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ABSTRACT. For each field k, we define a category of rationally decomposed mixed
motives with Z-coefficients. When £ is finite, we show that the category is Tan-
nakian, and we prove formulas relating the behaviour of zeta functions near integers
to certain Ext groups.
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Introduction. For each field k, there is conjecturally a category of mixed isomo-
tives whose full subcategory of semisimple objects is the category M(k;Q) of pure
isomotives. In this paper, we define a Z-category M (k;Z) of motives whose quo-
tient by its subcategory of torsion objects is M(k; Q). Thus, M(k;Z) is the abelian
category of mixed motives over k whose weight filtrations split modulo torsion. As
Grothendieck observed, when k is finite, the weight filtrations always split modulo
torsion, and so, in this case, M(k;Z) is the full category of mixed motives over k.

The category M(k;Z) depends on our choice of M(k;Q). For definiteness, take
M(k; Q) to be the category of isomotives based on the smooth projective varieties
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over k whose Kiinneth projectors are algebraic — the correspondences are the nu-
merical equivalence classes of algebraic classes. This category is semisimple (Jannsen
1992) and Tannakian (Deligne 1990), and when we assume that numerical equiva-
lence coincides with homological equivalence, it admits canonical [-adic fibre functors
for each 1. The category M (k;Z) we construct is noetherian, abelian, and, at least
when £ is finite and the Tate conjecture holds, Tannakian.

The Ext groups in the full category M(k;Z) seem to be pathological (cf. 9.7),
but those in the subcategory M™(k;Z) of effective motives are of interest. When k is
finite, we show that the Tate conjecture implies relations between these Ext groups
and the behaviour of zeta functions near integers (Theorems [10.1) 10.5). Moreover,
to a smooth projective variety V' satisfying a certain degeneration condition on its
crystalline cohomology, we are able to attach “Weil” motivic cohomology groups
H! . (V,Z(r)) satisfying the spectral sequence

mot
H'(Co, Hypo(V, Z(r)) = Hyet(V. Z(r)) (1)
posited by Lichtenbaum (2002), and deduce from Theorem [10.5 that
C(Vis) ~ = (VL Z(r)) - VOV - (L= ") as s — 7 (2)

(Theorem [10.7). Here Iy is the subgroup of Gal(F/F,) generated by the Frobenius
element (so I'y = Z), x*(V,Z(r)) is the alternating product of the orders of the
cohomology groups of a complex

c = oot (VZ(r)) — Hyii(V.Z(r) — -+
arising from (1), x(V, Oy, ) is as in Milne 1986a, and p = >_(—1)%-rank H’ . (V, Z(r)).

The category M(k;Z) is defined in §5 as a full subcategory of the fibre product of
the Q-category M(k; Q) with a certain Z—category of realizations. The construction
requires that we show that the various l-adic fibre functors on M(k;Q) define an
adelic fibre functor — the proof of this depends crucially on the theorem of Gabber
(1983). In §4, we show that the usual Tate conjecture implies an adelic version. For
example, for a variety over a finite field, if the [-adic Tate conjecture holds for a single
[, then it holds l-integrally for almost all /.

The category M(F,; Z) is shown to be Tannakian in §6, and the main results on
Exts and motivic cohomology groups are obtained in §10 after preliminaries in §§7-9.

This article is part of a project whose ultimate goal is to define a triangulated
category of motives with ¢-structure whose heart is the category M(k;Z) defined
above, and to show that the Tate conjecture for smooth projective varieties implies
the formula (2) for arbitrary varieties over F,,.

We note that our approach to motives is opposite to that of other authors (Hana-
mura 1995, 1999; Levine 1998; Voevodsky 2000) who define a triangulated category
of motives with the goal of putting a t-structure on it whose heart will be the abelian
category of motives. While our approach can be expected to give the full category
of mixed motives only when the ground field is F, or F, we do expect to obtain the
correct p-structure, as illustrated by (2). Most of the difficulties in the present work
involve the p-part in characteristic p.

IFor an alternative choice for M(k; Q) that does not require any unproven conjectures, and
which even satisfies the Tate conjecture, see 5.27.
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Notations. Throughout, p denotes the characteristic exponent of the ground field
(thus, p is the characteristic of the ground field when this is nonzero, and is 1 otherwise),
I denotes a prime number, and ¢ denotes a prime number # p. Note that we allow | = p,
and that there is no restriction on £ when the ground field has characteristic zero.

The [-adic valuations | |; and ord; are normalized so that |I|; = [7! and ord,(l) = 1.
The expression “for almost all [” means “for all but (possibly) a finite number of .

The profinite completion of Z is denoted Z and A Fr=Q® 7. Thus, Z = 1%, and we
let 27 =[], 7 and AP =Q®ZP. When p=1, ZP = Z and A? = Ay.

We use M, and M ™ respectively to denote the kernel and cokernel of multiplication
by m on M. For a prime I, M(l) = |J M is the [-primary component of M, and Mg =
U M, is the torsion subobject.

For a module M endowed with an action of a group I', M' (resp. Mr) is the largest
submodule (resp. quotient module) of a I-module M on which I' acts trivially. For a
module M over a subgroup U of I', the induced module Indl[}(M ) is defined to be the group
of maps ¢: I' — M such that p(uz) = up(z) for uw € U, z € . The group I' acts on
Ind} (M) by (g¢)(z) = ¢(zg). When T' and M have topologies (for example, the discrete
topology for M), the maps ¢ are required to be continuous.

Lattice always means full lattice: when R is a ring and V is a free Q ® R-module of finite
rank, an R-lattice in V is a finitely generated R-submodule A of V' such that the inclusion
A — V induces an isomorphism Q ® A — V.

For a field k, k2! denotes an algebraic closure of k, k%P a separable (algebraic) closure
of k, and kP! a perfect closure of k (for example, kP' = kP~ C k2).

For a perfect field k of characteristic p, W = W (k) denotes the ring of Witt vectors
with coefficients in k, and B(k) denotes the field of fractions of W (k). The unique lift of
the automorphism x — zP: k — k to W (k) is denoted o, and A = W[F, o] is the skew
polynomial ring (polynomials in F' with the relation F'-a =o(a) - F, a € W).

Generally, rings are assumed to be commutative. For a ring R, Mod(R) is the category
of R-modules and Modf(R) the category of finitely presented R-modules, and for a field
k, Vec(k) is the category of finite dimensional k-vector spaces. When S is an R-algebra,
we usually abbreviate M ®p S to Mg, and for an R-linear category (alias, R-category) M,
we use Mg to denote the category with the same objects as M, but with Homp, (X, Y) =
Homum (X, Y)s.

For an affine group scheme G over a noetherian ring R, Rep(G; R) denotes the category
of linear representations of G' on finitely generated R-modules.

For tensor structures on categories we use the terminology of Deligne and Milne 1982.
Thus a tensor category C is a category together with a bifunctor ®: C x C — C and compat-
ible associativity and commutativity constraints for which there exists an identity object 1.
When C is additive and End(1) is a commutative ring R, we call (C,®) a tensor category
over R or a tensor R-category. When R’ is an R-algebra, an R’- fibre functor on an abelian
tensor R-category is a faithful R-linear exact tensor functor C — Mod(R').

Given functors F': A — C and G: B — C, the fibre product category A x¢ B has as
objects the triples (A, B, ) with A an object of A, B an object of B, and v: F(A) — G(B)
an isomorphism; the morphisms are the pairs a: A — A’ and b: B — B’ giving rise to a
commutative diagram in C.

A variety V is a geometrically reduced separated scheme of finite type over a field.
The group of algebraic cycles of codimension r on V' is denoted Z"(V), and ZL (V) is
the quotient of Z"(V)) by some adequate relation ~. We let Z*(V) = @, Z"(V) and
H*(V.F) = @, Hi(V. F).
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An equivalence class containing x is denoted [z]. We also use [S] to denote the cardinality
of a finite set S. For a homomorphism f: M — N of abelian groups whose kernel and

cokernel are finite, z(f) is defined to be [Ker(f)]/[Coker(f)].
Isomorphisms are denoted ~ and canonical isomorphisms 2.

Acknowledgements. We thank the referee for his careful reading of the manuscript,
which saved it from many obscurities.

1. The Realization Categories

The categories R away from p. Throughout this subsection, k is a field of
characteristic exponent p, and R is a topological ring, for example, R = 7Z, Z;y, Qy,
7P, or A? with its natural topology (discrete for Z).

DEFINITION 1.1. (a) For a profinite group I', R(I"; R) is the category of continuous
linear representations of I' on finitely presented R-modules.
(b) When £ is finitely generated over the prime field,

R(k; R) =R(I'; R), T = Gal(k*P/k).
Otherwise,
R(k; R) = lim R(K'; R)
where k&’ runs over the subfields of k finitely generated over the prime field.

REMARK 1.2. In (I.Ib), and elsewhere in the paper, we mean the naive direct
limit of categories, not the 2-category direct limit. Specifically, let I be a directed
set, and let d: I — CAT be a functor. Then lim d(i) is the category with

ob(limd(i)) = lim ob(d(7)), ar(lim(d(z)) = lim(ar(d(i))
and the obvious category structure.

In (1.1b), fix a separable closure kP of k and, for k" C k, let k5P be the separable
closure of k" in k%P, If k' C k", then the functor R(k’; R) — R(k"; R) simply restricts
the Galois action. With these functors, the family (R(k’; R)) forms a direct system.
Every object of the direct limit category is represented by an object X of R(k'; R)
for some k. If objects X,Y of R(k; R) are represented by X', Y’ in R(k'; R), then

Hompm (X, Y) = ) Hompgurm(X",Y")

k'Ck"Ck

where X" Y" are the images of X', Y’ in R(k"; R).

REMARK 1.3. Let I' be a profinite group. Two continuous linear representations
p1 and po of open subgroups U; and Us of ' on an R-module M are said to be related
if they agree on an open subgroup of U; N Uy. This is an equivalence relation, and
an equivalence class will be called a germ of a continuous linear representation of I.
A morphism (M, [py]) — (M', [p]) of germs is an R-linear map a: M — M’ that
is equivariant for some open subgroup of U N U’. When k is a separable closure of a
field ko finitely generated over the prime field, an object of R(k; R) can be identified
with a germ of a continuous linear representation of Gal(k/ko).
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LEMMA 1.4. For each object M of R(I';Zy), there is an open subgroup U C T
such that M decomposes into the sum of a torsion object and a torsion-free object in
R(U;Zy). Consequently, when k is separably closed, for each M in R(k;Zy¢), Miors 15
a direct summand of M.

PROOF. Let M = Mos @ My as Zp-modules, and let v € " act on M as the

a(y) b(v)
0 c(v)

I' on Mios. After replacing I' with an open subgroup U, we may suppose this action
to be trivial. The map v — ¢(y) defines an action of U on M, and hence an action
of U on Hom (M, M), which, again, we may suppose to be trivial. Then v — b(7)
is a homomorphism U — Hom(M;, M), and after we replace U with the kernel of
this map, M = M. ® M; will be a decomposition of U-modules. ]

matrix ( ) The map v — a(y) is the homomorphism describing the action of

For M in R(T';Z,), set MY = Homg,(M,Z,) with v € T acting according to the
rule (vf)(m) = f(y~'m). We say M is reflezive if the canonical map M — MYV is
an isomorphism.

PROPOSITION 1.5. (a) An object of R(I'; Zy) is reflexive if and only if it is torsion-
free.
(b) Every object of R(I'; Zy) is a quotient of a reflexive object.

PROOF. (a) As MV is torsion-free, the condition is necessary, and it is obviously
sufficient.

(b) If M decomposes in R(I'; Z,) into the direct sum of a torsion module M, with
trivial ['-action and a torsion-free module M;, then M will be the quotient of Zj & M,
for some r. According the lemma, there is an open subgroup U of I' such that M has
such a decomposition in R(U;Z), and hence there will be a surjection Zj; ® My — M
in R(U;Z,) with M, free. Now

LP'_’XISeF/U sp(s™h)

Indg,(Z; © M) — Ind, (M) M

realizes M as the quotient of a torsion-free I'-module. O

REMARK 1.6. (a) The category R(k;Qy) is denoted Tate(k) in Saavedra 1972,
VI A4.2, A4.3, and its objects are called Tate modules. It is a neutral Tannakian
category over Q.

(b) The functor M +— (Me)ezp: R(I5ZP) — [, R(IZ:) is exact, full, and
faithful, with essential image the objects (M;),z, such that dimg, M,/¢M, is bounded.

The categories R at p. An F-isocrystal over a perfect field k is a finite dimen-
sional B(k)-vector space M endowed with a o-linear bijection Fy;: M — M. With
the obvious structures, the F-isocrystals over k form a Tannakian category Isoc(k)
over Q,, and the forgetful functor is a B(k)-valued fibre functor (Saavedra 1972, VI
3.2). The identity object is 1 = (B(k), o), and the Tate object is T = (B(k),p~* - o).

An F-isocrystal (M, Fy) is effective if Fys stabilizes a W (k)-lattice in M. Let
Isoc® (k) denote the full subcategory of Isoc(k) whose objects are the effective F-
isocrystals. Every object of Isoc(k) is of the form X @ T®™ with X effective. In other
words, for each (M, Fy;) in Isoc(k), there exists an m € Z such that p™F), stabilizes
a lattice (Saavedra 1972, VI 3.1.3, 3.2.1).
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An F-crystal® over a perfect field k is a finitely generated W (k)-module A endowed
with a o-linear map F: A — A such that the kernel of F} is torsion. The F-crystals
over k form an abelian tensor category Crys™ (k) over Z,. For an F-crystal (A, F}),
(A, Fp)g =ar (Ag, Fa ® 1g) is an F-isocrystal, and the functor

(A, Fp) — (A, Fp)g: Crys*(k)g — Isoc(k)

is fully faithful with essential image Isoc™ (k).
Let L = (W(k),p - o) be the Lefschetz F-crystal. The functor

— ®L: Crys*(k) — Crys* (k)
is faithful (full and faithful on torsion-free objects). We define Crys (k) to be the
tensor Z,-category obtained from Crys*(k) by inverting L. Thus, the objects of
Crys (k) are pairs (A, m) with A an F-crystal and m € Z, and
Hom((A,m), (A, m')) = lim Hom(A®@L®N"" A @ L#V ™),
N>m,m’

The tensor product is defined by

(A,m) @ (N,m') = (A Qww A, m+m'). (3)
The Tate object T of Crys(k) is (1,1).

The functor
A — (A,0): Crys* (k) — Crys(k)

is faithful, and it is full on torsion-free objects. The forgetful functor defines an

equivalence of the full subcategory of Crys(k) of torsion objects with the category of
W (k)-modules of finite length.

LEMMA 1.7. For each object A of Crys™(k), there is an n such that A @ L®" de-
composes into a direct sum of a torsion object and a torsion-free object. Consequently,
for each A in Crys(k), Nors is a direct summand of A.

PROOF. Let A = Ators ® Ay as W(k)-modules, and let Fj act as (&%). Then
FgLen acts as (pg“ gZ’;) Choose n so that p"Aios = 0, and then p"b = 0. This
proves the first statement, and the second follows because — ® Ll is an equivalence of

categories on Crys(k). O

Let X = (A,m) and X' = (A’,m’) be objects of Crys(k). For some N there exists
a o~ !-linear map Vi : A — A such that FyVy = p" = V) F). Let

Hom(X, X') = (Hom(A,A"), N —m+m/)

with (Fhom(a,a)f)(A) = Far(f(VaA)). This is an object of Crys(k) that is indepen-
dent of the choice of N (up to a canonical isomorphism). Define X¥ = Hom(X, 1)
and say that X is reflezive if the canonical map X — X"V is an isomorphism.

PROPOSITION 1.8. (a) An object of Crys(k) is reflexive if and only if it is torsion-
free.

(b) Every object of Crys(k) is a quotient of a reflexive object.

(c) With the evaluation map (f,z) — f(z): Hom(X, X')® X — X', Hom(X, X')
is the internal Hom of X and X' (in the sense of Saavedra 1972, I 3.1.1).

2Some authors use “crystal” to mean free crystal, i.e., an M that is torsion-free (as a W(k)-
module).
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PROOF. (a) As XV is torsion-free, the condition is necessary, and it is obviously
sufficient.

(b) After (1.7) it suffices to prove this for a torsion F-crystal A. Such an A is
a quotient M — A of a free finitely generated W-module M. Endow M with the
F-crystal structure such that Fy; = 0. After M — A has been tensored with a high
power of L, it will be a morphism of F-crystals.

(c) It is easy to check that this does have the correct universal property. U

REMARK 1.9. (a) The category Crys' (k) does not have internal Homs. For
example, .V = Hom(LL, 1) does not exist in Crys™ (k).

(b) There is a canonical functor lim Isoc(F,) — Isoc(F), which is faithful and
essentially surjective (Demazure 1972, p. 85) but not full® (note that W (F) #
lim W(F,)). The category lim Isoc(F,) is not semisimple, but, according to a theorem
of Manin (Demazure 1972, p85), the category Isoc(IF) is semisimple.

(c) Ekedahl 1986, p36, defines a wirtual F-crystal to be a triple (M, F,A) with
(M, F) an isocrystal and A a W-submodule of M such that B(k) - A = M; a virtual
F-crystal is of finite type if A is finitely generated. The functor ((A, Fy),m) +—
(Ag, FA®p~™, A) defines an equivalence of the full subcategory of Crys(k) of torsion-
free objects with the category of virtual F-crystals of finite type.

DEFINITION 1.10. Let k be a field of characteristic p # 0. If k is finitely generated

over [,
R(k; Qy) = Tsoc(k™), R(k;Z,) = Crys(k" ).
Otherwise,
R(kiZ,) = lim R(K:Z,), R(k;Q,) = lim R(K; Q).
k'Ck k'Ck

where the limits are over the subfields of % finitely generated over F,. We define
R (k;Qp) and R*(k; Z,) = lim,, Crys™ (k") similarly.

Again, the direct limits of categories are meant in the naive sense (1.2).
The categories R in general.
DEFINITION 1.11. For a field k of characteristic p # 0,
R(k;Z) = R(k; ZP) x R(k; 7)), R(k;As) = R(k; AL) x R(k; Qp)
RY(k;Z) = R(k; ZP) x RY(k; Zp), RF(k; Ap) = R(k; A) x R (k; Q)
For a field of characteristic zero,
R(k;Z) = R(k; Z7),  R(k; Ay) = R(k; AY).

Note that R(k;Af) = R(k;Z)y. For notational convenience, we sometimes use
Rt (k;Zy) to denote R(k;Z;) when [ # p.

Each of the categories R(k; R) has a natural tensor structure (see (3) for R(k;Z,))
for which it becomes a tensor category over R.

3For example, let A; and A, be ordinary elliptic curves over Fg, and let Ay and A be their
Dieudonné isocrystals. Then Hom(A;, A2) ® Q, = Hom(Aq, A2) (Tate’s theorem). When we pass to
the limit over increasing ¢ we get an isomorphism Hom(A; /g, A3/r) ® Q, = Homli_H)1 Isoc(F,) (A1, Az).
On the other hand, Homygoe(r) (A1, A2) = Qp © Q. Thus, if A; and Ay have different j-invariants,
Homli_n; Isoc(]Fq)(Ala A2) =0 7é Homlsoc(]F) (Ah AQ)
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The motivic subcategory of R(k; Q). Let M(k;Qy) be the strictly full subcat-
egory of R(k; Q) whose objects are subquotients of a Tate twist of a tensor power of
an (-adic étale cohomology group of a smooth projective variety over k. When k = F,,
M(k; Q) includes the category of semisimple representations of I' = Gal(k® /k) for
which the eigenvalues of the Frobenius generator of I' are Weil g-numbers, and conjec-
turally equals it: all such representations arise already in the cohomology of abelian
varieties (cf. Milne 1994, 3.7) and the Weil conjectures (proved by Grothendieck
and Deligne) show that the Frobenius eigenvalues of objects in M(k; Q) are Weil
g-numbers; the semisimplicity is a conjecture. When £ is a number field, Conjecture
1 of Fontaine and Mazur (1995) suggests a description of M (k;Qy).

2. Adelic Cohomology

Modules over A’ and lattices. Recall (Notations p3) that Z” = [],,, Z¢ and
A is the restricted direct product A} =[], (Q, Zo).

2.1. Endow (A?)m with its topology as the restricted direct product of the spaces
QF relative to the subspaces Zj". Every Af-linear bijection (A%)™ — (A%)™ is bi-
continuous. This allows us to endow any free A’J’c—module M of finite rank with a
topology by choosing an isomorphism a: M — (A?)m.

2.2. Let M be a free A’}—module of finite rank m, so that M, =4 M ®ar Qyis a
Qg-vector space of dimension m for all ¢ # p. A lattice in M is a finitely generated
ZP-submodule A such that the inclusion A < M induces an isomorphism AA? — M,
then Ay =4t A®g» Zy is a Zy-lattice in M, for all £ # p, and A is the free ZP-submodule
spanned by a basis for M. Clearly, every lattice in M is compact and open, and so
any two lattices A and A’ in M are commensurable, that is, both quotients A/A N A’
and A’/A N A’ are finite (hence, A, = A} for almost all ¢). Let M, be a Q-structure
on M (i.e., a Q-subspace such that the inclusion My < M induces an isomorphism
M ®q A% — M). There is a canonical one-to-one correspondence between the lattices
A in M and the lattices Ay in My, namely,

A — AN My, Ag+— its closure in M.

2.3. Let (My)ezp be a family of vector spaces over the fields Qy, all of the same
finite dimension. Two families (Ag)ez, and (A})sz, of lattices in the M, will be said
to be equivalent it A, = A} for almost all £. To give a free A?—module of finite
rank is the same as to give a family (M;)ez, together with an equivalence class of
families (Ag)ezp: given a family (Mg, Ap)egp, let M = [](My, Ay); given M, choose an
isomorphism M — (A%)™, and let A, be the inverse image of Zj". Let M and M’
be the free A-modules of finite rank defined by systems (Mg, Ay) ez, and (Mg, A))ezp
respectively. A family of Q-linear maps ay: My, — M, defines an A?—linear map
a: M — M'if and only if ay(As) C A} for almost all ¢, in which case « is injective if
and only if ay is injective for all £ and it is surjective if and only if «y is surjective for
all ¢ and maps A, onto Aj for almost all .

2.4. An Ali-linear map a: M — M’ of free Af-modules of finite rank will be said
to be of constant rank if the rank of oy =g ¢ ® AP Qy is independent of /. Then the

kernel, cokernel, image, and co-image of « are again free A’}—modules of finite rank.
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Adéelic cohomology (characteristic p # 0). Throughout this subsection, all
varieties are smooth and projective over a separably closed field k of characteristic
p # 0. For such a variety V', H"(V, —) denotes an étale cohomology group and Aj(V,r)
denotes the image of H (V,Z,(r)) in H(V,Qy(r)). Thus,

ALV, r) = HY(V, Zy(r))/{torsion}.

PROPOSITION 2.5. (a) The torsion subgroup of H'(V,Z,) is finite for all ¢,
and s zero for almost all ¢.

(b) Assume V is connected of dimension dy and fix a prime ¢ # p. If the coho-
mology groups HY(V,Z,) of V are torsion-free for all j, then the pairing

H'(V,Qq) x H*™7{(V,Qq(dy)) — H*™(V,Qq(dy)) = Q,

induces a perfect® pairing on the cohomology groups with coefficients in Zy.

(c) Let W be a second variety over k and fix a prime ¢ # p. If the groups
HY(V,Zy) and H’(W,Zy) are torsion-free for all i and j, then the Kiinneth
isomorphism

H'(V xW,Q) = @ H(V,Q) @ H (W,Q)

i+j=r
induces an isomorphism on the groups with coefficients in Z,.

PROOF. (a) The finiteness of the torsion subgroup of H(V,Z,) is a standard
result. That the groups H"(V,Z,) are torsion-free for almost all ¢ is a theorem of
Gabber (Gabber 1983).

(b) The pairing on the cohomology groups with coefficients in Z, is the unique
pairing for which the diagrams

HZ(‘/, Zg) X H2dv*i(‘/, Zg(dv)) E— H2dv (V, Zg(dv)) = Zg

l | l

HY(V,ZJ("Z)x H*W =4V (Z/ImZ)(dv)) —— H*V(V (Z/(MZ)(dy)) 2 Z/{™Z

commute for all m. The lower pairing is perfect and the vertical maps are the cokernels
of multiplication by ¢™ on H*(V,Z,) and H?¥~(V,Z,(dy)) because we are assuming
there is no torsion. This implies (even with m = 1) that the discriminant of the top
pairing is an f-adic unit, and so the top pairing is also perfect.”

(c) This is a standard result. O

DEFINITION 2.6. For V' as above, H'(V, A (r)) is the restricted direct product of
the spaces H'(V,Qy(r)) with respect to the lattices A*(V,r). Equivalently,

H'(V,A(r)) = H(V.Z"(r)) ® Q

where Hi(V,Zr(r) = lim _ H'(V. "),

(n,

4A bilinear form M x N — R of R-modules is nondegenerate if its left and right kernels are zero,
and perfect if the maps M — Hompg(N, R) and N — Hompg(M, R) it defines are isomorphisms.
5We thank M. Nori for this proof, which is simpler than our original.
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REMARK 2.7. (a) Because the Betti numbers of a smooth projective variety are
independent of ¢, H*(V, A%) is a free A%-module of finite rank. A regular map a: V' —

W defines an Af-linear map o*: H'(W, A}) — H'(V, AY).
(b) For a connected V', the proposition implies the following:

the pairings in (b) of the proposition define a perfect pairing
H'(V, A7) x H* W=V, Al (dv)) — H*W(V, Al (dy)) = A}

of free A’;-modules of finite rank.

In other words, Poincaré duality holds for Az}—cohomology. This implies that the map
o* in (a) has an Afi-linear adjoint

a.: H(V, AY(dy)) — H7P2W =2 (W AL (dw)),  j = 2dv — i

(c) Part (c) of the theorem implies the following: there is a canonical isomorphism
of free A-modules of finite rank

H'(V x W,AY) = @5 H'(V,A%) @ H (W, AD).

1+j=r

(d) Assume (for simplicity) that V' is connected. Let f be an algebraic corre-
spondence of degree r from V to W with rational coefficients, i.e., an element of
ZWHT(V x W)gq. For all but finitely many ¢, f will be (-integral, and so its ¢-adic
cohomology classes define an element cl(f) € H*™ " (V x W, A (dy +7)). Combining
this remark with (b) and (c), we obtain a map (also denoted f)

x = qu(cl(f) Ugha): HY(V, Al}(m)) — H™ (W, A‘;’c(m +7))
for all m. Here qu and gy are the projection morphisms.

Adélic cohomology (characteristic zero). Let V be a variety (not necessarily
smooth or projective) over an algebraically closed field k of characteristic zero. For
any model Vy/ko of V' over an algebraically closed subfield ky of & and embedding
ko — (C,

HY(V,Zy) = H'(Vo, Zi) = H'(Vo(C), Z)z
The group H'(Vy(C),Z) is finitely generated, and so H'(V,Z;) is torsion-free for al-
most all [. The results in the last subsection hold mutatis mutandis for the group

H(V,A(r)) defined to be the restricted topological product of the H*(V,Q;) with
respect to the AY(V,r). For any choice of a pair Vy/ko, ko — C as above,

e

Hl(vv Af) = Hi(vvaf) = HZ(‘/O((C)7Q)AJ‘

3. An Adelic Tate Conjecture

Throughout this section, V' is a smooth projective variety of dimension d over a
field k. For ¢ # char(k), H*(V,Z(r)) denotes the étale cohomology group. We let &
= k*P and V = V). Finally, I' = Gal(k/k).
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Conjectures on algebraic cycles in ¢-adic cohomology. The group Zj, .. (V)
is the co-image of the cycle class map Z"(V) — H* (V,Z(r)), and Z" (V) is the
quotient of Z"(V') by numerical equivalence.

Recall (Tate 1994) that, when k is finitely generated over the prime field, there
are the following conjectures.

T"(V/k,¢): The cycle map Zj, .. (V)o, — H*(V,Qq(r)) is surjective.
E"(V/k,{): The quotient map 2}, .(V)o — Z,..(V)o is an isomorphism.

num

I'(V/k,(): The cycle map Zj,...(V)q, — H*(V,Qq(r)) is injective.
S™(V/k,{): The map H*"(V,Q,(r))" — H?"(V,Q(r))r induced by the identity
map is bijective.

An adelic Tate conjecture.

LEMMA 3.1. Assume k is finitely generated over the prime field. If T"(V/k, (),
T4 (V/k, £), and S"(V/k, ) hold for almost all ¢, then the cycle class map

Zypom(V)z, — H(V, Zy(1))"
18 surjective for almost all L.

PROOF. According to Tate 1994, 2.9, the conditions imply that E"(V/k,{) and
E*"(V/k,£) hold for almost all .
Note that E"(V/k,¢) implies Zj, .. (V)/{torsion} = ZI (V), which is finitely

generated (see, for example, Milne 1980, VI 11.7). Therefore, for those ¢ for which
E"(V/k,¢) and E4"(V/k, ) hold,

Zvom(V)/{torsion} x Z&" (V) /{torsion} — Z

is a nondegenerate pairing of finitely generated abelian groups whose discriminant D
is independent of /.
Consider the diagram

Zg-hom(v)zé X Zg_;gm(‘/)ZZ % Zf

| | H

H2(V, Zo(r))T x H2=2(V  Zyo(d — 7))T —— Z.

For those ¢ for which T7(V/k, £) and T¢""(V/k,{) hold, the vertical arrows have finite
cokernel.
For those ¢ for which

— the groups H* (V,Z(r)) and H?=2"(V,Z(d — r)) are torsion-free,

— E"(V/k,£) and E*"(V/k, ) hold,

— T (V/k,¢) and T4 "(V/k, ) hold, and

— ¢ does not divide D,
the vertical maps are surjective. Since these conditions hold for almost all primes /,
this proves the lemma. O

THEOREM 3.2. Let k be as in the lemma. IfT™(V/k, (), T (V/k,£), and S™(V/k, ()
hold for all £ # p, then the cycle class map defines a bijection

Zr(V )ty — Y (V 5(0)

num
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PROOF. We have to show that the cycle class map Z"(V) — H?"(V, Z(r)) defines
(a) a bijection Z,.(V)q, — H*(V,Q(r))" for all £ # p, and

num

(b) a surjection Z7 (V)z, — AZ(V,r)' for almost all ¢.

Applying Tate 1994, 2.9, we see that E"(V/k, (), I"(V/k, (), and T"(V/k,{) hold for
all ¢ # p. This implies (a), and (b) follows from the lemma. O

COROLLARY 3.3. Let V be a (smooth projective) variety over Fy, and let r be an
integer. The following statements are equivalent:

(a) for some prime £ # p, dimg Z",, (V) = dimg, H* (V,Qu(r))";
t pu—

num

(b) the order of the pole of the zeta function Z(V,t) of V at
the rank of Z] ... (V);

num

(c) the cycle class map defines a bijection Z] (V)A? — HQT(V,A?(T))F.

q~" 18 equal to

num

PROOF. Apply Tate 1994, 2.9, and the theorem. O

Counterexamples to an integral Tate conjecture. Assume £k is finitely gen-
erated over the prime field, and consider the cycle class map

Z"(V)z, — H"(V, Z(r))" (4)

If k is infinite, there exist V’s without a rational zero cycle of degree 1 (for example,
any curve of genus zero without a rational point or any curve® of genus 1 with index
# 1) and for such a variety (4) will fail to be surjective for r = d and suitable /.
The argument that Atiyah and Hirzebruch (1962) used to prove that not all torsion
cohomology classes on a complex variety are algebraic (contradicting Hodge’s original
conjecture) also applies over finite fields” and proves that (4) is not surjective on
torsion classes.

Griffiths and Harris (1985) conjecture that if V' is a very general hypersurface® of
degree d > 6 in P4, then d divides the degree of every curve on V. Kollar has obtained
some results in the direction of this conjecture (see Ballico et al. 1992, p. 135). Thus,
it is known that, if £ is an uncountable algebraically closed field and ¢ > 3 is distinct
from the characteristic of k, then there exist smooth hypersurfaces V C P* such that
the cycle class map

Z2(V)g, — HYV,Zy(2)) 2 Zy

is not surjective (cf. Schoen 1998, 0.6).

We do not know of an example with & finite for which (4)) is not surjective modulo
torsion (however, Schoen 1998, 2.1, gives an example with V' singular). For r = 1 and
k finite, one sees from the Kummer sequence that T (V/k, () implies that the map
(4) is surjective.

For such a curve, even CH (V)" 81, 7 fails to be surjective (Lang and Tate 1958).

"For this, one needs to use that the odd-dimensional Steenrod operations with values in
H*(V,Z/0Z) vanish on algebraic cycles (Brosnan 2003).

8A statement is said to hold for a very general hypersurface of degree d if it holds for all
hypersurfaces in the complement of countably many proper subvarieties of the space of hypersurfaces
of degree d.
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4. The Adeélic Fibre Functor

Isomotives. Fix a field k£ of characteristic exponent p, and let § be a class of
smooth projective varieties over k satisfying the following condition:

4.1. S is closed under passage to a connected component and under the formation
of products and disjoint unions, and it contains the zero-dimensional varieties and
the projective spaces.

4.2. Fix an adequate equivalence relation ~. Recall that, for smooth projective
varieties V' and W over k, the group of correspondences of degree ¢ from V to W is

Corr! (V, W) = @, 25 VH(V x W)g
where the V; are the equidimensional components of V.

4.3. The category CV (k) of correspondences based on S, has one object RV for
each V € §, and
Homeyo 4y (hV, kW) = Cort®(V, W )g.
With the definition
hV @ hW = h(V x W) (5)
and the obvious constraints, CV? (k) becomes a tensor category over Q (Saavedra
1972, VI 4.1.1).

4.4. The category of effective isomotives M7 (k; Q;S) is the pseudo-abelian hull
of CV? (k). Its objects are pairs (hV,e) with e an idempotent in End(hV). It is a
pseudo-abelian tensor category over Q.

4.5. In M1 (k;Q;S) there is a canonical decomposition
WPt =1L,

and the category of isomotives M (k; Q;S) is obtained from M*(k;Q;S) by invert-
ing L (Saavedra 1972, VI 4.1.3.1). Its objects are pairs ((hV,e), m) with (hV,e) an
effective motive and m € Z. We sometimes write h(V,e,m) for ((hV,e),m). Note
that (V,e,m) — h(V,e,m) gives a one-to-one correspondence between the triples

(V €S8, e End(hV) with e = e, m € Z) and the objects of M. (k;Q;S).

4.6. Let V be a smooth projective variety of dimension n, and let e, € H*" (V) ®
H{(V)(n) be the i Kiinneth component of the diagonal for the l-adic étale coho-
mology (I # p) or the crystalline cohomology (I = p # 1). We say that the Kinneth
projectors at | are algebraic for V if, for each i, there exists a 7} €Z™(V x V) mapping
to ei. We note the following.

(a) If the ground field k is finite, then 7} always exists, and is given by a poly-
nomial P’ with rational coefficients in the Frobenius endomorphism which
is independent of [. This follows from knowing the Weil conjectures for the
cohomologies in question (Katz and Messing 1974, Theorem 2).

(b) If the Kiinneth projectors are algebraic, say, 7 — e}, for several [, then the
numerical equivalence classes of the 7} are independent of [. In characteristic
zero, this follows from a comparison with Betti cohomology. In nonzero char-
acteristic, V, 7}, ... will have a smooth specialization to a system Vp, 7}, . . .
over a finite field. Recall that smooth specialization gives isomorphisms on
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the relevant cohomology groups. According to (a), 7}, differs from P’ by an
algebraic class that is [-homologically (hence, numerically) equivalent to zero.
Therefore, the numerical equivalence class of 7, is independent of I, and it
follows that the same is true of the 7} (cf. André and Kahn 2002, Proposition
5).
The category M. (k; Q; S) has a naive tensor structure for which it is a pseudo-abelian
rigid tensor category over Q (Saavedra 1972, VI 4.1.3.5), but it can not be Tannakian.
When the Kiinneth projectors are algebraic for all V' in S and (some or) all [, we have
well-defined elements 7¢ € Z4mV(1/ % V'), which we use to modify the commutativity
constraints in M (k;Q;S) and Myum(k; Q;S) (see Saavedra 1972, VI 4.2.1.4, for
an explanation of this). With this new tensor structure My, (k; Q; S) is Tannakian
if and only if it is abelian.

4.7. If numerical equivalence on Z*(V')g coincides with l-adic homological equiv-
alence for all V' € S, then the Kiinneth projectors at [ are algebraic for all V € S.
More precisely, the hypothesis for V' x V' implies the conclusion for V' (Kleiman 1994,
5-1, 4-1(1), 4-1(4)).

For the remainder of this section, we assume that ~ is not coarser than f-adic
homological equivalence on Z"(V')q for any ¢ # p, so that the formula

we(h(V,e,m)) = e (H*(V,Qu(m))), V = Vises,

defines a functor wy: M (k; Q; S) — Vec(Qy), and we drop ~ from the notation.”

The adelic fibre functor. With the notation of (2.6), define
wP(hV) = H*(V, A%).

Because of (2.7d) and our assumption on ~, a correspondence f of degree 0 from V
to W defines a homomorphism w?(f): w?(hV) — wP(hW), and one sees immediately
from the definitions that w?(f o g) = wP(f) o w”(g). The isomorphisms

2.7c
PRV @ hIV) © WP (W(V x W) 2 WP(hV) @ wP (hWV)
provide w? with the structure of a tensor functor CV°(k) — Mod(A%). It is Q-linear
(in particular, additive).

THEOREM 4.8. The functorw?: CV°(k) — Mod(A}) extends (essentially uniquely)
to a Q-linear tensor functor w?: M(k;Q;S) — Mod(A’}). For each { # p, wP ®ar
Qe = w.

PROOF. As Mod(A%) is abelian, w? extends (essentially uniquely) to M* (k; Q; S)
because of the universality of the pseudo-abelian hull. Because w?(L) = A%(-1) is
invertible in Mod(A), w” has an essentially unique extension from M™(k;Q;S) to
M(k;Q;S). For Ve S, wP(hV) Rar Q¢ = we(hV), and this property is preserved
under each extension. O

9The functor wy commutes with tensor products, but it will not preserve the commutativity
constraints unless these have been modified as in (4.6)).
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REMARK 4.9. There is the following formula,
W(h(V,e,m)) = e(H*(V, Af(m)))

where, on the right, e denotes the map defined in (2.7d). For a motive X = h(V, e, m),
define A\¢(X) to be the image of

H*(V, Ze(m)) — H*(V,Q,(m)) = H*(V,Q¢(m)).
Then, wP(X) is the restricted direct product

(X)) = [ T(we(X), Me(X)).
t#p
PROPOSITION 4.10. Let ~ be numerical equivalence, and assume that it coincides
with ¢-adic homological equivalence on algebraic cycles with Q-coefficients (¢ # p) for
the varieties in S. Then, for all isomotives X,
(a) wP(X) is a free Aft-module of finite rank;
(b) for all morphisms « of isomotives, wP(«) has constant rank (see|2.4).

PROOF. The hypotheses imply the Kiinneth projectors are algebraic for ¢ # p
(see 4.7), and when we use them to modify the commutativity constraints (see 4.6),
the resulting category M(k;Q;S) is Tannakian (Jannsen 1992). In any Tannakian
category over a field, there is a good notion of the rank of an object X (defined to
be the trace of the identity map on X; see Saavedra 1972, 1 5.1.4), and for any fibre
functor w with values in the vector spaces over a field and any morphism a: X — Y
in the category

dim(w(X)) = rank(X)
rank(w(a)) = rank X — rank Ker(«).

In particular, dim(w(X)) and rank(w(«)) are independent of w. When we apply this
statement to the functors wy, we obtain the theorem. O

The functor w”: M(k;Q;S) — R(k; A}).

THEOREM 4.11. The functor wy has a canonical factorization through the forgetful
functor R(k; Q) — Vec(Qy). Under the hypotheses of .10, the functor w? has a
canonical factorization through the forgetful functor R(k; A) — Mod(AY).

PROOF. Let V € §. When £ is finitely generated over the prime field, there is a
canonical continuous action of Gal(k*?/k) on H'(V,Q(m)), which therefore lies in
R(k; Q). For any correspondence f € Corr” (V, W), the map

f: H(V,Qu(m)) — H™(W,Q(m + 1))
respects the actions of Gal(k*P/k). Therefore, the functor
we: M(k; Q) — Vec(Qy)

has a canonical factorization through the forgetful functor R(k; Q) — Vec(Qy). The
argument for w? is similar.

For an arbitrary field k, any triple (V, W, f) consisting of varieties VW € S and
a correspondence f from V to W will have a model (V;, W7, f1) over some subfield k;
of k finitely generated over the prime field. The image of wy(f1): we(V1) — we(Wh)
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under the functor R(ky; Q) — R(k; Q) is independent of the choice of ki, Vi, Wy, fi.
Thus, the statements hold also for k. O

5. Categories of (Integral) Motives

We fix a field k of characteristic exponent p, and a class § of smooth projective
varieties over k satisfying the condition (4.1) and such that

(*): for all V in S and all [ (including p), numerical equivalence coincides with
l[-adic homological equivalence for algebraic cycles with Q-coefficients.

As we noted in (4.7), this condition implies that the Kiinneth components of the diag-
onal are algebraic, and so we can define M™(k; Q) and M(k; Q) to be the categories
ML (k;Q;S) and My (k;Q;S) in (4.6), i.e., with the modified commutativity
constraints. Recall that they are semisimple abelian Q-categories (Jannsen 1992).

Because wj is a fibre functor on M(k;Q), the map
Hom (k) (X, Y ), — Homp gy (wi(X), wi(Y)) (6)

defined by wj is injective (Deligne 1990, 2.13). It follows that it is also injective when
M and R are replaced by M™* and R*. We say that the [-adic Tate conjecture holds
for M(k; Q) or M™(k; Q) if the corresponding map is an isomorphism for .

While (*) is conjectured to hold for all smooth projective varieties, it has been
proved for very few varieties (see Kleiman 1994 for a list). In the final subsection
of this section (Variants, p24), we list some alternative categories M™(k; Q) and
M(k; Q) to which our constructions apply, but which require no unproven conjectures.

Our construction of M(k;Z) is suggested by the following simple observation: for
a finitely generated Z-module M, M = M, x My, Myg; therefore, any category whose
Hom-sets are finitely generated Z-modules admits a fully faithful functor into the
fibre product of a Z—category with a Q-category over a A j-category.

The category of effective motives M™(k;Z).

DEFINITION 5.1. The category of effective motives M™(k;Z) over k is the full
subcategory of the fibre product category

R*(k; Z) X R+ (kshp) M (k; Q)

whose objects (X, Xo,z) are those for which the prime-to-p torsion subgroup of X/
is finite. An effective motive X = (X, Xy, z) is torsion if Xy = 0.

Thus, an effective motive X over k is a triple (X, Xy, z ) consisting of

(a) an object X; = (X;); of R (k;Z) such that X is torsion-free for almost all /,
(b) an effective isomotive Xy, and
(c) an isomorphism xs: (Xf)g — wp(Xo) in R (k; Ay).

A morphism of effective motives a: X — Y is a pair of morphisms

(af: Xy — Yy, ag: Xo — V)
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such that N
le Jyf
wy(ap)
Wf<X0) % wf(Yb>
commutes.

Note that to give (X, x¢) amounts to giving an X; in R(k;Z;) for each [ together
with homomorphisms z;: X; — w;(Xj) that induce isomorphisms X; — X\/(X) for
almost all [ and isomorphisms (X;)g — wi(Xo) for all I. We usually regard z; as
a map X; — wys(Xp) with torsion kernel. We use the notations: X; = X? x X,
XP = Hl;éle, Ty =aP X x,, af =P X .

PROPOSITION 5.2. The category M™(k;Z) is abelian. A sequence
X =Y -7
in M (k;Z) is exact if and only if the sequences
Xo—Yy— Zo and Xy — Yy — Z;
are exact in Mt (k; Q) and R* (k;Z) respectively.

PROOF. Both statements are true for the fibre product category, and so it suffices
to show that M™(k;Z) is closed under the formation of kernels and cokernels in
the larger category. Any subobject of an object in M™(k;Z) is also in M (k;Z).
Therefore, M™(k;Z) is closed under the formation of kernels, and, in proving that
the cokernel of « is in M™(k;Z), we may assume that « is injective. Thus, given a
short exact sequence

0—-X3Y—-2Z2-0

in the fibre product category with X,Y in M™(k;Z), we have to show that Z is in
MT(k;Z). As M (k; Q) is semisimple, the sequence of M™(k; Q)-components splits.
But wP is additive, and so

) WP(O‘O)

0 — wP(Xo
is split-exact, which implies that
0 — A(Xo) = Me(Yo) — Me(Zp) — O
is split-exact for almost all £. In turn, this implies that
0— X, %Y, = Z,—0

is split-exact for almost all /. Thus, the torsion subgroup of 7, is zero for almost all
¢ and finite for all ¢, which shows that Z is in M™*(k;Z). U

COROLLARY 5.3. Let X and X' be submotives of an effective motive Y, and let
XNX' =X xy X' If Xg =Y, then the cokernel Z of X N X" — X' is torsion.

PROOF. Because X — X is exact, (X xy X' — X')g = (Xy Xy, X{ — X)),
which is an isomorphism if Xy =Y. [

WwP(Yy) — wP(Zy) — 0

PROPOSITION 5.4. The category M™*(k;Z) is noetherian (i.e., its objects are noe-
therian,).
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PROOF. Let
X1HcX2cXB)cC:--
be a sequence of a submotives of an effective motive Y. Eventually, the sequence
X(1)g C X(2)g C -+ becomes stationary, equal, say, to X (c0)y C Y. Let X (o0)f =
Y5 X, (vp) wr(X(00)g). Then X (o00) = (X (o0)s, X(00)o, ) is an effective motive, and
X(1) C X(2) C --- is a sequence of submotives of X (c0) such that X (r)y = X(00)o
for r > 7y, some r;. Now X(00)/X(rq) is torsion (5.3), and so the sequence X (1) C
X(2) C -+ becomes stationary. O

LEMMA 5.5. Given a morphism 3: Xo — Yy of effective isomotives, there exists
an integer m such that mf is in the image of Hom(X,Y) — Hom(Xy, Yp).

PrRoOOF. We have to find an integer m and morphisms «a; such that the diagrams

(22

X —— Y

lzl lyz
wi(mp
wi(Xo) D, o (Ye)

commute. Because w;(3) is the [-component of a homomorphism w?(X,) — w?(Yp),
it maps z;(X;) into y;(Y;) for almost all [, and so there exists an integer m such that
mw; () maps z;(X;) into y;(Y;) for all [. Choose an integer n that kills the torsion in
Y, for all [. Then the map

X, @, X, wi(mnp)

lifts to a map X; — Y. O

PROPOSITION 5.6. For all X,Y in M™*(k;Z), Hom(X,Y) is a finitely generated
Z-module (modulo p-torsion when k is infinite and p # 1).

yY; = Y, /torsion.

PrRoOOF. As Hom(X,Y) C End(X @ Y), it suffices to show that all endomorphism
rings are finitely generated Z-modules (modulo ... ). Because w? is faithful, X — X;
is faithful. In particular, the map

a— as: End(X) — End(Xy)

is injective, and so the torsion subgroup of End(X) is contained in that of End(X}),
which is finite except possibly for the p-torsion when k is infinite and p # 1. The
kernel of the map
a— «p: End(X) — End(X))

is obviously torsion, and so it remains to show that its image R is finitely generated
over Z. If f € End(Xj) is in R, then w;(3) stabilizes the lattice x;(X;) for all [. Thus,
the characteristic polynomial of 3 has coefficients in Z C Q. Let ay, ..., «, be a basis
for End(X) as a Q-vector space. According to Lemma 5.5, after possibly replacing
each a; with ma; for some integer m, we may suppose that each a; € R. Because
MT(k; Q) is semisimple, End(Xj) is a semisimple Q-algebra, and so the trace pairing
a, 3 — Trgnacxe)/o(aB) is nondegenerate. Therefore, there is a Q-basis 3y, ..., 3, for
End(Xy) dual to aq,...,a,. Now the usual argument shows that

RCZB + -+ LBy,
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Namely, let 3 € R. Then [ can be written uniquely as a linear combination § =
> b;05; of the B; with coefficients b; € Q, and we have to show that each b; € Z. As
a; and  are in R, so also is (3 - oy, and so Tr(0 - ;) € Z. But

Tr(B- o) = Te() biBjes) = > b Tr(Bjay) =bi. O
J J

REMARK 5.7. (a) If Y has no p-torsion (i.e., Y, is torsion-free), then Hom(X,Y)
has no p-torsion and hence is finitely generated over Z.

(b) In nonzero characteristic, the effective motive X with Xy =0 and X; = X, =
k (F acting as zero) has End(X) = k. The same phenomenon occurs with subgroup
schemes of abelian varieties: a supersingular elliptic curve has «, = Speck[T]/(TP)
as a subgroup, and End(a,) = k.

PROPOSITION 5.8. The functor X — Xo: MY (F;Z) — MT(F;Q) defines an
equivalence of categories
MT(F; Z)g — MT(F; Q).
PROOF. Because the kernel of
a+— ag: Hom(X,Y) — Hom(Xy, Yy)
is torsion, the map
r®a—rag: Q® Hom(X,Y) — Hom(X,, Yp)

is injective, and Lemma 5.5/ shows that it is surjective. Thus, the functor is faithful
and full. Given an X in M™(k;Q), clearly there exists an X? in R*(k;ZP) such that
(XP)g ~ wP(X). Using this, one sees that X — Xj is essentially surjective. O

REMARK 5.9. The torsion effective motives form a thick subcategory of M (k;Z)
and Proposition 5.8 shows that the functor

X — Xo: MT(k; Z) — MT(k; Q)

realizes M™(k; Q) as the quotient of M™(k;Z) by its subcategory of torsion objects.

ProprosiTiON 5.10. The functor

M (k;Z)z, — R (k; Zy)

defined by X — X, is faithful; it is full if and only if the l-adic Tate conjecture holds
for M*(k; Qu).

Proor. We first show that

2@ o= zag: Ly @z Hompagr ) (X, Y) — Homg+ (.2, (X1, V)

is injective. The torsion subgroup of Z; ® Hom y+ .2y (X, Y") is equal to the [-primary
component of the torsion subgroup of Hom y+1.2)(X,Y"), and this maps injectively
to Homp+(1,2,) (X1, Y;) (because the functor X +— X is faithful). Thus, the kernel of
2 ® a — zay is torsion-free. Consider the diagram

Zl Rz HOIH(X, Y) —_— HOHIRqL(k;Zl)(Xl, Y})

! l

Q 0) HOHI(XO, Yb) — HomRHk;Ql)(wl(Xg),wl(YO)).



20 JAMES S. MILNE AND NIRANJAN RAMACHANDRAN

The left vertical arrow is obtained from
Hom(X,Y) — Hom(Xy, Yp)

by tensoring with Z;, and hence has torsion kernel (5.8). The bottom arrow is injective
(6). Hence, the kernel of the top horizontal arrow is torsion, but we have already
shown it to be torsion-free; it is therefore zero.

We next show that the cokernel of z ® a +— zqy is torsion-free. Suppose that
B € Homp+(kz,)(Xi, ;) is such that I3 = 2z, for some m € N, o € Hom(X,Y'), and
z € Zy. Because z ® a — zqy is (obviously) surjective on torsion, we may suppose
that z is not divisible by . Then « is divisible by " in Hom(X,,Y;). For I’ # [, I™
is a unit in Zy, and so «y is also divisible by (™. Now «/, with

=1""ay, aj=2z"'8, o) =1""ayforl #£1

is a morphism X — Y such that za) = (3.
Finally, we assume the [-adic Tate conjecture for M™(k; Q), and we prove that
the cokernel of 2z ® o +— zqy is torsion. For this, it suffices to prove that

Q ®z Hom(X,Y) — Q ®z Homp+(k,2,) (X1, Y1)

is surjective. But this follows from the isomorphisms

!
%)

5.8)
Q ®z Hom(X,Y) = Hom(X,Y),
and
Tate
Q; ®g Hom(Xo,Yy) = Homp+ kg, (wi(Xo),wi(Y0)) & Q ®z Homp+ (rz,) (X1, 7).

O

PROPOSITION 5.11. The category
MYk Z) = lim MY (K';Z)
w
where k' runs over the subfields of k finitely generated over the prime field.

PROOF. The statement is true for each of the categories M*(k; Q), R*(k; Z), and
RT(k; Ay), and it follows easily for their fibre product and its subcategory M*(k; Z).
O

The category of motives M(k;Z).
DEFINITION 5.12. The category of motives M(k;Z) is the full subcategory of
R(kaz) XR(k;Af) M(E;Q)

whose objects (X, Xo, zf) are those for which the prime-to-p torsion subgroup of X;
is finite.

The results in the previous subsection hold mutandis mutatis for M(k;Z) — in
particular, M(k;Z) is a noetherian abelian category whose quotient by its torsion

subcategory is M(k; Q).

PROPOSITION 5.13. The obvious functor M*(k;Z) — M(k;Z) is faithful, and
it is full on torsion-free objects (on all objects when k has characteristic zero). It
realizes M(k;Z) as the category obtained from M™(k;Z) by inverting L.
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PROOF. Straightforward. O

REMARK 5.14. (a) When k = Q there is a canonical functor from M(k;Z) to the
category of systems of realizations over QQ with integer coefficients defined in Deligne
1989, 1.23.

(b) Let k be a subfield of C, and let M (k;Q) be the category based on a class
S satisfying (4.1) but using the “motivated” classes as correspondences (André 1996,
4.2). In this case, our definition of M(k;Z) is equivalent to that of André (ibid. 8.1).

The tensor structures on M™(k;Z) and M(k;Z). Because we have mod-

ified the commutativity constraint, M(k;Q) <5 R;(k;Q;) and its composite with
M (k; Q) — M(k; Q) are tensor functors. For two effective motives, X = ((X;), Xo, (z;))
and Y = ((V7), Yo, (1)) we define

XY =((X,®Y),Xo® Yy, (1 ® ).

With this structure, M*(k;Z) and M(k;Z) become abelian tensor Z-categories.
Moreover, it follows from (5.2) that ® is right exact.

LEMMA 5.15. The category M(k;Z) has internal Homs.

PRrROOF. The category R(k;Z;) has an internal Homs — for | = p see (1.8)
and for [ # p this is obvious — and the functors w;: M(k;Q) — R(k;Z,) pre-
serve internal Homs (Saavedra 1972, I 4.3.1). Let X and Y be motives over k.
The isomorphisms z;: (X;)g — wi(Xo) and y;: (V)g — wi(Yy) define isomorphisms
(21, 11): Hom((X)g, (Vi)g) — wi(Hom(Xo, Yp)), and

Hom(X,Y) £ ((Hom(X,, Y});, Hom(Xo, Yo), (1, y1)1)

is an internal Hom for X and Y. O

Artin motives. Fix a separable algebraic closure k of k, and let T' = Gal(k/k).
The category of Artin isomotives is the full subcategory M2 (k: Q) of M*(k; Q)
of objects of the form X = AV with V a variety of dimension 0. For such an X,
define mo(X) = m(V) — it is a finite set with a continuous action of I'. The functor
H: X — Q@) =4 Map(mo(X), Q) defines an equivalence of MA"(k: Q) with the
category R(I'; Q) of continuous representations of I' on finite-dimensional Q-vector
spaces (cf. Deligne and Milne 1982, 6.17). Hence, M"""(k; Q) is a Tannakian
category.

We define the category of Artin motives to be the full subcategory MA™ (k: Z)
of M™*(k;Z) of objects X such that Xy is an Artin isomotive and (when p # 1) Fy,
is bijective.

Recall (Saavedra 1972, VI 3.1.2; Demazure 1972, p. 69) that there is a fully faithful
functor

v: R(I';Z,) — Crys™ (k") = RY(k; Z,,) (7)
whose essential image consists of the crystals with bijective F'. Let X be an Artin
motive. When p # 1, we choose X, € R(I';Z,) so that v(X,) = X, and we let
wy,(Xo) = (X})q; otherwise we set X = 0 = w (Xy). Define H(X) so that the right
hand square in the following diagram is cartesian:
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0 — H(X)ios —— HX) — H(X)y)

X X iors — XP X X —— wP(Xp) x wy(Xo)

ptors
The diagram is exact and commutative, and H(X) is a finitely generated Z-module
with a continuous action of I' (discrete topology on H(X)).

PROPOSITION 5.16. The functor H: MA™"(k: Z) — R(I'; Z) is an equivalence of
tensor categories.

PROOF. The functor H: MA"2(k: Q) — R(['; Q) defines an equivalence of cate-
gories

p
0 X tors

R(T;Z) Xrrg MY (k; Q) — R(T;Z) Xz R(IQ) = R(T;Z)
and 7 defines a full faithful functor
R(T;Z) xrrq) MY (k; Q) — R(k; A X R(ksh s) MA (L Q)

whose essential image is MA™"(k; Z). It is clear that the tensor products correspond.

U

Rationally decomposed one-motives. Recall that a one-motive is a triple
(G, X,u) with G a semi-abelian variety, X a finitely generated free Z-module on
which I' acts continuously, and u a '-homomorphism X — G(k*P). A one-motive
X 5 G is said to be decomposed if u = 0 and the extension

0—-T—-G—A—0 (T atorus, A an abelian variety)

splits, and it is rationally decomposed if it is isogenous to a decomposed one-motive.
Over a finite field, every one-motive is rationally decomposed. The one-motives form
an additive category M (k) with the decomposed and rationally decomposed one-
motives as additive subcategories M (k) ¢ Mi4(k) € M, (k).

Choose a quasi-inverse F': R(T';Z) — MA™(k: Z) to the functor H of (5.16) .

PROPOSITION 5.17. For L = (X 9 Tx A) in M{(k), define hL to be the effective
motive F(X) @ hiA ® F(X.(T)(1)). Then h extends to a functor h: M7 (k) —
MY (k;Z). (Here hi A denotes h' A endowed with the Z-structure provided by the
maps H*'(A,Z;) — H*'(A,Q,).)

PrROOF. Let L = (u: X — @) be a rationally decomposed one-motive, and choose
an isogeny «: L — L’ from L to a decomposed one-motive L’. For definiteness, form
L’ by taking the quotient G/uX and then pushing out the extension 0 — T} —
G/uX — A; — 0 by n: Ty — T} where n is the order of the extension in Ext' (A, T}).
Then « induces isomorphisms w?(L) = wP(L') and w,(L) = w,(L'). We define hL to
be the isomotive (hL')y equipped with the structures

VI — WD) = (L) 2 (W)
AL = wy(L) = wy(L) = wy((hL')o).

Then h can be made into a functor in an obvious way. U
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PROPOSITION 5.18. The functor h: M4(k) — M*(k;Z) is fully faithful (except

possibly when k has characteristic 2 and is not algebraic over Fy).

Proor. It suffices to prove this in the case that k is finitely generated over the
prime field, in which case it is a consequence of the following theorem of Tate (1966a),
Zarhin (1975), Faltings (Faltings and Wiistholz 1984), and de Jong (1998): for abelian
varieties A and B over k, the map Homy(A, B)z, — Homg .z, (T1A, T;B) is bijective
(except possibly when k has characteristic 2 ... ). O

REMARK 5.19. Propositions 5.17 and [5.18 show that, for any two rationally de-
composed one-motives L, M, there is an injective homomorphism

EXt}Vll(k) (L7 M) - EXt}Vl*(k;Z) (hL, hM)

This map will not in general be surjective because an extension of two W[F]-modules
for which there exist maps V' with F'V = p = V F need not be similarly endowed. In
fact, the formula Milne 1968, Theorem 3, for the order of the Ext! of abelian varieties
in the category of abelian varieties differs for the formula for the order computed in
the category of effective motives in Theorem [10.1/ below.

The categories M(F,;Z). Classes S(k) attached to each k C F are compatible
if
(a) for a finite extension k& C &', the functor V' — V), sends S(k) into S(k'), and
the functor (V' — Speck’) — (V — Speck’ — Spec k) sends S(k') into S(k);
(b) for any k C I, every V' € S(k) has a model in S(ky) for some finite ky C k.

For a motive X = h(V, e, m) over F,, the Frobenius endomorphism of V/F, defines
a canonical Frobenius element mx € End(X). For a motive X over F, each model
X1 /F,n of X defines a pair (7, n) with 7 equal to mx, regarded as an endomorphism
of X. Any two pairs (m,n), (7',n’) arising in this way are equivalent in the sense that
7™ = 7™ for some integer m > 0. The germ of a Frobenius endomorphism of X
is the equivalence class of pairs containing the pair arising from one (hence, every)

model of X over a finite field.

PROPOSITION 5.20. Assume the Tate conjecture holds for M(F; Q). Then
X = Xp: M(Fp; Z) - M(F; Z)

defines an equivalence of M(Fyn;Z) with the category of pairs (X, m) consisting of a
motive X in M(F;Z) and an endomorphism m of X such that (w,n) represents mx.
A similar statement holds for effective motives.

PROOF. Easy consequence of the similar statement for isomotives (Milne 1994,
3.5). O

Remarks on the definition of M(k;Z).

5.21. As André notes (1996, 8.1), in view of the counterexamples of Atiyah and
Hirzebruch (1962) to the original Hodge conjecture, it would be “peu judicieux” to
define a category of integral motives by using algebraic cycles with integer coefficients
in Grothendieck’s construction, in other words, with

Hom(1, AV (r)) = Z7,. (V).

num

There is also the difficulty of knowing what to replace the pseudo-abelian hull with.
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With our definitions, a smooth projective variety V' defines a complex of motives,
rather than a motive (see an article in preparation), but we can make the ad hoc
definition: hzV = @, hy,V where hjV is the isomotive A"V with the Z-structure
provided by the maps H"(V,Z;) — H"(V,Q;). If V has torsion-free cohomology, then

Hom(1,hV (r)) = Zpuu(V)o N ILH™ (V. Zu(r))).

num

There is a map from Z (V') to this group, but it will not always be onto (p12).

num

5.22. J-M. Fontaine has pointed out to us that there is an incompatibility between
our definitions in characteristic 0 and in characteristic p. In the first case, we use
the étale cohomology to define the integral structure at every prime, whereas in
characteristic p we use the crystalline cohomology at the prime p. However, the
crystalline cohomology in characteristic p corresponds to the de Rham cohomology
in characteristic zero, and the integral structures on the de Rham cohomology and
the p-adic étale cohomology do not correspond. For example, in the case of good
reduction, it is known that the isomorphism

Bar ®x Hig(X/K) = Bar ®q, H*(Xg,Qp)

(e.g., Fontaine and Illusie 1993, 3.2.2) does not respect the integral structures. We
do not know how to resolve this problem (or even whether it is resolvable).

Variants. We list some alternative categories M (k; Q) to which our construction
applies.

5.23. Let § consist of the smooth projective varieties over k for which the Kiinneth
projectors are algebraic. This class satisfies the condition 4.1, includes all abelian
varieties and surfaces, and includes all smooth projective varieties when £ is finite. Let
M, (k; Q) and M(k; Q) be the categories of motives based on S using respectively the
algebraic classes modulo [-adic homomological equivalence and numerical equivalence
as the correspondences. There is a tensor functor
which, according to André and Kahn 2002, has a tensor section s;. Therefore, w; o s;
is a fibre functor on M(k; Q). Moreover, s; can be chosen so that (w; o s;)(hV) =
H*(V,Q,). If, as seems likely, s; can be chosen™ so that the action of Z4mV(V x V) C
End(hV) on (w;0s;)(hV) preserves the image of H*(V,7Z;) in H*(V, Q) for all V' with
torsion-free cohomology, then the w;os; for [ # p are the [-components of an A]Jﬁ—valued
fibre functor on M(k;Q), and we can construct M™*(k;Z) and M(k;Z) as above.

5.24. Let S consist of all smooth projective varieties over k. For any V in &, the
Kiinneth projectors are almost algebraic (in the sense of Tate 1994, p76). Therefore,
the discussion in (5.23) applies to the category M(k;Q) defined using numerical
equivalence classes of almost algebraic classes rather than algebraic classes.

5.25. Recall that a Lefschetz class modulo ~ on a variety V is an element of the
Q-subalgebra of &Z7 (V) generated by divisor classes. Let S be the smallest class of
varieties over k satisfying (4.1) and including the abelian varieties. Then it is possible
to define a category M(k; Q) of isomotives based on S using the Lefschetz classes

1OAccording to André (email 25.03.02) it does not appear possible to prove this by the methods
of their paper.
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modulo numerical equivalence as correspondences; moreover, M(k; Q) is a semisimple
Tannakian category over QQ and there exist canonical functors w; (Milne 1999, §1).

5.26. For any field k of characteristic zero, define M(k; Q) to be the category of
motives based on some class S satisfying (4.1) and using the absolute Hodge classes
as correspondences (Deligne and Milne 1982, §6).

5.27. It is possible to construct abstractly Tannakian categories endowed with
adelic and p-adic fibre functors having most of the properties conjectured of Mum (F; Q)
including the Tate conjecture. For example, let (P,w?, w,, ws) be a system as in 6.2,
6.3 of Milne 2003. Thus, P is a P-gerbe over Spec(Q) where P is the Weil-number
torus. Then the category of representations of P is a semisimple Tannakian Q-category
with fibre functors w? and w,, and it can be used to build categories M™(F;Z) and
M(F;Z) . There exist exact tensor functors from the categories in (5.25) to these cat-
egories, and so an abelian variety over F defines objects in M*(F;Z) and M(F;Z).

6. Tannakian Properties

In Saavedra 1972, Tannakian categories are defined only over a base field. We
adapt his definition (ibid. III 1.1.1) of an ind-Tannakian category to introduce the
notion of a Tannakian category over an arbitrary noetherian ring. Throughout this
section, R is such a ring.

Some linear algebra. Let C be an R-linear category, and let R’ be a commuta-
tive R-algebra. When C has arbitrary direct limits, Saavedra (1972, I 1.5) constructs
an R'-linear category Cr/) by “extension of the base ring”. We adapt his construction
to the case that R’ is a finite R-algebra and C has finite direct limits (for example, C
is abelian).

Thus, let C be an abelian R-linear category. Let R’ be a finite R-algebra, and
define C(r/y to be the category whose objects are pairs (X,ix) comprising an object
X of C and a homomorphism ix: R — Endgr(X) of R-algebras (Saavedra 1972, II
1.5).

6.1. For any finitely generated R-module M, there is a functor (external tensor
product)

X—MerX:C—C

and an isomorphism (natural in X and Y')
HOIIlc(M Xpr X, Y) — HOHIR(M, HOIIlc(X,Y)) (8)

For M = R™, set M ®@r X = X", and extend this definition to an arbitrary M by
choosing a free left resolution of M (cf. Saavedra 1972, IT 1.5.1.1).

6.2. The category Cr/) is an abelian R'-linear category. A sequence
(XlaiX/) — (X, ZX) — (X”’ iX”)

in C(ryy is exact if and only if
X/ N X N X//



26 JAMES S. MILNE AND NIRANJAN RAMACHANDRAN

is exact in C. The functor j%/%: C — C(p sending X to R’ ®z X (with its canonical
R'-structure) is left adjoint to the functor jr/r: C(ry — C sending (X,ix) to X
(Saavedra 1972, 11 1.5.2). For any X,Y € ob(C),

Home,,, (7577 X, j%/%Y) = Hom¢(X,Y) @r R/, 9)

i (
and so /% realizes Cp as a full subcategory of Cry)-

6.3. When R’ is a flat R-algebra, the functor j&/%: C — C(p is exact.

6.4. Let C be an abelian tensor category over R such that & is right exact. The
category C(r/) has a canonical structure of a tensor category over R’ for which GHR/R
and jp/gr are tensor functors; moreover ® on C gy is right exact (Saavedra 1972, 11
1.5.4). Let D be an abelian tensor category over R’ for which ® is right exact. The
map u — u o j&/1 defines an equivalence of the category of right exact R'-linear
tensor functors C(py — D with the category of right exact R-linear tensor functors
C — D. When R’ is a flat R-algebra, u — u o j®/F carries exact functors to exact
functors. (Ibid. II 1.5.3, 1.5.4.) (But it is not known that u o j%/% exact implies
u exact, even when R’ is faithfully flat over R, except in the case that k& and k' are
fields, when the proof requires the main theorem of Deligne 1990).

Definitions. Let C be an abelian tensor R-category C. Recall (Saavedra 1972, 11
4.3.1) that an object X is a ®-generator of C if every object of C is a subquotient of a
direct sum of objects X®™. This definition extends easily to families of objects, and
it is clear that C admits a ®-generator if it admits a finite family of ®-generators.

DEFINITION 6.5. (a) A neutral Tannakian category over R is a tensor cate-
gory over R that is tensor equivalent to Rep(G; R) for some flat affine group
scheme G over R.

(b) An algebraic Tannakian category over R is an abelian tensor category C over
R such that

(i) C has internal Homs (in the sense of Saavedra 1972, I 3.1.1),
(ii) C admits a ®-generator,
(iii) for some faithfully flat finite commutative R-algebra R’, C(x/) is a neu-
tral Tannakian category.
(c) A Tannakian category over R is an abelian tensor category C over R that is
a filtered union of algebraic Tannakian categories in which the inclusions are
exact tensor functors.

Let C and R’ be as in (b), and choose an R'-valued fibre functor w on C(gy. Then

©) , ,
Home (X,Y) ®g R = Home,,,, (777X, j¥/7Y) € Homp (w(X),w(Y)),

and so Home(X,Y) is a finitely generated R-module. Thus, the Homs in any Tan-
nakian category over R are finitely generated R-modules.

REMARK 6.6. In the case that R is a field k£, we compare our definitions to those
in Saavedra 1972 (corrected by the addition of the condition that End(1) = k — see
Deligne 1990; Deligne and Milne 1982, 3.15).
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(a) A tensor category over k satisfies (6.5a) if and only if it is a neutral Tannakian
category in the sense of Saavedra 1972, I 3.2.1. This follows from a basic theorem
in the theory (e.g., Deligne and Milne 1982, 2.11, 2.19).

(b) A tensor category over k satisfies (6.5b) if and only if it is an algebraic Tan-
nakian category in the sense of Saavedra 1972, I11 3.3.1. This follows easily from ibid.
IIT 3.3 (see also Deligne 1990, 6.20).

(c) A Tannakian category over k in the sense of Saavedra 1972, III 3.2.1, is ob-
viously a filtered union of algebraic Tannakian subcategories, and so satisfies (6.5c).
Conversely, a category satisfying (6.5¢) lacks only a fibre functor to be Tannakian in
the sense of Saavedra, but such a functor can be shown to exist using Zorn’s lemma
(or, in characteristic zero, by applying Deligne 1990, 7.1).

A criterion to be a Tannakian category over a Dedekind domain. Let C
be an abelian tensor category over a noetherian ring £. When internal Homs exist
in C, we let X¥ = Hom(X, 1). There is a canonical morphism X — X"V and X is
said to be reflerive when this morphism is an isomorphism.

Now let R be a Dedekind domain. When G is an affine group scheme over R,
an object X of Rep(G; R) is reflexive if and only if its underlying R-module is pro-
jective. Serre (1968, 2.2) proves that every object in Rep(G; R) is a quotient of a
representation of G on a projective R-module. Thus every object in Rep(G; R) is a
quotient of a reflexive object. This property can be used to characterize Tannakian
categories over Dedekind domains.

PROPOSITION 6.7. Let C be an abelian tensor category over a Dedekind domain
R such that

(a) ® is right ezxact,
(b) internal Homs exist, and
(c) every object of C is a quotient of a reflexive object.

If there exists an R'-valued fibre functor on C(py for some Dedekind domain R’ finite
and flat over R, then C is Tannakian.

PROOF. Let w: C(ry — Mod(R') be such a fibre functor. To prove that C is
Tannakian, we shall show that the functor Aut®(w) of R'-algebras is representable by
a flat affine group scheme G over R’, and that w defines an equivalence of R'-tensor
categories C(py — Rep(G; R').

When R’ = R, this is proved in Saavedra 1972, IT 4.1. In detail: ibid. IT 4.1.1
shows that End®(w) is represented by a flat affine monoid scheme G over R and
that w defines an equivalence of R-linear tensor categories C — Rep(G; R); but
End®(w) = End®(wy) where wy is the restriction of w to the full subcategory of
reflexive objects; this last category is rigid, and so every endomorphism of wy is an
automorphism (ibid. I 5.2.3), which implies that G is a group scheme.

According to (6.2) and (6.4), C(r) is an abelian tensor category over R’. Thus,
the general case will follow from the neutral case once we show that Cg/) inherits
the property that every object is a quotient of a reflexive object. Let (Y, iy) be an
object of C(py, and let ¢: X — Y express Y as a quotient of a reflexive object. The
composite

’ iR'/R ’
jRIEX I RIRY (Vi)
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is again surjective, and j/%X is reflexive because X is. O
EXAMPLE 6.8. For ¢ # p, the category R(k;Zy) is Tannakian over Z, (apply [1.5).

EXAMPLE 6.9. (a) Let k be a finite field, and let w be the forgetful functor
R(k; Z,) — Mod(W (k)). For (X,ix) in R(k; Zy)w ), there are two actions of W (k)
on w(X), namely, that coming from the action ix of W (k) on X and that coming
from the action of W (k) on w, and we define w'(X,ix) = W(k) @w e, wr) w(X).
Then ' is exact. Indeed, W (k) ®z, W (k) is isomorphic to a product of copies of
W (k) indexed by the elements of Gal(k/F,), and the map W (k) ®z, W (k) — W (k)
corresponds to the projection to the “id”-component. Therefore o’ is a W (k)-valued
fibre functor on R(k; Zy,)w k), and R(k;Z,) is Tannakian (apply 1.8(b)).

(b) When k has nonzero characteristic p and is infinite, then R(k;Z,) is not
Tannakian (at least according to our definition, which may be too strict), because
there exist objects X for which End(X) is not a finitely generated Z,-module.

Existence of fibre functors. We refer to Deligne 1989, §6, for the notion of the
fundamental group of a Tannakian category 7: it is an affine group scheme 7 (7) in
Ind 7 acting on the objects of 7; each fibre functor w carries 7(7) to Aut®(w) and
the action of 7(7) on an object X to the action of Aut®(w) to w(X). The Tannakian
category 7 is algebraic if and only if 7(7) is algebraic (i.e., has algebraic realizations;
see Saavedra 1972, 3.3). When 7(7) is commutative, it lies in Ind 7° where 7° is the
full subcategory of trivial objects. Since Hom(1, —): 7% — Vec(k) is an equivalence
of categories, in this case m(7) can be identified with an affine group scheme in the
usual sense.

PROPOSITION 6.10. Let M be a Tannakian category over Q whose fundamental
group T is an algebraic group of multiplicative type, and let WP be a Q-linear tensor
functor M — Mod(Afc) such that wy =4 WP ®Azjz Q¢ s a Q-valued fibre functor
for all ¢ # p. Then there exists a finite field extension L of Q, a fibre functor
w: M — Vec(L), and an isomorphism w ®p, A?L — wP ®ar A?L of tensor functors
M — Mod(A% ).

PROOF. The hypotheses imply that w?(X) is a free Af-module for all X' (see the
proof of 4.10).

Assume first that T is split over Q and that there exists a fibre functor w: M —
Vec(Q). We show in this case that there is an isomorphism w ®q Afc — wP. We use
w to identify M with Rep(T; Q). Let = be a basis for the group X*(T) of characters
of T', and let X be the representation X = @,z X where X}, is a one-dimensional
representation of T" with character . Choose a graded lattice A in X, i.e., a Z-lattice
such that A = @, .z ANX,. Likewise, choose a graded lattice Ay in w?(X). Then
Ao =ar Ay Rz Zy is a graded lattice in wy(X). As T is a split torus, H'(Q,, T) = 0,
and so the theory of Tannakian categories shows that there exists an isomorphism of
fibre functors ay: w ®g Q; — wy which is uniquely determined up to an element of
T(Q¢). We may choose oy to map A ®z Z, onto Ay. Now the family (ay) defines an
isomorphism w ®q A} — w?.

In the general case, there will exist a finite field extension L of @Q such that T
splits over L and such that there exists a fibre functor w: M — Vec(L) (Deligne
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1990, 6.20). Then w defines a fibre functor M) — Vec(L) (Deligne and Milne
1982, 3.11), and the previous argument applied to M) proves the general case of
the proposition. O

EXAMPLE 6.11. Let M = Mum(F;Q;S) be the Tannakian category over Q
defined by some set S of varieties over F satisfying (4.1) and the condition (*) of
§5, and assume that M has a ®-generator of the form AV @& Q(1) for some smooth
projective variety V' over F. Then the fundamental group of M is of multiplicative
type if V and its powers satisfy the Tate conjecture.

As M is semisimple, the fundamental group is reductive, and so it suffices to show
that it is commutative. We choose a prime ¢ # p and show that G =4 we(m(M)) =
Aut®(wy) is commutative. Because of our assumption on V, the algebraic cohomology
classes on the powers of V' are the Tate classes, and so G is the group of automorphisms
of the Qg-vector space wy(hV ®Q(1)) = (B, H"(V,Qy))®Qy(1) fixing the Tate classes
on all powers of V. Let m be the Frobenius endomorphism of (5, H"(V,Qy)) & Qq(1)
defined by some model of V' over a finite subfield of F. Then the Tate classes on the
powers of V are (by definition) the cohomology classes in H* (V™ Qu(r)), m,r € N,
fixed by some power of w. Let G,, be the Zariski closure of the subgroup generated
by 7. Then G,, D G,, if n|n’, and the groups G,, become constant for n sufficiently
divisible. According to Deligne 1982, 3.1¢c, G equals G,, for n sufficiently divisible. In
particular, it is the Zariski closure of a commutative subgroup of GL(w¢(hV & Q(1))),
which implies that it is commutative.

The category M(F,;Z). Let S be a class of smooth projective varieties over F,
satisfying (4.1) and the condition (*) in §5, and let M(IF,;Z) be the corresponding
category of motives (5.1). Recall (5.15) that M(F,; Z) has internal Homs.

LEMMA 6.12. (a) An object in M(F; Z) is reflexive if and only if it is torsion-free.
(b) Every object X in M(F;Z) is a quotient of a reflexive object.

PRrROOF. (a) This is obvious from (1.5a) and (1.8a).

(b) When X is torsion with trivial I'-action, the proofs of (1.5b) and (1.8b) show
that X is a quotient of direct sum of Lefschetz motives L®". Since X will decompose
into the direct sum of such a torsion motive and a torsion-free motive over a finite
extension Fy, of F, (see 1.4 and [1.7), to complete the proof it remains to define
a suitable “norm” map II: M(F,;Z) — M(F;Z) (cf. the proof of 1.5b), and

for this it suffices to define compatible II'’s for M(F,;Q) and for the realization
categories. For R(F,;Zs) (¢ # p), we take II to be Indg:ggiz;).

A over F,/, descent theory shows that BrecalF, /r) T arises from an F-crystal over
[F,. This leads to a functor I1: R(Fy;Z,) — R(F;Z,). For a Ve S(Fy,), the
composite V' — SpecF, — SpecF, lies in S(F,) (by the compatibility condition).
This leads to a functor IT: CVY (F,) — CV° (F,), which extends to a functor

II: M(F,;Q) — M(F;Q). That these functors are compatible follows from the
basic properties of étale and crystalline cohomology. 0

For an F-crystal

THEOREM 6.13. The category M(F,; Z) is Tannakian provided the varieties in S
satisfy the Tate conjecture.

ProoF. We replace S(IF,) with a subset S generated by a finite set of varieties,
and prove that the resulting category M = M(F;Z;S) is an algebraic Tannakian
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category. This will follow from Proposition 6.7 once we have shown that Mgy admits
an R-valued fibre functor for some Dedekind domain R finite and flat over Z.

Because of (6.11), we can apply Proposition 6.10 to M(F; Z; S), which shows that
there exists a finite field extension L of Q, a fibre functor wy: M(F;Z;S) — Vec(L),
and an isomorphism &°: L ®q wP — Ai’c ®g wo. When composed with M(F;Z;S) —
M(F;Z;S), wog becomes a fibre functor on M; moreover, £ becomes an isomorphism
of functors on M.

Let w, be the functor X — Q, ®z, X, (regarded as a B(F,)-module). Then w,
and Q, ®g wp are both fibre functors on M, and so become isomorphic over a finite
extension of B(FF,) (Deligne 1990, 1.10, 6.20). Therefore, after possibly extending L,
we may suppose that there exists an isomorphism §,: L ®g w, — Q, ®g wo. Let R
be the integral closure of Z in L and let R be its profinite completion.

For Xy in Mz, there are two actions of L on wy(Xp), namely, that coming from
the action of L on wy and that coming from the action of L on Xj,. Define

w1(Xo) = L ®rgqyr wo(Xo)-

Then w; is an L-valued fibre functor on Mz (Deligne and Milne 1982, 3.11).
For (X, ix) in Mgy, set

wy(X) = (X, w'(X5))

where «’ is the functor defined in (6.92). Then ws is an R-valued fibre functor on
M), and § defines an isomorphism L ®q ws — Ay ®q wi.
Thus, we have defined an exact tensor functor

X = (wo(X),wi(Xo), &) : Mr) — Modf(R) Xwodr(a,eor) Modf(L).

~

Its image lies in the full subcategory of triples whose Modf (R)-component has finite
torsion, which can be identified with the category Modf(R). It is therefore an R-
valued fibre functor on M(Fy; Z)p). O

REMARK 6.14. (a) If Mpum(F; Q;S) has tensor generator of the form hA © Q(1)
with A an abelian variety, then its fundamental group is of multiplicative type because
it is contained in the Lefschetz group of A (see Milne 1999, especially §7). Therefore
M(F,;Z;S) is Tannakian if the connected varieties in S are products of abelian
varieties, projective varieties, and varieties of dimension zero (whether or not they
satisfy the Tate conjecture).

(b) We expect that Proposition 6.10 holds more generally for Tannakian categories
whose fundamental groups are reductive (not necessarily connected). If so, Theorem
6.13 holds without the Tate conjecture condition, and, moreover, M(k; Z[%]; S) will
always be Tannakian.

REMARK 6.15. If M(k;Q) is as in [5.25 or 5.27 and k is finite, or as in [5.26, then
M(k;Z) is Tannakian. In the first two cases, this can be proved as in Theorem [6.13),
and in the third case, there is a Betti fibre functor on M(k;Z).

Stacks of categories of motives. We refer the reader to Saavedra 1972, 1 4.5,
for the notion of tensor fibred category p: M — £. Briefly, it is a fibred category
p: M — &€ endowed with an &-bifunctor ®: M x¢ M — M and compatible asso-
ciativity and commutativity constraints for which there exists a cartesian section to
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p giving identity objects in each fibre; thus, for each E in &, the fibre Mg is a tensor
category. When & is endowed with a topology (in the sense of Grothendieck) and
p: M — & is a stack, we call it a stack of tensor categories. When the fibres are
abelian categories and the inverse image functors are exact, we call p: M — & a stack
of abelian tensor categories. Finally, when End(1) = R for each identity object 1 in
each fibre, we call p: M — & a stack of abelian tensor R-categories. In particular,
then each fibre is an abelian tensor R-category.

For a scheme S = [] Spec k;, finite and étale over Fy, let M(S;Z) = [[ M (ki; Z).

THEOREM 6.16. Let Etg, be the category of all schemes finite and étale over F,
and endow Etg, with the étale topology. For k =Fg or F, let M(k; Q) be as in (5.20)
(in particular, we assume the Tate conjecture for M(F;Q)). The categories M(—;Z)
form (in a natural way) the fibres of a stack of abelian tensor Z-categories over Etg, .

ProOOF. Immediate consequence of Proposition 5.20. 0

7. Some Spectral Sequences

Abstract spectral sequences. We prove an abstract version of Tate’s spectral
sequence (Milne 1986b, 1 0.3). Fix a field &, and let Etj, be the category of all schemes
finite and étale over k. Also, fix a noetherian ring R, and let M — Et; be a stack of
noetherian abelian tensor R-categories over Ety.

7.1. When X and Y are objects of an abelian category A, Ext"(X,Y") denotes
the Yoneda extension group (Mitchell 1965, VII). It agrees with the group defined in
terms of the derived category (Verdier 1996, I1I 3.2.12). When A is noetherian, the
Yoneda extension group also agrees with that defined using injective resolutions in
the ind-category Ind(A4) (Oort 1964, p. 235; see also Huber 1993).

7.2. An object of a tensor category is trivial if it is a quotient of a finite direct
sum of copies of 1, and an object Y of an abelian tensor category is flat if the functor
X — X®Y is exact. When X and Y are objects of an abelian tensor category over
R, we write

Tor(X,Y) =0 for all i > 0
to mean Y has a resolution
S Y S Y Y =0
by flat objects which remains exact when it has been tensored by X.

7.3. To avoid inessential difficulties, we assume that M /Ety, is a split fibred cate-
gory, i.e., that it is equipped with compatible inverse image functors (Giraud 1971, I
1.0.3). According to a theorem of Giraud (1964, §5) every fibred category is equivalent
with a split fibred category. Let k' be a finite Galois extension of k with Galois group
I, and let X — X': M(k) — M(K’) be the inverse image functor. Because M /Et
is split, to give a k'/k descent datum on an object of M(k’) is to give an action of
['. Therefore, X — X’ defines an equivalence of M(k) with the category M(k’;T") of
objects of M(E') equipped with an action of I". Explicitly, for objects X,Y of M(k),
the actions of I' on X’ and Y” define an action of I' on Hom ) (X', Y’) and

HomM(k) (X7 Y) = HOHlM(k/)<X/, Y/)F.
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The functor Hom (1, —) is an equivalence from the full subcategory of M°(k’) of
trivial objects in M(k’) to Modf(R), and hence from M°(¥;T') to Modf(R[[]). Let
N — N: Modf(R[l']) — M°(K;T) denote a quasi-inverse. Then N = N®pz1 (exter-
nal tensor product (6.1) in M°(K’), with I" acting through N') because Hom yi) (1, N®p
1) =2 N as R[I']-modules. The functor

X — N(X) < Hom(1, X)
is an equivalence from the full subcategory M! (k) of M(k) of objects becoming trivial
in M(K’) to Modf(R[I']).

PROPOSITION 7.4. Let k' be a finite Galois extension of k with Galois group
['. With the above notations, for all X,Y,Z in M(k) such that X' is trivial and
TorZR(X, Y) =0 for alli > 0, there is a spectral sequence

After a few preliminaries, we obtain this as the spectral sequence of a composite
of functors.

LEMMA 7.5. HFor any X,Y,Z € ob M(k) with X' trivial, there is a canonical
1somorphism

Hom gy (N (X)), Hompaen (Y, Z7)) = Hompy (X @Y, Z). (10)
PROOF. For any finitely generated R-module N, we have an isomorphism (see
6.1
) Hom g (N, Homp) (Y, Z') = Hom e (N @r Y, Z'). (11)
From the definition of the external tensor product ®g, it is clear that
(N@prT) T, = N ®g (Th ® 1))
for objects 11, T, of M(K’). Therefore,
NerY 2Ner(1Y)=(Negl) @Y
Let N = N(X). Then N ®r 1= N = X'  and so (11) becomes
Homp (N (X), Hompgn (Y, Z') = Hompmey (X' @ Y, Z').
On taking I'-invariants, we obtain (10)). O

In the remainder of the proof, we abbreviate Ext ) and Exting pmr) to Exty.

LEMMA 7.6. If I is an injective object of Ind(M(k)) and Y is a flat object of
M(k), then Homy (Y, I) is an injective R[['|-module.

PROOF. Because R[I'] is left noetherian, it suffices to show that the functor
Hompgyry(—, Homy (Y, 1)) is exact on finitely generated R[I']-modules. In view of (7.3),
we can regard this as a functor on M!(k), and then Lemma [7.5 expresses it as the
composite of two exact functors. O

LEMMA 7.7. If I is injective in Ind(M(k)), then 1" is injective in Ind(M(E')).

HWe thank the referee for point out to us that this lemma (hence the proposition) does not
require that the categories have internal Homs.
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PROOF. For an object X in M(k'), R[I')®r X (external tensor product in M(%'))
becomes an object of M(k’;T") through the action of I on R[I']. As M(k;T") ~ M(k),
RI'l ®z X can be regarded as an object of M(k). This functor X — R[[] ®g
X: M(K') — M(k) is an exact left adjoint to Y — Y": M(k) — M(K). O

LEMMA 7.8. Let X,Y be as in (7.4), and let I be an injective object of Ind(M (k)).
Then Extir (N(X), Homy (Y',I')) =0 for r > 0.

PRrROOF. Let Y* — Y be a flat resolution of ¥ that remains a resolution when
tensored with X, and let I be an injective object of Ind(M(k)). Then I’ is injective
(see[7.7), and so

Homy (Y', I') — Homy (Y*, I')
is a resolution of Homy (Y’ ,I'). In fact (see [7.6) it is an injective resolution of
Homy (Y, I'), which we shall use to compute the groups Extipm (N (X ), Homy (Y, I')).
Lemma 7.5/ shows that Hom gy (N (X), Homy (Y, 1)) = Homy (X ® Y*, I), which is
exact except at the zeroth position. Therefore, Extipp(N(X), Homy, (Y, I")) = 0 for
r > 0. U

We now prove the proposition. Lemma [7.5/ shows that Homy(X ® Y, —) is the
composite of the functors Homy, (Y, —) and Homgry (/N (X), —), and Lemma7.8/shows
that the first of these sends injective objects to objects that are acyclic for the second
functor. Therefore we obtain the spectral sequence as that attached to the composite
of functors. 0J

COROLLARY 7.9. Let k be a Galois extension of k (possibly infinite), and let
M(k) = lim  M(K') where k' runs over the finite Galois extensions of k in k. Denote
the inverse image functor M(k) — M(k) by X +— X, and let T = Gal(k/k). Let
Y be an object of M(k) that admits a resolution by flat objects. For all Z in M(k),
there 1s a spectral sequence

H' (T, Extiy g (Y, Z)) = Extyie, (Y, Z).

PROOF. The condition on Y implies that Tor(1,Y) = 0 for all i > 0. When
k is finite over k, the two definitions of M(k) coincide, and we obtain the spectral
sequence by taking X = 1 in Proposition [7.4. When k is of infinite degree over k, we
pass to the limit over subfields &’ C k that are finite and Galois over k. It is clear that
Extl s (Y, Z7) = lim , Ext’y (Y, Z'), for example, for the Yoneda Exts, because our
direct limits of categories are the naive ones (1.2) and the functor M(k") — M(k")
is exact for finite extensions k" /k'. O

Spectral sequences at (. The categories R(F,;Z,) for varying ¢ form a stack
of noetherian abelian tensor Z,-categories over Etr,, and R(F; Z,) = Iim R(Fy; Z,).
Moreover, every object of R(FF,; Z,) admits a (short) resolution by flat objects (1.5).
Thus, Corollary 7.9 has the following special case.

PROPOSITION 7.10. Let I' = Gal(F/F,), and let M — M denote the functor
R(Fy; Ze) — R(F;Zy). For M, N in R(F,;Zy), there is a spectral sequence

H' (T, Extyy g, (M, N)) = Extis 5 (M, N). (12)

Denote Exts in Mod(Z;) by Exty,.
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PROPOSITION 7.11. LetI" = Gal(F/F,). For M, N in R(F,;Zy), there is a spectral
sequence
H?”

cts

(T, Exty, (M, N)) = Ext’y2 (M, N). (13)

(Fg5Z¢)
Here H],  is computed using conlinuous cochains relative to the (-adic topology on

Exty, (M, N).

PrOOF. Let R = R(F,;Z;). When N is finite, (13) will become (12) once we
have shown that the natural map

Ext% (M, N)) — Ext}, (M, N)

is an isomorphism. When M is finite, this is obvious (with no condition on N),
because it is true for j = 0 and the forgetful functor Ind R — Mod(Z,) is exact and
preserves injectives ((1.5b) implies that every injective in Ind R is ¢-divisible). The
Ext(M, —) sequences of

0—>MZS M— M/"M—0, ("N=0, (14)
O_>Mt0rs _>M_)M/Mt0rs — 0

allow us to deduce it, first for all torsion-free M, and then for all M.
For M in R and a projective system (N, )nen in RY, there is a canonical isomor-
phism
Hom (M, lim N,,) = lim Hom(M, N,,). (15)
Let F((N,),) be the common value of the two sides. Then F is a functor RN — Ab

which (15) expresses as a composite in two ways, and it can be shown that this leads
to two spectral sequences

E5 = Extip (M, lim’N,) = R F((N,).)
Ey’ =lim' Exti (M, N,) = R™F((N,)n)
(cf. Roos 1962; Jensen 1972, 4.3).
When we apply this to the inverse system (N*")),,, the higher inverse limits in the

FEs>-terms vanish because the groups Ext%(M ,NE)) and N are finite. Moreover,
lim N (") = N, and so this shows that

Extly (M, N) = lim Extly (M, N®)). (16)

Similarly,
EXt]ZZ (M, N) & lln EXtJZZ (M, N(zn)%

n

and so (Tate 1976, 2.2)
Hi

cts

(I, Ext}, (M, N)) 2 lim H;

cts

(I, Bxtd, (M, N“)).

n

Therefore, (13) can be obtained by passing to the limit in the spectral sequences

H?"

cts

(T, Ext, (M, N")) = Ext"* (M, N“). O
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Spectral sequences at p.

LEMMA 7.12. For torsion-free objects M, N in R*(F;Z,), EXt%+(]F;ZP)(M, N) is
torsion-free.

PRrROOF. From the exact sequences
0 — Extp (M, N)®") — BExth, (M, N®?")) — Ext%, (M, N)ypn — 0
we obtain a surjection
lim Extg, (M, N¥")) — Ext. (M, N)ors.

Let R, denote the full subcategory of R* (F; Z,) of objects killed by p”. An argument
using the analogue of the diagram (23), p39, shows that the map

st Extys (M, N?P")) — Exty, (M, N®")

that replaces each term E in a short exact sequence with E®") is an isomorphism.
Therefore, it remains to show that
h_r>nEXt71z;Ln(M(p”)’ N(p")) =0. (17)

We claim (i) that the map
EXtérys‘F (F) (MW(IE‘), NW(F)) — EXt;th (M(p”)’ N(pn))

P

that replaces each term F in a short exact sequence by E®") is surjective, and (ii)
that ExtéwsJr (F)(]\/[ ,N) is a torsion group. Together, (i) and (ii) imply (17), because
(i) gives a surjection

ExXtepye ) (Mw ), M) © Qp/Zy — h_H}EXt;g;rn (M), N®)
and (ii) implies that the first group is zero.

To prove (i), note that an element of either group splits when regarded as an
extension of W-modules, and is therefore determined by the o-linear map describing
the action of the Frobenius. Since every o-linear map M®") — N®") lifts to a o-linear
map M — N, (i) is clear. The category Isoc™ (k*) is semisimple (see 1.9), which
implies (ii). O

LEMMA 7.13. When k = F or I, every object in R*(k;Z,) is a quotient of a

torsion-free object.

PROOF. Suppose that the object M is an extension of objects M’ and M" each
of which is a quotient of a torsion-free objects, say, N’ — M’', N” — M". Pull back
the original extension by N” — M":

0 M’ E N" 0
0 M’ M M 0

If the class of E in Ext'(N”, M') is the image of an element of Ext'(N”, N'), then M
also is a quotient of an torsion-free object. The obstruction to this is an element of
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Ext*(N”, K) where K is the kernel of N’ — M’. Certainly, when k = FF,, this group
will be zero if there exists a resolution

O—>A1>A—>N"—>O

where A = W[F, o] (because Exts in R*(F,;Z,) agree with those in Mod(A) — this
is explained on p44).

It suffices to prove the lemma in the case k = F,, and, for a given M, an argument
using restriction of scalars (see the proof of 6.12) allows us to replace F, by a finite
extension. After such an extension, a torsion M will have a composition series whose
quotients are isomorphic to one of (k, o) or (k,0). Each of these is a quotient

0 — (Wo) = (W) — (ko) — 0
0 - (Wypo) & (W,ps) — (k00 — 0.

Since (W,0) =2 AJ/A(F — o) and (W,po) = A/A(F — po) the above remarks prove
the lemma for M. Let M be an arbitrary object, and let M; = M/M;ys. The
obstruction to extending the statement from M, and M; to M is a torsion element
of Ext?(M;, K), which by (7.12) becomes zero after a finite extension of F,,. O

PROPOSITION 7.14. Let ' = Gal(F/F,), and let M +— M denote the functor
R (F,;Z,) — RY(F;Z,). For M,N in R (F,;Z,), there is a spectral sequence

H' (T, Ext ez, (M, N)) = ExtiZ (M, N). (18)

PROOF. Lemma 7.13 shows that M has a flat resolution, and so this follows from
Corollary [7.9. O

PRrROPOSITION 7.15. Let I' = Gal(F/F,). For M,N in R*(F,;Z,), there is a
spectral sequence
H'f'

cts

(F, EXtSCrys*(]F)(MW(F)? NW(]F))) — Ethf(Fq;Zp) (M, N) . (].9)

Here H7,, is computed using continuous cochains relative to the p-adic topology on

PROOF. When N is finite, the same argument as in the proof of Proposition [7.11
shows that (19) coincides with (18). We will obtain the general case by passing to
the inverse limit in

H (T, Exctyyy o Mgy, Npgy) = Extile o (M, N®"),

For the argument in the proof of (7.11) to apply, we must verify the following:

i r(pn N ifi=0 :
in (") — .-
11nm N { 0 otherwise Nin R™(F;Z,),

lim * ExtRe (s, z,) (M, NV) = 0 for i #0, M, N in R*(Fy; Zy),
lim* Extg, o (M, N¥) = 0 for i 20, M, N in Crys™(F).
Certainly, N = lim N®") and linl N®") =0 for i > 0 because N®") is of finite length
over W and we can apply Jensen 1972, 7.2.
The second equality follows from the finiteness of the groups Ext%+ g 7 (M, N "),
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We now prove the third equality. If p® kills the torsion in N, then p®N is torsion-

free, and there are exact sequences
0 — Ext'(M, p®N)®") — Ext'(M, (p°N)®")) — Ext™ (M, p*N),» — 0.

For i = 0, Ext’(M, p°N) is a finitely generated Z,-module and so 'Exti(M, p*N)®")
is finite; therefore liinl(Eth(M,paN)(pn)) = 0. For i > 0, Ext'(M,p*N) is tor-
sion (recall that Crys™(F)g ~ Isoc(F) is semisimple), and, in fact, killed by a
fixed power of p, and so*? liﬂll(Eth(M7paN)pn) = 0. The sequence shows that
liinl (Ext’(M, (p®N)®")) = 0, and one can use the exact sequence

0— Npa — N —p'N —0
to deduce that lim"(Ext'(M, N®")) = 0. O
b

8. Homological Algebra in the Category of Motives

Throughout this section k = IF, or F, and we assume that the [-adic Tate conjec-
tures hold for M™(k;Q), i.e., that the maps (6)), pl16, are isomorphisms.

THEOREM 8.1. Let X and Y be effective motives in M™(k;Z).
(a) The map (o, 5) — a—f3,

Hom v+ (;0) (Xo, Yo) X Homg, ;.5 (X7, Yy) — Homp+(a ) (wy(Xo), wr(Yo)),

is surjective with kernel Hom g+ () (X, Y).
(b) Fori >0, Exté\,ﬁ(,ﬁz) (X,Y) is torsion and the sequence

0 — Extiy gz (X, )z, — Extiz, (X, Y1) — T Extl 0 (X,Y) =0 (20)
is exact (all l); hence,

Extjvﬁ(k;z) (X,Y) = Ext;'2+ X4, Y5 ) tors: (21)

(k’;Z)(
(c) If k =T, then Extﬁ\/ﬁ(,ﬁz) (X,Y) =0 for all i > 2, and for all i > 1 when X
and 'Y are torsion-free.

ProOF. For any Z-module M of finite rank, the sequence
0— M — My x Mg — My, —0

is exact. We obtain (a) by taking M = Hom(X,Y) in this sequence and applying
(5.6, 5.8, 5.10).
The remainder of the proof will require several steps.

Extj\/ﬁ(,ﬁz) (X,Y) 1S TORSION FOR i > 0: It suffices to prove that Ext}Wr(k;Z)(X, Y)
is torsion. Moreover, we may assume that X and Y are torsion-free. Consider an
exact sequence

0—-Y—-ESX -0

12Recall that an inverse system of abelian groups (A, )nen is said to satisfy the Mittag-Leffler
condition if, for each n, the decreasing chain in A,, of the images of the A,, for m > n is eventually
constant, and that the higher inverse limits vanish for such a system. In the case ¢ = 0, the condition
obviously holds, and in the case ¢ > 0 the images are eventually zero.

In the text we are implicitly using that for inverse systems indexed by N, only the first higher
inverse limit can be nonzero (Roos 1961).
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in M*(k;Z). Because M (k; Q) is semisimple, there exists a morphism ag: X — Fj
such that my o ag = idx,. For some m € Z, may € Hom g+ (5,2 (X, E) (see5.5). Now
the equation o (may) = midy implies that the class of the sequence is killed by m.

Write f/(X,Y) for the natural map
Exthy+ oz (X, Y)z, = Extips gz, (X1, V).
Recall (5.10) that f°(X,Y’) is an isomorphism.

THE MAPS fY(X,Y) ARE ISOMORPHISMS WHEN X AND Y ARE TORSION. The
functor X +— X, defines an equivalence of the category of torsion effective motives
with the category of torsion objects in R*(k;Z), and so it suffices to prove that
the Exts in the torsion subcategories coincide with the Exts in the full categories.
We do this for M (k;Z) since R*(k;Z;) is similar. Because M™(k;Z) is noether-
ian, Ind(M™(k;Z)) has enough injectives, and the Exts computed using injective
resolutions coincide with the Yoneda Exts (7.1). It follows from (6.12b) that every
injective object in Ind(M™(k;Z)) is divisible, and so an injective resolution Y — I°
in Ind(M™(k;Z)) gives an injective resolution Y — I2 _ in the subcategory of tor-

tors
sion objects. As Hom(X, I ) = Hom(X, I*), this proves that the Exts in the two
categories agree.

THE MAPS f/(X,Y) ARE ISOMORPHISMS WHEN Y IS TORSION. It suffices to prove
this when X is torsion-free and Y is [-torsion, say ["Y = 0. The Ext sequences of

0> X5 XS X/I"X >0
give a diagram

0 — Ext\L(X,Y) — Ext)(X/I"X,Y) — Bxti,;(X,Y) — 0

lf"_l(X,Y) l% lf"(XvY)

0 — Exti;1(X,,Y])) — Exth. (X;/I"X,,Y]) — Exth:(X;,Y;) — 0

from which it follows that f~!(X,Y) is injective and f'(X,Y) is surjective. Since
this holds for all ¢, f*(X,Y) is an isomorphism.

THE MAPS f/(X,Y) ARE ISOMORPHISMS WHEN X IS TORSION. Similar to the
preceding case.

THE SEQUENCE (20) 1S EXACT. Because f(X,Y) is an isomorphism when Y is
torsion, f/(X,Y*) (map of hyper-Exts) is an isomorphism when Y* is a bounded

complex with finite cohomology, for example, when V* = Y™} =, v 25 v
Extiy: (X, Y1) = Exti, (X, V1),
There are exact sequences
0 — Ext’y (X, V) — Extiye (X, Y1) — Ext’ o (X, Y )i — 0, (22)
and
lim Extiy (X, Y1) = lim Extir (X, V) 2 lim Extip. (X, 1,") 2 Bxtle (X, V)

(for the third isomorphism, see the proofs of [7.11/ and [7.15). Thus, on passing to the
inverse limit in (22), we obtain (20).
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This completes the proof of (b). We now assume that k& = F.

Ext},(X,Y) = 0 IF X AND Y ARE TORSION-FREE. For an integer m, let M}
(resp. R;") denote the subcategory of M™(k;Z) (resp. RY(k;Z)) of objects killed by
m. On passing to the direct limit in the sequence
0 — Extl (X, )™ — BExth (X, Y™) = Ext3 (X, Y),, — 0
and using that Ext) . (X,Y) and Ext3,:(X,Y) are torsion, we find that
lim Ext (X, Y™) & Ext} (X, Y).

m

Consider the diagram

Exth . (X, y(m) Extl . (X, V™)

N v e

Extl i (X, Y1)
in which 7 is the surjection induced by X — X i is the obvious injection, and s
applied to a short exact sequence replaces each motive E in the sequence with E(™).

One checks easily that so (mo¢) =id and (moi)os = id, and so s is an isomorphism.
Thus

Ext? (X, Y) 2 lim BExt! Xy m)y o lim Extr  ( X}m)) yjjm>).

m m

For [ # p, Ext;z+ (X](fn), Yf(ln)) is obviously zero, and so it remains to show that
ln

@EXt;ﬁn (ngpn), Yp(p”)) =0. (24)
p" !

But this is shown in the proof of (7.12).

Ext’y+ (X,Y) = 0 FOR ALL i > 2. This follows from (b) and the fact that EX'E%+(,€;ZZ) (X1, V) =
0 for i > 2 (for [ # p, this is obvious, and for [ = p it can be proved by the arguments
used to prove the p-case of Theorem [9.1] below). O

REMARK 8.2. The group Ext%y(mze)(M , V) need not be torsion. Consider, for
example, the extension
0—>Zg—>ZgEBZg—>Zg—>O

on which the Frobenius element in I' = Gal(IF/F,) acts on the middle term as the
matrix (§ ¢) with a a nonzero element of Z,. Multiplying the class of the extension by
m corresponds to multiplying a by m, and so this represents a nontorsion element of
Extr (#,:2,)(M, N), which remains nontorsion in Extr #:z,) (M, N). Thus, in general,

Exth g gy (X, Y) () # Bxtrpg,) (Xe, Yo).

Similarly, the group Ext%ﬁ(F;Zp)(M ,N) need not be torsion (because the category
R*(F;Z,), in contrast to Isoc™ (F), is not semisimple).

LEMMA 8.3. Every effective motive over F, or F is a quotient of a torsion-free
effective motive.
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PRroor. It suffices to prove the lemma in the case k = F,, and, for a given X, an
argument using restriction of scalars allows us to replace [, by a finite extension (see
the proof of (6.12b)).

After such an extension, a p-torsion object X will have a composition series whose
quotients are isomorphic to one of (k,o) or (k,0). But (k,0) = 1/pl and (k,0) =
L/pL, and so the same argument as in the proof of Lemma [7.13 (using (21)) proves
the lemma for X.

Let X be an arbitrary effective motive, and let X; = X/ X, tors. For Xj, the same
argument as in the proof of (6.12b) proves the lemma. Let Y — X, o5 be a surjective
map with Y torsion-free, and let K be its kernel. The obstruction to extending the
lemma from X; and X/X, s to X is a torsion class in Ext*(X;, K) (see the proof
of [7.13), but this vanishes by (20) and (7.12). O

THEOREM 8.4. Let I' = Gal(F/F,). For all motives X andY over F,, there is a
spectral sequence:

H'(T, Eth\/ﬁ(F;Z) (Xye: Yir)) = EXt;\ﬁ (FgiZ) (X,Y).

PRrROOF. Lemma 8.3 shows that X has a flat resolution. We can not apply Corol-
lary 7.9/ directly because M™(F,;Z) does not have internal Homs, but its proof can
be adapted as in the proof of 7.14. O

Examples.

EXAMPLE 8.5. We apply (8.1) to compute EXt}\,ﬁ(F;Z) (Z,7Z(r)) (we are writing Z
for 1 and Z(r) for T®").

For r = 0, Hom ¢+ (r,z)(Z, Z(0)) = Z and Extﬁvﬁ(mz)(Z, Z(0)) =0 fori=1,2..

For r # 0, Hom ¢+ (r,z)(Z, Z(r)) = 0, and so

Hom g+ (r,z) (z, Z(T)(m)) = EXt}\/ﬁ(F;Z) (Z,Z(7))m

For m = p", the left hand side is zero, and for m = ¢ it is (Z*"))(r). Therefore, on
passing to the direct limit over m, we find that

Extl+ gz (Z, Z(r (@ QZ/ZZ> r)

t#p

where (Q,/Z¢)(r) is Q¢/Z, with the Frobenius element of Gal(F/F,) acting as ¢.
Moreover, Exty gz (Z,Z(r)) = 0 for i # 0,2. (Without the +, these statement
holds only modulo p-torsion.)

EXAMPLE 8.6. We compute Ext}\ﬁ(mq’Z)(Z, Z(r)) for r > 0. The spectral sequence
in (8.4) shows that Ext}vﬁ(Fq,Z)(Z, Z(r)) and Exti,H(Fq’Z) (Z,Z(r)) are the kernel and
cokernel respectively of

x 1x
DopQe/Zy DrpQe/Zy.

Therefore Ext}vﬁ(Fq;Z)(Z, Z(r)) is cyclic of order ¢" — 1, and Exti\,ﬁ(Fq;Z) (Z,Z(r)) =0
for i # 0, 2.
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EXAMPLE 8.7. Let A be an abelian variety over F, and let Ay A be the isomotive
hi(A)o endowed with the Z-structure provided by the maps H1(A,Z;) — Hy(A, Q).
Since Hom(Z, h;A) =0,

Hom i+ (r.z) (Z, (1 A)™) 2 Ext) i m) (Z, b1 A
for all m, and so
Hom e+ (r.z) (Z, i A @ Q) Z) = Extgs wgy (2, ha A).
But
Hom g+ 2y (Z, b1 A® Q/Z) = HomR+(F;2)(Z, (h1A) o/ (hA)f) = A(F).
Thus,
Ext)+ p.z)(Z, b1 A) =2 A(F).
When A is defined over F,, Gal(F/F,) acts, and, on taking invariants, we find that
Exti s,z (%, 1 A) = A(F,).
A similar argument using that Hom ¢+ .z ((h1A4)(—1),Z) = 0 shows that
Hom v+ gz) (h1A)(—1), Q/Z) = Extys gy (h1 A)(—1), Z).
But
Hom i+ (giz) (1 A)(—1), Q/Z) = Homp, .z (1 A) (—1), Q/Z) = AY(F)
where A" is the dual abelian variety. For an abelian variety A over F,, this becomes
Ext+ (s,2) (M A)(~1), Z) = A" (F,).

REMARK 8.8. It is generally conjectured, that for a smooth variety V' over a field

F?
HE o (V,Q(r) 2 (Ko V) (25)
and
H}oo(V,Q(r)) 22 Exthy g pg (1, (RV)(r)); (26)

see, for example, Deligne 1994, 3.7, 3.3. Here ExtﬁwM(F;Q)(]l, (hV')(r)) is computed in

the conjectural category of mixed isomotives over F' and (KQT_iV)g ) is the subspace

of (Ky,_1V)g on which the Adams operators ¥* act as k.
In particular, for F' itself, it is conjectured that

Exthourg (@ Q(r)) 2 (Ko 1 F)) (27)

For ' = F, or IF, the statement (27) is true because the K-groups are torsion and,
under any definition, the category of mixed isomotives will be semisimple, so both
sides are 0.

With Z-coefficients, statement (27) is expected to be false in general, and (25) is
definitely false™. However, Quillen (1972) shows that Ko, 1F &~ @,.,Q,/Z, with the
Frobenius automorphism acting as p” and Ky, F, = (Ka,_F)%E/F)  and Hiller

BFor a projective smooth variety over a field k,
mot(v Z( )) = Hz(‘/a Gm)v

which is a nonzero torsion group in general whereas K_1V = 0. See also Bloch and Esnault 1996,
p- 304, which explains why a closely related conjecture should not be true integrally.
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(1981) and Kratzer (1980) show that the Adams operator ¥* acts on Ky, F as
multiplication by £", and so an integral version of (27) does hold when F' =T, or F:

Ext}Wr(F;Z)(Z, Z(r)) ~= (Ko F)". (28)

The isomorphism (28) can be made canonical: Soulé (1979, IV.2, p. 284) proves
that the Chern class map ¢;;: Ko; 1(F,)z, — H'(F,,Z;(i)) is an isomorphism if i < [;
later Dwyer and Friedlander (1985) defined a Chern character ch;1: Koi—1(F,)z, —
HY(F,,Z,(i)) that is related to the Chern class map by (—1)""'(i — 1)lch;; = ¢;ia
(Soulé 1999, 3.2.2, p. 267).

9. Extensions and Zeta Functions: Local Case

We use the notations: I' = Gal(F/F,), ¢ = p*, W = W(F,), B = B(F,),
A = W[F, O'],_ ,R,g = R(]Fq;Zg) —df R(F;Zg), Rg = MOd(Zg), Rp = R+(Fq,Zp) =df
Crys*(F,), R, = Crys™ (F).

Statement of the theorem. Let M be an object of R;. The Frobenius endo-
morphism 7y, of M is the map induced by the element x — z¢ of I' when [ # p and
by F'* when | = p. We denote the characteristic and minimum polynomials of
acting on Mg, by ma(t) and Py (t) respectively. They are monic polynomials with
coefficients in Z; (see Demazure 1972, p89, for the case | = p). For M in R, let (M)
denote the rank of M and s(M) the sum of the slopes of M; thus if

Pu(T)=th+--4¢

then (M) = h and s(M) = ord,(c)/a (cf. Demazure 1972, p90). For M in R, we
set s(M) = 0.

Let M, N be objects of R;. From the spectral sequences (7.11], [7.15) we obtain a
map

Homg, (M, N)r — Extg, (M, N).
Define
f=[f(M,N): Homg,(M,N) — Exty, (M, N)

to be the composite of this with the obvious map Homg, (M, N) — Homg, (M, N)r.

THEOREM 9.1. If mp(T') and my(T) have no multiple root in common, then z(f)
is defined and satisfies

() I, (4, = |0 T (1= 2. (20)
a;#b; v !

where (a;)1<i<rvry and (bj)i1<j<rn) are the roots of Py (t) and Py(t) respectively.

REMARK 9.2. (a) When [ # p, the term ¢#)7(N) = 1,
(b) In the course of the proof, we shall show that Ext% (M,N) = 0 for i > 2
(without any condition on M and N) and that Ext3, (M, N) is finite.
(c) When one of M or N is finite, the theorem simply states that the groups
Extf, (M, N) are finite and the alternating product of their orders is 1.
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(d) Let Pyven(t) =11 (1 — %t), and let p(M, N) be the rank of Homg, (M, N).
Then p(M, N) is the number of pairs (4, j) with a; = b;, and (29) becomes
the equation

M)r(N) s Pyven(t)

) B (M, )] = 0700 Jim o |

(e) When the groups Ker(f), Coker(f), Extx, (M, N), Extj (M, N), ... are finite
and almost all zero, then we say that x* (M, N) is defined, and we set it equal
to the alternating product of the orders of the groups. Granted (b), Theorem
9.1 is equivalent to the statement: if my;(7T) and my(7T) have no multiple
root in common, then x* (M, N) is defined and equals

b
gD H (1 - a_ﬂ> (30)

(f) Let
0N —-N->N'—=0
be an exact sequence in R;. If x*(M,N’) and x* (M, N") are defined, then
so also is x* (M, N), and
X (M, N)=x*(M,N')-x*(M,N").

Since a similar statement holds for exact sequences in M and the expression
(30) is multiplicative, we see that it suffices to prove Theorem 9.1l for M and
N running through a set of generators for the Grothendieck group K(R;) of
R;.

Even more is true: both y* and the expression in (30) take values in
Q7, the group of positive rational numbers, which is torsion-free. Therefore,
in order to prove Theorem 9.1, it suffices to verify it for M and N running
through a set of generators for K(R;) ® Q.

Proof of Theorem 9.1/ in the case [ # p. From Proposition 7.11, we obtain
an exact sequence and isomorphisms

Homg, (M, N) = Homg, (M, N)"
0 — Homg, (M, N)r = Extg,(M,N) — Exty, (M,N)" — 0
Exty, (M, N)p = Ext, (M, N)
Extf (M, N) =0 for i > 2.
Let fy be the map
Homg, (M, N)' — Homg, (M, N)r
induced by the identity map. Then f = co fj, and so (see [9.9)
2(f) = 2(fo)/[Extz, (M, N)"]. (31)

Let v be the generator o — 29 of I'. The family of eigenvalues of v on Homg, (M, N)

is (Z—])Z] Because of our hypothesis on my(t) and my(t), (9.10) applies, and shows
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that

z(fo) = 'Haﬁébj (1 - 2—2)

Because Exty, (M, N) is finite,

¢

[Exty, (M, N)"] = [Exty, (M, N)r]
and so
[Ext, (M, N)] = [Extg, (M, N)"].

On substituting for z(fy) and [Exty, (M, N)I] in (31), we obtain (29).

Proof of Theorem 9.1/ in the case [ = p. An A-module M will be said to
be special if M = A/A - X for some A lying in the centre Z,[F] of A, in which case
A =my(F*) and Py (t) = ma(t)*. We let k denote the A-module with underlying
W-module F, and with F acting as 0.

Let R, ¢ be the full subcategory of R, of finite objects. Then Exts computed in
R, ¢ coincide with those in R, (see the argument p38) and with those in Pro-R, ;
(Rp.s is Artinian and so we can apply the opposite of [7.1). There is a canonical
functor R, —Pro-R,, ; and by using the usual exact sequences (14) one deduces that
Exts in R, coincide with those in Pro-R,, ;. This allows us to use resolutions by free
finitely generated A-modules to compute Exts in R,,.

The case M or N is finite with F acting invertibly. Because of (7)), this case is
essentially the same as the non-p case. From the spectral sequence (7.15), we obtain
exact sequences

0— Ext;gpl(MW(F), Nywe)r — Exty (M,N) — Ext%p(MW(]F), Nw)" — 0.

In this case, the groups Ext%p(MW(]F), Nwy) are finite, and it follows immediately

that the alternating product of the orders of the Ext%p(M ,N) is 1.

The case of M = k and N finite. We have the following Koszul-type resolution
of k

0—-ALAGAS A k=0 (32)

where t(a) = (aF,pa) and s(z,y) = pr — yF. For any N, the groups Ext'(k, N) are
the cohomology groups of the complex

Hom(A, N) 2 Hom(A & A, N) <5 Hom(A, N) — 0 — - -- (33)
Therefore, Ext’(k, N) = 0 for i > 2, and if N is finite, then
Ext’(k, N) - Ext*(k, N) = Ext'(k, N)

because the groups in (33) are finite.
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The case M = AJ/AX and N = k. The resolution,

0—-AX A M0,
gives an exact sequence
0 — Hom(M, k) — Hom(A, k) — Hom(A, k) — Ext'(M, k) — 0
and equalities Ext’(M, k) = 0 (i > 1). As Hom(A, k) = k is finite, this implies that
[Ext®(M, k)] = [Ext' (M, k)].

The case M =k and N = A/AN. From (32) and (33), we find that Ext’(k, A) = 0
unless 4 = 2 in which case Ext®(k, A) = k. Now the Ext(k, —)-sequence of

0AXNASM-=0
gives an exact sequence
0 — Ext'(k, N) — Ext?(k, A) — Ext*(k, A) — Ext*(k, N) — 0

and equalities Ext'(k, N) = 0 (i # 1,2). As Ext®(k, A) is finite, the sequence gives
that

[Ext'(k, N)] = [Ext*(k, N)].
The case M, N special, my; and my relatively prime. Let

M= AJAN, A\ =my(F?)
N:A/A)\Q, )\2 :mN(F“)

with mps(t) and my(t) relatively prime. From the resolution
0— AL A M—0
we obtain an exact sequence
0 — Hom(M,N) — N 2% N — Ext!(M,N) - 0 — ...
As -\ is injective, we see that Ext’(M, N) = 0 for i # 1, and so
2(f) - [Ext®(M, N)] = 2(A\r) = [det(Ar)]5-

Here det(A;-) can be computed as the determinant of my;(F*) acting on the B-vector
space Ng. But Py (t) = ma(¢)*, and so

®MWMFWN@“=ILQQWNW_@)

1<j<r(N)

Thus,

() - Bxt®(M, V)] = [T (a: = )

as required.
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The case M and N are special and equal. We first give an explicit description of
the map

f: Hom(M, N) — Ext'(M, N)

in the case that M = A/A- )\ and N = A/A - Ay are special but not necessarily
equal. We use ~ to denote — Qw (r,) W (), and we let o} be the canonical generator
of Gal(F/F,). The Ext(—, N) sequence of

0 AMAS M0
is
0 — Hom(M, N) — N 25 N — Ext!(M, N) — 0

and the Ext"(—, V) sequence of
0-AN A= M—0
is
0 — Hom(M,N) — NX% N Ext'(M,N) — 0.
The map f can be described as follows: let v € Hom(M, N) and regard u as an

element of N such that A\ju = 0; then u can be written u = (o}, — 1)v for some v € N;
now

(o — 1)(AMv) = Ai(op — 1)v = M\u =0,
and so \jv € NU' = N; the image of A\jv under N — Ext!'(M, N) is f(u).
Now take N = M, so that multiplication by A = A; = Ay is zero on M. Thus
Hom(M, N) = A/A\ = Ext' (M, N)

and f is an endomorphism of A/A/A. Since A/A\ is torsion-free, z(f) is defined if
and only if

f@i AQ/AQ)\ — AQ/AQ)\

has nonzero determinant (9.8)), in which case

2(f) = | det(f)[;-

Let u € Ag/AgA and choose v € Ag/Ag such that u = opv—v. Then oiv = iu+v
for all ¢. Let

AF) = F™ 4 by o ™70 4 4 by = m(F).

Then
fu) = A(F)
=mul™ + (m — 1)bpa_quF™* "4+ +0 (as vA = 0)
a d a
= uF ()
a d a

=F T (m(F*))u.

From (9.8) we find that

- |det(F®)[2.

p

d

() = et g m(7)
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But
| det(F)[s = [g**™],
and
d a ¢ s(N)(r(N)—a) bj
det { - (m(£%)) || = [T (e =b)| =l IT (- o
p aﬁébj P alfb] 7 »
Thus,

_ | rvysv) _Z)
2(f) =|¢™ NH(l Py

As Ext*(M, N) = 0 this proves Theorem 9.1 in this case.

The general case. An isogeny (denoted ~) of objects in R, is a homomorphism
whose kernel and cokernel have finite length over W. We say an object in R, is
indecomposable if it is not isogenous to a direct sum of two nonzero objects.

p

LEMMA 9.3. Every object of R, s isogenous to a direct sum of indecomposable
objects, and the decomposition is unique up to isogeny.

PRrROOF. Apply the Krull-Schmidt theorem in the category of Ag-modules. 0

LeMMA 9.4. If M in R, is indecomposable, then Mg ~ Ag/AgA for some \ €
Ag; moreover, the minimum polynomial mys(t) of the Frobenius endomorphism of
M is a power of a Z,-irreducible polynomial, and there exists an integer e such that

DM ~ AJA - ma(t).

PROOF. The ring Ag is the skew polynomial ring B[F,o]. It is therefore a prin-
cipal ideal domain (Jacobson 1943, III 1, p30), and every finitely generated module
over such a ring is isomorphic a direct sum of cyclic modules (ibid. III, Theorem 19,
p44). This proves the first part.

For the second, we use that the two-sided ideals in Ag are precisely those generated
by a polynomial in the centre Q,[F%] of Ag (ibid. III 5, p38). It follows that Ag-m(F*)
is the largest two-sided ideal contained in Ag- A, i.e., it is the bound of the ideal Ag- A
in the sense of ibid. III 6, p38. Because Ag/AgA is indecomposable, this implies that
m(t) is a power of a Z,-irreducible polynomial (ibid. III Theorem 13, p40). Finally,
when Ag/Ag - m(F*) is decomposed into a direct sum of indecomposable modules
Ag/AgXN, each of the ideals Ag\ has Ag - m(F?) as its bound, and is therefore
isomorphic to M (ibid. III Theorem 20, p45). O

PROPOSITION 9.5. Objects of the following types generate K(R,)q:
(a) k= (IFg,0);

(b) (M, Fyy) with M finite and F); invertible;

(c¢) M special and my(t) is a power of an irreducible polynomial.

PROOF. For every finite module M, there exists an n such that M = Im(F™) &
Ker(F™) (Fitting’s Lemma). It follows that such an M has a composition series with
quotients of type (a) or (b). The general statement now follows from Lemmal9.4. [
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Therefore (seel9.2(f)), it suffices to prove Theorem 9.1 when each of M and N is of
type (a), (b), or (¢). Moreover, because of the condition on the minimum polynomials,
in case (c) we can assume that either m,; and my have no common factor or they
are irreducible and equal. This we have done.

Restatement of the theorem for complexes. We sketch a generalization of
Theorem 9.1/ to complexes. Let M*® and N*® be bounded complexes of A-modules such
that H'(M*) lies in R, for all i. Define

PM.V®N‘ (t) = HPHi(M')V®Hj(N°)(t)(_l)i+j'
Let f*: Exti(M', N*®) — ExtHl(M‘, N°*) be the map rendering

Ext/(M*, N*) —I Ext™(M*,N*)

! !

Ext!(M*, N*)" —2 Ext!(M*, N*)
commutative. Here the vertical maps arise from a spectral sequence (cf. [7.15) and
the lower map is cup-product with the canonical generator 6, € H'(T', W) (equal to

the map induced by the identity map on Ext’(M®, N*)). Because 92 =0,
Ext*(M*,N*): - — Ext/(M*,N*) £ Ext™1(M*, N*) — - .
is a complex. Define
(M N*) = [TIH (Extr (M7, N))
when these numbers are finite.

THEOREM 9.6. Let M*® and N°® be bounded complexes of A-modules such that
HY(M®) and H'(N°®) are semisimple and finitely generated over W for all i.

(a) The groups Ext'(M*®, N*) are finitely generated Z,-modules for all i.

(b) The alternating sum > (—1)r; of the ranks of the Ext'(M*®, N*) is zero.

(¢) The order of zero of P(M®*Y @ N°®,t) att =1 is equal to the secondary Euler
characteristic > (—=1)" -4 - ;.

(d) The groups H'(Ext*(M*®, N*)) are finite, and

. . PZMOV 0<t)
(M®,N®) 13 QN . ° °
¢ Jimy (1 — ¢)p(4*.N°) I*XX(M V)

where x(M®, N®) = (=1)"s(H (M?®)) - r(H’(N*)).

Proor. Consider first the case that M*® and N*® are modules M and N regarded
as complexes concentrated in degree 0.

(a) Because M and N are semisimple, m(M, t) and m(NV, t) have only simply roots,
and therefore the hypothesis of Theorem 9.1 hold. Hence, the groups Ext’(M, N) are
finitely generated Z,-modules for all 7, finite for ¢ = 2, and zero for i > 2.

(b) Moreover, f: Hom(M, N) — Ext'(M, N) has finite kernel and cokernel, and
so Hom(M, N) and Ext'(M, N) have the same rank.

(c) In fact, one sees easily that the rank of Hom(M, V) is the number of pairs
(i,7) such that a; = b; (see9.2d).
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(d) The map f of Theorem 9.1/ coincides with f°, and so (d) is a restatement of
the theorem.

The general case case now follows from the usual induction argument on the
number of nonzero terms in the complexes M*® and N*® (cf. 9.2f). O

There is a similar Theorem for [ # p, whose formulation and proof we leave to the
reader.

Why R*(F,;Z,) rather than R(F,;Z,)?

9.7. Write R™ and R for R*(F,; Z,) and R(F,; Z,) respectively. Even the torsion
subgroup of Extz (M, N) can be infinite. Suppose, for example, that M and N are
torsion-free, and consider the diagram

0 — Homg+ (M, N)®") — Homg+ (M, N®")) — Extpy (M, N)pm — 0

5 l l

0 — Homg(M,N)P") — Homg(M,N®")) — BExtyp(M,N) — 0.

Since [Homgp (M, N®))] = (¢*)"™) ™) is unbounded, whereas [Homg+ (M, N®")]
is bounded if Hompg+ (M, N) = 0, we see that Exty (M, N)(p) is frequently infinite.
From a different perspective, it follows from Theorem 9.1 that Extz. (M, N) grows
when M and N are replaced by M (1) and N (1) because s(M (1)) > s(M), but the
functor M — M(1) is an equivalence on the category R(F,;Z,).

Appendix: Lemmas on abelian groups. Recall that, for a homomorphism

f: M — N of abelian groups, we define z(f) = [éfii(r{}}n when both the top and

bottom are finite. There are the following elementary statements (Tate 1966b, §5).
We let W = W(F,), ¢ = p”.

9.8. Let M and N be finitely generated Z-modules (resp. W-modules) of the same
rank and let (x;) and (y;) be bases for M and N respectively modulo torsion. Suppose
f(x:i) =Y aijy; modulo torsion. Then z(f) is defined if and only if det(a;;) # 0, in

which case

B [MtOTS]
2(f) = | det(ai;)|[Neors)
(resp.
Z(f) _ [MtorsH det(awﬂp}

Note that, when M = N, det(a;;) is the determinant of fo: Mgy — M.

9.9. Consider maps f: M — N and g: N — P. If any two of the three numbers
2(f), z(g9), z(go f) are defined, then so is the third, and

2go f)==z(g)-=(f).

9.10. Let ' = Z, and let v be its canonical topological generator. Let M be a T’
-module that is finitely generated as a Z-module, and let f: M" — Mr be the map
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induced by the identity map on M. Then z(f) is defined if and only if the minimum
polynomial of v on Mg does not have 1 as a multiple root, in which case

2N ] —a)|=1
a;#1
where ay, aq, ... is the family of eigenvalues of v acting on Mg.

10. Extensions and Zeta Functions: Global Case

In this section, M(F; Q) will be one of the following categories:

(a) the category Myum(F; Q; S) where S consists of all smooth projective varieties
over F and we assume that the Tate conjecture holds for all V € S;
(b) the category M(F;Q) defined in (5.27).

In fact, if the category in (a) exists and the Hodge conjecture holds for complex
abelian varieties of CM-type, then these categories are essentially the same: the re-
duction functor CM(Q) — M um(F; Q; S) defines a fibre functor w on CM(Q¥)?,
and the quotient of CM(Q%) corresponding to w is canonically equivalent with

The main theorem for extensions.

THEOREM 10.1. For all effective motives X and Y in M (F,;Z), the groups
Ext'(X,Y) and Ext*(X,Y) corors are finite, and

[Ext'(X,Y)]- D(X,Y)
[Hom (X, Y ) ors] - [Ext*(X,Y) cotors]

PEV((XVRY,s) ~ + (1=¢g~%)PY) s s —0

where x(X,Y) = s(X,)r(Y,) (notations as on p42), D = D(X,Y) is the discriminant
of the pairing

Hom(Y, X) x Hom(X,Y) = End(Y) 225 7, (34)
and p(X,Y') is the rank of Hom(X,Y).

REMARK 10.2. Let X and Y be effective motives over FF,.

(a) Because M*(F,; Q) is a semisimple category, End(Xy x Yp) is a semisimple
ring. As it is also finite dimensional over Q, the trace pairing

End(Xy x Yp) x End(Xy x Yp) — Q

is nondegenerate: D(X,Y) # 0.

(b) Below we prove that [Ext*(X,Y)eotors) = [Hom(Y, X)iors] . This makes the
formula more symmetric — note that D(X,Y) = D(Y, X).

(c) When we replace X by X(r) or Y by Y(r) (r € N) in Theorem 10.1, we
obtain a description of the behaviour of ((XY ® Y, s) near —r or +r.
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Proof of Theorem [10.1 with z(e) for D(X,Y’). Recall (8.1) that for all [, there is
an exact sequence

0 — Extiye g,z (X, Yz, = Extir g, z)(X1, Y1) = T EXth 4,2, (X, Y) — 0.

Define
e = (e)1: Hompugr(r,2) (X, Y )y — T Exth s p,.2) (X, Y)
to be the map making

HomM+(Fq§Z) (X7 Y)Zl i) E EXt.%\/H'(Fq;Z) (X, Y)

J Td

Homg: (5,2 (X1, Y1) 25 Exthe ez (X0, 1)
commute. Here f; = f(X},Y]) is the map defined on p42. According to 9.9 and 9.1

IR

z(e)) = 2(q) - 2 = [Eth(X’ Y)) RPLECORCON _ b_J
( l) ( Z) (fl) [EXtQ(XhYE)] I ail;[bj (1 CLi) l. (35)

The a;, b; are algebraiq numbers independent of I. Because Ext‘(X;,Y;) = 0 for i > 3,

(8.1b) shows that Ext’(X,Y) =0 for i > 3, and it follows (from [8.1b again) that
Ext®(X,Y) cotors (1) =2 Ext?*(X}, V).

On multiplying the equations (35)) for the different [ and applying the product formula,

we find that
. 1
qX(va) . H (1 _ b_J) . Z(E) =+ [E;(t (X7 Y)] )
a;7#b; @i [EXt (X> Y)Cotors]

This will become Theorem [10.1 once we have shown that
Hom(X, Y )tors
2(8): [ Om( ) )t ]
D(X,Y)
Comparison of z(e) with D(X,Y). Let N be a finitely generated torsion-free dis-
crete I'-module, and let NY = Hom(N,Z). The pairing

N x H*T,NY) — H*(I',Z) = Q/Z

realizes the compact group (N'); as the Pontryagin dual of the discrete group
H?(T', NVY) (e.g., Milne 1986b, T 1.10). There is therefore a canonical isomorphism

Hom(NT,Z) — Hom(Q/Z, H*(T, NV)) £ TH(I', NV).
Suppose we are also given a nondegenerate pairing
Vv: NxM—Z

where M is a discrete I'-module such that M, is killed by some integer and M /M,
is finitely generated. This defines a map M — NV with torsion kernel and cokernel,
which induces isomorphisms H*(T', M) — H*(T', NV) and TH?*(T', M) — TH?*(T', NV).
Hence, there is a canonical isomorphism

Hom(N',Z) — TH*(T, M).
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When combined with the map
M" — Hom(N",7Z)
defined by ), this gives a homomorphism
e(): (M), — TH*(T, M).

Note that z(e(1)) is defined if and only if ML _ is finite and the restriction ¥" to a

pairing N' x M" — 7Z is nondegenerate, in which case

A(e(w)) = £ L

— tors]
det(ur)
When we apply this remark to the pairing
Hom(Y, X)/{torsion} x Hom(X,Y) — Q,

we obtain a homomorphism
e: Hom(X,Y); — TH*(T, Hom(X,Y)),
and
Hom (X, Y )tors)
D(X,Y)
Since ¢ coincides with the map defined in the preceding subsubsection, this completes
the proof of Theorem [10.1.

z(e) :i[

Comparison of Hom(Y, X)iors With Ext?(X,Y)cotors- In this subsection, we
prove that
[Hom (Y, X )ors] = [Ext?*(X, Y )eotons) -
It follows from Theorem 8.1/ that
Hom(Y, X)(1) & Hom(Y;, X))tors, Ext®(X,Y)eotors(1) = Ext?* (X7, Y)cotors,
and so it suffices to show that, for M and N in R*(F,;Z,),
[Hom(N, M)iors] = [Ext*(M, N)cotors) -
Because Ext® = 0 in R*(F,; Z;), Ext*(M /M, N) is divisible and
Ext?*(M, N)ecotors = Ext?*(Miors, N).
As Hom(N, Mios) = Hom(N, M )iors, this shows that it suffices to prove that

[Hom(N, M)] = [Ext*(M, N)] (36)
when M is torsion. In fact, we shall show that
Hom(N, M) = Ext*(M, N)* (37)

when N is torsion-free and M is torsion. Here * denotes Hom(—, Q/Z). This implies
(36) because an arbitrary N has a resolution by torsion-free objects (1.4b, 7.10).
Define
Ext'(M, N ® Q/Z) = lim Ext’(M, N!")).
Then
Ext'(M,N ® Q/Z) = Ext*(M, N)
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and so we have to show that
Hom(N, M) = Ext'(M, N @ Q/Z)* (38)

(M torsion, N torsion-free). B B
Proof of (38) in the case | # p. We let M and N denote M and N regarded as
Z;-modules. There is a perfect pairing of finite Z;-modules

Hom(N, M) x Hom(M, N®Q/Z) > Hom(N, N®Q/Z) = End(N)2Q/Z 225 Q/Z.

This gives a perfect pairing of I'-cohomology groups
Hom (N, M)" x Hom(M, N ® Q/Z)r — Q/Z,
which can be identified with (38).
Proof of (38) in the case | = p. If F acts as an isomorphism on M, this can be
proved as in the case [ # p. Thus, we may assume that F’ act nilpotently on M, which
therefore has a composition series whose quotients are isomorphic to k =4t (F,, 0).

Let R,» be the subcategory of R (F,;Z,) of objects killed by p”. An argument
using an analogue of the diagram (23)), p39), shows that

ExtR (g, .z, (N, W) = Extr (NP N @) (39)
Any extension of N®") by N®") in R splits as an extension of W/p"W-modules, and
therefore is described by a o-linear endomorphism o of N®"). The trace of a acting

on N®") is an element of W/p"W, and the trace of this element is a well-defined
element of Z,/p"Z,. Thus, we have a homomorphism

Exty,, (N®, N®) — Z,/p"Z, = p "L,/ L.
On applying (39) and passing to the direct limit, we obtain a homomorphism
t: Ext'(N,N ® Q/Z) — Q/Z.
We claim that the pairings
Ext!(N, M) x Ext'"(M,N ® Q/Z) — Ext'(N,N ® Q/Z) 5> Q/Z  (40)

are perfect for i > 0. When N = A/A -\ and M = k, this can be proved directly:
either both groups are zero, or the pairing is the trace pairing

F, x F, — T,
Consider an exact sequence
0— N —-N—k—0.
If the pairings (40)) are perfect for N, k, and ¢ > 0, then the diagram
0 — Hom(k, k) — Hom(N, k) — Hom(N', k) —

- 5 L

0 — Ext*(k,k)* — Ext'(k,N®Q/Z)* — Ext'(k,N'® Q/Z)* — ---

shows that they are perfect for N/, k, and i > 0 (note that (24) shows that Ext’(k, k)
equals k, k @ k, k respectively for i = 0,1,2). A similar argument applies when N/N’
is a finite module on which F' acts invertibly. Since an arbitrary torsion-free N can
be realized as a submodule of a direct sum of cyclic modules (9.3), this proves that
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the pairings (40) are perfect when M = k. An induction argument on the length of
M extends this to an arbitrary torsion M. The case ¢ = 0 completes the proof of
(38).

The main theorem for Weil extensions. Let Iy be the subgroup of I' gener-
ated by the Frobenius element (so I'g = Z). Inspired by Lichtenbaum 2002, we define
“Weil” extension groups satisfying an analogue of the spectral sequence ().

As we noted in [5.20, to give a motive over F, amounts to giving a motive X over
F together with an endomorphism 7 of X that represents its Frobenius germ. The
m can be considered a descent datum on X, and the condition on it a continuity
requirement. We now define the category of Weil motives over F,, M(F,; Z)w to be
the category of pairs (X, 7) consisting of a motive X over F and an endomorphism
7 (“noncontinuous descent datum”). Equivalently, M(F,;Z)w is the category of
motives over F with a Z-action. It contains M(F;Z) as a full subcategory.

Similarly, we define the category M™(F,; Z)w of effective Weil motives. For ef-
fective motives X and Y over F,, let

Ext'(X,Y)o = Extiy p,.2), (X, Y).
PROPOSITION 10.3. For effective motives X, Y over F,, there is a spectral sequence

H(T,, EXHMW;Z) (X,Y)) = Ext™(X,Y),

PROOF. The proof of Theorem 8.4 can be adapted to the present situation. [

LEMMA 10.4. The groups Ext'(X,Y ) are finitely generated for all i, torsion for
1> 2, and zero for i > 3.

PROOF. The groups Extfvﬁ(mz) (X,Y) have composition series whose quotients

are finitely generated Z-modules or F with its natural I'g-action. Moreover, they are
torsion for ¢ > 1 and zero for ¢ > 2. Thus the statement follows from [10.3. O

Let f: Hom(M, N)y — Ext'(M, N)y be the map rendering

Hom(M,N),  —1—  Ext'(M,N),

| T

HomM+(F;Z)(M, N)FO —_— HOIHM+(F;Z)(M, N)FO

commutative. Here the vertical maps arise from a spectral sequence (10.3) and the
lower map is induced by the identity map on Hom(M, N) (equal to cup-product with
the canonical generator of H'(Ty,Z) = 7).

THEOREM 10.5. For effective motives X and Y over Fy, z(f) is defined and
¢ (X @Y ) ~ E2(f) - [Bxt(X,V)ol - (1= 7)Y as s — 0.
(Notations as in[10.1.)

PROOF. If either X or Y is finite, then the spectral sequence 10.3| coincides with
8.4 and so

Ext'(X,Y) = Ext'(X,Y).
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Now the same argument as in §8 proves that, for arbitrary X,Y, there are exact
sequences

0 — Ext'(X,Y)o ® Z; — Ext'(X;,Y)) — T} Ext™ (X, Y)y — 0.

Lemma [10.4' shows that Ext"™'(X,Y), has no [-divisible elements, and so these se-
quences reduce to isomorphisms

Ext'(X,Y)o ® Z; & Ext'(X,,Y)).

The spectral sequence (10.3) is compatible with the spectral sequences (7.11) and
(7.15), and so the diagrams

Hom(X,Y)o ® Z 125 Ext'(X,Y)o ® Z

Hom(X,Y:) 2  Ext'(X,Y)

commute. Here f; is the map in Theorem 9.1. Therefore, Theorem [10.5 follows from

Theorem 9.1/ and the product formula. U

REMARK 10.6. The advantage of statement [10.5 over [10.1 is that it has a natural
extension to complexes of motives — see the sequel to this paper. Compare also
Theorem 9.6.

Motivic cohomology. Let V be a smooth projective variety** over F,. In con-
trast to the pure case, V should define, not a mixed motive, but rather a complex
which will not (in general) decompose when there is torsion, the torsion at p be-
ing particularly complicated. Nevertheless, for an » > 0 such that the truncated
de Rham-Witt cohomology groups H(V, WQ=""1) are finitely generated over W, we
make the ad hoc definition: A*V(r) is the isomotive hjV (r) endowed with the Z-
structure provided by the maps H*(V,Z(r)) — H'(V,Q(r)) (étale cohomology for
[ # p and crystalline cohomology [ = p). Define the (Weil) motivic cohomology
groups by

HL (V.Z(r)) = @, Ext(1, KV (r))o. (41)
Let
Heo (V,Z(r)) = -+ — Hi (V,Z(r)) 5 HIE (v, 2(r)) — - -

Y1f the category M(F;Q) at the start of this section is taken to be as in [5.27 (case (b)), then
V' must be taken to be an abelian variety.

15 According to Deligne 1994, 3.2.1, the motivic cohomology groups (Q-coefficients) should be
the final term of a spectral sequence

EY = Ext'(1,hI(V)) = HH(V,Q(r)).

mot

Over F, it is natural to expect this also with Z-coefficients and (following Lichtenbaum’s ideas)
replace the Exts with the Weil Exts:

EY = Ext' (1,1 (V))o = Hutd (V. Z(r)).

mot

If this spectral sequence degenerates, then we arrive at (41). In a sequel to this paper, we plan to
take a less ad hoc approach.



56 JAMES S. MILNE AND NIRANJAN RAMACHANDRAN

be the complex with
H (V. Z(r) Ext(1,R(V)(r)e @Ext (1, 7 ~H(V)(r))o®Ext*(1, W 2(V)(r))o

mot

T S S
HIP(V, Z(r)) Ext®(1, (V) (r)o® Ext (1, h(V)(r))e @BExt?(1,R~1(V)(r))o

mot

The maps f at right are as in Theorem [10.5.

THEOREM 10.7. Let V' be a smooth projective variety over F,, and let r > 0 be
such that the groups H'(V, WQS""1) are finitely generated over W.

(a) The groups H! ,(V,Z(r)) are finitely generated abelian groups.

(b) The alternating sum >_(—1)'r; of the ranks r; of the groups H' (V,Z(r)) is
zero.

(c) The order of the zero of ((V,s) at s = r is equal to the secondary FEuler
characteristic p(V,r) =g > (—1)"ir;.

(d) The cohomology groups of the complex (H?, (V,Z(r)), ) are finite, and the

alternating product of their orders x*(V,Z(r)) satisfies
C(Vys) ~ EX(VLL(r)) - VO - (1= ") as s — 7
where
XV,0.r) = > (1) (r — i) - dimg, H (X, Q).

0<i<r

0<j<dimV
PROOF. Immediate consequence of Theorem [10.5/ and Milne 1986a, 4.1 (the con-
dition on the de Rham-Witt groups implies that the numbers d’(r — 1) in the second
reference are zero). 0

REMARK 10.8. When r = 0, the condition on the de Rham-Witt groups is satisfied
vacuously, and the groups H’ (V. Z(0)) coincide with the Weil-étale groups Hi, (V. Z)

mot
of Lichtenbaum 2002. Thus, in this case the theorem coincides with the smooth

projective case of ibid., Theorem 8.2.
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