ETALE MOTIVES

DENIS-CHARLES CISINSKI AND FREDERIC DEGLISE

ABSTRACT. We define a theory of étale motives over a noetherian scheme. This
provides a system of categories of complexes of motivic sheaves with integral coeffi-
cients which is closed under the six operations of Grothendieck. The rational part
of these categories coincides with the triangulated categories of Beilinson motives
(and is thus strongly related to algebraic K-theory). We extend the rigity theorem
of Suslin and Voevodsky over a general base scheme. This can be reformulated by
saying that torsion étale motives essentially coincide with the usual complexes of
torsion étale sheaves (at least if we restrict ourselves to torsion prime to the residue
characteristics). As a consequence, we obtain the expected results of absolute purity,
of finiteness, and of Grothendieck duality for étale motives with integral coefficients,
by putting together their counterparts for Beilinson motives and for torsion étale
sheaves. Following Thomason’s insights, this also provides a conceptual and conve-
nient construction of the ¢-adic realization of motives, as the homotopy ¢-completion
functor.
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INTRODUCTION

The aim of this article is to study various candidates for triangulated categories of
étale motives. Already over a field, Voevodsky’s triangulated category DM(%) comes
with its étale counterpart DM (k) (see [VSFO00]). They coincide with Q-coefficients,
which means, for instance, that DMg(%,Q) can be used to understand algebraic K-
theory up to torsion. On the other hand, as far as torsion coefficients are involved,
the category DM (%) is much closer to the topological world. Indeed, the rigidity the-
orem of Suslin and Voevodsky [SV96] means that for any positive integer n, prime to
the characteristic of 2, DMg(k,Z/nZ) is equivalent to the derived category of Z/nZ-
linear Galois modules. Over general base schemes, one expects to obtain the same
pattern, and this is indeed what happens. We will use this repeatedly to prove prop-
erties of étale motives with integral coefficients: reduce to the case of rational coef-
ficients, and then to the case of torsion coefficients (the latter being well understood
since it belongs to the well established realm of étale cohomology). Then, there is
the problem of the construction of such categories of étale motives with integral co-
efficients. There are several directions to do so.

One can consider the étale version of Morel and Voevodsky homotopy theory of
schemes to produce and understand the triangulated category D1 (X, Z), obtained
from complexes of sheaves of abelian groups on the smooth-étale site of X, by the
usual Al-localisation and P!-stabilisation procedures. This is the right way, but not
the easiest: this direction is studied by J. Ayoub in [Ayo], but with a little drawback:
on has to work either with Q-schemes, either with Z[1/2]-coefficients. Although this
restriction on 2-torsion should vanish once Morel’s rigidty theorem (which is part
of his program to prove the Friedlander-Milnor conjecture) will be established, this
means that this is not an easy path.

Then, there are two other possibilities, which are the subject of this article. One
can do as above, but taking the theory of étale sheaves with transfers, which de-
fines a triangulated category DM (X,Z). Or one can define another candidate, the
category DMy, (X,Z), obtained from h-sheaves (we recall that the h-topology is the
Grothenciedk topology on the category of noetherian schemes generated by étale
coverings as well as by surjective proper maps). The category DMy(X,Q) is known
to coincide with all the various notions of Q-linear mixed motives which have the
expected properties (mainly: expected relation with the graded piece of algebraic
K-theory with respect to the y-filtration, good behavior with respect to the six opera-
tions of Grothendieck). Up to a little variation, the first construction of triangulated
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categories of motives considered by Voevodsky was essentially the effective version
of DMy(X,Z); see [Voe96]. The category DM¢(X,Q) has the disadvantage (for us)
that we do not understand it enough, unless X is geometrically unibranch: in this
case, we know that DM (X,Q) and DM, (X, Q) coincide. In this article, we will see
that DMg(X,R) and DMy (X,R) always coincide in the case of a ring of coefficients
R of positive characteristic. We will also see that, if R is of characteristic n > 0
and if n is prime to the residue characteristics of X, then DM (X, R) is canonically
equivalent to the (unbounded) derived category D(X¢,R) of the category of sheaves
of R-modules on the small étale site of X. This can be seen as generalisation of the
rigidity theorem of Suslin and Voevodsky over a general base. From there, we will be
able to see that the categories DMy, (X,R) are well behaved with any coefficients, in
the sense that the six operations act on them and preserve constructible objects; with
mild assumptions on the base schemes, we will also obtain the existence of dualizing
objects. This way of seeing torsion étale sheaves as motives gives a convenient way
to produce /-adic realisation functors, for any prime ¢ (odd or not).

As for the contents of this article, we will use the language we are the most famil-
iar with: the one of [CD12]. A little recollection is given in the Appendix, in which
one can find some complements about the notion of absolute purity and about the
effect of the Artin-Schreier exact sequence in étale Al-homotopy theory.

The first part of this paper consists to formulate classical results of étale cohomol-
ogy (such as the proper base change theorem, the smooth base change theorem, or
cohomological descent) in terms of unbounded complexes. We also wanted to avoid
any finiteness assumption about cohomological dimension, so that we have gathered
what is needed to survive without such an hypothesis. These classical results are
then used to study the triangulated categories DM¢(X,R) for coefficients rings of
positive characteristic, the crux being reached with the first version of the rigidity
theorem: the comparison between DM (X,R) and D(X¢,R). Beside classical prop-
erties of étale cohomology, the main point here is that, with this constraint on the
coefficients, we prove the localization property for DMgt(X,R) (which means that, if
Z c X is a closed subscheme with open complement U, then DM (X,R) is obtained
from DMg(U,R) and DMg(Z,R) by an adequate gluing procedure). This is a non
trivial result (we do not know if this is true with rational coefficients). The second
half of the paper is devoted to the study of the triangulated categories of h-motives
DMy (X,R). We study at first the case of torsion coefficients, and see that we then
get an equivalence with DMg(X,R) (the main argument for this being the proper
descent theorem in étale cohomology extended to unbounded complexes, together
with the relative rigidity theorem proved earlier). A significant part of our effort is
then put in the yoga of reducing the proofs of properties of DMy (X,Z) to the case of
Q-coefficients and of Z/nZ-coefficients, so that we can gather what is known about
Q-linear mixed motives and classical torsion étale sheaves: we prove that the six op-
erations preserve constructible objects in DMy, (X,Z) (for quasi-excellent noetherian
schemes of finite dimension) and that there exists a dualizing motive in DMy (X,Z)
whenever X is separated and of finite type over a regular scheme S, itself of finite
type over an excellent noetherian scheme of dimension < 2. Finally, we describe ¢-
adic completion in terms of Bousfield localizations, in order to define suitable ¢-adic
realization functors.
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CONVENTIONS

We will often fix a sub-category Sch of schemes and assume all the schemes are
in Sch. Such an explicit category Sch will be fixed at the head of each section. When
dealing with constructible objects (see below), we will also consider the subcategory
Sch® of Sch whose objects are the schemes in Sch which are moreover quasi-excellent
and whose morphisms are the morphisms of finite presentation.

Unless stated otherwise, the word “smooth” (“étale”) means smooth (étale) and
separated of finite type. We will consider the following classes of morphisms in Sch:

« Kt for the class of étale morphisms,
o Sm for the class of smooth morphisms,
o Tt for the class of morphisms of finite type.

Given a base scheme S, we let X¢; (resp. Smg, 5”5 ") be the sub-category of Sch made
by S-schemes whose structural morphism is in Et (resp. Sm, .7t).

Given any adjunction (F',G) of categories, we will denote generically by
ad(F,G):1— GF resp. ad'(F,G):FG — 1

the respective unit and counit of the adjunction.
The letter R will often denote a ring of coefficients for the sheaves we consider.

1. UNBOUNDED DERIVED CATEGORIES OF ETALE SHEAVES

In this section we give a reminder of the properties of étale cohomology, as devel-
opped by Grothendieck and Artin in [AGV73]. There is nothing new, except some
little complements about unbounded derived categories of étale sheaves.

1.1. Cohomological dimension.

1.1.1. Let X be a scheme. We denote by Xt the topos of sheaves on the small étale
site of X. Given a ring R, we write Sh(Xg,R) for the category of sheaves of R-
modules on X¢;. We will denote by D(X¢t,R) the unbounded derived category of the
abelian category Sh(X¢¢,R). Given an étale scheme U over X, we will write R(U)
for the sheaf representing evaluation at U, (i.e. the étale sheaf associated to the
presheaf R (Homy (—,U))).

Definition 1.1.2. A scheme X is of finite étale cohomological dimension there exists
en integer n such that H ét(X ,F') = 0 for any sheaf of abelian groups F over X¢ and
any integer i > n.

Let ¢ be a prime number.

A scheme X is of finite ¢-cohomological dimension if there exists en integer n such
that Hét(X ,F) =0 for any sheaf of Z/¢Z-modules F' over X and any integer i > n.
We denote by cd/(X) the smallest integer n with the property above.

A field % is of finite ¢-cohomological dimension if Spec(k) has this property.

Theorem 1.1.3 (Gabber). Let X be a strictly local noetherian scheme of dimension
d >0, and ¢ a prime which is disinct of the residue characteristic of X. Then, for any
open subscheme U c X, we have cdy(U) <2d - 1.

For a proof, see [ILO12, Exposé XVIII].
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Lemma 1.1.4. Let X be a noetherian scheme of Krull dimension d. Then, for any
sheaf of Q-vector spaces F over X4, we have H; (X,F)=0 for i >d.

Proof. Nisnevich cohomology and étale cohomology with coefficients in étale sheaves
of Q-vector spaces coincide, and Nisnevich cohomological dimension is bounded by
the Krull dimension, which proves this assertion. (Il

Theorem 1.1.5 (Gabber). Let S be a strictly local noetherian scheme and X an S-
scheme of finite type. Then X is of finite étale cohomological dimension.

Proof. An easy Mayer-Vietoris argument shows that it is sufficient to prove the the-
orem in the case where X is affine. For a point x € X with image s € S, we write d(x)
for the degree of transcendence of the residue field x(x) over x(s). Note that, for any
prime ¢ which is invertible in x(x), we have cd/(x(x)) < d(x) + cdo(x(s)); see [AGV73,
Exposé X, Théoreme 2.1]. Therefore, by virtue of Gabber’s theorem 1.1.3, we have
cdy(x(x)) < d(x)+2dim(S) — 1. Let us define

N =max{1,dim(X), sup,x(2dim(S) — 1 + d(x) + 2codim(x))}.

We will prove that Hét(X,F) = 0 for any sheaf F over X¢ and any i > N. As X
is quasi-compact and quasi-separated, the functors H é (X, —) commute with filtered
colimits; see [AGV73, Exposé VII, Proposition 3.3]. Therefore, we may assume that F
is constructible; see [AGV73, Exposé IX, Corollaire 2.7.2]. We have an exact sequence
of the form
0-T—-F—-C—-0

where T is torsion and C is without torsion (in particular, C is flat over Z). Therefore,
we may assume that F' =T or F = C. We also have a short exact sequence

0-C—-CoQ—-Co®Q/Z—0
from which we deduce that
H,(X,CeQ/Z)=1limH,(X,C ®Z/nZ)
n

for all i. Lemma 1.1.4 thus shows that it is sufficient to consider the case where F is
the form T or C ® Z/nZ. But, as T is torsion and constructible, it is a Z/nZ-module
for some integer n = 1. We are reduced to the case where F' is a constructible sheaf
of Z/nZ-modules for some integer n = 1. We can find a finite filtration

OZFOCFlc...CFk =F

such that F;,1/F; is a Z/¢ ;Z-module for any j, with ¢; a prime number: this follows
from the fact such a filtration exists in the category of finite abelian groups, using
[AGV73, Exposé IX, Proposition 2.14]. Therefore, we may assume that n = ¢ is a
prime number.

We will prove that, for any sheaf of Z/¢Z-modules F over X4;, we have H ét(X JF) =
0 for i > N. Let Z = Spec(Z/¢Z) x X and U = X —Z. We have a closed immersion
i :Z — X and its open complement j: U — X, which gives a long exact sequence

H.(Z,i'(F)) - HL(X,F) - H.(U,j*(F)) = H(Z,i'(F)).

By virtue of [AGV73, Exposé X, Théoréme 5.1], we have Hét(X,i!(F)) =0 for i > 1.
On the other hand, we have

Hét(U,j*(F)) =0 for any integer i < sup,gy(cds(k(x)) + 2codim(x))
(see [ILO12, Exposé XVIII, Lemma 2.2]). [l
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Remark 1.1.6. Gabber also proved the Affine Lefschetz Theorem: if X is an excel-
lent strictly local scheme of dimension d, for any open subscheme U c X, we have
cdy(U) = d; see [ILO12, Exposé XV, Corollaire 1.2.2]. In the case of excellent schemes
of characteristic zero, this had been proved by Artin, using Hironaka’s resolution of
singularities; see [AGV73, Exposé XIX, Corollaire 6.3]. The case of a scheme of finite
type over an excellent scheme of dimension < 1 was also known (this follows easily
from [AGV73, Exposé X, Proposition 3.2]).

Lemma 1.1.7. Let «f be an abelian Grothendieck category. We also consider a right
exact functor

F:of —Z-Mod,
and we denote by
RF : D(«/) — D(Z-Mod)
its total right derived functor. We suppose that the functor
of —Z-Mod, A—R'F(A)

commutes with small filtered colimits for any integer n = 0.
Then, the following conditions are equivalent.

(i) The functor
C(ef)—Z-Mod, K— HRF(K)

commutes with small filtered colimits.

(i) The functor RF commutes with small sums.

(iii) The functor RF commutes with countable sums.

(iv) For any degreewise F-acyclic complexe K, the natural map F(K) — RF(K) is
an isomorphism in D(Z-Mod).

Moreover, the four conditions above are verified whenever the functor F is of finite
cohomological dimension.

Proof. 1t is clear that (i)=(@ii)=(ii). It is also easy to see that property (iv) implies
property (i). Indeed, our assumption on F implies that the class of F-acyclic objects
is closed under filtered colimits, which implies that the class of degreewise F-acyclic
complexes has the same property. On the other hand, property (iv) implies that the
functor RF may constructed using resolutions by degreewise F-acyclic complexes,
from which property (i) follows immediately.

Let us show that condition (iii) implies condition (iv). Consider a sequence of
morphisms of complexes of «/:

Ky—-Ki—--—-K,—-K,;1—... , n=0.
We then have a map

1-d:PK, — PK,,
n

where d is the morphism induced by the maps K, — K, 1. The cone of 1—d (the

cokernel of 1—d, respectively) is the homotopy colimit (the colimit, respectively) of

the diagram {K,}. Moreover, as filtered colimits are exact in </, the canonical map
Llim K, — im K

n n
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is an isomorphism in D(<f). As a consequence, it follows from condition (iii) that, if
K belongs to C(«7), we have a natural long exact sequence of shape

-~ @®HRFK,) = @HRFK,) — HRF(inkK,) — -
n n n
It is easy to deduce from this that, assuming condition (iii), the natural map
lim H'RF(K,,) ~ H'RF(imK,)
n n

is always invertible.

For an integer n, let us write o="(K) for the ‘troncation béte’, defined as 0="(K) =
K!ifi=n and 0>"*(K)' = 0 otherwise. We can then write

lim 0" (K)=K.
n
Suppose furthermore that the complex K is degreewise F-acyclic. Then 0="(K) has
the same property and has moreover the good taste of being bounded below. There-
fore, the map
F(0™"(K)) — RF(c°™(K))

is an isomorphism for any integer n. As both the functors H°F and HRF commutes
with @n, we conclude that property (iv) is verified.

The fact that property (iv) is true whenever F' is of finite cohomological dimension
is well known (it is already in the book of Cartan and Eilenberg in the case where &

is a category of modules over some ring, and a general argument may be found for
instance in [SV00a, Lemma 0.4.1]). O

1.1.8. Given a topos T and a ring R, we will write Sh(T',R) for the category of R-
modules in T (or, equivalently, the category of sheaves of R-modules over T'). If ¢4
is a generating family of T', the category C(Sh(X,R)) is endowed with the projective
model category structure with respect to ¢ (see [CD09, Example 2.3, Theorem 2.5,
Corollary 5.5]): the weak equivalences are the quasi-isomorphisms, while the fibrant
objects are the complexes of sheaves of R-modules K such that, for any object U in
¢4, the natural map
H"T'(U,K))— H"(U,K)

is an isomorphism for any integer n (where H"(U,K) denotes the hypercohomology
groups of U with coefficients in K). The fibrations (trivial fibrations) are the mor-
phisms of shape p : K — L with the following properties:

(i) for any object U in ¢4, the map p : T'(U,K) — I'(U, L) is degreewise surjective;

(i) the kernel of p is fibrant (the complex I'(U,ker(p)) is acyclic for any U in ¥,

respectively).

Moreover, for any object U in ¢, the object R(U) (the free sheaf of R-modules gener-
ated by U), seen as a complex concentrated in degree zero, is cofibrant. We will write
D(T,R) for the (unbounded) derived category of Sh(T,R).

If a topos T is canonically constructed as the category of sheaves on a Grothendieck
site, the class of representable sheaves is a generating family of T, and, unless we
explicitely specify another choice, the projective model structures on the categories
of sheaves of R-modules over T will be considered with respect this generating fam-
ily. For instance, for a scheme X, we will always understand the topos Xg; as the
category of sheaves over the small étale site of X, so that its canonical generating
family is given by the collection of all étale schemes of finite presentation over X.



8 DENIS-CHARLES CISINSKI AND FREDERIC DEGLISE

Proposition 1.1.9. Consider a topos T and a ring R. We suppose that T is endowed
with a generating family 4 such that any U € 4 is is coherent and of finite cohomo-
logical dimension for R-linear coefficients. Then, for any U € ¥4, the functor

C(Sh(T,R)) —R-Mod , K — Homp ) (R(U),K)=H"U,K)

preserves small filtered colimits.
In particular, the family {R(U)|U € ¥} form a family of compact generators of the
triangulated category D(T,R).

Proof. This is a direct consequence of Lemma 1.1.7. ([l

Lemma 1.1.10. Let T be a topos and U a coherent object of T. For any sheaf of
abelian groups F over T, the natural map

H(U,F)2Q—H'(U,F®Q)

is invertible for any integer i. In particular, tensoring with Q preserves I'(U, —)-acyclic
sheaves over T. If moreover U is of finite cohomological dimension with rational
coefficients, then, for any complex of sheaves of abelian groups K over T, the canonical
map

H(U,K)2Q— H'(U,K 2Q)
is bijective for any integer i.

Proof. The first assertion immediately follows from the fact that the functor H (U, -)
preserves filtering colimits of sheaves. The second assertion is an immediate conse-
quence of the first. Finally, the last assertion is a direct consequence of Lemma
1.1.7. -

Proposition 1.1.11. Let X be a noetherian scheme of finite dimension. For any
complex of étale sheaves of Q-vector spaces K, the natural map

H.(X,K)eQ—H,(X,K2Q)
is bijective for any integer i.

Proof. By virtue of Lemma 1.1.4, this obviously is a particular case of the preceding
lemma. [l

The following lemma is the main tool to extend results about unbounded com-
plexes of sheaves which are known under a global finite cohomological dimension hy-
pothesis to contexts where finite cohomological dimension is only assumed pointwise
(in the topos theoretic sense). This will be used to extend to unbounded complexes
of étale sheaves the smooth base change formula as well as the proper cohomolog-
ical descent theorem. We will freely use the language and the results of [AGV73,
Exposé VII] about coherent topoi and filtering limits of these.

Lemma 1.1.12. Consider a ring of coefficients R and an essentially small cofiltering
category I as well as a fibred topos S — I. For each index i we consider a given
generating family 4; of the topos S;. We write T = liLnIS for the limit topos, and
7; : T — S; for the canonical projections. We then have a canonical generating family
4 of T, which consists of objects of the form n}(X;), where X; is an element of the
class ¥;. Given a map f :i — jin I and a sheaf F; over S, we will write F; for the
sheaf over S; obtained by applying the pullback functor f* :S; — S; to F;. We will
assume that the following properties are satisfied:
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(i) For each index i, any object in ¥9; is coherent (in particular, the topos S; is
coherent).

(ii) For any map f :i — j in I, the corresponding pullback functor f*:S; —
S; sends any object in §; to an object isomorphic to an element of %; (in
particular, the morphism of topoi S; — S is coherent).

(iii) For any map f :i — jin I, the pullback functor f* :S; — S; has a left adjoint
fi:Si — S which sends any object in G; to an object isomorphic to an element
of Y.

(iv) Any object in ¥4, has finite cohomological dimension with respect to sheaf
cohomology of R-modules.

Then, for any index ig, the pullback functor nl’.‘o : C(Sh(S;,,R)) — C(SK(T,R)) pre-
serves the fibrations of the projective model structures. Moreover, for any object U, of
%;,, and for any complex K;, of Sh(S;,,R), if U = n;‘O(UiO) and K = n;‘O(K,-O), then the
canonical map

(1.1.12.2) lim H"(U;,K;)— H"(U,K)

i—ig
is bijective for any integer n.

Proof. Note that formula (1.1.12.a) is known to hold whenever K;, is concentrated
in degree zero and n = 0; see [AGV73, Exposé VII, Corollaire 8.5.7]. This shows that
condition (i) of 1.1.8 is preserved by the functor nz‘o. Therefore, in order to prove that
the functor nz‘o preserves fibrations, it is sufficient to prove that it preserves fibrant
objects. Let K;, be a fibrant object of C(Sh(S;,,R)). We have to prove that the natural
map

(1.1.12.b) H"T(U,K))— H"(U,K)

is an isomorphism for any object U in ¢. For any map f :i — j in I, condition (iii)
above implies that the functor f* preserves fibrations as well as trivial fibrations
(whence it preserves fibrant objects as well). Possibly up to the replacement of iy by
some other index above it, we may assume that U is the pullback of an object U;,
in %;,. Formula (1.1.12.a) in the case of complexes concentrated in degree zero then
gives us a canonical isomorphism

(1.1.12.¢) H"(T(U,K)) = lim H*(T(U;,K;)).

i—ig
As K; is fibrant for any map i — i, we thus get a natural identification

(1.1.12.d) H"(T(U,K)) = lim H"(U;,K;).

i—ig
In other words, we must prove that the natural map (1.1.12.a) is invertible for any
(fibrant) unbounded complex of sheaves K;, and any object U;, in ¥;,,.

For this purpose, we will work with the injective model category structure on
C(Sh(S;,,R)) (see [CD0Y, 2.1]), whose weak equivalences are the quasi-isomorphisms,
and whose cofibrations are the monomorphisms: as any object of a model category
has a fibrant resolution, it is sufficient to prove that (1.1.12.a) is invertible when-
ever K;, is fibrant for the injective model structure. In this case, the complex K;,
is degreewise an injective object of Sh(S;,,R). This implies that its image by the
functor ﬂz‘o is a complex of I'(U, —)-acyclic sheaves; see [AGV73, Exposé VII, Lemme
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8.7.2]. Therefore, using Lemma 1.1.7 and assumption (iv), the map (1.1.12.b) is in-
vertible for such a complex K, from which we immediately deduce that (1.1.12.a) is
invertible. O

Remark 1.1.13. With the same assumptions as in the preceding lemma, in the case
R = Q, for any complex of sheaves of abelian groups K;, over S;, and any object U;,
in ¢%;,, the natural maps

lim H"(U;,K;)®Q— H"(U,K ®Q)

12ma ]
are isomorphims. Indeed, we know from Lemma 1.1.10 that tensoring with Q pre-
serves I'(U, —)-acyclic sheaves of abelian groups over T for any object U in ¢. There-
fore, as we may assume that K;, is fibrant for the injective model structure, which
implies, by [AGV73, Exposé VII, Lemme 8.7.2], that K is degreewise I'(U, —)-acyclic,
the complex K ® Q has the same property. As the functors I'(V,—) commute with
(-)® Q for any coherent sheaf of sets V, we conclude as in the proof of the preceding
lemma.

Theorem 1.1.14. Consider a cartesian square of locally noetherian schemes

x —tsx

Ly

S'——S8S

with the following properties.
(a) The scheme S’ is the limit of a projective system of étale quasi-compact and
quasi-separated schemes over S, with affine transition morphisms.
(b) The morphism f is of finite type.
Then, for any object K of D(X¢t,Z), the base change map
g"Rf.(K)—Rf.h"(K)

is an isomorphism in D(S},Z).

Proof. Let us first prove the theorem under the additional assumption that the
scheme S’ is strictly local. By virtue of Theorem 1.1.5, any scheme of finite type
over S’ is of finite étale cohomological dimension. If S’ = liﬂlis i, where {S;} is a
projective system of étale S-schemes with affine transition maps, then the topos S,
is canonically equivalent to the projective limit of topoi liﬂli S, ¢t; see [AGV73, Ex-
posé VII, Theorem 5.7]. Similarly, if we write X; = S; xg X, we have X' = liLniX,-
and X' = liﬂli X ¢t- Note that, for any étale map u : 7' — T, the pullback functor
u* T — Tét has a left adjoint (because the category T‘/ét is naturally equivalent to
the category Tsi/T', where T' is seen as a sheaf over T;), and that any map between
étale schemes is itself étale, from which one deduces that condition (iii) of Lemma
1.1.12 is satisfied for both projective systems {S;} and {X;}. As the other assumptions
of this lemma are also verified, we see that the functors g* and ~A* preserve finite
limits, weak equivalences, as well as fibrations of the projective model structures.
On the other hand, the functors f. and f. are always right Quillen functors for the
projective model structures. We deduce from this that we have natural isomorphism
as the level of total right derived functors:

R(g* f.) =Rg*Rf. = g*Rf. and R(f. h*) =Rf.Rh* =Rf. h*.
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As the natural map g* f.(F) — f. h*(F) is an isomorphism for any sheaf F over X
(one checks this by first replacing S’ by each of the S;’s and X’ by the X;’s, and then
proceed to the limit), this proves that, under our additional assumptions, the natural
transformation g* Rf, — Rf, h* is invertible.

The general case can now be proven as follows. It is sufficient to prove that, for
any geometric point ¢’ of S’, if S” denotes the spectrum of the strict henselisation of
the local ring Og' ¢, and if g’ : S” — S’ is the natural map, then the morphism

g g"Rfu(K)— g *RfLh*(K)

is invertible for any object K of D(X¢,Z). We then have the following pullback
squares

x' syt x

SR

s g —2-5.

Therefore, applying twice the first part of this proof, we obtain two canonical isomor-
phisms

g *RFLRK)—Rf'R*h*(K) and g'* g" Rf.(K) — Rf!' W' * h*(K).

As we have a commutative triangle

~—

this shows that the map g* Rf.(K) — Rf. h*(K) is invertible. ([

Corollary 1.1.15. Let [ : X — S be a morphism of finite type between locally noether-
ian schemes. The induced derived direct image functor

Rf* : D(Xét7z) - D(Sétaz)
preserves small sums.

Proof. By virtue of the preceding theorem, we may assume that S is strictly local.
We then know from Theorem 1.1.5 and Proposition 1.1.9, that both D(S4t,Z) and
D(X¢t,Z) are compactly generated triangulated categories (with canonical families
of compact generators given by sheaves of shape Z(U) for U étale over the base), and
that the functor f* : D(S¢t,Z) — D(X¢t,Z) preserves compact objects. This immedi-
ately implies that its right adjoint of Rf, commutes with small sums. (I

1.2. Proper base change isomorphism.

Theorem 1.2.1. Consider a cartesian square of schemes

x —tsx

1.

S'—S8
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with f proper. Then, for any ring R of positive characteristic, and for any object K of
D(X¢t,R), the canonical map

g*Rf.(K)—Rf.h*(K)

is an isomorphism in D(S,,R).

Corollary 1.2.2. Let f : X — S be a proper morphism of schemes, and let ¢ be a

geometric point of S. Let us denote by X¢ the fiber of X over ¢. Then, for any ring R
of positive characteristic, and for any object K of D(Xgt,R), the natural map

Rf(K): — RI'(X¢,K|x,)
is an isomorphism in the derived category of the category of R-modules.
Let us see that Corollary 1.2.2 implies Theorem 1.2.1.
In order to prove that the map g* Rf.(K) — Rf. h*(K) is invertible, it is sufficient
to prove that, for any geometric point ¢’ of S’, if we write ¢ = g(¢’), the induced map
(g*Rf(K))y = Rf(K)e — R L(R*(K))er

is an isomorphism. If X; and X é, denote the fiber of X over ¢ and of X’ over &’
respectively, as the commutative square of Theorem 1.2.1 is cartesian, the natural
map X é, — X¢ is an isomorphism. Moreover, applying twice Corollary 1.2.2 gives
canonical isomorphisms

Rf.(K); =RI'(X¢,K|x,) and Rf;(h*(K))gu=RF(X$,,h*(K)|Xé/).

As the square
Rf.(K)¢ Rf.(h*(K))g

z lz

RI'(X¢,K|x,) — RIX;, A" Blxy,)

commutes, this proves the theorem.

Proof of Corollary 1.2.2. By virtue of [AGV73, Exposé XII, Corollaire 5.2], we al-
ready know this corollary is true whenever K is actually a sheaf of R-modules over
Xgt, from which we easily deduce that this is an isomorphism for K a bounded com-
plex of sheaves of R-modules. Note that X is of finite cohomological dimension (by
Theorem 1.1.5, although this is here much more elementary, as this readily follows
from [AGV73, Exposé X, 4.3 and 5.2]). Moreover, as the fiber functor

Sh(S¢;,R)— R-Mod, F~—F;

is exact, the functor K — Rf.(K)¢ is the total right derived functor of the left exact
functor F — f.(F)¢ = I'(X¢, F| X;)s which is thus of finite cohomological dimension;
see [AGV73, Exposé XII, 5.2 and 5.3]. Therefore, by virtue of Lemma 1.1.7, the map
H'Rf.(K):) — Hét(Xg,K Ix,) is a natural transformation between functors which
preserve small filtering colimits of complexes of sheaves. As any complex is a filtered
colimit of bounded complexes, this ends the proof. (I

Corollary 1.2.3. For any proper morphism [ :X — S, and for any ring R of positive
characteristic, the functor

Rf. :D(X¢;, R) — D(S¢t, R)
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has a right adjoint
f!:D(Se, R) — D(Xet, R).

Proof. By virtue of the Brown representability theorem, it is sufficient to prove that
Rf. preserves small sums. For this purpose, it is sufficient to prove that, for any
geometric point ¢ of S, the functor Rf.(-); : D(X¢,R) — D(R-Mod) preserves small
sums. This readily follows from Corollaries 1.2.2 and 1.1.15. ([

1.3. Smooth base change isomorphism and homotopy invariance.

Theorem 1.3.1. Consider the cartesian square of locally noetherian schemes below,
with g a smooth morphism, and [ of finite type.

x —tsx

Ly

S'—S

Consider a ring R of positive characteristic which is prime to the residue characteris-
tics of S. Then, for any object K of D(X¢,R), the map

g*Rf.(K)— Rf.h*(K)

is an isomorphism in D(S},,R).

Proof. The smallest triangulated full subcategory of D(X¢t,R) which is closed under
small sums, and which contains sheaves of R-modules over X¢t, is the whole category
D(X¢t,R). Therefore, by virtue of Corollary 1.1.15, it is sufficient to prove that, for
any sheaf of R-modules F over Xg;, the map

g"Rf.(F)—=Rf,h*(F)
is an isomorphism. This follows from [AGV73, Exposé XVI, Corollaire 1.2]. (Il

Theorem 1.3.2. Let S be a locally noetherian scheme and p :V — S be a vector bun-
dle. Consider a ring R of positive characteristic which is prime to the residue charac-
teristics of S. Then the pullback functor p* :D(S¢t,R) — D(V, R) is fully faithful.

Proof. The property that p* is fully faithful is local over S for the Zariski topology,
so that may assume that V = A%, and even that n = 1. We have to check that, for
any complex K of sheaves of R-modules over S¢;, the unit map K — Rp.p*(K) is
an isomorphism in D(Sg;,R). By Corollary 1.1.15, the functor Rp. preserves small
sums, so that we may assume that K is concentrated in degree zero (by the same
argument as in the preceding proof). This follows then from [AGV73, Exposé XV,
Corollaire 2.2]. O

2. THE PREMOTIVIC ETALE CATEGORY

In this section, R can be any ring, while the schemes will be noetherian. Unless
stated otherwise, given any base scheme S, S-schemes are assumed to be separated
and of finite type.

The category of separated smooth S-schemes of finite type Smg, endowed with the
étale topology, is called the smooth-étale site. We denote by Shg(S,R) the category of
sheaves of R-modules on this site (this has to be distinguished from the category of
sheaves on the small site; see 1.1.1).
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2.1. Etale sheaves with transfers.

2.1.1. We recall here the theory of finite correspondences and of sheaves with trans-
fers introduced by Suslin and Voevodsky [SV00b]. The precise definitions and con-
ventions can be found in [CD12, section 9].

Let us fix a sub-ring A of Q as the ring of coefficients of all cycles considered in
this paragraph. Given any S-scheme X, we denote by

co(X/S)a

the abelian group of cycles @ in X with coefficients in A such that « is finite and A-
universal over S (ie the support of « is finite over S and a/S satisfies the definition
[CD12,9.1.1]).

Given any S-schemes X and Y, we put

cs (X,Y)p :=co(X xg Y/X)p
and call its elements the finite S-correspondences from X to Y (cf. [CD12, 9.1.2]).

These correspondences can be composed and we denote by Sm{’s the category
whose objects are smooth S-schemes and morphisms are finite S-correspondences
(see [CD12, 9.1.8] for &2 the class of smooth separated morphisms of finite type).

We can define a functor

(2.1.1.a) Ys :Smg —>Sm§{’:9

which is the identity on objects and associates to an S-morphism its graph seen as a
finite S-correspondence [CD12, 9.1.8.1].

When the coefficients are not indicated in the notation, it is understood that A = Z.
This will always be the case in the rest of this section.

Definition 2.1.2. (see [CD12, 10.1.1 and 10.2.1]) An R-presheaf with transfers over
S is an additive presheaf of R-modules on Smg". We denote by PSh”(S,R) the
corresponding category.

An étale R-sheaf with transfers over S is an R-presheaf with transfers F' such that
Foyg is a sheaf for the étale topology. We denote by Shfé’t(S,R) the corresponding full
subcategory of PSh”(S,R).

Thus, by definition, we have an obvious functor:
(2.1.2.a) Y« : Sh(S,R) — Shg(S,R),F — Foy.

2.1.3. Given any S-scheme X, we let Rg’(X ) be the following R-presheaf with trans-
fers:

Y —cs(Y,X)®zR.
Proposition 2.1.4. The presheaf Rg (X) is an étale R-sheaf with transfers.

Proof. In the case where R = Z this is [CD12, Proposition 10.2.4]. For the general
case, we observe that for any smooth S-scheme Y, ¢s(Y,X) is a free abelian group.
Indeed, it is a sub-Z-module of the free Z-module of cycles in Y xg X. Thus, we have

(2.1.4.2) Tory(cs(Y,X),R)=0,

and the general case follows from the case R =Z. [
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2.1.5. Let Y, be a simplicial S-scheme. If we apply Rg’ pointwise, we obtain a sim-
plicial object of the additive category Shé’t(S ,R). We denote by Rfs.r (Y.) the complex
associated with this simplicial object. This is obviously functorial in Y..

The following proposition is the main technical point of this section.

Proposition 2.1.6. Let p : Y. — X be an étale hypercover of X in the category of
S-schemes. Then the induced map

Px: Y*ngr(Y.) — Y*ngr(X)
is a quasi-isomorphism of complexes of étale R-sheaves.

Proof. The general case follows from the case R = Z — using the argument (2.1.4.a).
In the proof, a geometric point will mean a point with coefficients in an algebraically
closed field — not only separably closed'. We will use the abelian group co(Z/S)
defined for any S-scheme Z in 2.1.1. Remember that it is covariantly functorial
in Z; see [CD12, 9.1.1].

First step. We reduce to the case where S is strictly local and to prove that the
canonical map of complexes of Z-modules

(2.1.6.a) ps:coY/S) — co(X/S)

is a quasi-isomorphism.

Indeed, to check that p. is an isomorphism, it is sufficient to look at fibers over
a point of the smooth-étale site. Such a point corresponds to a smooth S-scheme T'
with a geometric point £ ; we have to show that the map of complexes of abelian
groups:

lim c¢cg(V,Y.)— lim cg(V,X)
VEIT) VEIT)

is an isomorphism.

Let Ty be the strict local scheme of T at . By virtue of [CD12, 8.3.9], for any
smooth S-scheme W, the canonical map:

li_I‘I)l cs(V,W)— co(Z xg To/To) = cry (To, W x5 T).
Ver(T)
is an isomorphism. This concludes the first step as we may replace S by Ty as well
as p by p xs Ty.

Second step. We reduce to prove that (2.1.6.a) is a quasi-isomorphism in the case
where X is connected and finite over S.

Let Z be the set of closed subschemes Z of X which are finite over S, ordered by
inclusion. Given such a Z, we consider the canonical immersion i : Z — X and the
pullback square:

szY.L>Z

kipli

Y, ———X.

n the proof, we will only use the fact that any surjective family of geometric points on a scheme X
gives a conservative family of points of the small étale site of X; see [AGV73, VIII, 3.5].
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We thus obtain a commutative diagram:

co(Z xx Y.IS) 22 ¢o(Z1S)

| l

co(YIS) — 2 s co(X/S).

In this diagram, the vertical maps are injective and we can check that p. is the
colimit of the morphism pz. as Z runs over Z. In fact, taking any cycle a in co(Y,/S),
its support T is finite over S ; as p, : Y, — X is separated, Z = p,(T') is a closed
subscheme of X which is finite over S. Obviously, a belongs to co(Z xx Y,/S).
Because Z is a filtering ordered set, it is sufficient to consider the case where p
is pz and X is Z. Because co(Z/S) is additive with respect to Z, we can assume in
addition that Z is connected, which finishes the reduction of the second step.

Final step. Now, S is strictly local and X is finite and connected over S. In particular,
X is a strictly local scheme. Let x and s be the closed points of X and S, respectively.
Under these assumptions, we have the following lemma (whose proof'is given below).

Lemma 2.1.7. For any S-scheme U and any étale S-morphism f :U — X, the canon-
ical morphism:

ou 1 ZHomx (X, V) ® co(X/S) — co(U/S)
(:X—-U)ep — i.p)

is an isomorphism.

Thus, according to the lemma above, the map (2.1.6.a) is isomorphic to:
P« ZHomx(X,Y.)) ® co(X/S) — Z{Homx (X, X)) ® co(X/S).

As p is an étale hypercovering and X is a strictly local scheme, the simplicial set
Homx(X,Y.) is contractible. This readily implies that p. is a chain homotopy equiv-
alence, which achieves the proof of the proposition. (I

Proof of Lemma 2.1.7. We construct an inverse ¥y to ¢y. Because co(—/S) is ad-
ditive, the (free) abelian group co(U/S) is generated by cycles @ whose support is
connected. Thus it is enough to define ¥y on cycles a € co(U/S) whose support T is
connected.

By definition, T is finite over S. As f is separated, f(T) is closed in X and the
induced map T — f(T) is finite. In particular, the closed point x of X belongs to
f(T): we fix a point ¢t € T such that f(¢) = x. Then the residual extension x(¢)/x(x) is
finite. This implies x(¢) =~ x(x) as x(x) is algebraically closed (according to convention
at the beginning of the proof). In particular, ¢ is a x(x)-section of the special fiber
U, of U at x. As U/Z is étale, this section can be extended uniquely to a section
i1:X —Uof U/X. Then i(X) is a connected component, meeting T' at least at ¢. This
implies T c i(X) as T is connected. Thus a € co(U/S) corresponds to an element «;
in co(i(X)/S) = ¢o(X/S). We put yy(a) =i ® a;. The map wy is obviously an inverse
to ¢y, and this concludes the proof of the lemma. O

Remark 2.1.8. This proposition fills out a gap in the theory of motivic complexes of
Voevodsky which was left open in [VSFO00, chap. 5, sec. 3.3]: Voevodsky restricted to
the case of a field of finite cohomological dimension.

Note also the following corollary of lemma 2.1.7:
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Corollary 2.1.9. Let X be a scheme and V an étale X-scheme. Let Rx (V') be the étale
R-sheaf on Smx represented by V. Then the map

Rx(V)—RY(V)
induced by the graph functor is an isomorphism.

Proof. As in the proof above, it is sufficient to treat the case R = Z. Moreover, by
looking at the toposic fibers of the above map, and by using the arguments of the
first step of the proof, we are reduced to check that the map

ZHomx(X,V)) — co(V/X)

is an isomorphism when X is strictly local with algebraically closed residue field.
Then, this follows from the preceding lemma, and from the fact that, when X is
connected, we have co(X/X) =Z; see [CD12, Lemma 10.2.6]. O

In [CD12, Proposition 10.3.3], we proved the preceding proposition in the partic-
ular case of a Cech hypercovering — i.e. the coskeleton of an étale cover. With the
extension obtained in the above proposition, we can apply [CD12, Prop. 9.3.9] and
get the following.

Proposition 2.1.10. The category of étale sheaves with transfers has the following
properties.

(1) The forgetful functor
0% : Sh%(S,R)— PSh”(S,R)

admits an exact left adjoint attért such that the following diagram commutes,

where ag denotes the usual sheafification functor.

all
PSh”(S,R) —— Sh%(S,R)

?"l lw

PSh(S,R) —= > Shg(S,R)

(2) The category Shtért(S ,R) is a Grothendieck abelian category generated by the
sheaves of shape R g’(X ), for any smooth S-scheme X.

(3) The functor y. is conservative and commutes with every small limits and
colimits.

2.1.11. We deduce immediately from that proposition that the functor y. admits a
left adjoint y*.

As in [CD12, Corollary 10.3.11], we get the following corollary of the above propo-
sition — see Section A.1 for explanation on premotivic categories which where defined
in [CDO09]:

Corollary 2.1.12. The category Shg’t(—,R) has a canonical structure of an abelian
premotivic category. Moreover, the adjunction:

(2.1.12.2) Y* :Shey(—,R) S Sh(-,R) : 7.

is an adjunction of abelian premotivic categories.
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2.1.13. Remember that the category of (Nisnevich) sheaves with transfers ShgiS(S ,R)
is defined as the category of presheaves with transfers F over S such that Foy is a
sheaf; see [CD12, 10.4.1]. Then Sh;rﬁs(—,R ) is a fibred category which is an abelian
premotivic category according to loc. cit.

We will denote by 7 the comparison functor between the Nisnevich and the étale
topology on the site Smg. Thus, we denote by 7. : Sh%(S,R) — Sh{. (S,R) the ob-
vious fully faithful functor. Then the functor a?, : PSh”(S,R) — Sh’;(S,R) obviously
induces a right adjoint 7* to the functor 7.. Moreover, this defines an adjunction of
premotivic abelian categories:

(2.1.13.a) 7" :Sh{{, (-, R) S Sh%(-,R): T..
2.2. Derived categories.

2.2.1. In [CD12, Section 5], we established a theory to study derived categories such
as D(Shtért(S ,R)). This category has to satisfy the technical conditions of [CD12, Def-
initions 5.1.3 and 5.1.9]. Let us make explicit this definition in our particular case.

Definition 2.2.2. Let K be a complex of étale R-sheaves with transfers.

(1) The complex K is said to be local with respect to the étale topology if, for any
smooth S-scheme X and any integer n € Z, the canonical morphism

HomK(Shté’t(S,R))(Rg‘(X)[n]’K) g HomD(Sth(S’R))(Rg(X)[n],K)

is an isomorphism.
(2) The complex K is said to be étale-flasque if for any étale hypercover Y, — X
in Smg and any integer n € Z, the canonical morphism

t t
Homgyr (s r)(Bs (X)In], K) — Homy sy s r))(Rg (Y.)n], K)
is an isomorphism.

Proposition 2.2.3. A complex of étale sheaves with transfers is étale-flasque if and
only if it is local with respect to the étale topology. Moreover, for any complex of étale
R-sheaves with transfers K over S, any smooth S-scheme X, and any integer n € Z,
we have a natural identification:

HomD(Shtei(X,R))(R;tS’r(X)’K[n]) = Hgt(X,K)

Proof. Note that the analogous statement is known to be true for complexes of étale
sheaves without transfers (see for instance [CD09]). Therefore, the first assertion of
the proposition follows from the second one, which we will now prove. Let S be a
base scheme.

We consider the projective model category structure on the category C(Shgt(S,R)),
that is the analog of the model structure defined in 1.1.8: the weak equivalences
are the quasi-isomorphisms, while the fibrations are the morphisms of complexes
whose restriction to each of the small sites Xg; is a fibration in the sense of 1.1.8
for any smooth S-scheme X. On the other hand, as the category Shg(S ,R) is an
abelian Grothendieck category, the category C(Shg’;(S ,R)) is endowed with the injec-
tive model category structure; see [CD09, 2.1]. By virtue of [CD09, 2.14], Proposition
2.1.6 and the last assertion of Proposition 2.1.10 imply that the functor

y* : C(Shey(S,R)) — C(Sh%(S,R))
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is a left Quillen functor. As its right adjoint y. preserves weak equivalences, we thus
get an adjunction
Ly* :D(Shg(S,R)) & D(Shf{t(S,R)) Y.
Note that, for any smooth S-scheme X, we have a natural isomorphism
Ly*Rg(X)~RY(X)

because Rg(X) is cofibrant. Therefore, for any smooth S-scheme X and for any com-
plex of étale sheaves with transfers K, we have the following identifications (compare
with [VSF00, chap. 5, 3.1.9]):

HomD(Shtéfc(X,R))(ngr(X),K[n]) = HomD(Sth(X,R))(Ly* (Rs(X)),K[nD
= Homp(sh,(x,r))(R5(X),y+(K)n])
=H4 (X ,K).
This proves the second assertion of the proposition, and thus achieves its proof. [l

2.2.4. Propositions 2.1.6 and 2.2.3 assert precisely that the premotivic abelian cate-
gory Shgt(—,R ) is compatible with the étale topology in the sense of [CD12, Definition
5.1.9].

We can therefore apply the general machinery of loc. cit. to the abelian premotivic
category Shtért(—,R). In particular, we get triangulated premotivic categories (again,
see Section A.1 for basic definitions on premotivic categories):

e [CD12, Definition 5.1.17]: The associated derived category: D(Shfé’t(—,R )
whose fiber over a scheme S is D(Shg’t(S ,R)).
¢ [CD12, Definition 5.2.16]: The associated effective Al-derived category:

7 R):= D"
DM (-,R) := DY (Shi%(-,R))

whose fiber over a scheme S is the Al-localization of the derived category
D(Shté't(S,R)).
We will call it the category of effective étale motives.

« [CD12, Definition 5.3.22]: The associated (stable) Al-derived category:

DMgy(—,R) = D51 (Sh(—,R))

whose fiber over a scheme S is obtained from DZ’;f (Shé’t(S,R)) by ®-inverting
the Tate object RY (1) := RY (P§,00)[—2] (in the sense of model categories).

We will call it the category of étale motives.

By construction, these categories are related by the following morphisms of premo-
tivic triangulated categories:

(2.2.4.2) D(Sh’(S,R)) 2% DMY (S, R) 2= DMy(S, R).

Recall that the right adjoint to the functor w41 is fully faithful with essential image
made by the Al-local complexes, in the sense of the next definition.

Definition 2.2.5. Let K be a complex of R-sheaves with transfers over a scheme S.
For any smooth S-scheme X and any integer n € Z, we simply denote by H[ (X ,K)
the cohomology of K seen as a complex of R-sheaves over Xgt.

We say that K is Al-local if for any smooth S-scheme X and any integer n € Z, the
map induced by the canonical projection

H%(X,K)— H.(AY,K)
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is an isomorphism.

2.2.6. According to [CD12, 5.1.23, 5.2.19, 5.3.28], the adjunction of abelian premo-
tivic categories (2.1.12.a) can be derived, and it induces, over a scheme S, a commu-
tative diagram:

D(Shg(S,R)) —— DZL};(Shét(S,R)) —— D1(Shgt(S,R))
(2.2.6.a) Ly* i
D(Sh%(S,R)) — DM (S,R) ——— DMi(S,R)

Note that all the vertical maps are obtained by deriving (on the left) the functor y*.
We will simply denote these maps by Ly*. By definition, they admit a right adjoint
that we denote by Ry... In fact, we will often write Ry, =y. because of the following
simple result.

Proposition 2.2.7. The exact functor y. : C(Shg’;(S ,R)) — C(Sh¢i(S,R)) preserves Al-
equivalences.

Proof. This follows from [CD12, Proposition 5.2.24]. [l

2.2.8. Applying again [CD12, 5.1.23, 5.2.19, 5.3.28] to the adjunction (2.1.13.a), we
get a commutative diagram of left derived functors:

D(ShZ. (S,R)) —> DM (S,R) ——> DM(S,R)

(2.2.8.a) Lr*i J/ J{

D(ShZ(S,R)) — DM/ (S,R) — DM(S,R)

where DM (S, R) (resp. DM(S,R)) stands for the effective category (resp. stable
category) of Nisnevich motives as defined in [CD12, Definition 11.1.1].

The following proposition is a generalization of [VSF00, chap. 5, 4.1.12].

Proposition 2.2.9. Assume R is a Q-algebra. Then the adjunction (2.1.13.a) is an
equivalence of categories. In particular, all the vertical maps of the diagram (2.2.8.a)
are equivalences of categories.

Proof. We first prove that the right adjoint 7. of (2.1.13.a) is exact. Using the analog
of Proposition 2.2.3 for the Nisnevich topology, one reduces to show that for any
étale R-sheaf with transfers F over S and any local henselian scheme X over S,
the cohomology group Hét(X ,F') vanishes. But, as F is rational, this last group is
isomorphic to Hilis(X ,F') — this is well known, see for example [CD12, 10.5.9] — and
this group is zero.

Note also 7. obviously commutes with direct sums. Thus it commutes with arbi-
trary colimits.

Obviously 7. is essentially surjective. It remains only to prove it is fully faithful.
Thus, we have to prove that for any Nisnevich R-sheaf with transfers over S, the
adjunction map

Fg=1"1.,(F)—F
is an isomorphism. As 7¥7, commutes with colimits, it is sufficient to prove this for
F = Rg(X ) when X is an arbitrary smooth S-scheme. This is precisely Proposition
2.1.4. |
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2.3. A weak localization property.

Lemma 2.3.1. Let f:Y — X be a finite morphism. Then the functor
f« :C(Sh4(Y,R)) — C(Sh%(X,R))

preserves colimits and Al-equivalences.

Proof. We first check that f. preserves colimits. By definition, y.fs = f«y«. Ac-
cording to point (3) of Proposition 2.1.10, we thus are reduced to prove the func-
tor f. : Sh(Y,R) — Sh(X,R) commutes with colimits. This is well known — boiling
down to the fact a finite scheme over a strictly local scheme is a sum of strictly local
schemes. The remaining assertion now follows from [CD12, Prop. 5.2.24]. ([l

Proposition 2.3.2. Let f:Y — X be a finite morphism. Then the functor
f.=Rf.:DMJ(Y,R)— DM (X,R)
preserves small sums, and thus, has a right adjoint f".

Proof. The fact that the functor f. preserves small sums follows formally from the
preceding lemma and from the fact that Al-equivalences are closed under filtered
colimits; see [CD09, Proposition 4.6]. The existence of the right adjoint f' follows
from the Brown representability theorem?. O

2.3.3. Let i : Z — S be a closed immersion and j: U — S the complementary open
immersion.

Let K be a complex of étale sheaves with transfers over S. Note that the composite
of the obvious adjunction maps

(2.3.3.2) Jsi(K) = K = i,i*(K)

is always 0. We will say that this sequence is homotopy exact in DMZ:f (S,R) if for
any cofibrant resolution K’ — K of K the canonical map

Cone(j37"(K") —K')—i.,i"(K")
is an Al-equivalence.

Note that given a smooth S-scheme X, K = Rg’(X ) is cofibrant by definition and
the cone appearing above is quasi-isomorphic to the cokernel of the map

RYX -X7) 2 RYX),

which we will denote by Rg(X/X —X7z). Here, we put Xz =X xg Z.
We recall the following proposition from [CD12, Cor. 2.3.17]:

Proposition 2.3.4. Consider the notations above. The following conditions are equiv-
alent:

(i) The functor i, is fully faithful and the pair of functors (i*,j*) is conservative
for the premotivic category DMZ’:f (—,R).
(ii) For any complex K, the sequence (2.3.3.a) is homotopy exact in DMZ’:f(S,R).

20ne can see the existence of a right adjoint of Rfs in a slightly more constructive way as follows.
Lemma 2.3.1 implies that the functor f ! already exists at the level of étale sheaves with transfers. One
can see easily from the same lemma that £ is a left Quillen functor with respect to the Al-localizations
of the injective model category structures, which ensures the existence of f ! at the level of the homotopy
categories, namely as the total right derived functor of its analog at the level of sheaves.
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(iii) The functor i, commutes with twists and for any smooth S-scheme X, the
canonical map

R{(X/X -Xz)— i.(R}(X2))
is an isomorphism in DMZ{f (S,R).

Moreover, when these conditions are fulfilled, for any complex K, the exchange trans-
formation:

(2.3.4.a) (I«(Rz)N®K —i.i"(K)
is an isomorphism.
The equivalent conditions of the above proposition are called the localization prop-

erty with respect to i for the premotivic triangulated category DM® tf (—,R); see A.1.11.

e

Proposition 2.3.5. Let i : Z — S be a closed immersion which admits a smooth
retraction p : S — Z. Then DMZ’Z (—,R) satisfies the localization property with respect
to i.

The proof of this proposition is the same than the analogous fact for the Nisnevich
topology — see [CD12, Prop. 6.3.14]. As this statement plays an important role in the
sequel of these notes, we will recall the essential steps of the proof. One of the main
ingredients of the proof uses the following result, proved in [Ayo07, 4.5.44]:

Theorem 2.3.6. The premotivic category szlf (Shgt(—, R)) satisfies localization (with
respect to any closed immersion).

Lemma 2.3.7. For any open immersion j:U — S, the exchange transformation
Ljsy« — v+ Ljy
is an isomorphism in chlf(Shét(S,R)).
Proof. We first prove that, for any étale sheaf with transfers F over U, the map
JpY+(F) = v jy(F)

is an isomorphism of étale sheaves. Indeed, both in the case of étale sheaves or of
étale sheaves with transfers, the sheaf j;(F) is obtained as the sheaf associated with
the presheaf

v F(V) ifV is supported over U (i.e. if V xgU =V),
0 otherwise.

In particular, the functors j; are exact, and they preserve Al-equivalences because
of the projection formula A ® j;(B) = j;(j*(A) ® B) (for any sheaves A and B). Using
Proposition 2.2.7, this implies the lemma. O

Lemma 2.3.8. let i : Z — S be a closed immersion which admits a smooth retraction.
Then the exchange transformation:

Ly*i. —i.Ly"

is an isomorphism in DMZ’:f (S,R).
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Proof Let p:S — Z be a smooth morphism such that pi =1z, and denote by j:U —
S the complement of { in S. For any object M in DMZ’:f (Z,R), we have a natural
homotopy cofiber sequence of shape

(2.3.8.2) Lj;j'p*M —p*M —i.M

(note that .M =i.i*p*M because pi = 1z). Indeed, as the functor y. is conser-
vative, it is sufficient to check this after applying y.. As the functor y. commutes
with Ljy (by the previous lemma) as well as with the functors j*, p* and i. (because
its left adjoint Ly* commutes with the functors Ljy, Lpy and Li*), it is sufficient to
see that the analogue of (2.3.8.a) is an homotopy cofiber sequence for any object M
of DZ’;f (Shgt(Z,R)). But this latter property is a particular case of the localization
property with respect to the closed immersions, which is known to hold by Theo-
rem 2.3.6. The characterization of the functor i, by the homotopy cofiber sequence
(2.3.8.a) implies the lemma because the functor Ly* is known to commute with the
functors Ljy, j* and p*. (I

Proof of Proposition 2.3.5. Now, the proposition can easily be deduced from the above
lemma and from Theorem 2.3.6, using the fact that the functor y. is conservative;
see the proof of [CD12, Prop. 6.3.14] for more details. [l

3. THE EMBEDDING THEOREM
3.1. Locally constant sheaves and transfers.

3.1.1. Let X be a scheme.

Recall that we denote by Sh(Xgt,R) the category of R-sheaves over the small étale
site X4¢. On the other hand, we also have the category Sh¢i(X,R) of R-sheaves over
the smooth-étale site Smx ¢ — made by smooth X-schemes. The obvious inclusion of
sites p : X4t — Smx ¢ gives an adjunction of categories:

(3.1.1.a) py : Sh(Xg, R) = Shgt(X,R): p*
where p*(F)=F op. The following lemma is well known (see [AGV73, VII, 4.0, 4.1]):

Lemma 3.1.2. With the above notations, the following properties hold:
(1) the functor p* commutes with arbitrary limits and colimits;
(2) the functor py is exact and fully faithful;
(3) the functor py is monoidal and commutes with operations f* for any mor-
phism of schemes f, and with fy, when f is étale.

Note that point (3) can be rephrased by saying that (3.1.1.a) is an adjunction of
étale-premotivic abelian categories (Definition A.1.7).

By definition, py sends the R-sheaf on X¢; represented by an étale X-scheme V to
the R-sheaf represented by V on Smx. We will denote by Rx (V) both the sheaves on
the small étale and on the smooth-étale site of X — the confusion here is harmless.

3.1.3. Let us denote by D(X¢t,R) the derived category of Sh(Xg4;,R). As both func-
tors py,p* are exact, they can be derived trivially. In particular, we get a derived
adjunction:

(3.1.3.a) py : D(X¢t, R) = D(Shgy(X,R)) : p*
in which the functor pj is still fully faithful.
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Proposition 3.1.4. The composite functor

Sh(Xe, R) 2 Shey(X,R) L Shi7 (X, R)
is exact and fully faithful.

Proof. As py is fully faithful and y. is exact and conservative, it is sufficient to prove
that, for any R-sheaf F' on Xg;, the map induced by adjunction:
Pi(F) = 7" py(F)

is an isomorphism of étale sheaves. Moreover, all the involved functors commute
with colimits (applying in particular 2.1.10). Thus, it is sufficient to prove this in the
case where F' = Rx(V) is representable by an étale X-scheme V. Then, the result is
just a reformulation of Corollary 2.1.9. ([

Corollary 3.1.5. The functor
Ly* p; =y"py : D(X4;,R) — D(Sh(X,R))
is fully faithful.
3.1.6. We have a composite functor
(3.1.6.2) p1:D(X&, R) — DS (X, R) — DM (X, R)

Proposition 3.1.7. Assume that the ring R is of positive characteristic n and that
the residue characteristics of X are prime to n. Then the composed functor (3.1.6.a) is
fully faithful.

Proof. Recall that the functor m1 : D(Shgﬂ(X ,R) — DMZ':f (X,R) has a fully faithful
right adjoint whose essential image consists of Al-local objects (see Definition 2.2.5).
Therefore, by virtue of Proposition 2.2.3 and of Corollary 3.1.5, it is sufficient to prove
that, for any complex K in D(Xg;,R), and for any étale X-scheme V, the map

H.(V,K)— H.(A'xV K)
is bijective for all i, which is Theorem 1.3.2. ([l
3.2. Etale motivic Tate twist. Recall from [AGV73, IX, 3.2] that, for any scheme

X such that n is invertible in Ox, the group scheme y, x of nth roots of unity fits in
the Kummer short exact sequence in Shg(S,Z):

(3.2.0.a) 0—pn —Gprx—Gnx—0.
This induces a canonical isomorphism in the derived category:

(3.2.0.b) Gnx[-110VZnZ~p, x.

3.2.1. For any scheme S and any ring R, the Tate motive Rg(1) is defined in DMZf (S,R)
as the cokernel of the split monomorphism Rg’(S)[—l] — Rg’(Gm,s)[—l] induced by
the unit section.
As Gy, s has a natural structure of étale sheaf with transfers, there is a canonical
map
Zg(Gm,S) - Gm,S

which factor through Zg(1)[1]. This gives a natural morphism in DM/ (S, R):
(3.2.1.2) Rs()[1]1— G, s " R.
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In the case where R is of positive characteristic n, with n invertible in Og, the iso-
morphism (3.2.0.b) identifies the map (3.2.1.a) shifted by [-1] with a morphism of
shape

(3.2.1.b) Rs(1) — pp s ®zmz R,

where the locally constant étale sheaf y, g is considered as a sheaf with transfers
(according to proposition 3.1.7). Note also that u, g ®%an = 1, § ®z/nz. R because i,
is a locally free sheaf of Z/nZ-modules.

Proposition 3.2.2. The morphism (3.2.1.a) is an isomorphism in DMztf (S,R) when-
ever S is regular.

Proof. The case where R = Z follows immediately from [CD12, Theorem ??]. We
conclude in general by applying the derived functor (-) @ R. ([l

Proposition 3.2.3. If the ring R is of positive characteristic n, with n invertible in
Os, then the morphism (3.2.1.b) is an isomorphism in DMZ’Z(S,R).

Proof. By virtue of the preceding proposition, this is true for S regular, and thus in
the case where S = SpecZ[1/n]. Now, consider a morphism of schemes f : X — S, with
S regular (e.g. S = SpecZ[1/n]). The natural map Lf*(Rg(1)) — Rx(1) is obviously
an isomorphism, and, as the étale sheaf p, is locally constant, the canonical map
Lf*(un,s ®zmnz R) — pnx ®zmz R is invertible as well, from which we deduce the
general case. O

Corollary 3.2.4. For any scheme X, if n is invertible in Ox, we have a canonical
identification:

. i-1
HomDM‘efff(X,Z/nZ)((Z/nZ)X’(Z/nZ)X(l)[l]) =Hl " (X,un).
Proof. This is an immediate consequence of Propositions 3.1.7 and 3.2.3. O]

Corollary 3.2.5. If the ring R is of positive characteristic n, with n prime to the
residue characteristics of X, then the Tate twist Rx (1) is ®-invertible in DMZ’:f X,R).
Therefore, the infinite suspension functor (2.2.4.a)

£°:DMY(X,R) — DMg(X,R)
is then an equivalence of categories.

Proof. The sheaf i, x is locally constant: there exists an étale cover f:Y — X such
that f*(up x) = (Z/nZ)y. This implies that the sheaf u, x ® R is ®-invertible in the

derived category D(X¢¢,R). As the canonical functor D(X¢,R) — DM‘Z:f (X,R) is sym-
metric monoidal, this implies that 1, x ® R is ®-invertible in DM (X,R). The first
assertion follows then from Proposition 3.2.3. The second follows from the first by
the general properties of the stabilization of model categories; see [Hov01]. ([l

4. TORSION ETALE MOTIVES

4.0.6. In this section, we fix a ring R of positive characteristic n. Our category of
underlying schemes Sch will be the category of all noetherian schemes. We will
denote by Sch[1/n] the category of Z[1/n]-schemes.
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The aim of this section is to show that the premotivic triangulated category of
R-linear étale motives DMZ’:f (—,R) defined previously satisfies the Grothendieck 6
functors formalism as well as the absolute purity property (see respectively Defi-
nitions A.1.10 and A.2.9). Then we deduce the extension of the Suslin-Voevodsky
rigidity theorem [VSFO00, chap. 5, 3.3.3] to arbitrary bases.

To simplify notations, we will cancel the letters L and R in front of the derived
functors used in this section. Note also that we will show in Proposition 4.1.1 that

=% DMZ (-,R) — DMg(-,R)

is an equivalence of categories. Thus we will use the simpler notation DMgi(—,R)
from section 4.2 on.

4.1. Stability and orientation. We first show that in Corollary 3.2.5 one can drop
the restriction on the characteristic of the schemes we consider:

Proposition 4.1.1. If R is of positive characteristic, for any scheme S the Tate mo-
tive Rg(1) in ®-invertible and the natural map Rg(1)[1] — G, g ®l'R (3.2.1.a) is an
isomorphism in DMZ’:f (S,R).

Proof. Let n >0 be the characteristic of R. As the change of scalars functor
pM7(s,znZ)~DMT (S,R), M—R&Y,,M

is symmetric monoidal, it is sufficient to prove this for R =Z/nZ. By a simple devis-
sage, we may assume that n = p% is some power of a prime number p. Let S[1/p] be
the product S x Spec(Z[1/p]), and let j : S[1/p] — S be the canonical open immersion.
By virtue of Proposition A.3.4, the functor

j*:DMY(S,R) - DM (S[1/p],R)

is an equivalence of triangulated monoidal categories. Therefore, we may also as-
sume that n is invertible in Og. We are thus reduced to Corollary 3.2.5. [

Corollary 4.1.2. If R is a ring of positive characteristic, then, for any scheme S the
infinite suspension functor

£°:DMY (S,R) — DM«(S,R)
is an equivalence of categories.

4.1.3. If R is of positive characteristic, as a direct consequence of the Proposition
4.1.1, we have, for any scheme S, a functorial morphism of abelian groups

C‘:élt . PlC(S) = HomD(Shté;(S,Z)(ZS’Gmrs[l]) - HomDMeff(S’R)(RS,Rs(l)[2])

which is simply induced by the canonical morphism G, s — G, s ®R and the iso-
morphism Rg(1)[1] = G, g eLR.

Definition 4.1.4. We call the map c?t the étale motivic Chern class.

We will consider this map as the canonical orientation of the triangulated premo-

.. eff
tivic category DM (-, R).
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4.2. Purity (smooth projective case).

4.2.1. We need to simplify some of our notations which will often appear below.
Given any morphism f and any smooth morphism p, we will consider the follow-
ing unit and counit maps of the relevant adjunctions in DMg¢(—,R):

1—>af * * a’f 1

(4.2.1.a) f«f*, f f*—, ,
Bp % ﬁp

1—p*ps, pyp*— 1L

Remark 4.2.2. Consider a cartesian square of schemes:
Y =X
gi A if
T—">38
such that p is smooth. According to Property (5) of Definition A.1.1, applied to
DMgi(—,R), we associate to the square A the base change isomorphism
Ex(A)):qp8™ — [ py-

In what follows, the square A will be clear and we will put simply: Exi}k = Ex(Ag)‘l.

Recall also that we associate to the square A another exchange transformation as
the following composite (see [CD12, 1.1.15]):

T Exy .

(4.2.2.a) Exy. :pyg« — fof D38« — [+q18 8+ — [+qy.
4.2.3. Proposition 4.1.1, and the existence of the map c? defined in 4.1.4, show that
the category DMgi(S,R) satisfies all the assumptions of [Dég07, §2.1]. Thus, the
results of this article can be applied to that latter category. In particular, according
to Prop. 4.3 of op. cit., we get:

Proposition 4.2.4. Assume that the ring R is of positive characteristic. Let f : X — S
be a smooth morphism of pure dimension d and s : S — X be a section of . Then,
using the notation of 2.3.3, there exists a canonical isomorphism in DMg(S,R):

prsRG(X/X ~S)— Rs(d)2d].
In particular, for any motive K in DM (S,R), we get a canonical isomorphism:
fis+(K) = fys(s*F*(K)®Rg) — K ®f;s.(Rg)
{ =K®R§’(X/X—S)&>K(d)[2d]

which is natural in K. The first isomorphism uses the projection formulas respec-
tively for the smooth morphism f (see point (5) of Definition A.1.1) and for the im-
mersion s (i.e. the isomorphism (2.3.4.a)).

Prs:

4.2.5. Assume now that f : X — S is smooth and projective of dimension d. We
consider the following diagram:

"

X*(S>X><SX$X
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where O is the obvious cartesian square and ¢ is the diagonal embedding.
As in [CD12, 2.4.39], we introduce the following natural transformation:

e Exp / Prs

with the notation of Remark 4.2.2 with respect to the square ©.
Theorem 4.2.6. Under the above assumptions, the map pr is an isomorphism.

Proof. In this proof, we put 7(K) = K(d)[2d]. Note that according to the basic prop-
erties of a premotivic category, we get the following identification of funtors for
DMi(—,R):

(4.2.6.2) frr=1f"fir=1fy.

Moreover, we can define a natural exchange transformation:

(4.2.6.b) Bxiof S fuf tfu = furf*fo o fur

with the notations of Paragraph 4.2.1. Using the fact 7 is an equivalence of categories
according to Proposition 4.1.1, we deduce easily from the identification (4.2.6.a) that
Tr is an isomorphism.

The key point of the proof is the following lemma inspired by a proof of J. Ayoub
(see the proof of [Ayo07, 1.7.14, 1.7.15]):

Lemma 4.2.7. To check that ps is an isomorphism, it is sufficient to prove that the
natural transformation
prfr i fif T = fetf”

is an isomorphism.

To prove the lemma we construct a right inverse ¢p; and a left inverse ¢2 to the
morphism p; as the following composite maps:

(prfrfot

b1t L f ot s fof T = futf o A F L,

Br O o ) e ./
G2 fsT— futf fr——— fif fi — [y

Let us check that pso¢; = 1. To prove this relation, we prove that the following
diagram is commutative:

ap . Ex;! N (Pff*f*)_l " ap pr
(pf fot prfere ay

f*Tf*f*Hfﬁf*f**)f*rff**)f*r

-1

Fuf ot — s futf* a fur
3)
fot —L s fuf* fu ) fr.

The commutativity of (1) and (2) is obvious and the commutativity of (3) follows
from Formula (4.2.6.b) defining Ex,;. Then the result follows from the usual formula
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between the unit and counit of an adjunction. The relation ¢gops = 1is proved using
the same kind of computations.

The end of the proof now relies on the following lemma which follows from [Dég07,
Theorem 5.23], which can be applied, according to Paragraph 4.2.3:

Lemma 4.2.8. Let f : X — S be smooth projective of dimension d as above, and
0 :X — X xg X the diagonal embedding. Then the following holds:

o The étale motive Rg (X) is strongly dualizable in DMg(S,R).
o Consider the morphism p defined by the following composition:

RYX)®gRY(X)=R4(X xs X) %> RE(X xs X/X x5 X —6(X))
(4.2.8.a) o, ;
L2 REX)(d)2d] - Rg(d)[2d].

where 1 is the canonical map and p}, s 1S the purity isomorphism of Proposi-

tion 4.2.4. Then p induces by adjunction an isomorphism of endofunctors of
DM (S, R):

(RT(X) ®g —) X5 Hom(RY (X),~(d)[2d)).

To finish the proof, we now check that the map

prf” «
ff " ——ff = fuf "7
is an isomorphism. Recall that according to the smooth projection formula for the
premotivic category DMg;, we get an identification of functors:

fif = R{X)e-).

Thus the right adjoint £ f* is identified with Hom(R g’(X ), —). According to the above
theorem, it is sufficient to prove that the map psf* above coincide through these
identifications with the isomorphism dx,s above.

According to the above definition of yu, the natural transformation of functors (u®
—) can be described as the following composite:

* * Exa‘ I pllx px * @5 * %
B fif " — fifyf 7" =818 —816.6" 8

* p /: * * ﬂ’
=fif[6uf” L2 faf* = fif Lo

where g = fof"” = fof’ is the projection X xg X — S. Indeed the base change map
Exék associated to the square © corresponds to the first identification in (4.2.8.a) and
the adjunction map as corresponds to the canonical map 7.

Thus, we have to prove the preceding composite map is equal to the following one,
obtained by adjunction from p;:

R Rl = L0, F = hif Ffo.f

Pris /

a B
L R e = ff o L Lot
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On can check after some easy cancellation that this amounts to prove the commuta-
tivity of the following diagram:

Exy.

* !
Exul \Laf

fﬂlf(/* as fu’(s*a*f”* fula*

Using formula (4.2.2.a), we can divide this diagram into the following pieces:

* " ar * x L ol Ex; * 1pi% plls arf” * "y
ffjjf*5**>f fxf fﬂf*5*4>f f*fﬂf f* s ——f f*fﬂ *

f*fi
Exgl E'x;‘l / J{a} J{a}
a/ 1!
fﬁ/fﬂ* fﬂ/fﬂ* 415* fﬁlf”* 415* f fﬁla*
(*)
£ @ 0.

Every part of this diagram is obviously commutative except for part (). As f"6 =1,
the axioms of a 2-functors (for f* and f, say) implies that the unit map

arn
fu/fu* f"o fﬁ/fu*(f//(s)*(fu(s)*
is the canonical identification that we get using 1, =1 and 1* = 1. We can consider
the following diagram:

fu/f”* af"5 fn/f//*(f/!(s)*(f/lé*)* fn’f’/* :5*
fu/f//* agn fﬁlf”* fﬁ”f,l* as fu/f//*(f//6)*(f//5)* a},,
la;,, lf
fif" ——= " —— 2 /66" " —— 0.
for which each part is obviously commutative. This concludes. [

This theorem will be generalized later on (see Corollary 4.3.2, point (3)). The
important fact for the time being is the following corollary:

Corollary 4.2.9. Under the hypothesis of Remark 4.2.2, if we assume that p is pro-
Jective and smooth, the morphism Exy. : pyg« — f«qy is an isomorphism.

In fact, putting 7(K) = K(d)[2d] where d is the dimension of p, one checks easily
that the following diagram is commutative:

Exyx
Dy8« fxqy

Ppl \qu
Ex

DPxT8« <;Tp*g*T7}“*(1*'5




ETALE MOTIVES 31

where we use formula (4.2.6.b) for the isomorphism Ex;.
4.3. Localization.

Theorem 4.3.1. For any ring of positive characteristic R, the triangulated premotivic
category DMgi(—, R) satisfies the localization property (see Definition A.1.12).

Proof. We will prove that condition (iii) of Proposition 2.3.4 is satisfied. Note that
according to Proposition 4.1.1, i, commutes with twists.> Thus it remains to prove
that for any smooth S-scheme X, the canonical morphism

ex/s :RYX/X -Xz)— iR} (Xz)

is an isomorphism in DMg(S,R) (recall that i, = Ri. according to Lemma 2.3.1).
Let us first consider the case where X is étale. Then according to Corollary 2.1.9,
the sequence of sheaves with transfers

(4.3.1.a) 0—RI(X -Xz) 2% RIX) 5 i . RE(X ) — 0

is isomorphic after applying the functor y. to the sequence

0—Rs(X -Xz) 2% Rg(X) = i, Rz(Xz) — 0.

This sequence of sheaves is obviously exact (we can easily check this on the fibres).
As vy, is conservative and exact, the sequence (4.3.1.a) is exact. Thus the canonical
map:

RY(X/X - Xz):=coker(j.) — iR} (Xz)

is an isomorphism in Shgt(X ,R) and a fortiori in DMg(S,R).
We now turn to the general case. For any open cover X =U UV, we easily get the
usual Mayer-Vietoris short exact sequence in Shf;t(S,R):

0—RIUNV)—REU)®RE(V)— RI(X) 0.

Thus the assertion is local on X for the Zariski topology. In particular, as X/S is
smooth, we can assume there exists an étale map X — Ag. Therefore, by compos-
ing with any open immersion Ag — Pg, we get an étale S-morphism f : X — Pg.
Consider the following cartesian square:

n k n
PZ‘>PS

qi.w

7z =8,

where p is the canonical projection. If we consider the notations of Paragraph 4.2.1
and Remark 4.2.2 relative to this square, then the following diagram

pylag)
P e pikk*
\LExu*
. Ex}
Py — s it py ‘ Lvqyk*

is commutative — this can be easily checked using Formula (4.2.2.a).

3Essentially because it is true for its left adjoint i *. This fact was already remarked at the beginning
of the proof of Theorem 4.2.6.
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If we apply the preceding commutative diagram to the object Rg(X X -Xz), we
get the following commutative diagram in DM (S, R):

pylexpn)

R (X/IX-X S k. R (X
Dy Ps( z) Py Pz( z)
RUYX/X -X7) —5 5 i, q;RY(X7) i+q3Rp, (X2)
The conclusion follows from the case treated above and from Corollary 4.2.9. O

As the premotivic triangulated category DMg(—, R) satisfies the stability property
(Proposition 4.1.1) and the weak purity property (Theorem 4.2.6) the previous result
allows to apply Theorem A.1.13 to DMg(—,R):

Corollary 4.3.2. For any ring R of positive characteristic, the triangulated premo-
tivic category DMgi(—,R) satisfies Grothendieck’s 6 functors formalism (Definition
A.1.10).

4.4. Compatibility with direct image.

4.4.1. According to Example A.1.3, the categories D(Xg¢,R) are the fibers of an Et-
premotivic triangulated category over Sch.
Note that the derived tensor product ® is essentially characterized by the prop-
erty that for any étale X-schemes U and V, RX(U)®LRX(V) =Rx(UxxV)inD(Xg,R).
Similarly, for any étale morphism p : V — X, the operation Lp; is characterized
by the property that for any étale V-scheme W, Lpy(Ry(W)) = Rx(W).

4.4.2. In what follows, we will drop the letters L. and R in front of derived functors
to simplify notations.
Due to the properties of the functors involved in the construction of
p1:D(~¢,R) — DMZ (-, R)

we get the following compatibility properties:

(1) p: is monoidal.

(2) For any morphism f :Y — X of schemes, there exists a canonical isomor-

phism:
Ex(f*,p0):f"pr—pif "
(3) For any étale morphism p : V — X, there exists a canonical isomorpism:
PPy = DI

Assume that R is of positive characteristic n, and consider now a proper morphism
f :Y — X between schemes whose residue characteristics are prime to n. Then, we
can form the following natural transformation:

a . Bx(f*,pp) er U
Ex(pi,£): pifs ~L fuf*prfe 2222 £ o £ =L Fup.

Proposition 4.4.3. Using the assumptions and notations above, the map
Ex(p1,f+): prf«(K) — [ pr(K)
is an isomorphism for any object K of D(Y¢t,R).
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Proof. Recall the triangulated category DMg(X,R) = DM‘;’? (X,R) is generated by
objects of the form R;E (W) = py(1w) where p : W — X is a smooth morphism. Thus,
we have to prove that for any integer n € Z, the induced map:

(4.4.3.2) HomDMeé{f(XR)(pn(RW)[n],pzf* (K))— HomDsztf(X,R)(pn(RW)[n],f*p!(K)).
Consider the following cartesian square:
WY
gi lf
WX
Then we get canonical isomorphisms
Ex;:p"fs—8«q"

both in D(—4;,R) and in the premotivic triangulated category DMgi(—,R), by the
proper base change theorem — see Theorem 1.2.1 and respectively Corollary 4.3.2,
Definition A.1.10(4).

On the other hand, the following diagram is commutative:

. Ex(puf)
prpifs —————=p fip
Ex(p*,p!)l lEx*
1o fx g+q"p

Ex* \L \LEx(q* ,01)
« Ex(pgs) "
P18+q 8«09

Thus, using the adjunction (py, p*) and replacing K by g*(K)[-n], we reduce to prove
that the map (4.4.3.a) is an isomorphism for any complex K when p = 1x and n = 0.
We have to prove that the map

E ,f+)« :Hom__ Rx,01f«(K))— Hom__ . Rx,f«p1(K
x(p1, f+) pm? o oy B P (KD oM x 1) B f+ KD

is an isomorphism.

But using the fact p\(Rx) = Rx, Proposition 3.1.7, as well as the adjunction (f*, f.),
the source and target of this map can be identified to H gt(Y,K ) and this concludes.
For the cautious reader, let us say more precisely that this follows from the commu-
tativity of the following diagram:

Hom(Ryx, f+(K)) —— "+ Hom(f*(Rx),K)
le lf’!
Hom(p(Rx), pif+(K)) Hom(p\f*(Rx), 1K) =" Hom(f* py(Rx), p1(K)
iadj.
E'x(th*)*
Hom(p(Rx), o1 f(K) Hom(p(Rx), £+ pr(K)).

O
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4.5. The rigidity theorem.

4.5.1. Given a scheme X, we denote by DIC’(Xét,R ) the full subcategory of D(Xg4,R)
which consists of complexes of étale sheaves with bounded constructible cohomology.

Lemma 4.5.2. Using the notations above, for any scheme X, the category ch’(Xét,R)
is the smallest triangulated thick subcategory of D(Xgs,R) generated by objects of the
form Rx(V)=Lpy(Ry) for p:V — X an étale morphism.

As an obvious corollary, we obtain that ch’(Xét,R) is stable by the operations f*,
for any morphism f, by the operation Lf; whenever f is étale, as well as by the
operation ol

Recall from [CD12, Definition 1.4.9] the following definition, taken from Ayoub’s

Astérisques:

Definition 4.5.3. We define the category of constructible étale motives DMg; (X, R)
as the thick triangulated subcategory of DM (X, R) generated by objects of the form
Rx(Y)(n) for any smooth X-scheme Y and any integer n € Z.

We then have the following result (see [Ayo07, lemma 2.2.23] or [CD12, Proposi-
tion 4.2.13]), which uses Theorem 4.3.1:

Proposition 4.5.4. If R is of positive characteristic, the category DMg; (X ,R) is
the thick triangulated subcategory of DMg(X,R) generated by objects of the form
f+«(Ry)(n) for any projective morphism f :Y — X and any integer n € Z.

The following theorem is a generalization of the rigidity theorem of Suslin and
Voevodsky ([Voe96, 4.1.9] or [VSF00, chap. 5, 3.3.3]) when the base is of positive
dimension:

Theorem 4.5.5. Assume that R is a ring of positive characteristic n, and consider a
noetherian Z[1/n]-scheme X. Then the functor

p1:D(Xet,R) — DM (X,R) = DMe(X, R)

is an equivalence of symmetric monoidal triangulated categories, whose quasi-inverse
is induced by the restriction functor on the small étale site. This equivalence of cate-
gories restricts to an equivalence at the level of constructible objects:

Db(X4,R) =~ DMg; o(X,R).

Proof. The fully faithfulness of the functor p; has been established in Proposition
3.1.7. According to Lemma 4.5.2, and points (1), (3), of Paragraph 4.4.2, we get
that p!(DZc)(Xét,R)) c DMy, (X, R). On the other hand, using the fact that the direct
image functors by proper morphisms preserve constructible coefficients (see [AGV73,
Exposé XIV, 1.1]), together with Propositions 4.4.3 and 4.5.4, we get the converse
inclusion. Furthermore, we know from Proposition 3.1.7 that the functor

p1:D(Xet,R) — DMZ (X, R)
is fully faithful, and it is easy to see that it has a right adjoint
p* :DMY(X,R) - D(X&,R)
defined by the restriction to the small étale site of X: p*(K) = K|x,,. To prove that
o1 is an equivalence of categories, it is sufficient to prove that, for any object K of
DM‘ZZ (X,R), the co-unit map
pip"(K)—K
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is an isomorphism. For this, it is sufficient to prove that, for any smooth X-scheme
V and any integer n, the map

Hom (Rx(V), p1p"(K)[n]) — Hom (Rx(V),K[n])

MY (X ,R) MY (X R)

is invertible. But we already know that DIC)(Xét,R) =~ DMy, (X,R), so that Rx(V) =

01(C) for some complex C in Dlg (Xg4t,R). Therefore, it is sufficient to prove that the
map

p*p1p*(K)— p*(K)
is invertible, which follows easily from the fact that the functor p; is full faithful. O

We can extend these results in the case of p-torsion coefficients as follows:

Corollary 4.5.6. Assume that R is of characteristic p” for a prime p and an integer
r=1. Let X be any noetherian scheme, and X[1/p] = X x Spec(Z[1/p]). Then there is
a canonical equivalence of categories

DM¢(X,R)=D(X[1/pls,R).
Proof. This follows from Theorem 4.5.5 and from Proposition A.3.4. U

Corollary 4.5.7. Under the assumptions of Theorem 4.5.5, for any complex of étale
sheaves with transfers of R-modules C over X, the following conditions are equiva-
lent:

(i) the complex C is Al-local;
(ii) for any integer n, the étale sheaf H"(C) (seen as a complex concentrated in
degree zero) is Al-local;
(ii1) the map p1p*C — C is a quasi-isomorphism of complexes of étale sheaves;
(iv) for any integer n, the map p\p*H™(C) — H™(C) is invertible.

Proof. The equivalence between conditions (i) and (iii) follows immediately from The-
orem 4.5.5, from which we deduce the equivalence between conditions (ii) and (iv).
The equivalence between conditions (iii) and (iv) comes from the fact that both p;
and p* are exact functors. (I

4.6. Absolute purity with torsion coefficients.

Theorem 4.6.1. For any ring of positive characteristic, the triangulated premotivic
category DMg(—, R) satisfies the absolute purity property (Definition A.2.9).

This means in particular that for any closed immersion i : Z — S between regular
schemes, one has a canonical isomorphism in DMg(S,R):

nx(Z):Rz — i'(Rg)(c)[2¢].

Proof. For any closed immersion i : Z — S, we define a complex of R-modules using
the dg-enrichement of DM (S,R):

RI'z(X) =RHom(i.(Rz),Rs).

This complex is contravariant in (X,Z) — see A.2.1 for morphisms of closed pairs.
We have to prove that whenever S and R are regular, the maps induced by the
deformation diagram (A.2.7.a),

d; dgy
RI7(X) —- RT 1 (D7X) = RIZ(NzX)
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are quasi-isomorphism. We may assume that R = Z/nZ for some natural number
n > 0. By a simple devissage, we may as well assume that n is a power of some prime
p. By virtue of Corolary 4.5.6, we see that all this is a reformulation of the analogous
property in the setting of classical étale cohomology, with coefficients prime to the
residue characteristics. We conclude with Gabber’s absolute purity theorem (see
[Fuj02]). |

5. h-MOTIVES AND /-ADIC REALISATION

In this section, we fix a ring A such that Z c A ¢ Q and consider a A-algebra R.
We let Sch be the category of noetherian schemes.

In addition, for any base scheme S in Sch, we let 5’5 " be the category of S-schemes
of finite type.

5.1. h-motives.

5.1.1. Recall that Voevodsky has defined the h-topology on the category of noetherian
schemes as the topology whose covers are the universal topological epimorphisms;
see [Voe96, 3.1.2]. Given a noetherian scheme S as well as a ring R, we will denote
by Shy,(S,R) the category of h-sheaves of R-modules on the category ,75 ! Given any
S-scheme X of finite type, we will denote by Ijg(X ) the free h-scheaf or R-modules
represented by X. As proved in [CD12, Ex. 5.1.4], the Sch-fibered category Shy,(—,R)
is an abelian .#/*-premotivic category in the sense of Definition A.1.1.

The following definition, although using the theory of [CD12] for the existence of
derived functors, follows the original idea of Voevodsky in [Voe96]:

Definition 5.1.2. Using the notations above, we define the .#/*-premotivic big cat-
egory of effective h-motives (resp. of h-motives) with R-linear coefficients

DM;"(~,R)  (resp. DMy(-,R))

as the Al-derived category (resp. stable Al-derived category) associated with the
Sch-fibred category Shy(—,R).

In other words, the triangulated monoidal category mif 4 (S,R)is the Al-localisation
of the derived category D(Shy(S,R)) ; this is precisely the original definition of Vo-
evodsky [Voe96, sec. 4]. This category is completely analogous to the case of the étale
topology (2.2.4). Similarly, the category DM} (S, R) is obtained from m’;’cf (S,R) by
®-inverting the Tate h-motive in the sense of model categories. We get functors as in
(2.24.a):

(5.1.2.2) D(Shy(S,R)) “2- DM (S, R) 2= DMy,(S, R).

Note however that the category Miff (S,R) (DMy(S,R)) is generated by objects of
the form Eg(X ) (Zwl_%g(X )(n) ) for any S-scheme of finite type X (for any S-scheme
of finite type X and any integer n €,Z, respectively). These categories are too big
to satisfy the 6 functors formalism (the drawback is about the localization property
with respect to closed immersion, which means that there is no good theory of sup-
port).

This is why we introduce the following definition (following [CD12, Ex. 5.3.31]).

Definition 5.1.3. The category of effective h-motives (resp. of h-motives)
DM (X,R) (resp. DMy(X,R))
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is the smallest full subcategory of m;ff (S,R) (resp. of DMy (X, R)) closed under ar-

bitrary small sums and containing the objects of the form E}S‘(X ) (resp. ZOOI_BE(X )(n))
for X/S smooth (resp. for X/S smooth and n € Z).
The category of constructible effective (resp. of constructible) h-motives

DME’?:(X,R) (resp. DMy, (X, R))

is the thick triangulated subcategory of DM;ff (S,R) (resp. DMy(X,R)) generated by
objects of the form Eg(X )(resp. Z"OI_?}S‘,(X )(n)) for X/S smooth (resp. for X/S smooth
and n €Z).

We will sometimes simplify the notations and write R(X) = ZOOI_BE(X ), as an object
of DMy (X,R) (for a smooth S-scheme X).

It is obvious that the subcategory DMy (—,R) is stable by the operations f* for any
morphism £, by the operation fy for any smooth morphism f, and by the operation
®L. The Brown representability theorem implies that the inclusion functor vy admits
aright adjoint v*, so that DMy,(—, R) is in fact a premotivic triangulated category, and
we get an enlargement of premotivic triangulated category:

(5.1.3.2) vy : DMp(X,R) = DMy(S,R) : v*

— see [CD12, Ex. 5.3.31(2)]. More precisely, for any morphism of schemes f: X — Y,
the functor

Lf* :DMy(Y,R) — DMy(X,R)
admits a right adjoint
Rf. :DMp(X,R) — DMy(Y,R)
defined by the formula
Rf.(M)=v*Rf.(vy(M))).
Similarly, the (derived) internal Hom of DMy, (X, R) is defined by the formula

RHomg (M,N) = v*(RHomp (v4(M),v4(N))).

We will sometimes write RHomy(M,N) = RHom(M,N) when the coefficients are
understood from the context. Also, when it is clear that we work with derived func-
tors only, it might happen that we drop the thick letters L and R from the notations.
The unit object of the monoidal category DMy(X,R) will witten 1x or Rx, depending
on the emphasis we want to put on the coefficients.

Remark 5.1.4. The category Miﬁc (X,Z) is nothing else than the category introduced
by Voevodsky in [Voe96] under the notation DM(S). The fact these categories must
be some version of étale motives is clearly envisionned in loc. cit.

5.2. h-descent for torsion étale sheaves.

5.2.1. Given any noetherian scheme S and any ring R, proceeding as in 3.1.1, there
is an exact fully faithful embedding of the category Sh(S¢;,R) in the category of étale
sheaves of R-modules over the big étale site of S-schemes of finite type. Composing
this embedding with the h-sheafification functor leads to an exact functor

(5.2.1.a) a” :Sh(S¢t,R) — Shp(S,R), F~— a*(F)=Fj.
This functor has a right adjoint
(5.2.1.b) ay :Shy(S,R) — Sh(S¢,R).
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which defined by a.(F)=F|g,, . The functor (5.2.1.a) induces a functor

(5.2.1.¢) a” :D(Sgt, R) — D(Shy(S,R)) .
which has a right adjoint
(5.2.1.d) Ra, : D(Shy(S,R)) — D(S¢,R) .

Lemma 5.2.2. For any ring R and any noetherian scheme S, the derived restriction
functor (5.2.1.d) preserves small sums.

Proof. Let us prove first the lemma in the case where S is of finite Krull dimension
as well as of finite étale cohomological dimension. Then any S-scheme of finite type
has the same property. Moreover, by virtue of a theorem of Goodwillie and Lich-
tenbaum [GLO1], any S-scheme of finite type has finite h-cohomological dimension
as well. For a complex C of h-sheaves of R-modules over S, the sheaf cohomology
H!Ra,(C)) is the étale sheaf associated to the presheaf

V —H(V,0).

It follows from Proposition 1.1.9 that the functors H}il(V,—) preserve small sums,
which implies that the functor Ra . has the same property.

We now can deal with the general case as follows. Let ¢ be a geometric point of S,
and write u : S¢ — S for the canonical map from the strict henselization of S at {. We
then have pullback functors

u* :D(S¢;, R) — D(S¢ g, R) and u™ : D(Shy(S,R)) — D(Shy(S¢,R)).

The family of functors u* form a conservative family of functors which commutes
with sums (when ¢ runs over all geometric points of S). Therefore, it is sufficient to
prove that the functor u*Ra. commutes with sums. Let V be an affine étale scheme
over S¢. There exists a projective system of étale S-chemes {V;} with affine transition
maps such that V = hm Vi. Note that S¢ is of finite étale cohomological dimension
(see Gabber’s Theorem 1 1.5), so that, by virtue of Lemma 1.1.12, for any complex of
sheaves of R-modules K over Sg;, one has
lim HE, (V;, K) = Hg (V,u™(K)).
i
Similarly, applying Lemma 1.1.12 to the h-sites, for any complex of h-sheaves of R-
modules L over S, we have
lim Hy (V;, L) = Hy/(V,u*(L)).
i
Note that, for any étale map w : W — S, the natural map w*Ra.(C) — Ra.,.w*(C) is
invertible. Therefore, for any complex of h-sheaves of R-modules C over S, we have
natural isomorphisms
H(V,u"Ra.(C)) =lim H, (V;,Ra.(C))
i
= lim Hy(V;,C))
i
=Hp(V,u™(C))
=~ H7(V,Ra.u*(C)).

In other words, the natural map u*Ra. — Ra.u* is invertible, and as we already
know that the functor Ra, commutes with small sums over S¢, this achieves the
proof of the lemma. (I
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Proposition 5.2.3. Let R be a ring of positive characteristic, and S be a noetherian
scheme. The functor (5.2.1.c) is fully faithful. In other words, for any complex C of
sheaves of R-modules over Sg, and for any morphism of finite type f : X — S, the
natural map

H.(X,f*C)—Hj(X,a"C)
is invertible for any integer i.

Proof. We must prove that, for any complex of sheaves of R-modules C over S, the
natural map

C - Ra.La*(C)

is invertible in D(Shy(S,R)). The functor Ra. preserves small sums (Lemma 5.2.2).
Therefore, it is sufficient restrict ourselves to the case of bounded complexes. Then,
by virtue of [AGV73, Exposé Vbis, 3.3.3], it is sufficient to prove that any h-cover
is a morphism of universal cohomological 1-descent (with respect to the fibred cat-
egory of étale sheaves of R-modules). The h-topology is the minimal Grothendieck
topology generated by open coverings as well as by coverings of shape {p : Y — X}
with p proper and surjective; see [Voe96, 1.3.9] in the context of excellent schemes,
and [Ryd10, 8.4] in general. We know that the class of morphisms of universal co-
homological 1-descent form a pretopology on the category of schemes; see [AGV73,
Exposé Vbis, 3.3.2]. To conclude the proof, it is thus sufficient to note that any étale
surjective morphism (any proper surjective morphism, respectively) is a morphism
of universal cohomological 1-descent; see [AGV73, Exposé Vbis, 4.3.5 & 4.3.2]. ([l

5.3. Basic change of coefficients.

5.3.1. Let R’ be an R-algebra and S be a base scheme. We associate to R'/R the
classical adjunction:
(5.3.1.a) p* :Sh,(S,R) S Shy,(S,R'): p.

such that p*(F) is the h-sheaf associated with the presheaf X — F(X)®r R’. The
functor p. is faithful, exact and commutes with arbitrary diret sums. Note also the
formula:

(5.3.1.b) p«p*(F)=F®grR'

where R’ is seen as the constant h-sheaf associated with the R-module R'.
Note that the adjunction(5.3.1.a) is an adjunction of ./%-premotivic abelian cat-
egories. As such, it can be derived and induces a ./*-premotivic adjunction:

Lp* : DM (-,R) = DM, (-, R") : Rp.
which restricts, according to Definition 5.1.3, to a premotivic adjunction
(5.3.1.0) Lp* :DMy,(—,R) = DMy (—,R"): Rp..

Recall that the stable category of A-motives over S is a localization of the derived
category of symmetric Tate spectra of h-sheaves over S.* Here we will simply denote
this category by Sp;(S,R) and call its object spectra. The adjuntion (5.3.1.a) can be
extended to an adjunction of .#/*-premotivic abelian categories:

(5.3.1.d) p* :Spy,(—,R) = Spy(—,R) : p..

4See [CD12], Definition 5.3.16 for symmetric Tate spectra and Definition 5.3.22 for the stable Al-
derived category.
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Again, p. is faithful, exact and commutes with arbitrary sums. Note that the model
category structure on Sp,(—,R’) is a particular instance of a general construction
(see [CD12, 7.2.1 and Theorem 7.2.2]), from which we immediately get the following
useful result (which is not dificult to prove directly though):

Lemma 5.3.2. The functor p. : C(Spy(S,R")) — C(Spy(S,R)) preserves and detects
stable weak Al-equivalences.

As a corollary, we get:

Proposition 5.3.3. Consider the notations of Paragraph 5.3.1. The functors Rp. =
0« Is conservative and admits a right adjoint:

p':DM,(S,R) — DM, (S,R").
For any h-motive M over S, the following computations hold:
psLo*(M)=M &L R',
p+0'(M) = RHom, (R', M).
5.3.4. We consider the particular case of the discussion above when R =Z and R’ =
Z/nZ for a positive integer n. For any h-motive M over S, we put:
(5.3.4.2) M/n:=M &“Z/nZ.
Then the short exact sequence
0—Z"Z—7ZnZ—0
induces a canonical distinguished triangle in DM (S,Z):
(5.3.4.b) M- M— M/n—.

In the next statement, we will use the fact that DM, (S,R) is a dg-category (see
[CD12, Rem. 5.1.19]). We denote the enriched Hom by RHom.

Proposition 5.3.5. Consider the previous notations. Let S be a schemeand f : X — S
be a morphism of Sch, M and N be h-motives over X. Then the natural exchange
transformations:

(2) RHom(M,N)/n — RHomg, ,(M/n,N/n),
(3) RHom(M,N))n — RHomg,z(M/n,N/n),

are isomorphisms.

Proof. In each case, this follows from the distinguished triangle (5.3.4.b) — or its
analog in the derived category of abelian groups. (Il

5.3.6. Next we consider the case of Q-localisation.

Proposition 5.3.7. Let S be a quasi-excellent scheme dimension d. Then S is of
cohomological dimension < d for Q-linear coefficients with respect to the h-topology.
In particular, for any complex of h-sheaves K over S, and for any S-scheme of finite
type, we have a canonical isomorphism

H)X,K)2Q=H)X,KeQ).
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Proof. 1t readily follows from [CD12, Th. 3.3.25, 3.3.30] that the cohomology of a Q-
linear h-sheaf with respect to the h-topology coincides with its analogue for the cdh-
topology. The first assertion thus follows from the fact that the cdh-cohomological
dimension is bounded by the topological dimension; see [SV00a, Theorem 12.5]. The
last assertion of the proposition is then a direct application of Lemma 1.1.10. (I

As an immediate corollary, we get:

Corollary 5.3.8. For any quasi-excellent scheme S of finite dimension, tensoring by
Q preserves fibrant symmetric Tate spectra. Furthermore, for any S-scheme of finite
type X, and for any object M of DMy(S,R), we have

Hompyy, (s,r)(R%(X), M) ® Q = Hompys z)(BE(X),N © Q).

Proof. The previous proposition shows that tensoring with Q preserves the property
of cohomological h-descent, while it obviously preserves the properties of being ho-
motopy invariant and of being an Q-spectrum. This proves the first assertion. The
second one, is a direct translation of the first. U

Corollary 5.3.9. Consider a quasi-excellent scheme S of finite dimension and any
ring R. For any objects M and N of DMy(S,R), if M is constructible, then

HomDMh(S’R)(M,N) ® Q = HomDMh(&R)(M,N ® Q) .
Proof. 1t is equivalent to show that the functor
v* :DMy(S,R) — DMy(S,R)

commutes with Q-linearization (where, for an object E of DMy(S,R), one defines
E2Q=v"(v4(E)®Q)). Let M be any object of DM},(S), and X be a smooth separated
S-scheme of finite type. Then we have
Hompyy, (s)(Z(X),v* (M) ® Q) = Hompyy, (3)(Z(X), vy (v (M)) @ Q)

=~ Hompw, (s)(Z(X), vi(v*(M))) @ Q

=~ Hompm, (s)(Z(X),v* (M) © Q

= Hompy, (5)(Z(X),M)2Q

=~ Hompy, 5, (QX),M 2 Q)

= Hompy, (3, (Q(X),v* (M @ Q))

= Hompwm, (s)(Z(X),v" (M @ Q)

As both functors v; and v* preserve Tate twists, this implies that the canonical map
v (M)eQ — v*(M ® Q) is invertible for any M. ([l

Remark 5.3.10. This corollary says in particular that the category DM}, .(S,R ®Q) of
constructible h-motives with R ® Q-coefficients is the pseudo-abelian enveloppe of the
naive Q-localisation of the triangulated category DMy, (S, R). This is not an obvious

fact as the category DMy, (S,R) is not compactly generated for general base schemes
S.

As a corollary, we get the following analog of Proposition 5.3.5:
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Corollary 5.3.11. Let S be a scheme and f : X — S be a morphism of finite type,
M and N be h-motives with R-coefficients over X, with M constructible. Then the
natural exchange transformations below are isomorphisms:

1) Rf.(N)eQ — Rf.(NoQ),
(2) RHom,(M,N)eQ — RHom, ((M2QNeQ),
3 RHom(M,N)eQ — RHom(MeQNe®Q).

Proof. 1t is sufficient to check this after applying the functor Hompy, (s,)(P, ) for
any constructible 2-motive P with coefficients in R. Then the result follows again
from Corollary 5.3.9. (I

As a notable application of the results proved so far, we get the following proposi-
tion:

Proposition 5.3.12. Let & be the set of prime integers and S be a scheme. Then the
family of functors:

p* :DMy(S,R) — DM.(S,Rq),
p; DMh(S,R) _'DMh(S,R/p)ap Ey’

defined above is conservative.

Proof. Let K be an h-motive over S with coefficients in R such that p*(K) =0 and
pp(K) =0 for all p e 2.

It is sufficient to prove that for any constructible h-motive M, Hom(M,K) = 0.
Given any prime p, the fact p,(K) = 0 together with the distinguished triangle
(5.3.4.b) implies that the abelian group Hom(M,K) is uniquely p-divisible. As this is
true for any prime p, we get: Hom(M,K) = Hom(M,K)®Q. But, as M is constructible,
Corollary 5.3.9 implies the later group is isomorphic to Hom(p*(M), p*(K)) which is
zero by assumption on K. (I

5.4. Comparison theorem.

5.4.1. Recall from [CD12, Par. 14.2.20] the category DM (X, R) of Beilinson motives.
The following theorem was proved in [CD12, Th. 16.1.2]:

Theorem 5.4.2. Given any any quasi-excellent scheme X of finite Krull dimension,
there exists a canonical equivalence of symmetric monoidal triangulated categories:

DMg(X) =~ DMp(X,Q).
This means, in particular, that, if X is regular, we have a canonical isomorphism

Hompyw, x,@)(Qx, Qx(p)lg) = GryKsp (X)8Q,

where the second term stands for the graded pieces of algebraic K-theory with respect
to the y-filtration (by virtue of a theorem of Voevodsky, the regularity assumption can
be dropped if we replace K-theory by its homotopy invariant version in the sense of
Weibel; see [CD12, 14.1.1] and [Cis13]).

5.4.3. Recall A is a sub-ring of Q and R is a A-algebra. As it appears already in
Paragraph 2.1.1, finite S-correspondences with coefficients in A are defined for sepa-
rated S-schemes of finite type. According to [CD12, Def. 9.1.8], they define a category
which we will denote by yl‘;"g
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Given any S-scheme X, we denote by R g’(X ) the presheaf of R-modules on .7 {°%
represented by X. Moreover the graph functor induces a canonical morphism of
presheaves on Yg k.

(5.4.3.a) Rs(X)—RE(X).
Recall the following result of Suslin and Voevodsky (see [VSF00, 4.2.7 and 4.2.12]).

Proposition 5.4.4. The map (5.4.3.a) induces an isomorphism after h-sheafification.
Furthermore, if S is a noetherian Z[1/n]-scheme of finite dimension and if any integer
prime to n is invertible in R, then, for any S-scheme X of finite type, the presheaf
Eg’(X ) is a qfh-sheaf, and the morphism (5.4.3.a) induces an isomorphism of qfh-
sheaves:

fh r
RY"(X) - RY(X).

This implies in particular that any h-sheaf F over S defines by restriction an étale

sheaf with transfers y*(F), on Smg" (without any restriction on the characteristic).

This gives a canonical functor:
y* :Shy(S,R) — Sh%(S,R)

which preserves small limits as well as small filtering colimits. Using the argument
of the prooof of [CD12, Theorem 10.5.14], one can show this functor admits a left
adjoint ¢ uniquely defined by the property that wg(ng’ X)) = I_?g(X ) for any smooth
S-scheme X.

We have defined an adjunction of premotivic categories over Sch[1/n]:

1 :ShY(—,R) = Shy(—,R) : y*.

According to [CD12, 5.2.19], these functors can be derived and induce an adjunction
of premotivic categories over Sch[1/n]:

Ly, :DM7 (-,R) = DM (-, R) : Ry™*.

As a consequence of the rigidity theorem 4.5.5 and of the cohomological h-descent
property for étale topology 5.2.3, we get:

Theorem 5.4.5. Assume that the ring R is of positive characteristic. For any noe-
therian scheme of finite dimension S, the functor Ly, : DMZ’ZF (S,R) — m;ff (S,R) is
fully faithful and induces an equivalence of triangulated categories

DM (S,R) = DM;" (S,R) = DMy(S,R).

Proof. The equivalence DMZ’:f (S,R) = DMflff (S,R) follows from the first assertion:
the essential image of Ly is obviously included in DMZC 7S ,R) because Lu/g(Rg(X ) =
Eg(X ) for any smooth S-scheme. Let n be the characteristic of R. As R is a Z/nZ-
algebra, to prove that the functor Ly, is fully faithful, it is sufficient to consider the
case where R =Z/nZ. Decomposing n into its prime factors, we are thus reduced to
prove that Ly is fully faithful in the case where n = p® with p a prime and a = 1.
Furthermore, by virtue of Proposition A.3.4, we may assume that n is invertible in
the residue fields of S. In this case, we know that the composite functor

p1:D(Sei, R) 2o DM (8, R) 22 DM (S, R)
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is fully faithful (Proposition 5.2.3) and that the functor p; is an equivalence of cate-
gories (by the rigidity theorem 4.5.5). This obviously implies that the functor Ly, is
fully faithful.

For the last equivalence, we simply notice that, for any ring of positive charac-
teristic R, the premotivic triangulated category Miff (S,R) satisfies the stability
property with respect to the Tate object R(1), so that we get a canonical equivalence
of categories

DM{"(S,R) = DMy(S,R).
This induce an equivalence of categories DMiff (S,R)=DMy(S,R). ([l

Using the preceding theorem, together with Theorem 4.5.5 and Proposition A.3.4,
we finally get:

Corollary 5.4.6. Assume R is a ring of positive characteristic n = p®, p being a
prime. Then for any noetherian scheme X of finite dimension, with p invertible in
the residue fields of X, there are canonical equivalences of triangulated monoidal
categories
D(X¢4t,R) ~DMy(X,R),
which restricts to equivalences of triangulated monoidal categories:
D%(X¢,R) =DMy, (X, R).

Moreover, these equivalences of categories induce an equivalence of premotivic trian-
gulated categories over Sch:

D((-)ét,R) = DMp(—,R).

Recall the last statement is equivalent to assert that these equivalences are com-
patible with all of the 6 operations.

Recall from [CD12, 5.3.31] the triangulated category D1 ¢(X,R) = Do1(Shg(X,R)),
obtained as the stabilisation of the Al-derived category of étale sheaves on the smooth-
étale site of X. The category D41 (X, R) is taken in Ayoub’s paper [Ayo] as the model
for étale motives.

Corollary 5.4.7. Let X be a quasi-excellent noetherian scheme of finite dimension.
Assume either that all the residue fields of X are of characteristice zero, or that 2 is
invertible in R. Then the canonical functor

D1 ¢(X,R) — DMu(X,R)
is an equivalence of categories.

Proof. We only sketch the proof. We see that it is sufficient to consider the cases
where R = Q or R =Z/pZ, with p a prime (which is assumed odd if X is of unequal
or positive characteristic). The case where R = Q is already known; see [CD12, The-
orems 16.1.2 and 16.2.18]. The case of torsion coefficients follows from the fact that
we may assume that p is prime to the residue characteristics of X (by Proposition
A.3.4), and that we have a commutative diagram of the form

D(X¢t,Z/pZ)

T

D1 4(X,Z/pZ) DM, (X, Z/pZ)
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in which the non-horizontal functors are equivalences of categories (see [Ayo, Th. 4.1]
and the preceding corollary, respectively). (]

Proposition 5.4.8. Let f : X — Y a morphism of finite type between quasi-excellent
noetherian schemes of finite dimension. Then the functor

Rf« :DMp(X,R) — DMn(Y,R)

preserves small sums. In particular, this functor has a right adjoint. In the case
where [ is proper, we will denote by f' the right adjoint to Rf.

Proof. Using Proposition 5.3.5 and Corollary 5.3.11, we see that it is sufficient to
prove the result in the case where R = Q or R = Z/pZ for some prime p. For R =Q
and any quasi-excellent scheme of finite dimension S, the triangulated categorie
DMy (S, Q) is compactly generated and the functor Lf* preserves compact objects
(see [CD12, Example 5.1.29(6) and Corollary 5.3.40]), which implies the claim. For
R =1Z/pZ, if p is invertible in the residue fields of Y, we conclude with Corollary
1.1.15 and Theorem 5.4.5. The general case follows from Proposition A.3.4. The exis-
tence of a right adjoint of Rf is a direct consequence of the Brown representability
theorem. O

Corollary 5.4.9. Let f : X — Y a morphism of finite type between quasi-excellent
noetherian schemes of finite dimension. For any object M of DMy(X,R) and any R-
algebra R/, there is a canonical isomorphism

R' @ Rf.(M) — Rf.(R' ®F M).

Proof. Given a complex of R-modules C, we still denote by C the object of DMy (X,R)
defined as the free Tate spectrum associated to the constant sheaf of complexes C.
This defines a left Quillen functor from the projective model category on the cat-
egory of complexes of R-modules (with quasi-isomorphisms ar weak equivalences,
and degreewise surjective maps as fibrations) to the model category of Tate spectra.
Therefore, we have a triangulated functor

D(R-Mod) — DMy(S,R), C~—~C

which preserves small sums and is symmetric monoidal. By virtue of the preced-
ing proposition, for any fixed M, we thus have a natural transformation between
triangulated functors which preserve small sums:

C 8L Rf.(M) — Rf.(C®F M).

To prove that the map above is an isomorphism for any complex of R-modules C,
as the derived category of R is compactly generated by R (seen as a complex con-
centrated in degree zero), it is sufficient to consider the case where C = R, which is
trivial. O

Corollary 5.4.10. Les X be a quasi-excellent noetherian scheme of finite dimension.
Then, for any constructible motive M in DMy (X,R), the functor Hom(M,—) preserves
small sums. Furthermore, for any R-algebra R’, we have canonical isomorphisms

RHom,(M,N)&k R' = RHom,(M,N &% R')
for any object N in DMy (X,R).
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Proof. Tt is sufficient to prove this in the case where M is of the form M = Lfy(1y)

for a separated smooth morphism of finite type f : Y — X. But then, we have
RHomg (M,N)=Rf.f"(N).

This corollary is thus a reformulation of Proposition 5.4.8 and Corollary 5.4.9. O

Corollary 5.4.11. For any separated morphism of finite type f : X — Y between noe-
therian schemes of finite type, the functor

f':DMp(Y,R) — DMp(X,R)
preserves small sums, and, for any R-algebra R/, there is a canonical isomorphism
ek R = (M ek R).
Proof. For any constructible object C in DMy (X, R), we have
Rf.RHomy(C, f'(M)) = RHomp(fi(C),M).

Using that the functor fi preserves constructible objects (see [CD12, Cor. 4.2.12]),
we deduce from Proposition 5.4.8 and Corollary 5.4.10 the following computation,
for any small family of objects M; in DMy(Y,R):

Hom(C, @D (M) = Hom(1y, R Homy, (C,ED f'(M;))

l :Hom(]ly,@RHO_mR(é',@f!(Mi)))
= Hom(]lX,I;f* @Rm_mch,f‘(Mi»)
= Hom(]ly,@R;*RHO_mR(C,f!(Mi)))
= Hom(ly,éBRHo_mR(f!(C),Mi))
~ Hom(ly,RLIiﬂR(f!(C),@Mi))
~Hom(f'(C), P M) |
= Hom(C,f!(GéMi))-

The change of coefficients formula is proved similarly (or with the same argument
as in the proof of Corollary 5.4.9. ([l

5.5. h-motives and Grothendieck’s 6 functors.
5.5.1. Let R be any commutative ring. Recall from [Voe96, Th. 4.2.5] that we get a
canonical isomorphism in DMZ# (S,R):

1s(1) =R &V G,,[-1]

where G,, is identified with the h-sheaf of abelian groups over S represented by the
scheme Gy,.

This gives a canonical morphism of groups:
. P; — gl - X
c1:Pic(S) = Hy, (S,Gp) HomDMZﬁ(S,R)(]ls’ Ls(DI2])

— Hompyy, s,7)(1s, Ls(1I2])
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so that the premotivic triangulated category DMy (S,R) is oriented in the sense of
Definition A.1.5.
Moreover, as a corollary of the results obtained above, we get:

Theorem 5.5.2. The triangulated premotivic category DMy, (—, R) satisfies Grothendieck
6 functors formalism (Def. A.1.10) and the absolute purity property (Def. A.2.9).

Proof. Taking into account Corollaries 5.4.9, 5.4.10 and 5.4.11, we see that we may
assume R =Z.

Consider the first assertion. Taking into account Theorem A.1.13, we have only to
prove the localization property for DMy (—,Z). Fix a closed immersion i : Z — S. The
analog of Proposition 2.3.4 for the A-topology obviously holds. This means we have
to prove that for any smooth S-scheme X, the canonical map

ZLX/X -X7) — i, 25(X7)

is an isomorphism in DMy, (—,Z). According to Proposition 5.3.12, together with 5.3.5
and 5.3.11, we are reduced to check this when R = Q or R =Z/pZ. In the first case, it
follows from Theorem 5.4.2 and the localization property for DMy — see [CD12]. In
the second case, it follows from Theorem 5.4.5 and Theorem 4.3.1.

Concerning the second assertion, the absolute purity for DM (—,Z), we use the
same argument as in the the proof of Theorem 4.6.1: using Theorem A.2.8, we can
apply Proposition 5.3.12, together with 5.3.5 and 5.3.11 to reduced to the case where
R =Qor R =7Z/pZ. The first case follows from Theorem 5.4.2 and [CD12, Theorem
14.4.1] ; the second one follows from Theorem 5.4.5 and Theorem 4.6.1. O

5.6. Transfers and traces.

5.6.1. Transfers.— Consider the notations of Paragraph 5.4.3. Let X and Y be proper

S-schemes and a € ¢g(X,Y ), a finite S-correspondence. According to Proposition 5.4.4,
: ft.

we get a morphism of h-sheaves on YS :

(5.6.1.2) . :RE(X)— RE(Y)
which induces a moorphism in DMy, (S, R):
. h h
@, ZPRG(X)— ZPR(Y).

Let p and g be the respective structural morphisms of the S-schemes X and Y.
Applying the functor Hom(—, 1g) to this map, we get a morphism in DM}, (S, R):

a*Iq*(RX)—*P*(lY)

Then we can apply to this functor the right adjoint v* of the adjunction (5.1.3.a) and,
because it commutes with p, and g. and we have the isomorphism v*1 = 1, the
above morphism can be seen in DMy (S,R).

Given moreover any h-motive E over S, and using the projection formula — cf. Def.
A.1.10, (2) and (5) — applied to the proper morphisms p and q, we obtain finally a
canonical morphism:
a*®ldg

q:q"(E)=q.(1x)®FE

p+(ly)®E =p.p*(E)

which is natural in E.
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Definition 5.6.2. Consider the notations above. The following natural transforma-
tion of endofunctors of DMy (S,R)

(5.6.2.2) a*:q.q" = p.p*

is called the cohomological h-transfer along the finite S-correspondence a.
The following results are easily derived from this definition:

Proposition 5.6.3. Consider the above definition.

(1) Normalisation.— Consider a commutative diagram of schemes:

f

X———Y
RWC

such that p and q are proper. Let a be the finite S-correspondence associated
with the graph of f. Then the natural transformation a* is equal to the
composite:

ad(F* f2)
q«q" ———=q+f«f"q" =p.p".

(2) Composition.— For composable finite S-correspondences a € cg(X,Y),, B €
cs(Y,Z)p with X, Y, Z proper over S, one has: a** =(foa)*.

(3) Base change.— Let f : T — S be a morphism of schemes, a € cs(X,Y), a finite
S-correspondence between proper S-schemes and put ar = f*(a) obtained us-
ing the premotivic structure on .7{°". Let p (resp. q, p', q') be the structural
morphism of X/S (resp. Y/S, X xgT/T, Y xgT/T), f' = f xgT. Then the
following diagram commutes:

* * f*'a* * *
fra«q f*p«p
Eac(f*,q*)l~ NlEx(f*,p*)
! I % ! 1% a;‘ ! 1% ! I %
Q"¢ ——=q.q" ——=p.p”" ——p.p"q

where the vertical maps are the proper base change isomorphisms — Def.
A.1.10(4).

(4) Restriction.— Let 1 : S — T be a proper morphism of schemes. Consider a finite
S-correspondence a € cg(X,Y), between proper schemes and put a|r = ny(a)
using the .t-premotivic structure on :5’/?‘: . Let p (resp. q) be the structural
morphism of X/S (resp. Y/S), and put p’ =nop, q' = moq. Then the following
diagram is commutative:

T[*(I ot
q+q"n" ————m.p.p*n’

p.p"*
b.p

Proof. Property (1) and (2) are clear as they are obviously true for the morphism a.
of (5.6.1.a).

Similarly, property (3) (resp. (4)) follows from the fact the morphism (5.4.3.a) is
compatible with the functor f* (resp. the functor 7). This boils down to the fact that

(al b
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the graph functor® y: .7/t — %" is a morphism of .% ft_fibred category: see [CD12,
9.4.1]. [l

5.6.4. Let f:Y — X be a morphism of schemes. Recall we say that f is A-universal if
the fundamental cycle associated with Y is A-universal over X (Def. [CD12, 8.1.48]).
Let us denote by !f the cycle associated with the graph of f over X seen as a

subscheme of X xx Y. Then, by the very definition, the following conditions are
equivalent:

(i) f is finite A-universal,

(ii) the cycle !f is a finite X-correspondence from X to Y.
For matching the existing litterature, we introduce, the following definition, redun-
dant with the previous one:

Definition 5.6.5. Let f : Y — X be a finite A-universal morphism of schemes. Using
the preceding notations, we define the ¢race of f as the natural transformation of
endofunctors of DMy (X,R):

Trp:=Cf)* fuf* —Id.

Remark 5.6.6. We will say that a morphism of schemes is pseudo-dominant if it sends
any generic point to a generic point. Recall that a finite A-universal f:Y — X isin
particular pseudo-dominant.
Let us recall the following example of finite A-universal morphisms of schemes:

(1) finite flat;

(2) finite pseudo-dominant morphisms whose aim is regular;

(3) finite pseudo-dominant morphisms whose aim is geometrically unibranch

and has residue fields whose exponential characteristic is invertible in A.

5.6.7. One readily obtain from Proposition 5.6.3 that our trace maps are compatible
with composition.

Recall that given a finite A-universal morphism f:Y — X and a generic point x
of X, we can define an integer deg, (f), the degree of f at x, by choosing any generic
point y of Y such that f(y)=x and putting:

deg,(f) := [k(y) : x(x)]
—see [CD12, 9.1.13]. We will say that f has constant degree d if for any generic point
xeX, deg, (f)=d.

Applying Proposition 5.6.3 to the particular case of traces, one gets the following
formulas:

Proposition 5.6.8. Consider the above definition.

(1) Normalisation.— Let  : Y — X be a finite étale morphism. Then the following
diagram commutes:
% Trf
fof " ——1d

af.p,i/N
A
7!

where ay and p} are the isomorphisms from Definition A.1.10(2),(3).

5Recall: it is the identity on objects ans it associates to a morphism of separated S-schemes of finite
type its S-graph seen as a finite S-correspondence.
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(2) Composition.— Let Z Ly 1, X be finite A-universal morphisms. Then the
following diagram commutes:

. feTrg.f* . Trf
fog.g"f s fof 1d
|, |
(fg)(fg) Id
(3) Base change.— Consider a pullback square of schemes:
f/
Y —X'
4,
f
Y —X
such that f is a finite flat morphism. Then, the following diagram is commu-
tative:
. N n*.Trp
T f* f *
Ex(n* ,p*)l ~
Trf/.ﬂ*
e ff "n

where the left vertical map is the proper base change isomorphism.
(4) Degree formula.— Let f : Y — X be a finite A-universal morphism of constant
degree d, the following composite

Try Id ad(f*,f+)

fof” fof”

isequal to d.Id .

Proof. Point (1) follows from the fact that, in the category Sh;(S,R), the sheaf R ;}(Y)
is strongly dualizable with itself as a dual and with duality pairings:

t5 * *
RL(Y)oRL(Y) = RE(Y xx V) 2% RE (V) L4 RE(X)

1)

Rh(x) L R (v) 2 RI(Y xx V) = RE(Y) e RA(Y),

where 6 is diagonal embedding (which is open and closed).

Point (2) is obtained from Proposition 5.6.3, properties (2) and (4). Point (3) is a
special case of Proposition 5.6.3(3), given the fact that: n*(f)=f’ as f is flat — see
[CD12], property (P3) of the tensor product of relative cycles in Paragraph 8.1.34.
Point (4) follows from Proposition 5.6.3(1), (2) and the formula of Proposition 9.1.13
of [CD12]. a

Remark 5.6.9. According to Corollary 5.4.6, this notion of trace generalizes the one
introduced in [AGV73, XVII, sec. 6.2] in the case of finite morphisms, taking into
account Remark 5.6.6.

Let us consider the more general case of a quasi-finite separated morphism f :
Y — X. According to the theorem of Nagata ([Con07]), there exists a factorization,
f = foj, such that f is proper, thus finite according to Zariski’s main theorem, and j
is an open immersion.
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We will say that f is strongly A-universal if there exists such a factorization such
that in addition f is A-universal.®

In this condition, one checks easily using Proposition 5.6.8, properties (1) and (2),
that the following composite is independent of the chosen factorization of f:

« frad(ui).f*

_ _ Trz
(5.6.9.a) Trr:fif* =" f Af*=ff* —L1d.

This composition is called the trace of f

Properties (1), (2), (3) of the preceding proposition immediately extend to this
notion of trace.

However, this construction is not optimal as it is not clear that a flat quasi-finite
separated morphism if strongly A-universal.

In particular, it only partially generalizes the construction of [AGV73, Th. 6.2.3]
when R =Z/nZ and X has residual characteristics prime to n. However, in the case
where X is geometrically unibranch, and has residual characteristics prime to n,
any quasi-finite separated pseudo-dominant morphism is strongly A-universal (cf

Rem. 5.6.6). Thus, in this case, our notion does generalize the finer notion of trace
introduced in [AGV73, 6.2.5, 6.2.6].

5.7. Local localisations.

5.7.1. In the followings, we give some complements on localization of abstract trian-
gulated categories. We fix a commutative ring A and a multiplicative system S c A.

For a triangulated category T, we shall denote by T* its idempotent completion
(with its canonical triangulated structure; see [BS01]).

Proposition 5.7.2. Let T be a triangulated category and S c T a thick subcategory

of T. Then U' is a thick subcategory of T" and the natural triangulated functor
(T/U) — (THUH!

is an equivalence of categories.

Proof Both functors T — (T/U)* and T — (Tﬁ/Uﬁ)ﬁ share the same universal prop-

erty, namely of being the universal functor from 7' to an idempotent complete trian-
gulated category in which any object of U becomes null. (Il

Corollary 5.7.3. Given a triangulated category T and a thick subcategory U of T,
an object of T belongs to U if and only if its image is isomorphic to zero in the trian-
gulated category (Tu/Uu)ﬁ.

Proof. As U is thick in T, an object of T" is in U if and only if its image in the Verdier
quotient T/U is trivial. On the other hand, the preceding proposition implies in
particular that the natural functor

T/U — (THU*)
is fully faithful, which implies the assertion. ([

5.7.4. Let T be an A-linear triangulated category. We define a new triangulated cat-
egory T®4 S~1A as follows. The objects of T®4 S~ 1A are those of T, and morphisms
from X to Y are given by the formula

Homyg, g-14(X,Y) =Homp(X,Y)®4 ST'A

6This implies in particular that f is A-universal according to [CD12, Cor. 8.2.6]. The converse is not
true.
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(with the obvious composition law. We have an obvious triangulated functor

(5.7.4.2) T—-TesS 1A

which is the identity on objects and which is defined by the canonical maps
Hom(X,Y) — Homp(X,Y)®, S~1A

on arrows. The distinguished triangles of T ®4 S™1A are the triangles which are
isomorphic to some image of a distinguished triangle of T' by the functor (5.7.4.a).

Given an object X of T" and an element f € S, we write f : X — X for the map
f.1x, and we shall write X/f for some choice of its cone. We write T's,s for the
smallest thick subcategory of T' which contains the cones of the form X/f for any
object X and any f in S, the objects of which will be called S-torsion objects of T. The
functor (5.7.4.a) clearly sends S-torsion objects to zero, and thus induces a canonical
triangulated functor

(5.7.4.b) T/TS.tors — T®aS1A.
Proposition 5.7.5. The functor (5.7.4.b) is an equivalence of categories.

Proof. One readily checks that T is S~1A-linear if and only if T's_4ors = 0. Therefore,
both functors T' — T/T's.;ors and (5.7.4.a) share the same universal property: these
are the universal A-linear triangulated functors from T to an S~1A-linear triangu-
lated category. (I

Corollary 5.7.6. We have a canonical equivalence of A-linear triangulated categories
(Tos S 1A =~ (Tt e, S71A)N.

Proof. This follows again from the fact that, by virtue of Propositions 5.7.2 and 5.7.5,
these two categories are the universal A-linear idempotent complete triangulated
categories under 7' in which the S-torsion objects are trivial. d

Proposition 5.7.7. Let T be an A-linear triangulated category and U a thick sub-
category of T. Given a prime ideal p in A, we write Ty =T ®4 Ap. For an object X of
T, the following conditions are equivalent.
(i) The object X belongs to U.
(i) For any maximal ideal m in A, the image of X in (T/U )y, is trivial.
(iii) For any maximal ideal m of A, the image of X in (len/Ufil)jj is trivial.

Proof. The equivalence between conditions (i1) and (iii) readily follows from Corol-
laries 5.7.3 and 5.7.6. The equivalence between conditions (i) and (ii) comes from
the fact that the localisations A, form a covering for the flat topology and from the
Yoneda lemma. [l

5.7.8. Let S be a noetherian scheme. For any prime ideal p of Z, we have a fully
faithful functor

(5.7.8.2) (DM, (S, Z),)* — (DMp(S,2), )"

Definition 5.7.9. An object M of DM,(S,Z) will be called p-constructible if its image
in (DMp(S ,Z)p)ﬂ lies in the essential image of the functor (5.7.8.a).

Let us state explicitly the corollary that we will use below:

Corollary 5.7.10. Let S be a noetherian scheme and M be an object of DMy(S,Z).
Then the following conditions are equivalent:
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(i) M is constructible;
(ii) for any maximal ideal p € Spec(Z), M is p-constructible.

Proof. We just apply the preceding proposition to the Z-linear category T'= DMy (S,Z)
and its thick subcategory U = DMy, (S, Z). O

Proposition 5.7.11. Let p be a prime number and X a noetherian scheme of char-
acteristic p. An object M of DMy(X,Z) is (p)-constructible if and only if it is (0)-
constructible.

Proof. The Artin-Schreier short exact sequence (see the proof of Proposition A.3.1)
implies that the category DMy (S,Z) is Z[1/p]-linear, so that we have

DMy (X,Z),) = DMh(X,Z) 2 Q,
and similarly for DMy, (X, Z). [l

Remark 5.7.12. When p = (0), the functor p;‘, which appears in this corollary coincide
with the functor p* of Corollary 5.3.9 in the case R’ = R 7 Q.

5.8. Constructible h-motives. In this subsection, we will simplify the notations by
dopping the symbols L and R; in other words, by default, all the functors will be the
derived ones. We will prove the main theorems about constructible h-motives: their
stability by the 6 operations (Th. 5.8.8 and its corollary) and the duality theorem
(Th. 5.8.12). The stability statement boils down to the stability with respect to direct
image. This result, based on an argument of Gabber, is intricate and we divide its
proof with the help of the following two results. The first one can be found either in
[Ayo07, Lem. 2.2.23] or in [CD12, Prop. 4.2.13]:

Proposition 5.8.1. Let X be a noetherian scheme. The category DMy, .(X,R) is the
smallest thick triangulated subcategory of DMy (X,R) which contains the objects of
the form f«(Rx/(n)) where f : X' — X is a projective morphism and n € Z.

The second result used in the proof of the forthcoming theorem 5.8.8 is an elab-
oration of an argument of Gabber used in the étale torsion case (see [ILO12, XIII,
section 3]).

Lemma 5.8.2 (Gabber’s Lemma). Let X be a quasi-excellent scheme, and p a prime
ideal of Z. Assume that, for any point x of X, the exponent characteristic of the residue
field x(x) is not in p. Then, for any dense open immersion j:U — X, the h-motive
J«(1y) is p-constructible.

Proof. We will use the following geometrical consequence of the local uniformisation
theorem prime to p of Gabber (see [ILO12, VII, 1.1 and IX, 1.1]):

Lemma 5.8.3. Let j: U — X be a dense open immersion such that X is quasi-
excellent, and p a prime ideal of Z. Assume that, for any point x of X, the exponent
characteristic of the residue field x(x) is not in p. Then, there exists the following data:
(i) a finite h-cover {f; : Y; — X}ies such that for all i in I, f; is a morphism
of finite type, the scheme Y; is regular, and fi_l(U) is either Y; itself or the

complement of a strict normal crossing divisor in Y;; we shall write

f:Yy=]]y,—-X
iel

for the induced global h-cover;
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(il) a commutative diagram

X/N g > Y

(5.8.3.a) ql lf

b ¢
in which: p is a proper birational morphism, u is a Nisnevich cover, and q is
a flat finite surjective morphism of degree not in p.
Let T (resp. T') be a closed subscheme of X (resp. X') and assume that for any
irreducible component T of T, the following inequality is satisfied:

codimx/(T") = codimx (Ty),

Then, possibly after shrinking X in an open neighbourhood 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") =T and the induced map T' — T is finite and sends any generic point
to a generic point;
(iv) if we write T" = u™1(T"), the induced map T" — T' is an isomorphism.

Points (i) and (ii) are proved in [ILO12, Par. 3.2.1]. Then points (iii) and (iv) are
proved in [CD12, proof of Lem. 4.2.14].

5.8.4. We introduce the following notations: for any scheme Y, we let J4(Y) be the
subcategory of DMy, (Y,Z) made of p-constructible objects K. Then 9, becomes a
fibred subcategory of DMy, (—,Z) and we can moreover check the following properties:

(a) for any scheme Y in Sch, 9¢(Y) is a triangulated thick subcategory of DMy (Y ,Z)
which contains the objects of the form 1y (n), n € Z;

(b) for any separated morphism of finite type f : Y’ — Y in Sch, 9 is stable
under fi;

(c) for any dense open immersion j:V — Y, with Y regular, which is the com-
plement of a strict normal crossing divisor, j.(1y) is in Jo(V).

Indeed: (a) is obvious, (b) follows from the fact the functor /| perserves constructible
motives, while (c) comes from the absolute purity property for DMy, (—,Z); see Theo-
rem 5.5.2. With this notation, we have to prove that j. (1) is in 9.

Following the argument of [ILO12, 3.1.3], it is sufficient to prove by induction on
¢ = 0 that here exists a closed subscheme T < X of codimension > ¢ such that the
restriction of j.(1y) to (X —T) is in .

Indeed, if this is the case, let us chose a closed subset T, of X satisfying the
condition above with respect to an arbitrary integer ¢ = 0. As X is noetherian, we
get that X is covered by the family of open subschemes (X — T'.) indexed by ¢ = 0.
Moreover, X is quasi-compact so that only a finite number of these open subschemes
are sufficient to cover X. Thus we can conclude that j.(1) is in 9 iteratively using
the Mayer-Vietoris exact triangle and property (a) of 5.8.4.

The case where ¢ = 0 is clear: we can choose T such that (X —-T)=U. If ¢ >0, we
choose a closed subscheme T of X, of codimension > ¢ — 1, such that the restriction of
J«(1y) to (X —T)is in Jy. It is then sufficient to find a dense open subscheme V of X,
which contains all the generic points of T', and such that the restriction of j. (1) to
V is in 9y: for such a V, we shall obtain that the restriction of j.(1y) to Vu(X -T)
is in 9, the complement of V U (X — T') being the support of a closed subscheme of
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codimension > ¢ in X. In particular, using the smooth base change isomorphism (for
open immersions), we can always replace X by a generic neighbourhood of T'. It is
sufficient to prove that, possibly after shrinking X as above, the pullback of j. (1)
along T'— X is in 9 (as we already know that its restriction to (X — T') is in J).

We may assume that T is purely of codimension c. We may assume that we have
data as in points (i) and (ii) of Lemma 5.8.3. We let j': U’ — X' denote the pullback
of j along p : X’ — X. Then, we can find, by induction on c, a closed subscheme T’
in X', of codimension > ¢ — 1, such that the restriction of j, (1) to (X' —T") is in
9. By shrinking X, we may assume that conditions (iii) and (iv) of Lemma 5.8.3 are
fulfilled as well.

Given any morphism i : Z — W of X-schemes, we consider the following commu-
tative diagram

7 i W Jw Wy
Ny
x <1,
where the right hand square is cartesian, and we define the following h-motive of
DM (X,R):
oW, Z):=m. 1" jw,«(Lwy).

This notation is slightly abusive but it will most of the time be used when i is the
immersion of a closed subscheme. This construction is contravariantly functorial:
given any commutative diagram of X-schemes:

7' —Z

i} bi

w—=Ww

we get a natural map ¢(W,Z) — ¢(W',Z’). Remember that we want to prove that
©(X,T) is in Jy. This will be done via the following lemmas (which hold assuming
all the conditions stated in Lemma 5.8.3 as well as our inductive assumptions).

Lemma 5.8.5. The cone of the map ¢p(X,T)— ¢(X',T') is in 9.
The map (X, T) — (X', T") factors as
PX,T)— pX',p~HT) — X', T").

By the octahedral axiom, it is sufficient to prove that each of these two maps has a
cone in 9.

We shall prove first that the cone of the map p(X’,p~1(T)) — ¢(X',T") is in Fy.
Given an immersion a : S — X', we shall write

MS =a\ a*(M) .
We then have distinguished triangles
Mp—l(T)_T/ i Mp—l(T) i MT/ i Mp—l(T)_Tr[].] .

For M = j', (1) (recall j' is the pullback of j along p) the image of this triangle by
p« gives a distinguished triangle

p*(Mp—l(T)_T/) - (p(X',p_l(T)) - (P(X,, T)— p*(Mp—l(T)_T/)[l] .

As the restriction of M = j/, (1) to X' — T is in 9y by assumption on 7", the object
M -1y is in T as well (by property (b) of 5.8.4), from which we deduce that
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P«(Mp-1¢py_7) is in I (using the condition (iii) of Lemma 5.8.3 and property (b) of
5.8.4).

Let V be a dense open subscheme of X such that p~1(V) — V is an isomorphism.
We may assume that V < U, and write i : Z — U for the complement closed immer-
sion. Let py : U’ = p~1(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,

Z4k>Z Z’L)Z/
il J{l and i’i il’
U——=X U'*,,>X’

J

where the square on the right is obtained from the one on the left by pulling back
along p : X' — X. Recall that the triangulated motivic category DM},(—,Z) satisfies
cdh-descent (see [CD12, Prop. 3.3.10]). Thus, as p is an isomorphism over V, we get
the homotopy cartesian square below.

ly ————— pu,«(1y")

l |

i+i"(1z) —= 11" pu«(Ly)

If a : 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 identifi-
cation j.i. = 1.k, that we get a commutative square isomorphic to the following
one

¢X,T) ——— (X', p~X(T))

| |

§(Z,ZNT)—=@(Z',p 1 (ZNnT)),

which is thus homotopy cartesian as well. It is sufficient to prove that the two objects
§(Z,ZnT) and o(Z',p~(Z N T)) are in Fy. It follows from the proper base change
formula that the object ¢(Z,Z N T) is canonically isomorphic to the restriction to T of
1.k+(1z). AsdimZ < dim X, we know that the object %.(1z) is in 9. By property (b)
of 5.8.4, we obtain that ¢(Z,Z N T) is in 9. Similarly, the object p(Z',p~NZ N T)) is
canonically isomorphic to the restriction of p. I’ k(1) to T, and, as dimZ' < 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) is in 3. We deduce again from property
(b) of 5.8.4 that ¢(Z',p N Z N T)) is in Jp as well, which achieves the proof of the
lemma.

Lemma 5.8.6. The map ¢(X',T")— (X", T") is an isomorphism in DMy(X,Z).

Condition (iv) of Lemma 5.8.3 can be reformulated by saying that we have the Nis-
nevich distinguished square below.

X" " > X

Lk

XI_TI > X/
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This lemma follows then by Nisnevich excision ([CD12, 3.3.4]) and smooth base
change (for étale maps).

In the next lemma, we call p-quasi-section of a morphism f : K — L in DMy(X,Z)
any morphism s : L — K such that there exists an integer n, not in p, and such that:
fos=n.d.

Lemma 5.8.7. Let T be the pullback of T" along the finite surjective morphism
X" —X". The map (X", T")— X", T") admits a p-quasi-section.

We have the following pullback squares

1

" 2 X" < J U
o e
i S X 7' U’

1

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

Jiyn) = q. q" ji0yn) — g j) Aym).
by f«s*, where f : T"” — T is the map induced by p (note that f is proper as T =~ T"

by assumption). As ¢ j} = j qu «, we are thus reduced to prove that the unit map

II_UH — QU’*(]]_U/H)

admits a p-quasi-section. By property (iii) of Lemma 5.8.3, qr; is a flat finite surjec-
tive morphism of degree n not in p. Thus the p-quasi-section is given by the trace
map (Definition 5.6.5) associated with gy, taking into account the degree formula of
Proposition 5.6.8.

Now, we can finish the proof of Theorem 5.8.2. Let us apply the functoriality of
the construction ¢ with respect to the following commutative squares:

T/I/ T/// > T

PRI

X" ——>Yy —>X

where T"" = ¢ 'u~1(T"), t is the natural map and a = got, we get the following
commutative diagram of DMy, (X, Z):

(p(X,T) $> (p(X'",T"’)

~

(P(Y, TW)
We consider the image of that diagram through the functor
p : DMy(X,Z) — DMy (X,Z)/DMy, (X, Z) — (DMh(X,Z)/DMh,c(X,Z))Fl .
By virtue of Proposition 5.7.7, we have to show that the image of ¢(X,T) under p
is 0. According to lemmas 5.8.5, 5.8.7, and 5.8.6, the image of (1) under p is a split
monomorphism. Thus it is sufficient to prove that this image is the zero map, and

according to the commutativity of the above diagram, this will follow if we prove that
p(p(Y,T")) = 0, which amounts to prove that ¢(Y,T") is p-constructible.
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We come back to the definition of (Y ,T""): considering the following commutative
diagram,

a Jy
TW > Y < YU

N

X<—U,

we have: (Y ,T"') = n,a* jy «(1y,). By assumption, the morphism 7 is finite — this
follows more precisely from the following conditions of Lemma 5.8.3: (ii) saying that
q is finite, (iii) and (iv). Thus by assumption on jy (see point (i) of Lemma 5.8.3), we
obtain that (Y ,T"") is p-constructible, according to properties (b) and (c) stated in
Paragraph 5.8.4. This achieves the proof of Gabber’s Lemma. ([l

Theorem 5.8.8. Let f:Y — X be a morphism of finite type such that X is a quasi-
excellent scheme. Then for any constructible h-motive K of DMy (Y ,R), f+«(K) is con-
structible in DMy (X,R).

Proof. The case where f is proper is already known from [CD12, Prop. 4.2.11]. Then,
a well-known argument allows to reduce to prove that for any dense open immersion
J:U — X, the h-motive j.(Ry) is constructible. Indeed, assume this is known. We
want to prove that f.(K) is constructible whenever K is constructible. According
to Proposition 5.8.1, and because f. commutes with Tate twists, it is sufficient to
consider the case K = Ry. Moreover, we easily conclude from Corollary 5.4.9 that we
may assume that R = Z. 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.(Ry) is constructible is local on Y and X with respect to the Zariski topology.
Therefore, we may assume that X and Y are affine, thus f is affine ((GD61, (1.6.2)])
and in particular quasi-projective ([GD61, (5.3.4)]): it can be factored as f = foj
where f is projective and Jj is a dense open immersion. The case of f being already
known from [CD12, Prop. 4.2.11], we may assume f = j.

Thus, as j. commutes with Tate twist, it is sufficient to prove that for any dense
open immersion j: U — X, with X a quasi-excellent, the h-motive j.(Ry) is con-
structible. Applying Corollary 5.7.10, it is sufficient to prove that, given any prime
ideal p € Spec(Z), the h-motive j.(1y) is p-constructible.

The case where p = (0) directly follows from Gabber’s Lemma 5.8.2. Assume now
that p = (p) for a prime number p > 0. Let us consider the following cartesian square
of schemes, in which X, = X x Spec(Z[1/p]):

UpLU&U’

J'pl ‘ lj lj'

Then we can consider the following localization distinguished triangle:

Fx17 i) = jully) = ixa il je(ly)

so that it is sufficient to prove that the first and third motives in the above triangle
are p-constructible. Note that the functors jxi and i x. preserve, p-constructible ob-
jects, so that it is sufficient to prove that i% j.(1y) and j% j.«(Ry) are p-constructible.
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The object iy j«(1y7) being (0)-constructible, it is p-constructible, by virtue of Propo-
sition 5.7.11. It remains to prove that the following h-motive is p-constructible:

iR = j. Ry

(for the isomorphism, we have used the smooth base change theorem, which is triv-
ially true in DMy, by construction). Thus, we are finally reduced to Gabber’s Lemma
5.8.2, and this concludes. [l

Corollary 5.8.9. The six operations preserve constructibility in DMy(—, R) over quasi-
excellent noetherian schemes of finite dimension. In other words, we have the follow-
ing stability properties.

(a) For any quasi-excellent noetherian scheme of finite dimension X, any con-
structible objects M and N in DMy(X,R), the objects M®gr N and Homy(M,N)
are constructible.

(b) For any separated morphism of finite type between quasi-excellent noether-
ian schemes of finite dimension f : X — Y, and for any constructible object
M of DMw(X,R), the objects (M) and fi(M) are constructible, and for any
constructible object N of DMy(Y,R), the objects f*(N) and f'(N) are con-
structible.

Proof. The fact that f* preserves constructibility is obvious. The case of f, follows
from the preceding theorem. The tensor product also preserves constructibility on
the nose. To prove that Homy(M,N) is constructible for any constructible objects
M and N in DMy(X,R), we may assume that M = fy(1y) for a separated smooth
morphism of finite type f : Y — X. In this case, we have the isomorphism

Homp(M,N)=f.f*(N),

from which we get the expected property. The fact that the functors of the form
f1 preserve constructibility is well known (see for instance [CD12, Cor. 4.2.12]). Let
f : X — Y be a separated morphism of finite type between quasi-excellent noetherian
schemes of finite dimension. The property that f' preserves constructibility is local
on X and on Y with respect to the Zariski topology (see [CD12, Lemma 4.2.27]), so
that we may assume that f is affine. From there, we see that we may assume that
f is an open immersion, or that f is the projection of the projective space Py to
the base, or that f is a closed immersion. The case of an open immersion is trivial.
In the case where f is a projective space of dimension n, the purity isomorphism
f!= f*(n)[2n] allows to conclude. Finally, if f =i is a closed immersion with open
complement j: U — Y, then we have distinguished triangles

L' (M) — M — j.j* (M) —
from which deduce that i,i'(M) is constructible, and thus that i'(M) = i*i,i' (M) is

constructible, whenever M has this property. ([l

5.8.10. An object U of DMy(X,R) will be said to be dualizing if it has the following
two properties:

(1) U is constructible;
(ii) For any constructible object M in DM (X,R), the canonical morphism

M — Homy(Homy(M,U),U)

is an isomorphism.
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Lemma 5.8.11. Let X be a quasi-excellent noetherian scheme of finite dimension.
(i) If an object U of DMw(X,Z) is dualizing, then, for any commutaitve ring R,
the (derived) tensor product R ® U is dualizing in DMy (X,R).
(i) A constructible object U of DMy(X,R) is dualizing if an only if Q® U is dual-
izing in DMy(X,Q) and, for any prime p, U/p is dualizing in DMy(X,Z/pZ).

Proof. Assume that the object U of DM}, (X,Z) is dualizing. To prove that the canon-
ical map
M — Homp(Hom,(M,R®U),R®U)
is invertible for any constructible object M in DM, (X,R), we may assume that
M = fy(Ry)=R ® fy(Zy)

for a separated smooth morphism of finite type f : Y — X. In particular, we may
assume that M = R ® C for a constructible object C in DMy (X,Z). But then, by virtue
of Corollary 5.4.10, we have a canonical isomorphism

Hom(Hom(C,U),U) @ R =~ Hom, (Hom (M,R ® U),R ® U),

from which we conclude that R ® U is dualizing. The proof of the second assertion is
similar. Indeed, for any constructible object C of DMy (X,Z), by virtue of Corollary
5.3.11, we have canonical isomorphisms

Hom(Hom(C,U),U)® Q =~ Hom,(Hom(Qe C,Q2U),QaU),
and, by Proposition 5.3.5, for any positive integer n, canonical isomorphisms
Hom(Hom(C,U),U)/n ~ Homy, ,(Hom,, ,(C/n,U/n),U/n).
By virtue of Proposition 5.3.12, this readily implies assertion (i7). ([

Theorem 5.8.12. Let B be an excellent noetherian scheme of dimension < 2 (or, more

generally, which admits wide resolution of singularities up to quotient singularities
in the sense of [CD12, Def. 4.1.9]).

(a) For any regular B-scheme of finite type S, an object U of DMy (S,R) is dualiz-
ing if and only if it is constructible and ®-invertible.

(b) For any separated morphism of B-schemes of finite type f : X — S, with S
regular, and for any dualizing object U in DMn(S,R), the object f'(U) is a
dualizing object in DMy (X,R).

Proof. Consider separated morphism of B-schemes of finite type f : X — S, with S
regular. Then we claim that the object f'(Rg) is dualizing in DMy, (X, R). Indeed, by
virtue of Corollary 5.4.11 and Lemma 5.8.11, we may assume that R =Qor R =Z/pZ
for some prime p. In the first case, this is already known (see [CD12, Theorems
15.2.4 and 16.1.2]). If R = Z/pZ, as, for any open immersion j, the functor j* is
symmetric monoidal and preserves internal Hom’s, by virtue of Corolaries 4.5.6 and
5.4.6, we may assume that p is invertible in the residue fields of S and that we have
equivalence of triangulated categories

D8 (Y4, Z/pZ) =~ DMy, (Y, Z/pZ)

for any S-scheme of finite type, in a functorial way with respect to the six opera-
tions. In other words, this property boils down to the analogous result in classical
étale cohomology (which, as this level of generality, has been proved by O. Gabber;
see [ILO12]). This implies the theorem through classical and fomal arguments; see
[CD12, Proposition 4.4.22]. [
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5.9. Completion and realisation. In this section, we fix a prime ¢ and an integral
flat Z-algebra R.

Definition 5.9.1. Let X be a noetherian scheme.
We denote by DM, (X,R/,) the localizing subcategory of DMy (X,R) generated by
the objects of the form M/¢, for any constructible object M of DMy, (X,R).

5.9.2. Recall from section 5.3 the following adjunctions of triangulated categories,
expressing various change of coefficients:

Lp; :DMy(X,R) = DMy(X,R/0): py-,

Lp* :DM,(X,R) = DM,(X,R[¢7 '] : p.,
where p;(M) = M/¢ and p*(M) = Z[¢"'1® M. Note that, for any A-motive M in
DM;,(X,R), the h-motive Z[¢~1]1® M is the homotopy colimit of the tower:

01y 0.1y

MLy £y

M- oMM M.

Moreover, the functor p, is fully faithful, and identifies DM (X, R[¢~1]) with the full
subcategory of DMy (X, R) whose objects are those on which the multiplication by ¢
is invertible. Such an object will be said uniquely ¢-divisible.

Lemma 5.9.3. For an object M of DMy (X, R), the following conditions are equivalent:
(i) M is uniquely ¢-divisible;
(i) M/¢=0;
(iii) for any constructible object C of DMy (X,R), any map C/¢ — M is zero;
@iv) for any object C of DM (X,R/), any map from C to M is zero.

Proof. The equivalence between conditions (i) and (ii) is trivial (in view of the dis-
tinguished triangle (5.3.4.b)), and the equivalence between conditions (iii) and (iv)
is true by definition of DM,(X,R/). The equivalence between conditions (ii) and
(iii) comes from the fact that the objects of the form C/¢, with C constructible in
DMy (X,R), form a generating family of the triangulated category DMy, (X,Z/¢Z). U

5.9.4. We are thus in the situation of the six gluing functors as defined in [Nee0O1,
9.2.1]. This means that we have six functors:

Por Lo*
(5.9.4.2) DM, (X,R/) efﬁ;—; DM,,(X,R) =<—p-— DM, (X,R[¢"1)),
Pex p!

where p, denotes the inclusion functor, and that, for any A-motive in DM, (X,R) we
have functorial distinguished triangles

ad(pp,py) ad'(Lp*,p«

) *
M p«Lp™ (M) — M[1],

(5.9.4.b) pop(M)

d(p.,0" ad'(py.p1s)
aa(px,p M 0Pl pg*p[(M)—>M[1].

(5.9.4.c) 40" (M)

Consider the obvious exact sequence of R-modules:
0—R—R[/ ' 1—R[¢'VR —0.
It induces the following distinguished triangle in DM (X, R):
Me&™RITVRI-11— M — M &“R[¢™'1— M e“(R[¢"'VR)
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which is isomorphic to the triangle (5.9.4.b). In other words, we have the formulas:
popp(M)=Me“(RI¢TVR)-11 and p.Lp*(M)=M[¢'1=MeZ[¢].

5.9.5. Let M be a cofibrant object in the model category underlying DM, (X,R). The
h-motive M/¢" is then represented by the complex of Tate spectra:

Coker(M L2 pp).
Thus, we get a tower:
M—>um - M—>um
(5953) [l lgz [rl llr+1

which defines a projective system (M/l"),eN, and it makes sense to take its derived
limit. This construction defines a triangulated functor
DM,(X,R)—» DMy(X,R), M~ R@M/l’.
r
Furthermore, the towers (5.9.5.a) define a natural transformation

(5.9.5.b) eyl :M — Rlim M/(".
reN

Lemma 5.9.6. For any h-motive M in DMy, (X, R), we have a canonical isomorphism:

RHomR(R[fl]/R,M)[l] =Rlim M/¢".
reN
Proof. We have
ZIVZ=4mZ/("Z,
r

from which we get that

RZ[('VZ=1mR/('R.

r

As this colimit is filtering, this is in fact an homotopy colimit, and we conclude from
the canonical isomorphisms RHom(Z/¢"Z, M)[1] = M/¢". (I

Definition 5.9.7. For any h-motive M in DMy (X,R), we define the ¢-completion of
M as the h-motive:
M;:=RUEmM/C".
neN
We say that M is ¢-complete if the map 6‘?4 : M — M, defined above is an isomor-
phism.

According to Lemma 5.9.6 and Paragraph 5.9.4, the triangle (5.9.4.c) can be iden-
tified to the triangle:

o +1
LN

M
RHom(R[/™1,M) — M —— N
Note in particular the following well known fact (see for instance [DG02]).

Proposition 5.9.8. Let M be an h-motive in DMn(X,R). Then the following condi-
tions are equivalent:

(i) M belongs to DMp(X,R,).
(i1) M is ¢-complete.
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(iii) M is left orthogonal to uniquely ¢-divisible objects in DMy (X,R).

Lemma 5.9.6 readily implies the following computation, which means (at least
when ¢ is prime to the residue chracteristics of X), in view of the equivalences
DMy (X,R/¢") = D(X4,R/¢7), that the category DMy(X,R/) is a categorical incar-
nation of continuous étale cohomology in the sense of Jannsen [Jan88].

Proposition 5.9.9. For any objects M and N in DMy(X,R /), we have
RHompy x 2, (M,N) = RliLnRHomDMh(X,R/gr)(M/ﬁr,N/l’).

r
5.9.10. The right adjoints f., RHom of the triangulated premotivic category DM (—,R)
commutes with homotopy limits. Moreover, Proposition 5.3.5 shows they preserve ¢-
complete objects.
On the other hand, for any morphism of scheme f:Y — X, and smooth morphism
p:X — S and any ¢/-complete A-motives M, N, we put:

fron=F,, pyM)=pyM)y,, MSN=DMsN),.
This defines a structure of a premotivic triangulated category on DMy(—,R/), the
right adjoints being induced their counterpart in DMy, (-, R).
According to these definitions, we get a premotivic adjunction:
(5.9.10.a) Iy : DMy (—,R) = DMy (—,R/): pes.

Moreover, p, obviously commutes with /. and Hom.
Taking into account Proposition 5.8.9, Corollary 5.3.11, Theorem 5.5.2, and Lemma
5.9.6, we thus obtain:

Theorem 5.9.11. The triangulated premotivic category DMy, (-, R;) satisfies the Gro-
thendieck six functors formalism (Def. A.1.10) and the absolute purity property (Def:
A.2.9) over quasi-excellent noetherian schemes. The premotivic morphism p; defined
above commutes with the six operations (Def. A.1.17).

Remark 5.9.12. Note that, by virtue of Theorem 5.4.5, if we perform this /-completion
procedure to DM‘ZZ (X,R)or DMif ’ (X, R), this leads to the same category DMh(—,R 7).

Definition 5.9.13. Let X be any scheme. One defines the category DMy, g, (X ,Ry)
of geometric ¢-adic h-motives as the thick triangulated subcategory of DMy(X,R/)
generated by hA-motives of the form Rg(X )(n) for X/S smooth and n € Z. An object
M of DMy(X,R,) is said to be constructible if, M/¢ is constructible in DMy (X, R/?).
We write DMy, (X ,R/) for the thick subcategory of DMy(X,R,) generated by con-
structible /-adic motives. We thus have a natural inclusion

DM, g (X, R ) < DMy, o(X,R /).

Remark 5.9.14. The notion of constructible ¢-adic motive corresponds to what is
usually called (bounded complex of) constructible /-adic sheaves, while geometric
Z-adic h-motives correspond to (bounded complex of) constructible ¢-adic sheaves of
geometric origin.

Remark 5.9.15. It is clear that DMy, (X ,R[) is closed under the six operations in
DM, (X,R,): this readily follows from Corollary 5.8.9 in the case of R =Z/¢Z: indeed,
the functor

DM,(X,R¢) — DMp(X,R/¢) = D(Xe, RI0), M — M/C
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is conservative and preserves the six operations as well as constructible objects (by
definition). Note also that an object M of DMy (X,R/) is constructible if and only if
M/¢" is constructible in DMy(X,R/¢") for any r = 1.

Theorem 5.9.16. The ¢-adic realization functor of Theorem 5.9.11 sends constructible
objects to geometric ones. Moreover, the six operations preserve geometric objects in
DMu(X,R/).

Proof. The first assertion is obvious. To prove that the subcategory DMy, g, (X ,R,)
is closed under the six operations in DMy(X,R/), it is sufficient check what happens
on objects of the form M, with M constructible in DM (X,R). But then, the fact that
the /-adic realization functor preserves the six operations on the nose means that
they preserve the class of these objects in DM(X,R/). (Il

5.9.17. Let ¢ be a prime, and S a noetherian scheme with residue characteristics
prime to ¢, and such that, for any constructible sheaf of Z/¢Z-modules F on Sg;, the
cohomology groups H é (S, F) are finite. Then, for any S-scheme of finite type X, one
can define, following Beilinson, Bernstein and Deligne [BBD82], the triangulated
category of constructible ¢-adic sheaves as the following 2-limit of derived categories
of constructible sheaves:

D2(X,Z¢) = 2-limD2(X,2/¢"Z).
r

On the other hand, we have an obvious family of triangulated functors
DMh,C(X,Zg) — DMy, (X,Z/¢"Z), M~—Z/("Z ol M
which, together with the equivalences of categories given by Corollary 5.4.6,
D4(X,Z/¢"Z) ~ DMy, (X, Z/0"Z),
induce a triangulated functor
(5.9.17.2) DM;, (X, Z¢) — Db(X,Z/)

Proposition 5.9.18. Under the assumptions of 5.9.17, the functor (5.9.17.a) is an
equivalence of categories.

Proof. Let M and N be two objects of DMy, (X ,Zg). By virtue of Proposition 5.9.8,
we have
N =RIlimN/¢".
r
Moreover, by assumption, for any r = 1, the groups Hom(M/¢",N/¢") are finite, and
thus, for any integer i, we have
Hom(M,NI[i]) =Hi(RliLnRHom(M,N/€’)) =limHom(M,N/¢"[i]).
r r
The fully faithfulness of the functor (5.9.17.a) readily follows from this computation.
Let F be an object of Dé’(X,Zg), that is a collection of objects F, in Df:’(X,Z/(’Z),
together with isomorphisms

upZILSY 1y Fri1 =F,

for each r = 1. Such data can be lifted into a collection (E,v,), where E, is a complex
of sheaves of Z/¢"Z-modules on X, and

Ur Z/frZ ®Z/[r+ler+1 i Er
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is a Z/¢" Z-linear morphism of complexes of sheaves for each r = 1, such that E, = F,
in Dlg(X ,Z/¢"Z), and such that the canonical map

ZILSY 1y Eri1 — L L8y g Eri — E,

coincides with the given isomorphism u, under these identifications. Applying the
functor a* (5.2.1.a), this defines similar data (a*(E,),a*(v,)) in the category of com-
plexes of sheaves over the h-site of X. We may assume that each sheaf E, if flat over
Z/¢"Z (by choosing them cofibrant for the projective model structure, for instance),
in which case the maps v, already are quasi-isomorphisms. Applying the infinite
suspension functor X, finally leads to a diagram of Tate spectra, and we can define
E =RlimX*(a"(E})).
r

Note that, for any integer r = 1, we have E/¢" = X*°(a*(E,)) in DMy, (X ,Z/¢"Z). We
thus see through the equivalences

DY(X,Z/¢"Z) =~ DM (X,2/¢"Z) ~ DMy, (X, Z/¢" Z)
that the functor (5.9.17.a) sends E to an object isomorphic to F'. ([l
5.9.19. Recall that T. Ekedahl has constructed in [Eke90, Th. 6.3] a triangulated
monoidal category: DS(X —Z.) of ¢-adic constructible systems over a separated S-
scheme X of finite type, assuming suitable technical conditions on S.
Using Corollary 5.4.6 and Proposition 5.9.9, one can construct an equivalence of
categories
DA(X -Z.) — DM, (X, Z¢)
Moreover, using point (3) of loc. cit., one can see from the above definitions that this
functor commutes with the 6 operations on the category of separated S-schemes of
finite type.
But we will not do this here. Instead, we define
D2(X,Z¢) := DMy, o(X,Z¢)
for any noetherian scheme X. We also define the category of Q/-sheaves over X
D(X,Q¢) =DMj, (X, Z) ®Q

as the Q-linearisation of the triangulated category DM, .(X ,Z¢). Both D?(—, Z,) and
D?(—,Q[) are motivic categories which satisfy the absolute purity property (at least
when restricted to quasi-excellent noetherian schemes of finite dimension).

5.9.20. As a final result, taking into account the fact the Q-localization functor is
well behaved for h-motives (Corollary 5.3.11), we have a canonical identification, for
any quasi-excellent noetherian scheme of finite dimension:

(DMp(X,Z) & Q)" =~ DM, (X, Q).
We thus obtain straight away the following result.

Theorem 5.9.21. The functor p; (5.9.10.a) induces, for any noetherian scheme of
finite dimension X, a triangulated monoidal functor:

DM, .(X,Q) — D2(X,Q,)*

(where DZC’(X , Qo) is the idempotent completion of the triangulated category DQ(X ,Qu)).
This functor is compatible with the 6 operations (when one restricts our attention to
quasi-excellent schemes and morphisms of finite type between them,).
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APPENDIX A. RECALL AND COMPLEMENT ON PREMOTIVIC CATEGORIES

A.1. Premotivic categories and morphisms. The following definition is a sum-
mary of the definitions in [CDO09, sec. 1].

Definition A.1.1. Let £ be one of the classes: Et, Sm, RZ43
A triangulated (resp. abelian) &P-premotivic category ./ is a fibred category over
Sch satisfying the following properties:

(1) For any scheme S, .#s is a well generated triangulated (resp. abelian Grothendieck)
category with a closed monoidal structure.”

(2) For any morphism of schemes f, the functor f* is triangulated (resp. addi-
tive), monoidal and admits a right adjoint denoted by f..

(3) For any morphism p in &, the functor p* admits a left adjoint denoted by
Di-

(4) gzt’i-base change: For any cartesian square

Yy % x

giAif

T?S

there exists a canonical isomorphism: Ex(A;) 1q18" — ' py.
(5) @-projection formula: For any morphism p : T — S in &2, and any object
(M,N) of M1 x Mg, there exists a canonical isomorphism:

Ex(py,®): pyM &7 p*(N)) — py(M)&s N .

When & = Sm, we say simply premotivic instead of Sm-premotivic. Objects of ./ are
generically called premotives.

Remark A.1.2. The isomorphisms appearing in properties (4) and (5) are particular
instances of what is generically called an exchange transformation in [CD09].

Example A.1.3. Let & be one of the classes: Et, Sm, S

Then the categories Shgi(Ps,R) (resp. Psh(Pg,R)) of étale sheaves (resp. pre-
sheaves) of R-modules over &g for various base schemes S form the fibers of an
abelian premotivic category (see [CD12, Ex. 5.1.1]).

Moreover, the derived categories D(Shgt(Z?s,R)) (resp. D(Psh(Zg,R))) for vari-
ous schemes S form the fibers of a canonical triangulated premotivic category (see
[CD12, Def. 5.1.17]).

A.1.4. Consider a premotivic triangulated category J .

Given any smooth morphism p : X — S, we define following Voevodsky the (homo-
logical) premotive associated with X/S as the object: Mg(X) := py(1x). Then Mg is a
covariant functor.

Let p: P}q — S be the canonical projection. We define the Tate premotive as the
kernel of the map p. : Mg (Pé) — 1 g shifted by —2. Given an integer n and an object
M of T, we define the n-th Tate twist M(n) of M as the n-th tensor power of M by
the object 1(1) — allowing negative n if 1(1) is ®-invertible.

We associate to 9 a bigraded cohomology theory on Sch:

H;”(S) :=Homg(1g, 1s(n)i]).

TIn the triangulated case, we require that the bifunctor ® is triangulated in each variable.
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One can isolate the following basic properties of I (see [CD12]).

Definition A.1.5. Consider the notations above. One introduces the following prop-
erties of the premotivic triangulated category J :
(1) Homotopy property.— For any scheme S, the canonical projection of the affine
line over S induces an isomorphism Mg (A}g) —1g.
(2) Stability property.— The Tate premotive 1(1) is ®-invertible.
(3) Orientation.— An orientation of 9 is natural transformation of contravariant
functors
c1:Pic— H 2,1
(not necessarily additive).?
When 9 is equiped with an orientation one says J is oriented.

A.1.6. Recall that a cartesian functor ¢* : I — I’/ between fibred categories over
Sch is the following data:
» for any base scheme S in Sch, a functor ¢g : 57 (S) — T(S).
o for any morphism f : T — S in Sch, a natural isomorphism c : f* ¢ = [ i
satisfying the cocycle condition.
The following definition is a particular case of [CD12, Def. 1.4.6]:

Definition A.1.7. Let 22 be one of the classes: Et, Sm, 711,
A morphism ¢* : 4 — M’ of triangulated (resp. abelian) P-premotivic categories
is a cartesian functor satisfying the following properties:
(1) For any scheme S, ¢ is triangulated (resp. additive), monoidal and admits
a right adjoint denoted by ¢g..
(2) For any morphism p : T — S in &2, there exists a canonical isomorphism:
Ex(py,¢"): prpp — 9Dy
Sometimes, we refer to such a morphism as the premotivic adjunction:
@M= M ..
A sub-P-premotivic triangulated (resp. abelian) category 4y of A is a full trian-
gulated (resp. additive) sub-category of .# equipped with a &-premotivic structure
such that the inclusion .4y — ./ is a morphism of &2-premotivic categories.

Remark A.1.8. Given a morphism of triangulated premotivic categories

0T -,
any orientation of 9~ induces a canonical orientation of 9'. Indeed, we deduce from
the preceding that for any scheme X, the functor ¢} induces a morphism

2.1 2.1
H2'(X) — H2(X)

contravariantly natural in X.

Example A.1.9. Consider the notations of Example A.1.3
Recall from [CD12, Def. 5.2.16] the A'-localization DY, (Shet(2?, R)) of D(Shey(2, R)),
which which is a Z22-fibred category equipped with a localization morphism

D(Shet(2, R)) — D (Sheu(22, R))
and satisfying the homotopy property.

8However, the orientations which appear in this article are always additive.
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When 2 = Sm, we will put: Di{,ét(S,R) =D (Shet(Sms, R)).
The main properties of a triangulated premotivic category can be summarized in
the so called Grothendieck 6 functors formalism:

Definition A.1.10. A triangulated premotivic category I satisfies Grothendieck 6
functors formalism if it satisfies the stability property and for any separated mor-
phism of finite type f : Y — X in Sch, there exists a pair of adjoint functors

fl:T@X)=2TX): 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 morphism f : X — S in Sch of relative dimension d, there
are canonical natural isomorphisms

by fy — Hid)2d]
prif*— fl(-dI-2d]

which are dual to each other.
(4) For any cartesian square in Sch:

!

v L xr

g’i A ig

— X,
Y f

such that f is separated of finite type, there exist natural isomorphisms
gh—re",
g.f" = fg..
(5) For any separated morphism of finite type f : Y — X, there exist natural
isomorphisms
Ex(f],®):(fK)®x L — filK®y f*L),
Hom (f(L),K) — f. Homy (L, f'(K)),
f' Homy (L, M) — Homy (f*(L), ' (M)).

(6) For any closed immersion i : Z — S with complementary open immersion j,
there exists distinguished triangles of natural transformations as follows:
.. i i .x 0i ..
Jut =1 2
.. “; i .k 0; ..
l[l! —1 R ] — m![l]

where a,f, (resp. a?) denotes the counit (resp. unit) of the relevant adjunction.

A.1.11. In [CD12], we have studied some of these properties axiomatically, introduc-
ing the following definitions:
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e Given a closed immersion i, the fact i, is conservative and the existence of
the first triangle in (6) is called the localization property with respect to i.

e The conjunction of properties (2) and (3) gives, for a smooth proper morphism
f, an isomorphism p¢ : fy — f«(d)[2d]. Under the stability and weak localiza-
tion properties, when such an isomorphism exists, we say that f is 9 -pure
(or simply pure when I is clear).?

Definition A.1.12. Consider the notations an assumptions above.

We say that J satisfies the localization property (resp. weak localization property)
if it satisfies the localization property with respect to any closed immersion i (resp.
which admits a smooth retraction).

We say that 9 satisfies the purity property (resp. weak purity property) if for any
smooth proper morphism f (resp. for any scheme S and integer n > 0, the projection
p:Pg—8)is I -pure.

Building on the construction of Deligne of fi and on the work of Ayoub on cross
functors, we have obtained in [CD12, th. 2.4.50] the following theorem which is little
variation on a theorem of Ayoub:

Theorem A.1.13. The following conditions on a well generated triangulated premo-
tivic category I equipped with an orientation and satisfying the homotopy property
are equivalent:

(i) 9 satisfies Grothendieck 6 functors formalism.
(i) T satisfies the stability and localization properties.

Remark A.1.14. In fact, J. Ayoub in [Ayo07] proves this result with the following
notable differences:

e One has to restrict to a category of quasi-projective schemes over a scheme
which admits an ample line bundle.

* The questions of orientation are not treated in op. cit.: this means one has
to replace the Tate twist in property (3) above by the tensor product with a
Thom space.

e The theorem of Ayoub is more general in the sense that it does not require
an orientation on the category 9 . In particular, it applies to the stable ho-
motopy category of schemes, which does not admit an orientation.

Recall the following definition from [CD12]:

Definition A.1.15. A triangulated premotivic category 9 which satisfies the sta-
bility and localization properties, and in which the functor f' exists for any proper
morphism f in Sch, is called a triangulated motivic category.

A.1.16. Consider an adjunction

T 2T .

of triangulated premotivic categories which satisfies Grothendieck 6 functors formal-
ism. Then it is proved in [CD12] that ¢* commutes with f, for f separated of finite
type. In fact, ¢* commutes with the left adjoint of the 6 functors formalism while ¢,
commutes with the right adjoint functors.

9n fact, the isomorphism p; is canonical up to the choice of an orientation of 5. Moreover, we will
define explicitely this isomorphism in the case where we need it — see (4.2.5.a).
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On the other hand, there are canonical exchange transformations:
@©* f« — f«@*, f morphism in Sch,
(A.1.16.a) @*f' — f'*, f separated morphism of finite type in Sch,
[¢" Hom(~, -)] — [Hom(¢* (=), " (-))].

Definition A.1.17. In the above assumptions, one says the morphism ¢* commutes
with the 6 operations if the exchange transformations (A.1.16.a) are all isomorphisms.

If I is a sub-premotivic triangulated category of I, one simply says J is stable
by the 6 operations if the inclusion commutes with the 6 operations.

For example, if ¢* is an equivalence of premotivic triangulated categories, then it
commutes with the 6 operations.

A.2. Complement: the absolute purity property. In this section, we consider a
triangulated premotivic category 9 which satisfies the hypothesis and equivalent
conditions of Theorem A.1.13. We assume in addition that the motives of the form
Mg (X)(@) for a smooth S-scheme X and a Tate twist i € Z form a family of generators
of the category I (S).

A.2.1. As usual, a closed pair is a pair of schemes (X, Z) such that Z is a closed sub-
scheme of X. We will consider abusively that to give such a closed pair is equivalent
to give a closed immersion i : Z — X. We will say (X, Z) is regular when i is regular.

A (cartesian) morphism of closed pairs (f,g):(Y,T) — (X, Z) is a cartesian square
of schemes:

(A2.1.2) Tk y

g, \r

VASSS

We will usually denote it by f instead of (f, g).

Note the preceding diagram induces a unique map C7Y — g~ 1(CzX) on the un-
derlying normal cones. We say f (or the above square) is transversal when this map
is an isomorphism.

Definition A.2.2. Let (X,Z) be a closed pairs and i : Z — X be the canonical inclu-
sion. For any pair of integers (n,m), we define the cohomology of X with support in
Z as:

Hg’m(X) = Homy(s)(i «(12),1s(m)[n)).
Equivalently,
(A.2.2.a) H™(X) =Homg(z)(1z,i'(15)m)In)).

Moreover, using the first localization triangle for 9~ with respect to i (point (6), Def.
A.1.10), we obtain it is contravariantly functorial with respect to morphism of closed
pairs.

Remark A.2.3. (1) Using this localization triangle, this cohomology can be in-
serted in the usual localization long exact sequence (the twist m being the
same for each group).
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(2) Consider a morphism of closed pairs f : (Y,T) — (X, Z) defined by a cartesian
square of the form (A.2.1.a). Using point (4) of Definition A.1.10 applied to
this square, we can define the following exchange transformation:

* .1 * ~ * | px ad'(g«,g") | px
ghi'fuf* S gt gk fr 2N R

One can check that the functoriality property of H,"(X) is given by associat-

(A2.3.2) Ex* . g*it 40,

ing to a morphism p: 1z — i'(12)(i)[n] the composite map:

1y LA g*i'(12)DIn] B, E'(17)@)n]

through the identification (A.2.2.a).
According to formula (A.2.2.a), the bigraded cohomology group H**(X) admits a

structure of a bigraded module over the cohomology ring H**(Z). According to the
preceding remark, this module structure in compatible with pullbacks.

Definition A.2.4. Let (X,Z) be a regular closed pair of codimension c. A fundamen-
tal class of Z in X is an element

nx(2)e Hy“(X)

which is a base of the H**(Z)-module H,"(X).
In other words, the canonical map:
(A.2.4.a) H*(Z)—-H;*(X), A—Anx(Z)

is an isomorphism. Note that if such a fundamental class exists, it is unique up to
an invertible element of H%(Z).

Proposition A.2.5. Consider a regular closed immersion i : Z — X of codimension c
and a morphism in I (Z):

nx(Z): 17 —i'(Ix)c)2c].

The following conditions are equivalent:

(i) The map nx(Z) is an isomorphism.
(i1) For all smooth morphism f :Y — X, the cohomology class f*(nx(Z))in Hif’f(T)(Y)
is a fundamental class.

Proof. We first remark that for any smooth X-scheme Y, T =Y xx Z, and for any
couple of integers (n,r) € Z2, the map induced by nx(Z):

Hom(Mz(T)(-r)[-n],1z) — Hom(Mz(T)(-r)[-nl,i'(1x)(c)[2c])
is isomorphic to the map
H™(T)— Hy"(Y),A— Anr(Y).
Then the equivalence between (i) and (ii) follows from the fact the family of motives

of the form Mz(Y xz X)(—r)[—n] generates the category 9 (Z) because:

e We have assumed J it is generated by Tate twist as a triangulated premo-
tivic category.
e 1" is essentially surjective according to the localization property.
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Using the arguments!® of [Dég08], one obtains that the orientation c¢; : Pic —
H?1 can be extended canonically to a full theory of Chern classes and deduced the
projective bundle formula. One gets in particular, following Paragraph 4.4 of loc. cit.:

Proposition A.2.6. Let E be a vector bundle over a scheme X, s: X — E the zero
section. Then s admits a canonical fundamental class.

This is the Thom class defined in loc. cit. In what follows we will denote it by
th(E), as an element of H;C’C(E).

A.2.7. Let (X,Z) be a closed pair with inclusion i : Z — X. Assume i is a regular
closed immersion of codimension c.

Following the classical construction, one define the deformation space DzX at-
tached to (X, Z) as the complement of the blow-up Bz(X) in B Z(A§(). Note it contains
A% as a closed subscheme.

This space is fibered over A, with fiber over 1 (resp. 0) being the scheme X (resp.
the normal bundle NzX). In particular, we get morphisms of closed pairs:

(A2.7.2) (X,2) 2 (DX, AL) L (N,X, Z)

where dg (resp. d1) means inclusion of the fiber over 0 (resp. 1). It is important to
note that d¢ and d1 are transversal.

For the next statement, we denote by Zeg the class of closed pairs (X,Z) in Sch
such that X and Z are regular.

Theorem A.2.8. The following conditions are equivalent:
(i) There exists a family
1x(2D)x 2)e 2,

eg
such that:
e For any closed pair (X,2), nx(Z) is a fundamental class of (X,Z).
* For any transversal morphism f :(Y,T) — (X, Z) of closed pairs in P,
f*nx(Z) =ny (D).
(ii) For any closed pair (X,Z) in Preg, the deformation diagram (A.2.7.a) induces
isomorphisms of bigraded cohomology groups:

d; da;
Hy (X)— H,} (DzX) — Hy (NzX)
Z

Proof. The fact (i) implies (ii) follows from the homotopy property of 9, using the
isomorphism of type (A.2.4.a) and the fact the morphisms of closed pairs do and d;
are transversal.

Reciprocally, given the isomorphisms which appear in (ii), one can put nx(Z) =
di‘(dS)_l(th(N 7X)), using Proposition A.2.6. This is a fundamental class for (X,Z)
using once again the homotopy property for . The fact these classes are stable by
transversal base change follows from the functoriality of the deformation diagram
(A.2.7.a) with respect to transversal morphisms. O

Definition A.2.9. We will say that 9 satisfies the absolute purity property if the
equivalent properties of the preceding propositions are satisfied.

101, fact, if 7 is equipped with a premotivic morphism D(PSh(—,R)) — 9, one can readily apply all
the results of [Dég08] to the category J (S) for any fixed base scheme S. All the premotivic triangulated
categories considered in this paper will satisfy this hypothesis.

11Depending only on the orientation c¢1 of .
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Example A.2.10. (1) The motivic category of Beilinson motives DMy satisfies
the absolute purity property according to [CD12, Th. 14.4.1].
(2) According to the theorem of Gabber [Fuj02], the motivic category ch’(—,A)
satisfies the absolute purity property for any quasi-excellent scheme, with A
a finite ring of order prime to the residue characteristics of X.

A.3. Torsion, homotopy and étale descent. Recall the following result, essen-
tially proved in [Voe96], but formulated in the premotivic triangulated category of
Example A.1.9:

Proposition A.3.1. For any scheme S of characteristic p > 0, the category Dic’: ‘ t(S ,Z)
is ZI1/pl-linear.

Proof. The Artin-Schreier exact sequence ([AGV73, IX, 3.5]) can be written as an
exact sequence of sheaves in Shgi(X,Z):

0— (Z/pZ)g — Gy 1 G, — 0

where F' is the Frobenius morphism. But G, is a strongly contractible sheaf, thus
F —1 induces an isomorphism in the Al-localized derived category DZZP ét(S ,Z). This
implies (Z/pZ)s = 0 in the latter category which in turn implies p.Id is an isomor-
phism, as required. ([

A.3.2. Let 9 be a triangulated premotivic category. If I is obtained by a localization
of the derived category of an abelian premotivic category, it comes with a canonical
premotivic adjunction

DPSh(S,Z2)= 9.
Then, the fact I satisfies the homotopy and the étale descent properties is equiva-
lent to the fact that the previous adjunction induces a premotivic adjunction of the
form:

(A3.2.2) DY (D =T

—see [CD12, 5.1.2, 5.2.10, 5.2.19, and 5.3.23].

Corollary A.3.3. Let 9 be a premotivic triangulated category equipped with an
adjunction of the form (A.3.2.a). Then for any scheme S of characteristic p >0,  (S)
is Z[1/pl-linear.

Proposition A.3.4. Let p be a prime number and n = p® be a power of p. Let I be a
premotivic triangulated category equipped with a premotivic adjunction of the form:

t":DY (D)= T ..
Let S be a scheme. We put S[1/p] =S x Spec(Z[1/p]) and consider the canonical open
immersion j:S[1/p]l— S. Then the functor

JT 1 I(S)— I (S[1/pD
is an equivalence of categories.

Proof. Note that the proposition is obvious when I = DZ’; ét(—,Z/nZ) by the previ-

ous corollary and the localization property. In particular, for any object of the form

E =t*(M) with M in foét(—,Z/nZ), we have j;j*(E) = E. In particular, we have

JiJ*(1g) = 1g. Therefore, for any object E of J(S), one has
JiJTE) = (T (1g)®E) = jij*(1g)®E = 1g ®E.
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As the functor jy is fully faithful, this readily implies the proposition. O
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