was remarked in Paragraph 14.1.5 that Hp s is the universal oriented ring
spectrum with additive formal group law over S. This property can be expressed by
the following nice description of Beilinson motives:

Corollary 14.2.16 Let E be a rational spectrum over S. The following conditions
are equivalent:

(i) E is a Beilinson motive (i.e. is in the essential image of the right adjoint of the
localization functor Dar q — DMg);
(ii) E is Hg-local;
(iii) the map n ® 1g : E — Hgp ® E is an isomorphism;
(iv) E is an Hp-module in D g1 ;
(v) E is admits a strict Hg-module structure.

If, in addition, E is a commutative ring spectrum, these conditions are equivalent to
the following ones:

(Ri) E is orientable;
(Rii) E is an Hp-algebra;
(Riii) E admits a unique structure of Hy-algebra;

And, if E is a strict commutative ring spectrum, these conditions are equivalent to
the following conditions:

(Riv) there exists a morphism of commutative monoids Hy — E in the stable model
category of Tate spectra;

(Rv) there exists a unique morphism Hy — E in the homotopy category of commu-
tative monoids of the category of Tate spectra.

Proof The equivalence between statements (i)—(v) follows immediately from 14.2.9.
If E is a ring spectrum, the equivalence with (Ri), (Rii) and R(iii) is a consequence
of 12.2.10 and of the fact that M GLq is Hp-local; see [NS@og, Cor. 10.6]. It remains
to prove the equivalence with (Riv) and (Rv). Then, E is Hp-local if and only if the
map E — Hp ® E is an isomorphism. But this map can be seen as a morphism
of strict commutative ring spectra (using the model structure of 7.1.8 applied to the
model category of Tate spectra) whose target is clearly an Hp-algebra, so that (Riv)
is equivalent to (ii). It remains to check that there is at most one strict Hy-algebra
structure on E (up to homotopy), which follows from the fact that Hy is the initial
object in the homotopy category of commutative monoids of the model category
given by Theorem 7.1.8 applied to the model structure of Proposition 14.2.3. O

Corollary 14.2.17 One has the following properties.

1. The ring structure on the spectrum Hy is given by the following structural maps
(with the notations of 14.1.1).

Lo ®tLo MKGL

Hp ® Hp 2= KGLq ® KGLq =% KGLoy —— Hy,

o

Q X% KGLq Hy.



352 Beilinson motives and algebraic K-theory

2. The map 1y : Hs — KGLq is compatible with the monoid structures.

3 Let Hp[t,t7] = P,z Hs()[2i] be the free Hp-algebra generated by one
invertible generator t of bidegree (2,1). Then the section u : Q(1)[2] — KGLq
induces an isomorphism of Hg-algebras:

yl, : Hp[t,t™'] — KGLq.

Proof Property (1) follows from properties (2) and (3). Property (2) is a trivial
consequence of the previous corollary. Using the isomorphisms (14.1.4.1) of Lemma
14.1.4, we get a canonical isomorphism

Hg slt, lil] — @ KGLY.
i€Z

Through this isomorphism, the map ;, corresponds to the Adams decomposition
(i.e. to the isomorphism (K5) of 14.1.1) from which we deduce property (3). U

Remark 14.2.18 One deduces easily, from the preceding proposition and from 14.1.6,
another proof of the fact that KGLq is a strict commutative ring spectrum.

The isomorphism (3) is in fact compatible with the grading of each term: the
factor Hp.1' is sent to the factor KGL'"). Recall also the parameter ¢ corresponds to
the unit 8~ in KGL**.

Corollary 14.2.19 The Adams decomposition is compatible with the monoid struc-
ture on KGLq: for any integer i, j,I such that | # i + j, the following map is zero.
0] () Li%4 M . 0]
KGLY ® KGLY) — KGLq ® KGLg — KGLq — KGL

14.2.20 Let R be a Q-algebra with structural morphism ¢. Recall from Paragraph
5.3.36 that we get an adjunction of premotivic triangulated categories:

¢" :Dpa1q — D1 g @
Moreover, for any object M and N of D41 (S), the canonical map
(14.2.20.1) Hom(M,N) ®q R — Hom(¢"(M), ¢*(N)).

is an isomorphism provided M is compact or R is a finite Q-vector space.

In particular, the ring spectrum KGLg := ¢*(KGLq) represents Quillen algebraic
K-theory with coefficients in R over regular schemes. We can repeat Definition 14.2.1
with R-coefficients and this gives the category DM (S, R) of Beilinson motives with
R-coeflicients together with an adjunction:

¢" : DM — DMg(=,R) : ¢..

Moreover, using the canonical map (14.2.20.1) and the fact it is an isomorphism when
M is a constructible Beilinson motives, we immediately extend all the properties
proved so far from Q-coeflicients to R-coefficients.
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14.3 Motivic proper descent

Recall from Definition 4.3.2 we have defined the notion of continuity for a triangu-
lated premotivic category which is the homotopy category of a premotivic model
category, such as the triangulated motivic category DMy — in this case, the notion
of continuity is relative to the Tate twist.

Proposition 14.3.1 The motivic triangulated category DMy is continuous.

Proof We consider the adjunction (14.2.4.1). According to Theorem 14.2.9, the func-
tor 8. commutes with pullbacks by arbitrary morphisms. Thus the continuity property
for DMg follows from the continuity property for D1 g which was established in
Example 6.1.13. O

We will give the main applications of continuity in the section on constructible
Beilinson motives. Recall from 4.3.9 the following corollary of the continuity prop-
erty of the motivic category DMg:

Corollary 14.3.2 Let X be a scheme, and consider an X-scheme Y of finite type.
Given a point x € X, we denote by X" the spectrum of the local henselian ring of
X at the point x. Let ay : Y xx X! — Y be the canonical map. Then the family of
functors

DMg(Y) — DMg(Y xx X*), E +— a’(E)

is conservative.

As the reader might expect, this proposition is very useful to reduce global
properties of the motivic category DMy to local properties. This is in particular
illustrated by the following proposition.

Theorem 14.3.3 The motivic category DMy is separated (on the category of noethe-
rian schemes of finite dimension).

Proof According to Proposition 2.3.9, it is sufficient to check that, for any finite
surjective morphism f : T — S, the pullback functor

f* : DMB(S) — DMD(T)

is conservative.

We argue by induction on the dimension of S.

Let us first treat the case where dim(S) = 0. Using the localization property, we
can assume that S and 7T are reduced (cf. 2.3.6). Then S is a disjoint sum of spectra
of fields. In particular, f is not only finite surjective but also flat. Moreover, it is also
globally free. It will be sufficient to prove that, for any Beilinson motive E over S,
the adjunction map

E— f.f(E)

is a monomorphism in DMg. Using the projection formula in DMy applied to the
finite morphism f (point (5) of Theorem 2.4.50), this latter map is isomorphic to
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(Hs — fuf"(Hp)) ® 1E.

We are finally reduced to prove that the map Hy s — f. f*Hp,s is a monomorphism
in DM (any monomorphism of a triangulated category splits). As Hy; s is a direct
factor of KGLq_s, it is sufficient to find a retraction of the adjunction map

KGLqs — f.f"KGLq.s,

and this follows from Proposition 13.7.6.

Let us finally solve the induction process. Applying the preceding proposition,
we can assume that S is local henselian. Let s be the closed point of S and U be the
open complement. Let f; (resp. fiy) be the pullback of f above s (resp. U). Using
the localization property of DMy and the base change isomorphisms (point (4) of
Theorem 2.4.50), it is sufficient to treat the case of the finite morphisms fi; and f.
The case of fi; follows by the induction hypothesis while the case of f; follows from
the case treated previously. This ends up the induction process. (]

According respectively to Proposition 3.3.33 and Theorem 3.3.37, we deduce from
the preceding proposition the following result:

Theorem 14.3.4 1. The motivic category DMy satisfies étale descent.
2. The motivic category DMy satisfies h-descent when restricted to quasi-excellent
schemes.

Recall this means that for any étale hypercover (resp. h-hypercover of a quasi-
excellent scheme) p : &~ — X and for any Beilinson motive E over X, the map

p":RI(X,E) — RI(Z,E) = R}iLnRF(%n,E)

n

is an isomorphism in the derived category of the category of Q-vector spaces (see
Corollary 3.2.17 taking into account Definition 3.2.20).

14.4 Motivic absolute purity

Theorem 14.4.1 (Absolute purity) Let i : Z — S be a closed immersion between
regular schemes. Assume i has pure codimension n. Then, considering the notations
of 14.1.1, definition 13.5.4, and the identification (14.1.4.1), the composed map
U 0.
Hpz —— KGLg 7z —— i'KGLq s — i*Hg s(n)[2n]
is an isomorphism.

This isomorphism, of equivalently the map obtained by adjunction:

i.(Hg,z) — Hg,s(n)[2n]



14 Beilinson motives 355

is called the fundamental class associated with i. In fact, this is a canonical class in
the Beilinson motivic cohomology of X with support in Z of bidegree (2n,n).

Remark 14.4. 2 It follows from Remark 13.5.5 that the fundamental class in Beilinson
motivic cohomology is compatible with pullback with respect to Tor-independent
square.

Proof We have only to check that the above composition induces an isomorphism
after applying the functor Hom(Qg(X), —(a)[b]) for a smooth S-scheme X and a cou-
ple of integers (a, b) € Z>. Using Remark 13.5.5(3), this composition is compatible
with smooth base change, and we can assume X = S. Let us consider the projector

Pa: KZ(S)q = K (S/S ~ Z)g — K+ (S/S ~ Z)q

induced by 77401, : KGLq — KGLq,and denote by K.(S/S—Z) (with r = 2a—b)
its image. By virtue of Proposition 13.6.1, we only have to check that the following
composite is an isomorphism:

-1 p
pi : K\(Z) —“ Ko(Z)q —— K, (S/S — Z)q —=s K\“*"(S/S - Z).

From 13.5.2, the morphism p; is functorial with respect to Tor-independent cartesian
squares of regular schemes (cf. 13.5.1). Thus, using again the deformation diagram
(13.6.1.1), we get a commutative diagram

K2 —————— KAL) —————— K7(2)

T

KNS /S = Z) —— K“"(D/D - AL) —— K" (P/P - Z)

in which any of the horizontal maps is an isomorphism (as a direct factor of an
isomorphism). Thus, we are reduced to the case of the closed immersion s : Z — P,
canonical section of the projectivization of a vector bundle E (where E is the normal
bundle of the closed immersion 7). Moreover, as the assertion is local on Z, we may
assume E is a trivial vector bundle.

Let p : P — Z be the canonical projection, j : P — Z — P the obvious open
immersion. Considering the element v’ := ([0(1)] — 1) of Ko(P), we let v be its
projection on the first graded part of the y-filtration, v € K(()l)(P).

Recall that, according to the projective bundle formula, the horizontal lines in the
following commutative diagram are split short exact sequences:

0 —— K.(P/P - Z)q —— K,(P)q —— K,(P — Z)q —— 0

| | |

0— K“*"(P/P - 2) 22 K™ (P) — K9P - Z) — 0.
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By assumption on E, v” lies in the kernel of j* and the diagram allows to identify
the graded piece K\“"(P/P — Z) with the submodule of K'“"™(P) of the form
K“9(Z).0m.

On the other hand, j*s. = 0: there exists a unique element € € Ky(Z) such that
s:(1) = p*(€).v™ in Ko(P). From the relation p.s.(1) = 1, we obtain that € is a unit
in Ko(Z), with inverse the element p.(v"). By virtue of [BGI71, Exp. VI, Cor. 5.8],
p«(v"™) belongs to the 0-th y-graded part of Ko(P)q so that the same holds for its
inverse €. In the end, for any element z € K-(Z), we get the following expression:

5:(2) = 5.(1.5"p"(2)) = 5.(1).p"(z) = p*(€.2).v".

Thus, the commutative diagram

-1
KZ) —— K (2)qg —— K, (P|P - Z)qg —— KPP - Z)

N I

K, (P)g ————— K,"(P)

implies that the isomorphism q; ! preserves the y-filtration (up to a shift by n). Hence,
it induces an isomorphism on the graded pieces by functoriality. (]

15 Constructible Beilinson motives
15.1 Definition and basic properties

In this section, we apply the general results of Section 4 to the triangulated motivic
category DMg. Let us first recall the definition of constructibility (Def. 4.2.1) which
corresponds to the Tate twist.

Definition 15.1.1 Given any scheme S, we define the category DMg (S) of con-
structible Beilinson motives over S as the thick triangulated subcategory of DM(S)
generated by the motives of the form Mg(X)(i) for a smooth S-scheme X and an
integeri € Z.

Remark 15.1.2 Constructible Beilinson motives plays towards Beilinson motives the
same role as complexes of étale sheaves with bounded cohomology and constructible
cohomology sheaves plays against complexes of étale sheaves (in the case of torsion
coefficients prime to the residue characteristics). This fact will be even more striking
after Theorems 15.2.1 and 15.2.4.

15.1.3 Recall from Corollary 6.2.2 that Dp1 g is compactly generated by the Tate
twist. According to Theorem 14.2.9, the same is true for the motivic category DMp.
Thus Proposition 1.4.11 gives the following criterion of constructibility for Beilinson
motives:
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Proposition 15.1.4 Given any base scheme S, a Beilinson motive # over S is
constructible if and only if it is compact.

Remark 15.1.5 In the sequel, we will give several concrete descriptions of the category
of constructible Beilinson motives (see Corollaries 16.1.6 and 16.2.16).

Recall from Proposition 14.3.1 that DMy is continuous (with respect to the Tate
twist). Proposition 4.3.4 thus implies the following properties of constructible Beilin-
son motives:

Proposition 15.1.6 Let (Sy)aca be a pro-object of noetherian finite dimensional

schemes with affine transition maps and such that the scheme S = hﬂ Sa IS
a€A
noetherian of finite dimension. Then the canonical functor:

(15.1.6.1) 2-1im DM ¢(Sa) — DMg c(5)

a

is an equivalence of monoidal triangulated categories.

Example 15.1.7 Under the assumptions of the above proposition, for any couple of
integers (p, q), the canonical map

lim H (Se, Q(p)) — H(S,Q(p))

a

is an isomorphism.%*

15.2 Grothendieck 6 functors formalism and duality

The motivic triangulated category DMy is separated (14.3.3) and weakly pure (see
Definition 4.2.20 ; this follows directly from Theorem 14.4.1). Thus the abstract
Theorem 4.2.29 gives the finiteness theorem, which we state here explicitly to help
the reader:

Theorem 15.2.1 The triangulated subcategory DMg . of DMy is stable by the
following operations:

1. [~ for any morphism of schemes f.

2. fi for any morphism f : Y — X of finite type such that X is quasi-excellent
(resp. any proper morphism f).

3. fi for any separated morphism of finite type f.

4. f' for any morphism f : Y — X of finite type such that X is quasi-excellent.

5. ®x for any scheme X.

6. Homy for any quasi-excellent scheme X.

94 This result is to be compared with [Qui73, Sec. 7, 2.2] — it concerns homotopy invariant
K-theory rather than K-theory.
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To be more precise, point (1) and (5) are obvious, the non respe condition of point (2)
is the hardest fact and follows from Theorem 4.2.24, point (3) as well as the respe
condition of point (2) is Corollary 4.2.12, point (4) is Corollary 4.2.28 and point (6)
is Corollary 4.2.25.

15.2.2 Let B be an excellent scheme such that dim(B) < 2. Recall that B satisfies
wide resolution of singularities up to quotient singularities (see Def. 4.1.9 and the
result of De Jong recalled in 4.1.11). Thus according to Corollary 4.4.3, we get the
following description of constructible Beilinson motives:

Proposition 15.2.3 Let S be a separated B-scheme of finite type, and T C S a closed
subscheme. Then the triangulated category DMg (S) is the smallest triangulated
category of DM (S) which contained motives of the form

J(Ix)(n)

where n is an integer and f : X — S is a projective morphism such that X is regular
connected and f~N(T),eq is either empty, either X of the support of a strict normal
crossing divisor.

The main motivation to introduce the notion of constructibility is Grothendieck
duality. We obtain this duality from the theoretical result on motivic triangulated
categories, more precisely Corollary 4.4.24:

Theorem 15.2.4 Let B be an excellent scheme such that dim(B) < 2 and S be a
regular separated B-scheme of finite type.

Then for any separated morphism f : X — S of finite type, the premotive f'(1s)
is a dualizing object of DMy (X). In fact, if we put Dx(M) := Homx(M, f'(1s))
for any constructible Beilinson motives M, the following properties hold:

(a) For any separated S-scheme of finite type X, the functor Dx preserves con-
structible objects.
(b) For any separated S-scheme of finite type X, the natural map

M — Dx(Dx(M))

is an isomorphism for any constructible Beilinson motive M.
(c) For any separated S-scheme of finite type X, and for any Beilinson motive M
and N over X, if N is constructible then we have a canonical isomorphism

Dx(M ®x Dx(N)) ~ Homx(M,N).

(d) For any morphism between separated S-schemes of finite type f : Y — X, we
have natural isomorphisms
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Dy(f*(M)) = f/(Dx(M))
F1(Dx(M)) = Dy(f'(M))
Dx(fi(N)) = £.(Dy(N))
A(Dy(N)) = Dx(f.(N))

where M (resp. N) is a constructible Beilinson motive over X (resp. Y).

15.2.5 Let R be a Q-algebra.®s
We define the premotivic triangulated category of constructible Beilinson motives
with coefficients in R as the category of constructible objects of the category
DMg/(—, R) defined in Paragraph 14.2.20.

According to loc. cit., for any constructible Beilinson motives with coefficients
in Q, we get an isomorphism:

Hompyi, . (sy(M,N) ®q R — Hompy, (s,r) (Le"(M),Le"(N)).

Itis straightforward to see that this isomorphism allows to extend all the results proved
so far for Beilinson motives with coefficient in Q to the case of R-coeflicients.

16 Comparison theorems
16.1 Comparison with Voevodsky motives

16.1.1 We consider the premotivic adjunction of 11.4.1
(16.1.1.1) y" :Da1,q = DMq : 7..

For a scheme S, y.(1g) is a (strict) commutative ring spectrum, and, for any object
M of DMq(S), y«(M) is naturally endowed with a structure of y.(1s)-module. On
the other hand, as we have the projective bundle formula in DMq(S) (11.3.4), y:(1s)
is orientable (12.2.10), which implies that, for any object M of DMgq(S), y.(M) is
an Hp s-module, whence is Hi-local (14.2.16). As consequence, we get a canonical
factorization of (16.1.1.1):

(16.1.1.2) Darq —— DMy —2— DMg.

Consider the commutative diagram of premotivic categories

95 The examples we have in mind are: R = E is a number field, R = C, R = Q, Ql for a prime /.
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DAl,Q y—) DMQ

(16.1.1.3) Pul l'ﬁu
>
Dp1q—— DM,

in which the two vertical maps are the canonical enlargements, and, in particular,
are fully faithful (see 6.1.8).

Let ¢ denotes either the gfh-topology or the h-topology. We also have the following
commutative triangle

Y a*
D ——— DM, —— DM
(16.1.1.4) =ALQ —Q —Q

E*

in which both a¢* and ¢* are induced by the ¢-sheafification functor; see 5.3.31 and
11.1.21. We obtain from (16.1.1.2), (16.1.1.3), and (16.1.1.4) the commutative diagram
of premotivic categories below, in which yy = ¢*a" .
5
DAl .Q —_— DM[‘,
(16.1.1.5) an l){g
-

Dpr,q——DM, g
From now on, we shall fix an excellent noetherian scheme of finite dimension S.
Theorem 16.1.2 We have canonical equivalences of categories
DMg(S) = DMy q(S) = DMy, o(S)

(recall that, for t = qfh,h, DM, q(S) stands for the localizing subcategory of
DMZ’Q(S), spanned by the objects of shape X Qs(X)(n), where X runs over the
Sfamily of smooth S-schemes, and n < 0 is an integer; see 5.3.31).

Proof Let t denote the gfh-topology or the h-topology. We shall prove that the functor
X : DMg(S) — DM, ()
is fully faithful, and that its essential image is precisely DM, q. The functor
B« : DM — Dj1 o($)

is fully faithful, so that its composition with its left adjoint 8* is canonically isomor-
phic to the identity. In particular, we get isomorphisms of functors:

Xy = Xy BB =a" py B
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The right adjoint of a* is fully faithful, and its essential image consists of the objects
of Da1 o(S) which satisfy z-descent (5.3.30). On the other hand, the functor py
is fully faithful, and an object of D1 o(S) satisfies z-descent if and only if its
image by py satisfies ¢-descent (6.1.11). By virtue of Theorem 14.3.4, this implies
immediately that yy is fully faithful. Let DM, q(S) be the localizing subcategory of
DM q(S) spanned by the objects of shape X Q(X)(n), where X runs over the family
of smooth S-schemes, and n < 0 is an integer (5.3.31). We know that DM; o(S) is
compactly generated (see 5.1.29, 5.2.38 and 5.3.40), and that yy is a fully faithful
exact functor which preserves small sums as well as compact objects from DMg(S)
to DM, q(S). As, by construction, there exists a generating family of compact objects
of DM, q(S) in the essential image of xy, this implies that yy induces an equivalence
of triangulated categories DMg(S) =~ DM, o(S) (see 1.3.20). O

Let us underline the following result which completes Corollary 14.2.16:

Theorem 16.1.3 Let E be an object of Dy1(S,Q). The following conditions are
equivalent:

(i) E is a Beilinson motive;
(ii) E satisfies h-descent;
(iii) E satisfies qfh-descent;

Proof We already know that condition (i) implies condition (ii) (second point of
Theorem 14.3.4), and condition (ii) implies obviously condition (iii). It is thus
sufficient to prove that condition (iii) implies condition (i). If E satisfies gfh-descent,
then py(E) satisfies gfh-descentin DM(S, Q) as well. The commutativity of (16.1.1.4)
implies then that py(E) belongs to the essential image of Y, (the right adjoint of y*).
As py is fully faithful, the commutativity of (16.1.1.3) thus implies that E itself
belongs to the essential image of vy, (the right adjoint to y*). In particular, E is then
a module over the ring spectrum 7y.(1g), which is itself an Hp-algebra. We conclude
by Corollary 14.2.16. (]

Theorem 16.1.4 If S is excellent and geometrically unibranch, then the comparison

functor
¢" : DMp(S) — DMgq(S)

is an equivalence of triangulated monoidal categories.

Proof If S is geometrically unibranch, then we know that the composed functor

Yy a*
DMQ(S) I MQ(S) I quh,q(s)

is fully faithful (11.1.22). The commutative diagram

* Yy
DMp;(S) —— DMq(S) —— DM, (S)
\—/)

Xt
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and Theorem 16.1.2 imply that ¢* is fully faithful. As ¢* is exact, preserves small
sums as well as compact objects, and as DMq(S) has a generating family of compact
objects in the essential image of ¢*, the functor ¢* has to be an equivalence of
categories (1.3.20). ]

Remark 16.1.5 Some version of the preceding theorem (the one obtained by replacing
DMg by Ho(Hi- mod)) was already known in the case where S is the spectrum of
a perfect field; see [R@08a, theorem 68]. The proof used de Jong’s resolution of
singularities by alterations and Poincaré duality in a crucial way. The proof of the
preceding theorem we gave here relies on proper descent but does not use any kind
of resolution of singularities.

The preceding theorem allows to give the following description of constructible
Beilinson motives over geometrically unibranch schemes:

Corollary 16.1.6 For any geometrically unibranch scheme S, the functor ¢* induces
an equivalence of triangulated monoidal categories:

DMB,C(S) — DMgm(S, Q)

where the right hand side is the Q-linear version of the category of geometric
(Voevodsky) motives (Definition 11.1.10).

Note that we also applied Proposition 11.1.5 to get this corollary.
We finally point out the following important fact about Voevodsky’s motivic
cohomology spectrum H 4 s = ¥.(1s) with rational coefficients:

Corollary 16.1.7 1. For any geometrically unibranch excellent scheme S, the
canonical map
HE,S —_— H//QZ,S

is an isomorphism of ring spectra.
2. For any morphism f : T — S of excellent geometrically unibranch schemes,
the canonical map
« 17 Q Q
FHy s —Hyqp
is an isomorphism of ring spectra.

The second part is the last conjecture of Voevodsky’s paper [Voeo2b] with rational
coefficients (and geometrically unibranch schemes) — see also Paragraph 11.2.21.

Proof The first part is a trivial consequence of the previous theorem, and the second
follows from the first, as the Beilinson motivic cohomology spectrum is stable by
pullbacks. (|

16.2 Comparison with Morel motives

16.2.1 Let S be a scheme. The permutation isomorphism
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(16.2.1.1) 7 Q1] @5 Q(D[1] — QD[] @5 QL[]
satisfies the equation 72 = 1 in D41(S,Q). Hence it defines an element € in
EndDAl(S,Q)(Q) which also satisfies the relation €2 = 1. We define two projec-
tors

1- 1+
(16.2.1.2) e, = TE and e_ = 5 €

As the triangulated category D 41 (S, Q) is pseudo abelian, we can define two objects
by the formule:

(16.2.1.3) Q,=Ime;, and Q_=Ime_.

Then for an object M of D1 (S, Q), we set

(16.2.1.4) M,=Q,eyM and M =Q ®4M.

It is obvious that for any objects M and N of D,1(S, Q), one has
(16.2.1.5) HomDAl(S,Q)(Mi,Nj) =0 fori,je€ {+ -} withi # .

Denote by Dy 1(S, Q)+ (resp. Dp1(S,Q)-) the full subcategory of D,1(S, Q) made
of objects which are isomorphic to some M., (resp. some M_) for an object M in
Da1(S, Q). Then (16.2.1.5) implies that the direct sum functor (M, M_) — M, & M_
induces an equivalence of triangulated categories

(16.2.1.6) (Da1(8,Q)+) x (Dp1(S,Q)-) = D1(5.Q) .

We shall call D1 (S, Q). the category of Morel motives over S. The aim of this section
is to compare this category with DMp(S) (see Theorem 16.2.13). This will consists
essentially of proving that Q. is nothing else than Beilinson’s motivic spectrum Hp
(which was announced by Morel in [Moro6]). The main ingredients of the proof
are the description of DMp(S) as full subcategory of D,1(S,Q), the homotopy
t-structure on Dy1(S,Q), and Morel’s computation of the endomorphism ring of
the motivic sphere spectrum in terms of Milnor-Witt K-theory [Moro3, Moro4a,
Moro4b, Mori12].

16.2.2 For a little while, we shall assume that S is the spectrum of a field k.
Recall that the algebraic Hopf fibration is the map

A2 {0} — P, (xy)— [xy].
This defines, by desuspension, a morphism
n:QM[1] —Q

in DA1(S,Q); see [Moro3, 6.2] (recall that we identify D »1(S, Q) with SHq(S) and
that, under this identification, Q(1)[1] corresponds to X*°(Gy;)).
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Lemma 16.2.3 We have n = en in Homp , s, (Q(1)[1], Q).
Proof See [Moro3, 6.2.3]. U

16.2.4 Recall the homotopy t-structure on D1 (S, Q); see [Moro3s, 5.2]. To remain
close to the conventions of loc. cit., we shall adopt homological notations, so that,
for any object M of D,1(S, Q), we have the following truncation triangle

TsoM — M — ToM — 1-gM[1].

We whall write Hy for the zeroth homology functor in the sense of this 7-structure.
This ¢-structure can be described in terms of generators, as in [Ayoo7a, definition
2.2.41]: the category Da1(S,Q)>¢ is the smallest full subcategory of Dj1(S,Q)
which contains the objects of shape Qs(X)(m)[m] for X smooth over S, m € Z, and
which satisfies the following stability conditions:

(a) Da1(S,Q)x0 is stable under suspension; i.e. for any object M in Dy1(S,Q)>0,
M[1]isin Da1(S, Q)s0;
(b) DA1(S,Q)>0 is closed under extensions: for any distinguished triangle

M —M—M'— M[1],
if M" and M" are in D1(S,Q)>0, so is M;
(c) Dp1(S, Q)0 is closed under small sums.

With this description, it is easy to see that D,1(S, Q) is also closed under tensor
product (because the class of generators has this property). The category D1 (S, Q) <o
is the full subcategory of D 41(S, Q) which consists of objects M such that

Homp, , (5,q)(Qs(X)(m)[m + n], M) =0

for X/S smooth, m € Z, and n > 0; see [Ayoo7a, 2.1.72].
Note that the heart of the homotopy #-structure is symmetric monoidal, with
tensor product ®" defined by the formula:

F &" G = Hy(F ®% G)

(the unit object is Hp(Q)).
We shall still write  : Hy(Q(1)[1]) — Hp(Q) for the map induced by the alge-
braic Hopf fibration.

Proposition 16.2.5 Tensoring by Q(n)[n] defines a t-exact endofunctor of D 51 (S, Q)
for any integer n.

Proof As tensoring by Q(n)[n] is an equivalence of categories, it is sufficient to prove
this for n > 0. This is then a particular case of [Ayoo7a, 2.2.51]. ]

Proposition 16.2.6 For any smooth S-scheme X of dimension d, and for any object
M of D1 (S, Q), the map
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Hom(Qs(X), M) — Hom(Qs(X), M<y)
is an isomorphism for n > d.

Proof Using [Moro3, lemma 5.2.5], it is sufficient to prove the analog for the homo-
topy ¢-structure on Dzﬁl Q(S), which follows from [Moros, lemma 3.3.3]. O

Proposition 16.2.7 The homotopy t-structure is non degenerated. Even better, for
any object M of D1(S, Q), we have canonical isomorphisms

Lli_rr}n;,,M:M and R}iLnTMM:O,

n n

as well as isomorphisms

Llim7,M ~0 and M ~Rlimt,M .
— —

n n

Proof The first assertion is a direct consequence of propositions 16.2.5 and 16.2.6
(because the objects of shape Qgs(X)(m)[i], for X/S smooth, and m,i € Z, form a
generating family). As the objects Qs(X)(m)[m + n] are compact in D1 (S, Q), the
category Dp1(S, Q)< is closed under small sums. As Dy1(S, Q)0 is also closed
under small sums, we deduce easily that the truncation functors 7. and 7<( preserve
small sums, which implies that the homology functor Hy has the same property.
Moreover, if

C0_> _’Cn_>Cn+1_>

is a sequence of maps in Dy1(S,Q), then C = Lli_n)l C, fits in a distinguished
n

triangle of shape

Pa=Pa—c— Pal
n n n

where s is the map induced by the maps C,, — C,,11. This implies that, for any
integer i, we have
lim H;(Cy) = H;(C)

(where the colimit is taken in the heart of the homotopy #-structure). As the homotopy
t-structure is non degenerated, this proves the two formulas

Lh_r>n7>nM:M and Lll'_I>nT5nM20.
n n

Let X be a smooth S-scheme of finite type, and p, g be some integer. To prove
that the map

Hom(Qs(X)(m)[i], M) — Hom(Qs(X)(m)[i]. R lim <, M)

n
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is bijective, we may assume that m = 0 (replacing M by M(—m)[—m] and i by i — m,
and using Proposition 16.2.5). Consider the Milnor short exact sequence below, with
A = Qs(X)[{] (in which the first map is injective, but we will not use it):

liﬂll Hom(A[1],7<,M) — Hom(A, R lim7<, M) — lim Hom(A, 7<, M) — 0.

n n n

Using Proposition 16.2.6, as }iﬁll of a constant functor vanishes, we get that the map
Hom(A, M) — Hom(A,R lin T<nM)
n

is an isomorphism. This gives the isomorphism

M ~ R!iLnTS,,M.

n

Using the previous isomorphism, and by contemplating the homotopy limit of the
homotopy cofiber sequences

TsyM — M — 7z, M

we deduce the isomorphism Rlim 7.,M =~ 0. O
~n

Lemma 16.2.8 We have Hg € DA1(S,Q)s0, so that we have a canonical map
Hyp — Ho(Hp)

inDp1(S, Q). In particular, for any object M in the heart of the homotopy t-structure,
if M is endowed with an action of the monoid Hy(Hp), then M has a natural structure
of Hi-module in D 1(S, Q).

Proof As Hp is isomorphic to the motivic cohomology spectrum in the sense of
Voevodsky (16.1.7), the first assertion is the first assertion of [Moro3, theorem 5.3.2].
Therefore, the truncation triangle for Hp gives a triangle

T>0Hpy — Hp — Ho(Hp) — T50Hp[1],

which gives the second assertion. For the third assertion, consider an object M in
the heart of the homotopy #-structure, endowed with an action of Hy(Hp ). Note that
Da1(S,Q)so is closed under tensor product, so that Hy ®g M is in Dy1(S,Q)>0-
Hence we have natural maps

Hy ® M — Ho(Hyp ®¢ M) — Ho(Ho(Hg) ®¢ M) = Ho(Hp) ®" M .

Then the structural map Hy(Hp) ®" M — M defines a map Hy; ®§ M — M which
gives the expected action (observe that, as we already know that Hi-modules do
form a thick subcategory of Dy 1(S, Q) (14.2.8), we don’t even need to check all the
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axioms of an internal module: it is sufficient to check that the unit Q — Hp induces
a section M — Hp ®§ M of the map constructed above). O

Lemma 16.2.9 We have the following exact sequence in the heart of the homotopy
t-structure.

Ho(Q()[1]) =2 Ho(Q) — Ho(Hp) — 0

Proof Using the equivalence of categories from the heart of the homotopy #-structure
to the category of homotopy modules in the sense of [Moro3, definition 5.2.4],
by virtue of Corollary 16.1.7 and [Moro3s, theorem 5.3.2], we know that Hy(Hp)
corresponds to the homotopy module K ® Q associated with Milnor K-theory,
while Hy(Q) corresponds to the homotopy module K i‘” W ®Q associated with Milnor-
Witt K-theory (which follows easily from [Mori2, theorems 2.11, 6.13 and 6.40]).
Considering K™ and KW as unramified sheaves in the sense of Morel [Mori2],
this lemma is then a reformulation of the isomorphism

KMY(F)[n = KM (F)
for any field F'; see [Mor12, remark 2.2]. [l

Proposition 16.2.10 We have Hy ., ~ Hyg, and the induced map Q. — Hp gives a
canonical isomorphism Ho(Q+) = Hy(Hp).

Proof The map €(1)[1] : Q(1)[1] — Q(1)[1] can be described geometrically as the
morphism associated with the pointed morphism

1:Gy — G, tr1t

(see the second assertion of [Moro3, lemma 6.1.1]). In the decomposition
Ki(Gp) = k[t,17' ] = k¥ @ Z,

the map ¢ induces multiplication by —1 on Z. Using the periodicity isomorphism
KGL(1)[2] = KGL, we get the identifications:

K1(Gy) > Homsp ) (E°(Gm)[1]. KGL) =~ Hom g (KGL KGL) ~ Ko(k) ~ Z..

Therefore, € acts as the multiplication by —1 on the spectrum KGLq, whence on
Hg as well. This means precisely that Hg, ~ Hp. By Lemma 16.2.3, the class 2
vanishes in Q., so that, appyling the (¢-exact) functor M — M, to the exact sequence
of Lemma 16.2.9, we get an isomorphism Hy(Q4) ~ Hy(Hp,) =~ Ho(Hp). U

Corollary 16.2.11 For any object M in the heart of the homotopy t-structure, M. is
a Beilinson motive.

Proof The object M is an Hy(Q)-module, so that M, is an Hy(Q )-module. By virtue
of Proposition 16.2.10, M, is then a module over Hy(Hp ), so that, by Lemma 16.2.8,
M, is naturally endowed with an action of Hp. O
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Remark 16.2.12 Until now, we did not really use the fact we are in a Q-linear context
(replacing Hp by Voevodsky’s motivic spectrum, we just needed 2 to be invertible
in the preceding corollary). However, the following result really uses Q-linearity
(because, in the proof, we see DMp(S) as a full subcategory of D41(S,Q); see
Proposition 14.2.3).

Theorem 16.2.13 For any noetherian scheme of finite dimension S, the map
Q. — Hpg is an isomorphism in D 51(S, Q). As a consequence, we have a canonical
equivalence of triangulated monoidal categories

D1(S,Q)+ = DMp(S).

This theorem has already been proved by Morel when S is the spectrum of a perfect
field — where the left hand side is the rational category of Voevodsky motives. Morel
announced that the category D, 1(S, Q). should be the category of rational motives
and this theorem confirm his insight.

Proof Observe that, if ever Q. ~ Hg, we have Dj1(S, Q) = DMg(S): this follows
from the fact that an object M of D 51 (S, Q) belongs to D1 (S, Q). (resp. to DM (S))
if and only if there exists an isomorphism M =~ M, (resp. M ~ Hp ®g M;see 14.2.16).
It is thus sufficient to prove the first assertion.

As both Q. and Hy are stable by pullback, it is sufficient to treat the case where
S = Spec (Z). Using Corollary 14.3.2, we may replace S by any of its henselisations,
so that, by the localization property, it is sufficient to treat the case where S is the
spectrum of a (perfect) field k.

We shall prove directly that, for any object M of D1 (S, Q), M, is an Hz-module
(or, equivalently, is Hi-local). Note that DM(S) is closed under homotopy limits
and homotopy colimits in D41 (S, Q): indeed the inclusion functor DM — Dy g
has a left adjoint which preserves a family of compact generators, whence it also has
a left adjoint (1.3.19). By virtue of Proposition 16.2.7, we may thus assume that M
is bounded with respect to the homotopy ¢-structure. As DM (S) is certainly closed
under extensions in D41 (S, Q), we may even assume that M belongs to the heart the
homotopy #-structure. We conclude with Corollary 16.2.11. U

Corollary 16.2.14 For any noetherian scheme of finite dimension S, if —1 is a sum
of squares in all the residue fields of S, then Q- =~ 0 in D,1(S,Q), and we have a
canonical equivalence of triangulated monoidal categories

D1 (S,Q) =~ DM (S).

Proof Itis sufficient to prove that, under this assumption, Q- = 0. As in the preceding
proof, we may replace S by any of its henselisations (4.3.9), so that, by the localization
property (and by induction on the dimension), it is sufficient to treat the case where
S is the spectrum of a field k. We have to check that, if —1 is a sum of squares in &,
then we have e = —1. Using [Moro3, remark 6.3.5 and lemma 6.3.7], we see that, if
k is of characteristic 2, we always have € = —1, while, if the characteristic of k is
distinct from 2, we have a morphism of rings
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GW(k) — Homp , (spec)(Q Q).

where G W (k) denotes the Grothendieck-Witt ring®® over k. This morphism sends
the class of the quadratic form —X? to —e and this proves the result. (For a more
precise version of this, with integral coefficients, see [Mor12, proposition 2.13].) [

16.2.15 Recall from Example 5.3.43 that we can describe the category D1 (S, Q)
of compact objects of D,1(S,Q) as the triangulated monoidal category obtained
from

:
(K” (@sm/s)) /(BGs U 74y)

by formally inverting the Tate twist. The operation e still acts on this category
and the decomposition in + and — part of a motive respects constructibility as this
is a decomposition by direct factors. The preceding theorem gives the following
description of constructible Beilinson motives:

Corollary 16.2.16 For any noetherian scheme of finite dimension S, there is a canon-
ical equivalence of triangulated monoidal categories

DM5.¢(S) = Da1 (S, Q)+

When —1 is a sum of square in all the residue fields of S, this equivalence can be
written:
DMg c(S) = Dyt (S, Q).

16.2.17 Consider the Q-linear étale motivic category D1 ¢:(—, Q), defined by

Da1,6(5,Q) = Da1(She (Sm/S, Q)

(see 5.3.31). The étale sheafification functor induces a morphism of motivic cate-
gories

(16.2.17.1) Dp1(S.Q) — Da1 ¢(5,Q).
We shall prove the following result, as an application of Theorem 16.2.13.

Theorem 16.2.18 For any noetherian scheme of finite dimension S, there is a canon-
ical equivalence of categories

DME(S) = Da1 (S, Q).

As for Theorem 16.2.13, the idea of this result is from F. Morel who already proved
it at least in the case of a base field.

In order prove the above Theorem, we shall study the behaviour of the decompo-
sition (16.2.1.3) in D1 ¢4(S,Q):

Lemma 16.2.19 We have Q_ =~ 0in Dp1 (S, Q).

% j.e. the Grothendieck group of quadratic forms
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Proof Proceeding as in the proof of Theorem 16.2.13, we may assume that S is the
spectrum of a perfect field k. By étale descent, we see that we may replace k by
any of its finite extension. In particular, we may assume that —1 is a sum of squares
in k. But then, by virtue of Corollary 16.2.14, Q- =~ 0 in D41(S,Q), so that, by
functoriality, Q- = 0 in Dy1_4:(S,Q). (]

Proof (Proof of Theorem 16.2.18) Note that the functor (16.2.17.1) has a fully faithful
right adjoint, whose essential image consists of objects of D1 (S, Q) which satisfy
étale descent. As any Beilinson motive satisfies étale descent (first point of 14.3.4),
DM5(S) can be seen naturally as a full subcategory of D1 (S, Q). On the other
hand, by virtue of the preceding lemma, any object of D 41 (S, Q) which satisfies étale
descent belongs to D, 1(S, Q). Hence, by Theorem 16.2.13, any object of D 51(S, Q)
which satisfies étale descent is a Beilinson motive. This achieves the proof. t

Remark 16.2.20 If S is excellent, and if all the residue fields of S are of characteristic
zero, one can prove Theorem 16.2.18 independently of Morel’s theorem: this follows
then directly from a descent argument, namely from Corollary 3.3.38 and from
Theorem 16.1.3.

Corollary 16.2.21 For any regular noetherian scheme of finite dimension S, we have
canonical isomorphisms

Homp,, 5.0(Qs. Qs(P)lg]) = GriKap-g(S)q -

Proof This follows immediately from Theorem 16.2.18, by definition of DMp
(14.2.14). O

Corollary 16.2.22 For any geometrically unibranch excellent noetherian scheme of
finite dimension S, there is a canonical equivalence of symmetric monoidal triangu-
lated categories

DAl,ét(S’ Q) = DM(S’ Q) .
Proof This follows from theorems 16.1.4 and 16.2.18. U

Remark 16.2.23 The preceding corollary extends immediately to the case of coef-
ficients in a Q-algebra R (cf. Example 5.3.36 for the left hand side and Paragraph
14.2.20 for the right hand side).

Corollary 16.2.24 Let S be an excellent noetherian scheme of finite dimension. An
object of D p1(S, Q) satisfies h-descent if and only if it satisfies étale descent.

Proof This follows from theorems 16.1.3 and 16.2.18. t
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17 Realizations
17.1 Tilting

17.1.1 Let .Z be a stable perfect symmetric monoidal Sm-fibred combinatorial
model category over an adequate category of .#’-schemes ., such that Ho(.#) is
motivic, with generating set of twists 7.

Consider a homotopy cartesian commutative monoid & in .#. Then &-mod
is an Sm-fibred model category, such that Ho(&- mod) is motivic, and we have a
morphism of motivic categories (see 7.2.13 and 7.2.18)

Ho(.#) — Ho(&-mod), Mi— &' M.

In practice, all the realization functors are obtained in this way (at least over fields),
which can be formulated as follows (for simplicity, we shall work here in a Q-linear
context, but, if we are ready to consider higher categorical constructions, there is no
reason to make such an assumption).

17.1.2 Consider a quasi-excellent noetherian scheme S of finite dimension, as well as
two stable symmetric monoidal Sm-fibred combinatorial model categories .# and
' over the category of S-schemes of finite type such that Ho(.#') and Ho(.#") are
motivic (as triangulated premotivic categories). We also assume that both Ho(.#)
and Ho(.#") are Q-linear and separated.

Consider a Quillen adjunction

(17.1.2.1) oM =M.,
inducing a morphism of Sm-fibred categories
(17.1.2.2) Ly* : Ho(.#) — Ho(A4") .

We consider both Ho(.#') and Ho(.#") as endowed with their Tate twists, which
defines two motivic subcategories of constructible objects Ho(.#). and Ho(.Z"),,
respectively. The functor Ly™* preserves constructible objects, and thus defines a
morphism of premotivic categories

(17.1.2.3) Lo : Ho(A#). — Ho(.4"). .

Proposition 17.1.3 Under the assumptions of 17.1.2, if, for any regular S-scheme of
finite type X, and for any integers p and q, the map

Hompo(.z)x)(1x, Ix(p)lg]) — Homuoz)x)(1x, 1x(p)lq])

is bijective, then the morphism (17.1.2.3) is an equivalence of premotivic categories.
Moreover, if both Ho(.#') and Ho(.#") are compactly generated by their Tate twists,
then the morphism (17.1.2.2) is an equivalence of motivic categories.
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Proof Note first that, for any separated S-scheme of finite type X, and for any integers
p and ¢, the map

Hompyo.z)x)(1x, 1x(p)lg]) — Homuezx)(1x, 1x(p)lgl)

is bijective. Indeed, it is equivalent to prove that the maps

RI(X, 1x(p)) — RI(X, ¢"(1x)(p))

are isomorphisms in the derived category of Q-vector spaces: by h-descent (3.3.37),
and by virtue of Gabber’s weak uniformization Theorem 4.1.2, it is sufficient to treat
the case where X is regular, which is done by assumption. Let 7" be an S-scheme of
finite type. To prove that the functor

Ly" : Ho(.A)c(T) — Ho(2")c(T)

is fully faithful, it is sufficient to choose two small families 2 and B of objects
of Ho(.#)(T) such that the thick subcategory generated by 2 (by B, respectively)
contains Ho(.#)(T'), and to check that the map

Homuo(.z)1)(A, B) — Homuo( .z 1) (¢ (A), " (B))

are bijective, where A and B run over U and B, respectively. By virtue of Proposition
4.2.13, it is thus sufficient to prove that, for any separated smooth morphism f :
X — T, for any projective morphism g : ¥ — T, and for any integers p and g, the
map

Hompo(z)(Lfg(1x), Rg.(Ty)()lg]) — Homgo(z)(Lfg(1x). Rg.(Ty)(p)lg])

is an isomorphism. Consider the pullback square

Xxr Y22 oy

an Jg
X———T

f

From Proposition 2.4.53, the functor ¢* commutes with f; when f is a separated mor-
phism of finite type. One then easily concludes using this fact and the isomorphisms
(obtained by adjunction and smooth (or proper) base change)

Hom(Lf;(1x), Rg.(1y)(p)lq]) = Hom(1x,Lf" Rg.(1x)(p)[q])
= Hom(1x, Rprq . Lpry(1x)(p)lgl)
=~ Hom(1x, Rpry .(Ixxrv)(P)q)),
~ Hom(1xx, v, Lxxsy(P)[q]),
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that (17.1.2.3) is fully faithful and that Ho(.#").(T) is the thick subcategory generated
by the image by L¢* of constructible objects of Ho(.Z)(T). In other words, the
functor (17.1.2.3) is an equivalence of categories.

If, moreover, both Ho(.#') and Ho(.#") are compactly generated by their Tate
twists, then the sum preserving exact functor

Ly* : Ho(.#)(T) — Ho(.#')(T)

is an equivalence at the level of compact objects, hence is an equivalence of categories
(1.3.20). [l

17.1.4 Under the assumptions of 17.1.2, assume that .# and .#’ are strongly Q-
linear (7.1.4), left proper, tractable, satisfy the monoid axiom, and have cofibrant unit
objects. Let &’ be a fibrant resolution of 1 in .#’(Spec (k)). By virtue of Theorem
7.1.8, we may assume that &’ is a fibrant and cofibrant commutative monoid in
A'. Then Ry, (1) = ¢.(&’) is a commutative monoid in .#Z . Let & be a cofibrant
resolution of ¢.(&”) in .# (Spec (k)). Using Theorem 7.1.8, we may assume that &
is a fibrant and cofibrant commutative monoid, and that the map

& — R (&)

is a morphism of commutative monoids (and a weak equivalence by construction).
We can see & and &’ as cartesian commutative monoids in .# and .# "’ respectively
(by considering their pullbacks along morphisms of finite type f : X — Spec (k)).
We obtain the essentially commutative diagram of left Quillen functors below (in
which the lower horizontal map is the functor induced by ¢* and by the change of
scalars functor along the map ¢*(&) — &”):

M ——— A’

(17.1.4.1) l J

&-mod —— &’-mod

where &-mod and &’-mod are respectively the model premotivic categories of
&-modules and &’-modules (see Proposition 7.2.11).

Note furthermore that the right hand vertical left Quillen functor is a Quillen
equivalence by construction (identifying .#’(X) with 1x-modules, and using the
fact that the morphism of monoids 1x — &Y is a weak equivalence in .Z"(X)).

Theorem 17.1.5 Consider the assumptions of 17.1.4, with S = Spec (k) the spectrum
of a field k. We suppose furthermore that one of the following conditions is verified.

(i) The field k is perfect.
(it) The motivic categories Ho(.# ) and Ho(.#") are continuous and semi-separated.

Then the morphism

Ho(&-mod). — Ho(&”’-mod). =~ Ho(.Z").
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is an equivalence of motivic categories. Under these identifications, the morphism
(17.1.2.3) corresponds to the change of scalar functor

Ho(.#), — Ho(#"). ~ Ho(&-mod),, Mi— &R M.

If moreover both Ho(#') and Ho(.#") are compactly generated by their Tate twists,
then these identifications extend to non-constructible objects, so that, in particular,
the morphism (17.1.2.2) corresponds to the change of scalar functor

Ho(.#) — Ho(.#") ~ Ho(&-mod), Mi+— &M .

Remark 17.1.6 This theorem can be thought as (a part of) a tilting theory for motivic
(homotopy) categories. Remark that the theorem above readily implies that the
morphism of motivic categories

¢ : Ho(A). — Ho(.#")

commutes with the six operations (because the, by virtue of Theorem 4.4.25, the
functor M — & ®“ M has this property, as well as the inclusion Ho(.#Z"’). C
Ho(.4")).

Proof For any regular k-scheme of finite type X, and for any integers p and g, the
map
Hompo(.z)x)(1x, Ex (p)lg]) — Homuo(.sx)(Lx, Ex(p)lq])

is bijective: this is easy to check whenever X is smooth over k, which proves the
assertion under condition (i), while, under condition (ii), we see immediately from
Proposition 4.3.16 that we may assume condition (i). The first assertion is then a
special case of the first assertion of Proposition 17.1.3. Similarly, by Proposition
7.2.7, the second assertion follows from the second assertion of Proposition 17.1.3.0]

Example 17.1.7 Let ./ be the stable Sm-fibred model category of Tate spectra, so
that Ho(.#') = D1 q, and write ./ for the left Bousfield localization of .# by the
class of Hp-equivalences (see 14.2.3), so that Ho(.#Z5) = DMg.

Let k be a field of characteristic zero, endowed with an embedding o : k — C.
Given a complex analytic manifold X, let .#,,(X) be the category of complexes of
sheaves of Q-vector spaces on the smooth analytic site of X (i.e. on the category of
smooth analytic X-manifolds, endowed with the Grothendieck topology correspond-
ing to open coverings), endowed with its local model structure (see [Ayoo7b, 4.4.16]
and [Ayo10]). We shall write .#Z EJZ . (X) for the stable left Bousfield localization of
M 4n(X) by the maps of shape Q(U x D) — Q(U) for any analytic smooth X(C)-
manifold U (where D' denotes the closed unit disc). We define at last .# ey (X) as
the stable model category of analytic Q(1)[1]-spectra in .# ;jgtti(X ), where Q(1)[1]
stands for the cokernel of the map Q — Q(A!%" — {0}) induced by 1 € C; see
[Ayo1o, section 1].

Given a k-scheme of finite type X, we shall write

(17.1.7.1) D etti(X) := Ho( A etri (X))
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(where the topological space X(C) is endowed with its canonical analytic structure).
According to [Ayo10, 1.8 and 1.10], there exists canonical equivalences of categories
(17.1.7.2) D geta(X) = Ho(#50,,(X)) = D(X(C),Q),

where D(X(C), Q) stands for the (unbounded) derived category of the abelian cate-
gory of sheaves of Q-vector spaces on the small site of X(C). By virtue of [Ayo1o,
section 2], there exists a symmetric monoidal left Quillen morphism of monoidal
Sm-fibred model categories over the category of k-schemes of finite type

(17.1.7.3) An® 2 M — MBeti »

which induces a morphism of motivic categories over the category of k-schemes of
finite type. Hence R An.(1) is a ring spectrum in D o1 (Spec (k)) which represents
Betti cohomology of smooth k-schemes. As D p.4; satisfies étale descent, it follows
from Corollary 3.3.38 that it satisfies h-descent, from which, by virtue of Theorem
16.1.3, the morphism (17.1.7.3) defines a left Quillen functor

(17.1.7.4) An" : My — M Betti
hence gives rise to a morphism of motivic categories
(17.1.7.5) DMp — Dpetti»

the Betti realization functor of Beilinson motives.

Appyling Theorem 17.1.5 to (17.1.7.4), we obtain a commutative ring spectrum
&Betti = RAn.(1) which represents Betti cohomology of smooth k-schemes, such
that the restriction of the functor (17.1.7.5) to constructible objects corresponds to
the change of scalars functors M +— &pete; QU M:

(17.1.7.6) DM5_o(X) — Ho(&pesi- mod)(X) = DE(X(C),Q) .

It should be pointed out that, here, ch’ (X(C),Q) means the derived category of
sheaves which are constructible of geometric origin (i.e. constructible in the algebraic
sense, and not in the analytic sense).

In other words, once Betti cohomology of smooth k-schemes is known, one can
reconstruct canonically the bounded derived categories of constructible sheaves of
geometric origin on X(C) for any k-scheme of finite type X, from the theory of
mixed motives. We expect all the realization functors to be of this shape (which
should follow from (some variant of) Theorem 17.1.5): the (absolute) cohomology
of smooth k-schemes with constant coefficients determines the derived categories
of constructible sheaves of geometric origin over any k-scheme of finite type. For
instance, the geometric part of the theory of variations of mixed Hodge structures
should be obtained from Deligne cohomology, seen as a ring spectrum in DM (k)
(or, more precisely, in .45 (k)). Work in progress of Brad Drew [Dre13, Dre18] goes
in this direction.
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17.2 Mixed Weil cohomologies

Let S be an excellent (regular) noetherian scheme of finite dimension, and K a field
of characteristic zero, called the field of coefficients.

17.2.1 Let E be a Nisnevich sheaf of commutative differential graded K-algebras
(i.e. is a commutative monoid in the category of sheaves of complexes of K-vector
spaces). We shall write

H'(X,E) = Hoijﬂ Q(X)(QX,E [n])

for any smooth S-scheme of finite type X, and for any integer n (note that, if E
satisfies Nisnevich descent and is A'-homotopy invariant, which we can always
assume, using 7.1.8, then H" (X, E) = H"(E(X))).

We introduce the following axioms :

K ifi=0,

0  otherwise.

1 ifi=0o0ri=1,
0 otherwise.

W3 Kiinneth formula.— For any smooth S-schemes X and Y, the exterior cup product
induces an isomorphism

W1 Dimension.— H(S,E) =~ {

W2 Stability.— dimgH (G, E) =

@ HP(X,E)®k HI(Y,E) — H"(X x5 Y,E) .
p+q=n

W3’ Weak Kiinneth formula.— For any smooth S-scheme X, the exterior cup product
induces an isomorphism

B HP(X.E) &k H' (G, E) — H"(X X5 G, E) .
p+q=n

17.2.2 Under assumptions W1 and W2, we will call any non-zero element ¢ €
HY(G,,, E) a stability class. Note that such a class corresponds to a non-trivial map

c:Qs(1) — E
in Dfﬁ Q(S) (using the decomposition Q(G,,) = Q@ Q(1)[1]). In particular, possibly
after replacing E by a fibrant resolution (so that E is homotopy invariant and satisfies

Nisnevich descent), such a stability class can be lifted to an actual map of complexes
of presheaves. Such a lift will be called a stability structure on E.

Definition 17.2.3 A sheaf of commutative differential graded K-algebras E as above
is a mixed Weil cohomology (resp. a stable cohomology) if it satisfies the properties
Wi, W2 and W3 (resp. W1, W2 and W3’) stated above.
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Proposition 17.2.4 Let E be a stable cohomology. There exists a (commutative) ring
spectrum & in DMy (S) with the following properties.

(i) For any smooth S-scheme X, and any integer i, there is a canonical isomorphism
of K-vector spaces

H'(X,E) =~ Hompy, s)(Ms(X), &i]) -

(ii) Any choice of a stability structure on E defines a map Q(1) — & in DMg(S),
which induces an &-linear isomorphism &(1) = &.

Proof One defines explicitly the commutative ring spectrum & as follows. First, by
virtue of Theorem 7.1.8, we may assume that E is a Nisnevich sheaf of commutative
differential graded algebras and is fibrant for the A!-local projective model structure:
for any smooth S-scheme X, the two maps

H"(E(X)) — HYy, (X,E) — H7%. (X x ALE)

are isomorphisms for any n € Z. Let L be the constant Nisnevich sheaf of complexes
of K-vector spaces associated to the kernel of the map induced by S = {1} C G,;;:

L =ker(E(G,,) —— E(5)) .
We remark that L is cofibrant, and one defines
&, = Hom(L®"E)

this sheaf being endowed with an action of the symmetric group on n letters by
permuting the factors on L®". We then have canonical pairings

Hom(L®™,E) ®q Hom(L®",E) — Hom(L®™*",E ®q E) — Hom(L®"*"",E)

which turn the collection & = {&},},,>¢ into a commutative monoid in the category
of symmetric sequences of sheaves of complexes of Q-vector spaces; see Definition
5.3.7. On the other hand, we remark that L is the constant sheaf associated to
I'(S, Hom(Q(1)[1], E)), from which we deduce that there is a natural map

L — Hom(Q(1)[1],E)
which can be transposed into a canonical map
Q(D[1] — Hom(L,E) = & .

This defines a canonical structure of commutative monoid in the category symmetric
Q(1)[1]-spectra on the symmetric sequence & (see Remark 5.3.10)%7.

97 Here, we work with Q(1)[1]-spectra. However, the paper [CD12] is written in the language of
symmetric Q(1)-spectra. We leave as an exercise to the reader the task of the translation, which
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By virtue of [CD12, Proposition 2.1.6], for any smooth S-scheme X, and any
integer I, there is a canonical isomorphism of K-vector spaces

H'(X,E) = Homp, s)(Ms(X),&Til),

and any choice of a stability structure on E defines an isomorphism &(1) ~ &.
Moreover, [CD12, corollary 2.2.8] and Theorem 12.2.10 assert that this ring spectrum
& is oriented, so that, by Corollary 14.2.16, & is an Hg-module, i.e. belongs to
DMg(S). (]

17.2.5 Given a stable cohomology E and its associated ring spectrum &', we can see
& as a cartesian commutative monoid: we define, for an S-scheme X, with structural
map f: X — S:

éx =Lf (&)

(which means that we take a cofibrant replacement &’ of & in the model category
of commutative monoids of the category of Tate spectra, and define & = f*(&”)),
and put

(17.2.5.1) D(X,&) := Ho(&-mod)(X) = Ho(&x-mod).
‘We thus have realization functors
(17.2.5.2) DMg(X) — D(X,8), M & @y M

which commute with the six operations of Grothendieck if ever S is the spectrum
of a field (Theorem 4.4.25). Furthermore, D(—, &) is a motivic category which is
Q-linear (in fact K-linear), separated, and continuous.

For an S-scheme X, define

H?(X,E(p)) = Hompw, x)(Qx, €(p)lq]) = Hompx,&)(6x, Ex(p)lq])
(this notation is compatible with 17.2.1 by virtue of Proposition 17.2.4).

Corollary 17.2.6 Any stable cohomology (in particular, any mixed Weil cohomol-
0gy) extends naturally to S-schemes of finite type, and this extension satisfies coho-
mological h-descent (in particular, étale descent as well as proper descent).

Proof This follows immediately from the construction above and from Theorem
14.3.4. [l

17.2.7 We denote by DY (S, &) the localizing subcategory of D(S, &) generated by
its rigid objects (i.e. by the objects which have strong duals). For instance, for any
smooth and proper S-scheme X, &(X) = & ®§ Ms(X) belongs to DY(S,&); see
2.4.31.

consists in checking that the functor {&), }n>0 = {&u[n]}ns0 is a symmetric monoidal left
Quillen equivalence from symmetric Q(1)[1]-spectra to symmetric Q(1)-spectra, which is also a
right Quillen functor (and thus, in particular, preserves and detects stable A!-equivalences).
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If we denote by D(K) the (unbounded) derived category of the abelian category
of K-vector spaces, we get the following interpretation of the Kiinneth formula.

Theorem 17.2.8 If E is a mixed Weil cohomology, then the functor
R Homg(&,-) : DY(S,&) — D(K)
is an equivalence of symmetric monoidal triangulated categories.
Proof This is [CD12, theorem 2.6.2]. [l
Theorem 17.2.9 If S is the spectrum of a field, then D (S, &) = D(S, &).
Proof This follows then from Corollary 4.4.17. t

Remark 17.2.10 It is not reasonable to expect the analog of Theorem 17.2.9 to hold
whenever S is of dimension > 0; see (the proof of) [CD12, corollary 3.2.7]. Heuristi-
cally, for higher dimensional schemes X, the rigid objects of D(X, &) are extensions
of some kind of locally constant sheaves (in the £-adic setting, these correspond to
Q/-faisceaux lisses).

Corollary 17.2.11 If E is a mixed Weil cohomology, and if S is the spectrum of a
field, then the functor

R Homg(&,-) : D(S,&) — D(K)
is an equivalence of symmetric monoidal triangulated categories.

Remark 17.2.12 This result can be thought as a tilting theory for the spectra associated
with mixed Weil cohomologies.

17.2.13 Assume that £ is a mixed Weil cohomology, and that S is the spectrum
of a field k. For each k-scheme of finite type X, denote by D.(X, &) the category
of constructible objects of D(X,&’): by definition, this is the thick triangulated
subcategory of D(X, &) generated by objects of shape &(Y) = & ®}( Mx(Y) for Y
smooth over X (we can drop Tate twists because of 17.2.4 (ii)). The category D (X, &)
also coincides with the category of compact objects in D(X, &); see 1.4.11. Write
D?(K) for the bounded derived category of the abelian category of finite dimensional
K-vector spaces. Note that D? (K) is canonically equivalent to the homotopy category
of perfect complexes of K-modules, i.e. to the category of compact objects of D(K).

Corollary 17.2.14 Under the assumptions of 17.2.13, we have a canonical equiva-
lence of symmetric monoidal triangulated categories

D.(Spec (k), &) ~ DP(K).

Proof This follows from 17.2.11 and from the fact that equivalences of categories
preserve compact objects. (]
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Corollary 17.2.15 Under the assumptions of 17.2.13, if E" is another K-linear stable
cohomology with associated ring spectrum &', any morphism of presheaves of com-
mutative differential K-algebras E — E’ inducing an isomorphism H' (G, E) ~
HY(G,,, E’) gives a canonical isomorphism & ~ &' in the homotopy category of
commutative ring spectra. In particular, we get canonical equivalences of categories

D(X,&) = D(X, &)

for any k-scheme of finite type X (and these are compatible with the six operations
of Grothendieck, as well as with the realization functors).

Proof This follows from Theorem 17.2.9 and from [CD12, Theorem 2.6.5]. O

The preceding corollary can be stated in the following way: if & and &’ are two
(strict) commutative ring spectra associated to K-linear mixed Weil cohomologies
defined on smooth k-schemes E and E’, respectively, then any morphism & — &’
in the homotopy category of (commutative) monoids in the model category of K-
linear Tate spectra is invertible. Moreover, & is isomorphic to &” if and only if E is
isomorphic to E’ (in the appropriate homotopy categories of commutative monoids).
To be more precise (and more general), this last assertion follows immediately from
Corollary 17.2.15 and from the following result.

Proposition 17.2.16 Let E be a commutative monoid in the A'-stable model cat-
egory of sheaves of complexes of symmetric Q(1)[1]-spectra over the Nisnevich
smooth site of k. Suppose that there exists an isomorphism E(1) =~ E in the homotopy
category of E-modules and that

K ifn=0,
H(Spec (k). B) = 4~ =0

0  otherwise.
Then E = RI'(—E) is a stable cohomology theory, and the commutative ring
spectrum & associated to E by Proposition 17.2.4 is canonically isomorphic to E in
the homotopy category of (strict) commutative ring spectra.

Proof By virtue of Theorem 7.1.8, we may assume that E is (cofibrant and) fibrant.
The ring spectrum E is defined by a symmetric sequence of complexes of Nisnevich
sheaves of K-vector spaces E,, n > 0, (endowed with an action of the symmetric
group on n-letters), together with maps o, : E,(1)[1] — E, ;1 inducing quasi-
isomorphisms

E, —— Hom(K(1)[1], E;+1)

as well as pairings
E., ® E, — Ejin

satisfying a few compatibilities. In particular,

E =RI(-E)=E,



17 Realizations 381

is naturally endowed with a structure of Nisnevich sheaf of commutative differen-
tial graded algebras which satisfies Nisnevich descent and A '-homotopy invariance.
Moreover, for any integer n > 0, the Nisnevich sheaf of complexes of K-vector spaces
E,, also has the properties of Nisnevich descent and of A!-homotopy invariance, and
is naturally endowed with a structure of E-module. It is clear that E is a stable coho-
mology theory, so that (the proof of) Proposition 17.2.4 provides a commutative ring
spectrum & associated to it. With the notations introduced in the proof of Proposition
17.2.4, we know that & is made of the symmetric sequence {&,, = Hom(L®",E)}, >0,
where L is the constant sheaf associated to I'(S, Hom(K(1)[1], E)). Let us define
% = L(1)[1]. We define a new symmetric sequence E by the formula

E, = Hom(<£®"E,), n>0,

where the symmetric group acts through the diagonal S,, — &, XS, by permutation
of the factors on £®" and by the structural action on E,. We see that E is a
commutative monoid in the category of symmetric sequences with the pairings
defined by the tensor product map

Hom(Z®",E,,) ®k Hom(£*" E,) — Hom(Z®"™",E,, ok E,)
composed with the multiplication of E:
Hom(ZL®™" E,, ®k E,) — Hom(L®"*",Epin) .

Finally, we can compose the transposition of the map o1 : E(1)[1] — &7, with the
structural map K(1)[1] — Hom(L,E) = &1, to obtain:

K(1)[1] — Hom(L,E) — Hom(L,Hom(K(1)[1],E{) = Hom(.Z,E;) = E, .

This defines a structure of commutative ring spectrum on E. Note that L is chain
homotopy equivalent to K[—1], so that the functors Hom(L®",—) preserve quasi-
isomorphisms (more precisely, L is concentrated in cohomological degree 1, and
its first cohomology sheaf is the constant sheaf associated to the K-vector space of
dimension one H?! (G, E)). Therefore, one has a quasi-isomorphism of commutative
monoids of K-linear Tate spectra & — E, defined by the canonical maps

Hom(L®",E) — Hom(L®",Hom(K(n)[n],E,) ~ Hom(Z*",E,).

It remains to produce a quasi-isomorphism of commutative monoids of Tate spectra
E — E. We have a structural map K(1)[1] — Hom(L, E) which can be transposed
into a map

L =L0)[1] — E =Eg.

As E is a commutative monoid and each E,, an E-module, we have natural maps

$®n®KEn—>E®n®KEn—>E®KEn—>En
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which can be transposed into S, -equivariant maps
E, — Hom(Z®*",E,) = E,.

These define a morphism of commutative monoids of K-linear Tate spectra E — E.
It remains to check that the maps E,, — E, are quasi-isomorphisms for each n > 0.
As Hom(K(n)[n],E) ~ E,, we can replace E,, by Hom(L®",E). The case n = 1 is
then a reformulation of Proposition 17.2.4 (i7), and the general case follows by an
obvious induction. O

Theorem 17.2.17 Under the assumptions of paragraph 17.2.13, the six operations of
Grothendieck preserve constructibility in the motivic category D(—, &), as defined
in Paragraph 17.2.5.

Proof Observe that the motivic category D(—, &) is Q-linear and separated (because
DM is so, see 7.2.18), as well as 7-compatible (because by Proposition 4.4.16, it
is even 7-dualizable which is stronger than 7-compatible; see Definition 4.4.13). We
conclude with 4.2.29. O

17.2.18 As a consequence, we have, for any k-scheme of finite type X, a realization
functor
DME,C(X) - DC(X’ 5)

and we deduce from Theorem 4.4.25 that it preserves all of Grothendieck six op-
erations. For X = Spec (k), by virtue of Corollary 17.2.14, this corresponds to a
symmetric monoidal exact realization functor

R : DMg (Spec (k)) — DP(K).
This leads to a finiteness result:

Corollary 17.2.19 Under the assumptions of 17.2.13, for any k-scheme of finite type
X, and for any objects M and N in D (X, &), Homg(M, N[n)) is a finite dimensional
K-vector space, and it is trivial for all but a finite number of values of n.

Proof Let f : X — Spec (k) be the structural map. By virtue of 17.2.17, as M and
N are constructible, the object R f, RHomx(M,N) is constructible as well, i.e. is
a compact object of D(Spec (k),&). But RHomg (M, N) is nothing else than the
image of R f, RHomx (M, N) by the equivalence of categories given by Corollary
17.2.11. Hence R Homg(M, N) is a compact object of D(K), which means that it
belongs to D?(K). O

17.2.20 For a K-vector space V and an integer n, define

Vin) = V ®k Homk(H' (G, E)®",K) ifn >0,
|V ek HY(G,, E)®" ifn <0.

Any choice of a generator in K(-1) = HY(G,,, E) ~ H*(P},E) defines a natural
isomorphism V(n) ~ V for any integer n. We have canonical isomorphisms
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HY(X,E(p)) = HY(X,E)(p)

(using the fact that the equivalence of Corollary 17.2.14 is monoidal). The realization
functors (17.2.5.2) induce in particular cycle class maps

clx « HE(X,Q(p) — HY(X.E)(p)

(and similarly for cohomology with compact support, for homology, and for Borel-
Moore homology).

Example 17.2.21 Let k be a field of characteristic zero. We then have a mixed Weil
cohomology E;r defined by the algebraic de Rham complex

EdR(X) = QZ/k

for any smooth affine k-scheme of finite type X = Spec(A) (algebraic de Rham
cohomology of smooth k-schemes of finite type is obtained by Zariski descent); see
[CD12, 3.1.5]. We obtain from 17.2.4 a commutative ring spectrum &y, and, for a
k-scheme of finite type X, we define

Dyr(X) = Do(X, &4R) -

We thus get a motivic category D gg, and we have a natural definition of algebraic
de Rham cohomology of k-schemes of finite type, given by

H;»(X) = Homp ,,,(x)(&ar,x, Ear.x[nl) .

This definition coincides with the usual one: this is true by definition for separated
smooth k-schemes of finite type, while the general case follows from h-descent
(17.2.6) and from de Jong’s Theorem 4.1.11 (or resolution of singularities a la Hiron-
aka). We have, by construction, a de Rham realization functor

R4r : DMg (X) — Dgr(X)

which preserves the six operations of Grothendieck (Theorem 4.4.25). In particular,
we have cycle class maps

HE(X,Q(p)) — HI(X)(p).
Note that, for any field extension k’/k, we have natural isomorphisms
HZlLR(X) ® k' = HZR(X XSpec(k) Spec (k).

Example 17.2.22 Let k be a field of characteristic zero, which is algebraically closed
and complete with respect to some valuation (archimedian or not). We can then
define a stable cohomology E 4R qn as analytic de Rham cohomology of X“™, for
any smooth k-scheme of finite type X; see [CD12, 3.1.7]. As above, we get a ring
spectrum &4R._qn, and for any k-scheme of finite type, a category of coefficients
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DdR,an(X) = Dc(Xa ng,an) s

which allows to define the analytic de Rham cohomology of any k-scheme of finite
type X by

Ht'ilR,an(X) = HodeR’an(X)(@@dR,an,X’ @@dR,an,X[n]) .

We also have a realization functor
RdR,an : DMB,C(X) - DdR,an(X)

which preserves the six operations of Grothendieck.
We then have a morphism of stable cohomologies

Eqr — E4R,an

which happens to be a quasi-isomorphism locally for the Nisnevich topology (this
is Grothendieck’s theorem in the case where K is archimedian, and Kiehl’s theorem
in the case where K is non-archimedian; anyway, one obtains this directly from
Corollary 17.2.15). This induces a canonical isomorphism

4R = 4R, an

in the homotopy category of commutative ring spectra. In particular, E4r on iS
a mixed Weil cohomology, and, for any k-scheme of finite type, we have natural
equivalences of categories

DdR(X) - DdR,an(X) , Mi— ng,an ®;d12 M

which commute with the six operations of Grothendieck and are compatible with
the realization functors.

Note that, in the case k = C, &R, qn coincides with Betti cohomology (after
tensorization by C), so that we have canonical fully faithful functors

DBetti,c(X) ®q C— DdR,an(X)

which are compatible with the realization functors. More precisely, it follows from
Proposition 17.2.16 that the Betti spectrum &g, obtained by appyling Theorem
17.1.5 to Ayoub’s realization functor (17.1.7.4), is the spectrum associated to Q-linear
Betti cohomology, seen as a mixed Weil cohomology, from Proposition 17.2.4. There-
fore, the holomorphic Poincaré Lemma, together with Corollary 17.2.15, provide an
isomorphism

EBetti ®qQ C= (g)dR,an

in the homotopy category of commutative monoids of the model category of C-linear
Tate spectra. We thus have triangulated equivalences of categories

D%(X(C),C) = Ho(&pewi ®q C-mod)o(X) = Dyp, an(X)
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which commute with the six operations as well as with the realization functors.
In particular, for X smooth, by the Riemann-Hilbert correspondence, D 4z qn(X)
is equivalent to the bounded derived category of analytic regular holonomic Z-
modules on X which are constructible of geometric origin. But we can go backward:
as proved by Brad Drew in his thesis [Dre13], using Corollary 17.2.15, one can
actually show directly (i.e. motivically) that, for X smooth, D 4r . (X) is equivalent
to the bounded derived category of analytic regular holonomic Z-modules on X
which are constructible of geometric origin, and thus give a new algebraic proof of
the Riemann-Hilbert correspondence.

Example 17.2.23 Let V be a complete discrete valuation ring of mixed characteris-
tic with perfect residue field k& and field of functions K. The Monsky-Washnitzer
complex defines a stable cohomology Ejsw over smooth V-schemes of finite type,
defined by

EMw(X) = Q*A"'/V ®y K

for any affine smooth V-scheme X = Spec(A) (the case of a smooth V-scheme of
finite type is obtained by Zariski descent); see [CD12, 3.2.3]. Let &yyw be the cor-
responding ring spectrum in DMy (Spec (V)), and write j : Spec (K) — Spec (V)
and i : Spec (k) — Spec (V) for the canonical immersions. As we obviously have
J*Emw = 0 (the Monsky-Washnitzer cohomology of a smooth V-scheme with empty
special fiber vanishes), we have a canonical isomorphism

gMW = Ri* Ll*gMW .
We define the rigid cohomology spectrum &4 in DMy (Spec (k)) by the formula
(g)m'g = Ll*gMW .

This is a ring spectrum associated to a K-linear mixed Weil cohomology: coho-
mology with coefficients in &, coincides with rigid cohomology in the sense of
Berthelot, and the Kiinneth formula for rigid cohomology holds for smooth and
projective k-schemes (as rigid cohomology coincides then with crystalline coho-
mology), from which we deduce the Kiinneth formula for smooth k-schemes of
finite type; see [CD12, 3.2.10]. As before, we define

Dyig(X) = Do(X, 8rig)
for any k-scheme of finite type X, and put
Hy, (X) = Homp,, (x)(Erig,x, Erig x[n]) .
Here again, we have, by construction, rigid realization functors
Ryig : DMg (X) — Dyig(X)

which preserve the six operations of Grothendieck (Theorem 4.4.25), as well as
(higher) cycle class maps Hf (X, Q(p)) — Hfig(X Y(p).
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Index

acyclic, Hp-acyclic, 348
adequate, category of schemes, 31
adjunction
of &-fibred categories, see mor-
phism of
of premotivic categories, see mor-
phism of
Quillen adjunction, 87
admissible topology, see topology
admissible, class of morphisms, 3
algebra
E.-algebra, 233
Hp-algebra, 351
alteration, 130
Galois alteration, 130
Galois alteration., 152
Auslander-Buchsbaum theorem, 316

base change

P -base change, 7

proper base change, 9

smooth base change, 9
bifibred category, 7
Bott isomorphism, 335
bounded (topology), 179
bounded generating family, 179
Brown representability theorem, 24,

25, 44, 51

bundle

normal, 69, 70

tangent, 70, 78

virtual vector bundle, 60

cartesian morphism, see morphism
cd-structure, 34, 295

lower, 35

upper, 34
Chow’s lemma, 31, 50
class

Chern, 320, 342

fundamental, 339, 355
coeflicients, for Beilinson motives,

352,359

cofibration, 171
termwise, 84
coherence, 5, 8, 11, 19
cohomology
algebraic De Rham, 383
analytic De Rham, 383
Beilinson motivic, 350
Betti, 375
Chow group, see group
effective motivic, 310
higher Chow group, see group
K-theory, see K-theory
Landweber exact, 347
mixed Weil, 376
Monsky-Washnitzer, 385
motivic, 310
representable, 331
rigid, 385
stable, 376
commute, see functor
compact, 23, 181, 200, 307
compatible with (a topology) #, 170,
171,177
compatible with transfers, see topol-
ogy
compatible with twists, 19, 29
complex
algebraic De Rham, 383
Monsky-Washnitzer, 385
conservative, 47, 52, 53, 148
constructibility, see constructible

constructible, see also T-constructible29

(Z x 7)-constructible, 215
T-constructible, 29, 131—-160, 181,
200
Beilinson motive, 356—359
motive, 300, 307
motivic complex, 306
Al-contractible, 191
cotransversality property, 9
cover, 97
Galois cover, 114
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h-cover, 122, 129
pseudo-Galois cover, 114
gfh-cover, 120, 122
cycle
A-cycle, 243, see also cycle244
A-universal (morphism of), 257
associated, 244
Hilbert, 245
pre-special (morphism of), 248
pseudo-equidimensional, 272
pullback, 252
associativity, 260
commutativity, 259
of Hilbert cycles, 246
projection formulas, 262
pushforward, 244
restriction, 245
Samuel specialization, 269
special (morphism of), 250
specialization, 249
standard form, 244
trivial, 264

decomposition, Adams, 346, 352
deformation space, 69
derivator, Grothendieck, 94, 104, 100,

175
derived
derived &-premotivic category,
186
descent

cdh-descent, 111, 112, 123
cohomological h-descent, 378
cohomological t-descent, 170, 175
étale, 120, 122, 126, 354, 370
Galois, 247
h-descent, 123, 125, 126, 354,
370
Nisnevich, 109, 110
qfh-descent, 120, 123, 125, 309
t-descent, 99, 175, 187, 210
dg-structure, 170, 185
diagram
-diagram, 81, 174, 185

395

direct image with compact support,
see functor, left exceptional
divisor
Weil, 315
domain (of a A-cycle), 244
dual, strong, 67, 321
duality
local duality, 158
duality, Grothendieck, 160, 358
dualizable, strongly, 67, 73
dualizing
7-dualizing, 153

embedding, Segre, 333
enlargement, of premotivic categories,
see premotivic
equidimensional
absolutely, 245
flat morphism, 245
equivalence
A'-equivalence, 191
Hg-equivalence, 348
of motivic categories, 371
of triangulated monoidal cate-
gories, 350, 361
strong A'-equivalence, 191
termwise weak equivalence, 84
weak equivalence of commuta-
tive monoids, 228
weak equivalence of modules,
233
weak equivalence of monoids,
227
W -equivalence, 184
equivalence, of categories, 33
exceptional functor, see functor
exchange
isomorphism, 7, 13, 49, 223—226
morphism, see exchange trans-
formation
transformation, 5, 8, 11, 12,17, 18,
42

fibrant
Al-fibrant, 191
fibration
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t-fibration, 171

algebraic Hopf, 363

of commutative monoids, 228
of modules, 233

of monoids, 227

termwise, 84

W -fibration, 184

fibred

fibred category, 3
monoidal pre- Z-fibred category,
10
monoidal &-fibred category, 12
model (category), 26
of finite correspondences, 284
P -fibred category, 7
T-generated, see generated
abelian, 22
abelian monoidal, 22
canonical, 7
canonical monoidal, 12
complete, 7
complete monoidal, 12
finitely T-presented , see finitely
presented
geometrically generated, see
generated
Grothendieck abelian, 22
Grothendieck abelian monoidal,
22
homotopy, 27
homotopy monoidal, 27
model, 25
monoidal &-fibred model cat-
egory, 172
triangulated, 23
triangulated monoidal, 23
pre- #-fibred category, 4

filtration, y-filtration, 346
finite correspondence, 275

composition, 277

finite S-correspondence, see fi-
nite correspondence

graph functor, see functor

tensor porduct, see tensor prod-
uct

transpose, see morphism
finitely presented

finitely 7-presented, 23, 181, 200,

214

object of a category, 22
finiteness theorem, 143, 357
flasque, r-flasque complex, 170
formalism, Grothendieck 6 functors,

350
formalism, Grothendieck six functors,

77

functor
commutes, 7
evaluation, 82, 89, 203
exceptional, 43, 78
graph, 278
infinite suspension, 29
left exceptional, 38
Quillen, 9o
t-exact endofunctor, 364

Galois group, see group
generated
T-generated, 15, 16, 20, 28, 53,
143
compactly (Zx7)-generated, 214
compactly 7-generated, 28
triangulated &-fibred, 24, 44,
54, 181, 200
compactly generated, 23
triangulated &?-fibred, 23, 356,
371,374
geometrically generated, 15
well generated, 23
triangulated &?-fibred, 23
global section, see section
group
Chow, 311
Galois group, 114
H-group, 333
higher Chow, 311
Picard, 315
relative Picard, 314

henselization, 147
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homeomorphism, universal, 33, 269,
312
homotopic, A'-homotopic, 191
homotopy
colimit, 88
limit, 88
object of homotopy fixed points,
118
homotopy cartesian, 111, 119, 121, 125,
152, 189
object over a diagram, 96
square, 110
homotopy category, 4, 28, 69, 194
homotopy linear, 240
homotopy pullback, see homotopy carte-
sian
hypercover, 97, 187
Cech t-hypercovers, 289

ind-constructible, 264
infinite suspension, see also func-
tor29

K-theory
homotopy invariant, 334
Milnor, 367
Milnor-Witt, 367
Quillen, 334
with support, 337

law, formal group, 333
linear

Q-linear (stable model category),

105

strongly Q-linear, 227
local, 170

W -local, 184

Al'-local, 191, 196

Hp-local, 348
localization

triangle, seetriangle, 46

map, trace, 325, 343
model structure

t-descent, 171
injective (diagrams), 86
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positive stable model structure,
233
projective (diagrams), 85
W -local, 184
module
Hp-module, 349, 351
strict Hz-module, 351
modules
KGL-modules, 336
over a homotopy cartesian com-
mutative monoid, 237, 373
over a monoid, 233
monoid, 227, 237
cartesian, 237, 239
cartesian commutative monoid,
201
commutative monoid, 228
homotopy cartesian, 238
monoid axiom, 227, 233, 235, 239
monoidal stable homotopy 2-functor,
77
morphism
T -pure, see also morphism, pure62
cartesian —- of .’-diagrams, 91
cocontinuous, 104
degree, 279
faithfully flat, 49
finite A-universal, 312
Gysin, 321
of &-fibred categories, 17
of Z-fibred model categories,
25
of &-premotivic categories, 27,
29
of A-cycles, 244
of abelian &-fibred categories,
22
of abelian ZZ-premotivic cate-
gories, 28
of abelian monoidal £?-fibred
categories, 22
of complete &-fibred categories,
17
of derivators, 104
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of monoidal #-fibred model cat-
egory, 26
of .’-diagrams, 83
of triangulated Z-fibred cate-
gories, 23
of triangulated &?-premotivic cat-
egories, 28
of triangulated monoidal &-fibred
categories, 23
of triangulated premotivic cate-
gories, 80
pseudo-dominant, 244
pure, 64, 67, 73
pure (proper case), 62
Quillen —- of Z-fibred model
categories, 96
radicial, 33, 49
separated, 38, 243
transpose, 276
universally .7 -pure (proper case),
62
motive, 304
Beilinson, 348, 367
Chow (strong), 323
constructible, see constructible
effective h-motives, 190
effective ¢fh-motives, 190
generalized, 307
geometric, 29, 300, 362
geometric effective, 306
h-motive, 212
gfh-motive, 212
Morel, 362—-370
motivic complex, 304
constructible, see constructible
generalized, 307
stable, see also motive3o04, 304
multiplicity
geometric, 244
Samuel (of a cycle), 269
Samuel (of a module), 268
Suslin-Voevodsky, 256

nilpotent, 333
Nisnevich

distinguished square, see distin-
guished
topology, see topology

orientable, 351
orientation, 73
of a ring spectrum, 331
of a triangulated premotivic cat-

egory, 70, 72

perfect, 234, 238
perfect pairing, 67
Picard category, 60
point, 243
fat point (of a cycle), 248
generic (of a cycle), 243
geometric, 243
of a cycle, 248
pointed, smooth S-scheme, 56
prederivator, 103
premotive, 28
Tate premotive, 61
premotivic
case, 31
category, 28
category of h-motives, 212
category of gfh-motives, 212
enlargement of —- category, 30,
219, 303, 309
generalized —- category, 28
morphism, see morphism of pre-
motivic categories
Z-premotivic
A'-derived category, 190
abelian category, 28
category, 27
derived category, 173
stable A!-derived category, 208
triangulated category, 28
stable A!-derived premotivic cat-
egory, 211
presentation
local presentation of a simplicial
object, 98
presented, see also finitely presented23
presheaf



INDEX

A-presheaf, 168
with transfers, 286
projection formula
&-projection formula, 11
projective system, of schemes, xviii,
143, 182, 264, 287, 297
pseudo-Galois, see cover or distin-
guished
pullback
of fundamental class, 355
purity
absolute, 342, 354
isomorphism (relative), 62, 70,
71, 321

quasi-excellent, 129
quotient
Gabriel, 217

radicial, see morphism
realization functor
(associated with a stable coho-
mology), 378
Betti, 375
de Rham, 383
of construcible motives, 382
rigid, 385
resolution of singularities, 129
canonical —- up to quotient sin-
gularities, 131
canonical dominant —- up to
quotient singularities, 130
wide —- up to quotient singular-
ities, 131, 358
Riemann-Hilbert, 385
ring
Grothendieck-Witt, 369

schematic closure, 243

scheme
excellent, 129, 302, 309
geometrically unibranch, 270,275,

302, 300, 361

quasi-excellent, 129, 137, 354
regular, 274, 275, 277, 316
strictly local, 272
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unibranch, 270
section
absolute derived global section,

108
cartesian, 201
geometric, 14, 15, 17, 52
geometric derived global section,
103
sequence
symmetric sequence, 203
sheaf
étale sheaf with transfers, 288
generalized sheaf with transfers,
298
h-sheaf, 190, 212
qfh-sheaf, 190, 212, 300
sheaf with transfers, 288, 298
t-sheaf of A-modules, 168
t-sheaf with transfers, 288
sieve, 32, 34
singular
Suslin singular complexe, 198
specialization, 322
spectra, see spectrum
spectrum
abelian Tate spectrum, 205
absolute Tate spectrum, 205
algebraic cobordism, 332
Beilinson motivic cohomology
spectrum, 346
motivic cohomology ring spec-
trum, 318, 332
rational, 334
ring —-, 331
ring —- (associated with a stable
cohomology), 377
strict ring —-, 331
Tate spectrum, 206
Tate Q-spectrum, 209

universal oriented ring —- with
additive formal group law,
351
sphere
simplicial, 331
square
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P-distinguished, 34
cdh-distinguished, 111, 179
Nisnevich distinguished, 34, 108,
179
proper cdh-distinguished, 35
pseudo-Galois gfh-distinguished,
115
qfh-distinguished, 115, 125, 180
Tor-independant, 339, 355
stable homotopy category of schemes,
28
strict transform, 247, 252
strictification theorem, 233
strongly dualizable, see dualizable

Tate
motivic complex, 305
twist, see twist, 331
tensor product
of finite correspondences, 280
Thom
adjoint transformation, 56
class, 71
isomorphism, 70
premotive, 59
transformation, 56
tilting, 374, 379
topology
admissible, 168
cdh-topology, 35
compatible with transfers, 289,
295
h-topology, 113, 360
mildly compatible with transfers,
201, 293, 296
Nisnevich, 34
-admissible, 168
proper cdh, 35
qfh-topology, 113, 360
weakly compatible with trans-
fers, 289
tractable, 96, 228
trait
of a cycle, 248
transfer, see presheaf or sheaf

transversal
M -transversal square, 9
transversality property, 9
triangle
Gysin, 321
localization triangle, 46
Mayer-Vietoris triangle, 110
t-structure
heart, 366
non degenerated, 365
t-structure, homotopy, 364
twist, 15, 28
commutes with T-twists (or twists),
15, 17, 19
of a triangulated monoidal £2-
fibred category, 23
Tate, 28, 61, 209
T-twisted, 15

underlying simplicial set
of a simplicial object, 98

universal, 188

weak equivalence, see equivalence
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Notation

a ®g S’, 247
a ®S‘5ﬂ s, 269
a®¢ a’, 280
&, 247

@®, 203

Boa,277
BR.k> 249
B® ', 252
(Z)x, 244

cs (X,Y)a, 275
C*, 198
CO(X/S7 A)7 275

Dp1(7), 208
Dt gm(s), 215
Dp1a, 211
DAl,A’ 211

]:)A1 (S’ A)+’ 363
Dpewi(X), 375
deg,(f), 279
DY\ (). 190

ng A» 190

DM5 (S), 356
DM5(S), 348
DM, (S, A), 306
DMgm(S,A), 306
DMy, A, 212
DMA,, 304
DM,, 308
DMf{f, 304
DM, 308
Dquh As 212

il
DMefh A 190
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D(X,&), 378
e (M), 268

Hg, 349
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Hq(X Q(p)), 350
//{ eﬁ(S A), 310
(S A), 310
Hom'(—, -), 167
He(S), 4

KGIF, 335
KGL', 335

KGLq, 345
KGLS, 334
KGLY, 346

AG(X), 169
A”(X) 286
“ET(X) 288

Man(X), 374

M (X). 374

M Betri(X), 374
MGL, 332

mSV(x;,B ®q @), 2560
Ms(X), 305

Ms(X), 308

Pr, 278

fgzcart, 93
PSh(2/S, A), 168
PSh (75% ). 286
Ryp1, 195

SH(S), 28

Sh, (2/S,A), 168
Shi(25% ), 288
Sh'"(-,A), 298
Sh'" (=, A), 298
Sym(A), 204

®%, 203
Tot™, 167
'f, 276
TrXF, 343

Ag(X), 191
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2.4.43

Name Symbol| Def. |related|Remark
result
additive 2.1.1
adjoint property (Adj) |2.2.13]2.2.14
adjoint property for f (Adjy) |2.2.13 f morphism of schemes
cotransversality property 1.1.17 defined for any &?-fibred category
homotopy property (Htp) | 2.1.3
localization property (Loc) | 2.3.2 |2.4.26
6.3.15
localization property for i (Loc;) | §2.3.1 i closed immersion
motivic 2.4.45|2.4.50 |for premotivic triangulated categories,
14.2.11|means: (Htp), (Stab), (Loc), (Adj)
oriented 2.4.38|2.4.43|for triangulated premotivic categories
satisfying (wLoc)
projection formula (PF) [2.2.13
projection formula for f (PFf) |2.2.13|2.4.26] f morphism of schemes
proper base change property (BC) |2.2.13]2.4.26
proper base change property for f| (BCy) |2.2.13 f morphism of schemes
purity property (Pur) |2.4.21{2.4.26
separated (Sep) | 2.1.7 |4.2.24
4.4.21
14.3.3
semi-separated (sSep) | 2.1.7 [3.3.33
stability property (Stab) | 2.4.4
support property (Supp) | 2.2.5 |2.2.12
2.2.14
11.4.2
T-compatible 4.2.20(4.2.29|T set of twists
T-continuous 4.3.2 | 6.1.13 |for homotopy Z-fibred categories,
11.1.24|T set of twists
14.3.1
7-dualizable 4.4.13 | 4.4.21 |1 set of twists
t-descent property 3.2.5 for homotopy Z?-fibred categories,
t topology
transversality property 1.1.17 for any &-fibred category
t-separated (t-sep) | 2.1.5 t topology
weak localization property (wLoc)| 2.4.7 | 11.4.2
weak purity property (wPur) |2.4.21{2.4.26
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