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ABSTRACT — We construct a new Weil cohomology for smooth projective varieties over a field,

universal among Weil cohomologies with values in rigid additive tensor categories. A sim-
ilar universal problem for Weil cohomologies with values in rigid abelian tensor categories
also has a solution. We give a variant for Weil cohomologies satisfying more axioms, like
Weak and Hard Lefschetz. As a consequence, we get a different construction of André’s cat-
egory of motives for motivated correspondences and show that it has a universal property.

This theory extends over suitable bases.
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1. Introduction
The main result of this article is:
THEOREM 1. Over any field k, there exists a universal Weil cohomology.

We wish the story were so simple; actually we have a commutative square of
universal Weil cohomologies:

((W, W) B ((Wab, Wab)

(1.1) l l

((W+’ W+) N ((W+ W+b)

ab’> "' a

(see §§1.1 and 1.2 below for the notation). Here, the top left is universal for Weil
cohomologies verifying a standard list of axioms, with values in rigid Q-linear sym-
metric monoidal categories; same for the top right, but replacing additive by abelian.
The bottom row is similar, except that we impose extra axioms, the most important
being a weak and a strong Lefschetz property.

To muddy the water a little more, but to add flexibility to our construction, we
work as in [1] with respect to a given class of smooth projective varieties verifying
certain stability conditions: this class was not displayed in (1.1) for simplicity.

The history of this line of investigation is well-known: it goes back to Grothen-
dieck and is excellently summarised by Serre in [51]. His survey shows two things:
firstly, how the issue of the relationships between the Weil cohomologies known at
the time is the genesis of Grothendieck’s theory of motives. Secondly, that he was
not so much interested in the universal problem we solve here as in the Tannakian
aspect, yielding motivic Galois groups (see [48, VI.A.4.2] and the two quotations
from Récoltes et Semailles in [51]). As Serre writes, Grothendieck did expect the
category Mpuum(k) of motives modulo numerical equivalence to be abelian, semi-
simple and initial with respect to all (vector space-valued) Weil cohomologies, and he
knew that this would follow from the standard conjectures he formulated in [24] (see
[36], [48, VI, Appendix]). The semi-simplicity of Muym (k) has now been proven by
Jannsen [26] independently of the standard conjectures, but its initiality in the above
sense remains dependent on them (and essentially equivalent to them).
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One might therefore expect that the categories of (1.1) resolve this issue by map-
ping naturally to Myum (k). Surprisingly, we shall see that it is not the case unless. ..
one assumes some conjectures!

Let us now describe the contents of the article.

1.1 — Construction

In Section 4, we lay the ground to formulate Theorem 1. Starting from an admiss-
ible class V of smooth projective k-varieties (Definition 4.1.1), we give in Definition
4.2.1 our axioms for a Weil cohomology H on ‘V with values in a Q-linear symmetric
monoidal category C. Shorthand notation: (C, H) (see Notation 4.2.2). There are two
reformulations: one in terms of Chow motives (Proposition 4.4.1), and one in terms of
Chow correspondences (Proposition 4.5.1). It is the latter which is used to construct
the pair ("W, W) of (1.1) in Theorem 5.2.1, by generators and relations. For generat-
ors, the main input is the construction of Theorem 3.1.1 due to Levine. We apply it to
the ®-category Corr XN, where Corr is the category of Chow correspondences: this
is the key new idea in this work. Then we get to (‘W, W) step by step. To pass from
W to Wy, we just apply the 2-functor T from [10] (Corollary 5.2.2).

PROPOSITION 1.
a) (Proposition 4.6.1) If V contains all curves then W factors through algebraic equi-
valence.
b) (Remark 4.6.2) Without any condition on V, Wy, factors through Voevodsky’s
smash-nilpotence equivalence.

Assuming that V is stable under taking hyperplane sections, we introduce in
Definition 8.3.4 the extra properties of Weil cohomologies we alluded to above, and
prove the analogue of Theorem 5.2.1 and Corollary 5.2.2 (the bottom row of (1.1))
in Theorem 8.4.1. Besides the Lefschetz properties (Definition 8.3.1), we incorporate
two others: normalised character (Definition 4.3.4) and Albanese invariance (Defini-
tion 8.2.1). The latter is explicitly considered in Kleiman’s first article on the standard
conjectures [36] and not much elsewhere; the former seems to have been overlooked
in the literature (except in [29, Def. 3.41]), while it is natural and necessary. All are
verified by the classical Weil cohomologies of Definition 4.3.2. For want of a better
terminology, we call the Weil cohomologies having these properties tight.

1.2 — Varying the Weil cohomology

Given (C, H), we can “push-forward” H through any additive ®-functor F : C —
D, getting another Weil cohomology (D, F.H) (see (5.2)). The inverse process is
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more familiar when F is faithful, and is usually called “enrichment” (think of Hodge
versus Betti cohomology, ¢-adic representations versus ¢£-adic cohomology as such).
We show in Theorem 6.1.7 that any H admits an initial enrichment ‘Wy, which is a
quotient of ‘W; if H is abelian-valued, it has similarly an “ab-initial” enrichment (W;;b
which is a localisation of W,y (ibid.). The same holds in the tight context (Theorem
8.4.5).

The situation is especially interesting when H is classical (Definition 4.3.2). We
then have a picture analogous to (1.1) (see also (9.5)):

.
(W)t —— W

A e

(1.2) (Wi [ b
a
Mz

where ()% means pseudo-abelian completion and Mg is André’s category of motives

for motivated cycles attached to H [1,2].

THEOREM 2 (Theorems 6.5.1, 8.4.5,9.3.2, 9.3.3). The ®-functors £ and p are
®-equivalences, and 1% is a ®-equivalence if and only if M?I is abelian. This holds

in characteristic 0, and then (W;‘Ib is semi-simple.

That p is an equivalence gives a completely different construction of M% , and
provides it with a universal property. The statement in characteristic O is true because
of [1, Th. 0.4].

Note that "M/I‘_’Ib has the same universal property as the one in [25, Th. 1.7.13]
and [9, Th. 2.20], so we recover that construction in a different way. In particular,
Theorem 2 provides an extension of [25, Prop. 10.2.1] from characteristic 0 to any
characteristic.

1.3 — Conjectures on algebraic cycles

We now enter the realm of the standard, and less standard, conjectures. How do
they interact with the present constructions? Since we allow ourselves to vary the class
V and since some of these conjectures are true in certain cases, and as in [36, beg.
§2], we adopt here the terminology “conditions” instead.

The first and most obvious condition to study is Condition C, algebraicity of the
Kiinneth projectors. Another one is Condition D: that homological equivalence (for
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the Weil cohomology under study) agrees with numerical equivalence.! For classical
Weil cohomologies, it is known that D implies C; the proof is really D = B = C,
where B is a standard conjecture “of Lefschetz type”.

We don’t know any proof of the implication D = C for a general Weil cohomology.
To get it, we didn’t see another way than to pass through a generalisation of the stand-
ard conjecture B. (Anyone who knows a direct proof should contact us immediately.)
In order to express this ‘“standard condition”, we need a Hard Lefschetz property:
besides Theorem 2, this is the main reason to introduce and study tight Weil cohomo-
logies.

The “yoga” of the standard conjectures, i.e. the interplay between conjectures B,
C and D (and a conjecture A), as well as the “Hodge positivity”” conjecture, is studied
in detail by Kleiman in [36] and [37] for a Weil cohomology with values in vector
spaces over a field (“traditional” in the sense of Definition 4.3.2). The good news is
that most of this formalism goes through in our generalised context, basically without
change. This is done in §§8.5 and 8.6; the only places where we cannot use Kleiman’s
arguments is where he employs the Cayley-Hamilton theorem, for the proofs of D =
B and of the independence of B from the choice of a polarisation. In the first case
(Theorem 8.6.3 (2)) we replace it by an argument due to Smirnov [52], but in the
second case (Theorem 8.6.3 (3)) we have to restrict to enrichments of traditional Weil
cohomologies. For the Hodge positivity, see §8.7. In §8.8 we also study “fullness
conditions”, generalising the Hodge and Tate conjectures in the style of [3, Ch. 7],
and their interplay with the standard conditions.

The reader may feel uncomfortable with the idea of playing with all these conjec-
tures for Weil cohomologies which are more general than those considered tradition-
ally; at least for abelian-valued Weil cohomologies, this is justified by Voevodsky’s
conjecture [55, Conj. 4.2] in view of Proposition 1 b). These conjectures clarify the
rather complex picture of this paper: we urge the reader to look at §9.1 for details.

1.4 — Abelian varieties

This is a case where many conjectures are known and where, therefore, results
from the previous subsection apply partially. We develop this in §9.2. In particular,
the category ‘W in this case is (up to idempotent completion) of the form M. for a
very explicit adequate equivalence ~ (Theorem 9.2.10).

(1) This “standard conjecture” is sometimes attributed to Grothendieck. In fact, it is not
mentioned in [24] and goes back at least to Tate in [53, p. 97], for £-adic cohomology.
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1.5 — Variation over a base

This theory extends to smooth projective schemes over suitable bases without
change: this is briefly explained in §10. This gives it a flexibility which may be useful
in future applications.

1.6 — Graded Weil cohomologies

In the appendix, we show that Theorem 1 implies a similar statement for a suitable
version of Saavedra’s Z-graded cohomology theories from [48, VI.A.1.1].

1.7 — What is not done here

We list here some lines of investigation that we haven’t attempted to follow in this
paper.

1.7.1. Links with the Tannakian picture.

1.7.2. Relationship with the new cohomology theory proposed by Ayoub in [7], and
with Scholze’s conjecture [50] on the existence of a generalised Weil cohomology
over the algebraic closure of a finite field with values in the semisimple Q-linear
tensor category of representations of Kottwitz gerbes “that practically behaves like a
universal cohomology theory”.

1.7.3. A triangulated or oco-theoretical version covering the mixed Weil cohomo-
logies of Cisinski-Déglise [14], see also [8]. This would allow in particular to use
integral coefficients, which would be artificial in the present paper since a Kiinneth
isomorphism for cohomology groups holds only up to torsion.

2. Reminders on ®-categories

2.1 — Terminology

Here we adopt the terminology of [42, VII, §1 and XI, §§1,2], with some minor
modifications.

For categories, we say ®-category for unital symmetric monoidal category, and
monoidal (resp. ®-)category without unit for a monoidal (resp. symmetric monoidal)
category in which no unit structure is provided.

A ®-functor (F,u,n): (C,®¢,1c) = (D,®p,1p) between ®-categories is given
by a functor F : C — D, a natural transformation

,UX,yZF(X)®z)F(Y)—>F(X®CY)
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compatible with the associativity constraints and the symmetry isomorphisms, and a
morphism 1 : 1y — F(1¢) satisfying the unitality condition. A ®-functor is strong
if u and i are isomorphisms and strict if y and n are equalities.

In this paper, we shall use the three types of ®-functors: to avoid ambiguities, we
write lax ®-functor instead ®-functor.

A ®-natural transformation between ®-functors is a natural transformation which
it is compatible with the y’s and the units.

An additive ®-category is a ®-category which is additive and such that the tensor
product is biadditive. An additive ®-functor between additive ®-categories is a (lax,
strong, strict) ®-functor which is additive. This tensor structure carries over canonic-
ally to the pseudo-abelian completion.

2.2 — Notation

Let Cat® be the 2-category of ®-categories, lax ®-functors and ®-natural iso-
morphisms. Let Add® be the 2-category of additive ®-categories, strong additive
®-functors and ®-natural isomorphisms. Let Ex® be the 2-category of abelian ®-
categories, exact strong ®-functors and ®-natural isomorphisms. Let Add"e (resp.
Ex'2) be the 2-full, 1-full subcategory of Add® (resp. Ex®) given by rigid categor-
ies.

Recall that for C € Add®, Z(C) := End¢ (1) is a commutative ring [48,1.1.3.3.1],
and that the category C is Z(C)-linear.

DEFINITION 2.2.1. Let A € Ex"¢. We say that A is connected if Z(A) is a field.

2.3 — Useful tools

The following results, which were already used in [10], will be used here several
times so we recall them for quotation purposes.

LEMMA 2.3.1. Let A, B € Ex"¢ with A connected (Definition 2.2.1).
a) [19, Prop. 1.19] Any exact ®-functor F : A — B is faithful. In particular, if F is a
localisation it is an equivalence.
b) [15, Th. 2.4.1 and Rk. 2.4.2] The converse is true if B is also connected.
¢) [10, Prop. 3.5 b)] A and B are reduced: for any morphism f and any N > 0,
N =0= f=0.
d) [31, Prop. 4.2 and Th. 4.18]. Z(B) is absolutely flat; there is a 1 — 1 correspond-
ence between the Serre ®-ideals of B (i.e. Serre subcategories closed under external
tensor product) and the ideals of Z(B).
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In the next lemma, C € Addrig; recall the ®-ideal N C C of negligible morphisms,
cf. [4,7.1].

LEMMA 2.3.2 ([6, Th. 1 a)]). Let C € Add"2 and assume that K = Z(C) is a field.
Suppose that there exists a finite extension L/K and a K-linear ®-functor F : C — A
to a L-linear rigid ®-category A € Ex"e in which Homs are finite L-dimensional.
Then C/N is semi-simple and the only ®-ideal I de C such that C/I is semi-simple
isI =N.

We shall use the following results repeatedly.
LEMMA 2.3.3 ([10, Th. 6.1 and Cor. 6.2]). Let C € Add"2. Then the 2-functor
A Add"(C, A)

from EX"2 1o Cat is 2-representable by a category T(C). If C is abelian, the canonical
®-functor
/lc :C— T(C)

is faithful; if C is further semi-simple, A¢ is an equivalence of categories.

REMARK 2.3.4. The assumption semi-simple can be weakened to split [10, Def.
5.2].

LEMMA 2.3.5 ([31, Th. 6.3]). Let C € Add" and let | be a ®-ideal of C. Then we
have a ®-equivalence T(C) /I — T(C/\), where I is the Serre ®-ideal generated by
the Im A (f) for f € | and the left hand side is the corresponding Serre localisation.

LEMMA 2.3.6 ([39, Prop. 2.2.8]). Let C C C’ be Serre subcategories of an abelian
category A. Then A/C’ is a Serre localisation of A/C, with kernel C'/C.

For the last lemma, we use the following definition:

DEFINITION 2.3.7. An additive functor ¢ : C’ — C between additive categories is
dense (or essentially surjective up to idempotents) if any object of C is isomorphic to
a direct summand of an object of ¢(C’).

LEMMA 2.3.8. Let F : C — D be a fully faithful additive functor between additive
categories, with C pseudo-abelian. If there exists a full subcategory C’' C C such that
Fcr is dense, then F is essentially surjective.

PrOOF. Let D € D. By hypothesis, there exists C’ € C’ such that D is isomorphic
to a direct summand of F(C’). Let e = ¢> € Endp (F(C’)) be an idempotent such that
Im e is isomorphic to D. Then e = F(e’) where ¢’ is an idempotent of End¢ (C”); if
D’ =Ime’, then F(D’) =Ime. O
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3. Kiinneth formula
3.1 — A universal construction
The following theorem is one of our main tools in this paper.

THEOREM 3.1.1. Let (C, X, 1) be a ®-category. Then there exists a lax Q-functor
(i,®,v) : C — C* such that for any other lax @-functor (H, u,n) : C — D there is a
unique strict ®-functor Fy, : C* — D such that Fji = H, Fy(R) = pand F; (v) = 1.

SKETCH OF PROOF. The version without units of this theorem is proven in [41,
Part 1T 1.2.4.3], see also [41, Part I 1.1.4.3]: it is obtained from the free ®-category
without unit (C, ®) on C together with freely adjoined morphisms Ry y : X ® ¥ —
X xY for X,Y € C, modulo relations providing naturality, associativity and commut-
ativity. The same construction certainly works with units, mutatis mutandis; anyway,
as Ross Street pointed out, this is a special case of a much more general theorem
[11, Th. 3.5] (see loc. cit. , 6.1 for the link with ®-categories). O

3.2 — Kiinneth structures

In [41, Part IT Chap. I Def. 2.4.1], Levine says external product instead of lax
®-functor, by analogy with external products in cohomology. This reflects in the ter-
minology of this subsection.

DEFINITION 3.2.1. a) Let (C, X), (D, ®) be two monoidal categories without unit,
and let (M, +) be a commutative semi-group. Let H = {H'};cps be a family of func-
tors H' : C — D. An M-graded external product on H is a family k = {k"/}; jem of
natural transformations, as shown in the variables X,Y € C

K&, H (X) ® HI(Y) — H™* (X xY)
which are compatible with the associativity constraints. If C and D are (pre)additive
say that (H, k) is additive if all H"’s are additive.
b) We say that (H, k) is strong if, for any X,Y € C and k € M, the coproduct

[Livjx H'(X) ® H/(Y) exists in D and the corresponding morphism

]_[ H(X)® HI (Y) » H*(X xY)
i+j=k

is an isomorphism.
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¢) Let (C, X, 1) be monoidal, (D, ®, 1) be additive monoidal, and let (M, +,0) be a
commutative monoid. A unital M-graded external product (H, k,v) is an M-graded
external product (H, k) such that H'(1) = 0 if i # 0, provided with an additional
isomorphism v : 1 = H°(1) such that the diagram

19 H(X) —— H(X)

| |
H°(1) ® H'(X) —— H(1x X)

and the symmetric diagram commute for all X, i.

REMARK 3.2.2. Consider M as a discrete category. Then we have two ways to
convert the family H = {H'};c), into a single functor:

(1) H:C — DM, H*(X)(i) = H (X),
(2) H:CxM — D, H(X,i) = H(X).
In (1), assume first that coproducts indexed by M exist in D; then DM inherits a
monoidal structure without unit by the rule

(3.1) (A® B)y = ]_[ A; ® B;
i+j=k

where we identify an object A € DM with a family of objects A; € D fori € M.
Note that (D™, ®) automatically inherits an associativity constraint and (H*, k) is an

external product
H'(X)®H"(Y) > H (X xY).

The conditions to be strong and unital in b) and c) of Definition 3.2.1 amount to say
that H* is a strong (unital) monoidal functor in the usual sense, see §2.1. Note that
the object of DM with value 1 for i = 0 and 0 otherwise is a unit object. Thus H is
unital if and only if H* is strongly compatible with units.

If D does not admit all coproducts indexed by M, (3.1) still makes sense if

» ecither at least one of A, B, say A, has finite support (i.e. the set of i’s such that
A; # 0is finite);
e orM=N.
The first condition is of course verified if H* takes values in D™) = {4 € DM |
A; = 0 for all but finitely many i’s}.
In (2), provide C X M with the monoidal structure (X,i) X (Y, j) = (X XY,i+j).
If 1 is a unit for (C, X) and if (M, +,0) is a monoid, then (1,0) is a unit for (C X M, X).
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If C is preadditive, then C X M is made preadditive by setting the group of morph-
isms between (C, i) and (C’, j) if i # j to be zero. If (H, ) is additive, H extends
canonically to an additive functor on C X M with its natural additive monoidal struc-
ture. We can then translate a): an (additive) M-graded external product on H is an
(additive) lax ®-stucture on H. Unitality of H in the sense of c) is equivalent to the
strong unitality of H, i.e. 1 — H(1,0), and A(1,i) = 0 fori # 0.

Suppose that D is additive. Then H factors through the additive hull of C x M,
which is nothing else than C™) (send (X,i) € C x M to X[i] € C'™) where X[i]j=X
if i = j and O otherwise). Thus, in this case, an M-graded external product from C to
D is the same as a lax monoidal functor C™) — D.

DEFINITION 3.2.3. Let (C, %, 1) € Cat®, (D,®,1) € Add® and M = Z. A Kiin-
neth product is a unital Z-graded external product (H, k, v) satisfying the following
condition: for any X,Y € C and any i, j € Z, the diagram

. . iJ .
H(X)® H (Y) —— H*(XXY)

(—1>ffcl Hi*i (c)l
Hi(Y) ® H' (X) —Z H™ (Y x X)

commutes, where ¢ denotes both commutativity constraints. We say that (H, «, v)
satisfies the Kiinneth formula if it is strong in the sense of Definition 3.2.1 b).

REMARK 3.2.4. As a sequel to Remark 3.2.2, in (1) Definition 3.2.3 amounts to
requiring that H* is symmetric monoidal for the symmetric monoidal structure on
DZ given by the symmetry ¢ AB:A®B — B ® A such that

(CA,B)IA,@BJ- = (‘UijCAi,Bj-

(One can check that this rule does define a symmetric monoidal structure on DZ.)
See also Remark 3.2.2 for the case where O does not have enough coproducts. We
call this the Koszul constraint.

In (2), if C is preadditive, we provide C X Z with the commutativity constraint

ey = (DYexy 1 (X,0) x (Y, j) = (Y, j) x (X,i)

where c is the commutativity constraint of C.

If D is additive, this amounts as in Remark 3.2.2 to a lax ®-functor C 2) — P for
the above Koszul commutativity constraint in C %), this functor being strong if and
only if H verifies the Kiinneth formula.
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REMARK 3.2.5. If C € Add®, then C%, provided with the unital monoidal struc-
ture of Remark 3.2.2, has two symmetric structures: the Koszul constraint of Remark
3.2.4 and the naive commutativity constraint which does not include the signs of the
Koszul rule. The latter will not be used in this text. If C € Add"® then C® is an
object of Add"¢, and of Ex"¢ if C € Ex"¢,

The “direct sum” functor

EB CcP 5 c (G @Ci

is strong monoidal and unital, but it is not symmetric for the Koszul constraint. The
next subsection deals with this issue.

3.3 — Gradings

DEeFINITION 3.3.1. a) Let F : C — D be an additive functor between additive cat-
egories, and let M be a set. An M-grading of F (with finite support) is a factorisation

of F into
D

cLp™m L, p
where €P is the direct sum functor. In particular, an M-grading of the identity functor
of C is a section of the direct sum functor; we call it a weight grading of C and say
that C € C is of weight m if F"C = 0 for n # m.
b) Suppose C, D € Add®, F € Add®(C, D), and M = Z. A Z-®-grading of F is a Z-
grading of F in which F* is a strong ®-functor for the naive commutativity constraint
of Remark 3.2.5. If F is the identity functor of C = D, we call this a weight ®-grading.

REMARKS 3.3.2. a) In Definition 3.3.1 a), if C, D are abelian and F is exact,

then F™* is automatically exact: indeed, all F™ for m € M are exact because a direct
summand of an exact sequence is an exact sequence.
b) One can use a weight ®-grading on C € Add® as in Definition 3.3.1 b) to change its
commutativity constraint by introducing the Koszul rule, i.e. multiplying the original
commutativity constraint between an object of weight i and and object of weight j by
(=1)¥. This notation is involutive.

NoTATION 3.3.3. We write C for the ®-category deduced from C as in Remark
33.20b).

LEMMA 3.3.4. a) In Definition 3.3.1 a), suppose that

DF™(C),F*(C")) =0for C,C"' € Cand m # n.
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If F is dense in the sense of Definition 2.3.7, then F* extends to a unique M-grading
of D, which is a weight ®-grading in the situation of Definition 3.3.1 b).

b) In Definition 3.3.1 a), suppose F faithful. For C € C and m € M, write /- for the
projector of End g (F(C)) with image F™ (C). Then the full subcategory of C

C'={CeC|nf €Endc(C)Vme M}

is additive, stable under direct summands, and C’' € Add® in the situation of Defin-
ition 3.3.1 b). If C’ is pseudo-abelian (e.g. if C is), Fl*c, Jactors uniquely through a
weight grading C' — (C")M), which is a weight ®-grading in the situation of Defin-

ition 3.3.1 b).

PRrOOF. a) Let D’ be the full subcategory of D given by the F"*(C)’s. The hypo-
thesis implies that F* extends to a unique functor D’ — D), which then extends
to D by density.

In b), the stability properties of C” are obvious except perhaps the stability under

direct summands: this holds because the 7 "’s are central idempotents in

EndDW) (F*(C)) C Endgp(F(O)).

The grading is then defined by sending C to (Im %) ep - O

LEMMA 3.3.5. Let C € Add®, let C = Mod-C be its additive dual provided with
its canonical ®-structure (“Day convolution”), and let yc : C — C be the additive
Yoneda functor: it is a strong ®-functor. Then any dualisable object X of C is a direct
summand of an object of the form yc(C).

PROOF. Since X is dualisable, it is compact, because 1 » is compact (as the Yoneda
image of 1¢) and ® s commutes with arbitrary colimits as a left adjoint of the internal
Hom. The conclusion now follows from [4, Prop. 1.3.6 f)]. O

Let C € Add®. Then C'? € Add® by Remark 3.2.5. Observe that C(?) is canon-
ically ®-equivalent to C%. Applying Lemma 3.3.5, we get Part a) of the following
lemma.

LEMMA 3.3.6. a) Any dualisable object X of C? is a direct summand of an object
of the form y¢(C) for C € C2).
b)If B € C and i € Z, write B[i] for the object (Bj);eN of CZ such that B; = B and
B; =0for j#i. Then C = @iez C;[i] for any C € C'Y). Moreover, C is dualisable
<= C(;[i] is dualisable for alli <= C; is dualisable in C for all i.
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PrOOF OF B). The first claim is obvious, so is the first equivalence and the second
is easily checked: the unit and counit do not change. O

3.4 — Relative additive completion

Let F : C — D be a functor between two categories, with C preadditive. Consider
the category ' D whose objects are functors G : 9 — & such that & is preadditive and
G o F additive, and morphisms (&, G) — (&', G’) are additive functors H : & — &’
such that G’ = H o G.

PROPOSITION 3.4.1. The category ¥ D has an initial object Add(F).

PrROOF. Let ZD be the free preadditive category on 9, and let &g be the category
with same objects as ZD (or D) quotiented by the congruence [42, p. 52] generated
by the relations [F(f +g)] — [F(f)] — [F(g)] for f, g parallel morphisms of C. Let
Gy : D — &g be the induced functor. The initiality of Add(F) = (&g, Go) is immediate.
O

COROLLARY 3.4.2. Proposition 3.4.1 remains true when replacing preadditive by
additive in the condition on &.

PRrROOF. In Proposition 3.4.1, replace Add(F') by its additive hull. ]

Here is a symmetric monoidal variant. Let F : C — D belong to Cat®, with C
preadditive, and I D® be the category whose objects are strong ®-functors G : D — &
such that & is preadditive and G o F additive, and morphisms (&,G) — (&', G’) are
additive strong ®-functors H : & — &’ such that G’ = H o G.

PROPOSITION 3.4.3. The category ¥ D® has an initial object Go : D — Add®(F)
which is the identity on objects. This remains true when replacing preadditive by
additive in the condition on &.

ProOF. The free preadditive category ZD on D inherits from D an additive sym-
metric monoidal structure. Let 859 be the category with same objects, quotiented by
the congruence ®-generated by the relations [F(f +g)] = [F(f)] = [F(g)] for f, g
parallel morphisms of C. Let Go : D — 8(‘? be the induced functor. The initiality of
Add®(F) = (82, Gy) is immediate. The argument for “additive” is as before. O
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3.5 — Inverting morphisms in additive and ®-categories

Let C be an essentially small additive category, and let S be a set of morphisms
of C. Write Sg for the smallest set of morphisms closed under finite direct sums and
containing S and all identities.

LEMMA 3.5.1. The Gabriel-Zisman localisation C [Sgel] is additive and the local-
isation functor C — C[Sg'] is additive; it is universal for additive functors F : C — D
to other additive categories D such that F (s) is invertible for all s € S.

ProoOF. The first claim is [32, Th. A.3.4]; the second is obvious, since the hypo-
thesis on F implies that F(s) is invertible also for all s € Sg. O

Replace “additive category” by ®-category in the above, and S¢ by Sg, in whose
definition “finite direct sums” is replaced by “tensor product’s’. Similarly, we get

LEMMA 3.5.2. The Gabriel-Zisman localisation C[Sél] is symmetric monoidal
and the localisation functor C — C [Sél] is a strong ®-functor; it is universal for
strong ®-functors F : C — D to other ®-categories D such that F(s) is invertible
foralls € S.

The proof is the same, replacing [32, Th. A.3.4] by [32, Prop. A.1.2].

Finally, we can mix the two constructions when starting from an additive and ®-
category, according with the notation adopted in §2.2: let C € Add® and let S be a
set of morphisms of C. Write Sg_g for the smallest set of morphisms which is stable
under finite direct sums and tensor products, containing all identities.

PROPOSITION 3.5.3. The Gabriel-Zisman localisation C[Sg;®] is in Add®, i.e. is
additive and symmetric monoidal, and the localisation functor C — C [Sg;®] is a
strong additive ®-functor; it is universal for strong additive ®-functors F : C — D to
other additive ®-categories D such that F(s) is invertible for all s € S. O

4. Generalised Weil cohomologies

4.1 —The set-up

We work over a field k. Let SmP™ (k) be the category of smooth projective k-
varieties and k-morphisms.

Note that to give a subclass of objects of a category is equivalent to give a full
subcategory. We are going to use this for SmP™ (k) without further mention. The
following definition is in the spirit of [1, 2.1].
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DEFINITION 4.1.1. A class V ¢ SmP™ (k) of smooth projective k-varieties is
admissible if Speck € V, X[[Y, X xY €V for X,Y € V and V is stable under
taking connected components. It is strongly admissible if, moreover

s Plev;
e X eV =ny(X) eV, where my(X) is the scheme of constants of X.

Given any class S € SmP™ (k) we write Saqm for the smallest strongly admissible class
containing S.

The following are useful examples:

EXAMPLES 4.1.2. a) V = SmP™ (k).
b)V = {X € SmP (k) | dim X = 0}adm.
¢) V = {coproducts of abelian k-varieties}.
d) V = {A;}aam Where A; runs through the class of abelian schemes over étale k-
schemes.
e) V = {C;}aam Where C; runs through the class of smooth projective geometrically
connected k-curves.
f) V = {X}adm, Where X is a fixed smooth projective k-variety.

For an admissible class V ¢ SmP™ (k), we define motives modelled on V asin [1,
(4.2)]: let Corr(k, V) be the category of Chow correspondences (with Q coefficients),
such that Corr(k, V)(X,Y) = CH™(X xY)q for X,Y € V if X is of pure dimension
m, the general case being obtained by direct sums.

DEFINITION 4.1.3. Denote by M. (k, V) the category of Chow motives over k
[49] modelled on V, with Q coeflicients: objects M = (X, p,n) € My (k,V) are
given by X € V, p?> = p € Corr(k,V)(X, X) an idempotent, and n a continous (=
locally constant) function X — Z.2

By sending a morphism to its graph we obtain a functor
h:VoP — Mia(k, V)

which on objects is 2(X) = (X, id, 0) where id € Corr(k, V) (X, X) is the diagonal. We
write Mf‘g (k, V) € Mia(k, V) for the strictly full subcategory of effective motives

M = (X, p,0): the functor A takes values in M (k, V). These categories are additive

rat

() In Jannsen’s original description of pure motives, n is an integer; with André’s trick
[1, (4.2)] Miy(k,V) is immediately seen to be additive and rigid.
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and Q-linear, and the product of varieties gives them a symmetric monoidal structure
with unit 1 = (Spec k, id, 0). We also write L = (Spec k,id, —1), T = (Speck,id, 1) €
Mai(k, V) these are the Lefschetz and the Tate motive. We have L ® T = 1; the
category M (k,V) is rigid, the dual of (X, p,n) being (X, p,d —n) whered : X - N
is the dimension function.

If V = SmP (k), we simply write Corr(k), MET(k) and M.y (k); in general,

rat

Corr(k, V), MT(k,V) and My (k, V) are full subcategories of those.

rat

LEMMA 4.1.4. IfP! € V (e.g. if V is strongly admissible), then L € MET(k, V).

rat

ProoF. Indeed, #(P') = 1 @ L [49, 1.13]. O

Given an admissible class V, we can define its “saturation”
V= {X € SmPI (k) | h(X) € Meat(k, V)}:

these are the varieties of ‘V type (for rational equivalence). We say that V is saturated
if V =V Clearly, V" is saturated.

LEMMA 4.1.5. We have My (k, V) = Mea(k, V), and VS is strongly admiss-
ible.

PrROOF. The first statement is obvious. Then P! € V5 because h(P') =1 & L.
Finally, h(mo(X)) is a direct summand of i(X) for any X € Vs [49, 1.13], which
concludes the proof. O

In the sequel, we fix an admissible V C SmPr (k).

4.2 — The axioms

Let C be an additive Q-linear ®-category, together with a distinguished invertible
object which we denote by L¢. For any C € C and any i € Z, we write C(i) :==C ®
L®—i

c -

DEFINITION 4.2.1. A Weil cohomology on V with values in (C, L¢) is given by
(a) aZ-indexed family H = {H'};cz : V°P — C of functors;
(b) a Kiinneth product

Ky 1 H'(X) ® HI (Y) > H™ (X xY),

forevery X,Y € V,and i, j € Z;
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(c) atrace morphism

Trx : H"(X)(n) = 1

for X € V of pure dimension n, and

(d) acycle class map given by a Q-linear homomorphism

clly : CH'(X)q — C(1, H¥(X)(i))

for every X € V and for every i > 0.

The data (H, «, Tr, c€) are subject to the following axioms:

(@)
(i)
(iii)

(iv)

)

(vi)

HO(Spec k) — 1 induced by (c) for X = Spec k.
If dim X =n, H (X) = 0fori ¢ [0, 2n].
H'(P') = 0 and the trace morphism of (c) for X = P! induces an isomorphism
H2(PY) S Le.
Kiinneth formula: KlXj y yields a graded isomorphism
kxy  H'(X)® H'(Y) = H* (X xY)

which is natural in X, Y € V and verifies the conditions of associativity, unity
and graded commutativity.

Trace and Poincaré duality: the trace map Tr is such that Trxxy = Trx ® Try
modulo the Kiinneth formula, it is an isomorphism if X is geometrically con-
nected, and the “Poincaré pairing”

Tl‘x

@) H(X)® H*(X) =5 g¥(X x X) 2, H*™(X) — 1(-n)

makes H>"~/(X)(n) the dual of H(X).

Cycle classes: For all X € V and all i > 0, the Q-linear homomorphism cfgi is
contravariant in X and compatible with the Kiinneth formula and the intersec-

tion product. Furthermore, if dim X = n, the diagram

n

CH"(X)q X e (X) ()

dng« (TrX )* l

Q — Z(C)

commutes.
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NoTATION 4.2.2. We write (C, H) for a Weil cohomology (H, «, Tr, ¢{) with val-
ues in (C, L¢) as in Definition 4.2.1, and simply talk of H as a Weil cohomology with
values in C; if necessary, we shall specify the other implicit data, e.g. additionally, C
will sometimes be assumed to be pseudo-abelian or abelian.

REMARKS 4.2.3. a) Let (V, X, 1) with 1 = Spec k be the natural symmetric mono-
idal structure. Axioms (i), (ii) and (iv) imply that (H, «) satisfies the Kiinneth formula
in the sense of Definition 3.2.3. Moreover, H* : V°P — CZ takes values in C'%) and
is a strong ®-functor for C%) provided with the ®-structure given by Remarks 3.2.2 -
3.2.4 (1), as already noted in general.

b) The precise meaning of (v) is the following. The morphism

H(X)® H"(X)(n) 51
deduced from (4.1) induces a morphism
dn—i n8l i v i 2n—i 1®s i oy
H" ' (X)(n) — H'(X)" @ H'(X) @ H" ' (X)(n) — H'(X)

where 7 is the unit map 1 — H(X)" ® H'(X); this morphism is an isomorphism.
In particular, this requires the existence of H'(X)" a priori; see however Proposition
4.5.4 below.

LEMMA 4.2.4. a) For X,Y € V, the canonical morphism
H* (X ]_[ Y) — H*(X) ® H*(Y)

is an isomorphism.

b) If X is geometrically connected, then the morphism 1 — H°(X) induced by the
projection X — Spec k is an isomorphism.

c¢) The distinguished oject L¢ is even, i.e. the symmetry that interchanges the two
factors L¢ in L¢ ® L is the identity.

PrROOF. a) The axioms imply that Chow correspondences Corr act on H* (see
proof of Proposition 4.4.1 a) below): in the groups Corr(X [[ Y, X) =~ Corr(X, X) &
Corr(Y, X) and Corr(X [[Y,Y) =~ Corr(X,Y) & Corr(Y,Y), the graphs of the inclu-
sions X — X [[Y and Y < X [[ Y have obvious retractions. It is clear that these
retractions make H*(X [[Y) a biproduct of H*(X) and H*(Y) in the sense of the
definition in [42, VIII.2].

b) follows from Axiom (V).

¢) follows from Axiom (iii), since L is well-known to be even. O
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LEMMA 4.2.5. Let (C, H) be a Weil cohomology, and let X,Y € V, with X of pure
dimension n. Then we have a canonical isomorphism

CD(H*(X),H*(Y)) ~ C(1, H"(X xY)(n)).

PrROOF. “Asusual”: the proof of [29, 3.45] applies mutatis mutandis, using axioms
(iv) and (v). O

4.3 — Some definitions
DEFINITION 4.3.1. A Weil cohomology (C, H) is abelian-valued if C € Ex"¢,

DEFINITION 4.3.2. A Weil cohomology (C, H) is traditional if C = Vecg, the cat-
egory of finite dimensional vector spaces over a field K, with L a fixed 1-dimensional
K-vector space. We say that H is classical if it is traditional and belongs to the fol-
lowing list:

e {-adic cohomology in any characteristic # £ (K = Qy),
* Betti or de Rham cohomology in characteristic 0 (K = Q, resp. K = k),

* crystalline cohomology if k is perfect of characteristic > 0 (K = Q(W(k)), where
W (k) is the ring of Witt vectors over k).

Obviously, Z(C) = K if H is traditional.

REMARK 4.3.3. When H is traditional, we recover the usual notion of a Weil
cohomology as in [3, 3.1.1.1]. Condition H' (P') = 0 in Definition 4.2.1 (iii) is skipped
for the latter because it follows from the axioms: by the Lefschetz trace formula, we
have

dim H°(P") - dim H'(P") + dim H*>(P") = y(P!) =2

and dim H°(P') = dim H?(P') = 1 (by (iii) without this condition, and (v)), hence
dim H'(P') = 0. In general this argument would only give yc(H'(P')) = 0if C is
rigid, where y ¢ is the Euler characteristic of C.

DEFINITION 4.3.4. We say that H is normalised if, for any X € V with scheme
of constants o(X), the canonical map H%(mo(X)) — H°(X) is an isomorphism.

(Lemma 4.2.4 b) says that this condition is automatic if X is geometrically con-
nected.)

Classical Weil cohomologies are normalised.
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DEFINITION 4.3.5 (cf. [46]). A Weil cohomology (C, H) with C € Add"™ is
pseudo-tannakian if there exists a faithful ®-functor from C to a category of Z/2-
graded finite-dimensional vector spaces over a field.

DEFINITION 4.3.6. A Weil cohomology (C, H) has weights if, for any X,Y € V,
we have
C(H (X),H’(Y)) =0fori # j.

(This is the condition of Lemma 3.3.4 a).)

ExaMPLES 4.3.7. a) Let k be a subfield of C. Consider the additive ®-category
H of pure, polarisable Q-Hodge structures provided with Ly := Q(—1). The Hodge
enrichment of Betti cohomology (H, H) is a Weil cohomology and it has weights.
b) If k is finitely generated, char k = p > 0 and ¢ # p is a prime number, let R,
be the category of Q-adic representations of Gal(k®/k), where k°® is a separable
closure. We get a Weil cohomology (R¢, He) given by ¢-adic cohomology: this Weil
cohomology has weights thanks to Deligne [17].

4.4 — Weil cohomologies as functors on Chow motives

PrOPOSITION 4.4.1. Suppose C pseudo-abelian.
a) Any Weil cohomology (H, k, Tr, c€) with values in (C, L¢) lifts to a strong additive
®-functor
H : Me(k, V) - C?
together with a morphism Tr : H*(L) — L such that
(1) H*(L) is concentrated in degree 2 and Tr is an isomorphism;
Q) H* (M i(k,V)) c CN;
(3) if X is geometrically connected, then 1 = H°(h(Spec k)) — H°(h(X)) is an iso-
morphism.
b) Conversely, if H* : My (k,V) — C? is a strong additive ®-functor plus a morph-
ism Tr, which verifiy Conditions (1) — (3) of a), then

H* =H"oh:V°? - C®
yields a Weil cohomology.

PrOOF. a) Using Lemma 4.2.5, the cycle class ct, ,, yields a homomorphism

CH™(X x Y)q = Corr(k, V)(X,Y) = CZ(H"(X), H*(Y)).
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One checks as usual that it respects composition of correspondences. Since C is
pseudo-abelian, via cf the functor H* : V°P — C® extends to a Q-linear functor

Mk, V) — ¢®

which is symmetric monoidal by Axiom (iv) of Definition 4.2.1. Conditions (1), (2)
and (3) of Proposition 4.4.1 follow from Axioms (iii) and (ii) of Definition 4.2.1 plus
Lemma 4.2.4 b). Since, still by Axiom (iii) of Definition 4.2.1, H 2(L) is invertible, the
above functor extends to M, (k, V) as a ®-functor H* (on objects M = (X, p,n) €
Miai(k, V) we have H (M) = p,.H*"(X)). Moreover, we get the isomorphism Tr
from (c) and (iii).

b) We need to provide the data and check the axioms of Definition 4.2.1. The
Kiinneth structure (b) and Axiom (iv) are obtained from the strong monoidality of H*
and the equalities 2(X) ® h(Y) = h(X x Y). Axiom (i) follows from the unitality of
H*. The lower bound in Axiom (ii) follows from (2).

For the sequel, we recall the isomorphism

4.2) h(X) ~h(X)®T"

for any X € V of dimension #n; the unit and counit of this duality are induced by the
morphisms

(4.3) L" - h(X)® h(X), h(X)®h(X)—L"

both given by the class of the diagonal in CH" (X X X).
Since H* is symmetric monoidal, we have an isomorphism

44 (H'(h(X))" = H*(h(X)")

for any X of dimension n, where ¥ denotes duals in both categories M, (k, V) and
C™ . This isomorphism is obtained by applying H* to (4.3).
For Axiom (v), note that

H* (h(X)®T") =~ H*(h(X)) ® H*(T)®",
hence
H*"(h(X))(n) =~ H* (h(X) ® T")°

by (1); Trx is then defined by the morphism 2(X) ® T" — 1 dual by (4.2) of the
“structural” morphism 1 — h(X). The identity Trxy ® Try = Trxxy follows. Axiom
(iii) also follows from (1). Using (3), we get the isomorphism of (v) when X is geo-
metrically connected.
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More generally, we get from (4.2) and (4.4)
H'(X)" = H'(h(X)") = H"' (h(X) ® T") = H*""'(X)(n)

which yields the last part of (v), and in particular the upper bound in (ii) by (2).

In (vi), cfg( is induced by the functoriality of H*, which sends CH'(X) ® Q =
Mo (k, V)(L, h(X) ® TY) to C(1, H* (X)(i)); the commutativity of the square also
follows from this functoriality and the definition of Try. O

4.5 — An intermediate version: Chow correspondences

PROPOSITION 4.5.1. Let us still assume C pseudo-abelian. Then a Weil cohomo-
logy (H, k, Tr, ¢€) with values in (C, L¢) is equivalent to a strong additive ®-functor
H* : Corr(k, V) — CN together with a map Tr : H*(P') — L, satisfying the follow-
ing conditions:

(1) H'(P") =0 and Tr is an isomorphism;

(2) if X is geometrically connected, then 1 — H(X) is an isomorphism.

ProoF. Let H* verify the conditions of Proposition 4.4.1 a). Then its composition
with Corr(k, V) — M (k, V) obviously verifies the conditions of Proposition 4.5.1.

Conversely, let H be as in Proposition 4.5.1. Since C is pseudo-abelian, H extends
canonically to M&(k, V), and then to a strong ®-functor My (k, V) — C 1Z] py
Condition (1), where C%! denotes the ®-category of Z-indexed objects of C with
bounded below support. The resulting functor clearly verifies the conditions of Pro-
position 4.4.1 a), except perhaps for the fact that H* takes values in C (Z)_ This is

granted by Lemma 3.3.6 a). O

In the sequel, we shall use the following categories several times.

DEFINITION 4.5.2. Let Corr(k, V)[L] (resp. Corr(k,V)[L, L™']) denote the
strictly full subcategory of M (k, V) whose objects are the direct sums of 42(X) ®
L" for X € V andn € N (resp. n € 7).

We observe:
LemMA 4.5.3. Corr(k,V)[L] and Corr(k,V)[L,L"'] are strict ®-subcategories
of Mt (k, V), and Corr(k, V)[L, L™ is rigid. a

In contrast to the previous conditions, those of Proposition 4.5.1 continue to make
sense when C is not pseudo-abelian (this hypothesis was inserted to connect with
Proposition 4.4.1). Moreover this case reduces to the rigid one as follows:
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PROPOSITION 4.5.4. Proposition 4.5.1 remains valid for any additive ®-category
C. Moreover,
a) Forany X € V and any i € N, H'(X) is dualisable in C.
b) The smallest strictly full additive ®-subcategory D of C containing the H' (X) is
rigid and contains L.

PrOOF. For the first claim, start from (C, L¢) and H veritying the hypotheses of
Proposition 4.5.1. They remain true when replacing C by its pseudo-abelian hull C¥.
Applying Proposition 4.5.1, this yields a Weil cohomology as in Definition 4.2.1 with
values in CY, which in fact takes values in C. Same process in the other direction. In
a), H*(X) is dualisable by Lemma 4.5.3, hence the claim follows from Lemma 3.3.6
b). Finally b) follows from a). O

4.6 — Adequate equivalences

PROPOSITION 4.6.1. Let (C, H) be a normalised Weil cohomology (Definition
4.3.4) and assume that ‘V contains all curves. Then H* : Corr — C™N factors through
algebraic equivalence. Hence so does the induced functor H* : My — (C h)(2),

PrOOF. Let X € V and @ € CH'(X)qg = My (k) (L', h(X)) be algebraically equi-
valent to 0: we must show that H*(@) = 0. By the Weil-Bloch trick (¢f. [12, proof
of Lemma 7.10]), « is the image of some j € Pic®(C )q for some curve C under an
algebraic correspondence from C to X: this reduces us toi = 1, X = C. Choose a non
constant morphism f : C — P!, whence a morphism g : C — P! x y(C); we have a
commutative diagram:

Pic(C)g &, Pic(P! X 719(C))g

clyy l cly l
Hom(1, H2(C)(1)) —=— Hom(1, H*(P' x m9(C))(1))
where g, is the action of the transpose of the graph of g viewed as a correspondence
as in Propositions 4.4.1 and 4.5.1 — the commutation of the diagram follows from
this construction, and the bottom horizontal arrow is an isomorphism by Axioms (v)
and (vi) of a Weil cohomology plus the property of being normalised. The result thus
follows from the vanishing of Pic®(P! x 7¢(C)). O

REMARK 4.6.2. More is true if H is abelian-valued (Definition 4.3.1): by Lemma
2.3.1 ¢), H* even factors through Voevodsky’s smash-nilpotence equivalence (which
is coarser than algebraic equivalence by [55]). Here we don’t need V' to contain all
curves.
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5. The main theorem
5.1 = The 2-functor of Weil cohomologies

We still fix an admissible category V of smooth projective varieties, as in Defini-
tion 4.1.1.

DEFINITION 5.1.1. Let Add® be the 2-category whose
 objects are pairs (C, L¢) where C € Add® and L is an invertible object of C;

» I-morphisms (C, L¢) — (D, Lp) are pairs (F,u) where F € Add®(C, D) and
u is an isomorphism F(L¢) — Lg (composition: (G,v) o (F,u) = (Go F,vo
G (u))).

e 2-morphisms 6 : (F,u) = (F’,u’) are 2-morphisms 6 : F = F’ in Add® such
thatu =u’ o 6p,,.

We define Add"¢ and Ex"® similarly, replacing Add® by Add"# or Ex"¢.

This is the same as the Tate Q-pretensor categories of [45, p. 4].

DEFINITION 5.1.2. Let (C, L¢c) € Add®. We denote by Weil(k, V; C, L) the
category whose objects (H*, Tr) are as in Proposition 4.5.1 (see also Proposition
4.5.4),i.e. H : Corr(k, V) - C™,

A morphism ¢ : (H*,Tr) — (H'*, Tr’) in Weil(k, V; C, L¢) is a graded natural
transformation ¢ : H* = H’* such that Tr = Tr’ ogpi.

LEmMMA 5.1.3. The category Weil(k,V; C, L¢) is a groupoid.

Proor. This amounts to saying that any morphism ¢ : (H*, Tr) — (H’*, Tr’) as
above is invertible. By Propositions 4.5.1 and 4.5.4, H* and H’* correspond to strong
additive ®-functors Corr(k, V)[L,L™'] — C@, where Corr(k,V)[L,L™!] is as in
Definition 4.5.2. Since it is rigid (Lemma 4.5.3), the statement follows from [48, Prop.
1.5.2.3].3 O

CONSTRUCTION 5.1.4. Definition 5.1.2 provides a strict 2-functor

(5.1 Weil(k,V;-) : Add® — Cat.

(®) Since the image of a dualisable object by a ®-functor is dualisable, the hypothesis in loc.
cit. that the target category be rigid is not needed.
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DETAILED DEFINITION. 1) The 2-functor is given on objects by Definition 5.1.2.
2)Let (F,u): (C,Lc) — (D, Lp) € Add® be a 1-morphism. We define a “push-
forward” functor

5.2) (F,u).: Weil(k,V;C, Lc) —» Weil(k,V; D, Lyp)

as follows:
»  Onobjects: (F,u).(H*,Tr) = (FN) o H*,u o F(Tr)).
e On morphisms: for ¢ : (H*, Tr) —» (H'*,Tt'), (F,u).p = F = ¢.

By definition, we have (G, v). o (F,u). = ((G,v) o (F,u)).. (This is the meaning
of “strict”).

In the sequel, we shall use this construction repeatedly; we abbreviate it to H’ =
F.H and simply say that H’ is the push-forward of H by F.

3)Let6: (F,u) = (F’,u’) be a 2-morphism. For (H*, Tr) € Weil(k,V;C, L¢),
the natural transformation 6 = H* defines a morphism

0, : (F,u).(H",Tr) — (F',u’).(H",Tr)

(immediate verification).
Checking the axioms of a 2-functor is trivial. O

EXAMPLES 5.1.5. a) Extension of scalars. Let (C, Lc) € Add®, R = Z(C) and
f : R — S be a homomorphism to a commutative ring S. Then (S ®g C, L¢) is an
object of Add? and extension of scalars E defines a I-morphism (E, 17,): (C,L¢) —
(S®r C,Lc).
b) Comparison isomorphisms. Let k be a subfield of C; here, V = SmPr (k). Consider
the category H of pure, polarisable Q-Hodge structures provided with Lgy := Q(-1).
Then (H, L) € Add® and we have a Weil cohomology (H%, Trg) € Weil(k; HH, Ly/)
given by Betti cohomology. We also have a forgetful functor ¢4 : H — Vecq forget-
ting the Hodge structure. On the other hand, let £ be a prime number, and let R,
be the category of Q-adic representations of Gal(k/k), where k is the algebraic
closure of k into C: if Lg, := Q¢(—1), ¢-adic cohomology gives a Weil cohomology
(H;,Tre) € Weil(k; R¢, Lg,). We also have a forgetful functor ¢, : R — Vecq,. Then
Artin’s comparison theorem gives an isomorphism

(te)«(Hp, Tre) = Qr ®q (t90)+(Hp, Trp)
in Weil(k; Vecq,, t¢(Lg,)), thanks to the isomorphism

te(Qe(=1)) = Qr ®q tx(Q(-1))
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given by the exponential.
We leave it to the reader to refomulate the de Rham-Betti isomorphism in the same
fashion, using the compatibility of d and d log via the exponential.

REMARK 5.1.6. We may reformulate Construction 5.1.4 by defining a 2-category
Weil(k, V) whose objects are those of Weil(k,V; C, L¢) for varying (C, L¢), and
provided with a 2-functor Weil(k, V) — Add® which is “2-cofibred” in a sense gen-
eralising [23, §6]; the push-forward functors of Construction 5.1.4 play the rdle of
cocartesian morphisms. Details are left to the reader.

5.2 — The representability theorem

THEOREM 5.2.1. The 2-functor Weil(k, V, —) is strictly 2-representable. A rep-
resenting object is called a universal Weil cohomology (relative to V) and is denoted
by

Wi, : Corr(k, V) —» Wk, V)™, Trw : W3,(P") - Lw

(where (W (k,V),Lw) € Add®).

Let us specify the meaning of strictly 2-representable here: W7, induces an iso-
morphism of categories

(5.3) Add® (‘W (k,V),Lw), (C,Lc)) — Weil(k,V:C, L¢).

Explicitly, for (C, L¢) € Add® and (H*, Tr) € Weil(k, V;C, L¢), there exists a
unique 1-morphism (Fy,ug) : (W(k,V),Lw) — (C, Lc) of Add?® such that the
induced diagram

W
Corr(k, V) —> W (k, V)N

(5.4) H*l /
FNY

c

strictly commutes. Moreover, if F, F’ € Add® ((W (k,V),Lw), (C,Lc)) and H =
F.Wq, H = F/W« as in (5.2), any morphism ¢ : H = H’ as in Definition 5.1.2
extends uniquely to a morphism F = F’.

COROLLARY 5.2.2. Theorem 5.2.1 remains true if we compose Weil(k, —) with
the inclusions Addiig c Add® and Exfkig c Add"E. In particular, (W (k,V),Lw) €
Addfg. A representing object for the second universal problem is called a universal
abelian Weil cohomology (relative to V) and is denoted by

Wi 2 Corr(k, V) = War (k, V)™, Try a1 W3, o (P) = Ly ap
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(where (W (k, V), Lw ab) € Exfg). We have Wiy (k, V) =T(W(k,V)).

ProOF. Let D C W(k,V) be as in Proposition 4.5.4 b) (where we take C =
W(k,V)): note that Ly := Ly € D. Since W, takes its values in DN, by the 2-
universal property of ‘W (k, V) there exists a functor (F,u) : (W(k,V),Ly) —
(D, Lp) in Add? such that FN o W7, = H*, whose composition with the inclusion
(D, Lp) € (W(k,V),Lw) is isomorphic to Id(y x,v),Ly)- Since D € W(k,V)
is strictly full, this implies that D = W (k, V). So W (k,V) € Add"e.

Let Wy 4 be the push-forward of Wey, in the sense of (5.2), along the functor
Aqy(k,vy of Lemma 2.3.3: it is clear that (T'(‘W(k,V)), W« a) has the desired uni-
versal property. O

PrOOF OF THEOREM 5.2.1. To construct a universal Weil cohomology, we use ver-
sion (2) in Remarks 3.2.2 and 3.2.4: namely, we start from the ®-category
Corr(k, V) xN
that we modify step by step until we obtain a ®-category W (k, V) and a ®-functor
Corr(k, V) xN — W(k,V)

with the correct properties.
For simplicity, we abbreviate Corr(k, V) to Corr and ‘W (k, V) to ‘W in this proof.
By Theorem 3.1.1 applied to Corr XN, we first obtain

(WP, R, v) : Corr XN — (Corr xN)¥
where (Corr XN)* is the universal ®-category together with
Ry, WX D) @ W (Y, ) > W (X XY,i+))
the induced N-graded unital external product for X,Y € Corr, i, j € N, and
viw— WP(1,0)

where w is the unit of (Corr XN)¥. Let (Corr xN)*-24d .= Add® (W"), see Proposition
3.4.3; thus the functor (Corr XN)¥ — (Corr xN)*24d js a strong ®-functor and its
composition W24 with W is additive. Whence morphisms

5=y &y, - @) WX, i) @ WY, ) - WX XY, k)
i+j=k

in (Corr xN)*add for i,j,k €N.
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Now we need to impose the Kiinneth formula (Definition 3.2.3) and the conditions
of Proposition 4.5.1. Consider the set S of morphisms of (Corr xN)*24 given by &, v
and W24(1, /) — 0 fori >0, W24(P!, i) — 0 fori # 0,2 and W244(1,0) — W2dd (X, 0)
for X geometrically connected. Enlarging S to Sgg as in Proposition 3.5.3, we get an
additive ®-category
WeT .= (Corr xN)<-add[gol ]

and a functor W : Corr xN — ‘W*, given by the composition of W24 with the
localisation functor. We finally ®-invert WeT(P!, 2), hence a category “W. We want
to show that it is still a ®-category. For this, let Corr[L] be as in Definition 4.5.2. Then
Weft canonically factors through Corr[L] x N, sending (L,2) to WeT(P!,2). Since the
permutation involution ¢ | on L ® L is the identity in Corr[L] and WeT(L ® L,4) =
wef(P!, 2) ® WeT(P!, 2) hence we have that Cyyefi(p1 2), wefi(pl 2) 18 the identity in
WeT Therefore Voevodsky’s condition [56, Th. 4.3] is verified and the claim holds.

Write W for the composition of We with the functor WeT — W . Define Ly as
W(P',2). We thus have finally constructed a strong additive ®-functor

W* : Corr — WN

with a tautological isomorphism Tr : W(P!, 2) = Lw. We then apply Propositions
4.5.1 and 4.5 4.

For (C, Lc) € Add® and (H*, Tr) € Weil(k; C, L¢), consider the induced unital
N-graded external product

(H,k,n) : CorrxN — C

given by Remark 3.2.2. It extends successively to (Corr XN)* by Theorem 3.1.1,
(Corr xN)*-24d by Proposition 3.4.3, ‘W by Proposition 3.5.3 and ‘W since we
have that H>(P!) = L is invertible in C. We then obtain a 1-morphism (Fg, upy) :
(W,Lw) — (C, Lc) of Add® where Fy; : W — C is the induced additive strong
®-functor such that Fig (W (X)) = H (X), ug = Tr : Fg(Lw) = H*(P') = L and
the push-forward (Fy, ug).(W, Tr) = (H, Tr). Therefore Diagram (5.4) strictly com-
mutes; moreover, Fy is obviously unique.

The full faithfulness of (5.3) is now proven step by step: indeed, each step of the
above construction is the solution of a 2-universal problem. a

REMARK 5.2.3. Of course, the category W (k, V) depends on the choice of V.
Given V C V’, restricting W}, to V yields by the universal property a canonical ®-
functor W (k, V) — W(k,V’). Here is a computation in the minimal case V =
{Spec k}aam: the category C = M (k, V) consists of (pure) Tate motives; since
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C(L™,L™) =0 for m # n, the functor & : V — C induces a canonical Weil cohomo-
logy h* : Corr(k,V) — C™ which is obviously initial. Therefore, (‘W (k,V),Lw) =
(Mrat(ka (V)’ L)

REMARK 5.2.4. A similar technique would prove the existence of a universal nor-
malised Weil cohomology (see Definition 4.3.4). However, there are further natural
properties enjoyed by usual Weil cohomologies, that we shall study in Section 8; this
is where we shall prove refined representability theorems.

5.3 — Extension to other adequate equivalences

Let ~ be an adequate equivalence relation on algebraic cycles on V: it corres-
ponds to a ®-ideal of M(k, V) by [3, Lemma 4.4.1.1]. We write Corr.(k, V) and
M_(k,V) for the corresponding categories of correspondences and motives.

DEerFINITION 5.3.1. A Weil cohomology H is compatible with ~ if H* factors
through ~ in Proposition 4.5.1, i.e. induces a functor Corr.(k, V) — C®.

For (C, L¢) € Add?2, let Weil .(k,V; C, L¢) be the full subcategory of the cat-
egory Weil(k, V; C, L¢) consisting of the (H*, Tr) compatible with ~. This defines
a strict 2-functor Weil. (k, V; —) as in Construction 5.1.4.

THEOREM 5.3.2. The analogues of Theorem 5.2.1 and Corollary 5.2.2 hold for
Weil. (k, V; —), yielding universal Weil cohomologies W+ .. and Wf“l,”w with values
inW.(k,V)and W. oo (k,V) =T(W-.(k,V)).

PrOOF. One checks that the proofs of Theorem 5.2.1 and Corollary 5.2.2 go
through without change. O

Let ~>~ be two comparable adequate equivalence relations. The universal prop-
erties of W. and W. 4, yield canonical strong ®-functors

(5.5 Wo(k, V) > Wo(k, V), Woak,V)—> Wk, V)

the second being exact. For simplicity, let us drop (k, V) from the notation in the
following proposition.

PrROPOSITION 5.3.3. In (5.5), the first functor is full and essentially surjective, and
the second is a localisation. The kernel (resp. Serre kernel) of the first (resp. second)
one is generated by W* (Ker(Corr. — Corr..) (resp. by the images of the morphisms
nW- (Ker(Corr. — Corr./)).
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ProOF. Let ‘W..(k, V)’ be the quotient of “W.(k, V) by the said ®-ideal. The
functor (5.5) clearly factors through ‘W..(k,V)’. But pushing forward W.. to the cat-
egory W. (k,V)’ by the projection functor in the style of (5.2) provides the latter cat-
egory with a Weil cohomology which factors through Corr...; hence W..(k, V)’ —
W. (k,V) is an equivalence of categories by universality. Same proof for W. 4,
mutatis mutandis. O

REMARK 5.3.4. As Proposition 4.6.1 and Remark 4.6.2 show, it may well happen
that (5.5) is an equivalence even if ~#~’, either in the abelian case or in both cases.
Note also that ‘Wyum # 0 by [5] if & is a finite field.

6. Initiality

In the sequel, most ®-functors we shall encounter will be strong; therefore we drop
the adjective ‘strong’ to lighten the exposition, and add ‘lax’ if our ®-functor turns
out not to be strong.

We drop the mention of (k, V) for lightness of notation, except when it may create
an ambiguity, e.g. when a statement depends on this pair.

6.1 — Initial and final Weil cohomologies

Any Weil cohomology H* : Corr — CV) defines an adequate equivalence relation
on V. Specifically, extend H* to H* : My — (C%)® by Proposition 4.5.1. Then the
kernel of H* is a ®-ideal. We set (cf. [1,3.3.4 & 4.4.1]):

DEFINITION 6.1.1. Denote ~p the adequate equivalence relation corresponding
to Ker H* and let
MH = M~H (= (Mrat/Kerﬁ*)h)

be the category of H-homological motives. Composing the induced functor
H : My — (€5
with the direct sum functor, we get a faithful “realisation functor”
H: My —>Cl M~ @gi(M)
i
which is monoidal but not symmetric (see Remark 3.2.4). (Note that H (M) = H'(X)
if M = h(X) for X € V.) In the universal case, we abbreviate

Mhpun = Mw,,
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and get a faithful functor
6.1) w : Muun = Wy = T(W).

LEMMA 6.1.2. Let (F,u) : (C,L¢) — (C', L)) € Add? be a 1-morphism. Let
H' = F.H be the push-forward of H by F as (5.2) in Construction 5.1.4. We have an
induced ®-functor

MH — MHf
which is the identity if F is faithful.

PrOOF. In fact, H* = F™ H*, thus Ker H* C Ker H'* and the equality holds if F
is faithful. O

DEFINITION 6.1.3. In the situation of Lemma 6.1.2, we say that

e His an enrichment of H’ if F is faithful. We say that H’ is initial if any such F is
an equivalence of categories.

e H’is a specialisation of H if F is full. We say that H is final if any specialisation
of H is an isomorphism of categories.

We have an analogous definition for the abelian case:
DEFINITION 6.1.4. In the situation of Lemma 6.1.2. Suppose that
(F,u) : (C,L¢) = (C', L)) € ExE.

We say that
* H is an abelian enrichment of H' if F is faithful. We say that H' is ab-initial if

any such F is an equivalence of categories.

* H’is aab-specialisation of H if F is localisation. We say that H is ab-final if any
ab-specialisation of H is an isomorphism of categories.

The following is obvious:

LeEMMA 6.1.5. If H has weights (see Definition 4.3.6), any enrichment and any
specialisation of H has weights. O

REMARKS 6.1.6. a) Lemma 6.1.5 is also true for ab-specialisations, but nontrivi-
ally: any ®-localisation of a rigid abelian ®-category is full [31, Th. 4.21].
b) Note that any traditional Weil cohomology is final (and even ab-final). In Proposi-
tion 6.1.9, we shall characterise those Weil cohomologies which are initial and final.
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Note that ~gy =~y and My = My for all enrichments H* of H'*. Also, if (C, L¢)
happens to be in Ex, ¢, we have two different universal problems: to distinguish them
we shall refer to Definitions 6.1.3-6.1.4.

THEOREM 6.1.7. a) Any Weil cohomology (C, H) has an initial enrichment
(Wh,Wh)

and an ab-initial enrichment
ab ab
(Wy', Wy

if C € EX"8. In this case, there is a canonical faithful ®-functor iy : Wy — "W;‘,b
such that W?}’ = (tg)Wg.
b) There is a 1 — 1 correspondence between initial Weil cohomologies and ®-ideals
of W (resp. Serre ®-ideals of Whyp).

Moreover, the target of any initial or ab-initial Weil cohomology is rigid.
c¢) The category Wy is a ®-quotient of ‘W, the category (W;j‘,b is a ®-Serre localisa-
tion of Wy, = T(‘W), and 1y induces a ®-localisation T(Wy) —» "VVI‘;b.

PrOOF. a) Let (C, H) be a Weil cohomology, and let
(Fr,up) : (W,L) = (C,L¢)
be the classifying additive ®-functor. Set
Wy = W /Ker Fy

and F : Wy — C for the induced faithful additive ®-functor. The push-forward of
the universal Weil cohomology W along the projection ‘W — Wy yields Wy such
that (Fy).Wy = (Fg).W =H.If F,H' = H then F,(Fy/).W =H and F o Fyp = Fy
by unicity in the universal property. Since F is faithful we have that Ker Fy = Ker Fp
and Fp factors through Wy providing Fgr : Wy — C’ such that (Fy/).Wy = H’
as claimed. Moreover, Wy is rigid as a ®-quotient of “‘W.

Similarly, for (C, L¢) € Ex"2 the ®-functor

(Fe,up) - (T(W),L) - (C,Lc)

is exact and factors through the Serre localisation ng of T (‘W) by the (Serre) kernel
of Fy, and W;‘Ib € Ex"¢ by [10, Prop. 4.5], yielding a Weil cohomology with values
in "M/I‘_’Ib. Moreover the induced exact functor "M/I‘_’Ib — C is injective on objects by
construction, hence faithful.
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b) Any (initial) Weil cohomology defines a ®-ideal of “W. Conversely, any such ®-
ideal J defines an initial Weil cohomology by push-forward of W along W — W/ 1.
Same reasoning in the abelian case, mutatis mutandis.

¢) The first two statements follow from the proof of a), the third then follows from
Lemmas 2.3.5 and 2.3.6. O

ExAMPLE 6.1.8. For H = W we get Wy = W (as follows from the proof of
Theorem 6.1.7 a)). For H = W,,, we get ‘W"‘;Zb =T (W) and Wy, = W/ker dyy,
where Aqy : W — T (‘W) is the canonical functor of Lemma 4.3.4; the faithful functor
tw,, of Theorem 6.1.7 a) is identified with the induced functor.

PROPOSITION 6.1.9. Let F, H, H' be as in Lemma 6.1.2. Then F induces a full

SJunctor Wy — Wy If C,C’ € Ex"8 and F is exact, then it induces a localisation
ng - WI‘_’Ib, These functors are the identity if F is faithful.
There is a 1 — 1 correspondence between maximal ®-ideals of ‘W and Weil cohomo-
logies which are both initial and final. Similarly, there is a 1 — 1 correspondence
between maximal Serre ®-ideals of W and Weil cohomologies with target in Exfjg
which are both initial and ab-final.

Proor. The additive case is obvious from Theorem 6.1.7 c). For the abelian case,
by Lemmas 2.3.6 and 2.3.1 d) we have to show that the localisation functor T'(‘W) —
’W;Ib, factors through a ®-localisation W;Ib — ’WI‘}b, This follows from the inclusion
Ker Fyg C Ker Fy. O

REMARK 6.1.10. By [31, Th. 4.18], the maximal Serre ®-ideals of 7'(‘W) are in
1 — 1-correspondence with the maximal ideals of its centre (which is an absolutely
flat ring by Lemma 2.3.1 d)). Similarly, maximal ®-ideals of W contain the ideal N
of negligible morphisms (ibid., Cor. 5.14).

Moreover:
LEmMMA 6.1.11. If”WﬁI is abelian, and
(i) either WEI and ng are both connected (Definition 2.2.1)
>i1) or ‘Wg is semisimple
then Li, : ’Wg S ’W;_‘Ib is an equivalence.

h .

PROOF. Assuming (i), we get from Lemma 2.3.1 b) that the faithful functor ¢,; is

exact. Assuming (ii), LZ factors as a composition

W S T(WE) - Wb
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in which the first functor is an equivalence by Lemma 2.3.3 and the second is exact.
The conclusion follows from Theorem 6.1.7 a) in both cases. O

6.2 — When two worlds meet

PROPOSITION 6.2.1. Let ~ be an adequate equivalence. Then, with the notation of
Theorem 5.3.2, (W, W.) is initial and ("W.. ap, W~ ap) is ab-initial.

ProoOF. By Proposition 5.3.3, ‘W. is a quotient of ‘W and W. 4, is a localisation
of W,p. Therefore the claim follows from Theorem 6.1.7 b) and c). O

Recall from Definition 6.1.1 that any Weil cohomology H defines an adequate
equivalence ~g (homological equivalence with respect to H). Let Ad be the poset of
adequate equivalences, W1 the poset of (isomorphism classes of) initial Weil cohomo-

lab

logies and WI*” the poset of (isomorphism classes of) ab-initial Weil cohomologies:

by Proposition 6.2.1, we get nondecreasing maps
(6.2) W:AdS Wi~ WP Ad 5 WP i~

THEOREM 6.2.2. Consider the objects in (6.2) as categories and functors. Then
(W, ~) and (W™, ~) are two pairs of adjoint functors where ~ is the right adjoint.
In particular, ~ W ~=~, ~ W ~=n W ~ W =W and W2 ~ W2 = W2 (“Galois
correspondence” ).

Proor. Given H and ~, H is compatible with ~ in the sense of Definition 5.3.1 if
and only if ~>~g. If H is initial (resp. ab-initial), this is also equivalent to W. > H
(resp. W. ap > H), hence the adjunction claims. The Galois correspondences then
follow from the adjunction identities. O

To be more explicit, for any Weil cohomology H one has a commutative diagram
of ®-categories:

Moy —— Wo,, —— T(W.,) —— WP
6.3) | a b |
My —— Wy —— T(Wy) ———s Wb

where a is full surjective and b, c, d are Serre localisations. It is unclear when a and
d are equivalences in practice.
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6.3 — The case of traditional Weil cohomologies

Let (C, H) be a Weil cohomology, with (C, L¢) € Ex"¢ and C connected (Defini-
tion 2.2.1). Then Z(‘Wy) C Z((ng) C Z(C) are domains; but Z(Wg”) is absolutely
flat (Lemma 2.3.1 d)), so ‘Wlaib is also connected. Let ’Wg be the extension of scalars
of Wy to the field of fractions Q of its centre; then the functor (g : Wy — (WI‘_‘I"
extends to a faithful ®-functor (WS - (W;_‘Ib (note that the centres may a priori differ).

If Hom groups in C are finite dimensional over its centre, we can apply Lemma
2.3.2. We thus get a commutative diagram of rigid ®-categories

H
VVH/—\
My —— (W)t —— (W) Wip C
(6.4) ] l
Mu n (WE N
Mnum

in which the horizontal functors are faithful, the vertical functors are full, and the cat-
egories Mpym, (‘Wg /N)F are abelian semi-simple. The (pseudo-abelian) category
M is defined by the diagram. All functors are symmetric monoidal, except the
horizontal ones starting from My and Mg n which are only monoidal (see Defini-
fion 6.1.1).

This applies in particular to any traditional Weil cohomology.

REMARK 6.3.1. One could further decorate Diagram (6.4) by adding Diagram
(6.3). We shall refrain from this and leave it to the pleasure of enthusiastic readers.

6.4 — The case of classical Weil cohomologies

As an instance of Examples 4.3.7 - 5.1.5, let k be a subfield of C and V =
SmP™ (k). Hodge cohomology in Weil(k, V; H, L), for H the category of pure
polarisable Hodge structures and L4y := Q(—1), is an enrichment of the classical Betti
cohomology H = Hg, with F = 147 : H — Vec the forgetful functor. Other examples
are the de Rham-Betti enrichement of Betti cohomology, and the Ogus enrichment of
de Rham cohomology as in [3, Ch. 7]. These examples are all superseded by Deligne’s
(abelian semi-simple) category MP of motives for absolute cycles [19, §6]

In any characteristic, we also have the Galois enrichment of £-adic cohomology.
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WARNING 6.4.1. Here, as in [19], we need to modify the commutativity con-
straint in order that the enrichment functors become symmetric monoidal. Recalling

Notation 3.3.3, we write as in [3, 6.1.2] MP for the category MP where the latter

. . p H .
constraint has been motified so that the functors MP —2» Vecq, etc., are symmetric,
while the natural functor My — MP is symmetric. (This is the opposite notation to
[19, §6],) The same applies to André’s category below.

6.5 — André’s category

The previous examples are further enriched by André’s category of motivated
motives Mﬁ, (k,V) = MI/} ([1, 4.2] and [2, §2]) which is associated to a classical
Weil cohomology H (same comment for the commutativity constraint). Theorem
6.1.7 gives a universal enrichment of all these cases:

(6.5) My = (Wr)* - M
where all functors are faithful. We distinguish two cases:

6.5.1. Characteristic 0, k embeddable in C. Then none of the categories in (6.5)
depends on the choice of H: we drop it from the notation M;‘I and replace it by hom
for the others this is the usual homological equivalence). Moreover, M4 is abelian
semi-simple by [1, Th. 0.4]. We thus get the following refinement of (6.5) still into
faithful functors, with the last two exact:

B
(66) Mhom i’ ((M/hom)h ﬁm_) (Wab i) MA - MD — H.

hom

Here all centres are equal to Q (hence passing from Wjon, to ‘Wh%m is not neces-
sary). By Lemma 6.1.5, all Weil cohomologies appearing in (6.6) have weights since

H has.

THEOREM 6.5.1. In (6.6), 8 is an equivalence of categories; hence ‘W]f‘(')’m is semi-
simple.

PrOOF. Recall that M has been constructed by adjoining to algebraic cycles the
inverses A"~ of the Lefschetz isomorphisms L™ : H'(X) — H*"~/(X)(n — i) asso-
ciated to a polarised X € V of dimension n (see §8.5 below for details on these
operators). Being exact and faithful, 6 is conservative; therefore A"~ € Im @ and
6 is full. Its essential surjectivity now follows from Lemma 2.3.8 since the functor
Mpom — MA is dense (see Definition 2.3.7 for “dense”). ]
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6.5.2. k is finitely generated of characteristic > 0. Taking for H in (6.4) the {-adic
cohomology H, where ¢ is a prime number different from char k and for C = R,
{-adic representations, except that we now have inclusions

Q< Z(Wn,) € Z(Wg) € Z(Wi) € Z(Re) = Q

Here again all Weil cohomologies have weights since R, has [18]. Since M?I[ is
not known to be abelian, we have another set of inclusions

Z(Wh,) Z(Mf}f) c Q.

Finally, it is not known whether ¢-adic homological equivalence is independent of
¢, so this picture a priori varies with €. We shall refine it in §9.3.

6.6 — Comparison of Weil cohomologies
We may introduce the following relations.

DEFINITION 6.6.1. a) Two Weil cohomologies (C, H) and (C’, H’) are equivalent
if Wy =Wy For C,C’ € Ex'¢ we say that are ab-equivalent if W;l‘,b = "M/I‘_’Ib, Clearly,
these are equivalence relations.

b) Two Weil cohomologies (C, H) and (C’, H’) are comparable if there exists a
third pointed category (C”’, L¢r) € Add®, two faithful morphisms (F,u) : (C,L¢c) —
(C”,L¢r) and (F',u’) : (C’,L¢r) — (C”, Ler) and a comparison isomorphism of
Weil cohomologies F.H — F/H’ in Weil(k,V;C”, L¢»). If C,C’ € Ex"¢ we addi-
tionally require that C”” € Ex'€ and F, F’ should be exact.

LEMMA 6.6.2. If (C, H) and (C’, H') are comparable, they are equivalent.

Proor. If (C, H) and (C’, H') are comparable, then (C, H) and (C’, H’) are both
enrichments of H” := F.H — F!H’, and then Wy = Wy~ = Wy by Proposition
6.1.9. Same argument in the abelian case. O

Let S = {(C, H) | C € Ex"#} be a class of Weil cohomologies; write

Is = ﬂ Ker Fy
HeS
and let
As =T(W)/1s

be the abelian rigid ®-category given by the Serre quotient. Let rg : As — C be the
induced exact ®-functor for each (C, H) € S.
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THEOREM 6.6.3. For As as above, consider the conditions
(1) Ag is connected
(i) every rg is faithful
(iii) all H € S are equivalent
(iv) Ags is Tannakian.

Then (i) = (ii) = (iii) and (iv) = (i); if S contains a traditional Weil cohomology,
then (iii) = (iv) and all conditions are equivalent. Moreover, As is semi-simple if
chark = 0 and S contains a classical Weil cohomology.

PrOOF. If Ag is connected then all ry are faithful by Lemma 2.3.1 a), which in
turn implies "H/I‘_’Ib = WI‘_’}’, since Ker Fy = Ker Fy» for H, H' € S. This shows (i) =
(ii) = (iii), and (iv) = (i) is obvious. If H € S is traditional, rg is a fiber functor and
As is then Tannakian under (iii) and all conditions are equivalent. Finally, the last
statement follows from Theorem 6.5.1. O

7. Kiinneth decompositions and numerical equivalence
7.1 — Condition C

Let (C, H) be a Weil cohomology with C pseudo-abelian, and consider the corres-
ponding category My (k, V) = My of H-homological motives of Definition 6.1.1.

DEeFINITION 7.1.1. We say that X € V verifies Condition C relatively to H if, for
any i > 0, the Kiinneth projector Endgs (H(X)) 3 7% : H(X) — H'(X) — H(X) is
in the image of H. We say that H verifies Condition C if all X € V do.

proj

© » We recover the standard

(If H is a traditional Weil cohomology and V = Sm
conjecture C of [24, p. 195].)

ExAMPLES 7.1.2. Here are examples where Condition C holds:
e 0-dimensional varieties and P';

* V= Ab, complete intersections, etc., H any Weil cohomology, see Theorem 9.2.6
below, and

* over afinite field k, V = SmP™ (k) [34], H classical.
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LEMMA 7.1.3. Let H, H and F be as in Lemma 6.1.2. If H verifies Condition
C, so does H’, and conversely if F is faithful (i.e. if H is an enrichment of H' as in
Definition 6.1.3).

ProoF. We have the factorisation

H
My ——= Ch

| |

My ;>-C'h.

If the projector ﬂé( € Endqy(H(X)) is in the image of H the projector ﬂ;f =
FA(n%,) € End 4 (H'(X)) is in the image of H'. If F is faithful then F¥ is faithful,
My = My and the converse is true. O

The following is a special case of Lemma 3.3.4 b):

LEMMA 7.1.4. a) If X, Y verify Condition C, so do X [[Y and X X Y.
b) If X verifies Condition C and hy (Y) is isomorphic to a direct summand of hy (X),
then Y also verifies Condition C. O

(Here we write hy instead of A, to stress that the statement concerns motives in
Mg.)

Suppose that H verifies Condition C. Still by Lemma 3.3.4 b), My acquires a
weight grading w in the sense of Definition 3.3.1 b) and we get the twisted category
My as in Notation 3.3.3.

For X € Corr, keep the notation ng( for the element of

Endp,, (h(X)) =End (h(X))

mapping to ng( via H. This is a set of orthogonal idempotents with sum 1;x), which
yields a decomposition
h(X) =P r'(x)
i>0
such that H(h'(X)) = H'(X). This defines a Weil cohomology iy with values in

My, which has weights and such that (C, H) is the push-forward of (Mg, hy) by
H.

REMARK 7.1.5. Even if, additionally, My and C are abelian the faithful ®-functor
H is not granted to be exact, in general. However, this is the case if C is connected by
Lemma 2.3.1 b).
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THEOREM 7.1.6. a) Let (C, H) be a Weil cohomology and let (Wy, W) be as in
Theorem 6.1.7. The following conditions are equivalent:

(i) H verifies Condition C;
(ii) the functor Mg — ‘VVEI induced by Wy is an equivalence of categories.

If this is true, then Z(Wg) = Q.
b) Moreover, if C € Ex"€ ler (W2, WI*‘}J) also be as in Theorem 6.1.7. The follow-
ing conditions are equivalent:

(iii) H verifies Condition C, My is abelian and H is exact;

(iv) H verifies Condition C, "Wg is abelian and Ll;q : (ng - (W;‘{b is exact;

(v) the functors Mg — ’VV}_‘[ and Lt}I : (Wf[ — (W;_‘Ib are equivalences;

(vi) the functor wyg : Mg — W;_‘Ib induced by Wf}}’ is an equivalence of categories.

If this is true, then Z (‘W;}b) =Q.

PRrROOF. (i) = (ii) is obvious by definition of (‘Wy, Wg), and (ii) = (i) is more
obvious. If C € Ex"#, from Theorem 6.1.7 we get the following factorisation

Wi l Li/

ab
Wg

where all functors are faithful and S is exact by construction. Using the equivalence
(i) < (ii) and the initiality of Wf_‘lb, we get (iv) = (v), and (v) = (vi) = (iii)
are obvious. Finally, under (iii) « is identified with the functor H, and (iv) follows
because « exact = Li,
The statements regarding the centres are obvious, since Z(Mpg) = Q. 0O

exact.

In the universal case, this gives:

COROLLARY 7.1.7. If the conditions of Theorem 7.1.6 a) hold for H = W, then
My — WH and every Weil cohomology verifies Condition C.

Ifthe conditions of Theorem 7.1.6 b) hold for H = Wy, then (6.1) is an equivalence
of categories and every Weil cohomology with abelian target verifies Condition C.
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We also have the following signiﬁcant fact. Let F, H, H’ be as in Lemma 6.1.2,
with (F,u) : (C,Lc) — (C', L) € Ex.®. Applying Proposition 6.1.9, get the follow-
ing commutative square

MH _) (Wab

(7.1 L l¢

My = Wi ab
where ¢ is a localisation.

LEmMMA 7.1.8. In (7.1), assume that Mg = My is abelian, H' verifies Condition
C and H' is exact. Then
a) wy- is an equivalence of categories,
b) the following are equivalent:

(i) H verifies Condition C and H is exact
- by _

(i) Z(Wg)=Q

(ii1) (W;_‘Ib is connected

(iv) ¢ is an equivalence in (7.1).

PrOOF. Note that the hypothesis of Lemma 7.1.8 is the same as condition (iii) of
Theorem 7.1.6 b) for H’. This gives a), by the implication (iii) = (vi) in this theorem.
This also gives (i) = (ii). (ii) = (iii) is obvious, and (iii) = (iv) since ¢ is then
faithful by Lemma 2.3.1 a). Finally, (iv) implies by a) that all functors in (7.1) are
equivalences, which in turn readily implies (i). O

7.2 — Conditions D and V

For any Weil cohomology (C, H), recall that we get H-homological equivalence
~pg (Definition 6.1.1). Moreover, denote ~¢,;; Voevodsky’s smash-nilpotence equival-
ence and ~y,; numerical equivalence: as any other adequate equivalence relation ~j
and ~g are both finer than ~,,,

DEFINITION 7.2.1. We say that (k, V) verifies Condition V if M — Muum 18
an equivalence.

(Of course, V stands for Voevodsky!)
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DErINITION 7.2.2. Let (C, H) be a Weil cohomology. We say that H verifies
Condition D if the functor My — Mum is an equivalence.

(If H is a traditional Weil cohomology and V = SmirOj , a) is conjecture D in [37, p.
17].)

ProrosITION 7.2.3. Condition V implies Condition D if H is abelian-valued.

(This does not a priori extend to general Weil cohomologies.)

Proor. By Remark 4.6.2, we have a factorisation

(7.2) Muit = My — Muum.

Suppose that H is abelian-valued; consider the following diagram

Mu

I

Mnum <_7'r T(MH) ? (W;_llb

where wy is as in Theorem 7.1.6 (vi) and g is the exact functor induced by the uni-
versal property of T(Mpg), as (W;_‘Ib is abelian; note that wy is obtained via T(Mpg)
from the ®-functor My — ((W;_‘Ib) (Z) by composition with tha canonical exact func-
tor (‘WI"_‘Ib)(Z) — WP, Similarly, 7 exists because My is also abelian semisimple
by [26]. Moreover, we have:

LEMMA 7.2.4. In (7.3) the functors nm and & are full, 7 is a localisation, and A is
faithful.

ProOOF. The fullness of x is obvious. Applying [31, Ex. 6.4] to it, we get that T'(r)
is a full localisation. But My, is abelian semi-simple, hence My > T (Mupum) by
Lemma 2.3.3. This identifies 7 with T'(xr). Finally, A is faithful because wy is faithful.
O

THEOREM 7.2.5. Let (C, H) be an abelian-valued Weil cohomology. Then
a) The following conditions are equivalent:

(i) H verifies Condition D (i.e. i is an equivalence of categories).
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(i) 7 and/or A is an equivalence of categories.
(iii) T(Mp) is connected.
(iv) Z(T(Mn)) =Q.

These conditions imply that wy is faithful and H is exact.
b) Suppose that H verifies Condition C. Then the following are equivalent:

(v) H verifies Condition D.

(vi) My is abelian, H is exact and wy is faithful.
(vii) The functors wy , Wy are equivalences.
(viii) The functors wy , wy and A are equivalences.

(ix) All functors in (7.3) are equivalences.

PRrROOF. a) (ii) = (iv) = (iii) are trivial. It remains to prove (i) = (ii) and (iii) =
(). If H verifies Condition D, then My is semisimple hence A is an equivalence by
Lemma 2.3.3, therefore so is also 7. If T (Mpg) is connected, 7 is faithful being exact
(Lemma 2.3.1 a)), and so is 7 as a composition of two faithful functors. Moreover,
wy is faithful, and H is exact because My is semi-simple.

b) (v) = (vi) has been seen in a) (without assuming Condition C). (vi) = (vii): for wy
it follows from Theorem 7.1.6 b), (iii) = (v), and for wy we use the same argument.
(vii) = (viii) is obvious. (viii)) = (ix) = (v) now follows from a) (equivalence (i)
— (ii)). O

ExAMPLE 7.2.6. Suppose that H is an enrichment of a classical Weil cohomology
H’. If Condition D holds for H, it obviously holds for H” (see Lemma 6.1.2). Then
H’ verifies Condition C by [1, 5.4.2.1] (see Example 8.3.5 and Theorem 8.6.3 below),
hence also H by Lemma 7.1.3, and we are in the situation of Theorem 7.2.5 b).

However, we don’t know any proof of the implication D = C in this generality.
The situation will change in Section 8 when we introduce abstractions of the weak
and hard Lefschetz theorems; Theorem 7.2.5 will be upgraded to Theorem 8.6.10.

Now consider the universal case of Wy,-homological motives. If H = Wy, then
’WI‘_‘Ib =T (W) in (7.3). We simplify its notation to wyg = w and wy = w. To say that
Wap verifies Condition D means that ~pyn=~num and, equivalently, that Z (T (Mpy,)) =
Q, by Theorem 7.2.5 a).

THEOREM 7.2.7. Assume that Wy, verifies Condition D. Then Wy, verifies Condi-
tion C < T(W) is connected — Z(T(W))=Q.
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Proor. If Condition D holds for Wy, it holds for any Weil cohomology with val-
ues in an abelian category. In particular, pick any classical Weil cohomology H; then
H verifies Conditions C and D (as in Example 7.2.6). We then apply Lemma 7.1.8. O

As a special case of (v) = (ix) in Theorem 7.2.5, we get:

COROLLARY 7.2.8. Under Conditions C and D for Wy, all functors in (7.3) are
equivalences and these equivalences identify Wy, with h : My — Mpum. O

(See also Corollary 8.6.11 below.)

7.3 — Chow-Kiinneth decompositions
Let (C, H) be a Weil cohomology. Let us start with a definition:

DEFINITION 7.3.1. Let X € V. We say that X admits a Chow-Kiinneth decompos-
ition relatively to H if

* X verifies Condition C relatively to H (Definition 7.1.1);
* the Kiinneth projectors ﬂ'é( lift to a set of orthogonal idempotents in the ring
End p, (h(X)).

A Chow-Kiinneth decomposition relative to H is such a lift.
Here are some elementary observations on this definition.

REMARKS 7.3.2.

(1) A Chow-Kiinneth decomposition relative to H is also a Chow-Kiinneth decompos-
ition relative to any Weil cohomology H’ which is a push-forward of H as in (5.2)
of Construction 5.1.4, ¢f. Lemmas 6.1.2 - 7.1.3.

(2) A Chow-Kiinneth decomposition, if it exists, is not unique, because one can con-
jugate it by any invertible self-correspondence of X which is = 1 (mod ~pg).
Moreover, it has a priori no reason to be unique up to such conjugation. This
will hold, however, if Ker(End (2(X)) — Endpg,, (2(X))) is nilpotent, for
example if X is an abelian variety [38].

(3) Given H, if X and Y admit a Chow-Kiinneth decomposition, so do X [[ Y and
X XY as in Lemma 7.1.4 a). However, the analogue of Lemma 7.1.4 b) (stability
under direct summands) is not clear a priori; see nevertheless Proposition 7.3.4.

(4) There may be partial Chow-Kiinneth decompositions, as we shall see now. (The
same is true for Kiinneth decompositions.)
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In [43], Murre constructed a partial Chow-Kiinneth decomposition of the form
(7.4) h(X) = h’(X) ® h' (X) ® h'**72(X) ® K™ (X) ® h*"(X)
and isomorphisms
(1.5 h(m(X)) = B°(X),R°(X) ® L" = h*"(X), ' (X) ® L' = n*""(X)

for any X € SmP™ (k) of pure dimension n, where 7o(X) is the scheme of constants
of X. This was refined by Scholl in [49, §1 and §4] to a self-dual decomposition:

(7.6) W (X)V =~ " (X)(n).
By [43, 3.7], we have
0 ifi #j

o mem = {Hi()o ifi=j

for j € {0,1,2n — 1,2n} if H is £-adic cohomology, hence for H classical in the sense
of Definition 4.3.2 if we are in characteristic 0. The basic reason (see Example 8.2.2
below) is that (7.4) and (7.5) lift the partial Kiinneth decomposition and isomorph-
isms established by Kleiman in [36] to rational equivalence. We now examine what
happens for a general Weil cohomology H: obviously, if (7.7) holds then X verifies
Condition C relatively to H in the sense of Definition 7.1.1.

PrOPOSITION 7.3.3. a) The first isomorphism of (7.5) yields a decomposition
H(X) = H(mo(X)) ® §

where S =0 (for all X) <= (7.7) holds fori =0 (for all X) <= H is normalised
in the sense of Definition 4.3 .4.

b) Suppose that H is normalised. If the saturation of ‘V contains all curves, we have
H'(h/ (X)) =0fori# j forany X € V of pure dimension n and j € {0,1,2n — 1,2n}.

PROOF. a) is tautologically true. b) is obvious for j = 0 since 4°(X) is an Artin
motive [3, 4.1.6.1]. For j = 1, suppose first n = 1. For any i, we have

H'(X) = H'(h°(X)) ® H'(h' (X)) ® H' (h*(X))

so the statement is true for i ¢ [0, 2]; it also holds for i = 0 by the normalised hypo-
thesis, and finally for i = 2 by Axiom (v) of Definition 4.2.1, and (7.6).

If n > 1, we use the fact that 4'(X) is a direct summand of 4'(C) for an ample
curve C (which follows from [49, 4.3]). The cases j = 2n — 1 and j = 2n then follow
again by Poincaré duality. O
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PROPOSITION 7.3.4. Suppose that H is normalised and the saturation of V con-
tains all curves.
a) (7.7) holds fori =1 = H'(h!>*21(X)) =0 < H'(W>> (X)) =0; in
particular it holds for curves.
b) The condition of a) is stable under coproducts, products and direct summands as
in Lemma 7.1.4.

Proor. The first statements of a) follow from Proposition 7.3.3 b), and the case
of curves is then obvious. The first statement of b) follows from the Kiinneth formula
for H* and for the partial Chow-Kiinneth decompositions, while the second one is
immediate from a). For the last, using [30, Prop. 2.2] we observe that any morphism
f : h(Y) = h(X) induces a compatible morphism f2 : h22w1(y) — pl22nx](x)
if ny =dimY, nx = dim X, and that any retraction of f induces a corresponding
retraction of 2, so the claim follows from a) again. O

Let Tx be the canonical torsor under the Albanese variety Alb(X) of X, and let
ax : X — Tx be the canonical Albanese map.

ProrosiTION 7.3.5. Suppose that H is normalised and the saturation of V con-
tains all curves. Then, the map ay, : H Y(Tx) — HY(X) is split injective. Moreover,
the condition of Proposition 7.3.4 a) holds if and only if a’, is an isomorphism.

ProOOF. The map ax induces an isomorphism
(7.8) W' (Tx) = h' (X)
cf. [29, Ex. 6.38]. Using this and Proposition 7.3.3 b), we get a commutative diagram
H'(Tx) —— H'(X)
] T
H'(h (Tx)) —— H'(h'(X))

in which the left vertical map and the bottom horizontal map are isomorphisms. This
gives the split injectivity. By [35, Th. 6.1], we have h(Tx) =~ h(Alb(X)); therefore,
Tx is in the saturation of V and the last claim follows. O

8. Lefschetz operators

In this section, we generalise to arbitrary Weil cohomologies important properties
satisfied by the classical ones: Normalised (Definition 4.3.4), Albanese-invariance
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(Definition 8.2.1), Weak and Strong Lefschetz (Definition 8.3.1). By the same tech-
nique as before, we then get a universal Weil cohomology enjoying these extra prop-
erties. Moreover, as in the classical case, Lefschetz theory provides a natural context
for the yoga of the standard conjectures, as in Definition 8.6.1.

8.1 — More formalism of Weil cohomologies

Let H be a Weil cohomology. If X € V, we write Ux for the “cup-product”

* %

H*(X) ® H*(X) xx, H* (X x X) 2%, H*(X)

where the first map is given by the Kiinneth product and Ay is the diagonal of X.

If f:Y — X is a morphism in V, we write f* for its (contravariant) action on H*,
and f, for the action of the transpose of the graph of f, viewed as a correspondence
(see proof of Proposition 4.4.1 a)).

LemMA 8.1.1 (Projection formula). The diagram

H*(X) ® H*(Y) =25 B*(X) ® H*(X) -2~ H*(X)

*®1
lf /

H*(Y) ® H*(Y) —~—~ H*(Y)

commutes.

PrOOF. Passing through «, we are reduced to the following identity:
Foo Ay o (1x f) = Ay o (1% f).

which follows from the same identity in the category of graded correspondences,
which in turn follows by Manin’s identity principle from the projection formula for
Chow groups [21, Prop. 8.3 (c)]. O

Leti:Y C X be a closed immersion of codimension 1 in V.

DEeFINITION 8.1.2. The class cf;( (Y) : 1 — H*(X)(1) induces

£5 (Y)

Ly : H*(X) 1ot ®, H*(X) ® H2(X)(1) 25 H*2(X)(1)

which we call a Lefschetz operator.
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LEMMA 8.1.3. The operator Ly may be factored as
v X) 5 HY () &5 B2 (x)(1).
PrROOF. Indeed, the projection formula for Chow groups plus Manin’s identity
principle [49, §2] show that the following diagram commutes in M (k,V):

rx) =22 hix) @ hix) (1)

| sl
h(Y) ——  h(X)(1)

where Ay is the diagonal and [Y] € CH'(X) is viewed as a morphism 1 — A(X)(1),
and we apply the ®-functor H*. O

REMARK 8.1.4. Let @ : X < PV be a polarisation and i =Y < X be a correspond-
ing smooth hyperplane section. Then c¢f %(Y) only depends on @ in Definition 8.1.2:
indeed, the class of Y in CH'(X) is @*O(1) where O(1) is the canonical generator
of CH'(PV) ~ Z.

8.2 — Albanese-invariant cohomologies

DEFINITION 8.2.1. We say that H is Albanese-invariant if (7.7) holds fori = 1 for
any X € V or, equivalently, if the condition of Proposition 7.3.5 holds for any X € V,
i.e. ay is an isomomorphism.

ExAMPLE 8.2.2. Any classical Weil cohomology is Albanese-invariant. To see
this, we can reduce to the condition in Proposition 7.3.5. For £-adic cohomology, see
[36, Th. 2A9 6.]. In characteristic 0, we get the other classical Weil cohomologies
by the comparison theorems. Over a finite field, we get crystalline cohomology by
applying [34, Th. 1]. Over a general field k of characteristic > 0, we then reduce to a
finite field by reducing first to k finitely generated and then using smooth and proper
base change.

8.3 — Weak and Strong Lefschetz

Assume that V is closed under taking smooth hyperplane sections.

DEFINITION 8.3.1. Let (C, H) be a Weil cohomology with (C, L¢) € Add®. We
say that
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* H verifies Weak Lefschetz if, for any connected X € V of dimension n and any
smooth hyperplane section i : ¥ < X, connected with the same field of constants
as X, the map i* : H'(X) — H'(Y) is an isomorphism for [ < n — 2.

* H verifies Strong Lefschetz if, for (X, Y) as above and j < n, the morphism
LY H' (X) = H™ (X) ()),
induced by the Lefschetz operator L := Ly (Definition 8.1.2), is an isomorphism.
REMARK 8.3.2. This induces isomorphisms
L% C(L H* (X)(i)) > C(L, H* " (X)(n - i)).

REMARK 8.3.3. The Weak Lefschetz property is usually stated with the additional
condition: i* is injective for / = n — 1. This is automatic in the presence of Strong
Lefschetz, by Lemma 8.1.3. This argument even gives split injectivity foralll =n — j.

DEFINITION 8.3.4. A Weil cohomology (C, H) is tight if it is normalised (Defin-
ition 4.3.4), Albanese-invariant (Definition 8.2.1), and verifies Weak and Strong Lef-
schetz (Definition 8.3.1).

(For V = Smiroj and (Veck, H) traditional we recover Kleiman’s axiomatisation
of a Weil cohomology in [37] plus Albanese-invariance.)

ExaMPLE 8.3.5. (see also Example 8.2.2.) All classical Weil cohomologies (and
the abelian enrichments in Example 4.3.7) in the sense of Definition 4.3.2 are tight.

LEmMA 8.3.6. If (C, H) is tight and (F,u) : (C,L¢) — (C’, L)) € Add?, the
push-forward H' = F.H is also tight. Additionally, for (F,u) € EX,® with F faithful
we have that H is tight if and only if H' is tight.

ProOF. The first fact is true because the tightness properties are given by iso-
morphisms, which are preserved by F'. In the second case, if F faithful and exact then
it is conservative. O

8.4 — Another representability theorem

THEOREM 8.4.1. Assume that V is closed under taking smooth hyperplane sec-
tions. For (C, Lc) € Add®, let Weil* (k,V; C, L¢c) be the 1-full and 2-full sub-
2-category of Weil(k, V; C, L¢) consisting of those H which are tight. Then the
2-functor Weil* (k,V; —) is strongly 2-representable, as well as its restriction to Exiig.
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PrROOF. We obtain a representing object by localising ‘W (k, V) with respect to
the morphisms i*, ay, and L/ given by any (X,Y) as in Definitions 8.3.1 - 8.2.1, in
the style of Proposition 3.5.3 (c¢f. the proof of Theorem 5.2.1). For its restriction to
Exiig, we compose with T as in the proof of Corollary 5.2.2. O

NoTATION 8.4.2. We shall denote by (W*,W*) and (W, W

objects in Theorem 8.4.1; by its proof, we have W+ = T(W™).

) the representing

REMARK 8.4.3. The abelian ®-category ‘W is a ®-Serre localisation of ‘Wpp. In
fact, let 7* be the ®-Serre ideal of Wy, generated by kernels and cokernels of the
morphisms in the proof of Theorem 8.4.1 under Aqy. Then W+ ~ Wy, /T, Thus, in
Theorem 6.6.3, for S the class of tight Weil cohomologies we get that 7s = 7+ and
As =Wy,

WARNING 8.4.4. By Lemma 4.1.5 and Proposition 4.4.1, we have ‘W (k, ﬂ/)h =
W (k, V)8 where V% is the saturation of V. The same is not true (or at least not
clear) for ‘W™, because it is not clear whether a Weil cohomology on V' whose
restriction to V is tight, is also tight on V. Note also that ‘W*(k, V) is not defined
if V is not closed under hyperplane sections, because one cannot formulate weak
Lefschetz.

For tight Weil cohomologies we set the same framework of Definitions 6.1.3 and
6.1.4. The analogue of Theorem 6.1.7 is the following:

THEOREM 8.4.5. a) Any tight Weil cohomology (C, H) has an initial tight enrich-
ment (W, W},) such that W;, = (eg).Wg is the push-forward along a faithful
®-functor g : Wy — W If H is abelian-valued, then the ab-initial enrichment
(Wb, Wg’) is tight; in this case, there is a canonical faithful ®-functor i, fitting in
the following commutative diagram

Wy —Z W
8.1 £H l
L
Wy

H

and W?_}’ = ()W
b) There is a 1 — 1 correspondence between initial tight Weil cohomologies and the
®-ideals of W (resp. Serre ®-ideals of T(W)).

Moreover, the target of any initial or ab-initial tight Weil cohomology is rigid.
c) The category W}, is a ®-quotient of W*, and the category (W;_‘Ib is a ®-Serre
localisation of W,
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ProOF. The proof of Theorem 6.1.7 applies verbatim to ‘W™ and ‘W appealing
to Theorem 8.4.1 and observing that (‘W?2P, W;‘{b) is tight by Lemma 8.3.6. O

ExaMPLE 8.4.6. By Example 8.3.5, the Theorem 8.4.5 applies to classical Weil
cohomologies.

REMARK 8.4.7. Let (C%, H) be tight and assume Condition C. Let
M3 = (Mu (056 ))f

be the pseudo-abelian completion of the localisation of /\/( g at the set ® = {L"7 :
R (X) — hZ‘*i(XZ(n —i) forall X €V andi < n=dim(X)} (as in Proposition 3.5.3).
We have that Mg — (‘Wg})h. Actually, the push-forward of 1y to Mg defines a tight
enrichment of H which is universal by construction.

8.5 — Some Lefschetz algebra

Here we verify that the operators and identities of [36] and [37] continue to make
sense and hold for any Weil cohomology verifying Strong Lefschetz.

Let (C, H) be tight. For X € V and dim(X) = n, provided with a polarisation as
in Remark 8.1.4, define the operator A as usual [36, 1.4.2.1], [37, §4] on H(X) with
i < n by the following commutative diagram

Lnfi

H! (X) H> (X)) (n —1i)
(8.2) A lL

V i+2
H2(X)(—1) Z5 B2=2(X) (n— i + 1)

and on H>"~"*2(X) by the following one

HI(X)(i —n— 1) E s 52071 (X) (1)
8.3) LT '

. n—i+2
Hl—2(X)(l' —n-— 2) Lﬁ_ H2n—z+2(X)

so that AL = 1in (8.2) and LA = 1 in (8.3).
The primitive decomposition of H(X) then carries over in C%. Namely, for i < n
we define P!(X, L) as the image of 1 — LA in H(X) (primitive classes) and p’ as
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the projector of H(X) with image P'(X, L); the decomposition H (X) ~ P/(X,L) &
H72(X)(~1) yields inductively a decomposition

li/2]
(8.4) H'(X) = 5 P2 (X, L)(-)).

j=0
For i > n, the isomorphism L™ of (8.3) yields a similar decomposition

. [G-m/2]
(8.5) H(X)= @ P(X, L))

Jj=i-n

and we define p’ as the projector of H(X) onto P?"~(X, L)(n — i). For (8.4) (resp.
(8.5)) and modulo twists, L acts like inclusion (resp. projection) and A acts like pro-
jection (resp. inclusion).

We then get the additional operators % (of degree 0) and A, where h = Z?fo(i -
n)n' and, according to (8.4) and (8.5), A is multiplication by j(n —i+ j + 1) on
P72 (X, L)(~j). We also get the Lefeschetz and Hodge involutions %; and %z as
in [1, 1.1], exchanging the decompositions (8.4) for H(X) and (8.5) for H*"~#(X)
with signs and multiplicities; then [1, 1.2] holds verbatim, i.e. one has the sl,-triple
identities

(8.6) [h,SAl=2°A, [h,L]=-2L, [L,°A]l=h

which define a representation of sl on H(X) sending ( (1) ’01 ) to %, up to signs. Also,
A = %y Lxp = xg Lxp is easy to check (see [36, Prop. 1.4.3 and Lemma 1.4.6] or
[37, pp. 13-14]).

In order to avoid the “heresy” of neglecting the Tate twists, we propose the follow-
ing formalism (see also [16, Rem. 1.10]): in the ind-category ind C = ind C%, consider
within End( @i’ H {(X)(j)) the sub-graded algebra R generated by the homogeneous
operators of bidegrees (2i,i) and whose components are Tate twists of one another.
Then R is finite-dimensional if C = Veck for some field K, and all above operators
belong to R in general.

PrOPOSITION 8.5.1. Let S be the (graded) subalgebra of R generated by L and A.
Then S contains the operators A, *r, *g, 7t and is also generated by L and ° A.
Moreover, A is the only operator of degree (=2, —1) verifying the third identity of
(8.6).

Proor. If H is traditional, this follows from [36, Prop. 1.4.3 and 1.4.4]; but the
proofs of loc. cit. work in general. Indeed, Kleiman works with elements but, for
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example, the identities of his lemma 1.4.5 are readily checked in our case by restrict-
ing them to the direct summands of (8.4). The last claim is shown as in the proof of
[36, Prop. 1.4.6 (i)] (see also [13, §11, lemme 1]). O

REMARK 8.5.2. For the sake of exposition, let us give two explicit proofs that S
contains the 7r'’s. The first is by the following identity of [36, Lemma 2.4]:

A1 - Z L - an) =
Jj>2n—i j<i

To check this formula in C, it suffices to show that the two sides agree after com-
posing with 7! on the right for every I. For [ < i — 1 this is clear because (1 — ¥ +
oo+ Nt =0.Forl > iwehave (1 —7°+ ...+ 7 7! =zl and L™ carries H'
into H?"~21+ g0 the left hand side becomes 0 if [ # i since 2n — 2i + 1 > 2n — i, while
for I = i this boils down to the identity A"L"~" = 1 on H'.

For the second argument, formula (8.6) implies that 4 € S. Since

2n
W= Z(l —n)lxt
i=0

for all [ > 0, the Vandermonde theorem then implies that all 7'’s belong to S for i # n;
finally, 7" = 1 = Y., 7.

The uniqueness of “A in Proposition 8.5.1 implies the identity
8.7 Axxz =Ax®1+1® A,

as in the proof of [36, Prop. 1.4.6 (ii)], where the Lefschetz operator of the product
X x Z comes from the Segre embedding associated to the respective polarisations of
X and Z. We also note the identity

(8.8) Ay = i* Ay i.
of [36, proof of Prop. 2.12] for a smooth hyperplane section i : ¥ < X, where Ay
is relative to the same polarisation as for X; it can be checked using (8.2), (8.3) and
Lemma 8.1.3.
8.6 — Lefschetz type conditions

Keep the previous notation. Denote by
(8.9) A (X) € C(L, HY (X)(i))

the image of cycle class map or, equivalently: it is isomorphic to CH'(X)q/Ker cfiq.
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DEFINITION 8.6.1. Let (C, H) be tight. We say that (H, X, L) with dim(X) =n
1) verifies Condition A if the restriction

L' Ay (X) - AH(X)

is an isomorphism for all i > 0;
2) verifies Condition B if the operator A is in the image of H, e.g. for i < n is the class
of a correspondence (of degree —1) in A"H‘1 (X x X).

The choice of H being implicit, we abbreviate to A(X, L), B(X, L) as usual.

REMARK 8.6.2. In [36, Th. 2A9 4.], Kleiman shows that (Vecg, H), traditional
and assumed to verify Strong Lefschetz as in Definition 8.3.1, is Albanese-invariant
(Definition 8.2.1) if it satisfies Condition B of Definition 8.6.1 2).

THEOREM 8.6.3. For a tight Weil cohomology H and any polarised X € V, we
have:

(1) B(X,L)= A(X,L), B(X,L) = C(X) and A(XxX,L®1+1® L) = B(X, L).
(2) D(XxX)= B(X,L),

(3) Suppose that H is an enrichment of a traditional tight Weil cohomology H'. Then
B(X,L) < B(X,L’) for any L' coming from another polarisation.

PROOF. Replacing C by CY, we may assume C pseudo-abelian and therefore have
the primitive decompositions.

In (1), the first implication is trivial, the second follows from Proposition 8.5.1 and
the third is proven exactly as in [37, proof of Theorem 4.1 (1)].

For (2), we cannot reason as in [36] or [37] where Kleiman uses the Cayley-
Hamilton theorem, which is not available for a general Weil cohomology. Instead,
we use Smirnov’s argument in [52]: by Proposition 8.5.1, it suffices to show that €A
is algebraic, which follows from [52, Th. 1] using Jannsen’s semi-simplicity theorem
[26].

For (3), we observe that B(X, L) for H is equivalent to B(X, L) for H’; this reduces
the statement to [36, Cor. 2.11]. O

As in [36] and [37], we deduce from (8.7), (8.8) and Proposition 8.5.1:

PROPOSITION 8.6.4. Let X € V be provided with a polarisation yielding a Lef-
schetz operator L.

a) Let Y C X be a smooth hyperplane section, Ly be the induced Lefschetz operator.
Then B(X,Lx) = B(Y, Ly).
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b) Let (Z, Lz) be another polarised variety (with Z € V). We then have that B(X, Lx)
+B(Y,Ly) > B(XXY,Lx®1+1®Ly).

From Lemma 8.3.6 (and Theorem 8.6.3 (1)) we also get (c¢f. Theorems 7.1.6 b) -
8.6.10 a)):

COROLLARY 8.6.5. Let (C, H) be tight and abelian-valued. If the category Mg
is abelian and H is exact, then Condition C <= Condition B for H.

Condition V of Definition 7.2.1 then implies all conditions (since it implies Con-
dition D).

COROLLARY 8.6.6. Under Condition V, all Conditions A, B, C and D hold true for
any tight Weil cohomology (C, H) with C € Ex"2,

REMARKS 8.6.7. a) [36, Prop. 2.7] implies that the hypothesis of (3) holds if H is
an enrichment of a traditional Weil cohomology. It also holds under the conditions of
Corollary 8.6.5.

b) As a special case of Corollary 8.6.5 we recover the first part of [1, theorem p. 44].
(In loc. cit. the hypothesis that H be exact is missing, but fortunately it is granted by
Remark 7.1.5.)

The pattern of Theorem 7.1.6 a) is available under Condition B.

LeEMMA 8.6.8. If (C, H) is tight and verifies Condition B then hy : My — Mgy
defines a tight Weil cohomology.

PrOOF. Theorem 8.6.3 gives that H verifies Condition C hence hg : My —
My defines a Weil cohomology (see discussion between Lemma 7.1.4 and Remark
7.1.5). Let I < n; the algebraic cycles giving A"~ are inverses of L™ : th(X) -
h%’;_l(X) (n—=1). Also, i*: hiq (X) — héq (Y) is split injective for i : ¥ < X a smooth
hyperplane section of X by Remark 8.3.3; since the functor H is additive and faithful
and i* : H'(X) = H(h., (X)) —> H!(Y) = H(h%, (Y)) is an isomorphism for / < n - 2,
the complementary summand is O in this case and we get Weak Lefschetz for hg as
well. For the normalised and Albanese properties, we use Propositions 7.3.3 and 7.3.5
similarly. O

THEOREM 8.6.9. Let (C, H) be tight and let (W, Wy,) be as in Theorem 8.4.5.
The following conditions are equivalent:

(i) H verifies Condition B;
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(i1) the functor Mg — ‘WIEI induced by Wy and the functor 85_1 : ‘WIEI — (‘W;;,)h
induced by ey in (8.1) are equivalences;

(iii) the composition Mg — (’Wg})h of the two functors of (ii) is an equivalence of
categories.

If this is true, then Z(Wy;) = Q.

PrOOF. (i) = (ii): the first functor is an equivalence by Theorem 7.1.6 a) because

B = C by Theorem 8.6.3 (1), and iy defines a tight Weil cohomology by Lemma

8.6.8 whence shH is an equivalence by the universal property of (W, W},). (ii) =

(iii) is trivial and (iii) = (i) is clear. 0

For tight Weil cohomologies with abelian target we obtain the commutative dia-
gram (7.3) and the following analogue of Theorems 7.1.6 b), 7.2.5 and 7.2.7:

THEOREM 8.6.10. Let (C, H) be tight, C € Ex"2 and let (W2, Wi‘}}’) be as in
Theorems 6.1.7 - 8.4.5.
a) The following are equivalent:

(1) H verifies Condition B, the category My is abelian and H : My — C is exact;

(i) H verifies Condition B, the category ((WI;)h is abelian and the functor L;;h :

(’Wlﬁ})h — ‘Wf_‘Ib is exact;
(iii) the functors My — (‘WITI)lq and L}:}h : ((M/ITI)u - ‘WI*_‘Ib are equivalences;
(iv) the (faithful) functor wg : Mg — "WI‘_‘Ib is an equivalence of categories.

These conditions imply Z (‘WI‘_‘Ib) =Q.
b) The following are equivalent:

(v) H verifies Condition D;

(vi) the (faithful) functor wy : Mg — (Wf_‘lb is an equivalence and (W;_‘Ib is semi-
simple;

(vil) the (exact) functor wy : T(Mpy) — WI‘_’Ib is faithful and "W;_}b is connected;
(viii) all functors in (7.3) are equivalences.

Moreover these conditions imply those of a).
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PROOF. a) (i) = (ii): from Theorem 8.6.9 we get that ("W, Ifl)h is abelian; moreover,
this theorem says that 8?1 is an equivalence, so it suffices to show that Li, is exact,
where ¢f is as in (8.1). But Condition C holds true by Theorem 8.6.3 (1), thus what
we want follows from (iii) = (iv) in Theorem 7.1.6 b).

Now (ii) = (iii) follows from Theorem 8.6.9 and the universal property of the
Weil cohomology("WI‘;b, W}‘})); (iii) = (iv) is clear. Finally, (iv) = (i) is trivial.

b) First, recall that D = B = C by Theorem 8.6.3, since H is tight. This being
said,

(v) = (i) because, under D, My is abelian semi-simple and, similarly, (v) + (iv)
= (vi). Thus we get (v) = (vi), and (vi) = (vii) is clear since A : Mg S T(Mpg) by
semisimplicity and Lemma 2.3.3. (vii) = (viii): since Z(T'(Mpy)) is an absolutely flat
domain (Lemma 2.3.1 d), it is a field which implies Condition D by the implication
(iii)) = (i) of Theorem 7.2.5, hence (viii) by the implication (v) = (ix) of the same
theorem. Finally, (viii) = (v) is obvious. O

In the universal case, this gives:

COROLLARY 8.6.11. Under Condition D for W7, all functors in (7.3) are equival-

ences and these equivalences identify W with h.

PrOOF. This follows from Theorem 8.6.10 b). O

8.7 — Hodge type condition

Let H be tight, and let X € V be of dimension n, provided with a polarisation,
with Lefschetz operator L. For i < n/2, we define

Al p(X) = C(1, P*(X)) N Al (X) € C(1, H*(X) (i)

where A;I(X ) is the image of the cycle class map cf}i as in (8.9), using the decom-
position
H*(X)(i) = PP (X) (i) @ H*2(X)(i - 1).

By Axiom (vi) of Definition 4.2.1, the restriction of the cup-product pairing
(x,y) > (-1)f < L x .y >
to Ay p(X) is Q-valued.

DEerINITION 8.7.1. H satisfies Condition Hdg(X, L, i) if this quadratic form is
positive definite.
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LEMMA 8.7.2. Let (C, H) be tight, (F,u) : (C,Lc) — (C’, L) € Add? be a 1-
morphism and H' = F,H be the push-forward of H by F as usual (recall that H' is also
tight by Lemma 8.3.6). If F is faithful, the homomorphisms A;I p(X) — A;;_I, p(X)
are bijective, and H satisfies Condition Hdg(X, L, i) if and only ’ifH’ does.

Proor. Clearly, A}, (X) — A’ (X) is bijective, and the homomorphism of the
lemma is a direct summand of this one. O

THEOREM 8.7.3. Let (C, H) be tight, and let X € V be polarised. Then A(X, L,i)
& Hdg(X, L,i) foralli = D(X).

PROOF. Same as in the proof of [36, Prop 3.8]. O

From this theorem and 8.6.3 (1) and (2), we get as usual:

COROLLARY 8.7.4. Assume that H is tight and verifies Condition Hdg. Then Con-
dition A <= Condition D. O

In characteristic zero, Condition Hdg is known for Hodge cohomology, hence for
any classical cohomology, cf. [36, beg. of §5].

8.8 — Fullness conditions

DEeFINITION 8.8.1. Let (C, H) be a Weil cohomology, X € V and i > 0. We say
that X verifies Condition F in codimension i with respect to H (in short: F(X,1)) if

the map
CH'(X) ® Z(C) — C(1, H¥(X)(i))

is surjective.

This definition encompasses all the fullness conjectures of [1, Ch. 7]. It is not very
useful per se, so we shall use it only in special cases.

ProPOSITION 8.8.2. Assume that H is tight and that Z(C) = Q. Let X € V be
polarised of dimension n, with Lefschetz operator L, and i < n/2. Then F(X,i) =
A(X,L,i) + F(X,n —1i). If H satisfies F(X,i) and Hdg(X, L,i) for all i, it satisfies
D(X).
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PRrOOF. It is classical: in the commutative diagram

2

AL (X) —_ ALTH(X)

cfiJ( cf"’il
] . cl(L") _i .
C(L, H¥(X)(i)) ——— C(L, H*" ) (X)(n-1))

ct(L"%) is bijective by Strong Lefschetz while c£ and ¢£"~" are injective, hence
L"?" is injective. If c£' is surjective, all maps in the diagram are bijective. The last
statement follows from Theorem 8.7.3. O

The next theorem mimicks Tate’s yoga in [54, §2], and generalises it. For X € V
of dimension n and i < n/2, consider the Poincaré pairing

(8.10) C(L H*(X)())) x C(L, H* " (X)(n - i)) = C(1,1) = Z(C)
and the map
(8.11) AL (X)® Z(C) — C(L, H¥(X)(i))
induced by the cycle class map. Note that, by Poincaré duality, (8.10) amounts to the
composition pairing
(8.12) C(L, H*(X)(i)) x C(H*(X)(i), 1) — Z(C).
THEOREM 8.8.3. Assume that H is tight, that K = Z(C) is a field and that Hom

groups in C are finite dimensional over K. Let S(X, i) (resp. 1(X,i)) denote the con-
dition that (8.10) is non-degenerate (resp. (8.11) is injective). Then we have

F(X,i)+D(X,i) = F(X,n—i)+S(X,i) = D(X,i) = I(X,i).

REMARK 8.8.4. In the case of the Tate conjecture (where H is £-adic cohomology),
I(X, i) is the same as I'(X) in [54, p. 72]. Then S(X, ) is also the same as S’(X) in
loc. cit. Indeed, with Tate’s notation C(1, H* (X)(i)) identifies with V/(X)%, the
dual of C(H*(X)(i), 1) identifies with V?(X)¢, and Tate’s map V!(X)¢ — Vi(X)g
coincides with the map induced by (8.12).

ProOOF. We copy the one of Lemma 2.5 and Proposition 2.6 in [54]. For this, we
first copy its diagram (2.3) (where we drop X as in loc. cit.):

KoA, —25  CLHYN)) — C(LHN")(n-10)
®.13)  af J|

K® (AL /N) —— K @Homg(A%.Q) —— (K ® A",
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Here, (—)* means K-dual and N denotes numerically trivial cycles. This diagram
is commutative, and the arrows e and f are injective. We now have the same implica-
tions as in [54, (2.4)]:

e D(X,i) & aisinjective;

e F(X,i) & b issurjective;

e [(X,i) & b isinjective;

* S(X,i) < cisbijective & c isinjective <= c is surjective;

e F(X,n-i) & disinjective.

This proves the implications of Theorem 8.8.3. O

We also have the following result of André [3, Prop. 7.1.1.1]:

THEOREM 8.8.5. Assume (C, H) tannakian. Under Condition F, the semi-simpli-
city of H'(X) for all X € V and all i > 0 is equivalent to Condition D for H, plus the
fact that the image of H is stable under subquotients. O

Note that, as in [54], S(X, i) in Theorem 8.8.3 follows from the semi-simplicity
of H*(X) (SS'(X) in [54]): more generally, if C € C is semi-simple, the pairing
C(1,C) xC(C,1) — K is non-degenerate as one sees by writing C ~ r1 & C’ with
C(1,C’") =C(C’,1) = 0. As a by-product of this reformulation of the yoga in [54],
we get the following converse, which links Theorems 8.8.3 and 8.8.5 and generalises
[28, Th. 6] (case of £-adic cohomology) from a finite field to any finitely generated
base field:

THEOREM 8.8.6. Assume (C, H) pseudo-tannakian. Let X € V be of pure dimen-
sion n. Then S(X x X, n) implies the semi-simplicity of all Endc (H' (X)) ’s.

Proor. For C, D € C, the restriction of the composition pairing
c(l,ceD)xC(Ce®D,1) - K

to C(1,C) x C(D,1) and C(1, D) x C(C,1) is 0. By the Kiinneth formula, S(X X
X, n) is therefore equivalent to the non-degeneracy of the composition pairing

C(L,H'(X) ® H*™ ' (X)(n)) x C(H'(X) ® H" " (X)(n),1) - K
for all i. By Poincaré duality, this pairing is converted into

Endc(H' (X)) X Ende (H (X)) — K
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which is checked to be
(f,g) —tr(gof)

where tr is the rigid trace. This means that the homomorphism
Endc(H' (X)) — Ende/n(H' (X))

is bijective. But C/N is semi-simple by Lemma 2.3.2, which concludes the proof. O

REMARK 8.8.7. The referee pointed out that the semisimplicity of End¢c (H! (X))
does not a priori imply that of H'(X); Jannsen proves this in [26, Lemma 2], but under
the assumption that the endomorphism algebras of all objects in his category are
semi-simple. An explicit counterexample is given here by Mariano Sudrez-Alvarez,
namely the free group G with two generators acting on V = K2 via the matrices

2 0 1 1
( 0 1) and ( 0 1) (we have Endg (V) = K but V contains the G-invariant line gen-

erated by (1,0)). On the other hand, if G is a free [profinite] group on one gener-
ator ¢, any indecomposable K-representation of G is of the form K¢, ¢7']/(P") for
an irreducible Laurent polynomial P and some r > 1. Its endomorphism algebra is
K[t,t7']/(P"), which is semi-simple only for » = 1. It follows that representations of
G with semi-simple endomorphism rings are semi-simple. This completes the proof
of [28, Th. 7].

9. Examples and consequences
9.1 — Summary

In Definition 6.1.1, we introduced the adequate equivalence relation ~p,, given
by Wap-homological motives. Consider the similar adequate relation ~p,, given by
W:b—homological motives (Notation 8.4.2); it is coarser than ~p,, and we have a com-
mutative diagram

Ahun
Mhun %h T(Mhun)

N

©.1) Mium —22 T Mpum)

e \L

Mnum

where " is induced by W, . Here are some implications between conjectures:


https://math.stackexchange.com/questions/542380/the-converse-of-schur-lemma/542543#542543
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By Proposition 7.2.3, Condition V implies Condition D for Wyy,.
Obviously, Condition D for Wy, implies Condition D for W;‘b.

Condition D for Wy, (resp. for W;b) implies that Apy, (resp. Apum) 1S an equivalence
(by Lemma 2.3.3).

By Corollary 8.6.11, Condition D for Wi implies that w" is also an equivalence,
and that W;]; is connected. By Corollary 7.2.8, the same holds for Wy, w and W),
under the extra Condition C, which is not automatic in this case.

If Wy (resp. ’W;)) is connected, all abelian-valued (resp. tight abelian-valued)
Weil cohomologies are ab-equivalent in the sense of Definition 6.6.1 a) by Lemma
2.3.1 a).

Since 7 is a localisation (Remark 8.4.3), ‘W,, connected = 7 is an equivalence
(same lemma).

So, under Condition V, ‘W), is the only category left in the diagram which may be

different from Mpyn, and they are equivalent if and only if ‘W, is connected.

The hypothesis that W3 is connected is a priori weaker than Condition V, and

has a rather striking consequence; it may be worth studying for itself.

Note that, in the absence of Condition D for W, (9.1) does not give any functor

from W t0o Muum.

9.2 — Motives of abelian type

(Compare [36, §2A, esp. Th. 2A9]).
If X is an abelian variety of dimension g, one has a (full) Chow-Kiinneth decom-

position

with

2g

9.2) h(X) = @ R (X)
i=0

9.3) R (X) = S'"(h' (X))

([201], [49, Th. 5.2])*. Also,

(4) Recall that the exterior powers appearing in [49, Th. 5.2 (ii)] should be replaced by

symmetric powers, to respect signs in the commutativity constraint of M (k).
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LEMMA 9.2.1 ([20]). Multiplication by n € Z on X induces multiplication by n'
on b (X).

We also have Kiinnemann’s isomorphisms [40]:
9.4) R (X) = h*7(X)(g — i)

induced by any polarisation given by a very ample symmetric divisor.

Therefore we seem to have obtained a tight Weil cohomology on abelian varieties,
with values in Chow motives. The catch is that (9.3) is natural for homomorphisms
of abelian varieties, but not for general correspondences. We shall now introduce the
coarsest adequate equivalence relation which corrects this problem, on a larger class
of varieties introduced in Notation 9.2.3 below.

LEMMA 9.2.2. The classes V. and V, of Examples 4.1.2 c) and e) have the same
saturation.

PRrRoOOF. First note that M, (k,V,) contains the Lefschetz motive L because L =
h*(E) for any elliptic curve E.
a) Let C be a curve. Then 4°(C) and h?(C) obviously belong to My (k, V), and so
does h!(C) by (7.8). Therefore V5t ¢ Vs,

b) Let A be an abelian variety, and C C A be an ample curve passing through
0 (hence geometrically connected), cf. [33, Lemma 12] if & is infinite and [47, Th.
3.3]if k is finite. Then #'(A) is a direct summand of A!(C) [43, Lemma 2.3], hence
belongs to My (k, V,), and so do the other h'(A)’s by (9.3). Therefore Vst C sat,
O

NoTATION 9.2.3. We write Ab for the common saturation of V.. and V,: these
are varieties of abelian type.

PROPOSITION 9.2.4. If X is an abelian variety, (7.7) holds for all (i, j) for any
Weil cohomology H.

PrROOF. By the symmetric monoidality of H* in Proposition 4.4.1 a), one has
H* (W' (X)) = S'(H* (h'(X)))

and one applies Proposition 7.3.3. Indeed, the saturation of the category of abelian
varieties contains all curves by Lemma 9.2.2. O

COROLLARY 9.2.5. For X an abelian variety, multiplication by n € Z on X induces
multiplication by n' on H' (X).
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PrOOF. This follows from Proposition 9.2.4 and Lemma 9.2.1. O

THEOREM 9.2.6. The universal Weil cohomology W = W gy, verifies Condition C;
hence W induces an equivalence of ®-categories

Moy (k, Ab) = W (k, Ab)".

Its restriction to the subclass of abelian varieties is normalised, Albanese-invariant,
and satisfies Hard Lefschetz (but Weak Lefschetz is not defined, see Warning 8.4.4). It
has weights in the sense of Definition 4.3.6.

ProOF. By Proposition 9.2.4, abelian varieties verify Condition C, and so do other
members of V. by Lemma 7.1.4. This proves the first statement, the second follows
from Theorem 7.1.6 and the third follows from (9.4) and Proposition 9.2.4.

For the statement about weights, consider for i # j the bifunctor

(M, N) — Hom(W'(M), W’ (N))

on My (k, Ab)°P X Myw (k, Ab). It vanishes on abelian varieties, hence everywhere
thanks to the identity

WiMeL)~W2(M)eW(L) =W 2(M)®L

cf. Proposition 4.4.1 a) (1). O

We now want to compute the homological equivalence defined by W.

DEFINITION 9.2.7. Let A, B be two abelian varieties and let y € Corr(A, B) be a
correspondence. For any integer n € Z, we write

[n,y] =npy—yna.

LEMMA 9.2.8. a) if y is (the graph of) a homomorphism, then [n,y] = 0.
b) For any y and any n, [n,vy] is homologically equivalent to 0 with respect to any
Weil cohomology.
c) We have identities

[m, [n,7]] = [n, [m,y]]
[n,¥6] = [n,¥16 +y[n, 6], [nm,y] =mln,y]+[m,y]ln
[,y ®6] = [n,v] ® [n,6] + [n,y] ®6n+yn & [n, ]

forany y,8,m,n.
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PRrROOF. a)is trivial, b) follows from Corollary 9.2.5. In c), the first identity follows
from the Jacobi identity since m and n commute with each other; the second are easy
and the third follows from the equality

NaxB =Na®lpola®ng=14,@®ngons, ®lp

for two abelian varieties A, B. |

DEFINITION 9.2.9. Let mult be the coarsest adequate equivalence relation in the
category M (k, Ab) such that [n,y] ~mnu O for all A, B, n,y.

THEOREM 9.2.10. a) ~mur is also the adequate equivalence relation generated by
morphisms y : h'(A) — h/(B) fori # j in M (k, Ab).
b) The Chow-Kiinneth decomposition of Deninger-Murre defines a Weil cohomology

h* : Corr(k, Ab) — Mumu(k, Ab) N
This induces an equivalence of categories My (k, Ab) — W (k, Ab)E.
ProoF. Let y € Corr(k, Ab)(A, B) and, fori, j > 0
yid R (A) S h(A) L h(B) S ki (B)
where ¢ is the inclusion and 7 the projection. We have

y=> v
i

and
(.91 = (0 =iy

by Lemma 9.2.1. This proves a). Therefore the action of correspondences respects
Chow-Kiinneth decompositions in My (k, Ab). The induced functors on the cat-
egory of abelian varieties immediately extend to the category V.. of Example 4.1.2 ¢),
hence define a Weil cohomology W} on V. with values in Mpyic(k, Ab). Moreover,
any Weil cohomology H* with values in a pseudoabelian ®-category factors through
M (k, Ab) by Lemma 9.2.8 b) (because mult is given by a ®-ideal and H* is a
®-functor). Thus W} is universal, My (k, Ab) = M (k, Ab) and Theorem 7.1.6
a) proves the last claim of b). O

COROLLARY 9.2.11. For any polarised abelian variety X of dimension g and any
i < g/2, the map
L85 Al (X) — A% (X)

mult
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is an isomorphism. O

REMARKS 9.2.12. a) In Theorem 9.2.10 ), we have ) () Z o i - j |
2.12. 2. , y J =0ifi—jis
odd by (9.3) and [4, Prop. 9.1.9], where g4 =dim A, gp = dim B (note that y (h'(A)) =
—2g ). The smash-nilpotency of y for i — j even and # 0 is a big open problem.
b) The adequate equivalence ~y is strictly coarser than algebraic equivalence (cf.
Proposition 4.6.1). Indeed, for any abelian 3-fold A, the group Mg, (£3(A), L) is iso-
morphic to the Griffiths group of A tensored with Q by [30, Th. 7.7], where #°(A)
is a certain direct summand of 4°(A)3. This group is nonzero for the generic abelian
3-fold by Nori [44].

9.3 — Back to André’s motivated cycles
We need:

LEMMA 9.3.1. Let (Veck, H) be a classical Weil cohomology. The associated
Weil cohomology (M4, H) with values in André’s category from §6.5 is tight.

PrOOF. This is the same argument as for Lemma 8.6.8. To be clear, we reproduce
it. Let [ < n; by the faithfulness of H : Mﬁ — Veck, where K is the coeflicent field
of H, the morphism A" in Mg is inverse to L™ : HQ(X) - Hi"‘l(X)(n - 1),
which is therefore an isomorphism. Also, i* : HfA(X ) — HfA(Y ) is split injective for
i :Y — X a smooth hyperplane section of X by Remark 8.3.3; since the functor
H is additive and faithful and i* : H'(X) = H(H', (X)) > H'(Y) = H(H',(Y)) is an
isomorphism for / < n — 2, the complementary summand is 0 in this case and we get
Weak Lefschetz for H4 as well. For the normalised and Albanese properties, we use
Propositions 7.3.3 and 7.3.5 similarly. O

From Lemma 9.3.1 and Theorem 8.4.5 a), we get an induced faithful ®-functor
W, — Mfl refining (6.5).

THEOREM 9.3.2. This functor is full and becomes essentially surjective after the
pseudo-abelian completion, hence a ®-equivalence py : (‘W;I)” S Mfl.

(®) In loc. cit. the covariant convention is used for motives, so /\/(alg(t3 (A), L) corresponds
to what is written My, (L, 13(A)) there.
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PrOOF. First, W/, (W(X), W(Y)) — M,‘f‘, (Ha(X), Ha(Y)) is surjective for all
X,Y € V because the morphisms of Mfl are generated by the images of algebraic
correspondences and by inverses of the Lefschetz operators (see [1, p. 14, Def. 1]).
Finally, fullness implies essential surjectivity as in the proof of Theorem 6.5.1. O

The diagram (8.1) yields the following commutative diagram of ®-functors

WH
/\ﬁ*
My Wy — Ly

©.5) \ o

(W) 22 My

+’h

y ° p,}l and vy for the com-

Write 6 : MI/} — Wg‘{b for the composite functor ¢

b

posite functor py £;,. We get a string of ®-functors

My — WE 25 M 225y
which are all faithful by Theorem 8.4.5 a).

THEOREM 9.3.3. 8y is an equivalence if and only ifMI“; is abelian. In this case
we have Z(Wy) = Z(WiP) = Z(M3).

(In characteristic 0, this gives another proof of Theorem 6.5.1.)

Proor. Since "W;_‘,b is abelian by construction, we are left to show that MI{‘I
abelian implies that 6 is an equivalence. Since Wg‘{b is ab-initial in the sense of
Definition 6.1.4, it suffices to show that 0 is exact. But this follows from its faithful-
ness as in the proof of Lemma 6.1.11 (i), by using Lemma 2.3.1 b). O

9.4 — Finite fields

Suppose k finite and H classical. Then [34] shows that H verifies condition C (see
Example 7.1.2), therefore hy : M — My yields a Weil cohomology. Moreover,
hpy yields an equivalence My = (WIEI (Theorem 7.1.6 a)) but we don’t know if MI‘?,
is abelian.

We obtain a faithful ®-functor

L?—I . MH = ((M/H)h g (Wéb
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which is an equivalence if My is abelian. If we push-forward Ay from Mg to Muyym,
we obtain that the composition W — My — My, factors canonically through
T(W).

Note that for any (X, i), the Frobenius endomorphism Fx of X induces an endo-
morphism Wi (Fyx) of Wi (X). Whence a zeta function

Z(W'(Fx).1) = exp (Z wO ()M | € Al

n>1

where A is the Q-algebra Z(‘W) = Endy (1) [27, Def. 3.1].
On the other hand, we have the decomposition of the zeta function of X

2n
_1\i+l
z(X,0 =[P
=0

associated to the Weil cohomology given by ¢-adic cohomology; by [17], P;(t) € Zt]
for all i. The following is a very weak independence of ¢ result:

PROPOSITION 9.4.1. One has Z(W!(Fx),t) — P;(t) for all i under the homo-
morphism A — Q¢ induced by the symmetric monoidal functor given by the (-adic
cohomology, for any € # p. Similar statement with crystalline cohomology.

PrROOF. One may compute tr(W!(Fx)") after applying the said functor. a

10. Theory over a base
10.1 — Deninger-Murre correspondences

Let S be smooth quasiprojective over k; we then have Deninger-Murre’s category
of Chow correspondences between smooth projective S-schemes, and the correspond-
ing category of Chow motives M (S, V) modelled on an admissible category V C
SmP™I () [20]. We note that these definitions still make sense if S is only smooth over
a Dedekind domain, thanks to Fulton’s corresponding intersection theory [21, §20.2].

We keep the same axioms for (generalised) Weil cohomologies; the cohomology
theory developed above then extends to this situation without change. We thus get a
universal category ‘W (S, V) provided with an invertible object Ly and a universal
Weil cohomology W« with values in ‘W (S, V). Similarly, we get a universal abelian
Weil cohomology Wf“t,’ and their Lefschetz variants.
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10.2 — Base change

LetS,Tbeasin §10.1,andlet f : T — S be a k-morphism: it yields a ®-functor ™ :
M(S,V) - M(T, f*V). Any Weil cohomology H over T induces a Weil cohomo-
logy f.H = H o f* over S, with same target as H, whence a canonical ®-functor
[ WS, V) - W, f*V), and we have the following “trivial base change” the-
orem:

THEOREM 10.2.1. The comparison morphism Wy — (f*).Wey is an isomorph-
ism.

ProoOF. This follows from (the generalisation of) Lemma 5.1.3. O

ExampPLEs 10.2.2. a) T = Spec E for E an extension of k. Then Auty(E) acts

on M(E,Vg); for X € V, the objects WfVE (XEg) are invariant under this action by
Theorem 10.2.1 and Aut (E) acts on them.
b) k algebraically closed. For clarity, suppose that V = SmP™(S). For s € S(k), we
have X; € SmP™ (k) for X € V and s* : W(S) — W (k). By Theorem 10.2.1, s*
maps Wi(X) to Wi(X;) for any i > 0. But we don’t have any smooth and proper base
change at this stage, of course.

A. Tate triples and gradings
A.1—A complement on the 2-functor T
Let C € Add"™. The canonical ®-functor ¢ : C — T(C) yields a ®-functor
/l(CZ) cD T(C)(Z),
hence by universality an exact ®-functor
(A.1) T(C?) > T1(C)?.
ProOPOSITION A.1.1. The functor (A.1) is an equivalence of categories.

PROOF. Let A € Ex"¢. A ®-functor F : C%) — A yields a functor F : C — AZ
(see Remark 3.2.2 again), hence to A by composition with yé. This composition is
a strong ®-functor, which carries any object C € C to a dualisable object. By lemma
3.3.6 a), this object is a direct summand of an object of A%, which shows that
F takes values in A?), and defines a strong ®-functor for the tensor structure of
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the latter. By the universality of T, F factors uniquely through an exact ®-functor
T(C) — AD; composing with the inclusion A? < A% we obtain an exact ®-
functor T(C)? — A whose restriction to C%) is F. The rest is history. O

A.2 — Ungraded and graded Weil cohomologies

To express the next theorem, we introduce definitions generalising the notion of
cohomology theory from [48, V.3.1.1 and A1.1.5].

DEFINITION A.2.1. a) An additive Tate triple is a triple (C, L¢, we) where the

pair (C, L¢) € Add" and we : C — C@ is a weight ®-grading of C as in Definition
3.3.1 b), such that L is of weight 2. An additive Tate triple is pseudo-abelian (resp.
abelian) if so is C.
b) A graded Weil cohomology with values in (C, L¢, we) is a strong ®-functor H :
Corr[L,L7'] — C provided with an isomorphism Tr : H2(P') = L¢ and such that
1 — H°(X) is an isomorphism if X is geometrically connected. (See Notation 3.3.3
for C.)

PropoSITION A.2.2. Let (C, Lc, wc) be an additive Tate triple. Then the weight
structure we induces a weight structure wr ¢y on T(C) such that ¢ : C — T(C)
induces a morphism of Tate triples (C, L¢c,wc) — (T(C),T(Lc),wr (c))-

Proor. The weight functor w¢ induces an exact ®-functor
T(we) : T(C) = T(C™);

composing with (A.1) yields wr (¢). By functoriality, its composition with 7(€P) is
the identity; composition of wr (¢) with the sum functor T(C)® — T(C) is then the
identity by Proposition A.1.1. O

The following definitions are parallel to Definitions 5.1.1 and 5.1.2.

DEFINITION A.2.3. Let Addfj » b€ the 2-category whose
* objects are Tate triples;

* 1l-morphisms (C, L¢, we) — (D, Lp, wp) are given by those pairs (F, u) €
Add®((C, L¢), (D, Lp)) such that wp o F = F& o we.
e 2-morphisms 0 : (F,u) = (F’,u’) in Addfw are 2-morphisms 6 : (F,u) =

(F',u’) in Add® such that wp * 6 = 0 % we.
We define Add(%, and Ex"%, similarly.
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DEFINITION A.2.4. Let (C, Le,we) € Add? .

We denote by Weilg, (k,V;C, Lc,wc) the category whose objects are graded Weil
cohomologies (H, Tr) with values in (C, L¢, we).

A morphism ¢ : (H,Tr) — (H’,Tr’) in Weily (k,V;C, Lc, wc) is a natural trans-
formation ¢ : H = H’ such that Tr = T’ opp:.

PrROPOSITION A.2.5. The induced 2-functorT : Addii;gw — Exf,gw is a 2-left adjoint
to the forgetful 2-functor in the other direction.

ProoOF. Follows from Proposition A.2.2. O

As in Lemma 5.1.3, we have

LEMMA A.2.6. The category Weily (k,V;C, Lc,wc) is a groupoid. O

As in Construction 5.1.4, Definition A.2.4 provides a strict 2-functor
(A2) Weily, (k, V;-) : Add?, — Cat.

CONSTRUCTION A.2.7. To a graded Weil cohomology H as in Definition A.2.1 b),
we associate the Weil cohomology H* with values in (C, L¢) obtained by composing
with the twisted weight functor we : C — C?) of Definition 3.3.1 a) (Koszul rule on
the range). This defines a functor

Weilgr(k, (V; C, Lc, wc) - Weil(k, (V; C, Lc)

which is 2-natural in (C, L¢, we).

A.3 — Gradings and weights

Note that in Construction A.2.7, H* has weights in the sense of Definition 4.3.6.
Conversely:

PrROPOSITION A.3.1. To a Weil cohomology H with weights and values in (C, L¢)
is canonically associated a graded Weil cohomology with values in (D, Lp, wp),
where D is a full ®-subcategory of C containing the image of H and Lp = L.

PrROOF. Let D be the (strictly full) thick subcategory of C additively generated by
the H (M) for M € Corr[L,L™"].If M, N € Corr[L,L™'] and i, j € Z, then H (M) ®
H/(N) is isomorphic to a direct summand of H**/(M ® N), hence D is stable under
® and H* takes its values in D%, Define a Z-®-grading

wp : D — DY
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by sending H (M) to H (M) [i] and ¢ € D(H! (M), H (N)) to ¢[i] (see Lemma 3.3.6
b) for the notation). Since H has weights, this does define a functorial section of the

direct sum functor, which is symmetric monoidal, and H = €5 H' : Corr[L,L™'] - D
is the desired graded Weil cohomology. O

On the other hand,

PROPOSITION A.3.2. Let (C, H) be a Weil cohomology. Then the category of func-
tors F : C — C’ in Add® such that F.H has weights is not empty and has a initial
object Fy, : C — Cy. If H is tight (Definition 8.3.4), so is (Fy).H.

ProoF. Define C, as the additive quotient of C by the ®-ideal generated by
morphisms in C(H!(M), H/(N)) for M, N € Corr[L,L"!] and i # j. The claim on
tightness is Lemma 8.3.6. O

A.4 — An adjunction

Let Weily (k, V) be the 2-category associated to (A.2) in the same way as the
2-category Weil(k, V) is associated to (5.1) in Remark 5.1.6. Construction A.2.7
provides a “forgetful” 2-functor

U : Weily, (k, V) — Weil(k, V).
ProprosITION A.4.1. This 2-functor has a 2-left adjoint gr.

ProoF. Let (C, H) be a Weil cohomology. Define a graded Weil cohomology
(D, wp, HE) by composing the constructions of Propositions A.3.2 and A.3.1.

Namely, the underlying category P is the full subcategory of the category C,
of Proposition A.3.2 described in the proof of Proposition A.3.1. If (Cy, we,, H1)
is a graded Weil cohomology, a morphism F : (C, H*) — U(Cy, w¢,, Hi) has an
underlying functor F : C — C; which factors through C,, by the weight property of
U(H,) and then restricts to D, and the construction of w¢, shows that the composition

w
D —-(C -, CI(Z) factors uniquely through wo. O

A.5 — Universal graded Weil cohomology

THEOREM A.5.1. The 2-functor (A.2) is strongly 2-representable.
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ProOOF. By definition, (‘W, W) is 2-initial in Weil(k, V), hence it is formal that
gr(‘W, W) is 2-initial in Weilg, (k, V). O

Similarly to Corollary 5.2.2 we get an abelian variant of this theorem by making
use of Proposition A.2.5. Since the Propositions A.3.2 and A.3.1 preserve tightness
we also get the graded analougue of Theorem 8.4.1.
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