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Examples for the standard conjecture of Hodge type
Thomas Agugliaro

Abstract. For each prime number p and each integer g = 4, we construct infinitely many abelian
varieties of dimension g over Fp satisfying the standard conjecture of Hodge type. The main tool is
a recent theorem of Ancona (2021). These varieties are constructed explicitly through Honda—Tate
theory. Moreover, they have Tate classes that are not generated by divisors nor liftable to character-
istic zero. Also, we prove a result towards a classification of simple abelian varieties for which the
result of Ancona (2021) can be applied to. Along the way, we prove results of independent interest
about Honda—Tate theory and about multiplicative relations between algebraic integers.
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1. Introduction

The goal of this paper is to prove the following result.

Theorem 1.1. For all prime numbers p and all integers g = 4, there exist infinitely many
abelian varieties of dimension g over IF satisfying the standard conjecture of Hodge
type, and with Tate classes which are not Lefschetz and that do not come from specializing
Hodge classes of CM-liftings.

We will recall the standard conjecture of Hodge type in Section 2. As a non-trivial
instance, we have the following corollary. Here Z” (X) will denote the (Q-vector space
of algebraic cycles of codimension n on a variety X modulo numerical equivalence and

pn Will denote its dimension.
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Corollary 1.2. For all prime numbers p and all even integers g = 4, there exist infinitely
many abelian varieties A of dimension g over Iy, such that the intersection pairing on
g/2-cycles

ZEI2(A) x Z82(4) — Q

num num

a,fra-fB

has signature (54, s—) with

Sy +s_=pgp and sy =po—p1+p2—p3+-+ (D pgs.

The standard conjecture of Hodge type was formulated in 1968 by Grothendieck [8],
in a paper in which he proved that together with the other standard conjectures, it would
imply the Weil conjecture. But these standard conjectures turned out to be more difficult
than the Weil conjecture, which was proven by Deligne in 1974.

By a specialization argument [2, Remarque 5.3.2.2], if the standard conjecture of
Hodge type is proven for all varieties (resp. all abelian varieties) over Fp where p is
a fixed prime number, then the conjecture for varieties (resp. abelian varieties) over all
fields of characteristic p would follow. Moreover, the case of abelian varieties is crucial
as the category of motives over I?p should be generated by abelian varieties [2, Proposi-
tion 7.3.3.3].

When the conjecture was formulated, the evidences were for divisors, as a conse-
quence of a theorem of Segre [21], and in characteristic 0 by the Hodge—Riemann rela-
tions [26, Theorem 6.33]. Since then, the only results on the standard conjecture of Hodge
type are rather recent. Milne proved in [16] that the conjecture is valid for cycles that
are linear combinations of intersections of divisors (so called Lefschetz cycles). In [1],
Ancona proved the conjecture for abelian fourfolds, introducing tools to handle some
cases with non-Lefschetz cycles. In [14], Koshikawa proves the conjecture for the squares
of simple abelian varieties of prime dimensions, using the tool developed by Ancona.
Using different techniques, Milne builds examples of non-simple abelian varieties sat-
isfying the conjecture in [17]. In [9], Ito, Ito and Koshikawa proved the conjecture for
self-products of K3 surfaces using the Kuga—Satake construction to reduce to the case of
abelian varieties.

In Section 6, we highlight a new class of abelian varieties which we will call mildly
exotic abelian varieties. Roughly speaking, these are abelian varieties with a few more
Tate classes than Lefschetz classes, but for which it is still possible to prove the standard
conjecture of Hodge type using [1]. A first part of the article is devoted to prove that there
are many such mildly exotic abelian varieties.

Theorem 1.3. Mildly exotic abelian varieties over ]Fp satisfy the standard conjecture of
Hodge type. Moreover, for each prime number p, and each even integer g = 4, there exist
infinitely many abelian varieties A over ]Fp of dimension g which are simple and mildly
exotic, and such that there are Tate classes in A which do not come from the specialization
of a Hodge class of a CM-lifting of A.
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The tools for the proof of this theorem are:
* Honda-Tate theory which allows us to construct and study abelian varieties over Fp.

* The theory of motives, which allows us to decompose the cohomology of abelian
varieties in factors that are easier to study.

* Results of Milne [16] and Ancona [1] that allow us to study the motives coming from
the previous point.

A second goal of the article is devoted to describe more concrete properties of mildly
exotic abelian varieties, and classifying these varieties.

Theorem 1.4. Let A be a mildly exotic simple abelian variety over Fp. Then the dimension
g of A is even, and there exists a central endomorphism f of A such that f? is induced
by the multiplication by a negative integer.

This theorem gives us a better idea of how simple mildly exotic abelian varieties look
like. It allows us to build many new interesting examples in the case where g = 2 mod 4.

Theorem 1.5. Forall g = 6 with g = 2 mod 4 and all prime numbers p there exist:

o Infinitely many simple mildly exotic abelian varieties A over F » of dimension g, whose
algebra of endomorphisms is non-commutative.

» Infinitely many simple mildly exotic abelian varieties A over E, of dimension g, whose
algebra of endomorphisms is commutative and with at least 4 independent exotic Tate
classes (i.e., the Qg-subspace generated by these classes is of dimension 4 and it does
not contain a non-zero Lefschetz class).

The proof of Theorem 1.5 involves the study of multiplicative relations between alge-
braic integers. This study can be done with two distinct computations for each cases of
Theorem 1.5, but there is a better explanation using representation theory. The purpose of
Section 7 is to give a general result which covers both cases of Theorem 1.5. It is of inde-
pendent interest, and it uses the insight of Girstmair [7] that one can extract information
from the Galois module structure on the space of multiplicative relations.

The abelian varieties produced in Section 5 for the proof of Theorem 1.3 have even
dimension g and Frobenius rank g — 1 (for a definition, see [6, Section 2.1]). In [14],
Koshikawa deduced that [1] can be applied to prove the standard conjecture of Hodge type
for self-product of abelian varieties A of dimension g under the conditions that g is odd
and that the Frobenius rank is g — 1. Moreover, he had examples of varieties satisfying his
criterion in prime dimension. It is also possible to prove that the examples of Theorem 1.5
produced in Section 8 have respectively Frobenius rank g/2 — 1 and g — 2 where g is the
dimension of the abelian variety. Hence a finer analysis is needed in order to apply [1].

1.1. Organization of the paper

In Section 2, we give an overview of the tools we will be using in the paper, namely
we recall the standard conjecture of Hodge type, and we review complex multiplication
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and motives. Section 3 contains the main result Theorem 3.1 and explains how to deduce
Theorem 1.1 stated in the introduction from it. In Section 4, we compute the smallest
field containing a power of a given Weil g-number, and we give a proof of Theorem 3.1
in Section 5. In Section 6, we define and study the structure of mildly exotic abelian
varieties. In Section 7 we give a result concerning the multiplicative relations between
Weil g-numbers, and we use it in Section 8 to construct different kinds of mildly exotic
varieties (among which simple abelian varieties with non-commutative endomorphism

ring).
1.2. Conventions

In this paper, we will follow the following conventions:

(1) If A is an abelian scheme over a noetherian base S, we will consider the finite-
dimensional QQ-algebra:

End®(A) := Endg(4) ®z Q.

(2) If g is the power of a prime number p, a Weil g-number is an algebraic integer
7 such that for all complex embeddings o: Q(r) — C we have |o ()| = ¢"'/2.
When we consider valuations on a number field L, with a given Weil g-number
w € L, a p-adic valuation v will usually be normalized so that v(g) = 1.

(3) We will be using smooth Chow motives over a base S = Spec(B), where B is
either a field or the ring of integers Ok of a p-adic field K. We refer to [20,
Section 5.1] for generalities about smooth Chow motives (in which they are called
Chow motives). Let F be a field of characteristic 0, we will denote by CHM(S) ¢
the F-linear category of smooth Chow motives over S. If X is smooth over S,
H(X) will be the smooth Chow motive attached to X . By a submotive of a motive
M, we mean a direct summand of M. If F’ is an extension of F, and M is
in CHM(S) F, we will denote by Mg or M @ F’ the motive of CHM(S) g
obtained from M by extension of scalars. If s: S’ — S is a morphism, we will
denote by

s*:CHM(S)r — CHM(S")

the functor extending the map X — X Xxg S’ from smooth schemes over S to
schemes over S’.

2. Preliminaries

We will recall the statement of the standard conjecture of Hodge type. Then we will review
the necessary notions about complex multiplication, Honda—Tate theory and motives.

For detailed definitions about algebraic cycles and the standard conjectures, see [2,13].
Let X be a projective smooth irreducible variety of dimension n over an algebraically
closed field k. In this section, we fix a prime number p.
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Notations 2.1. Forall 0 <i < n, we denote by Z’(X) the Q-vector space of Q-algebraic
cycles of codimension i, modulo numerical equivalence. That is Q-linear formal sums
of irreducible algebraic subvarieties of X of codimension 7, such that a formal sum S is
identified with 0 if S - Z = 0 for all codimension n — i algebraic subvariety Z of X.

We denote by CH! (X) the i-th Chow group of X, that is the Q-vector space of Q-
algebraic cycles of codimension i modulo rational equivalence and by

cl:CH (X) ®q Q¢ — HZ (X)

the cycle class map to £-adic cohomology for any prime number £ different from the
characteristic of k.

The degree map canonically identifies Z" (X) with Q. Moreover, forall 0 <i < n/2,
we have a perfect pairing given by the intersection product:

ZHX) x Z" (X)) - Z"(X) = Q.
Then for a given hyperplane section L € Z!(X), we have the Lefschetz operator

ZH(X) — 2" (X)
ZwZ L',
The primitive part £ (X) is defined to be the kernel of Z - Z - L""2i+1 je. the map

where one intersects with L once more after the Lefschetz operator. For more context,
see [2,8] or [13].

Conjecture 2.2 (Standard conjecture of Hodge type [8]). Forall0 <i <n/2, the pairing

VEPHX) x PHX) - Q
(Z,Z) v~ (=1)'Z-Z'-L"%

is positive definite.

When formulated, this conjecture was known for divisors as a consequence of a the-
orem of Segre [21] and in characteristic 0 by the Hodge—Riemann relations [26, Theo-
rem 6.33]. We will now recall a recent result concerning a class of cycles for which the
conjecture is known.

Definition 2.3 (Lefschetz cycles). Let us denote by £*(X) the sub Q-algebra of Z*(X)
generated by Z!(X), and by £?(X) the Q-vector space £*(X) N Z!(X) for 0 <i < n.
An element of £*(X) is called a Lefschetz cycle.

The following result has been proved by Milne in [16, Remark 3.7], and another proof
can be found in [1, Propositions 5.4 and 6.8].

Proposition 2.4. If X is an abelian variety over k, the pairing v' defined in Conjecture 2.2
is positive definite when restricted to £ (X) N P (X).
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Definition 2.5 (Tate classes and potential Tate classes). Let ko C F » be a finite field,
Xo/ ko a smooth projective absolutely irreducible variety, X = X¢ X, ]Fp and £ be a prime
number different from p. For any non-negative integer i, a Tate class in H?' (X, Qy) is an
eigenvector for the Frobenius endomorphism, associated to the eigenvalue ¢*. An element
c of H? (X, Qy) is called a potential Tate class if there is a finite extension k; of ko such
that ¢ is a Tate class in H% (X, Q) = H? (X xg, Fp), where X1 = Xo Xg, k1.

The set of potential Tate classes in H?' (X, Q) only depends on X, so we use the
following abuse of notation: a Tate class on X/ Fp will be a potential Tate class in some

H? (X, Q).

Definition 2.6 (Algebraic classes). Let X be an irreducible smooth projective variety over
[F,,. For any non-negative integer i, an algebraic class in H? (X, Q) is an element of the
image of the cycle class map

cl:CH (X)q, — H* (X, Qy).

Remark 2.7. For any irreducible smooth projective variety X over [F,, algebraic classes
on X are Tate classes. Tate conjecture predicts that every Tate class on X is also an alge-
braic class, but few results are known about this conjecture.

Definition 2.8 (Lefschetz and exotic classes). Let X/ Fp be a smooth projective variety, a
divisor class in H2(X, Q) is an element of the image of cl': CH! (X)o, — H?*(X,Qy).
The subalgebra generated by divisors classes in H*(X, Q) under the cup product will
be called the subalgebra of Lefschetz classes £;(X). For a non-negative integer i, a
Lefschetz class in H? (X, Q) is an element of H% (X, Q) N £,(X). Tate classes in
H? (X, Qy) that are not Lefschetz classes are called exotic classes.

If X is defined over a finite field kg C ]Fp, we define an exotic class on Xg to be an

exotic class on X = X xg, Fp.

Definition 2.9 (CM-fields and CM-algebras). Let K, L be number fields and R be a ring.

*  We say that K is totally real (resp. totally imaginary) if all embeddings K — C (resp.
no embeddings) are real valued.

*  We say that L is a CM-field if it is a totally imaginary quadratic extension of a totally
real field.

*  We say that R is a CM-algebra if it is isomorphic to a product of CM-fields.
Remark 2.10. If R is a CM-algebra, there exists a unique automorphism t of R such that

for any ring map
o:R— C,

we have ¢ o 0 = 0 o 7, where t¢ denotes the complex conjugation.

Definition 2.11 (Abelian schemes with CM). Let S be an irreducible noetherian scheme
and 4/S be an abelian scheme of relative dimension g. We say + has CM if there is a
CM-algebra R of degree 2g over Q and an injective map of rings R — End®(+4).
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Definition 2.12 (CM-types). Let K be a field of characteristic zero and fix an algebraic
closure K. Let A be an abelian variety over K with complex multiplication by L. Let 0
denote the geometric point corresponding to the zero element of A. Then the differential
of the action of L on A induces an action on the tangent space of A4 at 0.

L — Endg(TpA).

The subset of characters ® C Hom(L, K) of the action of L on Ty A, is called the CM-type
of Aand L.

More generally, a CM-type for L will be a subset ® of Hom(L, K) such that we have
a partition ® U ® = Hom(L, K).

Remark 2.13 (Link with the Hodge decomposition). Let A be a complex abelian variety
with complex multiplication by L and type ®. We have that Hom(L, C) = ® U &. Then
the tangent space V' of A at 0 is a complex vector space which decomposes as

V=_..

ged

where Vo ={v eV |£-v =0({)v} is an eigenline for the action of L. On top of that, [19,
I, Section 1] gives us the Hodge decomposition:

H'(A,C)=V*a V*

where * refers to duality and - refers to complex conjugation.

Hence, the eigenlines for the action of L on H!(A) are of 2 kinds: the eigenlines
which are in the H:%(A) corresponds to the characters o € ® and the eigenlines which
are in the H%'(A) corresponds to the characters o € .

Definition 2.14. A p-adic field is a finite extension K of Q,. We will denote by Ok the
ring of elements of K which are integral over Z,. The ring Ok has a unique maximal
ideal p, and the residue field Ok /p is a finite field.

The following proposition has been used by Shimura and Taniyama in [23], it will
provide us information on Weil numbers using information of Hodge theoretic nature. For
a proof, see [25, Lemma 5].

Proposition 2.15 (Shimura—Taniyama’s formula). Let K be a p-adic field with integer
ring Ok whose residue field is of cardinal qo. Fix an algebraic closure Q p of K, and an
abelian scheme A over Ok with CM by a field L with CM-type ®. For each place v of
L over p, let us denote by H, the subset of Hom(L, @I,) of maps which factors through
the completion L — L, and ®, = ® N H,. Then there exists m € L which induces the
Frobenius of the special fiber of A and such that for all place v|p in L we have

v(r)  #Dy
v(qo)  #H,
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The abelian varieties of this paper will be constructed by the following theorem [25,
Lemma 4], central in Honda—Tate theory.

Theorem 2.16. Let L be a CM-field and ® be a CM-type for L with values in @p. There
exist a p-adic field K, a morphism of Qp-algebras K — Qp, and a CM-abelian scheme
A of CM-type (L, ®) defined over the ring of integers Og.

We will now use the language of motives, for more precisions see [2] and [20, Sec-
tion 5.1]. In the following, S will be either Spec(C) where C is a field, or Spec(Ok)
where O is the ring of integers of a p-adic field K.

Definition 2.17. For a given field F of characteristic 0, the category of relative F'-linear
smooth Chow motives over S is denoted CHM(S)F. It is a rigid F-tensor category, for
each relatively smooth scheme X over S, we denote by §(X) the smooth Chow motive
associated to X.

Definition 2.18 (Realization functors). We will use the following realization functors:

» For s a point of S, 1 the point corresponding to an algebraic closure of «(s) and a
prime number £ different from the characteristic of « (s), we have the £-adic realization
functor

R?): CHM(S)g — Q¢[G]-modules,

extending b(X)+— H *(Xy,Q,) endowed with the natural action of G =Gal(k(1)/k(s)).

* FornaC-point of S, we have the Hodge realization functor with values in the category
of Q-Hodge structures Hodge(Q),

RW:CHM(S)q — Hodge(Q),
extending §(X) — Hg(X,, Q) endowed with its natural polarizable Hodge structure.

Remark 2.19. In practice, S will either be Spec(ko) with k¢ a finite field or Spec(Ok)
with Ok the ring of integers of a p-adic field K. In these cases we will take s to be the
identity of Spec(kg) or the residual point of Spec(Ok), and we will drop the s from the
notation Ry.

In these cases, s is the spectrum of a finite field, hence the Frobenius element is a
canonical element of G, and we get a canonical automorphism of R,;(M ) which we will
again call the arithmetic Frobenius. We define the geometric Frobenius of M as the inverse
of the arithmetic Frobenius.

Definition 2.20. Let M be a smooth Chow submotive of §(+) for an abelian scheme
A over S. We call rank of M and denote by dimg (M) the Q,-dimension of the £-adic
realization of M for any prime number £ invertible on S. This is independent of £ by [10,
Corollary 3.5].

Definition 2.21 (Tate classes in a motive). Let M be a smooth Chow motive over S, pure
of weight 2i. For a prime £ different from p, a Tate class in Ry(M) is an eigenvector of
the Frobenius endomorphism for the eigenvalue g*.
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We will say that M contains a Tate class if there is some £ such that Ry(M) contains
a non-zero Tate class (this is independent of £ by [11]). We will say that M contains only
Tate classes if the Frobenius endomorphism acts as multiplication by ¢* on Ry (M).

Definition 2.22 (Potential Tate classes in a motive). Let M be a smooth Chow motive
over S, pure of weight 2i. For £ different from p, let F' be the Frobenius endomorphism
acting on Ry(M). An element x of Ry(M) is called a potential Tate class if there exists k
such that x is an eigenvector of F¥ for the eigenvalue ¢’¥ on R, (M).

We will say that M contains only potential Tate classes if there is a power F* of the
Frobenius endomorphism F acting as ¢'%.

Definition 2.23. Let M be a Q-linear smooth Chow motive over S, of rank r. We say
M has CM if there is a CM-algebra R of degree r over Q and an injective map of rings
R — EndCHM(S)@ (M)

Theorem 2.24 (Deninger, Murre, O’Sullivan). Let 4 be an abelian scheme of relative
dimension g over S which is either the spectrum of a field or Spec(Ok) where Ok is the
ring of integers a p-adic field K. The Hopf algebra Y (A) is symmetric and the component
hl(A) of H(A) on which ny4) acts as n for every n satisfies /\22’7"_1 Hl(A) =0. In
particular, we get a decomposition

2g
H(4) = Py (4)
n=0

where §"(A) = \" h1(A). Moreover, the realization in L-adic cohomology of §" (A) cor-
responds to H" (Ay, Q) for all £, where 1 is a geometric point of S. This decomposition
is compatible with the morphism of specialization

Spec(F;) — Spec(Ok).

The decomposition of abelian motives in a relative setting has been done in [5, Corol-
lary 3.2] in the case where S is smooth over a field. For a proof of the previous theorem
in a more general setting see O’Sullivan [20, Theorem 5.1.6].

Remark 2.25. There is a general definition for Sym objects and /\ objects in a rigid
®-category. But with this definition, some notation may appear unusual: for an abelian
variety A over S = Spec(F,), we have §” (4) = Sym”§'(A). This is because §!(4) is an
odd cohomology group, and because the realization functor R, that we consider does not
respect the ®-structures, it respect them only up to a sign. Hence for this general definition
of Sym and /\, we have as expected

Re(Sym™5' (4)) = \"Re(8'(4)) = \" H' (4, Q).

But for psychological reasons, we will not use this general definition, and what we denote
by A" H1(A) in the previous theorem and in the rest of the article is the motive that is
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denoted Sym” ' (A4) in [20]. Hence in this paper, the convention is so that

Re(/n\bl(z‘l)) = /n\Re(f)(?I)).

The complex multiplication of L on an abelian scheme 4 allows us to decompose the
motive §” () into a direct sum of smaller motives.

Notations 2.26. Let S be either the spectrum of a field, or Spec(@g) where Ok is the ring
of integers of a p-adic field K. Let 4 be an abelian scheme of relative dimension g over S,
with complex multiplication by a CM-field L. We will denote by L a Galois closure of L,
G the Galois group of L over Q, a a primitive element of L over Q and {1, ..., 02¢}
the set of conjugates of ¢ in L. We can assume that Qiyg =0o; forl <i < g, and we will
identify the set {a, ..., az¢} With {1,...,2g} to endow the latter with an action of G. As
an embedding L — L is determined by its value at o, we have

Hom(L,Z) = {ayg,...,00g = {1,...,2g}.

Lemma 2.27. With the notations of 2.26, the motive ' (#A), has complex multiplication
by L. In particular, h () 7 is canonically the direct sum of rank 1 submotives indexed by
the embeddings Hom(L, Z) ~{1,...,2g}:

B'Ar= P Lo
aeHom(L,Z)
For a proof, see [1, Proposition 6.6].

Lemma 2.28. With the notations of 2.26, for n a non-negative integer, the motive §" (A)
has a canonical decomposition as a direct sum of lines

y'Mr= P L @.1)
IcHom(L,L)
|[I|=n
where L = Q) c; Lo and the Ly are the lines of Lemma 2.27.

Proof. Theorem 2.24 gives us §"(A) = /" h! (), then by multilinearity of /A" and by
the decomposition provided by Lemma 2.27, we get the desired result. ]

Proposition 2.29. With the notations of 2.26, we have a decomposition of §*(A) in
CHM(S)q

b"(A) = P M),
(1)

where (1) runs through the set of orbit of G acting on

{I cHom(L,L), |[I| =n} = {I C{l,...,2¢}, |I| = n}.



Examples for the standard conjecture of Hodge type 865

More precisely My is obtained by descent, by endowing

(Mg = P Ls

Je(I)
with a Q-structure for all orbits (I), where the Ly are the lines of Lemma 2.28.
For a proof, see [1, Proposition 6.7].

Remark 2.30. For a given subset / of {1,...,2g}, the rank of Mz, is #(I). Moreover,
these decompositions are stable under pullback by a morphism §' — S.

When S is Spec(B) where B is either a finite field, or the ring of integers of a p-adic
field, we have a canonical element 7 € End®(A) which we call will call Frobenius. In
case B is a finite field it is the usual geometric Frobenius acting on 4. If B is the ring of
integers Ok of a p-adic field K, then by Proposition 2.15 the Frobenius endomorphism of
the special fiber lifts to an element 77 of L C End®(+4). By functoriality, 7 acts on h1 (),
and we can order the set of its eigenvalues {my, ..., 72} C L so that the Frobenius acts

on My with eigenvalues in
{TT7 17 e,

jed
Hence, the {-adic realization of M) contains a non-zero Tate class if and only if #/ is
even and [,o; m; = ¢*!/2 where ¢ is the cardinal of the residue field of B.

Definition 2.31 (Motives containing algebraic classes). Let M be a smooth Chow motive
over S = Spec(F) pure of weight 2n, where F is an algebraically closed field. We will
say that M contains a non-zero algebraic class if there are maps

c:1(—n) - M,c": M — 1(—n)

such that ¢’ o ¢ # 0 in End(1) = Q.

Now, if M is a smooth Chow motive pure of weight 2n over S = Spec(@g) where
Ok is the ring of integers of a p-adic field K, or S = Spec(kg) with kg a finite field, we
fix a map s: SpeC(FI,) — S and we say that M contains a non-zero algebraic class in its
special fiber if s* M € CHM(Spec(FI,)) contains a non-zero algebraic class.

Proposition 2.32. Let A be an abelian scheme over S = Spec(Og) with Ok the ring of
integers of a p-adic field K or S = Spec(kg) with kg a finite field, and Spec(FI,) — S be
a geometric point of S. Let M be a submotive of §>" (+4) in CHM(S)q, then M contains
a non-zero algebraic classes in its special fiber in the sense of Definition 2.31 if and only
ifforall £ # p, Ry(M) C H*"(A xg IFI,, Qy¢) contains a non-zero algebraic class.

Proof. Denote by s: Spec(Fp) — S the geometric special point of S. By definition, M is a
direct summand of §2” (), hence we have an inclusion and a projection i: M — 52" (A),
p: 52" (A) — M. Assume that M contains a non-zero algebraic class in its special fiber,
then we have maps

c:1l(—=n) = s*M, c':s*M — 1(—n)
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such that ¢’ o ¢ # 0. Hence for any prime number £ # p, R;(c’ o ¢) # 0o that Ry(c) # 0.
Then the image of Ry (i o ¢) is by definition in Ry (M) and it contains a non-zero algebraic
class.

Now, assume that for all £ # p, Ry(M) C H?" (4 xg Fp, Q) contains a non-zero
algebraic class. Let £ % p be a prime number such that numerical equivalence coincides
with £-adic homological equivalence on 4 xg Fp (such an ¢ exists by [4, Theorem 1]).
By assumption, there is an algebraic {-adic class of 2" (+4)q, inside Mg,, which means
that we have a map

c1:1(=n)g, = s*H*" (A)q,
such that Ry(c1) # 0 has values in R¢(M ). Consider the map

¢ = pociil(—n)g, = s*Mg,.

We have
Ry(i) o Ry(c2) = Ry(i o p) o Ry(c1) = Ry(cy),
where the last equality comes from the fact that the image of Ry (c;) is inside Ry¢(M). As

Ry(cy) # 0, we deduce that Ry(cp) # 0. By compatibility of CHM(FI,) with respect to
extensions of coefficients [20, Section 5], we have an isomorphism

Hom (1(—n), s*M) ®q Q¢ ~ Hom (L(—n)q,.s*Mg,).

Hence there exists ¢: 1(—n) — s*M such that Ry(c) # 0, so that R;(i o c) # 0. As
homological equivalence coincides with numerical equivalence for £, there exists a map
cy:5*h?"(A) — 1(—n) such that ¢ o (i o ¢) # 0. Denote by ¢’ the composite

cyoi:s*M — 1(—n).

Then ¢’ o ¢ = ¢} oi o c # 0. This shows that M contains a non-zero algebraic class in its
special fiber in the sense of Definition 2.31. ]

Definition 2.33 (Exotic submotives). Let + be an abelian scheme over S = Spec(Ok)
with Ok the ring of integers of a p-adic field K or S = Spec(k¢) with k¢ a finite field,
and Spec(F '») — S be a geometric point of S. For a submotive M of f(+4) in CHM(S)q,
we will say that M is an exotic submotive of h(#4), or just an exotic motive if +4 is clear
in the context, if M # 0 and the non-zero elements of Ry(M) C H*(A Xg Fp, Q) are
exotic Tate classes. Equivalently, M # 0 is exotic if it is made of Tate classes, and if there
is no non-zero Lefschetz classes of A X g Fp in Rg(M).

In this definition, everything is independent of £ by [1, Proposition 6.8].

Definition 2.34 (Lefschetz submotives). Let +4 be an abelian scheme over S = Spec(UOg)
with Ok the ring of integers of a p-adic field K or S = Spec(kg) with k¢ a finite field,
and Spec(FI,) — S be a geometric point of S. For a submotive M of h(-A) in CHM(S)q,
we will say that M contains only Lefschetz classes in its special fiber if every element of
R¢(M) C H*(A xg Fp, Qy) is a Lefschetz class.
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Lemma 2.35. Let A be an abelian scheme over the ring of integers Ok of a p-adic
field K, or over a finite field k¢, with complex multiplication by a CM field L and 7 € L be
the Frobenius of its special fiber. Let L be a Galois closure of L, {my,...,7,} C L the set
of Galois conjugates of w and I be a subset of {1, ...,2g} = Hom(L, L) of cardinal 2n.
Then the motive My of Proposition 2.29 contains a non-zero Lefschetz class in its special
fiber if and only if the function

fridm, ..., } > N
mi>#o el |Im,o(x)" = nl"}
is invariant under complex conjugation. Moreover, it happens if and only if My contains
only Lefschetz classes.

Proof. Let Ag be the special fiber of 4 and A be its base change to Fp. The fact that
My contains a non-zero Lefschetz class if and only if all of its cohomology classes are
Lefschetz is [ 1, Proposition 6.8].

Up to replacing Ag by an extension of scalars, we can assume that all divisor classes
of A come from divisor classes of Ay. Consider

‘f(A)Z = @ L{o,a’}
{o,0"}CHom(L,L)
o(m)o’(w)=q

as a submotive of I)Z(A)Z. The Q-structure on bZ(A)Z induces a Q-structure on £(A4)7,
which gives rise to £(A4) € CHM(k)q such that £(4) ®q L = £(A);. Denote by IL the
set

{{o.0"} C Hom(L, L) | o(m)o'(n) = q},

and for y: L. — N, denote by

= x(),

sel

Ly=@Q) L.
selL

Because we have the decomposition of &£(4)7 as a sum of lines, we deduce

Ssym'£(A); = P Ly
x:L—->N
[x|=n
According to Tate’s theorem [24, Theorem 4] the £-adic realization of &£(A) is the sub-
space of divisors classes in H?(A, Qg). More precisely, it is the subspace of divisors
classes in

H2(A0 Xko va QE)
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which are defined over kg, but by hypothesis all divisors classes of A are defined over k.
Cup product induces a map

A:Sym" £(A) — H>"(A),

which is compatible with the decompositions in sum of lines. The image of Ry A consists
of sums of products of divisors, hence it is the subspace of Lefschetz classes in H f” (A).
Hence the submotive M sy of h2"(A) contains a non-zero Lefschetz class if and only if
it has a non-zero intersection with the image of A. By compatibility of A with respect to
the decompositions and by Galois equivariance, this is the case if and only if the line Ly
of Lemma 2.28 is in the image of A. This happens if and only if there is a decomposition

I = U {o,0"}.

{o,0'}eJ

Such a decomposition exists if and only if f; is invariant under complex conjugation. =

Remark 2.36. The decomposition provided by Proposition 2.29 is not orthogonal for
the intersection product. But we can introduce another product (—, —)%i’(’n, for which the
decomposition is orthogonal [1, Proposition 6.7]. Moreover, we know how to compare
these two pairings on $"(A): they are equal up to multiplication by a positive scalar [1,
Lemma 5.3]. Hence, it is sufficient to prove the standard conjecture of Hodge type for

M 1y’s separately, for more details see [1, Sections 5-6].

Knowing the rank of the motives of Proposition 2.29 will be useful in view of the next
theorem due to Ancona [1, Theorem 8.1].

Theorem 2.37. Let M be a relative smooth Chow motive over the ring of integers Ok
of a p-adic field K, with a quadratic form q. Denote by Vp the Betti realization, Vz the
vector space of algebraic classes in the geometric special fiber of M modulo numerical
equivalence. Assume that

(1) dimg Vp = dimg Vz = 2,
(2) qB:Vp x Vg — Q is a polarization of Hodge structures.

Then, qz is positive definite.

3. Main result and consequences

In this section, we state the main result of the paper, Theorem 3.1. Then we explain how
to deduce Theorem 1.1 announced in the introduction from it. The proof of Theorem 3.1
is given in Section 5.

We fix a prime number p.

Theorem 3.1. Let Q be an imaginary quadratic number field in which p is inert. Then
for each totally real field R of even degree g satisfying

(1) pisinertin R,
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2) Ifﬁ is a Galois closure of R, then Gal(ﬁ/(@) =S,

(3) There is an embedding of fields Q, = O ®q Qp — R, = R ®¢g Qp,
there exists a simple abelian variety A over Fp such that
* A satisfies the standard conjecture of Hodge type,

* A x E satisfies the standard conjecture of Hodge type, where E is a supersingular
elliptic curve,

e End’(4) =0 -R,
* there is a Tate class on A that cannot be the reduction of an algebraic class on a CM
integral model of A, nor a Lefschetz class.

The proof will be given in Section 5.

Proposition 3.2. Let Q be an imaginary quadratic field, in which p is irreducible and
g = 4 be an even integer. Then there exist infinitely many fields R of degree g satisfying
the assumptions of Theorem 3.1.

Proof. This is a classical consequence of the approximation theorem. Let us choose an
unramified extension of Q, of degree g/2, that we call R,. Let P, be the minimal poly-
nomial of any primitive element of R, over Q,.

Let £, ¢ > g be distinct prime numbers. We can consider unitary polynomials of
degree g, Py and Py such that Py is irreducible over IFy and Py has exactly g — 2 distinct
roots in Fyr.

We can also consider a unitary real polynomial Pr of degree g having exactly g
distinct real roots.

The approximation theorem gives a unitary polynomial P of degree g which is a good
approximation of the polynomials constructed previously at p, £, £ and at infinity. Let R
be a rupture field of P, it satisfies conditions 1 and 3 because of the p-adic conditions.
It satisfies condition 2 because the Galois group of its normal closure is a subgroup of
Sg that contains a g-cycle because of the £-adic condition, and a 2-cycle because of the
{’-adic condition. And these two cycles generate S, . The field R is totally real because P
is split over R by the condition at infinity. ]

Corollary 3.3. For each prime p and even integer g = 4, there exist infinitely many simple
abelian varieties AT » of dimension g that satisfy the standard conjecture of Hodge type
and such that there exists a Tate class on A which is not a Lefschetz class nor liftable as a
Hodge class in characteristic zero.

Proof. Let p be a prime number, g = 4 an even integer, and be Q an imaginary quadratic
field in which p is inert. Let (R;);en be an infinite family of distinct fields of degree g
satisfying the assumptions of Theorem 3.1, constructed in Proposition 3.2. Then consider
the infinite family of fields L; = QR;.If L; = L;, then their maximal totally real subfields
are equal, hence R; = Rj andi = j.
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Now, consider A;/ Fp the abelian variety constructed in Theorem 3.1 associated to Q
and R;. The elements of the family (A4;);en are distinct because if A; is isogenous to A;,
then End® (4j) =~ End®(4 7) which means that L; == L; so thati = j. Moreover, the A4;’s
satisfy the assumptions of Corollary 3.3 by hypothesis of Theorem 3.1. ]

Corollary 3.4. For each prime p and odd integer g = 5, there exist infinitely many abelian
varieties A/ ﬁp of dimension g that satisfy the standard conjecture of Hodge type and such
that there exists a Tate class on A which is not a Lefschetz class nor liftable as a Hodge
class in characteristic zero.

Proof. Let p be a prime number, g = 5 an odd integer, and be Q an imaginary quadratic
field in which p is inert. Then g’ = g — 1 = 4 is even, let (R;);en be an infinite family
of distinct fields of degree g’ satisfying the assumptions of Theorem 3.1, constructed in
Proposition 3.2. Then consider the infinite family of fields L; = OR;. If L; = Lj, then
their maximal totally real subfields are equal, hence R; = Rj andi = j.

Consider A; the abelian variety of dimension g’ given by 3.1. Let E be a supersingular
elliptic curve, then A; = A;. x E is an abelian variety of dimension g, and it satisfies the
standard conjecture of Hodge type. Moreover, the pullback of a non-liftable Tate class in
Hg/(A;) by the projection 4; — A is a Tate class in H#'(A;) which is non-liftable.

Moreover, if A; is isogenous to A;, then A] is isogenous to A}. Hence End® (4}) =
EndO(A}), which means that L; =~ L; andi = . [

Remark 3.5. In the proof that there is no lift of the Tate class to a CM abelian scheme
of characteristic 0, the complex multiplication plays a role through Shimura—Taniyama
formula 2.15.

But it can also be proved that there is no lift of the Tate class to any abelian scheme of
characteristic 0. Indeed, results of Kisin-Madapusi—Shin about Honda-Tate for Shimura
varieties of Hodge type [12] reduce the question to the CM case.

4. A minimality result about Weil numbers

Let p be a prime number, L /K an extension of number fields, and x an element of L. If
x¥ is in K for some k, then the p-adic valuations of x in L satisfy certain compatibility
conditions. Namely, let v be a p-adic valuation on K, and vy, ..., v, be the extensions of
vto L.If x¥ € K then vy(x) = va(x) = --- = v, (x) = v(x). The goal of this section is
to prove Proposition 4.2 which is about the converse.

Definition 4.1. We will say that x € L is p-potentially in K when for all p-adic valuations
v of K, and all extensions v1, vy of v to L we have

v1(x) = va(x).

To say it differently, the valuation of x is independent of the extension w of v to L.
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Proposition 4.2. Let w € L be a Weil q-number where q is a power of p. If w is p-
potentially in K, then 7% € K where k is the order of the group of roots of unity in a
Galois closure L of L.

The proof will be given at the end of the section.

Corollary 4.3. Assume that for all p-adic valuation v of K, there is a unique extension
of v to L. Then for all Weil q-number 7t € L, there is k € N ¢ such that 7% e K.

Remark 4.4. Proposition 4.2 tells us that the field () cn_ . Q(r*) is the smallest subfield
K of L such that 7 is p-potentially in K.

The following definitions are reminiscent of slope vectors as presented in [6, Sec-
tion 3], but are more functorial.

Definition 4.5. Let K be a field, denote by P(K) the set of p-adic valuations on K that
are normalized so that v(p) = 1. We define the Q-vector space V(K) = QFK) of Q-
valued functions on P(K).

Definition 4.6. Let K be a field, we define vg: K> — V(K) that sends a non-zero element
x 10 (V(xX))yeP(K)-

Proposition 4.7. Let 6: K — L be a map of number field (e.g., a field extension LK),
the map

ro: P(L) —> P(K)

V> voo,
is surjective, and the Q-linear map
ig: V(K) — V(L)
S forg,

is injective. Moreover, the following square is commutative:

K* 55 V(K)

—

L 5 v(L).
Proof. The surjectivity of r, comes from the standard fact that for all valuation v of K,
there exists an extension v’ of v to L. The injectivity of i, follows from the surjectivity
of r,. The commutativity of the diagram comes from the fact that for each x € K and any
valuation v of L we have v o 6(x) = v(o(x)). |

Remark 4.8. For a number field L, and L its Galois closure, with Galois group G over
Q, G acts via Proposition 4.7 on P(L) and on V(L).
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The following lemma about Weil number is well known, see [6, Proposition 3.1]
and [3, Theorem 3.4].

Proposition 4.9. Let K be a field, the map vk of Definition 4.6 is injective on Weil q-
numbers modulo torsion. More precisely, let k be the order of the group of roots of unity
in K, then for any Weil q-numbers my and m, such that vk (m1) = vk (m2), we have

k _ _k
Ty =T,

Proof. If vg (1) = vk (m2), then g—; is a unit in K. Moreover, it is of module 1 for all

places at infinity, hence % is a root of unity by a theorem of Kronecker. We conclude that
k= nk. |

Proposition 4.10. Let L be a number field with Galois closure LG= Gal(z /Q), melL
be a Weil g-number and F = Q(7%) where k is the order of the group of roots of unity
in L. Consider the vector vy (m) € V(Z) of Definition 4.6 and the action of G on V(Z).
They satisfy

Fixg (UZ (7‘[)) = Fixg (F).

Proof. Anelemento € G isamap o L — L, hence it induces maps s and i, via Propo-
sition 4.7. By functoriality, we have a commutative diagram:

~ UZ ~

L* —— V(L)

O

~ 'UZ ~

L* ——= V(L).
If o € Fixg(F) then o(n¥) = n¥. Hence if we apply vy to the previous equality, the

previous diagram tells us that is(vy (%)) = vy (%), hence o € Fixg (v7(m)). On the
other hand, if o € Fixg (vy (1)), then we get

vy (o (7)) = vy (7).

The algebraic integers 7 and o (;r) are Weil g-numbers, by Proposition 4.9 we get 78 =
o (%), and o € Fixg(F). |

With the last proposition, we can prove Proposition 4.2 pretty efficiently (one can also
give a proof of Proposition 4.2 by doing a computation with the explicit factorization of
7 as a product of prime ideals).

Proof of Proposition 4.2. The condition that 7 is p-potentially in K implies that
Fixg (K) C Fixg (v (7))

because Fixg(K) = Gal(z / K) acts transitively on valuations of L above any valuation v
of K. But Fixg (vy (7)) = Fixg (F') by Proposition 4.10, where I = Q(r*) and k is the
order of the group of roots of unity in L. Hence Fixg(K) C Fixg(F), so that F C K by
Galois theory. We conclude that 7% € K. ]
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5. Proof of the main theorem

The goal of this section is to prove Theorem 3.1. First, in Lemma 5.3 we build a CM-
field L with a CM-type @ satisfying some p-adic conditions. Then in Proposition 5.4,
we prove that there exists an abelian scheme # over the ring of integers Ok of a p-adic
field K, with complex multiplication by L and CM-type ®. We study properties of L and
@ in Lemma 5.5 and Proposition 5.7, then we explain how to deduce properties of 4 in
Proposition 5.12. In Lemma 5.14 we obtain a full description of the exotic classes in the
{£-adic cohomology of . The proof of Theorem 3.1 follows from this description.

Let g = 4 be an even integer, and O, R be number fields as in Theorem 3.1. We will
start by studying the p-adic valuations of L := Q - R.

The field Q has a canonical involution 7o induced by complex conjugation. It induces
an involution 77, of L that we will write x — X, and it extends to an automorphism of
L®Q,.

Lemma 5.1. There are exactly two prime ideals over p in L, they are unramified of resid-
ual degree g and they are swapped by complex conjugation ty..

Proof. As Q is totally imaginary and R is totally real, we have that L = Q ®qg R. Hence

L®Qp,=(0 ®qQp) ®q, (RBq Q)p)
= QP ®Qp RP
=R, xR,

where the second equality comes from the behavior of Q and L at the prime p, and the last
one comes from the embedding O, < R, (take a primitive element of O, its minimal
polynomial splits in R, and the equality follows from the Chinese remainder theorem).

It can be seen that tg swaps the factors above, hence we have two unramified prime
ideals above p in L and they are swapped by complex conjugation and the residual degrees
are both g. ]

Definition 5.2. We will denote by v and v the discrete valuations corresponding to the
prime ideals of Lemma 5.1.

Lemma 5.3. There is a CM-type ® for L (as defined in 2.12) such that

#P; =g —1,
where Hy» = {0: L — @p | o factors through Ly« } and @y« = ® N Hyx for v* € {v, v}.

Proof. Letn, =1andny = g— 1, wehavethatn,,n; € Nandn, +ny =g =[L, : Qp].
By a combinatorial result described in [25, Section 4] we can find such a CM-type ®
for L. |
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Proposition 5.4. There exists a p-adic field K and an abelian scheme A over the ring of
integers Ok of K, with complex multiplication by L such that the CM-type is © satisfying
Lemma 5.3. Moreover, there is m € L which induces the Frobenius on the special fiber
of A, and such that

#®, ny 1
U(]'[) === —,

#H, g g (5.1)
_ #Djy ng 1 ’
v(mw) = =—=1--,

#Hy; g g

for the normalization v(q) = v(q) = 1 where q is the cardinal of the residue field of K.

Proof. The existence of K and +4 follows from Honda—Tate theory (see Theorem 2.16).
The existence and properties of 7 follows from Proposition 2.15 applied to 4 and ©. =

We will now turn to the study of the abelian scheme + satisfying Proposition 5.4.

Lemma 5.5. For any A satisfying Proposition 5.4, the Frobenius w € L is such that

Q@) = L.

Proof. Let R be a Galois closure of R. We have that QO and R are algebraically disjoint,
and L := Q - R is a Galois closure of L. Hence we get an isomorphism

G := Gal(L/Q) = Gal(Q/Q) x Gal(R/Q). (5.2)

We have that Gal(Q/Q) is isomorphic to jtp. Let {1, ..., itg} = Hom(R, E), it follows
from the hypothesis of Theorem 3.1 that the action of Gal(ﬁ /Q) on Hom(R, E) gives an
identification Gal(ﬁ/@) = S, such that for o € S; we have o (;) = pg(). It follows
that we have a computation of the Galois group

G =z x Sg. (5.3)
With this isomorphism, we have that (g, o) acts on
Hom(L, L) = Hom(Q, Q) x Hom(R, E)

as

(£.0) - (/s 1) = (€', poy)-
We know that 7 ¢ Q nor in R, because for all x € Q or R, v(x) = v(x) and this is not
the case for i by (5.1).

We have that Fixg ({7}) is a subgroup of Gal(z /Q) that contains Fixg (L). Through
the identification (5.3), Fixg (L) corresponds to {0} x Sg_; (We see Sg—; as a subgroup
of S, through its action on {2, ..., g}). Indeed (¢,0)(1, 1) = (1, 1) ifand only if e = 1
and fLg(1) = M1

Hence Fixg ({}) is a subgroup of Z/2Z x S, that contains {0} x Sy—; and that
does not contain Z /27 nor Sg. By a group theoretic computation we obtain that H =
{0} x Sg_1, hence that L = Q(x). |
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Definition 5.6. Let 7 be a Weil number satisfying Proposition 5.4, and my, ..., g be
the Q-conjugates of 7 in some Galois closure L  C of L. Then, we set Titg = m; for
I<i<g.

Then the set {71, . .., w2, } is the conjugacy class of w over Q. Hence, once we identify
{1,...,2g} with {my, ..., 72}, as in Proposition 2.29, we get that the complex conjuga-
tion actson {1,...,2¢g}asi + i + g mod 2g.

Proposition 5.7. For any #A satisfying Proposition 5.4, there is a unique isomorphism of
groups
12 x Sg = Gal(L/Q)

such that for all 1 <i < g, the image of (¢,0) in Gal(Z/Q) acts on m; by:

ey ife=1,
(e.0)m =1 70® (5.4)
T (i) le = —1.
Proof. The uniqueness comes from the fact that L= Q(my, ..., mg), so that the image of

a pair (g, 0) is determined by its action on the generators.
Let x = m + &, which is a primitive element of R and x; = m; + 7;. Then we can
order Hom(R, R) = {u1,..., lLg} so that
Wi (x) = x;.
Then the action of Gal(E/Q) on Hom(R, E) defines an isomorphism Gal(ﬁ/@) ~ S,.

By linear disjointness of Q and R, we have an isomorphism

Gal(L/Q) = s x Sg
satisfying the required property. ]

Proposition 5.8. There is a choice of A in Proposition 5.4 such that the elements of the
conjugacy class of the Frobenius w € L satisfy the following relation:

2
my g = g8/,

Proof. Let K’, A" and 7’ be any choice satisfying Proposition 5.4. The conjugacy class
of 7’ over Q is {m],..., ﬂé}, hence

wy - = Npjo ().

In particular, Ny /o (x’) € Q is a Weil g’4-number and as p is irreducible in Q, Corol-
lary 4.3 tells us that there is w > 0 such that Ny ;o (7')* € Q. By definition of a Weil
number we have

Npjo(m')¥ - Npjo(w = ¢,

so that Ny o (n/)?" = ¢'"# because every term in the last equality is a real number. If we
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set k = 2w, we can choose K an unramified extension of K’ of degree k and set
4t
A=A X@K, (91(.

Then = = n’* € L will be the Frobenius endomorphism of the special fiber of 4, and we
get the desired equality:

2
nl...ng :qg/ .

Let us say moreover that the isomorphism Gal(z /Q) = o x Sg of Proposition 5.7 is the
same for 7 and for 7/, by uniqueness of the isomorphism. ]

Remark 5.9. According to Remark 2.30, a relation as the one in Proposition 5.8 expresses
the existence of Tate classes in a linear subspace of the £-adic cohomology H¢ (A, Q) of
the special fiber A of .

Definition 5.10. Let 4 be an abelian scheme satisfying Proposition 5.8, A4 be its special
fiber and B be any CM-lift of the special fiber A over the ring of integers Ok of a p-adic
field K’. Then B has CM by L and we can set

102{1,...,g},

and according to the result of Proposition 2.29, we get a direct factor Mz, of H¢(8) of
rank 2, whose realizations are full of Tate classes.

Remark 5.11. There is another description of the motive M(y,). We defined it using the
relation of Proposition 5.8 coming from the norm Np, g, which is merely a Q-linear
determinant. We can do it more intrinsically by considering the motive of Q-dimension g,
H1(B) e CHM(Og) o (we look at it with coefficient in Q, using the action of the complex
multiplication). Then we can consider its determinant /\gQ h1(B) which is of weight g and
Q-dimension 1. Then by forgetting the Q-linear structure on /\Z H1(B), we get a motive
of weight g and rank 2 in CHM(Ok-)q. Moreover, the composite map

g g
My = 5¥(B) = \Jp'(8) > N\ p'(B)
is an isomorphism.

We fix an isomorphism C 2= Q p» S0 that we can consider Hodge realizations of motives
in CHM(Ok), where Ok is the ring of integers of a p-adic field K endowed with a Q-
algebramap K — Q.

Proposition 5.12. Let A be an abelian scheme over Ok satisfying Proposition 5.8, and
A its special fiber. For any CM-lifting B of A over the ring of integers Ok of a p-adic
field K', the Hodge realization of M1, given by Definition 5.10 is of type

(g/2+1,g/2—1), (g/2—-1,g/2+1),

hence it does not contain Hodge classes. In particular, the generic fiber of the motive
M,y does not contain any algebraic class.
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Proof. The isomorphism C 2~ Q p» endows C with a discrete valuation v, we can normalize
it so that v(g) = 1. Let &’ be the CM-type of B, and choose an isometric embedding
K’ — C. From the Shimura—Taniyama formula (5.1) we deduce:

there exists exactly one complex embedding 0 € @' of L in C such that v(a(n)) = —.

By Remark 2.13, as 7 is a primitive element for L, the condition for an embedding o: L —
C to be in ® is equivalent to the condition that the eigenspace of 7 acting on H'! (B¢, C)
for the eigenvalue o () is of type (1, 0) for the Hodge decomposition.

Up to renumbering the m;’s, we can assume o () = my. Let L, be the eigenline
associated to the eigenvalue 7; for the action of 7 on H (8¢, C).

The only way that the relation of Proposition 5.8 is satisfied is that (after possibly
renaming the ;’s)

1
v(my) =+ = v(mg2) = —
g
and |
V(Tgjap1) = =v(mg) =1— .
Hence we have that the eigenvalues 73, ..., mg/, give rise to lines in H 0.1 and that the
eigenvalues g /242, ..., g give rise to lines in H 1.0 The tensor product of the lines L,
for 1 <i < g will be aline L in H&/?>+1:8/2=1 and by its definition in Proposition 2.29,
the realization of My, is the direct sum of L and L. [

Remark 5.13. In Proposition 5.12, we prove that Tate classes in M(j,) cannot be lifted
to algebraic classes on the generic fiber of 4 because they cannot be Hodge classes. It is
also possible to prove that those Tate classes cannot be lifted to algebraic classes without
referring to Hodge theory: the abelian scheme 4 over O is in fact the localization of an
abelian scheme 4 over © zlS ~1] where O & 1s the ring of integers of a number field K
that we can assume Galois over Q, and S is a finite set of prime numbers. The complex
multiplication can also be defined for ,,f( and so the motive Mz,) can be seen as a relative
motive over O g [S71]. B

The specialization of M|y, at some place of K above p is full of Tate classes, but we
can prove that for infinitely many prime numbers p, the specializations of M|y, to places
p above p does not contain Tate classes, and this will prove that Mz, does not bear an
algebraic class in characteristic zero. Indeed, by Chebotarev, there exist infinitely many
primes p such that p splits completely in K /Q and we can choose £ such that £ splits
completely in L. Then, we can apply Shimura—Taniyama formula 2.15, to A ata place p
above p in K and we get that there is 7 € L inducing the Frobenius on the special fiber
of A at p satisfying a property close to what happens in the proof of Proposition 5.12,
namely:

0 =v(T) = v(Tg/a42) = -+ = v(Tg),

1 =v(T@g/241) = v(72) =+ = v(Tg)2).
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Here {71, .. ng} denotes the set of Q-conjugates of 7 in Landvisa p-adic valuation
on L where L is a Galois closure of L. Denote by g the size of the residue field of K
at p, v is normalized so that v(g) = 1. The eigenvalues of the Frobenius at p acting
on RyM;y, are conjugated to 77; X --- X 74, and this number cannot be &/ because
V(F - Te) = g/2— 1and v(G8/?) = g/2.

We will now show that the non-zero Tate classes in realizations of M|y, are exotic
Tate classes, and that all exotic classes in realizations of §(+4) come from the realizations
of M (Ip)-

Lemma 5.14. Let A be an abelian scheme satisfying Proposition 5.8 with special fiber
Ao/F4 and Eo/Fy be a supersingular elliptic curve. Then the only exotic submotives of

H* (Ao x Eo) = §*(4o) ® H*(Eo)
are M1,y ® H°(Eo) and M1,y ® H*(Eo). Moreover; the only exotic submotive of h*(Ao)
is My,

Proof. Wehave 1 € Ip and 1 4 g & Ip hence by Lemma 2.35, the motive Mz,) does not
contain non-zero Lefschetz classes, hence it is exotic. As §°(Ey) and H2(E) contain only
Lefschetz classes and are invertible, M z,) ® H°(Eo) and M,y ® h>(Ey) are also exotic.

According to Proposition 2.29, h*(Ap) decomposes as a direct sum of motives M)
If such a summand contains only potential Tate classes then k := #/ is even and

ek
[1n ="

iel
for some e. Then by Lemma 5.15, we get that
» either (1) = (/o) so that M(;y = My,

e or/ canbe writtenas I = Uielﬂ[l,g]{i’i + g}, which implies that M7y is not exotic
by Lemma 2.35.

This proves the last sentence of the lemma. Now, we see using Kunneth formula that

§* (Ao x Eo)

decomposes as a direct sum of motives,
(1) ® H"(Eo)

with 0 < n < 2. If such a summand contains only potential Tate classes, then #I + n is
even and we have

e en e(k+n)

(1_[ Ty ) Xq?2 =q 2

iel

for some e, where k = #1. Hence
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so that we can apply Lemma 5.15. We get that & is even, so that » = 0 or 2 and
» either (I) = (/o) so that M(;y = My,

e or/ canbe written as I = Uielﬂ[l,g]{i’i + g}, which implies that M7y is not exotic
by Lemma 2.35. As h"(Ep) has rank 1 and contains only Lefschetz classes, M7y ®
§" (Ey) is not exotic either. [ ]

Lemma 5.15. In the context of Lemma 5.14, let I C {1,...,2g} be of cardinal k, such

that
([T=)=4* (5.5)

iel

for some e. Then k is even and either (I) = (lo) or I can be written as

= J Gi+g

ielN[l,g]

Proof. If there is i in I such thati + g € I (i.e., if we can factorize the relation by
winf, g = q) then by removing i and i + g from I, we get a smaller set I’ satisfying the
assumptions of the lemma, and finding a partition for /’ amounts to finding one for /.

Hence we can assume that there are noi € I such thati 4+ g € I. In this case we have

g
k=#1=#(Ulﬂ{i,i+g})

i=1

g
<Y #IN{ii+ g}

i=1

<g.

More precisely we have k = 0 or k = g. We will prove this by contradiction, assume
0<k <g. Thenwecanfind1 < j < gsuchthat j ¢ and j + g & I. By changing the
representative of (/), we can choose ig € I N [1, g] (if not possible for [ itself, replace it
by 7). By assumption on / this implies that ig + g & 1.

Let us consider o the automorphism of L corresponding to the element (1, (ip j))
through the isomorphism of Proposition 5.7. Here (ip j) denotes the transposition that
swaps ig and j. By applying o to (5.5) we get

so that (5.4) gives us:
[T =f=4%. (5.6)
iel\igU{;}
Now, by taking the quotient of (5.5) by (5.6) we get 77 ;¢ = 1, which is impossible
since ¢ has 2g distinct conjugates. Hence k = 0 or k = g, in any case k is even.
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If £ = 0, then we have the desired partition.
Now assume k = g. By changing the representative of (/), we can assume /N [1, g] # .
The algebraic integers {7; }1<; <2, satisfy the relations:

By taking the product of these relations, then by canceling relations of the form

¢ = q°, we get the following:

e
T nl+g

ielN[l,g]
for some s. If #/ N [1,g] = g, then I = [1, g] and (1) = (). Otherwise, we have
0<#INJ[l,g]<g,
and we can apply the previous case with ¢’ = 2e to get a contradiction. ]

Proof of Theorem 3.1. Let Q, R be number fields as in Theorem 3.1, and L = Q - R.
Denote by 4A/Ok the abelian scheme provided by Proposition 5.4, satisfying Proposi-
tion 5.8. It has CM by L, as well as its special fiber Ay and its geometric special fiber
A. We see that A is geometrically simple with End®(4) = L by applying Lemma 5.5 to
extensions of scalars of .

In view of Proposition 2.29, we have a decomposition §*(+4) into a direct sum of
motives M(yy. Moreover, for any abelian scheme & /Ox whose special fiber E is a super-
singular elliptic curve, we obtain a decomposition of h* (4 x &) by tensoring the previous
decomposition of §*(A) with §h*(&).

Denote by E the geometric special fiber of &. According to Remark 2.36, in order
to prove the standard conjecture of Hodge type for A x E and A, it suffices to prove the
positivity on each summand of the decomposition separately. Let M be a summand of
H*(A x &) or h*(+A), containing only potential Tate classes. According to Lemma 5.14,
there are two possibility:

» either M contains only Lefschetz classes in its special fiber,

* or M is an exotic motive among M sy, M1,y ® §°(8), M(1,y ® H?(€), which are of
rank 2 by Remark 2.30.

The standard conjecture of Hodge type holds for motives containing only Lefschetz classes
in their special fibers by Proposition 2.4. Hence we can assume that M has rank 2.

If algebraic cycles in the special fiber of M are numerically trivial, then the pairing is
0 and positivity is automatic. Otherwise, Theorem 2.37 applies to M endowed with the
intersection product. Indeed, M has rank 2, has dimg(Vz) = 2, and as it comes from an
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abelian scheme, Riemann’s relations tell us that the intersection form induces a polariza-
tion on the Betti realization.

Hence the standard conjecture of Hodge type holds true for A and A x E. Moreover,
according to Proposition 5.12, there is an exotic Tate class in A which is not liftable to
characteristic 0. |

6. Abelian varieties of Weil-Tate type

A crucial input for Theorem 3.1 is Theorem 2.37 in which a condition of rank 2 is needed.
In this section, we will explain some concrete consequences of this condition. In partic-
ular, it will justify why we only have new examples for simple abelian varieties in even
dimension.

Definition 6.1 (Mildly exotic abelian varieties). Let A be a geometrically simple abelian
variety over a finite field, of dimension g. We say A is mildly exotic if there exists L a
CM-field of degree 2g such that A has CM by L and

(1) There are exotic classes in the cohomology of A (i.e., there is an exotic direct
summand in the decomposition of Proposition 2.29).

(2) Any direct summand of the form M) of H2i (A) which is an exotic submotive of
§(A) is of rank at most 2.

We will say that a simple abelian variety A4/ Fp is mildly exotic if it has a model Ay over
a finite field ko which is mildly exotic in the previous sense.

Remark 6.2. An exotic submotive My of H2*(A) cannot be of rank 1. Indeed by Re-
mark 2.30, its rank is the size of (/). This size canonlybe 1if I =@ orif I ={1,...,2¢g},
and in these cases M|y is not exotic by Lemma 2.35.

Hence in Definition 6.1, it is equivalent to ask that M ;) has rank 2 or to ask that it has
rank at most 2.

The proof of Theorem 1.1 given at the end of Section 5 can be separated in two main
parts. First, constructing simple abelian varieties which are mildly exotic, then proving
the standard conjecture of Hodge type for mildly exotic abelian varieties. To prove Theo-
rem 1.1 one must also prove that the exotic classes in consideration do not lift as Hodge
classes in characteristic 0, but we will not consider these questions in the following.

Theorem 6.3. For each prime p and even integer g = 4, there exist infinitely many mildly
exotic abelian varieties of dimension g over IFp,.

Proof. Let g = 4 be an even integer and Q be a quadratic imaginary number field in
which p is irreducible. For a field R satisfying Proposition 3.2, we set L = Q - R. Then
we choose an abelian scheme # /O of relative dimension g, satisfying Proposition 5.8
where O is the ring of integers of a p-adic field K. Let = € L be the lift of the Frobenius
endomorphism of the special fiber of #4 satisfying Proposition 2.15. By Definition 5.6 and
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Proposition 5.7, we can order the conjugates of 7 in L,

{7‘[1,...,7T2g},

in such a way that we can compute the action of the Galois group G = Gal(L /Q).
With such a context, Lemma 5.14 tells us that there is a unique exotic submotive in
the decomposition of §*(+) provided by Proposition 2.29, and it is associated to the set
Io ={1,..., g}. Moreover, My, has rank #(/o) by Remark 2.30. Finally, according to
Proposition 5.7, I has only one conjugate which is

{g+1,...,2g}.

Hence the special fiber A of » is mildly exotic and also its extension A to Fp. As A
determines R, and because we have infinitely many choices for R, we produced infinitely
many mildly exotic abelian varieties. ]

Theorem 6.4. If A is a mildly exotic geometrically simple abelian variety, then A satisfies
the standard conjecture of Hodge type.

Proof. Let A be a mildly exotic simple abelian variety of dimension g over Fp- Let Ap
be a model of A over a finite field ko, which is mildly exotic and has CM by a field L.
We can assume that all algebraic cycles of A are defined over kg, so that proving the
standard conjecture of Hodge type for cycles on A amounts to proving it for cycles on
Ao. Moreover, if we prove the conjecture for any abelian variety isogenous to Ao, then
the conjecture for A¢ follows. According to [25, Théoréme 2], on a finite extension of ky,
Ao becomes isogenous to the reduction of a CM abelian variety in characteristic 0. That
is there exists a p-adic field K whose residue field & is a finite extension of kg, and an
abelian scheme + over the ring of integers Og with CM by L such that the special fiber
of +4 is isogenous to Ay xg, k.

Hence we can assume that Ay is the special fiber of # and k1 = k¢. Let us consider
the decomposition of §h?/(A4y) and h?'(A) provided by Proposition 2.29. According to
Remark 2.30 these decomposition are stable by pullbacks, hence the decomposition of
H2%(Ap) is the pullback of the decomposition of h?/ () along the morphism

Spec(ko) — Spec(Ok).

Using the notations of 2.26, the assumption that A is mildly exotic gives us that the ranks
of exotic motives M yy associated to / C {1,...,2g} in CHM(Og)q are less than 2.
According to Remark 2.36, to prove the standard conjecture of Hodge type for Ay, it
suffices to prove a positivity result for each summand My containing algebraic classes.
For such a direct summand M), either it contains only Lefschetz classes, or it is exotic. In
the first case the positivity result follows from Proposition 2.4. In the second case, My is
of rank 2 because Ay is mildly exotic, and the positivity result follows from Theorem 2.37.
Note that M(;y cannot be of rank 1 by Remark 6.2 ]
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Definition 6.5. We will say an abelian variety A over I, is of Weil-Tate type if there
exists a quadratic subfield Q of End®(A) such that the motive

M= N\ b'(A)

consists of potential Tate classes. We will call M a Weil-Tate submotive of A and coho-
mology classes in M will be called Weil-Tate classes.

Remark 6.6. The previous definition is to link with Weil classes in complex abelian vari-
eties such as described in [18]. There are many results on these Weil classes: Markman
in [15] proves the Hodge conjecture for many abelian fourfolds of Weil type. In [18]
they define Weil classes in presence of CM-fields L of degree 2k and give criterions for
/\i/ kit (A4,Q) to be of type (%, %) or to contain exceptional Hodge classes. In [18, Sec-
tion 16] they talk about the counterpart for Tate classes, for abelian varieties defined over
number fields. Definition 6.5 differs from the usual Weil classes in two ways:

*  We are dealing with Tate classes instead of Hodge classes.
*  We are dealing with abelian varieties over finite fields.

This is why we decided to use a different name, and to include the name of Tate to the
definition.

Theorem 6.7. Let A be a geometrically simple mildly exotic abelian variety of dimension
g = 4 over a finite field ko, with complex multiplication by a field L containing F = Q (i)
where 1 is the Frobenius of A. Then g is even, A is of Weil-Tate type, all exotic submotives
of A are Weil-Tate and we have two possibilities:

(1) Either End®(A) is commutative then End®(A) = L and there is a quadratic imag-
inary subfield Q of L, i.e., we can write L = Q - R with R a totally real field
of even degree g. Furthermore, motives with exotic Tate classes among the direct
summands of the motive of A, are of the form detg/(h'(A)) with Q' a quadratic
imaginary subfield of L.

(2) OrEnd®(A) is non-commutative, then it is a quaternionic algebra and g2 is odd.
We also have a description:

L =B-R,
F=0:R,

where B = Q1 - Q5 is an imaginary biquadratic field, Q1 is imaginary quadratic,
0, real quadratic and R is a totally real field of odd degree g/2. Moreover, Q1
is the unique quadratic subfield of F, and detg, (h'(+)) is the unique exotic sub-
motive of §(A).

Remark 6.8. The previous theorem suggests how to construct new examples as in The-
orem 3.1. To construct simple abelian varieties with commutative algebra of endomor-
phisms, consider L = Q - R with Q quadratic imaginary and R totally real of even degree,
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this is what is done in Theorem 3.1. To construct examples with non-commutative algebra
of endomorphisms, consider F = Q1 - R with O an imaginary quadratic field and R a
totally real field of odd dimension then set L = Q, - F with Q5 real quadratic. Moreover,
if R has maximal Galois closure, with some p-adic condions on @1, Q, and R, we can
construct a mildly exotic abelian variety A with complex multiplication by L.

Theorem 6.9 (Examples, non-commutative case). For all g = 6 with g = 2 mod 4, and
all prime numbers p, there exist infinitely many simple mildly exotic abelian varieties A
over F,, of dimension g, whose algebra of endomorphisms is non-commutative.

Theorem 6.10 (Examples, two exotic submotives). For all g = 6 with g = 2 mod 4, and
all prime numbers p, there exist infinitely many simple mildly exotic abelian varieties A
over Fp of dimension g, whose algebra of endomorphisms is commutative and with two
distinct exotic submotives.

We will give a proof of Theorems 6.9 and 6.10 in Section 8.

Proof of Theorem 6.7. Let m be the Frobenius of A, according to Tate’s Theorem [24],
Q(or) is the center of End®(A4) and Q(r) C L. Let m be the degree of the previous exten-
sion. We have

[L:Q]=2g,
[L:Q(m)] = m.

Let 2g’ be the degree of 7, we have 2g = 2mg’.

Let L be a normal closure of L, and G = Gal(Z/Q). By naming o1, ..., 024 the
embeddings of L in L, we get a transitive action of G on the set {1,...,2g}. According
to Proposition 2.29, the direct summands are parametrized by the conjugacy classes of
subsets / C {1,...,2g}. Moreover, by Remark 2.30, the rank of My is the cardinal of
the orbit. By the first condition of Definition 6.1, we get that there exists /o which is of
even size 2r < g (if 2r > g, replace o by its complement), and such that Rg(M/y,)) is
of dimension 2. Hence the orbit of [y is of cardinal 2, say it is {/g, tlo} where 7 is the
complex conjugation (according to Lemma 2.35, Io # t/o because Mz, does not contain
non-zero Lefschetz classes).

By the Lemma 6.11, we get

#{1,....2¢) <#lo+#(tly) <2 x2r.

This gives g < 2r. On the other hand, we had g = 2r, hence g = 2r is even. Hence the
previous inequalities are equalities, so that Iy and t/, are disjoint.

We can rename 07, ..., 0,¢ so that o = {1,..., g} and 0; = 0j 4.

For 0 <i < 2g, let m; = 0; (o). In this context =y, ..., mpe are the conjugates of
m in L, given with multiplicity m. According to [24, Theorem 2], the commutativity of
End®(A) is equivalent to m = 1, so the first case is treated by Proposition 6.12, whereas the
non-commutative case is the case where m = 2, which is treated by Proposition 6.15. m
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Lemma 6.11. In the context of the proof of Theorem 6.7, for any I C {1,...,2g} such
that Mgy is exotic, we have {1, ...,2g} =T U tl.

Proof. As My hasrank 2 and I # ©1, we get (/) = {/, t]}. Fix some i € I, for any
1 < j < 2g, we can choose o such that

o(i)=J.
For such j and 0 we have j € 0l. Asol € {I,7l}, weconclude j € [ U t]. ]

Proposition 6.12. Assume we have an abelian variety A in the same setup as in The-
orem 6.7, with End®(A) commutative. Then End®(A) = L, and L contains a quadratic
imaginary subfield Q. Moreover, the motives deto/(h' (A)) where Q' is a quadratic imag-
inary subfield of L are the only submotives of )(A) containing exotic Tate classes.

Remark 6.13. In the previous lemma, there might be two quadratic subfields of L. That
is why there might be more than one exotic submotive of f(A4).

Proof. Recall that L is a maximal commutative subalgebra of End®(A4). As End®(A) is
itself commutative, we have End®(4) = L. The submotives of h*(A4) with exotic Tate
classes are of the form M;.y where

I'c{l,....2g}

is of cardinal g. Indeed, if I’ has size s is such that M (1'y 18 exotic, then so is its comple-
mentary, and by Lemma 6.11 we gets < gand2g —s < g.

Hence we have to show for all such I’ that there is a quadratic subfield Q' of L such
that My = detgr h1(A). We will do so by Galois theory: we have H = Fix(rr;) C G, and
we want to construct a subgroup Z of G containing H and of index 2 inside G. Assume
1 € I, and let us consider the transitive action of G on {I’,tI’}, and Z = Fix(I’). Because
the action is transitive, Z has index 2 in G, and the complex conjugation 7 is not in Z.

Hence, there correspond by Galois theory a subfield Q' of L which is quadratic and
imaginary. If 0 € H, then o(;r;) = 7y, hence o(I’) N I’ # @. It follows that I’ = o',
which means that 0 € Z. Hence H C Z, so that Q" C L by Galois theory. Moreover, the
Q’-conjugates of 7y are {m; | i € I'}, so that M(yy = deto/(h'(+)) asin Remark 5.11. =

Lemma 6.14. In the setup of the proof of Theorem 6.7, we have that

{m,....g} and {mwgy1,..., Mg}
are disjoint.

Proof. Assume there are 1 <i, j < g such that 7; = 7 .. Then we would have 7; = 7;,
hence 7; w; = q. Then, theset I’ = {1,...,g} \ {i, j } would lead to an exotic My, which
is impossible by Lemma 6.11 because I’ is too small. ]
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Proposition 6.15. Let A be an abelian variety with CM by L as in Theorem 6.7. Assume
that End®(A) is non-commutative. Then End®(A) is a quaternionic algebra and g2 is
odd. Moreover, F = Q(7) contains a unique imaginary quadratic subfield Q1, and the
only exotic summand of h(A) is detg, (5 (A)). This gives a description of F as F =
Q1 - R where R is a totally real field of odd degree. Moreover, L contains a real quadratic
subfield Qo which is not in F, hence L = B - R where B = Q1 - Q5 is an imaginary
biquadratic field.

Proof. Recall that m = [L : F], by [24, Theorem 2] the non-commutativity hypothesis
corresponds to m = 2. Let g’ = g/m, up to renaming the o;’s, by Lemma 6.14 we can
assume without modifying /o = {1, ..., g} that

{1, ... gy ={m, ..., mg ).

The relation [[;c;, 77 = ¢°” is witnessing that My, contains potential Tate classes.
Because we know the multiplicity of the 7;’s, we get:

g m
(1_[ nf) =q°.

i=1

If g’ is even, the relation ]—[f’;lnf’” =¢°" expresses that M is exotic for I’ ={1,...,g’}.
This is impossible by Lemma 6.1 1 because I” is too small, hence g’ must be odd. By taking
an extension of degree em of k¢, we can assume ]—[f;l i =q’’m.

By applying Lemma 6.16 to J = {1,..., g'}, we get that g’ > ¢g/2 = ¢’7. Hence we
havem =2and g/2 = g/m = g’ is odd.

We are left to prove that there is a biquadratic subfield of L and to describe the exotic
submotives of h(A). We will use Galois theory as in the proof of Proposition 6.12. The

Galois group G = Gal(Z/Q) acts transitively on {1,...,2g}. Let
I'={1,...,g"%, I"={g+1,...,g}

andi; € I” such that w1 = 7;,. Then by Lemma 6.17, the action of G on subsets stabilizes
W = {I',1", T, 1"}, and the action is transitive. Then we can consider the subgroups

Z =Fix(I"), Z; =Stab({I’.1"}) =Fix(lp) and Z, = Stab({I'.1"}).

Because the action of G on W is transitive, Z has index 4 in G. Because the action of
Zion {I', I"} is transitive, Z has index 2 in Z; and the same for Z,. Hence by Galois
theory, there correspond a subfield B of degree 4 of L and two distinct quadratic subfield
Q1 and Q, of B. Because t € Z1 and t € Z,, we have that Q1 is imaginary and Q> is
real. Moreover, B is generated by Q1 and Q», hence is biquadratic.

Moreover, F = Q(sr) corresponds to the subgroup

Hp = Stab ({01,0,'1}),
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where iy is such that o3, () = o1(). If 0 € HF then either 1 € (') or iy € o(I')
depending on the value of 0 o 01. As G stabilizes W, we only have two possibilities:
ol’ =1"orol’ = I". We deduce that Hr C Z; and Q is a subfield of F. Similarly, we
prove that B is a subfield of L and this finishes the description of the fields L and F.

By construction, the Q; conjugates of o are oy, ..., 0g. Hence the relation saying
that My, contains potential Tate classes becomes Ny, /g, () = q%. As in Remark 5.11,
this tells us that Mz, is detg, (h!(4A)). Lemma 6.18 tells us that M|y, is the only exotic
summand of §(+4) and this concludes the proof. ]

Lemma 6.16. If we are in the setting of Theorem 6.7 with Iy = {1,...,g}. Forall J C Iy
such that ]_[jEJ T = q*'? for some s, and for any o € G such that 6J # J and oJ C Iy,
we have {1, ..., g} = J UoJ. In particular, if J # @ is such that ]_[jej T = q°/? then
#J = g/2

Proof. Because aJ # J, we have that J is not empty. We deduce that 6J C Iy N ol is
also non-empty, hence 61y # Iy and 61y = Iy. Furthermore, we have J N oJ =9, so0
that S = J U oJ is of cardinal 2#J. We can also remove the duplicates:

S'= (I \oJ)U(@J\J).

The set S’ is non-empty because J # oJ and of cardinal 2#J — 2#(J N ¢J). Moreover,

we have
Mr= T = I =

ieS’ ieJ\oJ  jeoJ\J
—1 -1
=IT=( I1 =) TI=( IT =)
ieJ ieJNoJ icad ieaJNJ
-1 - -1
) _
< 1) e 1 7
ieJNaJ ieaJNJ
-1
:qs( 1_[ 7Ti7Ti>
iecINJ
_ s—#(JNoJ

As S’ # @, M is a summand of §2*=2#(/N&/)(4) which contains exotic Tate classes,
and by Lemma 6.11 this possible only if {1,...,2¢}=S"US’, which implies {1,...,2¢} =
S U S because S’ C S. So that we have

{1,....2¢}) =JuUgJuJugl.

As {1, ..., g} is disjoint from J and gJ, by intersecting the previous equality with
{1,...,g},weget{l,...,g}t=J UoaJ. |

Lemma 6.17. In the setting of Proposition 6.15, let I' = {1,...,g'} and I" = {g’ +
1,...,g). Then G = Gal(L/Q) stabilizes W = {I', 1", 1", 1"}.
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Proof. Recall that Iy = {1,...,g},let J € W, we can assume J = I’ or J = I". Let
o € G, we have either 01y = Iy or (to)ly = Iy. By changing o by to if necessary, we
can assume that aly = Ij.

If 0J = J then there is nothing to prove. Otherwise J C I and J # oJ, hence we
can apply Lemma 6.16 to deduce that {1,...,g} = J U oJ. Because J and oJ are of
cardinal g /2, we deduce that J and ¢J are disjoint. Hence ¢J is the complementary of J
in{l,..., g}, thatistosay oJ € {I’,I"}. [

Lemma 6.18. In the setting of Proposition 6.15 with Io = {1,...,g}, let J C{l,...,2g}

be a subset of even size s < g such that My, contains exotic Tate classes, then J = Io or
J =1Io.

Proof. Let J be as in the theorem, we have by Lemma 6.11 that J U J = {1,...,2g}
and #J = g. We need to understand J with respect to the partition defined in the proof of
Proposition 6.15:
{1,....2gy=1'uI1"urur.
First, we will show that (I’ U 1’) N J and (I” U I”) N J are of cardinal g /2. Indeed, as
JUJ ={1,...,2¢} we get by intersecting with I’ that (J N I') U (J N I") is of cardinal
g/2. Hence we get
g/2<#UINI)+#JNT)

S#INI)+#JNT)

=#{(NnIHuU NI

=#[JNI'UT)]
and the same inequality holds for /" instead of I’. As J = [J N (I’ UT)]U[J N (I"UT")]
is of cardinal g, we get that the previous inequalities are in fact equalities. Moreover, if
S € W is one of the set of the partition, then S N J is either @ or S. Indeed if it is non-
empty and not S, then we will construct many conjugates of J, which will contradict the
second condition of Definition 6.1 for M.

To do so, consider i, j € S such that i ¢ J and j € J. Then by transitivity of the
action of G on {1, ...,2g}, there exists o such that 0 - j = i. Hence by Lemma 6.17 we
get that oS = S. Hence we have o0J # J because i € oJ buti ¢ J. Now if we prove
that oJ # J, then J would have too much conjugates, so that My could not satisfy the
second condition of Definition 6.1. We will do so by proving that the sizes of J N S and
J N S have different parities, because #(oJ N S) + #(J N S) is an odd number:

#(0J NS)+#T NS)=#oJ NoS)+#JTNS)
=#J NS)+#J NS)
=# NSHu NS
=#J NS U]
=g/2.
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Hence S N J is either S or @ for each S € W, so that for size reasons, there are two
elements S of W such that the intersection is empty and two such that the intersection
is S. These two elements can be: I’ and I” in which case J is I, or it can be 7’ and
17 in which case J is Iy. They cannot be /' and 1’ because then J = J N (I’ U T)
would not be of size g/2, and the same for I”. The last possibilities are 7’ and 7", then
J = I' UT”, which is impossible because the Tate classes in My would be Lefschetz
classes: {7r; | i € 1"} is the set of complex conjugates of {r, ..., g }. Moreover, the
same argument works for J = " U T’. (]

7. External tensor products and Tate classes

In this section, we introduce a tool to describe multiplicative relations between the Frobe-
nius eigenvalues, some of which give rise to Tate classes by Remark 2.30. Following the
insight of Girstmair [7], we will use that the space of relations is a Galois module. More
precisely, let L be a CM field of degree 2g and w € L be a Weil g-number. We consider
L the Galois closure of L and we enumerate the set Hom(L, Z) = {01,...,02¢}. For
1 <i <2g,letn; = 0;(m), these are the conjugates of 7 in L.

Definition 7.1. Denote by Z[Hom(L, Z)] or Z[oy, ..., 02¢] the free abelian group on
Hom(L, L). Consider the map ev,:

evy:Zloy, ..., 008] = L*/(p)

aifor] + - + azglosg] > w2 % (mod p).

The space of multiplicative relations K, between the r;’s is defined as the kernel of ev,;.

Remark 7.2. LetI" = Gal(Z/Q), both Z[oy,...,02¢] and ZX/(p) are ['-modules. More-
over, ev, is ['-equivariant, hence K, is a subrepresentation of the permutation represen-
tation Z[07, . .., 02¢]. This is the point of view of Girstmair in [7]. Then the next input is
to put some conditions on L, so that I' = > x G x G’ and that Q[o7, . .., 024 ] becomes
an external tensor product of representations of wy, G and G’ (cf. Definition 7.5). This
will allow us to describe the possible I'-submodules of Q[o7, . . ., 02¢], hence the possible
values for K, ® Q.

Definition 7.3. Let L be a number field, L be a Galois closure of L. For E be a subfield of
L and 0 € Hom(L, L), we denote by Ny g (o) the following element of Z[Hom(L, L)]:

> bl

viL—>L
V|E=0\E

Moreover, this construction extends uniquely to a map

Ny,/g:Z[Hom(L, L)] — Z[Hom(L, L)].
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Lemma 7.4. For x € L, E a subfield L and o: L — L any embedding, we have

0(NLjE(x)) = evx(NL/E(0)).

This lemma is a reformulation in this context of the fact that the norm of an element is
the product of its conjugates.

Definition 7.5. Let k be a field of characteristic 0, G and G’ be finite groups, V' a k-linear
representation of G and V' a k-linear representation of G’. The external tensor product
V K V' of V and V"’ is the k-vector space V ®; V' endowed with the following k-linear
action of G x G':

(g.8)-(v®V):=(gv) ® (g'V').

Proposition 7.6. Let G and G’ be finite groups, V a complex representation of G and V'
a complex representation of G'. Assume that V and V' are irreducible finite-dimensional
representations of G and G'. Then V R¢ V' is an irreducible representation of G x G'.

Proposition 7.6 is [22, Theorem 10].

Theorem 7.7. Let Q be a quadratic imaginary field, R and R’ be totally real number
fields of degree m and g'. Let R, R’ be Galois closures of R, R' and

G = Gal(R/Q).
G' = Gal(R'/Q).
Let L be a compositum of Q, R and R’, and 7 € L be a Weil g-number. Assume moreover
that
e Rand R are linearly disjoint.
* Npjor(m) = q%"/2
*  No powers of Npjor (1) are in Q.
G acts 2-transitively on Hom(R, R) (or G = {e}).
e deg(R') = 2 and the action of G’ on Hom(R', R') is 2-transitive.

Then either for all k, 7% ¢ QR’ and the rational space K, ®z Q of relations between
the m;’s is generated by

{NL/or(0).[0] + 5] | 0 € Hom(L, L)}.

Or there is some k such that 7% € QR', and the rational space of relations is generated
by

{NL/or(0). [6] + [6]. [uc] - [0] | 0 € Hom(L. L), p € Gal(L/QR)}.

Remark 7.8. By Theorem 7.7 applied with R = Q and Lemma 2.35, we can recover
Lemma 5.14.
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Proof of Theorem 7.7. 1t follows from Nz or(n) = ¢% "2 and 77 = ¢ that the given
generators are indeed elements of K, ® Q in the first case. In the second case, we have
in addition that 78 € QR’. Hence (o (%)) = o (%) for all 0 € Hom(L, L) and p €
Gal(L/QR'), so that k([uo] — [0]) € K. We are left to show that these sets indeed
generate K; ® Q.

We have that K, ® Q is a subrepresentation of the permutation representation

P = Q[Hom(L, L)].

Hence to understand K, ® Q, it suffices to understand the decomposition of P as a sum
of simple factors, and to find which factors appear in K. By Lemma 7.9, P is an external
tensor product, and by Proposition 7.6, external tensor product of irreducible represen-
tations are again irreducible. Hence understand irreducible subrepresentations of P, it
suffices to study irreducible subrepresentations of each factor independently. This study is
done in Lemma 7.10, Lemma 7.11, Lemma 7.12 and Lemma 7.13. Here are the conclu-
sion:

e P decomposesas P = P, &S+ T4 & T_.
P, is generated by {[o] + [¢] | 0 € Hom(L, L)}.
* According to Lemma 7.13, Py @ S is generated by
{NLior(0).[0] + 3] | 0 € Hom(L, L)},
and P4 @ S+ @ T- is generated by
{NL/or(0). [0] + [3). [uo] ~ [0] | 0 € Hom(L. L). u € Gal(L/ QR)}.

e PL® Sy CK;,Q®Q (ILemma7.10 and Lemma 7.11).
e (K, ®Q)NTy =0 (Lemma7.12).

* By Lemma 7.13, either no power of 7 is in QR and (K, ® Q) N T_ =0,
or some power of 7 isin QR and T— C K, ® Q.

To conclude, either no power of 7 is in QR’ and K, ® Q is the subrepresentation of
P satisfying
Krr ® Q = P+ S? Q+9
which is generated by
{N1/or(0).[0] + 5] | 0 € Hom(L, L)}.
Or some power of 7 is in QR’, and
Kﬂ®Q=P+®Q+®T_,

which is generated by

{NL/or(0), [0] + [5], [no] —[0] | 0 € Hom(L, L), 1 € Gal(L/ QR)}. .
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Lemma 7.9. Let Q, R, R’ be fields as in Theorem 7.7, and P = Q[Hom(L, Z)] be the
permutation representation of Gal(L/Q). Then

Gal(L/Q) = Gal(Q/Q) x Gal(R/Q) x Gal(R'/Q),
P = Q[Hom(Q, Q)] ® Q[ Hom(R, R)] ® Q[ Hom(R', R)].

Proof. As Q is imaginary and by the disjointness assumptions, we have
L=0QRQR,
L=Q®R®R.

Tensor products are colimit in the category of Q-algebras, hence

Hom(L, L) = Hom(Q, Q) x Hom(R, R) x Hom(R', R),
Gal(L/Q) = Gal(Q/Q) x Gal(R/Q) x Gal(R'/Q).

The above descriptions are compatible with the actions, that is if (¢, 0, 0”) € Gal(L/Q)
and (a, b, c) € Hom(L, L), then

(se,0,0")-(a,b,c) = (ea,ob,o’c).
Hence we have that
P = Q[Hom(Q, Q)] ® Q[ Hom(R, R)] ® Q[ Hom(R', R')]. .

Lemma 7.10. Let L, Q, R, R’ be fields as in Theorem 7.7 and P be the permutation
representation of Gal(L /Q) acting on Hom(L, L). Then P decomposesas P = Py & P_
where Py (resp. P_) is the isotypical component of type y for the action of Gal(Q /Q) =~
o on P where x is the trivial representation (resp. the sign representation). Moreover,

P C Ky ® Q
Proof. First, Q[Hom(Q, Q)] = 1 & ¢ where 1 is the trivial representation and ¢ is the

sign representation of Gal(Q/Q) = u,. Hence it follows from Lemma 7.9 that

P =1 X Q[Hom(R, R)] ® Q[Hom(R', R)] } Py

D

¢ ® Q[ Hom(R, R)] ® Q[Hom(R",R")] } P_.

Now, the relation 77w = g tells us that for any 0 € Hom(L, L), we have [0] + [0] € Kx.
Moreover, 1 C Q[Hom(Q, Q)] is the line generated by [idg] + [t] where 7 is the complex
conjugation of Q. Hence an element of P, can be written as a linear combination of
[0] + [@], which are in K. We conclude that Py C K, ® Q. L]
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Lemma 7.11. Let L, Q, R, R’ be fields as in Theorem 7.7 and P = Py & P_ as in
Lemma 7.10. Then P_ decomposes as P_ = Sy @ S_ where Sy (resp. S—_) is the isotypi-
cal component of type y for the action of Gal(ﬁ’ /Q), where y is the trivial representation
(resp. the standard representation). Moreover, S+ C K; ® Q.

Proof. Let us decompose Q[Hom(R', R')] = 1 @ I, where
1 C Q[ Hom(R', R))]

is the line generated by > JucHom(R', ') [i] and I is the orthogonal to 1 for the Euclidean

scalar product. As G’ acts 2-transitively on Hom(R’, E'), we have that /' ®g C is an irre-
ducible representation by [22, Exercise 2.6], that we will call the standard representation
of Gal(R’/Q). From

P_ = ¢X Q[Hom(R, R)| ® Q[ Hom(R', R)],
it follows that

P_ =¢XQ[Hom(R,R)|®1 } S,

D

¢ R Q[Hom(R, R)| R 1" } S_.

From the fact that Ny ;gg (o) =¢%', we deduce that Npjor(mw -7~ ')=1.Then Lemma 7.4
tells us that for all o € Hom(L, L) we have,

Nrjor(0) — Npjor(0) € K.

Elements of S are linear combinations of these differences of norms because ¢ is gen-
erated by [idg] — [¢] and 1 C Q[Hom(R’, R’)] is generated by Nz, (1) for any p €
Hom(R’, R"). Hence S+ C K, ® Q. [

Lemma 7.12. Let L, Q, R, R’ be fields as in Theorem 7.7 and P_ = Sy & S_ as is
Lemma 7.11. Then S— decomposes as S— = T @ T_ where Ty (resp. T—) is the isotypical
component of type y for the action of Gal(ﬁ /Q), where y is the trivial representation
(resp. the standard representation). Moreover, Ty is irreducible and T- is either {0} or
an irreducible representation of Gal(z /Q), and

(Kx ® Q) NTy = {0.

Proof. We decompose Q[Hom(R, ﬁ)] = 1 & I as a representation of Gal(ﬁ /R), where
1 denotes the line generated by

> M

weHom(R,R)
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and where [ is the orthogonal of 1 with respect to the Euclidean scalar product. Then,
S_=eXQ[Hom(R,R)| X I’
decomposes as
S_=(ERIRIND(eRIRI.

in which the first summand will be denoted 77, and the second summand 7.

By Proposition 7.6, we have that 7 ® C is irreducible, hence also 7'y.

We also have that / is generated by the vectors [u] — [/] with i, &/ € Hom(R, R).
Moreover, either G is trivial and I =0 as well as 7_, or G acts 2-transitively on Hom(R,E)
and / ®qg C is an irreducible representation of G by [22, Exercise 2.6], that we will call
the standard representation.

In case T_ # 0, then T_ ® C is irreducible by Proposition 7.6 and so is 7_.

Assume that T is in K; ® Q, it follows from Lemma 7.10 and Lemma 7.11 that

PSSt T C Ky ®Q. (7.1)
We also have
Q[Hom(Q, Q)] K1 K Q[Hom(R",R")] C P+ & S+ & T

Hence Py & S+ @ T4 contains Ny ,or'(0) for all 0 € Hom(L, Z), and it follows from
(7.1) that Ny or(01) is in K; ® Q. Moreover, Lemma 7.4 tells us that some power
of Npjor(m) is in Q, and this contradicts the hypothesis of Theorem 7.7. As Ty is
irreducible, we deduce that

(Krr &® Q) N T+ = {0} |

Lemma 7.13. Let L, Q, R, R’ be fields as in Theorem 7.7 and T_ the representation of
Lemma 7.12. Then either some power of 7 is in QR’ and

T-C K, ®Q,
or no power of w is in QR and
(Kr ® Q) NT_ ={0}.
Moreover, Py @ Sy is generated by
{NL/or(@).[0] +[5] | 0 € Hom(L. L)}.
and Py & S+ @ T- is generated by

{NL/gr(0). [0] + [3). [uo] o] | 0 € Hom(L. L), u € Gal(L/QR))}.
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Proof. Either T_ is {0}, in which case R = Q and the result is clear. Otherwise, 7_ is
irreducible by Lemma 7.12. By Lemma 7.10, Lemma 7.11 and Lemma 7.12, we have that
T_ C K; ® Q if and only if

ProeSiaeT-C K, ®Q.
Moreover,
T C Q[Hom(Q, Q)] K1 RQ[Hom(R, R)]C Pr &Sy ®T-. (12
Hence 7_ C K, ® Q if and only if
Q[Hom(Q, 0)] R I K Q[Hom(R', R)] C K» ® Q.

As [ is generated by [u] — ['] for u, &/ € Hom(R, R), we have T_ C K, ® Q if and
only if
[yol—lo]l € K» ®Q
for all 0 € Hom(L, L) and y € Gal(L / QE’ ). This happens if and only if there exists k
such that y - 7% = 7% forall y € Gal(L/QR’). Hence T— C K, ® Q if and only if some
power of 7 is in QR’ (because QR' = L N (QR')).
From

S+ C Q[Hom(Q, Q)] ® Q[Hom(R, R)| K1 C P1 & Sy,
we deduce that P @ S is generated by
Q[Hom(Q, Q)] R Q[ Hom(R, R)| K 1

and
1 ® Q[ Hom(R, R)] ® Q[ Hom(R'R)],

which are generated by
{NL/or(0),[0] + [5] | o € Hom(L, L)}.
Moreover, by (7.2), it follows that P+ & S+ & T- is generated by

{NL/or(0). [0] + [3], [uo] — [0] | o € Hom(L, L), e Gal(Z/Qﬁ’)}. n

8. More examples of mildly exotic varieties

The goal of this section if to prove Theorem 6.9 and Theorem 6.10. Fix a prime number p.
The proofs revolve around choices of CM-fields L and of CM-types @ for L. The main
difference between the proofs of Theorem 6.9 and Theorem 6.10 is that fields extensions
are ramified at p in Lemma 8.1 and unramified in Lemma 8.5.

Let g’ > 3 be an odd number, and p be a prime number. Let Q2 = Q,[/u] denote
the unramified extension of @, of degree 2 where u is an integer which is not a square in
Qj, and let W be the unique unramified extension of Q,, of degree g’ — 1.
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Lemma 8.1. There exist infinitely many fields F for which there is a CM-field L whose
only subfields are described by this diagram:

L
AN
B F L
Q’ .BR . Ry
N /
Q

with Q and Q' quadratic imaginary fields, Br, Ry totally real such that the Galois closure
Ro of Ry is disjoint from Br, with Gal(Ro/Q) = Sy, and such that after — ® Qp we get
the following diagram:

0

WL/ X WI/P) % Qpel 7]
NS
QrivPL W QLY QL] WP Gl

Qe Quly7l Qplyup] W xQ,

\\@p. /

Proof. Let T and C be distinct prime numbers, different from p, and consider Q, Q’
quadratic imaginary fields with p inertin Q and Q' ®q Q, =Q,[,/p]. There are infinitely
many choices for Q. Let B = Q - Q’, and Br be the real quadratic subfield of B. We
have that 0 ® Q, = Q,[+/u] and Q' ® Q, = Q,[,/p], hence Br @ Q, = Q,[,/up].
By Lemma 8.7, there are infinitely many totally real fields Ry of degree g’, such that
the Galois closure Rg is disjoint from Bg, such that Ry ® Q, = W x Q, and with
Gal(R~0/Q) = Sg. Then L = Q - Q' - Ry will satisfy the assumptions of the lemma.
Indeed, L = 0O ®(Br® E), so that the Galois group I' can be written as a product

Gal(L/Q) = pa X ptz x Sg.
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The subgroup of T" fixing L is Hy, = {1} x {1} x Fix(1), hence the subgroups of I" con-
taining Hj, correspond via Galois theory to subfields of L. A group theoretic computation
gives us the desired diagram. Moreover, we see that subfields of L are obtained by taking
compositum of O, Q’, Br and Ry. Hence the diagram ®Q),, follows from computations
of tensor products of finite QQ,-algebras. |

Lemma 8.2. For any field L satisfying Lemma 8.1, we have three prime ideals p, p and
a above p in Oy, with valuations v, v and w, and the complex conjugation of L swaps p
and p and fixes q. There is an abelian scheme 4 over the ring of integers of a p-adic field
K with complex multiplication by L, and @ € L acting as the Frobenius on the special
fiber of A, with valuations:

1
v(n) - 2g/_29
- 2g'—3
v(ﬂ) = ig/__gj
1
w(r) = 5.

Proof. By [25, Section 4], we can choose a CM-type ® for L such that

#0, =1,
#@5 = 2g/ — 3,
#D,, = 2.

By Theorem 2.16, we have a p-adic field K and an abelian scheme 4 over the ring of
integers O, with complex multiplication by L of type ®. Hence by Proposition 2.15, we
have w € L acting as the Frobenius on the special fiber of #, with valuations prescribed
as in the lemma, given in terms of the CM-type . ]

Lemma 8.3. Let F and L be as in Lemma 8.1, then we can choose +# in Lemma 8.2 such
that its special fiber A is a geometrically simple abelian variety with non-commutative
algebra of endomorphisms. More precisely, End®(A) will be a quarternion algebra over
F split by L, and F = Q(7r) where 1 is the Frobenius endomorphism of A.

Proof. Let 4 be any abelian scheme satisfying Lemma 8.2, and & € L corresponding to
the Frobenius endomorphism of the special fiber. By Corollary 4.3, we have k such that
¥ € F, we will assume k = 1 (we can take a degree k extension of the residual field).
Because v(w) # v(w) we have that 7 is not in B nor F’ or R. Hence F = Q(xr) and
[L : F] = 2. We know by [24, Theorem 3] that the special fiber A of 4 is isogenous to a
power of a simple variety B. We want to prove it is in fact simple, to do so we compute
the invariants of End®(B) as a F-central algebra. Let v’ be the restriction of v to F, we
have

1
invy (E) = (g’ — 1) x v(m) = 3
which is not an integer. Hence [25, Theorem 1] allows us to compute dim(B) = [F : Q],

which is also the dimension of A, hence A = B is simple. Moreover, from [L : Q()] =2
and [25, Theorem 1], we deduce that [End®(A) : Q()] = 4. |
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Proof of Theorem 6.9. Let A/F, be an abelian variety satisfying Lemma 8.3. Follow-
ing Remark 2.30, to construct submotives of A, we have to exhibit non-trivial relations
between the conjugates of the Weil g-number 7 associated to A. The norm

NL/B(TL') € B

is a Weil g-number, and B/Q satisfies the hypothesis of Corollary 4.3. Hence there exists
an integer k > 0 such that Nz ,p (%) is a power of g. Moreover, 7% is the Frobenius
endomorphism of the extension of scalars of A to [F«, and there is an extension K’/ K of
p-adic fields such that A" := A xg, Ok’ has A xF, F as its special fiber. If we replace
A by A, we are still in the setup of Lemma 8.2. Hence we can assume that

Nyp(m) = ¢/

and by transivity of norms we get

Nipjo(n) = ¢%

This last relation gives rise to an exotic submotive M in §(A). We now want to prove that
M is the only exotic submotive, hence we have to study multiplicative relations between
the conjugates of 7. Now apply Theorem 7.7 with Q := Q, R := Br and R’ := Ry.
Indeed, we have that

«  Bgand Ry are linearly disjoint.
* Nyp(r) =g/

* No powers of Ny ,r () = n* are in Q. Indeed, v(rr) # v () hence no power of 7 is
stable by complex conjugation.

2

* [l acts 2-transitively on Hom(BR, Br).
« g =>2and S, acts 2-transitively on Hom(Ry, Ro) = {1.....g’}.

We are in the case where m € QR = F', hence we get that the relations between the con]u-
gates of  are generated by Ny ;g () = g% "2 w7 =qando(n) =o' (n)foro,0’: L — L
such that o p = ol - But Nz /p(m) is a product of g’ conjugates of 7, and g’ is odd, hence
the associated motive is of odd weight, and it cannot contain Tate classes. As we know a
set of generators for the relations between the conjugates of &, and by Lemma 2.35, we
have that the only relations contributing to exotic Tate classes are Ny /o (7w) = g% " and
Npjo(m) = ¢q¢ ". These two relations are conjugate to each other, hence the associated
motive M is of rank 2 and A is mildly exotic. ]

Remark 8.4. In the previous proof, one could ask if the relation Ny, o/ () = ¢¥ /2 gives
rise to another interesting submotive of h(+). In fact, it gives rise to a motive which
contains only Lefschetz classes, in other words it is non-exotic. This is because there is
redundancy in the eigenvalues of the Frobenius acting on the special fiber A of 4, coming
from the non-commutativity of End®(4).
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More explicitly for some numbering of the conjugates of :
Npjo(m) = 7112 X oee X ”é%/z

whereas
NL/QI(JT) = ]TIJT_IX o X Mg /2Tg /2.

Let g’ = 3 be an odd number and p be a prime number. Now we will prove Theo-
rem 6.10.

Lemma 8.5. Recall that W is the unique unramified extension of Q, of degree g’ — 1.
There exist infinitely many CM-fields L such that the subfields of L are described by this

diagram:
L
AN
B F L
0 ‘.Q’"' .BR" .
N /
Q

with Q and Q' quadratic imaginary fields, Br, Ry totally real, such that the Galois clo-
sure Ry of Ry is disjoint from Bgr, with Gal(Ro/Q) = Sg/ and such that after — ® Q)
we get the following diagram:

WxWXWxWxQu xQp

N T

szx(@pz WXWXQPZ WXWXQPZWXWXQI,XQI,

Q2 Q- . FQpXQp”” WX Q,

I\

Qp.
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Proof. Consider Q, Q' quadratic imaginary fields with p inert in Q and Q. There are
infinitely many choices for Q. Let B = Q - Q’, and Br be the real quadratic subfield of B.
We have that 0 ® Q, = Q' ® Q, = Q,2, hence Br ® Q, = Q, x Q,. By Lemma 8.7,
there are infinitely many totally real fields Ry of degree g’, such that the Galois closure
Ro is disjoint from Br, such that Ry ® Q, = W x Q, and with Gal(ﬁa/(@) = Sg/. Then
L = Q- Q- Ry will satisfy the assumptions of the lemma. Indeed, L= 0 ®(Br® /I%),
so that the Galois group I" can be written as a product

Gal(L/Q) = pz X ptz x Sg.

The subgroup of I' fixing L is Hy = {1} x {1} x Fix(1), hence the subgroups of I" con-
taining H, correspond via Galois theory to subfields of L. A group theoretic computation
gives us the desired diagram. Moreover, we see that subfields of L are obtained by taking
compositum of O, Q’, Bgr and Ry. Hence the diagram ®Q,, follows from computations
of tensor products of finite QQ,-algebras. ]

According to the diagram, we have p-adic valuations v, v7, v2, V2, w1, Wy on L. To
be more precise, if V, V, W are the valuations of F, then the valuations above V in L are
v1, U2, the valuations above W are w;, w,. If V1, Vo, W are the valuations of F’, then the
valuations above V7 are vy, V1, the valuations above V5, are v,, V5.

Lemma 8.6. Let L a field satisfying Lemma 8.5. We can find an abelian scheme 4 with
complex multiplication by L and a Weil qg-number w € L inducing the Frobenius of the
special fiber, and such that

v1(mw) =0,
vz () = ﬁ,
wy () = %
wo () = %

Proof. By [25, Section 4], we can choose a CM-type ® for L such that

#0,, =0,
#0,, = 1,
#D,, =1,
#D,, = 1.

By Theorem 2.16, we have a p-adic field K and an abelian scheme 4 over the ring of
integers O, with complex multiplication by L of type ®. Hence by Proposition 2.15, we
have w € L acting as the Frobenius on the special fiber of #, with valuations prescribed
as in the lemma, given in terms of the CM-type . ]

Proof of Theorem 6.10. Let 4 and 7 satisfying Lemma 8.6. For any k > 0, we have that
v (%) # ©1 (%) and vy (%) # v (%) hence 7¥ is not in a proper subfield of L, and
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Q(%) = L. Hence the special fiber A of # is a geometrically simple abelian variety of
dimension g.

Following Remark 2.30, to construct submotives of A, we have to exhibit non-trivial
relations between the conjugates of the Weil g-number 7 associated to A. The norm

NL/B(TL') € B

is a Weil g-number, and B/Q satisfies the hypothesis of Corollary 4.3. Hence there exists
an integer k > 0 such that Nz ,p (%) is a power of g. Moreover, 7% is the Frobenius
endomorphism of the extension of scalars of A to F«, and there is an extension K’/ K of
p-adic fields such that A" := A xg, Ok’ has A xF, F as its special fiber. If we replace
A by A, we are still in the setup of Lemma 8.2. Hence we can assume that

Nyp(m) = ¢/
and by transivity of norms we get

Npjo(m) = g%,

Nejo(m) = 4%

These two relations give rise to exotic submotives M and M’ in §(A4). We now want to
prove that M and M’ are the only exotic submotives, hence we have to study multiplicative
relations between the conjugates of 7. We can apply Theorem 7.7 with Q := Q, R := BR,
R’ := R, because:

« Bgand Ry are linearly disjoint,

© Npp(r) =q%72

* No powers of Ny, r () is in Q. Indeed V, V are p-adic valuation on F and

1

—1

V(NL/F(N)) =v1() + va(w) = g

which is not V(NL/F (7)) = 2;’,,__11. Hence no powers of Ny ,r () is stable by com-
plex conjugation.
*  p acts 2-transitively on Hom(Bg, Br),
* g’ =>2and Sy acts 2-transitively on Hom(Ry, Ro) ={1,....¢'}.
As no power of 7 is in F', we are in the first case of Theorem 7.7, and we get that the space
of relations between the conjugates of m is generated by Ny /g () = g¥ "2 and nw = q.
But Nz/p() is a product of g’ conjugates of 7, and g’ is odd, hence the associated
motive is of odd weight, and it cannot contain Tate classes. Using the knowledge of a set
of generators of the relations between the conjugates of &, and Lemma 2.35, we see that
the only relations contributing to exotic Tate classes are

Npjo(m) =q%, Npjo(r)=q%,
Nijo (@) =q%, Npjo(T) =4q%.
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Complex conjugation swaps 7 and 7, hence the associated motives M and M are of
rank 2 and A is mildly exotic. ]

Lemma 8.7. Let p be a prime number, g’ be an integer and Br be a quadratic field, there
are infinitely many totally real fields Ry of degree g', such that the Galois closure Ry is
disjoint from Br, such that Ry ® Qp, = W x Qp and with Gal(Ro/Q) = Sg.

Proof. Let T and C be two prime numbers, different from p. Let £ be another prime
number which is inert in Bg and consider
e PR be a polynomial of degree g’ in R[X] which has only simple real roots,

* P, be the minimal polynomial of a primitive element of W the unramified extension
of Q, of degree g’ — 1,

e S apolynomial of degree g’ — 2 which is split with simple roots over Q,
*  Piansp a polynomial of degree 2 which is irreducible over Qr,

* Py a polynomial of degree g’ which is irreducible over Qc¢,

* Py apolynomial of degree g’ which is split with simple roots over Q.

By the approximation theorem, we have polynomials P of degree g’ in Q[X] such that P
is arbitrarily close to

e Pg for the archimedean metric,

* P, - X for the p-adic metric,

* S Pyangp for the T-adic metric,

* Py for the C-adic metric,

e P, for the £-adic metric.

The polynomial P is irreducible because Peyc is, let R be the field Q[X]/(P). All roots
of P are real because P is close to Pr, hence Ry is totally real. By the Chinese remainder

theorem, we get Ry ® Q, = W x Q. The fields Br and f]ia are disjoint because £ is inert
in Br and splits completely in Ry, hence in Ry. Moreover, it follows that the inclusion

G' = Gal(Ry/Q) C S,

given by the action of G on conjugates of a primitive element is an equality. Indeed P is

close to S - Pyansp S0 that G’ contains a transposition, and P is close to Peycle 80 that G

contains a cycle of length g’. A transposition and a cycle generate Sg/, hence G’ = Sg.
Moreover, when varying £, we get infinitely many such Ry. ]

Acknowledgments. I would like to thank G. Ancona for his many helpful comments
during the writing of this article, E. Ambrosi, O. Benoist and F. Fité for useful discussions.
I would also like to thank P. Laubie for his advice concerning I&TEX.

Finally, I would like to thank the anonymous referee, who gave me useful suggestions
and who motivated me to write Section 7.



Examples for the standard conjecture of Hodge type 903

Funding. This research supported in part by the grant ANR-23-CE40-0011 of Agence
National de la Recherche.

References

(1]
(2]
(3]

(4]

(5]
(6]
(7]

(8]

(9]

(10]

(1]
(12]

[13]

(14]

(15]

(16]

(17]

G. Ancona, Standard conjectures for abelian fourfolds. Invent. Math. 223 (2021), no. 1, 149-
212 Zbl 1467.14023 MR 4199442

Y. André, Une introduction aux motifs (motifs purs, motifs mixtes, périodes). Panor. Syntheses
17, Société Mathématique de France, Paris, 2004 Zbl 1060.14001 MR 2115000

W. C. Chi, /-adic and A-adic representations associated to abelian varieties defined over num-
ber fields. Amer. J. Math. 114 (1992), no. 2, 315-353 Zbl 0795.14024 MR 1156568

L. Clozel, Equivalence numérique et équivalence cohomologique pour les variétés abéliennes
sur les corps finis. Ann. of Math. (2) 150 (1999), no. 1, 151-163 Zbl 0995.14018

MR 1715322

C. Deninger and J. Murre, Motivic decomposition of abelian schemes and the Fourier trans-
form. J. Reine Angew. Math. 422 (1991), 201-219 Zbl 0745.14003 MR 1133323

T. Dupuy, K. S. Kedlaya, and D. Zureick-Brown, Angle ranks of abelian varieties. Math. Ann.
389 (2024), no. 1, 169-185 Zbl 1554.11063 MR 4735944

K. Girstmair, Linear relations between roots of polynomials. Acta Arith. 89 (1999), no. 1,
53-96 Zbl 0924.12002 MR 1692195

A. Grothendieck, Standard conjectures on algebraic cycles. In Algebraic Geometry (Internat.
Collog., Tata Inst. Fund. Res., Bombay, 1968), pp. 193-199, Tata Inst. Fundam. Res. Stud.
Math. 4, Tata Institute of Fundamental Research, Bombay, 1969 Zbl 0201.23301

MR 0268189

K. Ito, T. Ito, and T. Koshikawa, The Hodge standard conjecture for self-products of K3 sur-
faces. J. Algebraic Geom. 34 (2025), no. 2, 299-330 Zbl 1561.14060 MR 4876291

U. Jannsen, On finite-dimensional motives and Murre’s conjecture. In Algebraic cycles and
motives. Vol. 2, pp. 112-142, London Math. Soc. Lecture Note Ser. 344, Cambridge University
Press, Cambridge, 2007 Zbl 1127.14007 MR 2187152

N. M. Katz and W. Messing, Some consequences of the Riemann hypothesis for varieties over
finite fields. Invent. Math. 23 (1974), 73-77 Zbl 0275.14011 MR 0332791

M. Kisin, K. Madapusi Pera, and S. W. Shin, Honda—Tate theory for Shimura varieties. Duke
Math. J. 171 (2022), no. 7, 1559-1614 Zbl 1535.11090 MR 4484214

S. L. Kleiman, The standard conjectures. In Motives (Seattle, WA, 1991), pp. 3—-20, Proc. Sym-
pos. Pure Math. 55, American Mathematical Society, Providence, RI, 1994 Zbl 0820.14006
MR 1265519

T. Koshikawa, The numerical Hodge standard conjecture for the square of a simple abelian
variety of prime dimension. Manuscripta Math. 173 (2024), no. 3-4, 1161-1169

Zbl 1539.14015 MR 4704771

E. Markman, The monodromy of generalized Kummer varieties and algebraic cycles on their
intermediate Jacobians. J. Eur. Math. Soc. (JEMS) 25 (2023), no. 1, 231-321

Zbl 1523.14011 MR 4556784

J. S. Milne, Polarizations and Grothendieck’s standard conjectures. Ann. of Math. (2) 155
(2002), no. 2, 599-610 Zbl 1055.14008 MR 1906596

J. S. Milne, The Tate and standard conjectures for certain abelian varieties. [v1] 2021,
[v2] 2022, arXiv:2112.12815v2


https://doi.org/10.1007/s00222-020-00990-7
https://zbmath.org/?q=an:1467.14023
https://mathscinet.ams.org/mathscinet-getitem?mr=4199442
https://zbmath.org/?q=an:1060.14001
https://mathscinet.ams.org/mathscinet-getitem?mr=2115000
https://doi.org/10.2307/2374706
https://doi.org/10.2307/2374706
https://zbmath.org/?q=an:0795.14024
https://mathscinet.ams.org/mathscinet-getitem?mr=1156568
https://doi.org/10.2307/121099
https://doi.org/10.2307/121099
https://zbmath.org/?q=an:0995.14018
https://mathscinet.ams.org/mathscinet-getitem?mr=1715322
https://doi.org/10.1515/crll.1991.422.201
https://doi.org/10.1515/crll.1991.422.201
https://zbmath.org/?q=an:0745.14003
https://mathscinet.ams.org/mathscinet-getitem?mr=1133323
https://doi.org/10.1007/s00208-023-02633-7
https://zbmath.org/?q=an:1554.11063
https://mathscinet.ams.org/mathscinet-getitem?mr=4735944
https://doi.org/10.4064/aa-89-1-53-96
https://zbmath.org/?q=an:0924.12002
https://mathscinet.ams.org/mathscinet-getitem?mr=1692195
https://zbmath.org/?q=an:0201.23301
https://mathscinet.ams.org/mathscinet-getitem?mr=0268189
https://doi.org/10.1090/jag/840
https://doi.org/10.1090/jag/840
https://zbmath.org/?q=an:1561.14060
https://mathscinet.ams.org/mathscinet-getitem?mr=4876291
https://doi.org/10.1017/CBO9781107325968.008
https://zbmath.org/?q=an:1127.14007
https://mathscinet.ams.org/mathscinet-getitem?mr=2187152
https://doi.org/10.1007/BF01405203
https://doi.org/10.1007/BF01405203
https://zbmath.org/?q=an:0275.14011
https://mathscinet.ams.org/mathscinet-getitem?mr=0332791
https://doi.org/10.1215/00127094-2021-0063
https://zbmath.org/?q=an:1535.11090
https://mathscinet.ams.org/mathscinet-getitem?mr=4484214
https://doi.org/10.1090/pspum/055.1/1265519
https://zbmath.org/?q=an:0820.14006
https://mathscinet.ams.org/mathscinet-getitem?mr=1265519
https://doi.org/10.1007/s00229-023-01482-7
https://doi.org/10.1007/s00229-023-01482-7
https://zbmath.org/?q=an:1539.14015
https://mathscinet.ams.org/mathscinet-getitem?mr=4704771
https://doi.org/10.4171/jems/1199
https://doi.org/10.4171/jems/1199
https://zbmath.org/?q=an:1523.14011
https://mathscinet.ams.org/mathscinet-getitem?mr=4556784
https://doi.org/10.2307/3062126
https://zbmath.org/?q=an:1055.14008
https://mathscinet.ams.org/mathscinet-getitem?mr=1906596
https://arxiv.org/abs/2112.12815v2

(18]

(19]

(20]

(21]

(22]

(23]

[24]

(25]

(26]

T. Agugliaro 904

B.J.J. Moonen and Y. G. Zarhin, Weil classes on abelian varieties. J. Reine Angew. Math. 496
(1998), 83-92 Zbl 0887.14004 MR 1605811

D. Mumford, Abelian varieties. Tata Inst. Fundam. Res. Stud. Math. 5, Oxford University
Press, London, 1970 Zbl 0223.14022 MR 0282985

P. O’Sullivan, Algebraic cycles on an abelian variety. J. Reine Angew. Math. 654 (2011), 1-81
Zbl 1258.14006 MR 2795752

B. Segre, Intorno ad un teorema di Hodge sulla teoria della base per le curve di una superficie
algebrica. Ann. Mat. Pura Appl. 16 (1937), no. 1, 157-163 Zbl 63.0622.01 MR 1553294
J.-P. Serre, Linear representations of finite groups. Grad. Texts in Math. 42, Springer, New
York, 1977 Zbl 0355.20006 MR 0450380

G. Shimura and Y. Taniyama, Complex multiplication of abelian varieties and its applications
to number theory. Publ. Math. Soc. Japan 6, Mathematical Society of Japan, Tokyo, 1961

Zbl 0112.03501 MR 0125113

J. Tate, Endomorphisms of abelian varieties over finite fields. Invent. Math. 2 (1966), 134-144
Zbl 0147.20303 MR 0206004

J. Tate, Classes d’isogénie des variétés abéliennes sur un corps fini (d’apres T. Honda). In
Séminaire Bourbaki. Vol. 1968/69: Exposés 347-363, pp. 95-110, Lecture Notes in Math.
175, Springer, Berlin, 1971 Zbl 0212.25702 MR 3077121

C. Voisin, Théorie de Hodge et géométrie algébrique complexe. Cours Spec. 10, Société Math-
ématique de France, Paris, 2002 Zbl 1032.14001 MR 1988456

Communicated by Thomas H. Geisser
Received 23 February 2024; revised 3 February 2025.
Thomas Agugliaro

Institut de Recherche Mathématique Avancée, Université de Strasbourg, 7 rue René Descartes,
67000 Strasbourg, France; tagugliaro @math.unistra.fr


https://doi.org/10.1515/crll.1998.034
https://zbmath.org/?q=an:0887.14004
https://mathscinet.ams.org/mathscinet-getitem?mr=1605811
https://zbmath.org/?q=an:0223.14022
https://mathscinet.ams.org/mathscinet-getitem?mr=0282985
https://doi.org/10.1515/CRELLE.2011.025
https://zbmath.org/?q=an:1258.14006
https://mathscinet.ams.org/mathscinet-getitem?mr=2795752
https://doi.org/10.1007/BF02414291
https://doi.org/10.1007/BF02414291
https://zbmath.org/?q=an:63.0622.01
https://mathscinet.ams.org/mathscinet-getitem?mr=1553294
https://doi.org/10.1007/978-1-4684-9458-7
https://zbmath.org/?q=an:0355.20006
https://mathscinet.ams.org/mathscinet-getitem?mr=0450380
https://zbmath.org/?q=an:0112.03501
https://mathscinet.ams.org/mathscinet-getitem?mr=0125113
https://doi.org/10.1007/BF01404549
https://zbmath.org/?q=an:0147.20303
https://mathscinet.ams.org/mathscinet-getitem?mr=0206004
https://doi.org/10.1007/BFb0058807
https://zbmath.org/?q=an:0212.25702
https://mathscinet.ams.org/mathscinet-getitem?mr=3077121
https://doi.org/10.1017/CBO9780511615344
https://zbmath.org/?q=an:1032.14001
https://mathscinet.ams.org/mathscinet-getitem?mr=1988456
mailto:tagugliaro@math.unistra.fr

	Contents
	1. Introduction
	1.1. Organization of the paper
	1.2. Conventions

	2. Preliminaries
	3. Main result and consequences
	4. A minimality result about Weil numbers
	5. Proof of the main theorem
	6. Abelian varieties of Weil–Tate type
	7. External tensor products and Tate classes
	8. More examples of mildly exotic varieties
	References

