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Introduction

The Hodge conjecture on the algebraicity of cohomology classes is probably
one of the most well-known open problems in modern mathematics, and cer-
tainly a topic of central interest in analytic and algebraic geometry.

Despite the remarkable number of contributions, however, the conjecture
still seems to be far from a complete solution, even for Abelian varieties, which
are relatively well understood.

In this thesis we focus on the Hodge conjecture and related questions in
the setting of Abelian varieties, which, while exhibiting most of the richness
of the general problem, allows the development of specific tools that have led
to important partial results. In this context it is rather natural to introduce
the notion of an abstract Hodge structure, a rational vector space equipped
with some extra structure at the level of C-points.

In turn, to every Hodge structure we can associate a certain algebraic
group, called its Mumford-Tate group, which allows a purely representation-
theoretic description of Hodge classes. In principle, once the Mumford-Tate
group of a Hodge structure is known, the computation of Hodge classes is
reduced to a problem in invariant theory, and this is often enough to determine
the whole Hodge ring, sometimes not just for the Abelian variety we started
with but for its powers as well.

On the other hand, when the Abelian variety A is defined over a number
field K, another long-standing conjecture, formulated by Tate, makes predic-
tions about the algebraicity of certain (étale) cohomology classes.

The striking similarities between these two seemingly unrelated statements
led Mumford, Tate and Serre to conjecture that a close connection should exist
between the Mumford-Tate group of A and the action of the absolute Galois
group of K on the ¢-adic Tate module Ty(A). This statement is now known as
the Mumford-Tate conjecture and has an important part to play in this work.

A large part of this thesis is based on the paper “Hodge classes and Tate
classes on simple abelian fourfolds” ([MZ95]), where a criterion is given for the
existence, on simple Abelian varieties of dimension 4, of “exceptional” classes,
namely classes that we expect to be algebraic but do not lie in the algebra
generated by divisor classes.
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The tools developed along the way actually allow the analysis of many
other cases, and following Ribet, Serre, Tanke’ev and many others we recount
the proofs of the Hodge and Tate conjectures for Abelian varieties satisfying
various combinations of additional requirements on the dimension and on the
endomorphism algebra.

After the truth of the so-called minuscule weights conjecture was estab-
lished by Pink in [Pin98], it has become possible to give unified proofs that
work equally well in the complex and f-adic case; also, in many circumstances
the representation-theoretic properties of the Mumford-Tate group allow its
precise determination, and the ¢-adic counterparts of the same arguments are
enough to prove the Mumford-Tate conjecture by computing both sides of the
predicted equality. Whenever possible, we try to adopt this kind of approach,
in order to emphasize the similarities between the two conjectures.

We conclude this introduction with a brief outline of the material to follow.

In the first two chapters we discuss various preliminaries, especially re-
garding reductive algebraic groups and their representation theory; as most of
the material is fairly standard, proofs are kept to the bare minimum. Chapter
3 then introduces the Mumford-Tate and Hodge groups, our main objects
of interest, and contains a list of their most important properties. We also
prove a characterization of the Mumford-Tate group (Prop. 3.1.2) which is
often stated without proof in the literature, and will play a relevant part in
subsequent sections.

The following chapter consists entirely of an account of what Mumford-
Tate groups can look like in low dimension, namely for varieties of dimension
1 or 2. This is essentially an elaboration of Examples 5.4 and 5.7 and Exercise
5.6 of [Mooa], presenting the arguments from the reference in greater detail.

In Chapter 5 the precise statements are given for the Hodge, Tate and
Mumford-Tate conjectures, along with some background and a series of results
that will allow us to take a unified approach to both geometric and f-adic
questions.

Chapters 6, 7 and 8 are the core of this work; the first of these is dedicated
to the computation of Mumford-Tate groups for some Abelian varieties with
additional restrictions on both the endomorphism algebra and the dimension,
whilst in the other two we drop any assumption on the endomorphism algebra.
We are then able to obtain complete results for varieties of prime dimension;
the next interesting case - namely, varieties of dimension 4 - is a difficult
problem in its own right: it shall be the subject of the last Chapter, where we
give a complete account of the main theorem of Moonen and Zarhin, again
presenting detailed proofs, expanding computations and expliciting the full
argument for varieties of type IV(2,1), a part of which was explained only
briefly in [MZ95].



CHAPTER

Preliminaries

We collect here some useful results and definitions, starting with the notion
that underlies everything we deal with in this work:

Definition 1.0.1. Let V be a (finite dimensional) Q-vector space. On the
complex vector space V ®qC we have a notion of complex conjugation, induced
byv®z=v®ZzforallveVand z € C. A Q-Hodge structure of weight
m € 7Z is the data of V together with a decomposition

VaeCx G vre,
ptg=m

where each VP4 is a complex vector space and VP4 = VTP,

The type of a Hodge structure is the collection of the pairs (p, ¢) such that
VP14 is non-trivial, and a vector v € V is called a Hodge class if it belongs
to V0.0,

1.1 Algebraic groups

Throughout, let k be a field and let k& denote a fixed separable closure of k.
As it is well known, G, := Speck [X, %] can be endowed with the
structure of an affine algebraic group over k, called the multiplicative group
of k. A split torus over k is an affine algebraic group of the form G}, , for a
certain (positive) integer n. 7
More generally, an algebraic torus over k is an affine algebraic group G
over k such that Gy, is a split torus.
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1.1.1 Characters and cocharacters

Let T be a torus over k. Define the character group (resp. cocharacter
group) of T" to be

X*(T) = Hom (T, G,,5)  (resp. X.(T) = Hom (G, 7. T) ).

The assignments 7" — X*(T') and T +— X, (T') are clearly functorial in T,
but in fact much more is true:

Theorem 1.1.1. Let I' be the absolute Galois group of k, i.e. Gal (E/k‘)

Then the functor X* establishes a (contravariant) equivalence between the
category of algebraic tori over k and the category of free abelian groups of
finite rank equipped with a continuous action of I'. Similarly, the functor X,
1s an equivalence between the same two categories.

1.1.2 Welil restriction of scalars

Let K/k be a finite extension of fields and let G be an affine group over K,
thought of as a functor

G : (Algg) — (Groups)
such that the underlying set-valued functor is representable. Then the functor

Resg/, G : (Alg,) —  (Groups)
A — G(A® K)

is an affine group over k in the above sense, called the Weil restriction of G
to k.

Remark 1.1.2. By abstract nonsense (Yoneda lemma) the above property char-
acterizes Resg/, G up to unique isomorphism.

1.1.3 Lie algebras and the Weil restriction of scalars

Since we will almost always work with Lie algebras instead of their group
counterparts, it is a natural question to ask what happens to them when ap-
plying the restriction of scalars functor. In this paragraph, following [BGK04],
we give an answer to this question.

Let E/K be a separable field extension and © an algebraic group defined
over I. Here we restrict ourselves to the case of affine algebraic groups, which
is the only one we will need. There are two natural constructions that, given
O, yield a Lie algebra over K:

e we can first consider the group ©| := Resg/x(©), which is by construc-
tion an algebraic group over K, and take its Lie algebra b = Lie (O|x);
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e or we can take the Lie algebra g := Lie (©), which is a vector space
over F/, forget its structure as E-vector space and simply regard it as a
K-vector space. This gives a K-Lie algebra (keeping the same bracket).

In this case we will write Resg/k (), Resg/x being the forgetful functor
Liep — Lieg.

The important fact about these construction is that they actually yield
the same object:
Theorem 1.1.3. With the above notation, b = Resg /i (g)

Definition 1.1.4. We will refer to Resg/k (g) as ‘the Lie algebra of © re-
garded (as a Lie algebra) over K.

Before proving the theorem we need to give a more explicit description of
Resg/k (0).
Suppose © = Spec(A), where

_ Elry,... x]
AS——F—
is a finitely generated E-algebra, I = (f1(X),..., fs(X)) is an ideal of F[X]
and X denotes the multivariable x1, ..., x,.
Fix a separable closure K of K and denote o1,. .., 0, the different embed-

dings of F in K let furthermore M be the composite of By = 01(E), ..., E, =
on(E) inside K. We can then define A% := A®p ,, M and form the E-algebra

Z:Aal ®MA02 ®M...®MAU".

In order to fix notations, write A% = Mxz;1,...,x;,|/I%, where I7 is
given by 17 = (f7* (X7, ..., fZ (X)) and X7 is a shorthand for the mul-
tivariable z;1,...,z;,.

Note that A is then given by M [X°, ... X] /(I + ...+ I°").

The Galois group G = Gal(M/K) acts on A as follows: for every 7 €
Gal(M/K) and every i = 1,...,n, the morphism 7 o o; is an embedding of
E in K, hence it is one among the oj’s. Write j; for the unique index j such
that o; = 70 0.

Let 7 permute the variables by the rule 7- (X)) = X%i; together with the
natural action of 7 on M, this gives A the structure of a G-module. We can
then consider the K-algebra ZG, and it is known (see for example [Wei82],
pages 4-9) that ¢ represents Resg,/x (©).

We shall also need a simple lemma:

Lemma 1.1.5. .
Z ®KMgZ
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Proof. Fix a base a1,...,a, of E over K. Then, for each [ = 1,...,r and
each j =1,...,n, the element

n
o
wi =)0 T
i=1

is stable under the given Galois action: indeed, for any 7 € G, if j; is again
the unique index such that 7o 0; = 0, we have

n n n
i, . _ (toos) + 94 ..
T Zo‘j il | = Zaj Tig = Zaj Ljislo
=1 =1 =1

and since ¢ — j; is simply a permutation, this element is the same as the one
we started with.
Now the matrix S = (a?") is invertible (in M), so every variable
ij=1,..n
. . . . —-G .
x;; can be written as an M-linear combination of the elements w;; € A~ i.e.,

ZG ® M — A is surjective. ]
We can finally prove Theorem 1.1.3:

Proof. By [Hum81], Theorem on page 65, the Lie algebra h of Spec (ZG) can
be identified to the set of K-derivations on the algebra of regular functions
on Spec (ZG>, and since this scheme is affine the regular functions are simply
A,

By the same result, g is the set of E-linear derivations on A; we can
therefore define a homomorphism of Lie algebras over E

¢: Der(Ad) — Der (A)
§ = Y ... ®ide & eide... eid,
i=1 X
it place

where §; is § ®p o, id € Der (A%).

Observe that if § is any K-linear derivation and m € M, then m is algebraic
over K, hence it admits a minimal separable polynomial p(z) € K[z]. By
writing

0=0(0) =4 (p(m)) = &(m) - p'(m),
and using p'(m) # 0 by separability, we get §(m) = 0, hence § is M-linear.

To make things a little more explicit, notice that J; acts on an element a;

of A% represented as a polynomial

aj= Y, m(X%),

I multi-index
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as

aj) = mio; (6 (X))

(notice that 0 (XI) € E, and 0 maps E in M).
Let now 7 be an element of GG, and suppose the indices k; are chosen in
such a way that 7o Ok; = 0j. Then d; 07 (akj) =To0 (5;€j (akj), since for any

element
af; = Z my (Xakj)l e A%
I multi-index
we have
5 ( (me (X”’“J‘)I>> _s, (Z ) (X7 ) S r(ma)o; (5 (X1))
I I I
and

T<%( 7)) (e o)

7(mp)(T o oy;) (5( )),

so the two expressions agree, since 7 o of; = 0. It immediately follows that
©(9) is G-equivariant, so ¢(d) induces a derivation on A% and we can consider
¢ as a map Der(A) — Der (ZG).

It is also easy to see that ¢ : Der(A) — Der (A) is injective: let § be a
non-zero derivation on A and a be an element of A such that 6(a) # 0. Then
a ®q, 1 is a non-zero element of A% such that §;(a ® 1) # 0, and therefore

P0)|1®..010 (@@, 1)2l®...01| =
~——

ith place

=1®...01...5(a®, 1) ®1®...01#0,
the first equality holding because every derivation 0; for j # 4 acts on the

constant 1, thus yielding zero. Now suppose (9) is trivial on ZG; by Lemma
1.1.5, we have a“ ® M = A, hence by M-linearity ¢(8) is trivial on A. It
follows that ¢ : Der(A) — Der (ZG> is injective.

Finally, we have

Lie (Resp/k (0)) @k K = Lie (Resg/x(0) @k K)

> Lie (%) 2 (Lie (0%))™"
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>~ (Lie (0p) @5 K)7" =2 g™ 0p K,

hence
dimg b = dimg (Lie (ReSE/K(@))) = dimg (Lie (ReSE/K(@)) ®K K)

= dimy (g@" RF F) = dimg ¢g*" = ndimg g = dimg g,

so - comparing dimensions - the injective morphism ¢ : Resg/x g — b must
be an isomorphism. O

1.1.4 Remarks on the extension-of-scalars functor

Let E be a number field and let V' be an E-vector space. We want to study
what kind of extra structure V ®g C acquires from V' being a vector space
over E (and not simply over Q).

Let ¥ = X(F) denote the set of embeddings F — C. It is a basic fact
from algebraic number theory the existence of an isomorphism

E®Q(C — Cc*>
cwr o (0(e))es

of vector spaces over E, where the action of E is the obvious one on the left
and on the right is given by

e (21,...,20) = (61(e)21, ..., 0n(€)2n) Ve € E,¥ (21,...,2,) € C.

Fixing an FE-base of V yields an E-linear isomorphism V =2 E®F for a
certain k, so we have a chain of isomorphisms of vector spaces

V®eC= (E@k> ®p C = (E ®q C)@k = (Ck>2,

where, again, F acts on the right through its different embeddings.

An equivalent, coordinate-free construction goes as follows: we have an
isomorphism V ®g C = @ V,,, where V,, is the complex vector subspace of
Vi given by

Vo :={veVgle-v=o0c(e)v Ve € E}.

Note that it follows from the above that all the spaces V, are of the same
complex dimension. In fact, another equivalent description of the spaces V,
can be given as follows: V; is canonically isomorphic to V ®g , C, the iso-
morphism being given by

V®E7JC — VU
VR z = T (v®1) -z,
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where 7, : V — V, is the projection.

Suppose now we are given an F-bilinear form ¢ : V xV — E. We can con-
sider ¢ as element of Hompg (V ®p V, E) =2 V*®@g V*. By again taking tensor
products with C over E (with respect to a fixed embedding o : E — C) we
get an element @, == 1 € V' @pV*®p,C= (V*®p, C)®c (V* ®p,s C),
which again we interpret as a C-bilinear form V, x V, — C. Moreover, ex-
tending scalars between fields carries non-degenerate forms to non-degenerate
forms (this can be shown for example by computing determinants).

On the other hand, taking tensor products over Q yields a bilinear form
oc:VexVe -+ E®pC= C*, and identifying V¢ with D, Vo we see that ¢c
is simply the collection of the |¥| different forms ¢,, one on each factor V.

Finally, for our applications it will be useful to observe here that if a Q-
algebraic group GG acts on V preserving ¥ and commuting with £, then clearly
G acts on V¢ preserving vc; then

e the spaces V, for various o’s, are G¢-stable, since the actions of G¢ and
E commute (take any v € V,: then g - v still belongs to V if and only
if for every e € E we have e-g-v = o(e)(g - v), and this is clear, since
g-e-v=g-(o(e)v) =oc(e)g- v, the last two equalities holding since the
actions of G¢, E and C commute)

e preserving ¢c amounts to preserving each form ¢,, so each representa-
tion V, of G comes equipped with a G-invariant form, that is symmetric
(resp. skew-symmetric) exactly when ¢ is.

1.1.5 The Deligne torus

The Deligne torus S is the R-algebraic group Resc/r(G,,c). By definition
of the Weil restriction of scalars we have

S(R) = Gy.c (R ®g C) = Gpp(C) = C*

and
S(C) =Gpc (Cor C) =C* x C*.

Definition 1.1.6. The weight cocharacter is the cocharacter
w:Gpr —S

that induces the natural inclusion R* — C* at the level of R points. More
explicitly: S is represented by the affine algebra R [a, b, cﬂlﬁ}’ Gmr is rep-
resented by R [m, %] , and w is given at the level of algebras by the unique map
sending b to 0 and a to x.
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For the Deligne torus S, the C-points are given by S(C) = (C @g C)* =
C* x C*, so the character group of S is free of rank 2. It is generated by two
elements z,z that induce respectively the identity and complex conjugation
on R-points:
C* =S(R) — S(C) 25 G, c(C) = C*.

Remark 1.1.7. To avoid possible confusions, it is better to write down expli-
citly the characters z,z and clarify the identifications among all the objects
we will have to deal with. In particular, the identifications we use can be
summarized by the following diagram:

c =2 SR <= SC) = C* x C* 5 Gpc(C)=C*
. a b a b . . )
a+ib — — — (a+ib,a —ib) a + ib.
—b a -b a
Note furthermore that for F = R or C we can identify

1

Hom <R I:a, b, m

] ,IF) ~ GL,(F)

by associating to a morphism ¢ the matrix ( #la) SD(b)) . Finally, observe
—¢(b) ¢(a)
that

1 * *
Hom <R |:a,b, a2—|—b2:| ,C) — C ><(C

<“ b) — (a+1ib,a— ib)
—b a

is well defined, since both a + ib and a — ib are nonzero (as a? + b* = (a +
ib)(a — ib) is nonzero).

The norm character Nm : S — G,, g is given by zZz; equivalently, it is
the group morphism induced by the algebra map

1
1
R [l‘, 5] —- R |:(I, b, M]
x — a? + b2
Finally, define p to be the only cocharacter
JO Gm7(c - S

such that Zo =1 and z oy is the identity of G,, c. p is given on C-points
by p(a) = (a,1) € C* x C* = S(C).
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Remark 1.1.8. Giving a Hodge structure of weight m on a Q-vector space V'
is equivalent to giving a homomorphism of algebraic groups over R

h:S— GL(Vg)
such that how : Gy, g = GLgr(V) is given on R-points by

x e Gm,R(R) —a M Idy e GL]R(V).

If we start with a representation of S in GL(Vg) and extend scalars to C,
we obtain
VagCxVrerCx PV,
X
where the last sum runs over all characters of Sc¢ and the (generalized) eigen-
space V, is given by

{velclg-v=x(glv VYgeS(C)}.

This last isomorphism arises since every representation of a torus over
an algebraically closed field splits as a direct sum of eigenspaces, each one
corresponding to a character. Now the characters of S¢ are of the form 2Pz9,
therefore the above decomposition can be rewritten as

VagC=  vre,
(p,q)€Z2

where (by convention) VP4 is the space of vectors on which S¢ acts through
multiplication by z7Pz79. As the real points x act through multiplication by
x~™, we see that a necessary condition for a pair (p,q) to correspond to a
non-trivial VP4 ig

x Pl =02"" VzeR,

ie. p+qg = m. As h is defined over R, we have the equality 7 - h = h,
where 7 is the nontrivial automorphism in Gal (C/R) and it acts on h via
T-h:=1ohor ' =710hor. It follows that if v € VP4, then

h(z)v = Th(z)'rz(v) =rh(z)v =1 (Z—pg—qv) — 215y,

so VP4 C V4P and V2P C VP4, Since complex conjugation induces an auto-
morphism of Vg, this readily implies VP4 = V%P for every pair p, ¢, thus giving
the required Hodge structure on V.

On the other hand, if V' admits a Hodge structure of weight m, then we get
a representation of S¢ on V¢ by declaring that it acts through the character
z7Pz7%7 on VP4, We now need to check that this representation comes from
a real representation, but this follows immediately from VP4 = V9P by the
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same calculation as above. More precisely, we can observe that 7 exchanges
the two characters of S¢ (since it clearly exchanges them at the level of R-
points), and write any v € V¢ as a linear combination of vectors vP4 € VP4,
For any vector w belonging to an eigenspace V¢ we then have

h(z1, z2)W = 2(21, 22) 12(21, 22) W = z(21, 22) "PZ(21, 22) "9w = Toh(z1, z2)w,

so that A commutes with 7 and h¢ comes from a real representation h.
Moreover, if = is real (and nonzero), it acts on any one of the spaces VP4
as multiplication by z(z) Pz(z)"% = 2 Pz~% = =™, so it acts on the whole
of V¢ as multiplication by ™™, as we wanted to show.

Definition 1.1.9. Because of the above Remark, giving a Hodge structure
is essentially the same as giving a representation of S. We can therefore
carry all the usual notions from representation theory to the setting of Hodge
structures: in particular, we can identify Hodge structures with the category
of S-representations (over real vector spaces obtained by extension of scalars
from rational V’s), so that we get natural notions of dual structure V'V,
tensor product, morphism and sub-Hodge structure.

Definition 1.1.10. Let V be a Hodge structure of weight n. It is customary
to introduce the Weil operator C of V,

C = h(i) € GL(Vk).

Remark 1.1.11. It follows from the definitions that C' acts on VP4 C V¢ as
multiplication by ¢97P, hence

<C2)(C = @ (*1)q_p1dvp,q = @ (*1)q+p1dvp,q =

p+q=n ptq=n

= @ (—1)” Idvpyq = (_l)n (Id)VC ’

ptg=n
so C? = (—=1)"Idy.

Moreover, if V, W are two Hodge structures with Weil operators Cy, Cyy,
and if ¢ : V — W is a morphism of Hodge structures, then

Cwe(v) = e(Cyv) Vv € Vi,
since ¢ is h-equivariant (hence C' = h(i)-equivariant).

1.1.6 Quaternion algebras as algebraic groups

Let E be a number field and D be a quaternion algebra over E. Suppose that
D is a skew-field. We then want to interpret D* as an algebraic group over
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E, namely, show that the functor

Algp, — Grp

is representable by a finitely-generated algebra over E.

By [Mil12] (Remark 3.5 on page 22) it is enough to show that the under-
lying set functor is representable. By definition of a quaternion algebra, there
exist «, 8 € D such that

1. D is generated by «, 8 as an E-algebra;
2. a’=a€c E,f?=bc E;

3. aff = —Ba
4. 1,a,8,af is a basis of D over E.

An element v of D can then be represented uniquely as y=x-14+y-a+z-
B4 w - af, which suggests that D could be a subscheme of A‘}E. In fact, all we
need to do is give a polynomial characterization of ’being a unit’, which can
be done in terms of the reduced norm. Define N(7v) := 22 —ay? — bz + abw?
(and f(z,y,2,w) := 2 — ay?® — bz% + abw?); then v is a unit if and only if its
reduced norm is not zero.

We are thus led to considering the F-algebra

B := E[xvyvzaw]f(m,y,z,w) = E[‘/L‘ay727w7u]/(f($7yvzaw)u - ]-),

we are going to show that B does represent the desired functor, that is, the
equality Hompg (B, R) = (R ®g D)* (for every E-algebra R). An FE-algebra
map from B to R is determined by the images of z, y, z, w (which will again be
denoted x,y, z,w), and correspond to the element t®@1+yRa+2zQF+wRaf €
R ®p D. Such an element is invertible, since

(R14+yRa+z2z0+wRaf)(z®1l—-yRa—20—-w®af) =
f(x7y7sz)®1

is invertible; conversely, any invertible element v/ = 2’/ @ 1 +¢y' @ a+ 2’ ® B+
w' ® aff of R ® D gives rise to a map from B to R by sending z,v, z,w to
2y, 2 w'. Note that f(2,y,2',w’) is automatically invertible when +/ is:
identifying R ® D with R* via the basis 1, o, 3, a3, left multiplication by ~/ is
represented by the matrix

ay  —bZ —abw
Yy 7 bw'  —bZ
My = / / / ’ ’
2 —aw ay

g
|
N
8
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which is invertible exactly when its determinant is. The claim then follows
from det M., = f(a',y/, 2/, w')?.

1.1.7 Reductive groups

In what will follow we shall make frequent use of the concept of reductive
(algebraic) group, along with a few basic properties these groups enjoy. We
start with some basic definitions:

Definition 1.1.12. An affine group G is unipotent if every nontrivial rep-
resentation V of G admits a nonzero fixed vector, i.e. a v such that

g-v=v VYgeaq.

It is possible to show that, given any smooth algebraic group G over a
field k, there exists a unique maximal smooth connected normal unipotent
subgroup, called the unipotent radical R,G of G. The formation of such
R, commutes with base change, namely for every field extension K/k we have

(R.G)k = Ru(GKk).

Definition 1.1.13. A group G over a field k is reductive if it is smooth,
connected, and R, Gy, is trivial.

The Lie algebra [ of a reductive algebraic group is itself reductive, i.e. it
admits a decomposition [ = a @ s with a Abelian and s semisimple. For a
reductive Lie algebra [ we will write [** for its semisimple part and [ for its
Abelian part.

In order to state the basic structure theorem for reductive groups we shall
need a few more definitions:

Definition 1.1.14. Let G be an affine group over a field k. Then there exists
a unique maximal smooth connected normal solvable subgroup of G, called
the radical RG of G.

Definition 1.1.15. Let G1, G, -+ ,G,, be subgroups of G. We say that G is
the almost-direct product of the G;’s, written G = G1 - Go - -+ - G, if the
natural map

GixGyx---xG, — G
(91:92:° .9n) = G192---Gn
is a surjective homomorphism with finite kernel. In particular, this implies

that the G;’s commute with each other and that each of them is normal in G.

Theorem 1.1.16 ([Mil12], Chapter XVII, Theorem 5.1). Let G be a reductive
group, Z(QG) be its center, G' be its derived subgroup. Then
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o G’ is semisimple;
o the radical of G equals the center of G;
e Z(G) is a torus;

e G is the almost-direct product Z(G) - G'.

As a corollary we get the following important characterization:

Theorem 1.1.17. For an algebraic group G over a field k of characteristic
zero the following are equivalent:

1. G is reductive;
2. every representation of G is semisimple;

3. G admits at least one faithful semisimple representation.

Proof. (i) implies (ii) via the above Theorem: indeed, let G — GL(V') be any
representation of G = Z(G) - G'. Z(G) is a torus, so - when regarded as a
representation of Z(G) - V decomposes as a sum of simple representations,

V%@Vi.

Z(G) and G’ commute, so each V; is stable under the action of G’, that is to
say, it is a G’-module. Moreover, G’ is semisimple, hence all its representations
are completely reducible, so we can write

Vi= PV

J
as a direct sum of simple G’-modules. Then
V=D

i,J

is a decomposition of V into a direct sum of simple G-modules.

Clearly (ii) implies (iii), since every algebraic group admits a faithful rep-
resentation.

Finally, to show that (iii) implies (i), we need one more lemma:

Lemma 1.1.18. Let G be an algebraic group, V be a semisimple representa-
tion of G, U a normal unipotent subgroup. Then U acts trivially on V.
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Proof. If V is the trivial representation there is nothing to show. We can
therefore suppose V' # (0). Let VYV = {veViju-v=v YueU}. VU is
nontrivial by definition of unipotent group; it also is a sub-G-module, since -
by normality - for every g € G and for every u € U we have ug = gu’ for a
certain u’ € U. It follows that

u(gv) = g(g ug)v = gu'v=gv Vg€ G,YuecUNVve VY,

so VU is a sub-G-module as claimed. As the representation V is semisimple,
VU admits a complement W in V; we want to show that W = 0. If, by
contradiction, we had W # 0, then by definition of unipotent group we would
also have WY # 0, and taking any w € WY \ {0} would give the contradiction
weVUinw. O

Applying the above lemma to a faithful semisimple representation of G we
find that any normal unipotent subgroup acts trivially on a faithful represent-
ation, hence it is trivial. ]

1.2 CM fields

Definition 1.2.1. A CM-field is a totally imaginary quadratic extension
of a totally real number field Ey, which is called its maximal totally real
subfield.

Proposition 1.2.2. Let E be a number field, L its normal closure, R :=
Hom (E,L) = {p1, - ,pn} the set of its embeddings in its normal closure.
Fiz distinguished embeddings E — L — C and identify Hom (E, L) with
Hom (E,C). Denote complex conjugation by 7. Then E is a CM field if
and only if the following hold:

1. for every p € R, Tp = p1
2. 7 induces a non-trivial automorphism of E

Proof. Suppose the two conditions hold. Then Ej, the fixed field of £ under
the action of 7, satisfies [K : Ep] = 2 by Artin’s lemma. Moreover, Ej is
totally real: every embedding o of Ey in C extends to an embedding p of E in
C, so for any ko € Ey we have 7(c (ko)) = 0(7(ko)) = (ko) and o (ko) is real.
This shows that F is an imaginary quadratic extension of the totally real field
Ey. Moreover, property (1) implies that for every embedding p of E in C 7
induces a non-trivial automorphism of E, so no embedding of E can be real
and F is totally imaginary, as we wanted to show.

Conversely, suppose E is CM and let Ey be its maximal totally real sub-
field. Then E can be written as Eg[d] with d?> € Ey totally negative, and 7
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is clearly nontrivial on E. Representing an element of ¥ as a + gd, for any
embedding p : E — C we can write p(a + fd) = o(«a) + o(8)p(d), where
o = p|g,- As p(d)? € Ey is real but p(d) is not, 7(p(d)) = —p(d), so

7 (pla+ Bd)) = 7(o(a)) + 7(o(8))7(p(d)) = o () — o(B)p(d)
clearly agrees with p(7(a + 8d)). O

Corollary 1.2.3. The composite of a finite number of CM-fields is CM; in
particular, the normal closure of a CM-field is again a CM-field.

Proof. The conditions in the above Proposition clearly hold for such a com-
posite field. O

Corollary 1.2.4. If L is a CM-field, Galois over Q, then complex conjugation
is in the center of the Galois group of L.

Proof. This follows immediately from Proposition 1.2.2, since in this case we
can identify the Galois group of L with the set of morphisms L — C, and we
know that complex conjugation commutes with such embeddings. O

1.3 A few properties of Abelian varieties

Throughout this section let A be an Abelian variety of dimension g and End(A)
be its endomorphism ring. We define the endomorphism algebra of A,
End’(A), to be End(A) ®z Q.

1.3.1 Polarizations

Let AV be the dual variety of A. A polarization of A is an isogeny \ :
A — AV. Tt is known that, over a field of characteristic zero and up to
isogeny, we can always assume A to be isomorphic to AV and choose A to be
an isomorphism: in this case, A is said to be principally polarized. Thanks
to the canonical identification AVY = A, a polarization induces an involution
on EndO(A)7 the Rosati involution, given by

ool i=A"Top o

Note that the Rosati involution is well-defined even if X is not an isomorph-
ism, since A is invertible in the category of Abelian varieties up to isogeny.
The Rosati involution enjoys the following properties:

o (p1+ o)t =l + 0l V1,02 € End’(A);

o (ap)t =ap! Vy € End’(A), Va € Q;
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RN N ¥ E dO A):
o (p1p2)' = Py V1,2 € End’(A);
o ()= VpeEnd(4);

e the associated quadratic form f — tr ( I fT) is positive-definite ([BLO04],
Theorem 5.1.8), where tr denotes the reduced trace on the Q-algebra
End®(A).

Remark 1.3.1. Suppose F = End’(A) is a CM field. Then there is a choice of
a polarization such that the corresponding Rosati involution induces complex
conjugation on F'.

To see this, let ¢y be any Rosati involution, and observe that both ¢y and
complex conjugation are positive involutions, hence they are conjugated under
the action of an internal automorphism of End®(A) by the Skolem-Noether
theorem. The claim then follows because any conjugate of a Rosati involution
is again a Rosati involution.

The same statement holds even if F' is simply contained in End®(A), but
it takes a bit more work.

1.3.2 The Albert classification

It is not hard to show that if A is simple, then End®(A) is a skew field.

Division algebras with positive involutions have been completely classified
by Albert (in [Alb34], [Alb35]); in the context of Abelian varieties, the result
is as follows ([Mum70], page 202):

Theorem 1.3.2 (The Albert Classification). Let D := End®(A), L be the
center of D (a number field) and Ly be the subfield of L fized by the Rosati
involution. Let furthermore e = [L : Q|,eg = [Lo : Q],d* = dimy(D) and
g = dim(A). Then Ly is a totally real field, [L : Lo| is either one or two,
and if [L : Lo| = 2, then L is a CM field. Moreover, in this case it is always
possible to choose a polarization A in such a way that the corresponding Rosati
tnvolution is complex conjugation.

Furthermore, there are only a few possibilities for D, listed in the following
table. The fourth column displays numerical constraints ey, e,d and g must
satisfy; these restrictions are actually somewhat different in characteristic p >
0, but we shall only be concerned with the case of characteristic 0.
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Type e d Description

D = L, a totally real field of degree ey over
I(eg) €o 1 eolg 0 Y & 0

D is a quaternion algebra over the totally
II(ep) €o 2 2e0lg  real field F, split at all the infinite places
('totally indefinite quaternion algebra’)

D is a quaternion algebra over the totally
ITI(ep) eo 2 2eqlg real field F, inert at all the infinite places
('totally definite quaternion algebra’)

L is a CM field and D is a division ring of

WV(eo,d) 260 any eodlg g0 i over I

Remark 1.3.3. A result of Shimura ([Shi63]) implies that all the above actually
appear as endomorphism algebras of Abelian varieties.

If one asks the subtler question of whether there is a simple Abelian variety
A with a given endomorphism algebra, the answer becomes slightly more
complicated. It turns out that there always exists such an A, except for types

IIT and IV, when the quotient g/(2e) in the first case and 2’# in the second
e
case is either 1 or 2 (see [Mum70], page 203); even in this case, a complete

classification result is available (and is again due to Shimura).

In the case of Abelian surfaces, for example, the center of the endomorph-
ism algebra can never contain an imaginary quadratic extension of Q, and
Type III does not arise.






CHAPTER

A little representation theory

We recall a few standard definitions and results in the theory of (semi)simple
Lie algebras that will turn out to be of utmost importance in the study of
higher-dimensional Mumford-Tate groups. The main references for this sec-
tion are [Ser01], [Bou08] and [Hum?73].

2.1 Definitions

Definition 2.1.1. Let V be a finite-dimensional vector space over R and «
be an element of V. A symmetry with vector « is any linear automorphism
s of V satisfying:

o s(a) =—aq
e the set {v € V|s(v) = v} of fixed points of s is a hyperplane of V.

Clearly, a symmetry with vector « is far from being unique; there is,
however, a simple additional condition under which s is determined by a:

Lemma 2.1.2. Suppose R is a finite subset of V that spans it. Then there is
at most one symmetry with vector a that leaves R invariant.

Proof. Let s1,s5 be two symmetries with the above property. Let s = 3132_1.
Then on one hand s induces a permutation of R, and since this is a finite set
there exists a certain n € N such that s™ is the identity on R, and hence on
V. On the other hand, s acts as the identity on both span(a) and V/Re, so
its only eigenvalue is 1. This implies that the minimal polynomial of s divides
both 2™ —1 and (z — 1)¥ for a sufficiently large k, hence it divides  — 1, which
forces s = Idy . O

23
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Definition 2.1.3. A finite subset R of a real, finite-dimensional vector space
V is said to be a root system (in V') if the following conditions are satisfied:

(R1) R does not contain 0 and it spans V;

(R2) for every a € R, there exists a symmetry with vector « leaving R in-
variant. The above Lemma implies that such a symmetry is unique, so
it makes sense to write s,, for this symmetry.

(R3) for any two roots a, 8 € R, so(8) — 8 is an integer multiple of .

The dimension of V is called the rank of V.

Remark 2.1.4. As R is stable under s, we immediately see that, for every root
a, Sqo(a) = —a is again a root. On the other hand, suppose «, ta are both in
R for a certain 0 < t < 1. Then s4(ta) — tav = —2ta is an integer multiple of
o by condition (R3), so 2t € Z and ¢ = 1.

A root system is said to be reduced if, for every @ € R, +« are the only
roots proportional to «; reduced systems are exactly the ones arising in the
context of semisimple Lie algebras over algebraically closed fields.

Definition 2.1.5. The group W generated by the reflections s, for a varying
in R is called the Weyl group W of the root system, and plays a very
important role in the theory of semisimple Lie algebras.

Remark 2.1.6. Any element w of the Weyl group can be thought of as a
permutation of R, thus giving rise to a group morphism W — Sg: this map is
an injection, since R spans V, and the latter group is finite, since R is. This
shows that W is finite.

Proposition 2.1.7. There exists a positive-defined, symmetric, W -invariant
bilinear form on V.

Proof. Fix any positive-defined symmetric bilinear form B on V. Then

(l',y) = Z B(wx,wy) v%y ev
weW

is clearly positive-defined, and it is W-invariant since

(9, 9y) = Y Blwgr,wgy) = > B (wgz,wgy) =
weW weWg—1

> B(wz,wy) = (x,y) YgeW,Va,yeV.
weW
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From now on, (-,-) will denote such a bilinear form and || - || will denote
the associated W-invariant norm on V. This data gives V' the structure of a
Euclidean space.

Remark 2.1.8. We know from the definition (property R3) that so(z) —2 = na
for a certain integer n. The W-invariance of (-, -) implies

(z,0) = (sa(z), Sa(a)) = (x + na, —a) = —(z,a) — n(a, @),
son = —2%. We then obtain a integer-valued form (y,z) = 22;;’; This

b
form is not symmetric and is linear only in the second argument.

Remark 2.1.9. As (o, 8)(B, ) is an integer, writing (o, 5) = ||a|| - ||8]| cos(p)
we get 4 cos(p)? € Z, which gives a finite number of possibilities for ¢. Listing
such possibilities shows that either («, 5) = (8,a) =0 or

min {[{c, B)|, [{a, B)[} < 1.
Lemma 2.1.10. If o, 8 are roots and («, 3) > 0, then o — (3 is again a root.

Proof. Combining the previous remark, the hypothesis and the obvious in-
equality («, 5) (5, ) > 0 we see that both (o, 8) and (3, ) are positive. The
last statement in the previous remark implies that at least one of these val-
ues is 1; since (o, ) > 0 is equivalent to (6,«) > 0 and a — § is a root if
and only if § — « is, without loss of generality we can assume (o, 3) = 1. It
follows that R, being stable under both s, and central symmetry, contains

—s$a(f) = = (B — (o, f)a) = a = p. O

The previous lemma, while useful in itself, will also be crucial in order to
justify the following definition of direct sum of root systems.

Definition 2.1.11. Let R be a root system in V, and suppose V can be
written as a direct sum V7 @ V5 in such a way that R C V3 U V,. Let R; be
the intersection R N V;: V' is then said to be the direct sum of (V1, R;) and
(Va, Ra).

If V can be written as a direct sum only trivially - i.e. with V3 = {0} or
Vo = {0} - then it is said to be irreducible.

In order for the previous Definition to make sense, we need to check that
each (V;, R;) is a root system. This is true, and moreover V; is automatically
orthogonal to Vo with respect to any W-invariant symmetric bilinear form on
V.

Proof. Clearly a root « belongs to R; if and only if —« does. Let now « (resp.
B) be an element of R; (resp. Rg). Since o — /3 does not belong to V; U Va,
it does not belong to R, hence the previous Lemma implies («, 5) < 0. Since
the same applies to «, —f we find that («, 5) = 0.
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Let W1, Wa be the spans of Ry, Ry respectively. Wy and W are orthogonal
by the above, and on the other hand their sum is all of V', since R spans V.
We deduce V = W7 & Ws, and since W; C V; we get W; =V, so R; spans V;
and V) is orthogonal to V5.

Finally, for any a@ € R; the symmetry s, preserves Ry (since for any
B € Ry we have so(8) = 5 — (a, f)a = ), hence it preserves V5. As Vj is the
orthogonal complement of V5 in V and s, is an isometry for the given scalar
product, s, must preserve Vi, hence so(R1) C RN V) = Ry. This completes
the verification that (V;, R;) is a root system. O

Definition 2.1.12. A base of a root system (V, R) is a subset A = {aq, ..., g}
of R that is a basis for V and such that every a € R can be written (uniquely,
since A is a base) as a combination of the «;’s with integral coefficients, all
non-negative or non-positive.

Even though it is not immediate from the definition, a base always exists,
and moreover the set of all the bases is acted upon by the Weyl group in a
simply transitive fashion. A choice of A induces a partial ordering on R, given
by A > p if and only if A — u can be written as a non-negative combination of
elements of A. Furthermore, it turns out that giving a base A is equivalent
to giving a set of positive roots R™, i.e. a subset of R with the following
two properties:

e € R"& —a¢ R

e Ifa,3€ R" and a+ € R, then a+ € R™.
The correspondence between bases and positive roots is given as follows:

e given a base A, an admissible set of positive roots is given by those roots
that can be written as a non-negative linear combination of elements in

A;

e given a choice for BT, a base is given by the set of positive roots that
cannot be written as the sum of two positive roots (the so-called simple
roots).

Bases turn out to be closely related to the following geometric object:

Definition 2.1.13. For every a € R let P, be the hyperplane fixed by s,.
Then V' \ Uner Py has a finite number of connected components, called the
Weyl chambers of the root system.
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It is possible to show that bases are in 1-to-1 correspondence with Weyl
chambers, and in particular the action of W on the Weyl chambers is simply
transitive. This implies that for any fixed chamber C, there is a unique wg €
W, called the opposition involution (with respect to the given chamber),
sending C' to —C'. It can happen that the opposition involution is simply given
by & — —x, but this is not always the case.

In what follows, ’opposition involution’ will always mean the one associated
to the Weyl chamber pertaining to a given base A = {ay, ..., q;}.

For irreducible root systems the ordering induced by a base has the fol-
lowing useful property:

Proposition 2.1.14. Let (V,R) be an irreducible root system and fix a base
A. Then the ordering induced by A on R admits a unique mazimal element
H, which is called the longest root of R.

Writing H = ) ca cax for the expression of H in terms of the base we
also have c, > 1Va € A.

It is also customary to introduce the notion of coroot: for any o € R, the

coroot &V is defined to be aV = (Ofa)a

Remark 2.1.15. Note that (3,a") = 2%2’3 = {(a, ).

Given a root system (V, R), the set RY = {a"|a € R} again defines a root
system (V, RY), called the dual root system, with Weyl group canonically
isomorphic to the Weyl group of (V, R). In order to classify representations
of simple Lie algebras (that are naturally associated with root systems) it is
useful to introduce the notion of weight: a weight for the root system (V, R)
is a A € V such that (\,a") is an integer for every root a. The weights form
a lattice in V', called the weight lattice P(R) of (V, R).

The ordering on the roots gives rise to a notion of "positivity’ on the weights
as follows: fix a base A = {ay,..., o} of R. Then a weight A € P(R) is said
to be dominant if

A\ aY) >0 VaceA,

or, equivalently, if the same inequality holds for every root a positive with
respect to the order induced by A.

As {a¥|a € A} is a basis of V, it admits a dual basis w; with respect to
(+,-); it is clear from the definitions that these w;’s are weights and that they
are in fact dominant. We then define

l
P++(R) = @Nwz,
=1

the set of dominant weights of (V, R), and we call the w;’s the fundamental
dominant weights (with respect to the given choice of positive roots).
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Finally, the Cartan matrix of the root system (V, R) (relative to a base
A={o,...,qq}) is Cj5 == (o, aj).

Note that the definition of the Cartan matrix depends both on A and on
the ordering of the elements of the base; while changing the ordering of the
elements of A amounts to conjugating the Cartan matrix by a permutation
matrix, choosing a different base does not change the Cartan matrix (up to
permutation), since any two bases are conjugated under the Weyl group and
the numbers (a, ), being ratios of scalar products, are invariant under the
action of the Weyl group.

It can be shown that a root system can be reconstructed (up to isomorph-
ism) from its Cartan matrix, which turns out to always be nonsingular.

Remark 2.1.16. From the fact that the Cartan matrix has integer coefficients
we can easily prove that each w; is a linear combination of aj,...,q; with
rational coefficients: write w; = Zi’:l dj;a; for the expression of w in terms

of the base. Then by definition of a dual basis we have

l k

k
Sjk = (wja)) =Y dji (i, ) = > djilan, i) = djiCh,
=1

i=1 i=1

or, in matrix terms, Id = DC?, where D is the matrix whose entries are the
d;;’s and C'is the Cartan matrix. It then follows from Cramer’s formula that
D = (C’t)_1 has rational coefficients, and in fact the unique denominator
appearing is the determinant of C.

2.2 Root systems and representation theory

Let g be a (nonzero) semisimple Lie algebra over an algebraically closed field
(of characteristic zero). It can be shown that g admits non-zero subalgebras
consisting entirely of semisimple elements; any such subalgebra is said to be
toral, and is automatically Abelian. A maximal toral subalgebra of g is called
a Cartan subalgebra. Fix such a subalgebra H. The adjoint represent-
ation of g is given by

g — End(g)
g = [97']7

and it can be shown that ad(h) is diagonalizable for every h in H. Moreover,
since H is Abelian, so is ad(H ), which implies - by a standard result in linear
algebra - that all the endomorphisms in ad(H) can be diagonalized simultan-
eously. g can therefore be written as the direct sum of a certain number of
common generalized eigenspaces gy := {z € g|[h, 2] = A(h)x Yh € H}, where
A is a linear functional on H.
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Note that go is simply the centralizer of H in g, which can be shown to
equal H. Let R be the set of \’s that correspond to non-trivial generalized
eigenspaces. We then have the decomposition

g%H@@g,\_
AR

If we let Eg be the Q-subspace of HY spanned by R, then R ® 1 is a root
system in I/ = Egp ®qgR; moreover, two semisimple Lie algebras corresponding
to isomorphic root system are isomorphic. In particular, the decomposition of
a semisimple Lie algebra as direct product of its simple factors corresponds to
the decomposition of the associated root system as direct sum of irreducible
systems. In turn, irreducible root systems have been classified completely, and
- apart from five exceptional cases - fall into four infinite families.

The correspondence between root systems and simple Lie algebras is de-
scribed by the following table, where the subscript in the name of the root
system is the rank and the inequalities are necessary in order to avoid re-
petitions (there are some so-called ’exceptional isomorphisms’ between Lie
algebras of low rank)

Lie algebra | Root system | |R| Weyl group

sy, 1 >1 Ay nn+1) | S

s0041,1>2 | B 2n2 (Z)22)" x S

spo, 1 >3 | C 2n? (Z)22)" x S

soy, 1 >4 | Dy on(n—1) | (2/22)"' % S

¢6 Eg 72 Of order 273%5

e7 E; 126 Of order 2193457
eg Eg 240 Of order 235527
f4 Fy 48 Of order 27 32

g2 Go 12 D¢ (dihedral group)

The four infinite families of simple Lie algebras can be easily described as
matrix algebras with the Lie bracket being given by the usual commutator:

e sl;.q: traceless matrices of rank [ + 1.

® 509, 50971 1: skew-symmetric matrices of rank 2[, 2] + 1.

® s5po.: let J be the matrix ( OI

matrix. Then sp,,, is the set of 2n x 2n matrices A such that JA+ATJ =
0.

Ig), where I, is the n x n identity
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These four families are collectively called 'the classical algebras’, and their
associated root systems are said to be ’of classical type’.

We now turn to the classification of representations of semisimple Lie al-
gebras over C (or, more generally, an algebraically closed field of characteristic
zero). Let g be a semisimple Lie algebra, H a fixed Cartan subalgebra, R the
associated root system, A = {a1,...,q;} a base of R and W the Weyl group.
Let V be a module over g. Restricting the given action to H we get the notion
of weight spaces V), where A is a linear functional on H:

Vi={veV|h-v=Ahwv Vhe H}.

Those A’s such that V), is non-trivial are traditionally called the weights of
the representation. The sum V' := 3", v Vi is always direct, and V"’ is a sub-
module of V; furthermore, if V has finite dimension, then V' = V’. Moreover,
Weyl’s complete reducibility theorem implies that every finite-dimensional g-
module is completely reducible, hence irreducible representations play a prom-
inent role in the finite-dimensional case.

Definition 2.2.1. Recall that we have a decomposition g = H & @ . 0x-
The Borel subalgebra of g (associated to H and A) is

B=H® @ o
AeRt

its derived algebra is N = @ .+ 9x-

A highest weight vector of V' is a non-zero vector v belonging to a weight
space V) killed by all the elements in N, i.e., such that x-v =0Vz € N. In
this case we also say that A is a highest weight of V', and if V is generated
by v as a g-module, then we say that V is standard cyclic of weight .

The terminology "highest weight’ is justified by the following theorem:

Theorem 2.2.2. Let V be a standard cyclic g-module of highest weight vector
v € V. Then:

o V is the direct sum of its weight spaces;

o the weights of V' are of the form \ — Zi:l ki, where each k; is a non-
negative integer;

e cach weight space V), is finite-dimensional and dim Vy\ = 1;
e cach submodule of V is the direct sum of its weight spaces;

e V is indecomposable (i.e. it cannot be written as the direct sum of two
proper submodules); it admits a unique mazximal proper submodule and
a corresponding unique irreducible quotient;
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e cvery nonzero homomorphic image of V is again standard cyclic of
weight .

The main results concerning existence and uniqueness of representations
are as follows:

Theorem 2.2.3. 1. Every finite-dimensional g-module admits a highest
weight vector.

2. Let V' be standard cyclic of weight \ and suppose furthermore that V
is irreducible. Then there is (up to scalar multiples) only one highest
weight vector.

Combining this with the previous point, we see that every irreducible rep-
resentation (of finite dimension) is standard cyclic and admits a unique
highest weight.

3. If V1, Vo are standard cyclic of weight A and irreducible, then they are
isomorphic.

4. For each \ € HY there exists a (unique) standard cyclic irreducible mod-
ule of highest weight \, denoted V().

5. The map A — V(\) establishes a bijection between the set of dominant
weights of H and the set of isomorphism classes of finite-dimensional,
irreducible g-modules.

2.3 Self-dual representations

We briefly recall a few results on self-duality properties for Lie algebras repres-
entations over the complex numbers (or more generally an algebraically closed
field F of characteristic zero). Recall that if p : g — gl(V') is a representation,
than the dual representation of p is defined by the action

(9-9) (v) = =(p(g)v) Y eV, YoeV,Vgeag.

A representation is said to be self-dual if it is isomorphic to its own dual.
A finer notion is given by the following

Definition 2.3.1. Let p : g — gl(V) be a Lie algebra representation, (-,-) :
V x V. — F be a bilinear form on V. (-,-) is said to be p-invariant, or
preserved by p, if

(gv,w) + (v,gw) =0 Yv,w €V, Vg € g.

A representation p is said to be orthogonal (resp. symplectic) if there
exists a non-degenerate, symmetric (resp. skew-symmetric) bilinear form pre-
served by p.
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An immediate consequence of the definition is that orthogonal and sym-
plectic representations are automatically self-dual: if (-,-) is a p-invariant,
non-degenerate bilinear form, then the map

p: V. = vV
v <U7'>

is an isomorphism of g-representations. Indeed, it is clear that ¢ is an iso-
morphism of vector spaces, and the equality

p(gv) = {(gv,) = —(v,9) = g- ({v,-)) = gp(v)

shows that it is a morphism of representations. Over the algebraically closed
field ', Schur’s lemma implies that every irreducible, self-dual representation
admits a non-trivial, invariant bilinear form:

Lemma 2.3.2. A finite-dimensional irreducible Lie algebra representation
over F is self-dual if and only if it is either orthogonal or symplectic (but
not both).

Proof. We have already shown the ’if’ part. For the other implication, let
p: g — gl(V) be a finite dimensional, self-dual representation and ¢ : V. — V'V
be a g-isomorphism. Then the bilinear form

(v, 0)p = p(v)(w)

is g-invariant, since
{gv, w) + (v, gw) = @(gv)(w) + ¢(v)(gw) =

= (g-¢)) (w) + ¢(v)(gw) = —p(v)(gw) + ¢(v)(gw) = 0.

In fact, it is easy to check that the space Homg (V, V") and the space
By(V) of g-invariant bilinear forms on V' are isomorphic to each other via the
above association ¢ — (-,-),. If V' is irreducible and isomorphic to its dual,
then clearly V'V is irreducible, too, and Schur’s lemma applies to yield

dimp (By(V)) = dimg (Homg (V, V")) = 1.

In particular, every g-invariant bilinear form that is not trivial is non-
degenerate, since it induces an isomorphism V' — VY. Let now b(v,w) be any
non-zero, g-invariant bilinear form. Define b*(v,w) := b(w,v). By the above,
there exists ¢ € F such that b* = ¢b. Then

b(v, w) = b*(w,v) = cb(w,v) = cb*(v,w) = b(v,w) Yv,w €V,

hence ¢ = +1 and b is either symmmetric or skew-symmetric. Moreover, by
non-degeneracy, it cannot be both, unless char(F) = 2, when the two notions
coincide.

O]
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We now turn to studying self-dual representations of semi-simple algebras.
We first need a definition:

Definition 2.3.3. Let p; : g; — gl(V;) be a finite family of representations of
Lie algebras g;. The exterior tensor product of the p;’s, denoted

pR---Rp, (orV3X-.-KV, when no confusion can arise),

n

is a representation of the product algebra H g1 on the vector space V1 ®---®
i=1

Vi, the action being given (on the generators) by

n
(g1s--s0n) - (V1@ -vy) = ZU1®"'®%’71 ® pi(9i) (Vi) @ Vg1 @ -+ @ vy,
i=1

In order to study generic self-dual representations we first state the fol-
lowing structure theorem:

Theorem 2.3.4. For a semisimple Lie algebra € denote by R(¥) the set of
isomorphism classes of irreducible representations of €. Let g = g1 X -+ X gy
be a semisimple Lie algebra, decomposed as a product of simple Lie algebras.
Then the map

v 112 ~ %(e)
V1), s (Vaypn) — ;iR Kp,
s a bijection.

Remark 2.3.5. In particular, the order of the factors V; is important: if Vi, V5
are representations of the same algebra g, then the two representations V; XVa
and Vo XV of g X g are not isomorphic unless V; = V5.

Proof. This is an almost immediate consequence of the fact that every irre-
ducible representation of a semi-simple Lie algebra is generated by a highest
weight vector. Write V;(u) for the irreducible representation of g; with highest
weight p, and similarly let V(u) be the irreducible representation of g with
highest weight p.

Fix Cartan sub-algebras bh; of g;, and consider the associated root systems

n
(h),®;). Clearly, @ h; is a Cartan sub-algebra of g, and a choice of bases for
i=1
the root systems ®; induces a base for the root system associated to b.
Observe now that each weight A of h can be written uniquely as A =

>y Ai, where each \; is a weight of the corresponding bh;. It is then easy
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to check that V' (A) is the exterior tensor product V(A\) K --- K V(Ay,): such
a product representation is automatically irreducible, so - in order to prove
that it is isomorphic to V() - it is enough to exhibit a highest weight vector
of weight A. Such a vector is in fact given by v; ® - - - ® v,, where each v; is a
highest weight vector for the corresponding V' ();), and so ¥ is surjective.

To show injectivity, observe that - with the above notation - v ® - - - ® vy,
is a highest weight vector for ¥(V (A1), -,V (A\n)).

U(V (A1), ,V(\,)) is irreducible, so it has a unique line of such vectors:
this means that we can recover Ay, - - , A, from U(V (A1), -+, V(Ay)) by taking
a highest weight vector v € ¥(V(A1),---,V(\,)), computing its weight A and
decomposing it along the various h;’s. This shows that 1 is injective and
concludes the proof. O

Corollary 2.3.6. Let g = g1 X -+ X g, be a semisimple Lie algebra, writ-
ten as the direct product of its simple factors, and let V be an irreducible
representation of g. Then, by the above theorem, we have a decomposition
VWK -KW,. Suppose that V is self-dual: then each W; is self-dual.

Proof. We have V= VY 2 W)/ K- KW, so
\II(WlaaWn)g\P(Wl\/aquy)7

and as VU is injective (on n-uples of isomorphism classes) we get W; = W,” for
all 1. O

2.4 Minuscule weights

We now want to introduce the special class of minuscule weights, that will
play a prominent role in what will follow. As a first step we need the notion
of R-saturated set:

Definition 2.4.1. A subset X of P(R) is said to be R-saturated if for every
A € X, for every root o and every integer ¢ between 0 and (A, a¥) the weight
A — ta belongs to X.

Remark 2.4.2. A moment’s thought shows that a R-saturated set is automat-
ically W-invariant, since elementary reflections w, send A to A — (A, ") a.

Proposition 2.4.3. Let A € P(R) be a weight, X () the smallest R-saturated
subset of P(R) containing \. Recall that V' has the structure of a Euclidean
space with respect to a norm || - || that is W-invariant.

Then the following are equivalent:

1L X\) =W-A
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2. All the elements in X (\) have the same norm

3. For every a € R, ||\|| < ||A — ta|| for every integer t between 0 and
(A, aY)

4. (AN aY)e{-1,0,1} Va€eR.
Proof. The implications (1) = (2) = (3) are trivial from the definitions.
As for the implication (3) = (4), fix @ € R and consider the function

f(t) 1t = ||]A —tal|?. f(t) is strictly convex, since a is a root (hence non-
zero). Notice furthermore that

I = TsaM] = [[A = (o, Nal| = [|]A = (A, ") af|,

so f((A,aY)) = f(0). For any s strictly between 0 and (\,a") we can write
s=t-04+(1—1t) - (\a") for a certain ¢ € (0,1); convexity then yields

f(s) <tf(0) + (1 =)f (A, a”)) = f(0).

If | (A, )| is greater than one, then there exists an integer s in the interval
(0,(A,aY)) (resp. ((A\,aV),0), if (A\,a") < 0), and the above inequality -
applied to this s - contradicts the hypothesis (3), so (4) must hold.

Finally, assume that (4) holds. As the inclusion W - A C X () is tautolo-
gical, we just need to check that W -\ is R-saturated. Let w- A be any element
of W - A. We need to show that for every a and every integer ¢ between 0 and

(w-\aY) = ()\, (w_la)v> € {—1,0,1} we have wA —ia € W - \. But this
is clear: if (w-\,aY) = 0 there is nothing to prove, and if (w- \,a") = +1,
then so(w - A) = w- A F «, as required. O

Definition 2.4.4. A weight ) is said to be minuscule if it satisfies the above
equivalent conditions.

Lemma 2.4.5. Assume further that A € Py (R) \ {0}. Let

l
H=} njof
j=1
be the longest root of RV, and let J be the set {j|n; = 1}. Then the following
are equivalent:
(1) X is minuscule;
(2) AM(H) =1;

(3) there exists j € J such that A = wj.
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l
Proof. Write A = Z u;w;, where each u; is a non-negative integer. Then
i=1

l l ! l
(\H) = (Z ukwk,Zniaiv> = Z N Uk (wk,aiv) = anul
k=1 i=1 ik=1 i=1
equals one if and only if exactly one wuy is 1 (while all the others are zero)
and the corresponding ny is 1: (2) and (3) are then clearly equivalent to each
other.
On the other hand, as A is positive, we get
()‘?H) = Sup )‘(hv)a
heRt

so (A, H) (which is clearly non-zero) equals 1 if and only if all the scalar
products (A, hY) are at most 1, that is, if and only if A is minuscule (cf.
condition 4 of the previous Proposition). O

Combining the classification of simple Lie algebras with the characteriza-
tion (6) of the previous Lemma, it is possible to show the following result (cf.
Chapter 8, Section 3 of [Bou08] and Tables 1 and 2, ibid.)

Theorem 2.4.6. The following table lists all the minuscule weights (along
with other useful informations) for the simple Lie algebras. The ’duality prop-
erties’ column contains 1 if the representation is orthogonal, -1 if it is sym-
plectic, and 0 if it is not self-dual.

Root system Minuscule weight Dimension Duality properties

.o I+1
I+1 (=) ifr = ——
A(l>1) w1 <7<l .
" 0,if r#-——
2
B (1> 2) w] 9l +1, if 1 =3,0 (mod 4)
-1, if I=1,2 (mod 4)
Ci(l>2) w1 21 —1
w1 21 +1
D;(1>3) - +1, if I =0 (mod 4)
Wi-1, WL 2 ~1, if 1 =2 (mod 4)
0, if Il =1 (mod 2)
Es w1 27 0
We 27 0

Er wy 56 -1




2.4. MINUSCULE WEIGHTS 37

2.4.1 A useful characterization of minuscule weights
In this section we introduce a useful alternative characterization of minuscule

! l
weights, due to Zarhin (Section 1.1 of [Zar85]). Let A = Zciai = ijwj
i=1 j=1

be a dominant weight. By definition, m; is a non-negative integer for each j.
A simple but useful fact is the following:

Lemma 2.4.7. ¢; is a non-negative rational number for everyi=1,... 1.
We shall need a general fact about Euclidean spaces:

Lemma 2.4.8. Let V be a Euclidean space and let (-,-) denote its positive-
definite scalar product. Suppose vi,...,vn is an obtuse basis of V, that is
(vi,v5) <0 for every pair of different indices 1, j.

Then the dual basis vy of v; with respect to (-,-) is acute, i.e. it verifies
(vi,v5) > 0 for every pair of indices.

Proof. We can identify V with R™ endowed with the standard scalar product.
We then proceed by induction on n, the case n = 2 being trivial; also, by the
symmetry of the problem, it is enough to show (v, vy) > 0. Let e1,...,e,
be the canonical basis of R®. Let now A be any orthogonal transformation.
Then
(Av), Avj) = (v)/,vj) =i Vi, j=1,...,n,

so the dual basis of Avy, ..., Av, is Avy, ..., Av).

Furthermore, (Av, AvY) = (v/,v), so the base (v))i=1, . is acute if
and only if (Av;) i=1...n 1. We can therefore apply an orthogonal A such that
Av,, = e, and suppose without loss of generality that v, = e,.

Let 7 be the (orthogonal) projection

T R™ — R ={(z1,...,2,) € Rz, =0}

(T1,...,xp) = (z1,...,2p-1,0).

For a vector v € R™ let (v!,...,v") be its coordinates in the standard basis.
For every i < n, the hypothesis (v;,v,) < 0 implies v]* < 0; on the other hand,

for every pair of distinct indices 7, j < n we have (7(v;), 7(v;)) = Z?z_ll vaj- =

(vi,v;) — vj'v? <0, since (v;,v;) < 0 by hypothesis and vj'v} is non-negative

(since both factors are non-positive). It follows that wy = w(v1),...,wp—1 =
m(vn—1) is an obtuse basis of R*™!. Let wY,...,wY ; be the dual basis of
7(v1),...,m(vp_1) with respect to the scalar product on R?~1,

For any index i < n the last coordinate of w,” is zero by definition, so

(wY, en) =0 for every j < n, and for any two indices j, k < n we can write

J

(w;'/7vk) = (w;'/77r(vk>) + w;LUI? = (w}/,w(vk)) = (w;’/7wk) = 9k-
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By uniqueness of the dual basis, this means that the vectors {w;/}
j=1,...,n—1

are the first n — 1 elements of the dual basis of v1,...,v,, L.e. v/ = w;’ for
every ¢ = 1,...,n — 1. The inductive hypothesis then implies

(vf,05) = (wy,wy) >0,
and we are done. O

Proof (Lemma 2.4.7). From Remark 2.1.16 we know that each w; is a linear
combination with rational coefficients of a1, ..., a,, so the ¢;’s are rational.

It is easy to check that for a;,a; € A we have (o, ;) < 0: suppose by
contradiction (o, a;) > 0. As clearly a; # a4, Lemma 2.1.10 implies that
a; — vy is a root, so it admits an expression o; — a; = Zﬁc:l npoy, where each
np a non-negative or non-positive integer. As this would give two different
representations of oy (namely o itself and (o; — o) + @), the contradiction
shows that we must have (o, ;) < 0.

We then have (aiv, ajv) < 0, and thanks to the previous Lemma we know

that the dual basis {w;},_; , verifies (w;,w;) > 0.
It follows that for each j = 1,...,n the scalar product

l
(\wy) =D mi (wi,w;)
=1

is non-negative, hence

)\ w] (Z auaz wj) — Cj (aﬁzaj)

and since (o, ;) > 0 we deduce ¢; > 0, as claimed. O

Let N be —wg(\), where wq is the opposition involution, and write A’ =
Zl ;- Define [(A) :=min{¢; + i =1,--- |1}

zlz

Remark 2.4.9. As all the coefficients ¢; and ¢; are non-negative, () is positive
for every non-trivial dominant weight A.

Lemma 2.4.10. [ is an integer-valued function.

Proof. Pick any o € R and let w € W be the reflection through the hyperplane
orthogonal to a. Write p = Zé:l a;w; with a; € Z for a weight. Then

o = (wa)a,

w(p) =p—2
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and (i, a) is an integer by definition of weight. Moreover, « itself is a weight,
so g — (u, ") is again a weight; furthermore, « is a Z-linear combination
of simple roots. A simple induction (on the number of symmetries involved)
then shows that for any weight p and any element w € W we have

I
w(p) =p— Z%aia qi € L Vi.
i=1

Applying this to w = wp and pu = X\ we get

! ! ! l
chai =X =-wi(\) = — ()\ — Zqi%‘) = Z%’ai — Zciaiy

S0 ¢ + ¢ = q; € Z, as we wanted to show. O

The following proposition can be useful in order to bound from below the
value of [:

Proposition 2.4.11. Let 3 be the longest root of RY. Then for every dom-
inant weight X\ we have l(A) > (\, )

l
Proof. Let v = Z e;a; be a positive root (so each e; is a non-negative integer).
i=1
Then the associated reflection s, € W acts as

l

wy(A) = A= Ay =A=D (A e
=1

It is known that wg(X) < w,(A), so
l l
A= (A e = wo(A) = A+ X =D (A 7Y)eia;,
i=1 =1

that in turn implies ¢; + ¢; > (\,7")e;. For v = BY we have e; > 1 for every
index ¢, so ¢; + ¢, > (A, 5) holds for every i and the claim follows. O

The importance of [ lies in the following property (1.1.2.0 of [Zar85]):

Proposition 2.4.12. Let X\ be a dominant weight. Then [(X\) = 1 if and only
if X is minuscule and (V, R) is of classical type.

Another equivalent characterization of [(\) is given in the following pro-
position:
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Proposition 2.4.13. Let g be a simple Lie algebra, (V, R) the associated root
system, X a dominant weight of R and X the small saturated set containing

M. Then

1. for every mnon-trivial group morphism ¢ : P(R) — (Q,+) we have
[p(X) =1 > 1(N);

2. there exists a group morphism ¢ : P(R) — (Q,4) such that |p(X)| =
I(\) + 1.

Proof. If A = 0 the claim is clear, so we can assume that A # 0 and g admits
an irreducible, faithful representation V() having A as its highest weight.

Let ¢ : P(R) — Q be a non-trivial group morphism. P(R) is a lattice in
V' (in particular, it has maximal rank), so identifying V' = V* through the
given inner product we find that ¢ is given by ¢(u) = a - (u,") for a certain
~v € P(R) and a certain constant o € Q.

Replacing ¢ with p — (u,7") does not change the cardinalities of the
involved sets, so we can assume that ¢ is indeed given by p — (u,7"). As X
is stable under the Weyl group, and since the action of W on V is through
isometries, we can replace vV with any W-conjugate. In particular, this means
that we can assume v € P, (R), since every W-orbit meets P, (R).

We now remark that X is exactly the set of weights of V/(\) by the structure
theorem for these representations (essentially a consequence of the Poincaré-
Birkhoff-Witt theorem), so we know that for every p € X there exists a
sequence \g = A, Ay, -+ , Ay, = p such that A\; — A\;41 is a simple root for every
i=0,---,n—1.

Let’s now write A = 2221 cia; and p = wo(A) = X — 2221 gio;, where we
know the ¢;’s to be integers with the property that [(\) = inf; ¢; (cf. the proof
of Lemma 2.4.10). In particular, every ¢; is greater than or equal to [(\), and
given any v € P(R) there exists i € {1,...,l} such that (a;,v") # 0 (since R
spans V). On the other hand, for any index j € {1,...,l} we see that in the
sequence A\g — A1, -+, Ap—1 — A, there are exactly ¢; terms equal to «; (by
uniqueness of the representation in terms of a base).

Putting everything together we find that

e(X) 2o ({Ao, -+, An}) =

n—1
= {«p(kn), P(An) + @(Ano1 = An)s () + > (X — )\i—i-l)} :
i=0
and for any fixed index j this last set has cardinality at least ¢; + 1: all
the summands ¢(A\; — A1) are non-negative, since they are of the form
(simple root, y") with v dominant, and if A\ — A1 = @j, then o(A\g—Ap—1) >
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0, which implies that for at least ¢; values of the integer k we have p(\;) #
(A1)

Let us now choose an index r realizing the lower bound, i.e. an r such
that [(\) = g,. Define ¢ to be the homomorphism p +— (u,w,). The above
calculation then shows that

lo(X)| =14+ {i: N\ — X1 =} =1+ ¢,

which proves (2). O

2.4.2 Computations for 4,

To show that the whole theory is in fact very explicit we now determine the
minuscule weights for simple root systems of type A; and check that A is
minuscule if and only if I(\) = 1.

We consider the following embedding of the root system A;: let V be the
hyperplane {x; 4 --- 4+ 2741 = 0} of RIT!, and take as R the set of vectors of
V' with integral coordinates and squared norm 2. As a base we take A =
{a1 =€ —e9, -+ ,a; =€, — €111}, so that the positive roots are those of the
form e; — e for i < j. The Cartan matrix associated to this choice is

as it is easy to see:

2, ifi=j

~—

(ai, a;
(aia ai)

Cij =2 = (ai,a5) = (e —eip1,65 —€j11) = —1, if [i — j| =1
0, otherwise

The Weyl group is generated by the reflections o; along the vectors e;—e; 1,

and o; acts on a vector (1, -+ ,241) as
((r1,- -+, 2141), €0 — €it1)
(1'1, axl-‘rl) (xla axH—l) (ei — eit1, i — €7j+1) (e’L ez+1)
= (5'317 T ,96z+1) - (551 - $i+1)(€i - €i+l) = (961, oty L1y, Lyt ,$l+1),

i.e. by transposing the i*" and (i + l)th coordinate. Since transpositions

generate the symmetric group, we deduce that W is isomorphic to Spiq,
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the full permutation group on [ + 1 elements. The Weyl chambers corres-
pond to the choice of a linear orders on the coordinates (for example, in the
case | = 2 the six Weyl chambers are given by {(x1,z2,23) : 1 > x2 > x3},
{(x1,22,23) : x1 > x3 > x2}, and so on), and our base is associated to the
chamber given by x1 > x9 > -+ > z;41. The opposite involution carries it
to the chamber given by —z1 > —xz9 > -+ > —x41, le. 21 < 29 < -+ <
x1+1. By uniqueness, and since reversing the order of the coordinates (i.e.
(X1, -+ &1, 2141) — (141,21, -+ , @2, 1)) works, this must be the opposi-
tion involution wy.

On the roots, wy acts as wo(a;) = wo(e; — €i41) = €lpo_j — €41 =
41— N

Finally, the longest root of RV = Ris 3 := e;—ej41 = 22:1 aj = 22:1 o,
so thanks to (6) of Lemma 2.4.5 we know that the positive minuscule weights
are exactly the dominant weights w;.

We now want to check that, for a dominant A, [(A) = 1 if and only if A is
one among the w;’s. Write

l l

A= E C; 0 — E mi;ws.
1=1 =1

If [(\) = 1, Proposition 2.4.11 yields ()\,BN) =1, so

l l
e DTS 3% I o
i=1 j=1 i

As all the m;’s are non-negative integers, it follows that exactly one of
them equals one while all the others vanish, so A is one among the w;’s, as we
wanted to show.

On the other hand, from the above it is easy to compute

l l

—wo(A) = — Z ¢ (—ogq1-i) = Z Clyi—104,

i=1 i=1
S0
(A= min l (ci + c141—4) -

Z:17" )

We want to express the coefficients ¢; in terms of the integers m;. To this
end, simply note that

l l l
v vV v
mj = <Z miwi,aj> = ()\,aj) = <Z cl-ai,aj) = Zq(aj,az) = ZCjici,
i=1 i=1 i =1

=1
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so, writing D for the inverse of the Cartan matrix (or rather, of its transpose
- but in this case C' is symmetric, so the two coincide), we have

l
C; = E Dijmj.
j=1

It is easy to check that

Il — )i
U207 455
I+1
D;; = ;
A+1—=50 ... _ .
— i >
I+1 7 n=t
so - given any choice (mg,---,my) for the coefficients of the fundamental

weights - we get

l

ci+ crami = Y (Dijmj + Dypa_s jmy).
j=1

Suppose now that A is minuscule, i.e. that there exists exactly one index

j € {1,---,1} such that m; = 1, while all the others are zero. Using D =
[+1—k& k
—;TandD“g:l_i_l,i:lgives
l
I+1—-k k
ata ;( I+1 +l+1>m]

As [ is integer-valued and strictly positive (see Remark 2.4.9), [(\) < ¢1+¢
forces [(A\) = 1, as claimed. This completes the verification of the equivalence
[(A\) = 1 <= X is minuscule for the root systems of type A;.






CHAPTER

Mumford-Tate and Hodge
groups

Following the unpublished course notes by B. Moonen ([Mooal, [Moob]) we
now introduce the main objects we will have to deal with and prove a few of
their most basic properties.

The first section is dedicated to the definition of the Mumford-Tate and
Hodge groups and their most immediate properties. In 3.2 we introduce the
notion of a polarization for an abstract Hodge structure and derive important
properties enjoyed by polarizable structures.

We also clarify the relation between the abstract notion and its geometric
counterpart, which is sometimes left implicit in the literature, showing in the
process that Hodge structures coming from Abelian varieties are polarizable.

In the following section we then investigate the Hodge group of a product
of varieties, and we conclude the chapter by analyzing, in 3.4, the interactions
among polarizations, the endomorphism algebra and the Hodge group. This
will also lead to introducing the so-called Lefschetz group.

3.1 Definition and basic properties

Throught this section V is a fixed Q-Hodge structure of weight m and
h:S— GL(Vg)

is the associated morphism of algebraic groups.
We introduce here one of the true protagonists of this work:

45
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Definition 3.1.1. The Mumford-Tate group of V', denoted MT(V), is
the smallest algebraic subgroup of GL(V') defined over Q such that h factors
through MT(V)g.

It is an exercise in [Mooa] to show that it is possible to give the following
alternative characterization of MT'(V):

Proposition 3.1.2. Let A(V') be the smallest algebraic subgroup of GL(V)
defined over Q such that hc o p : Gy c = GL(Vc) factors through Ac. Then
A(V)=MT(V).

Proof. We have an immediate inclusion A(V) € MT(V): indeed, the very
definition of MT'(V') implies that h factors through MT'(V')g, so by extending
scalars to C we find that hc factors through MT'(V)¢; a fortiori, hc o p factors
through MT(V)c, and since A is the smallest subgroup with this property we
must have A(V) Cc MT (V).

On the other hand, A is defined over Q, so it is stable under the action of
Gal (@/Q)7 in particular, its image in GL(V¢) is stable under 7, the complex
conjugation. Write Vg = @p gen VP for the Hodge decomposition of V,
where VP4 is the space of vectors on which the action of z is given by z7PZ74.
By definition, A¢ contains the image of h o u, that is, it contains all the
operators of the form

hc o u(z) = @ 2 Pidyp.a,
p+g=n

since by definition of u we have z o = id (resp. Zopu=1).
Writing down the action of 7 we find that A¢ contains the elements

T- ( EB z_pidvp,q> =To0 ( EB z_pidvp,q> oT,

p+q=n ptg=n
and since 7 exchanges VP4 and V%P this is just
@ zZ %idypa .
pt+g=n
Finally, as Ac is closed under composition, it also contains
g
@ 2122 4 ldvp»q
ptg=n

for every choice of z1, zo € C* x C*. It follows immediately from the identifica-
tions given in Remark 1.1.7 that this is precisely hc (S), so h¢ factors through
Ac, h factors through Ar and therefore A(V) D MT (V). O
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Definition 3.1.3. The unit circle group U; C S is the kernel of the norm
character. Its real points correspond to the unit circle S*.

We can now finally introduce what is probably the most important notion
in the theory:

Definition 3.1.4. The Hodge group Hg(V) is the smallest algebraic sub-
group of GL(V') defined over Q such that hly, factors through Hg(V)g.

Proposition 3.1.5. For any Hodge structure V', both MT (V') and Hg(V') are
connected.

Proof. S is connected, so the morphism h : S — GL(Vg) defining the Hodge
structure V factors through a group G if and only if it factors through G°. By
minimality M7 (V) must then equal MT (V)] so it is connected. Same proof
for the Hodge group. O

Proposition 3.1.6. Form = 0 the Hodge and Mumford-Tate groups coincide,
while for m # 0 MT (V) is the almost-direct product of G, @ and Hg(V).

Proof. 1t is apparent from the definitions that the Hodge group of V is a
subgroup of MT(V). Let m = 0 and write z = |z[e for the polar form of
complex numbers. Noticing that h|g« is trivial, we find that h factors through
a subgroup G of GL(V) if and only if h|y, does, since h(z) = h(z/|z|) and
z/|z| is on S1. The definitions of MT (V) and Hg(V') then immediately imply
the desired equality.

Suppose from now on that m # 0. As a first step, we compute the de-
terminant of h(z) € GL(VR) for any z € C* = S(R). Since det(h(z)) is
invariant under extension of scalars, we may as well compute the determinant
of h(z)c € GLc(V). In view of the convention set up in Remark 1.1.8 we
know that h(z)c acts as multiplication by z7Pz7% on VP4 so

det(h(z)) = det(h(z)c) = [] det (2772 "Idyra)
pHq=m
pHq=m

Exploiting the symmetry VP4 = V%P we can rewrite the above expression
T dette) = ] (e (e re)
pt+qg=m
= 1] Nm(z)(p=0)3 dim(V?9)
ptq=m
= Nm(z)_%m'dim(@pﬂ:m vra)

— Nm(z)—%mdim(V)'
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In particular, as U; is the kernel of Nm, we see that Hg(V) C SL(V'). As
how(a) =a ™Idy and m is nonzero, the image of h contains all of the real
homotheties, therefore MT(V') D Gy, 9. We can then compute the product of
Gm,g and Hg(V) inside MT'(V).

The intersection of these two subgroups is clearly finite, since (even over the
algebraic closure C) there is only a finite number of points in SL(C)NG,, c(C),
correseponding to the roots of unity of order dividing dim(V'). Moreover,
both subgroups are normal, since G,, g is contained in the center and Hg
can be identified with the kernel of the determinant morphism (restricted
to MT). On the other hand, these two subgroups generate MT(V): as we
have already remarked, writing a complex number z as |z|u with u € Uj(R)
gives h(z) = h(|z|)h(u) as the product of a real homothety and an element of
Hg(V )R, so we finally get MT'(V) = G, o - Hg(V). O

Proposition 3.1.7. Let V be a Hodge structure and v = {(a;,bi)};—; .. ,, be
a collection of pairs of non-negative integers. The vector space

VY — Z V®ai ® (VV)®bz’
=1

inherits a Hodge structure from V, and the tautological representation of
MT(V) induces an action of MT(V') on V".

Let W be a vector subspace of V¥. Then W is a sub-Hodge structure if and
only if W is invariant under the action of MT(V'), and an element t € V¥ is
a Hodge class if and only if it is invariant under the action of MT(V).

Proof. Let H < GL (V") be the stabilizer of the subspace W in V¥, i.e. the
algebraic subgroup given on QQ-algebras A by

H(A)={z € GL(V* @ A)|z(W ® A) C W @ A} .

Note that the action of x on W is the one given by representing GL(V') in
GL(V?). As W is a rational subspace, H is clearly defined over Q; consider
now the morphism h : S — GL(Vg). By definition, W is a sub-Hodge structure
if and only if it a subrepresentation for the action of S, if and only if A factors
through Hpg, and this happens exactly if H contains the Mumford-Tate group
of V', namely if and only if MT (V) stabilizes W.

For the second assertion, given any v we can take v/ = ((0,0),v) to get
VY = Q(0) & V¥, and t is a Hodge class in V¥ if and only if the subspace
Q- (1,t) CQ(0) ® V" is a sub-Hodge structure. The result then follows from
the first part. O

The following result, often quoted as Riemann’s Theorem (see, for example,
Corollary 6.9 in [Mil05]), is the reason why Hodge structures are so useful in
studying Abelian varieties. We state it here in provisional form, and postpone
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the full result until after the definition of a polarizable Hodge structure (see
Theorem 3.2.6 below).

Theorem 3.1.8. The functor A — Hi(A,Q) induces a full embedding of
the category of Abelian varieties over C, up to isogeny, into the category of
Q-Hodge structures of type (—1,0), (0, —1).

If A is an Abelian variety, with a little abuse of notation we will speak
of the Mumford-Tate (resp. Hodge) group of A, meaning the corresponding
group of the Hodge structure Hy (A4, Q).

Proposition 3.1.9. Let A be a simple Abelian variety, D its endomorphism
algebra, V.= H1(A,Q), M its Mumford-Tate group. Then

D = (End(V)M = (End(V))H9A

Proof. The last equality follows immediately, since we already know (Proposi-
tion 3.1.6) that in this case MT(A) = Hg(A)- Gy, g, and clearly G, o (acting
through multiples of the identity) commutes with every automorphism of V.

In view of the above theorem, the endomorphism algebra D of A is iso-
morphic to the endomorphism algebra of the Hodge structure V := H;(A, Q).
Let h : S — GL(VRr) be the morphism describing the Hodge structure V. A
(Hodge) endomorphism ¢ of V' is a h(S)-equivariant map, that is, a linear
transformation such that

er(h(2)v) = h(2)pr(v) Yo € Vg, Vz € S(R).

Replacing v by h(z)~'v we see that ¢ is a endomorphism of the Hodge
structure V if and only if

h(z)opoh(z) ' =¢ VzeS(R).

But this is exactly the definition of the action of S on End(V), so ¢ is an
endomorphism of V' as a Hodge structure if and only if it is a Hodge class in
End(V). Thanks to Proposition 3.1.7 we know that Hodge classes equal the
fixed points for the action of MT'(V'), so we finally get the desired equality. [

There is also a particularly useful characterization of CM varieties in terms
of their Mumford-Tate groups:

Proposition 3.1.10. Let A be a simple abelian variety over C with Mumford-
Tate group M. Then A has complex multiplication if and only if M is a torus.

Proof. Suppose first that A has complex multiplication. Let g be the dimen-
sion of A. Then by definition D := End’(A) is a field of degree 2g over Q,
and since V' := H;(A,Q) is a D-module of dimension 2g over Q we find that
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V is a free D-module of rank 1. We can then identify V' = D (with its natural
action of D by left multiplication).

Let ¢ € M. Since the actions of M and D on V = D commute by
Proposition 3.1.9, we get

p(d) = ¢(d-1) = dp(l) Vde D,

so ¢ can be identified to multiplication by ¢(1) (D being commutative, there
is no need to distinguish left and right multiplication here). It follows that M
is a subgroup of Resp /g (Gy,), and being connected (Proposition 3.1.5) and
reductive it is a torus.

On the other hand, suppose M is a torus and let T' be any maximal torus in
GL(V) containing T. Then D = End(V)™ D End(V)?, and since everything
commutes with extending scalars we find

D ®g C 2 End(V &g C)™e.

Since all maximal tori are conjugated over C, we can simply take Tt to be
the diagonal torus, in which case End(V ®g C)T¢ equals the set of diagonal
matrices, which has dimension 2¢g over C. Taking dimension then yields

dimg (D) = dimc (D ®g C) > dimc (End(V &g C)7¢) = 2,

which by definition means that A has complex multiplication.

3.2 Polarizable Hodge structures

An extremely important subclass of Hodge structure is given by the so-called
polarizable ones. As the name suggests, this notion comes from geometry,
but in order to introduce the Hodge counterparts of polarizations we first need
to define the Tate structures Q(n).

Definition 3.2.1. For every integer n € Z, the Tate structure Q(n) is
the vector space V := Q- (27i)" C C, with Hodge structure purely of type
(—n, —n): in other words,

Ve=C

is declared to be V™™=, The n-th Tate twist of a Hodge structure W is
W(n): =W ®q Q(n).

Remark 3.2.2. An element z € S(R) acts on V¢ via the multiplication by
2"zZ" = Nm(z)", which is to say that the homomorphism A : S(R) — GL(WR)
is simply Nm™. It is then clear from the definitions that the Tate structure
Q(n) is of pure weight —2n.
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Definition 3.2.3. Let V be a Hodge structure of weight n with Weil operator
C. A polarization of V is a morphism of Hodge structures

p: VeV —=Q(—n)

such that the bilinear form (on the real vector space Vi)

Ve x Vg — R
(z,y) = (27)"p(Cr®y)

is symmetric and positive definite.

A pair (V) ¢), where V is a Hodge structure and ¢ is a polarization of V,
is called a polarized Hodge structure. A Hodge structure admitting at
least one polarization is called polarizable.

Proposition 3.2.4. Let ¢ be a polarization of a structure V of weight n.
Then ¢ is symmetric (resp. skew-symmetric) if n is even (resp. odd).

Proof. A morphism of Hodge structures commutes with the Weil operator by
Remark 1.1.11; moreover, the Weil operator of Q(n) is trivial, since i € S(R)
acts as multiplication by Nm(i)™ = 1. Furthermore, note that if C' is the Weil
operator of V', then C ® C' is the Weil operator of V @ V.

It follows that

p(Cry) =¢(Cyxz) (symmetry)
=Cyp(Cy®x) (triviality of C' on Q(n))
= ¢(C%y ® Cx) (¢ commutes with C)

= ¢((=1)"y © Cx)
— (~1)g(y © Cx)
so (as C'is an automorphism) p(z @ y) = (—1)"p(y @ ¢), as claimed. [

(CF =(-1)")
(hnearlty of v),
Remark 3.2.5. As it is well-known, there is also a notion of polarizations for
Abelian varieties. This is no coincidence, although the relation between the
two objects is not completely apparent.

For the sake of simplicity let’s work over C, so that we can write an Abelian
variety X as W/A, where W is a g-dimensional vector space over C and A is

a (full-rank) lattice in W. An equivalent notion of polarization on X is then
that a non-degenerate, positive-definite Hermitian form

H:-WxW-—=C

such that Im(H)(A,A) CZ
We now want to explore the relation between this notion, our previous
definition and polarizations at the level of Hodge structures.
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There is a bijection between such forms H and alternating R-linear forms
E : W x W — R such that E(iu,iv) = E(u,v) for all u,v € W, the corres-
pondence being given by H(u,v) = E(u,iv) + iE(u,v). Moreover, H satisfies
the above properties if and only if F satisfies

1. F is non-degenerate
2. the symmetric form (u,v) — E(u,iv) is positive definite
3. I is integer-valued on A x A.

The long exact cohomology sequence associated to the exponential exact
sequence
0—-2Z—0x —>0%x—0

gives rise to a map (the first Chern class)
2
e HY (X,0%) = Hy (X,Z) = Hom (/\A,Z) ,

whose image consists of alternating forms E ‘of type (1,1)’, i.e. such that
Er(iu,iv) = Er(u,v). Such E’s clearly satisfy (3) above; it is then natural to
ask what conditions we ought to impose on a line bundle £ in order for ¢1 (L)
to be positive-definite. X R
Consider the dual torus X of X. It can be described as w/ A, where W is
the C-vector space of C-antilinear forms W — C and A is the dual lattice

A:{hemhm)cz}

Let £ be a holomorphic line bundle on X and let H be the Hermitian form
on W corresponding to ¢1(L£). Associated to £ we have a morphism

QL X — X
v — H(v,-),

and it turns out that the form H is non-degenerate if and only if ¢, is an
isogeny. Moreover, H is positive definite if and only if £ is ample, i.e. if and
only if ¢, is a polarization in the geometric sense. Since every polarization
has an associated ample line bundle, we see that the data of a polarization
is equivalent to the data of H, which is in turn equivalent to giving an E as
above, which is exactly a polarization in the sense of Hodge structures.

We can now state the full version of Riemann’s Theorem as follows:
Theorem 3.2.6. The functor A — Hy1(A,Q) is an equivalence between the

category of Abelian varieties over C, up to isogeny, and the category of polar-
izable Q-Hodge structures of type (—1,0), (0, —1).
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Remark 3.2.7. Let (V,¢) be a polarized Hodge structure and W be a sub-
Hodge structure of V. Then W is again polarizable (we can take as polar-
ization the restriction of ¢), and the orthogonal complement W+ of W with
respect to the bilinear form induced by ¢ is again a sub-Hodge structure. In-
deed, W+ is a sub-Hodge structure if and only if it is stable under the action
of Hg(V), but this is rather clear: the identity

o (w ® th) _ (h—lw ® wL) =0 YweW, Vwb e Wk, vhe Hg(V)

implies h (W) C Wt Vh € Hg(V), as we wanted to show.
Moreover, since Wx is stable under the action of C' we have

W oR = {xc Vg|pr(z,w) = 0 Vw € Wg}
= {z € Wg|pr(z, Cw) = 0 Vw € Wr};

as (2mi) Ly (-, C) is positive defined, this implies that W and Wy intersect
trivially. Their sum is therefore direct, whence an isomorphism of (Q-Hodge
structures V=W @ W,

Finally, the category of polarizable Hodge structures is clearly closed under
direct sum and tensor products.

Using polarizations it is not difficult to prove the following simple but very
useful results:

Proposition 3.2.8. Let A be any Abelian variety and H be its Hodge (resp.
Mumford-Tate) group. Then H is reductive.

Proof. In view of Theorem 1.1.17 we only need to show that H admits a
faithful semisimple representation. Note that H;(A,Q) is polarizable, and
Remark 3.2.7 implies that the tautological representation

Hg(A) — GL(H1(A,Q)),

which is certainly faithful, is in fact also semisimple: the sub-H-modules
are precisely the sub-Hodge structures, and since every sub-Hodge structure
admits an (orthogonal) complement the representation is completely redu-
cible. O

Lemma 3.2.9. Let V be a simple Hodge structure of weight —1 associated to
an Abelian variety A, ¢ : V.V — Q(1) a polarization of V' coming from a
polarization 1 of A. Let D be the endomorphism algebra of A, t the Rosati
involution associated to v, F the center of D and Zy = Z(Hg(A))". Let
furthermore Tr be the torus ResF/Q(Gm) and Up be the kernel of Nm : Tp —
G, i.e. the subtorus defined by zx = 1.

Then Zy C UY and Hg(A) C Sp(V, ¢).
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Proof. We know from Proposition 3.1.9 that
(+) D= (Bndg(V))"),

so Hg(V) commutes with D. At the level of Q-points, Zg < Hg(V) is then
a subset of Endg(V') that commutes with Hg(V'), so Zg C D, and moreover
Zyg C D*, since Zyg < Hg(V) < GL(V) contains only invertible elements.
Again from (%) we find that D commutes with Hg(V'), so in particular it
commutes with Zy < Hg(V'), hence Zp is contained in the center of D. It
follows that Zy C F and Zpy C Resp/g(G) as algebraic groups (by the
density of Q-points).

We can now exploit the fact that ¢ is a morphism of Hodge structures,
which means

o(hv @ hw) = hp(v @ w) = p(v @w) Yv,w €V, Vh € Hg(V),

since Hg(V') acts through Nm =1 on Q(1).

It follows that Hg preserves the skew-symmetric form associated to ¢, so
Hg(V) C Sp(V,¢). The Rosati involution is the adjunction with respect to
©, SO

o(dv@w) = p(v®dw) Yv,weV,Vde D;

as Hg(V') < D*, the above formula holds in particular for d € Hg(V'), whence
olv@w) = p(hv @ hw) = p(v @ hThw) Yo,w eV, Vh e Hg(V),

and since the bilinear form associated to ¢ is non-degenerate we find hth = 1.
But on Hg(V') C F the Rosati involution coincides with complex conjugation,
so hh =1 for every h in Hg(V) and we finally find the inclusion H C Up. [

Corollary 3.2.10. Let A be an Abelian variety without simple factors of type
IV. Then Hg(A) is semisimple.

Proof. We already know (Proposition 3.2.8) that Hg(A) is reductive, whence
a decomposition of Hg(A) =2 Hg(A) - Z(Hg(A)) with Hg(A)" semisimple. Tt
is then enough to show that Z(Hg(A)) is finite, and it is enough to do so for
a simple variety. In this case, Z(Hg(A)) is a subgroup of U% by the above
Lemma, so it suffices to show that U is finite. Let X be the set of embeddings
F — C. Then
X*(Tr) = P v
vyeEX

with its natural action of Gal (@/Q), while X* (Up) is the quotient of X* (Tr)
by those homomorhpisms that are trivial on the elements of norm 1, i.e. those

of the form o + 7,0 € X.
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By the Albert classification, though, F' is a totally real field (since no factor
is of type IV), so @ = o and the character group of Ug is trivial, since the

character group of Uy is finite, being the quotient of @ Z~ by @ Z(20). O
yEX oex

3.3 Product decomposition

We record for later use a general and very useful result on Lie algebras, es-
sentially due to Ribet ([Rib76]):

Lemma 3.3.1. Let C be an algebraically closed field of characteristic zero and
Vi,...,Vy be finite-dimensional C-vector spaces. Let gl(V;) be the Lie algebra
of endomorphisms of V; and let g be a Lie subalgebra of gl(V1) x -+ x gl(V},).
For each i = 1,---,n let m = [[i_; 9l(V;) — gl(Vi) be the i-th canonical
projection and let g; = m;(g).

Suppose that each g; is a simple (nonzero, but possibly Abelian of dimension
one) Lie algebra and that one of the following conditions holds:

(a) For every pair of indices i, j the projection m; X 7j : g — g; X g; is onto.
(b) For every simple Lie algebra | let
I={ie{l,--- ,n}[l=g}.
For every | such that |I()| > 1 the following conditions are met:

1. every automorphism of | is inner;

2. choose isomorphisms ¢y, : | — g (for k € I(l)). Then the rep-
resentations of | induced by the composition of ¢y with the tauto-
logical representations of gr on Vi, for k varying in I(l), are all
isomorphic;

3. the equality
End, @ Vi | = H End, V;.
iel(D) iel(I)

holds.

n
Then g = H gj-
j=1
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Proof. Let us prove the Lemma under the assumptions of (a). We proceed by
induction on n, the case n = 1 being trivial.

For n = 2 the result follows from simple linear algebra: g C g1 X go forces
dim(g) < dim(g;) + dim(g2), and on the other hand we have a surjective map
g — g1 X g2, so dim(g) > dim (g1) + dim (g2), and equality (of dimension,
hence equality as vector spaces) must hold.

Let now n > 3 and I = ker (m,, : g — g,). Write I = I ® 0 for a certain
subspace I of g1 - P gn_1.

I is then an ideal of g1 @ --- @ g,—1: to see this, let N be its normalizer in
g1 P Dgn_1. We want to show that N fulfills the hypotheses of the Lemma
in the case n—1,s0 N equals g1 ®---Pg,—1 and [ is an ideal of g1 B+ - - D gp_1.

e The projections m; : N — g;,i = 1,--- ,n — 1 are surjective: indeed, N
contains I, and since the combined projection m; X 7, : g — @; D gy, is
surjective, for each g; € g; we can choose an inverse image a of (g;,0)
through this double projection. Then clearly a € I C N satisfies 7;(a) =
gi- Note in particular that for every ¢ = 1,--- ,n — 1 the projection
m; « I — g; is surjective.

e Let (gi,95) € 9: P g;. We want to show that there exists a certain g € N
that projects to (g, g;)-

By hypothesis there is a certain a € g such that (m; x 7;) (a) = (gi, 95)-
Write a = (g1, --,9n—1,9n). For any i = (i1,...,i,—1) € I we have that
i =(i1,...,in_1,0) belongs to I, which clearly is an ideal of g. It follows
that I contains

[(17%] - ([glvlil]u ey [gn—lvlin—l]a [gna 0]) - ([glail]v ey [gn—lyin—l]vo) )
so I contains ([g1,1],- .-, [gn—1,%n—1]). Since this holds for every i € I
we see that (g1,...,gn—1) belongs to N, whence m; x m; : N — g; @ g; is
surjective.

The Lie algebra g1 @ - - - @ gp,—1 is clearly semisimple (as it is a direct sum
of simple pieces), so its ideal [ is in fact a semisimple algebra itself, and more
precisely it is of the form

L

ieJ
for a certain J C {1,...,n — 1}. But since every projection 7; : [ — g; is sur-
jective (as we have already proved) we clearly need to have J = {1,...,n — 1},

whence

dim(g) = dim(7) + dim (g,) = Y dim (g).
i=1

which in turn forces g = ;" g;.
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To prove the lemma with the hypotheses of (b) it suffices to show that (b)
implies (a). Let us fix a pair (¢, j) and consider the projection m; x m; : g —
gi X g;. Let b be the image of this map: it is a semisimple subalgebra of g; x g;
that projects surjectively on both factors.

As the kernel of the projection hh — g; is either trivial or equals (0) x g;
(being isomorphic to an ideal of g;), we see that b is either g; x g; or the graph
of an isomorphism ¢ : g; — g;. It follows that if g; and g; are not isomorphic,
then g — g; x g; is automatically surjective.

Suppose, on the contrary, that g; and g; are isomorphic. We are go-
ing to show that b still cannot be the graph of an isomorphism g; — g;,
since this would contradict the third hypothesis in (b). Suppose by contra-
diction that this is the case. We want to construct a non-zero morphism of
g-representations

)N(ij : V; — ‘/]

Let [ be an abstract simple Lie algebra to which g;, g; are both isomorphic.
The hypotheses imply the existence of the following applications:

e the Lie algebra isomorphism ¢ : g; — g; whose graph is given by b;
e Lie algebra isomorphisms ¢; : [ = g4, ¢; : [ = g;;

e an isomorphism of [-representations x;; : V; — V}, i.e. an isomorphism
of vector spaces such that

Xij (@i(l) - vi) = (1) - xi5 (vi) Vo €V, VIEL (%)

Our assumptions also imply that every g = (g1,...,9n) € g satisfies g; =
©(gi), so the x;; we are looking for is a morphism of g-representations if and
only if

Xij (9i - vi) = @(gi) - Xij (vi)  Vvi € Vi, Vg; € gi.

Choosing | = goj_l o p(g;) in (x) gives

Xij ((soz' op;to 90) (9i) - vi) = ¢(9:) - xij (vi) -

By hypothesis we know that the automorphism gpiogpj_l o of g; is inner, so

there exists a certain a € GL(V;) such that gOiOgoj_l op(z) = aza~'. Replacing
this expression in the above we get

Xij (agia™t - vi) = @(gi) - xij (v3)
hence (choosing v; = av)

(xijoa)(gi-v) =¢(g)  (xijoa)(v) YveV, Vg€ g,
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so we can take x;;j oa as our );;. Now the existence of this xj; contradicts the
third hypothesis of point (b), since out of it we can fabricate

U EBVk — @Vk
)

kel(l kel(r)
(Uila"'7 (% 7"'7’01"]([)‘) = (Oa"'a )ZZ](UZ) 7"'a0)
factor v; factor v;

which by construction belongs to Endg (@ke 1) Vk>, but does not send every

factor to itself, so it does not belong to [, ¢ Endg, (Vi). This contradiction
shows that g — g; x g; is onto, hence (a) applies and yields the desired
conclusion. O

Lemma 3.3.2. Let A be an Abelian variety isogenous to a product X1 --- X,,.
Then Hg(A) C Hg(X1) x --- x Hg(Xy), and its projection on each factor is
surjective. Same statement for the Mumford-Tate group.

Proof. The statements for the Mumford-Tate group and the Hodge group
are clearly equivalent, since we already know from Proposition 3.1.6 that
MT(X;) = G - Hg(X;).

For Mumford-Tate groups everything follows immediately from the defin-
itions: indeed, let V; = H1(X;,Q), V = H1(A,Q) and

pi:S—GL(Vir), p:S—GL(Vg)

be the morphisms defining the Hodge structures on V; and V respectively.
Then p = @;-, pi, and each p; factors through its corresponding MT(X;)g,
so p factors through MT(X;)g X -+ x MT(X,)r. By minimality of MT(A)
we then have MT(A) C MT(X;) x --- x MT(X,,).

Conversely, let M; be the image of the projection m; : MT(A) — GL(V;).
As @}, p; factors through MT(A)r and m; is defined over Q, (M;)r factors

n
(@pk) -
k=1

which in turn implies (by minimality of MT(X;)) M; O MT(X;), as claimed.
O

As an immediate consequence we get a generalization of Proposition 3.1.10,
where we drop the assumption that A is simple:

Corollary 3.3.3. Let A be any Abelian variety over C with Mumford-Tate
group M. Then A has complex multiplication if and only if M is a torus.
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Proof. Let A= Ay -...- A, be the decomposition of A as product of (possibly
repeated) simple factors: then A is of CM type if and only if each factor is.
If Hg(A) is a torus, Hg(A;) - being a connected quotient of a Hg(A) - is
itself a torus, so A; is of CM type because of Prop. 3.1.10.
If, conversely, every factor A; admits complex multiplication, then each
Hg(A;) is a torus, so Hg(A) is a subgroup of Hg(A;) x --- x Hg(A,). Tt

follows that it is commutative, connected and reductive, hence a torus. O

Combining Ribet’s lemma with the description of the Hodge group of a
product we also get the following

Corollary 3.3.4. Let Ay, As be two Abelian varieties. Suppose that the Lie
algebras of Hg(A1) and Hg(Az) are semisimple, and all the simple factors

appearing in their decomposition as products of simple algebras are pairwise
non-isomorphic. Then Hg(A; x Ag) = Hg(A1) x Hg(As2).

Proof. Let H, Hi, Hy be the Hodge groups of A := Ay x Ay, A1, A, respectively,
and let b, b1, ha be the corresponding Lie algebras.

By Lemma 3.3.2 we know that H C H; x Hs and that the projections
m; : H — H; of H on each factor are surjective. It follows that for each simple
factor [ of h1,bho the induced maps 7 : h — h; — [ are surjective, too, and
since the simple factors are pairwise not isomorphic part (b) of Lemma 3.3.1
applies to give h = h; x ho, whence (by connectedness) H = H; X Ho. ]

At the opposite end of the spectrum, we see that the exponent of a simple
factor ’does not show up’ in the Hodge group:

Lemma 3.3.5. Suppose the Abelian variety A is isogenous to B™, where B is
simple. Then we can identify H1(A,Q) = H1(B,Q)®", and we have Hg(A) =
Hg(B), where the second group acts diagonally on Hy(B,Q)®".

More generally, let A = A7 x --- x Al* be the decomposition of A as

~

product of powers of pairwise non-isomorphic simple varieties. Then Hg(A) =

Hg(Ap x -+ x Ag).

Proof. Let W = H1(B,Q) and V = Hy(A,Q) = W%, let furthermore p : S —
GL (W), p1:S — GL (Wg) be the morphisms defining the Hodge structures.
Clearly 0 = p® --- @ p, so Hg(A) is contained in the diagonal of Hg(B)",
—_——
n times

since p factors through the R-points of this last group.

On the other hand, Lemma 3.3.2 implies that Hg (B™) C Hg(B)"™ projects
surjectively on each factor Hg(B), so Hg (B™) equals the diagonal of Hg(B)",
as claimed.

In the general case, let V; = H1(A4;,Q) and H be the image of Hg(A; X
X Ap) C Hg(A1) x -+ x Hg(Ay) in GL(V,"™ @ --- @ V,'*), the immersion
being given by the diagonal action on each factor.
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The same argument as above shows that H contains the Hodge group of
A, since the defining morphism of H;(A, Q) factors through the real points of
H.

On the other hand, for i = 1,--- , k let B; be a distinguished copy of the
simple factor A;; then the projection of Hg(A) C diag (Hg(A1)™) x --- X
diag (Hg(Ag)™) — Hg(B1) x --- x Hg(By,) factors the defining morphism of
Vi@ @V, so it contains the Hodge group of Hg(B; X - -+ x By). It follows
that the Hodge group of A cannot be smaller than H and we have the desired
equality. O

3.4 On bilinear forms and Hodge groups

It turns out to be way more convenient to work with bilinear forms instead of
using divisors directly.

We start by establishing a few general properties of bilinear forms before
turning to the connection they bear to our study of Abelian varieties.

The general picture we will be interested in is as follows: let Fy/F) be
a separable field extension. Suppose we are given a finite-dimensional vector
space V over F5. Then V inherits a structure of Fj-vector space, and we would
like to investigate the relations between Fj- and Fb-linear forms on V. The
following constructions are essentially taken from [Del79].

A first general result is the following;:

Proposition 3.4.1. For every Fy-vector space V' of finite dimension we have
a natural identification

Homp, (V,F;) — Hompg (V, F})
X = trp,/py OX
Proof. As Fy/F) is separable, the pairing
(1‘, y) = tI'Fz/Fl (.’L‘y)

is nondegenerate, so the above map is injective, and it is surjective because
the two spaces have the same dimension over F}. ]

With this at hand we can easily determine which Fj-bilinear forms are
actually induced by taking traces from F5 to Fi:

Proposition 3.4.2. Let V,W be vector spaces over Fo and ¢ : V x W — F}
an Fi-bilinear form. Then there exists a Fb-bilinear form ¢ : V x W — Fy
such that ¢ = trp,/p ¥ if and only if

o(fov,w) = @(v, fow) Vfo € Fo,v,weV.
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When ) exists, it is unique. Finally, if W =V and ¢ is symmetric (resp.
skew-symmetric), so is .

Proof. The condition is clearly necessary.
To see that it is also sufficient, note that it implies that we can think of ¢
as an Fi-linear form

p: Ve W= F,

so - by the above Proposition - there is a unique F»-bilinear ¢ : V@p, W — F;
such that ¢ = trp, /F 0.

For the final statement, simply notice that if S denotes the symmetrization
(resp. anti-symmetrization) operator, then

Y= SSO =5 (trFQ/Fl 1/]) = trFQ/F]_ (Sw) )

where S commutes with tr by linearity. The uniqueness property then implies
S =1, so ¢ is a fixed point for S whenever ¢ is. O

In order to show the relevance of the above for our study of Abelian vari-
eties we now introduce a rather natural description of divisor classes in terms
of alternating bilinear forms. Let A = V/A be a complex Abelian variety.
Given a divisor D € Pic(A), we can take its Chern class, getting an element

2
of H?(A,Z), which we then identify to Hom /\A,Z . Finally, extending

scalars to R yields a bilinear, alternating form ¢ : Vg x Vg — R associated to
D. The following is a characterization of the bilinear forms that arise in this
way:

Proposition 3.4.3. Let A be an Abelian variety over C equipped with a po-
larization ¢ : A — AY. Let e — el be the Rosati involution associated with
the given polarization and N S(A) be the Néron-Severi group of A.

Then the map

X: NS(A)®zQ — Hom(A4,4Y) — End’(A)
M] - PMm = 9zl oM

identifies NS(A) ®z Q with the space
{e € End’(A)|e = eT}

of t-symmetric endomorphisms of A.
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Proof. Write A =V/A, AY =V /A and let
VTV

be the analytic representation of . We have an Hermitian form H : VxV —
C, given by

H (v1,v2) = (P (v1)) (v2)-
Recall that the Rosati involution is explicitly given by
b= opt oy opp,

and that it gives the adjoint map for H: identifying an element e € End’(A)
with its analytic representation we have

H (elvr,00) = (pe 0wz o€ o pe(mn) (v2) = (¢¥ 0 pe(on)) (v2)
= (pc(v1)) (ev2) = H(vy, evy).
Now a rational endomorphism e is {-symmetric if and only if
H(evy,v) = H(vl,eTvg) = H(v1,eve) = m,
that is to say, exactly when the bilinear form
(v1,v2) — H(evy,va)
is Hermitian. Explicitly, the above form is given by

(v1,v2) = (@ oe(v1)) (e2),

and it is a well-known result (see, for example, Theorem 2.5.5 of [BLO04]) that
this form is Hermitian exactly when ®, o e is the analytic representation of
pam for a certain line bundle M. Putting everything together, we see that e
is f-symmetric if and only if e = @Zl o ®yy, i.e. exactly when it belongs to
the image of . O

In view of our identification of Chern classes with bilinear forms, we can
restate the above Proposition simply as

Theorem 3.4.4. Let A be a polarized Abelian variety over C and let ¢ be
the non-degenerate, bilinear form associated with the polarization. Then the
cohomology class of a divisor can be identified with a bilinear form p(e-,-) for
a certain T-symmetric rational endomorphism e of A.
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Finally, we turn our attention to Hermitian forms; we work directly in the
setting of Abelian varieties (see [Del79], Lemmas 4.6 and 4.7).

Let A be a polarized Abelian variety over C (resp. a number field K),
V = H; (A,Q), F a CM-field and v : F — End’(A) an injective ring homo-
morphism. In particular, this means v(1) = 14. Suppose that the polarization
on A is chosen in such a way that the associated Rosati involution induces
‘complex conjugation’ on F (i.e. the unique nontrivial automorphism « —
of F over its totally real maximal subfield). This is always possible, as already
remarked. With the above notation we have

Proposition 3.4.5. Fix any nonzero a € F with o/ = —a and denote by ¢
the Q-bilinear form on V induced by the given polarization. Then there exists
a unique F'-Hermitian form

bV XV = F
such that o(v,w) = trp/g (@ (v, w)).

Proof. We apply Proposition 3.4.2 with V. = W = H; (A,Q), F; = Q and
F, = F | where the action of F' is the natural one on V' and is through complex
conjugation on W. This gives a first form ¢; such that ¢ = trp/qg (¥1); let
1 = oM, so that we trivially have ¢ = trpg (a).

We only need check that ) thus defined is in fact Hermitian. It follows from
the definitions that v (and hence ) is sesquilinear (note that the action of
F on the second factor is through complex conjugation), so it suffices to show

that ¥(v,w) = ¥(w,v)’. We have trp/q (atp(y,2)) = ¢(y,z) = —p(z,y) =
— trpyq (a(z,y)), so
trpyg (aP(z,y)) = trpjg (—av(y, @) = trpg (Y (y, @) -

On the other hand, by F-linearity, on replacing x with fx for an f € F,
we have

trp/g (afib(z,y)) = trpjg (e (f,y)) = trpg (Y (y, fr))
= trpg (& f'Y(y, @) = treg ((af) Yy, ) ;
)

finally, since trp/q (8') = trp/g (8) VB € F, we get

trpjg (afi(z,y) = trpg ((afe(z,y)))

hence - on comparing the different expressions for trp g (af¥(x,y)) - we find

trejg ((afv(z,9))) = trejg ((af) Py, 2)) .

As f ranges through F', (fa)’ does the same, so - as trg/q is non-degenerate
- (y,x) = (Y(z,y)), as we wanted to show.

Finally, the uniqueness part follows from the analogous statement in Pro-
position 3.4.2. O
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Let’s now apply the above to the case at hand: let A be a simple Abelian
variety, V = Hj (A,Q) and ¢ be the bilinear form on V' induced by a polar-
ization. Suppose we are given a number field F together with an inclusion of
rings i : F < End’(A) =: D.

We single out two particular and very important cases:

o I is totally real.

By Proposition 3.4.2 there exists a unique E-bilinear form
Y:VxV—=>E
that induces ¢. A key fact in all that follows is the following:

Proposition 3.4.6. The Hodge group H := Hg(A) preserves 1.

Proof. Take any h € H and consider the bilinear form
¢h(7}7 U)) = ’l]Z)(h’U, hw)

On one hand, trg/q(¥n(v,w)) = w(hv, hw) = p(v,w), since the Hodge
group preserves the forms induced by polarizations.

On the other hand, the Hodge group commutes with £ by Proposition
3.1.9, so

Yp(e1v, eaw) = P (heyv, heaw) = 1p(e1hv, eahw)

= eregtp(hv, hw) = ejexhp (v, w)

for every choice of ey, es € E, hence 9, is E-bilinear. By uniqueness of
1 this implies ¥, = ¥, so the Hodge group preserves v, as we wanted
to show. ]

It is thus very natural to introduce the following

Definition 3.4.7. Suppose we have fixed a polarization on A once and
for all. It then makes sense to define Sp (V/E) to be the (Q-algebraic)
group of E-automorphisms of V' that preserve ¢. We shall make frequent
use of sp (V/E), the Lie algebra of this group. Explicitly,

sp (V/E) = {e € Endg(V)|¢Y(ev,w) + ¢(v,ew) =0 Yv,w € V}.

o ' is a CM field. Let Ey be the maximal totally real subfield of F
and e — ¢’ be the Rosati involution associated to ¢. We can (and
will) always choose ¢ in such a way that the Rosati involution induces
complex conjugation on E. For any choice of a non-zero a@ € F with
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o/ = —a, Proposition 3.4.5 yields the existence of a unique E-Hermitian
form ¢ such that (v, w) = trg,q () (v, w)).

The same proof as in the case of totally real fields again shows that
the Hodge group preserves v, and so its Lie algebra is contained in
{e € Endg(V)|¢(ev,w) + ¢ (v,ew) = 0 Vv, w € V'}, that we shall denote
u(V/E).

Remark 3.4.8. In the case FE is a real field, the same arguments as above also
prove that Sp(V/E) = Resgg(Sp(V,v)). Similarly, noticing that U(V 1))
is an algebraic group over Ejy and not over E in the CM case (for the same
reason why the unitary group is just a real Lie group and not a complex one),
U(V/E) = Resg, (U (V. )).

Finally, a simple variant of the argument for Hermitian forms works even
when D is a quaternion algebra (the key property is that the pairing induced
by the trace form is nondegenerate), in which case it will be useful to know
that ¢ determines a 'skew-D-Hermitian’ form, i.e. a form ¢ : V xV — D,
D-linear in the first argument, that induces ¢ through the trace, and such
that p(w,v) = —p(v,w)’.

All of the above can also be repeated in an f-adic setting. Let us consider
the case where E is a totally real field. Let A be an Abelian variety over a
number field K, Ty := Ty(A) be the Tate module of A, V; := T; ® Q; and
suppose that E admits a (ring) embedding in End’(A4). A polarization on A
also induces a bilinear form ¢y : V; x V; = Qp, and V; is a free module of

rank Q%?éf) over By := E ®qg Q. In this case we obtain a unique Fy-bilinear

form 1), on V; such that ¢, = trg, g, (¢) and a corresponding Lie algebra
spg, (Vi,v¢), regarded as a Lie algebra over Q.

Finally, in case E is a CM field, for any choice of a € E such that o/ = —«
we find a unique 1y such that ¢, = trg, /g, (atp¢), and the relevant Lie algebra
is ug, (Vi, 1¢) regarded over Q.

Finally, we introduce here the definition of the Lefschetz group and prove
a basic property (taken from [Mur84|, Lemma 2.1) we are going to need later:

Definition 3.4.9. Let A be a (not necessarily simple) polarized Abelian vari-
ety defined over C, V' := H;(A,Q), ¢ the bilinear alternating form induced
on V by the polarization and D := End®(X) the endomorphism algebra.

The Lefschetz group L(A) is the connected component of the identity
of the centralizer of D inside Autp(V, ), the group of D-automorphisms of
V' preserving .

Remark 3.4.10. Note that since two polarizations differ by the action of an
endomorphism of A, the group L(A) does not depend on the choice of the
polarization. Moreover, it is clear from the definition and the above consider-
ations on bilinear forms that Hg(A) is always a subgroup of L(A).



66 CHAPTER 3. MUMFORD-TATE AND HODGE GROUPS

Finally, L(A) is, in many particular cases, contained in other groups we
have introduced: for example, if A is simple and of Type I, then L(A) is a
subgroup of Sp(V/D), and if A is simple and D contains a CM field E, then
L(A) is a subgroup of U(V/E)".

Proposition 3.4.11. Let A = B{"' - ... - B;* be the decomposition of A as
product of powers of pairwise non-isomorphic simple Abelian varieties B;.
Then L(A) = L(B;) X -+ x L(Byg).

Proof. For i =1,...,k let A; := B;" and V; be H;(A;,Q). Choose polariza-
tions 91, ..., on Vq, ..., Vi and note that ¢ := Y1 ®- - - DYy is a polarization
of H1(A,Q). As

k
End(A) ® Q = [ [ End®(4)),
i=1
an automorphism of A must preserve each V;, so that preserving v is equivalent
to preserving v; for each ¢, which shows L(A) = Hle L(A;). Now fix an index
i, consider W = H;(B;) and fix a polarization ¥ on W. We have V; = W®ni
and we can take 9; to be ) @ --- @ 1). As End(4;) = Mat,, (End’(B;)), an
5/_/
n; times
operator commuting with the full endomorphism algebra must act in the same
way on each factor W, thus identifying the centralizer of End(A4;) in Sp(V, )

to the centralizer of End(B;) in Sp (W, @) O]
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Two worked out examples

We start from the two simplest classes of Abelian varieties, elliptic curves and
Abelian surfaces, and work out which groups can be realized as MT(A) in
these cases.

This chapter basically consists of an elaboration of Examples 5.4 and 5.7
and Exercise 5.6 of [Mooal, filling in the missing details in the hope of giving
a complete and almost self-contained proof of the classification result in these
cases.

4.1 Mumford-Tate groups of Elliptic Curves

Let E be an elliptic curve over C, and represent it as a quotient £ = C/A of
C by a full-rank lattice.

As we already know (Proposition 3.2.8) that Hg(F) is a reductive group,
we start by classifying the reductive subgroups of SLa:

Lemma 4.1.1. Let k be an algebraically closed field. The only connected
reductive subgroups of SLay are then the trivial group, SLoy itself and the
mazimal tori.

Proof. Let G be any such reductive subgroup. We can check what happens in
every possible dimension:

Dimension 0 A connected group of dimension zero is clearly trivial.

Dimension 1 Over an algebraically closed field, the only groups of dimension 1 are
G, and Gy,. G cannot be isomorphic to G,, since the category of rep-
resentations of this last group is not semisimple: indeed, G, admits the
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Dimension 2

Dimension 3
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two-dimensional representation

Ga — SLQ

b+—>16,
1

that is not completely reducible. This contradicts Theorem 1.1.17, so G
cannot be isomorphic to G,. It follows that G is a torus, and moreover
it is maximal, since the rank of SLs is one.

Consider H, the radical of G. H is a torus by Theorem 1.1.16, hence
dim(H) < rank(G) < rank(SLg) =1, so G/H has dimension 2 or 1. Let
j be the Lie algebra of G/H. On one hand, j is semisimple, since G/H
is semisimple by definition of H.

On the other hand, dim(j) < 2, and it is easy to check that any Lie
algebra of dimension at most 2 is solvable. But the only Lie algebra that
is at the same time solvable and semisimple is the trivial one, whence
the contradiction dim(j) = 0. Therefore SLy has no reductive subgroup
of dimension 2.

The scheme SLs is irreducible, so every proper subscheme has dimension
strictly less than three. It follows that G < SLy,dim(G) = dim(SLs)
implies G = S Lo, so this is the only possibility for dim(G) = 3.

O]

With the previous Lemma at hand we can now deal with the task of
determining the possible Mumford-Tate groups for elliptic curves. As it is
well-known (for example as a corollary of the Albert classification, but it is in
fact a much simpler result), the endomorphism algebra of F is either Q or an
imaginary quadratic field (in which case E admits complex multiplication).
The two cases actually correspond to different Mumford-Tate groups, and the
complete result is as follows:

Proposition 4.1.2. Let E be an elliptic curve over C. Then Hg(E) = L(E).
More concretely, there are exactly two possibilities:

E does not admit complex multiplication, in which case Hg(E) = SLy g
and MT(E) = GLyg;

E admits complex multiplication by an imaginary quadratic field F', in
which case
Hgy(E) = {z € Resp/g G, plzT =1}

and MT(E) is the almost-direct product Hg(E) - Gy, inside GLa g, so
MT(E) = ResF/Q (ij’).



4.1. MUMFORD-TATE GROUPS OF ELLIPTIC CURVES 69

Proof. Thanks to Lemma 4.1.1, combined with the fact that Hg(E) is reduct-
ive, we know that the only possibilities for Hg(FE) are the trivial group, a
rank-one torus or the full group SLs.

Suppose first that the endomorphism algebra of E is just Q.

Hg(F) is clearly non trivial, for otherwise Proposition 3.1.9 would yield
End’(E) = (End(V))9®) = End(V) # Q, contradiction.

Hg(FE) cannot be a torus, either, since otherwise Proposition 3.1.10 would
imply that E has complex multiplication, which is against the hypothesis. It
follows that Hg(E) = SLy, and MT(E) = Gy, - Hg(E) is the full group GLs.

Finally, the inclusions SLy = Hg(E) C L(E) C SLy prove that Hg(E) =
L(E).

Suppose, on the contrary, that £ has complex multiplication by an ima-
ginary quadratic field F. We know from Proposition 3.1.10 that in this case
the Mumford-Tate group of E (equivalently, its Hodge group) is commutative.
Lemma 3.2.9 then yields

Hg(E) = Z(Hg(E)) C Up = {x € Resp/qg Gm,plaz =1},

which is a torus of dimension one. Indeed, let o, be the embeddings of F
into C. Then the character group of Tp := ResF/Q G, r is free Abelian of
rank two, on the generators o,, and

{homomorphisms trivial on those = such that 27 = 1}

~ Lo ® Lo
- Z(o+70)
so X*(Ur) is free of rank 1 and dim(Up) = 1. By rank considerations it

follows that Hg(E), being connected, is either trivial or the full torus Up.
The first case is impossible: if V' denotes H;(E,Q), Proposition 3.1.9 yields

D = End(V)79E) = End(V),

which is absurd, since D is commutative and End(V') is not. We conclude
that Hg(E) = Up, hence

MT(E) = Hg(E) - G, = Up - Gy = T,

where the last equality holds because Tr clearly contains Urp and G,,, and
both G, - Ur and TF are tori of rank 2.

Finally, note that L(E) commutes with the action of U, which is a max-
imal torus in SLsy, so L(FE) must coincide with Up, hence with Hg(FE). O
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4.2 Mumford-Tate groups of Abelian Surfaces

We now want to classify which groups can arise as MT(A) for A an Abelian
surface. Throughout this section let A be a complex Abelian variety of di-
mension 2, V = Hi(A,Q), M the Mumford-Tate group of A, h: S — Vg the
morphism defining the Hodge structure on V. Clearly, we can restrict our
attention to the Hodge group of V instead of the full Mumford-Tate group.

Hg(A) again depends on the endomorphism algebra of A, and we have
a few more different possibilities. The complete classification is as follows
(Example 2.7 in [Moob], but here we try to give a little more detail and cover
the reducible case):

Theorem 4.2.1. Let A be an Abelian surface over C and D its endomorphism
algebra. Then Hg(A) and L(A) coincide.
More concretely, there are two possibilities for non-simple surfaces:

o A is isogenous to the self-product of an elliptic curve E, in which case
Hg(A) = Hg(E);

o A is isogenous to the product of two non-isogenous elliptic curves Ej
and Es, in which case Hg(A) = Hg(F1) x Hg(E>)

and four possibilities for simple surfaces:
e D=Q: then Hg(A) = Spsg;
e D=F, a real quadratic field: then Hg(A) = Resp/q (SL2,r);
e D is a totally indefinite quaternion algebra: then
Hg(A) = (D™P)*,
where we regard D* as an algebraic group over Q (see Section 1.1.6);

e D isa CM field F' of degree 4 over Q: then (with the notation of Lemma
3.2.9) Hg(A) =2 Up.

The rest of this chapter is dedicated to proving the above Theorem.

4.2.1 The reducible case

Suppose first that A is not irreducible, so that A is isogenous to a product of
two elliptic curves F1, Fs.

Lemma 4.2.2. Suppose E1, Ey have complex multiplication and let My, Mo
be their Mumford-Tate groups. Then My = My if and only if E1 is isogenous
to EQ.



4.2. MUMFORD-TATE GROUPS OF ABELIAN SURFACES 71

Proof. The ’if’ part is trivial.

For i = 1,2 write E; = C/(1,7;) where §7; > 0. The endomorphism
algebra F; of E; is then the quadratic imaginary field Q(7;). We know from
the discussion on elliptic curves that

M; = ReSFi/Q(Gm,Fi ),

so we can recover F; from M; as the group of its Q-valued points.

But then M; = M, implies F} = F, C C (both fields are Galois over Q, so
their image in C is well-defined), from which follows the existence of a,b € Q
such that 71 = amp+b. Clearing denominators we have ¢m; = dmy+e for certain
integers ¢, d, e, which in turn means that the two lattices defining F1, F5 are
commensurable, i.e. Fq and E5 are isogenous. O

It turns out to be more convenient to work with Hodge groups; to determ-
ine Hg(A) we further distinguish two subcases:

e F is isogenous to Fy, so A is isogenous to E? for a certain elliptic curve
E = C/A: Lemma 3.3.5 applies and yields Hg (EQ) >~ Hg(FE) with its
diagonal action.

e 1 and F5 are not isogenous. Then the Hodge groups of £ and E5 can
only be isomorphic if neither has complex multiplication (if this were not
the case, then clearly both would have complex multiplication, hence by
the above Lemma 4.2.2 F; and E; would be isogenous, contradiction),
in which case Hg(E1) = Hg(E3) = SLs. We are then left with the
following three cases (up to symmetry): Hg(E;) = Hg(E2) = SLo;
Hg(Ey) = SLy and Hg(E») is a torus; Hg(F1) and Hg(E2) are both
tori.

In the first two cases, part (b) of Lemma 3.3.1 applies (using that sly only
has one irreducible representation of dimension 2, up to isomorphism)
and we have Hg(Fy x E9) = Hg(Ey) x Hg(Es).

In the third case we want to show that we still have Hg(E; x Ey) =
Hg(E,) x Hg(E2), and in order to do so we use the equivalence of
categories of Theorem 1.1.1. Write M; = ResFi/@(Gm,Fi) and let o;,0;
be the embeddings of F; in C. We know from the case of elliptic curves
that

Zo; & Zo;

Z(oi+05)

I

X* (Hg(Ey))
so Hg(FE1) x Hg(FE>) corresponds to the subgroup

A:=Z(o1+01) B Z (02 +03)
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of

B .= X*(Ml X Mz) = (Zdl@ZOT)
i=1,2

We can now classify the subtori of Hg(E;) x Hg(E2) by studying the
subgroups of B containing A. Let C' be the (free) subgroup correspond-
ing to Hg(F x E3).

If rk(C) = 4, then Hg(E1 x E») is trivial, and this is absurd.

If rk(C) = 2 then C = A and Hg(F, x E2) = Hg(E1) x Hg(E»), as
desired.

Finally, if 7k(C) = 3, then C is generated by o1 + &1, 02+ 72 and a third
element w, that we can write as aoy +boy. As I, F5 are linearly disjoint
over Q (they are Galois extensions with trivial intersection), there is an
element y € Gal (@/Q) such that x - 01 =771 and x - 02 = 09, so

C>x -w+w—a(oy +0771) = 2bos.

Similarly, C' contains 2acoq, so exactly one between a and b is zero (for
otherwise we would have rk(C) = 4 or rk(C) = 2). We can suppose
without loss of generality that a # 0. On the other hand, the surjective
projection Hg(FEy x Es) — Hg(E;) induces an injection

X*(Hg(Ev)) — X*(Hg(E1 x Ey)) =2 A/C
o — [o],

and this clearly contradicts 2a[o] = 0. Therefore the rank of C' cannot
be 3 and the claim follows.

Finally, note that Proposition 3.4.11 applies to both the above cases and
yields the equality Hg(A) = L(A).

4.2.2 The irreducible case

We proceed by treating the different possibilities for D = End’(A); that
the cases listed in the Theorem are in fact the only possibilities follows by
the Albert classification (Theorem 1.3.2 and the following Remark), and we
now analyze each of them separately. Note that, in each case, the equality
Hg(A) = L(A) will follow easily, once the first group has been described. For
the remainder of this chapter, let H denote Hg(A).
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4.2.2.1 The case D =Q

We know that H is semisimple and contained in Sp(V, ¢) = Sps g (by Lemma
3.2.9). Extend scalars to C and consider the Lie algebra h of Hg(A)c. V¢ is
then an irreducible representation of b, since

End (V)" 2 End (V)M o c~ Qe C.

The rank of sp, ¢ is 2, hence the rank of h C sp,c is at most 2. By
semisimplicity of §h and the classification of simple Lie algebras we see that
the only possibilities are h = sly ¢, slo ¢ X sl ¢, 8py ¢ O 2.

We want to show that in fact b = sp, .

e h cannot be isomorphic to sly c: Ve would then be an irreducible repres-
entation of dimension 4, hence V¢ = Sym?(Std) (since representations
of sly ¢ are classified by their dimension). Let 7" be a maximal torus of
Hc and t € X*(T) be a generator of the character group of T'.

The weights of T' that occur in the standard representation are {—t,¢},
so the weights of T" on V¢ are {—3t, —t,t,3t}.

We now use that the map
hcop:Gpe — GL(V)

factors through the Mumford-Tate group of V', which we write as G, c -
Hc. As Gy c Is a torus, the image of such a map is contained in a
maximal torus T' of MT(V'). We can choose T" such that T'= G, ¢ - T

Let w,t be generators for X* <T>, such that £ is sent to ¢ by the map

induced on character groups by the inclusion 7' < T. Then the weights
of T on V¢ are cw — 3t, cw —t,cw+t, cw+ 3t for a certain ¢ € Z. For the
sake of simplicity we identify X* (G, c) = Z via the character z — z of
Gm,c. Now Gy, ¢ acts on V' through hc o p1, and by definition of u the
weights that occur are —1 and 0; but since h¢ o p factors through 7T, it
gives rise to a map in the reverse direction

X* (T) — X* (Groc)

that is not trivial (since G, ¢ acts nontrivially on V¢) and Z-linear. We
then get a contradiction by observing that the image of this map (that
is, {—t,0}) should be be symmetric with respect to 0, and it certainly
is not.

e h cannot be isomorphic slyc x slp ¢, since the latter has no faithful
symplectic 4-dimensional representation. To prove this last assertion,
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simply note that the faithful representations of sly ¢ X sly ¢ are of the
form V3 ® Vo with Vp, Vs faithful representations of the factors. This
forces dim(V;) = dim(V3) = 2, which in turn implies that both V; and
V3 are isomorphic to the standard representation of sly ¢. Since V7 and
Vo are symplectic, V; ® V5 is orthogonal (and hence non symplectic, by
2.3.2).

e h) cannot equal go, since the latter has dimension 28, while the first is
contained in sp, ¢, which has dimension 20.

4.2.2.2 The case of a real quadratic field F

We already know that H is semisimple, thanks to Corollary 3.2.10, and that it
is contained in Sp(V, ) for a certain bilinear form 1, thanks to Lemma 3.2.9.
As a special case of Proposition 3.4.2 we get the following Lemma:

Lemma 4.2.3. There exists a unique F-bilinear form
p: VXV —=F

such that
Y(v1,v2) = trpg (¢(vi,v2))  Vor,v2 € V.

A consequence of this Lemma is that H preserves the F-bilinear form ¢:
this means at the very least that H < SLp(V) := Resp/g(SLa,r), since a
necessary condition for g € H to preserve ¢ is detp(g) = 1. Let U denote
ResF/Q(SLQ,F).

Note that - by the very definition of U - its tautological representation in
GL(V) becomes isomorphic to the direct sum of two copies of the standard
representation of SLoc upon extension of scalars to the algebraic closure.
Write Ve = Std; @ Stds for this decomposition as Ug-representation.

On the other hand, by extending scalars to C we find that Hg — Ug =
SLyc x SLac, so by semisimplicity we only have the cases Hc = SLy ¢ and
Hc =2 SLoc x SLac, since H is clearly non trivial. Suppose by contradiction
that Hc = SLyc. Then from the equality

End(Ve)#e 2 End(V)? g C=Z FooC=CaC

we see that the only automorphisms of Ve 2 C? @ C? that commute with Hc
are those of the form A; Idgsq, ®A2 Idstq,. This implies that the projections of
G on the two factors SLy ¢ are surjective, which in turn implies H = SLo x
SLs by part (b) of Lemma 3.3.1, since SLs admits only one two-dimensional
representation, up to isomorphism. We conclude that Hc = SLyc x SLac
and H = Resy/q(SLz2,r) (which, in particular, coincides with L(A), the group
of endomorphisms of V' preserving ¢).
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4.2.2.3 The quaternion algebra case

Note that D is a skew field of dimension 4 over Q and that V has, by definition,
a structure of D-module. It follows immediately that V is a free D-module
of rank 1, hence we can identify V = D with its natural action of D by left
multiplication. Let ¢ € H. Since the actions of H and D on V = D commute
we get

p(d) =p(d-1) = dp(1) Vde D,

so o can be identified to the right multiplication by ¢(1). Moreover, for every
pair ¢1, 2 € G we have

(p1092)(1) = p2(er(1),

so we can identify H to a subgroup of (D°PP)* where D°PP is the opposite
algebra. Moreover, the discussion in the proof of Lemma 3.2.9 yields

HC {ZL'|IL‘IL‘T = 1},

and since T and the standard involution * of D°P are conjugated by an in-
ner automorphism (this is the Skolem-Noether theorem) we get that H is
isomorphic to a subgroup of

U = {d € (D) |dd* = 1}.

Now we know that D is totally undefined, so by extending scalars to C we
find

U(C) = {d € (D?’ @ C)* |dd* = 1} = {d € My(C)*|dd* =1},

and the canonical involution, upon extension of scalars, becomes the adjunc-
tion of matrices. It then follows

so H is contained in a group U that is a Q-form of SLy(C). But H is
semisimple and SLoc is simple of rank 1, so Hc is either SLs or trivial.
If it were trivial, then H itself would be trivial, which is absurd, because then
the endomorphism algebra would be all of Endg(V'), which is certainly not
the case. We then have (up to isomorphism) H C U and H¢ = Ug, so H is
isomorphic to U, which in turn clearly agrees with L(A).

4.2.2.4 The CM case

The endomorphism algebra D equals F', a CM field of degree 4 over Q con-
taining no quadratic imaginary extension of Q.
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Lemma 4.2.4. The absolute Galois group Gal (@/Q) acts transitively on the
set of embeddings F — Q. More precisely, denoting X = {o,7,5,T} the set of
embeddings, there exists g € Gal (Q/Q) that acts as

O TrH O T.

Proof. Suppose first that F'/Q is Galois, and consider the action of Gal(F/Q),
Gal(Q/Q)

Gal(Q/F)’ on the set of embeddings given by

which we write as the quotient

l9] 0 =goo VoeX,Vge Gal(Q/Q).

This action does factor through Gal(F/Q) by normality of F/Q. As [F :
Q] = 4, Gal(F/Q) is necessarily Abelian, so the only two possibilities are
Gal(F/Q) = (Z/27)? and Gal(F/Q) = Z/AZ. If we were in the first case,
then by Galois theory there would be three quadratic extensions Fi, Fs, F3
of @ contained in F. Since F' contains no quadratic imaginary extension of
Q, Fy, Fy and F3 would be real fields, which contradicts the fact that their
composite F' is a CM field (and hence it does not admit any embedding in R).

It follows that Gal(F/Q) is cyclic, and it acts as a 4-cycle on the embed-
dings F < Q: indeed, the stabilizer of each embedding is trivial, whence the
orbit of each embedding has length four, so any generator of Gal(F'/Q) acts
as a 4-cycle. In particular, a non-trivial element of Gal(F/Q) has no fixed
points.

Now take a g € Gal (Q/Q) that projects to a generator [g] of Gal(F/Q) and
let x denote complex conjugation. If, by contradiction, we had [g]-0 = &, then
we would also have ([x][g]) - ¢ = o, so [x][g] would have a fixed point, hence
it would be the identity of Gal(F/Q). But this implies [¢g] = [x] € Gal(F/Q),
and this is an element of order 2, contrary to the assumption that [g] is a
generator. Hence g - o0 € {7,7}, and composing with x if necessary we can
assume that g sends o to 7. The same proof as above shows that 7 cannot be
sent to 7, nor can it be sent to o, for otherwise [g] would not act as a 4-cycle.
This implies o — 7+ 7, so the action of [g] is the one we claimed.

On the other hand, suppose that F'/Q is not normal. Let E be the maximal
totally real subfield of F'. Then F is generated over E by the square root of
an element of F, and since F/Q has degree 2 this shows that F' is generated
over Q by a root aj of a biquadratic polynomial p(z), with a3 € E totally
negative. Let a7 = —a1, ag, ag = —ag be the other roots of this polynomial.

Let N be the normal closure of F in Q. Clearly N is generated over Q by
a1, a9, so a fortiori is generated over E by a1, as: as both a1 and as are of
degree 2 over FE, it follows that [N : E] <4 and [N : Q] < 8. If [N:Q] =14
then F' = N is normal, contradiction. If, on the other hand, [N : Q] = 8, then
the Galois group of N/Q is isomorphic to the dihedral group on 4 points, since
(up to isomorphism) this is the only transitive subgroup of Sy of order 8.
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In this case, take an element o of order 4 in Gal (N/Q). Then o(ay) = +ay
(if, by contradiction, it sent a; to —aj, the it would have order 2). By
composing with complex conjugation if necessary we then have o(a1) = o,
and by the same reasoning o(az) = —aq, so o acts on the roots of p(x) (or,
equivalently, on the embeddings F < Q) in the prescribed fashion. As in
the previous case, Gal (@/Q) acts through its quotient Gal(/N/Q), hence it
contains an element whose action is the one we require.

O]

We now proceed on the same lines as in the case of elliptic curves.
Thanks to the general result of Proposition 3.1.10 we know that Hg(A) is
commutative, hence Lemma 3.2.9 yields

Hg(A) = Z(Hg(A)) C {z € Resp)g Gm,pl2T =1} = Up

We now want to study the torus Up and show that it admits no non-
trivial subtori over @, which in turn will imply that Hg(A) = Up. The
(anti)equivalence of categories of Theorem 1.1.1 brings us to consider the
character group X* (Up). In order to describe this group, we note that Ur is
a sub-object of Tr := Resp/q (G, r), whose character group is free of rank 4:
indeed, the general properties of the Weil restriction of scalars imply that

~ F:
(TF)F = Gf[rm;«“@]v

(Tr)e = (Tr)p)e = G c-

It is natural to take as generators of X* (T c) the characters induced
by the four embeddings of F' into C, which shall be denoted o,7,5,7. Let
Y ={o,7,6,7}. The subtorus Ur is defined by xz = 1, so it corresponds to
the quotient

Hom (TF,(C7 G’m,@)
{homomorphisms trivial on those = such that xz = 1}

~ @fyeEZ’Y
 Z(0o+0)®ZL(T+T)

Hom (Upc, G c) =

We can now show that this character group admits no non-trivial quo-
tients in the category of Gal (@/ Q)—modules. Lemma 4.2.4 ensures the exist-
ence of an element g € Gal (@/Q) acting on X by sending 0 — 7 — 7 —
7. Quotients of X*(Up) correspond to quotients of X* (Tr) by Gal (Q/Q)-
submodules containing N := Z (0 +7) @ Z (7 + 7). Let M be any such sub-
module, and suppose M # N. Every element of M can be represented as
m = ao +br+c(oc+7)+d(r+7). To say that M is strictly larger than N is
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to say that there exists a certain m with (a,b) # (0,0). Without loss of gener-
ality, by adding suitable multiples of c+& and 7+7, we can take (¢, d) = (0, 0).
But M is a Gal (@/ Q)-module, so M also contains g - m = at + ba, therefore
it contains m’ := g-m —b (0 +7) = ar — bo and

am —bm’ = (a® + b%)o.

The orbit of this last element under the action of g generates a free sub-
module of rank 4, hence the quotient X*(Tr)/M is a finite group. Since
tori over Q correspond to free abelian groups (with a continuous action of
Gal (@/Q)), and the only group that is at the same time finite and free is
the trivial one, we conclude that Tr does not admit any non-trivial subtorus
defined over Q, as claimed.

Finally, L(A) commutes with Resg/q (Gy,), so it is contained in T, and
in fact it is also a subgroup of Up, since it preserves the form induced by the
polarization. Now Up = Hg(A), so L(A), Ur and Hg(A) must all coincide.
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Three conjectures

We collect here the statements of three famous, closely related and (as yet) un-
proven conjectures regarding algebraic varieties, together with a list of results
that may be considered both as evidence and motivation for such conjectures.

5.1 Hodge conjecture

Let X be a complex Abelian variety (or, in fact, any complex Ké&hler manifold).
A famous theorem of Hodge asserts the existence of a decomposition

H"(X,C)= @ H"(X),
pt+g=n

where HP9(X) is the space of cohomology classes that can be represented by
harmonic forms of type (p, q); such a decomposition is therefore compatible
with the cup product.

Definition 5.1.1. Let i : Z < X be an (analytic) subvariety of complex
codimension k. Since the singular locus has complex codimension > k + 1
(hence real codimension at least 2k + 2), the integration map

Hilmam(4) = R
|w] = [yw

is well-defined (via Stokes’ theorem) and linear, so by Poincaré duality there
exists a cohomology class [Z] € H3%,, — (X), called the Poincaré dual of

[Z], such that
fonfonm

79
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for every closed form w.
Let now L*(X) be the free Abelian group on the subvarieties of complex
codimension k of L. The cycle map is defined to be

e INX) 5 Hppan(X)
ZCiZi —> Zcz[Zz]

Remark 5.1.2. It can be shown that the cycle map respects rational equival-
ence ([Ful84], Proposition 19.1.1), so there is a notion of cycle map A*(X) —
Hngham(X), where A*(X) is the k-th Chow group, the quotient by rational
equivalence of the free Abelian group on subvarieties of codimension k.

Proposition 5.1.3. Let i : Z — X be a complex submanifold of (complex)
dimension k. Then [Z] lies in H" Fn=F(X).

Proof. For every point z € Z we can choose a neighborhood U, of z in X and
local coordinates :cgz), e ,xﬁf) such that

ZﬂUz:{<a:(f),---,x£f)> \:cgz):Ofori:k+1,-~-,n}.

By compactness of Z (that is a closed subspace of the compact manifold
X) we can then extract from the collection of the U,’s a finite open cover
U= {Uj}j=1,--- m of Z. Fix a partition of unity ¢; subordinated to ¢ and let
a be a differential form of type (p, 2k — p) =: (p, q) defined on the whole of X.

We want to show that unless p = k we have | ¢*a = 0.

Using partitions of unity we reduce to a localzproblem: indeed, for each
index j, the form ;o has the same type as «, and it is supported in U;. If
we knew the claim to show holds for forms supported in one of the U;’s we
would then have

/Zi*a—/zi* > ja —Z/Zi*(wja)—o.

jeJ jeJ

We can therefore suppose o to be supported in Uj;, where we have local
coordinates x; := xz(‘j ), « can then be written as a sum of terms of the
form pdz® A --- A dzt A Azl A A %, where ¢ is a smooth function and
i1 < -+ <ip. Obviously we can assume this sum to be made of just one term.
Now suppose p > k. Then i, > k, so by our choice of local coordinates in U}

we have z%» = 0 on Z, which clearly implies
i*a = (poi)i*dx™ A--- Ni*dx'™ Ni*dalt A - Addale =

(poi)i*dz™ A--- ANOATdz A - Ai*dale =0,
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so a fortiori the integral of i*a on Z is zero. The same argument shows that
if ¢ > k, then [; > k and i*(a) = 0.

On the other hand, by definition of the Poincaré dual,

/Zi*a:/xa/\[Z],

and we have just shown that this expression is zero for every a not of type
(k. k). Write [Z] =3\ —o,_o[Z]P for the Hodge decomposition of [Z].
For any non-zero smooth closed form w of type (p, ¢) we can find a smooth
form x of type (n — p,n — ¢) such that [, w A x # 0 (it is enough to do this
locally, where it is clear). Applying this to [Z]®%) we find that all these form
vanish but for [Z](*=%7=k) 5o [Z] lies in H* *"* as claimed. O

Definition 5.1.4. Let X be a complex projective manifold. The elements in
the intersection
BH(X) == HYF(X) 0 H (X, Q)

are called the Hodge classes of degree 2k.
From now on we will denote 2°(X) := D>, %" (X) the Hodge ring of X,
and 7°(X) = Dy 2%(X) the Q-subalgebra of %*(X) generated by divisor

classes.

Remark 5.1.5. We have here a slight conflict of notation with our previous
definition of Hodge classes, but this can be explained as follows: the space
H*(X,Q) has a Hodge decomposition coming from the Hodge decomposition
of H*(X, C) through the canonical isomorphism H*(X,Q)®qC = H*(X,C).

The natural Hodge structure on H*(X,C) is pure of weight —2k, while
we defined Hodge classes exclusively for structures of weight zero; in order to
connect the two definitions, note that Hodge classes of degree 2k are simply
the Hodge classes (as previously defined) in H?* (X, Q)®Q(—k), where Q(—Fk)
is the Tate structure of pure weight 2k.

Conjecture 5.1.6 (The Hodge Conjecture). Let X be a complex projective
manifold of complex dimension n. Then, for every k =0,...,n, the image of
the cycle map cyc : AF(X) ®7zQ — H?*(X,Q) equals the set *(X) of Hodge
classes of degree 2k.

Remark 5.1.7. For k = 0 and k = 2n, the stronger equality
H"*F(X) N H? (X, Z) = Image (cyc . AR(X) = B (X, Z))

trivially holds because of dimension considerations. We can assume X to be
connected, so both H%(X,Z) and H?" (X, 7Z) are free modules of rank one (the
latter being generated by the fundamental class of X). The Poincaré dual of
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the whole manifold is clearly the constant function 1, that generates H? (X, Z)
since X is connected, and on the other hand the Poincaré dual of a point p
is the fundamental class of X: indeed, a closed O-form is a constant function
© = ¢(p), and we trivially have

/pso—@(p)—so(p)-/X[X]—/XW\[X]-

This shows that the image of the cycle map contains generators for both
HO(X,7Z) and H"(X,Z), so cyc is surjective.

A powerful tool to study all sorts of questions connected to the cohomology
ring of manifolds is the so-called Hard Lefschetz Theorem, that we state here
for completeness:

Theorem 5.1.8 (Hard Lefschetz Theorem). Let X be a n-dimensional non-
singular complex projective variety. Fiz an embedding X — P"C. Let w be
the cohomology class in H*(X,Z) of any hyperplane divisor on X. Then, for
every k > 0, taking the k-fold wedge product with w gives an isomorphism

H" % (X,72) = H""* (X,7).

5.1.1 The Lefschetz theorem on (1,1) classes

The first interesting case of the Hodge conjecture (and, to date, the only
one having been completely solved) is & = 1; the Lefschetz theorem on (1,1)
classes is an even stronger statement ([GH94], pag. 163):

Theorem 5.1.9. We have the equality H*(X,Z)NHY (X)) = {[Z]|Z divisor}

Remark 5.1.10. Note that this is stronger than the Hodge conjecture as for-
mulated above, since there we allow the coefficients to vary in Q (and by so
doing, we lose information about the torsion part of the various cohomology
groups). In fact, the original statement of the Hodge conjecture was that
every cohomology class in H**(X,Z) N H**(X) is the cohomology class of an
algebraic cycle with integral coefficients on X, but this is now known to be
false (the first counterexample appeared in [AH61]).

Proof. Consider the exponential sequence

exp 27i-

0= 7 - 0y O% =0

and the segment of the long exact cohomology sequence defining the first
Chern class map,

HY (X,0%) 5 Hy (X, 7) = Hy (X, Ox).
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It can be shown (see for example [GH94|, page 141) that the cycle map
agrees with the first Chern class on divisors, so we are left with showing that
c1 surjects onto the space of (integral) Hodge classes. By exactness, this is
equivalent to showing that ¢, vanishes on this space; but we already know
that every Hodge class lies in H1(X) (by Proposition 5.1.3), so it is enough
to show that i, vanishes on H1'(X). We can factor the injection i as

7% C 2oy,

so it is enough to show that the induced map (is), : H? (X,C) — H? (X, Ox)
is zero. Using the Hodge decomposition we can write

H (X,C) = (P HPI(X);
P+q=2

Hodge theory also identifies H*?(X) with H?(X,Oy), in such a way that
(i2)« simply becomes the natural projection

(i2),: € HPU(X) — H"(X),
p+q=2
which is clearly zero on H%!(X). O
Remark 5.1.11. Combining the above Lefschetz theorem with the aforemen-

tioned Theorem 5.1.8 we see that the Hodge conjecture holds (even in its
integral form) for every Abelian variety of dimension at most 3.

5.1.2 A theorem of Hazama and Kumar Murty

In view of the Lefschetz theorem on (1,1) classes, there is a simple case in
which the Hodge conjecture holds, namely if the Hodge ring is generated in
degree 2: in this case, all Hodge classes are combinations of products of Hodge
classes of degree 2, which in turn are known to be divisor classes. This leads
naturally to the following definition:

Definition 5.1.12. An exceptional Hodge class is an element of #*\ Z*.

In what follows we are going to use repeatedly the following criterion, due
(independently) to F. Hazama ([Haz92]) and Kumar Murty ([Mur84]), that
gives necessary and sufficient conditions for the favorable equality Z* (A") =
P* (A™) to hold for all the powers of an Abelian variety A.

Theorem 5.1.13. Keeping all of the above notation, we have HB* (A™) =
7* (A™) for all n > 1 if and only if the following two conditions hold:

e A has no simple factor of type III;

e the Hodge group of A equals the Lefschetz group of A.
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5.2 Tate conjecture

In a much more arithmetic context, Tate asked if a Hodge-like decomposition
could hold for the f-adic étale cohomology of a proper and smooth variety
(with some technical assumptions on the field of definition): as proved by
Tate and Raynaud for Abelian varieties and by Faltings in full generality
([Fal88]), such a decomposition exists, and it shares many properties with the
geometric (Hodge) case.

There is also an abstract definition, which will be given later in this sec-
tion, of modules “of Hodge-Tate type”, the f-adic analogue of abstract Hodge
structures.

A few references for this section are [Tat66], [Ser67] and [Ser79].

Before getting started on the Hodge-Tate decomposition itself let us recall
a few basic facts about the Tate module of an Abelian variety. Let K be
a number field with absolute Galois group I'x = Gal (F/K ) and A a g-
dimensional Abelian variety defined over K. For every prime ¢, the K-valued
points of A form a ¢-divisible Abelian group, and we can consider

T,(4) = limA ("],

where A [("] is the set of £"-torsion points of Az Ty(A) is called the /-adic Tate
module of A, and it comes equipped with a continuous action of Gal (?/ K )
coming from its natural action on A [¢"] for every n.

Classical results on abelian varieties show that (since K has characteristic
zero) Ty(A) is a free module over Z, of rank 2¢ and that it can be identified
canonically to the dual (as Galois modules) of the étale cohomology group
HL(Ax K, Z). It will also be convenient to introduce V(A) := Ty(A)®z,Qy,
which is clearly a Qp-vector space of dimension 2g.

Finally, note that the comparison isomorphism between étale and classical
cohomology yields canonical identifications V;, = H; (A, Q) ®q Q.

We can now turn to the description of the Hodge-Tate decomposition.
Choose a place w of K of good reduction for A and of residue characteristic
¢, a place W of K above w and let Iy the absolute inertia group of w. Fix
furthermore a completion C of Q. There is a natural action of Iy on Vj,
which we can extend semi-linearly to V; := V ®q, C via the formula

T(v@ec)="v®% Vo € Iy,

which makes sense because every automorphism of an /-adic field is automat-
ically continuous, and so the action extends (continuously) to C.
Set
Vi {i} = {v € ViJov = xu(0) v Vo € I}
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and V(i) := V; {i} ® C. The inclusions V; {i} < V; extend, by a theorem of
Tate-Serre ([Ser67], Proposition 4), to an injection

@Vg(i) — V.

The key result Tate and Raynaud were able to prove is that this is in fact
an isomorphism, so that we have a Hodge-style decomposition

H}, (A, Qp) 2 V,(0) & Vo(1);
moreover, there are natural identifications
V,(0) = Lie (Ac), V(1) = Lie (44) (1),
where AV is the dual Abelian variety. We record it here as a theorem:

Theorem 5.2.1. If A has good reduction at a place w of residue characteristic
£, then
H}, (A%, Qr) = Lie (Ac) @ Lie (AL) (1)

Remark 5.2.2. More generally, let K be an ¢-adic field and V¢ be a finite-
dimensional I' := Gal (K /K)-module over C. Let

Ve{n} = {z € Vclg-z=x(9) "aVg € 'k}
(notice that these are only K-, and not C-, subspaces of V) and
Ve(n) = Ve {n} @k C(—n).

The aforementioned result of Tate and Serre ([Ser67], Proposition 4) im-
plies the existence of an injective, canonical morphism of I'g-modules

P ven) =@ (Vo {n} © C(—n)) = Ve,

neL neL

and a module is said to be of Hodge-Tate type if this is an isomorphism. If
W is a I'k-module defined over Qy, then W is said to be of Hodge-Tate type
it W ®q, C is Hodge-Tate in the above sense.

Tate-Raynaud’s theorem can then be restated by saying that the Galois
module afforded by the Tate module of an Abelian variety (of good reduction
at a place dividing ¢) is of Hodge-Tate type.

Building on this result, Tate also formulated an analogue of the Hodge
conjecture for f-adic cohomology, proposing that a connection should exist
between the algebraic cycles on smooth varieties and the Galois modules af-
forded by their étale cohomology groups.
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Let X be a smooth projective variety over a field k (finitely-generated over
its prime field). Fix a separable closure k of k, a rational prime ¢ and let T,
be the absolute Galois group of k. Let H*(X) be the ¢-adic cohomology of the
base extension of X to k, endowed with its natural I';-module structure, and
consider H?(X)(i), the i-fold Tate twists of the even-numbered cohomology
groups. Write I'y for the image of Iy, inside GL (H*(X)(¢)) (which is an /-
adic compact Lie group) and g, for its Lie algebra. With this notation, the
Tate conjecture reads

Conjecture 5.2.3 (Tate Conjecture). The gg-invariants inside H* (X)(i) are
generated (as Qg-vector space) by the classes of algebraic cycles.

As for the structure of g, we have the following result:

Theorem 5.2.4 (Bogomolov, [Bog80]). g¢ is algebraic (that is, g is also the
Lie algebra of Gy) and it contains the homotheties.

As a corollary, we can always write g, = Qpid @b, where by - the set of
elements of trace zero - plays a role analogue to that of the Hodge algebra in
the geometric case (in fact, hy = Lie(Hy)). Note that passing from an ¢-adic
Lie group to an open subgroup does not change its Lie algebra, so gy does not
change under finite extensions of K (whereas Gy can change); therefore, we
can always enlarge K so that all the endomorphisms of A are defined over K
without altering g,, and we will always work under this assumption.

Also, note that Gy is not necessarily connected, but replacing K by a finite
extension we can (and will) assume that this is the case; moreover, this finite
extension can be chosen independently of ¢ (see Theorem 3.3.2 in [Ser85] and
Section 3.b of [Chi90]).

Remark 5.2.5. An equivalent way of stating the Tate conjecture is through the
notion of Tate classes, that is to say, cohomology classes ¢ in HgtZ (XE’ Q[)
such that the action of every o € T, is given by o - ¢ = x(o) ’c, where x
denotes the f-adic cyclotomic character.

Note that the conjecture can be formulated for arbitrary smooth projective
varieties, but we will only discuss the setting of Abelian varieties. In this
case, if we set V = H; (A,Q) and V; = V ® Qy, we have, as discussed at the
beginning of the section, a canonical identification V; = V;(A); moreover, for
every n we have a natural isomorphism of Gal(K /K )-modules

Hgf (A?) Qé) = Hom </\ w»@ﬂ) )

so we can basically reduce all of our study to the Galois module V.
Finally, note that - in complete analogy to the geometric case - if F is
a subfield of EndO(A), then V, acquires the structure of a free £y := F ®
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Qp-module of rank Q?El(éf) If p: V xV — Q is the Riemann form of a

polarization, then ¢ induces a form ¢, on V;, and our arguments on bilinear
forms now translate in the statement that there exists a Fy-bilinear (resp.
Hermitian, in the CM case) form on V; that is preserved by the action of hy.
With obvious notation, we will write by C spp, (Ve,1¢) (vesp. be € ug, (Vo, 1)
in the CM case).

Definition 5.2.6. The Tate ring of a variety A (defined over a number field
K)is J°(A) = @, 7', where ;' is the space of Tate classes in H2' (A?, @g)

Faltings proved, in his famous paper [Fal83], the analogue of the Lefschetz
theorem on (1,1) classes (Theorem 5.1.9), namely that every Tate class in
the second étale cohomology group is a linear combination of divisor classes
with coefficients in Q;. From now on, let 2} (A) be the sub-algebra of .7,°(A)
generated by divisor classes. It follows from Faltings’ result that the Tate
conjecture, pretty much like in the geometric case, holds in every codimension
as soon as the Tate ring is generated by divisor classes; minor modifications
of the proof of Theorem 5.1.13 yield an ¢-adic criterion for this to hold not
only for A but for its powers as well,

Theorem 5.2.7. Necessary and sufficient conditions for the equality
T (A") = 77 (A")

to hold for everyn > 1 are

e A has no simple factor of type II1

* by = 5Ppaa0(a)eq, (Vi, ¢), where @y is the alternating bilinear form in-
duced on V; by the choice of a polarization

Remark 5.2.8. The analogous of the Hard Lefschetz Theorem was proved by
Deligne in [Del80], so the Tate conjecture holds for every Abelian variety of
dimension at most 3.

Hodge-Tate modules arising from Abelian varieties thus bear a great re-
semblance to Hodge structures, and it is easy to conjecture results analogous
to those of Chapter 3: in many cases, these are known to be true, and we
will see in the next section that this has led to the formulation of a general
conjecture relating the geometric Hodge decomposition and the arithmetic
Hodge-Tate structure.
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5.3 Mumford-Tate conjecture

Let A be an Abelian variety over a number field K. Fix a prime number ¢ and
let Ty(A) be the ¢-adic Tate module of A. Let furthermore Vy(A) = Tp(A) @ Qy
and

pe : Gal (K/K) — Aut (Ty(A)) < GL (Vy(A))

be the associated Galois representation. The image of p, is an f-adic Lie
subgroup of GL (Vz(A)); let Gy be its Zariski closure, i.e. the smallest algebraic
subgroup of GL (V;(A)) containing it. By analogy with the geometric case, we
also introduce the f-adic version of the Hodge group, Hy, which we define as
the connected component of the identity of Gy N SL (Vy(A)). Let furthermore
g¢ the Lie algebra of Im (py).

A fundamental problem is to determine the Lie algebras g, for varying ¢;
a conjectural answer to this question is given by the Mumford-Tate con-
jecture.

Conjecture 5.3.1 (Mumford-Tate Conjecture). Fiz an embedding K — C,
so that A acquires the structure of an Abelian variety over C. Let G be the
Mumford-Tate group of A, g be its Lie algebra and gy be as above.

Then for every rational prime € the equality g¢ = g®Qy holds inside gl(Vy).

Remark 5.3.2. In the presence of the Mumford-Tate conjecture, the Hodge
and Tate conjectures are equivalent.

Many partial (but still very deep) results have been established that go in
the direction of the above conjecture. We state here, without proofs, the main
ones.

Theorem 5.3.3 (Faltings, [Fal83]). The Lie algebra g, is reductive and its
centralizer in End(V;) equals End®(A) @ Q.

Theorem 5.3.4 (Sen, [Sen73]; cf. Proposition 3.1.2). Let V' be a module of
Hodge-Tate type over Q; and ® € Endc (V) be the element such that the
restriction of ® to V(i) is multiplication by i.

Then the Lie algebra of Gy is the smallest Qg-subspace g of Endg, (V) such
that g ®q, C contains ®.

Also, reasoning along the same lines of Corollary 3.2.10 it is possible to
show that if A has no simple factor of type IV, then b, is the semi-simple part
of gy.

Another key tool for working in the ¢-adic setting is the following theorem
of Serre

Theorem 5.3.5 ([Ser85] 2.2.4). The rank of gy is independent of €.

Moreover, Deligne has proved ’one half’ of the conjecture, namely
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Theorem 5.3.6 ([DMOSS82], I, Proposition 6.2). For every rational prime ¢
the inclusion Gy C MT(A) ® Qg holds.

As a consequence of the above results it can be shown that the Mumford-
Tate conjecture (for a fixed A) holds for every prime whenever it holds for at
least one prime ([LP95], Theorem 4.3).

Finally, we note here that the Mumford-Tate conjecture is known for CM
varieties: this has been pointed out by Ribet in [Rib90] and is essentially due
to Taniyama and Shimura, see [ST61].






CHAPTER

Computing Mumford-Tate
groups

We are now in a position to prove properties of the Mumford-Tate groups that
will lead, in some particular cases, to its precise determination.

After having fixed our notation, in 6.2 we prove that the tautological rep-
resentations of Mumford-Tate groups are defined by minuscule weights. We
follow here the approach of Zarhin ([Zar85], Theorem 0.5.1), but note that
the result was already known to Serre ([Ser79], Proposition 7), who had given
a different proof.

As a first application, in 6.3 we recount the proof of a theorem, due to Pink
([Pin98], Theorem 5.14), on varieties with endomorphism ring Z and whose
dimension lies outside an exceptional set which can be described explicitly.

The next section is then dedicated to a more concrete description of the
Lefschetz group, which will allow us to identify, in 6.5 and 6.6, some cases
where the equality between the Hodge and Lefschetz groups holds.

6.1 Notation

We now fix the notation we will constantly be using from now on; we want it to
be tailored in a way that allows us to treat geometric and ¢-adic questions al-
most at the same time. We will therefore use the symbols g, h,V, Q,C, E, p, ¥
to mean

e in the geometric case,
o = Lie(MT(A)), H = Hg(A), b = Lie(Hg(A)),V = Hy(4,Q),
Q=Q,C=C,D=End"(4),

91
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o the bilinear form induced on V by the choice of a polarization,

1) the D —bilinear or skew-Hermitian form inducing ¢ by taking traces;

e in the /-adic case,

g = Lie(Gy(A)), H = Hy(A),h = Lie(Hy(A)),V = Vi,

Q=Q,C=Q,D=End(4)2Q
and ¢, as above (with the appropriate meaning of V, D).

6.2 Mumford-Tate representations are minuscule

Let G be a reductive group over a field k, and let K be an algebraically closed
field of characteristic zero containing k. Write G as almost-direct product
Go -Gy -+ -G, of its center Gg and its simple factors Gy, ..., G,. Let g be the
Lie algebra of G‘}(er and g;,7 = 1,...,n be the (simple) Lie algebra of G;; let
furthermore ¢ be Lie (Gg k), which is canonically isomorphic to X, (Go x) @ K.

We clearly have Lie(Gg) = ¢ x g.

Write G, := Gg/ (GOGl oGy 'Gn), where the symbol G; means that
the factor G; is omitted in the product. Let p; be the canonical projection
Gk — G'. Let furthermore v : G,, k — Gk be a cocharacter of G. Applying
the functor Lie to v we get a homomorphism of Lie algebras over K,

Lie(vy): Lie(Gpkr) =2 K — coxgp X ---xg, = Lie(Gk).

Let us consider Lie(y) as linear map from K to ¢ X g1 X - -+ X g, and write
the image of z as (lp(z), l1(z),..., L(x)).

As Gy, i is a torus, we can choose a maximal torus of G containing the
image of ; such a choice induces a choice of Cartan subalgebras h; of g; such
that Lie(y) factors through ¢x by x - - - x b,,. Moreover, we can choose maximal
tori H; C G’ such that Lie(H;) = b;. Let R; be the root systems associated
to the Cartan subalgebras h; and R be the root system of g.

Dualizing the K-linear map Lie(y) we get a morphism

Oy ¢ xbhY xox by = K
()\0,)\1,"' ,)\n) — )\00[0(1)+)\10[1(1)+"'+)\n0[n(1).

Lemma 6.2.1. Let ¢ be as above. Then ¢~ (X* (Go k) x P(R)) C Q.

Proof. Let x € X* (Go i) be a character. Then

xolp(l)=Lie(xopoo~y)(1)
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is an integer, since x o pg o 7y is an endomorphism of the multiplicative group.

For a root system (V,.S) let Q(S) be the lattice generated by S in V.
Then, for i« = 1,--- ,r, we have inclusions Q(R;) C X*(H;) C P(R;), where
both Q(R;), P(R;) are lattices in the same vector space (so that the first has
finite index in the second). In particular, for every weight \; € P(R;) there
exists n; € Z such that n;\; € X*(H;), i.e. n;\; equals a certain character
Xi : Hi = Gy,. But then n;\; o [;(1) = Lie (x; op; o) (1) € Z as before, so
©y(X;) € Q, as we wanted to show. O

Let us now suppose that p : G — GLy is a finite-dimensional, faithful
representation of G. Extending scalars to K we get a representation Vi of
Grk; let W be an irreducible subrepresentation of Vi. The algebra g being
semi-simple by hypothesis, we have (thanks to Theorem 2.3.4) a decomposition

W= (K7X0) X (lepl) XX (anpn)

of W as external tensor product of irreducible representations of the factors ¢
and g;. As Gy is a torus, its only irreducible representations (over an algeb-
raically closed field) are one-dimensional spaces where the action is given by
a character xg.

Let now A; denote the highest weight of the representation W; and X its
full set of weights.

Lemma 6.2.2. Consider the representation p oy : G, k — GLw x and let
N + 1 be the number of its different weights. Let I = {i|p; o v is not trivial}.
Then Y ;e l(A) < N.

Before proving this lemma we record a simple result we will need:

Lemma 6.2.3. Let {Ai}i:1,~~ . be a finite family of finite subsets of Q. Denote
by ZAZ- the subset of Q given by
=1
{a1+ - +apla; € A; Vi=1,...,r}.
Then 35—y Ail = X5y [Ail = (r —1).

Proof. Induction shows that it is enough to do the case r = 2. For this, note
that adding a to all the elements of Ay and subtracting a from all the elements
of A leaves A; + Ay untouched, so we can assume that all the elements in

(1) (1)

Ay are non-negative and that 0 is one of them. Let a;’ < --- < e (resp.
ag2) =0<--- < a‘(i)ﬂ) be an enumeration of the elements of A; (resp. As).
Then the numbers agl) +0,--- ,al(;)ﬂ + 0, a&)ﬂ + aéQ), e ’al(il)ll + a‘(ill are all

distinct by construction and belong to A1 + Ao, so this last set has cardinality
at least |A;] + |Ag| — 1. O
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We can now prove Lemma 6.2.2:

Proof. The set P(W) of weights of p is clearly {xo} x X1 x -+ x Xp; the set
of weights of p o is then given by ¢~ (P(W)), so by definition of N we have

N+ 1= [p(PW))] = [y ({xo} x X1 x -+~ Xy)]

{xoo (M} + Y ey (X)| = D oy (X0)
=1

i€l

)

where the last equality holds since trivial factors only contribute one weight.
The above Lemma then yields the inequality

Z Py (X5)

il

N+1= > ey (Xi)| = (1| - 1),

iel

whence N > > ; (|¢y (Xi)| — 1); on the other hand, Lemma 2.4.13 implies
that |y (X;)| =1 > I(N;), so the claim follows. O

We now apply all of the above to the case of Mumford-Tate (and Hodge)
groups. To this end, we take £k = Q and K = C, and for G the Mumford-Tate
group M of a polarizable Hodge structure V' (of pure weight n), which we know
to be reductive. The representation p : M — GLy will be the tautological
one, and as cocharacter v : G,,c — Mc we take hc o u. The action of z

through hc o u is given by
P 2" 1dy o,

PEZ

so each character of the representation 7 corresponds to a non-trivial space
VP"=P in the Hodge decomposition of V. We then have the following im-
portant theorem:

Theorem 6.2.4. Keeping the above notation, let moreover N + 1 be the
number of integers p such that VP"7P #£ (0). Then l(X\;) < N for every
j=1...,r.

Proof. This follows immediately from Lemma 6.2.2 for those indices j such
that « has a non-trivial component in the simple factor G;.

We can reduce to this case for every simple factor of M by exploiting the
fact that this group is defined over Q.

Fix a maximal torus 7" of M. The image of v : G,, c — Mc is contained
in a maximal torus T of Mc, and since all maximal tori are conjugated we
find that T is M(C)-conjugated to Te. But T is defined over Q, hence it
splits over @, so the above conjugation argument yields another cocharacter

(defined over Q) 6 : G,, 5 — Mg such that d¢c is M (C)-conjugated to .
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We can now make use of the action of Gal (@/Q) on this § to get a
cocharacter inducing non-trivial representations on each simple factor of Mc.
More precisely, for each ¢ € Gal (@/Q) consider the cocharacter 7§ and
let I, = {i|?0 has a non-trivial component in G;}. Let furthermore I :=
UaeGal(@ /Q) I,. Then the algebraic group

, D J— —
Mg:=2(@g [1¢:q
i€l

is normal in M (since it is an almost-direct product of normal subgroups)
and is defined over Q, since by definition of I the action of Gal (@/ Q) can
only permute the factors appearing in the product. Now M(. factors dc, dc
and 7 are M(C)-conjugated, and M’ is normal in M, hence M. factors 7.
As M' < M, the minimality of the Mumford-Tate group (with respect to
the property of factoring ~) implies M’ = M, so every simple factor G; of
M appears in the product defining M’: by construction of I, then, for every
1 there is a o; such that 7§ has a non-trivial component in G;. Since the
representations afforded by %dc, dc and v clearly have the same number of
non-trivial weights, the claim follows from Lemma 6.2.2 applied to ¢ instead
of ~. O

Corollary 6.2.5. Let A be an Abelian variety, V. = H1(A,Q) and M the
Mumford-Tate group of A. Furthermore, let p; denote the representation of
the simple factor G; of Mc induced by the tautological representation of M.
Then, for every i, G; is of classical type and every irreducible subrepresentation
W of p; is defined by a minuscule weight.

Proof. Let w; denote the highest weight of W;.

V has weight —1, hence in the Hodge decomposition of V¢ we only have
two non-trivial factors. With the notation of the above Theorem, this forces
N =1, s0 l(w;) = 1, hence W; is minuscule and G; is of classical type because
of Proposition 2.4.12. O

With rather different techniques, Pink has shown the f-adic analogue of
the above result, namely, he proves the following theorem (Corollary 5.11 of
[Pin98]):

Theorem 6.2.6. Fach simple factor of the root system of Gg has type A,
B, C, or D, and its highest weights in the tautological representation are
minuscule.
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6.3 A theorem of Pink

The paper [Pin98] also contains the following result, giving sufficient condi-
tions (on the dimension and on the endomorphism algebra) for the Mumford-
Tate conjecture to hold.

Theorem 6.3.1. Suppose A is an Abelian variety of dimension g (defined
over a number field K ), such that

o End(4) ~7

e 2g is not a kth power for any odd k > 1, nor of the form (2kk) for any
odd k > 1.

Then MT(A) =2 CSpygq and Gy = CSpagq,. In particular, the Mumford-
Tate conjecture holds for A.

Proof. We take the uniform notation introduced in 6.1. Note that it is enough
to prove that H = Spy, .

As a first step observe that A is simple, since if A is isogenous to A7 -...- A%,
where the A;’s are simple and pairwise non-isogenous Abelian varieties, then

End(A) = ﬁMeiXei (End(4;)),
i1

where M..(R) is the set of square matrices of order e with coefficients in R.
The equality End(A) = Z then clearly forces n = 1 and e; = 1; we also see
that A is of type I in the Albert classification, so H is semisimple.

The hypothesis End(A) = Z also implies that V¢ is an irreducible repres-
entation of H:

End(V ® C)’"¢ 2 End(V)! ® C=Z® C = C,

so the claim follows by Schur’s lemma.
Write Hc &£ Gq - ... - Gy, for the decomposition of Hc as almost-direct
product of its simple factors, g; for the Lie algebra of G; and

VeEWiR---KV,

for the decomposition of V¢ as (exterior) tensor product of irreducible repres-
entations of the factors g;.

Lemma 6.3.2. All the simple factors G; are isomorphic to each other over
Q. Moreover, all the representations V; are isomorphic to each other.
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Proof. This is basically the same argument as in the proof of Theorem 6.2.4.

Consider the cocharacter 9 : Gm,@ — M6 introduced there. We show that
0 has non-trivial components in exactly one simple factor.

Suppose this is not the case. If G, G}, are two factors in which ¢ has non-
trivial components, let X1, X3 be the set of weights of g;,, g, that intervene in
the Lie algebra representations induced by hopj;, o4 and hopj, oé (note that
these applications are not well-defined as group morphisms, but do exist at the
level of Lie algebras, since p; induces an isomorphism between the Lie algebra
of Gj and that of G;). By hypothesis | X;| > 2, |X3| > 2, so the representation
induced on the Lie algebra of Hc by hod has at least | X1|+|X2|—(2—1) >3
weights because of Lemma 6.2.3. But hc o dc has as many weights as hc o 4,
and this last representation only has two, corresponding to the two non-trivial
spaces in the Hodge (resp. Hodge-Tate) decomposition, contradiction.

It follows that ¢ only has non-trivial components in one simple factor, and
the proof of Theorem 6.2.4 shows that the orbit of this simple factor under
the action of Gal (Q/ Q) must be the whole set of simple factors of H: these
simple factors are therefore conjugated under the action of Gal (Q/ Q), hence
all isomorphic.

The second statement then follows immediately from the transitivity of
the Galois action. O

As H is a subgroup of the symplectic group by Lemma 3.2.9 (or its ¢-
adic counterpart), V¢ is a symplectic representation of Hg: Corollary 2.3.6
then implies that each factor V; is self-dual. Moreover, all the algebras g;
are isomorphic to each other, and the representations of the g;’s afforded by
the V;’s are isomorphic because of the above Lemma. Note furthermore that
each (self-dual) factor is either orthogonal or symplectic, and the number of
symplectic factors is odd (if it were even, the product would be orthogonal),
so there is at least one symplectic factor. Since all the factors are isomorphic
to each other by the above discussion, their number n is odd, for otherwise
the product would again be orthogonal.

We then have

2g = dimc VC = (dimc Vl)n

where n is odd, hence n = 1 by hypothesis. Using the irreducibility of Vi, it
follows from Corollary 6.2.5 (resp. Theorem 6.2.6) that this representation is
minuscule and the algebra g; is of classical type, so we just need to check the
list given in theorem 2.4.6 for symplectic representations of classical algebras.
We see that the following are the only possibilities:

2
e gq is of type Ass_1, s odd, and dim V; = <SS>;

e g is of type By with [ =1 or 2 (mod 4), and dim V; = 2';
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e g is of type (}, and dim V; = 2I;

e g1 is of type D;, I =2 (mod 4), and dim V; = 271,

As 2g = dimc¢ Vo = dimg V1 is not of the form (288) for any odd s > 1, the
first case cannot happen unless s = 1, but then A; = C and we are in case
(3)-

Case (4) cannot happen either, since then [ —1 would be odd and 2g would
be an odd power (of 2), which is again against the hypotheses; finally, case
(2) is impossible, too, since either [ is odd, and then dim V; is an odd power,
or I =2 (mod 4), and then 2! = 4//2 is again an odd power, which is against
the hypotheses.

We deduce that we always are in case (3), hence Hc = Spygc and H =

Spgg,Q. O

6.4 On the Lefschetz group

We now try to unwind the definition of L(A), in order to get a more expli-
cit description of this group. The result that follows (essentially taken from
[Mur84], Lemma 2.3) gives a fairly clear picture of what L(A) looks like.

We start by fixing our notation. Let A be a simple Abelian variety over
C, D its endomorphism algebra. Let furthermore E denote a fixed subfield
of D, taken to equal D for varieties of type I and chosen among the maximal
CM-subfields of D in the remaining cases, and let ET be the maximal totally
real subfield of F.

Write Vy for V ®@pg+ R, where X ranges through the set ¥ (E™) of embed-
dings ET < R.

For varieties not of type I, V) has a natural complex structure coming from
the action of F ® R = @ ConVeR= @ V. We shall write VA(C
AEX(ET) AED(E+)
when V), is regarded as a C-vector space through this action (in particular,

note that VA(C is not the same object as V) ® C).
Finally, let F' be the center of D and F'™ its maximal totally real subfield.
Then:

Proposition 6.4.1. o L(A)Rr CI[,GL(Vy);

o the L(A)r-modules Vy, and V), are isomorphic if and only if \i|p+ =
)\Q‘FJF ;

e if A is of type I, the projection of L(A)r to GL(Vy) is Sp (V)(\C,w)\) with
respect to an appropriate skew-symmetric form wy on V/{C;
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o if Ais of type II, the projection of L(A)r to GL(V)) can be described as
the intersection

U (V/{c,w}\) N Sp <V)\C,w§> ,

w{éere wi (resp. w3) is a Hermitian (resp. skew-symmetric) form on
V.
A

Proof. The first point amounts to saying that every V) is L(A)-stable, and it
follows from arguments analogous to those of Section 1.1.4, essentially because
the actions of L(A) and F commute.

By definition of L(A) we have the inclusion L(A) D Hg(A), so
D = End(V)#94) O End (V)54

On the other hand End(V)“) D D, as L(A) commutes with D: it follows
that the endomorphisms of V' as a Hg(A)-representation and as an L(A)-
representation are the same. Extending scalars to C we get a decomposition
Ve = HUEE(E) Vo; as E is a maximal subfield of D, the group End g4y, g(V)
- which equals the centralizer of E in D - is just E. By tensoring with C we
get

End (Vo)W =~ F o C = C¥®),

so each V; is a simple representation of Hg(A)c, hence of L(A)c.

On the other hand, we could instead consider the decomposition of Vg
with respect to the action of F. Write it as Vg =2 HreE(F) W.:. Then clearly
W.={veVe|f-v=7(f)v Vf € F}is the direct sum of the V,’s such that
o|lp = 7, and if ¢ denotes [E : F| every embedding of F' in C admits exactly
q different extensions. Comparing endomorphism algebras we get (note that

q€{1,2})

My(C) = D ®p, C=End(W,;)"We = T  Hom (V,,, V,,)"9e.

01,02:04|p=T

Each space Hom9(4)c (V| V,.) has dimension at most one (by Schur’s
lemma, which applies because each V, is simple); the equality

¢ = Z dimc (Hom (Vs VUQ)HQ(A)C>

01,02:0|p=T

then shows that each one of them has dimension exactly one: the sum on
the right involves ¢ terms, so each one must contribute with exactly 1. It
follows that V,, = V,, as L(A)-modules (or, equivalently, Hg(A)-modules) if
and only if o1|p = o2|p. Finally, since V) = V, @ V&, we see that two V)’s
are isomorphic exactly when the corresponding \’s agree on the set of fixed
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points for the action of complex conjugation on F, i.e. when they agree on
Ft.

As for the last two points, observe that the arguments in Section 1.1.4
yield the existence of an L(A)-invariant form ) on each factor V), hence the
projection of L(A) to GL(V,) is given by the set of Dy-linear automorphisms
of V) that preserve vy, where Dy := D ®@p ) R.

If A is of type I, then D, is simply R, so the condition of being Dj-linear
is void and the projection of L(A) to GL(Vy) is simply Sp(V, ), as claimed.

If A is of type II, then D is split at every infinite place, so Dy & Ms(R) and
we can choose two elements a, 5 € Dy such that o = 1, 8% = —1, fa = —af3

1
(this is clear in the matrix algebra: take for example o = B =

-1
1
and 3 can be chosen so that the natural action of C coming from E ®¢g R
coincides with the action of the first factor C in this decomposition. From
the details of the proof of the Albert classification we know that the positive
involution on D extends to an involution p on D) in such a way that, under the
identification Dy = M>(R), p becomes the usual transposition of matrices. We
therefore have a” = «, f” = —[3. We can then extend this p to (not necessarily

). This essentially identifies D) with R&RSGRa®Rpa = Cd Ca,

square) matrices with coefficients in Dy by setting (a;;)” = (a%)t. Note that
this p is simply complex conjugation on the first factor C appearing in the
decomposition Dy =2 C @ Ca, but it is the identity on the second: indeed, our
assumptions on «, 8 imply (Sa)? = a”pP = a(—f) = Pa.

From now on, we shall think of V) as a module over C @ Co; if d is the
dimension of V) over D), choosing bases allows us to write a vector v as
v1 + vear with vy, vy (row) vectors in C?, and linear transformations of Vy as
M + Mo with My, My € My(C). Recall now that 1y is Dy-skew-Hermitian,
ie. Yy(w,v) = —\(v,w)”. By bilinearity we can write our form ) as

Py (V1 + vao, wi + waar) = (v1 + vaa) (T + Toor) (w1 + wacr)”,

and using woa = awy (which follows from aff = —fa) we rewrite the above
as

Yy (V1 + vo, w1 + waar) = (v, v2) My (W1, W2)" + (v1,v2) Ma(wr, ws) e,

where My, My are the following 2d x 2d matrices:

= (B2} g, (BT
T Th T Ty
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The condition ¥y (w,v) = — (v, w)” implies TP = —T, so T = Tlt+T§a
and T is skew-Hermitian while 75 is skew-symmetric. It is immediate to check
that the same holds for Mi, Ms. It follows that a C-linear endomorphism A
of V) preserves 1, if and only if it leaves invariant the Hermitian form wi
associated to —iM; and the skew-symmetric form w?\ associated to Msy. But
it in fact, an endomorphism preserving the two is automatically Dj-linear:
write 7 (resp. m2) for the projection of Dy on C (resp. Ca).

By our choices of a, f we have, m1(a(z1 + 220)) = m(Zia + Z2) = Z3 =
mo(21 + 22a0), and similarly mo(a(z1 + 22a)) = mi(21 + 22c). Observe that
preserving w}\ (resp. wi) amounts to preserving the skew-Hermitian (resp.
skew-symmetric) form m o 1y (resp. mp 0 1y). Then, if A is a C-linear auto-
morphism preserving the two, we have

m1 (Pa(adv, Aw)) = 71 (ahn(Av, Aw))

= 72 (YA (Av, Aw))
= 72 (Ya(v, w))

= 71 (ahx (v, w))

= 71 (Ya(av, w))

= 1 (Ya(Aav, Aw))

similar computations show

D )-linearity)

T o0 =73)
A preserves g 0 1))
T O =Ty)

D) -linearity)

~ I~ I/~ A/~~~

A preserves mp 0 1) );

2 (%(041407 Aw)) = T2 (%(AOM A’LU)) ,

s0 Y (aAv, Aw) = \(Aawv, Aw), and by non-degeneracy aA = Aq, so A is
Djy-linear.

Putting everything together, we have shown that the projection of L(A)g
to GL(V)) is exactly the intersection

U (V/{C,w}\) N Sp (Vf,wi) .
O

Corollary 6.4.2. Let A be simple of type II and | the Lie algebra of L(A).
Then the action of Ic on Ve can be described as follows: ¢ is isomorphic

to the product
H 5pd,(C7

AEX(E+=F)
where
o 1 1 1 2dim(A)  dim(A)
d=dimc V) = §d1mRV/\ T2 ET:Q dimg(V) = 2[F:Q [F:Q’

and the representation it defines on Vg is isomorphic to two copies ofg Stdy,

where Stdy is the standard representation of the copy of sp, ¢ indexed by A.
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Proof. First note that Iz equals the product of its projections on the factors
gl(V). This follows from Lemma 3.3.1, with condition (iii) in part (b) holding
because the [g-modules V) are pairwise non-isomorphic, thanks to the second
point of the previous Proposition and the fact that F = F+ = E7T in this
case.

We want to understand what happens to the involved groups (and to their
intersection) extending scalars to C. Write, as usual,

VRrC=ZVRFrRIr C =V, ® V7,

where 0,7 are the two extensions of A to E. Let us work at the level of Lie
algebras. Choosing appropriate bases, we can assume that w}\ is the standard
Hermitian form, so the Lie algebra of U (V/{C, w}\) is simply

u (VE) = {M € Mat (d,C) |M + M =0}.
Extending scalars to C we have an isomorphism

Mat (d,C) ®x C — Mat (d,C) @ Mat (d,C)
M®z > (Mz, Mz),

that restricted to u becomes M ® z — (Mz, —(Mz)t), so that composing with
the projection on the first factor Mat (d, C) gives an isomorphism u ®g C =2
Mat (d, C) (more abstractly, we are simply saying that U is an R-form of GL).

Let w, (resp. wg) denote the skew-symmetric form induced by w? on
Vs (resp. V&) through the above isomorphism. We claim that the image
of u N sp (V)\C,w?\) in gl(V,) is simply sp (V/{C,wg). Indeed, on the one hand
an element in the intersection u N sp (V)(\C,w?\) has to preserve the form wi
induced on V, by the above isomorphism; on the other hand, any element B
in sp (V/{c, wa) must come from an element A in u® C, and we only need to
show that this A preserves w?\.

In order to do this, it is enough to show that B preserves both w, and
ws. Note that B acts via A on V, and via —A! on Vx; fixing bases, if w, is
represented by a skew-symmetric matrix .J, then wy is represented by .J, and
the implications

AT+ JA=0= AT+ JA=0= (AN T+ T (-A") =0

show that —A! preserves wg, so we are done.

To describe the action, simply note that V, is by definition the standard
representation of sp (V/{C,w), and we also know that an element A in this
algebra acts as —A! on Vi, so Vs is the contragradient representation. As the
standard representation is clearly self-dual, being symplectic by definition, the
two representations are in fact isomorphic to each other (and to the standard
one), as claimed. O
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Remark 6.4.3. When F' is a real quadratic field over Q and D is a quaternion

algebra over F', we see that [¢ is isomorphic to the product of 2 = [F' : Q]

copies of spy ¢ = slo, since (with the above notation) d = d[i;iﬁéﬁ) =

Also note that the structure result we have just shown implies that L(A)
is reductive.

6.5 Varieties of Type I

Let (A, A) denote a polarized, simple Abelian variety over C (resp. a number
field K). We give here a sufficient condition for the equality Hg(A) = L(A)
to hold for varieties of type I.

Theorem 6.5.1. Suppose A is of type I and let E be its endomorphism algebra

(a totally real number field in this case). Let d be the degree of E over Q and

suppose further that dim(A) = dh, where h is either 2 or an odd integer.
Then the rank of H is dim(A); in particular, Hg(A) equals L(A).

Proof. A is of type I, so b is semisimple: extend scalars to C and write ho =
Hﬁzl h;, where each factor h; is a simple Lie algebra. In the ¢-adic case, we can
assume without loss of generality that ¢ splits completely in E (see Theorem
5.3.5).

Let X(E) be the set of embeddings o : E — C.

Upon extension of scalars, the tautological representation of h on V be-
comes Vo =[] oeS(E) V5, where the V,’s are simple, pairwise non-isomorphic
h modules: we have

Endy, (Vo) = End(V)' ® C= E® C,
and this last space equals C=(®) in the geometric case and FyQC = (Qg)[E:Q] ®
C =~ CIEU ip the ¢-adic one, so the claim follows from Schur’s lemma.

Notice that the V,’s coincide with those introduced in Section 1.1.4, so
each one of them is a symplectic representation of . Write 1, for the non-
degenerate, alternating form induced by ¥ on V, and V, = ®§.:1 W ; for the
decomposition of V, as exterior product of simple h;-modules.

We now want to show that this decomposition only has one non-trivial
factor and deduce its precise representation structure. A first important re-

mark is that
dimc Ve 2dim(A)

[E:Q d
is either 4 or twice an odd number.
Consider first the case h odd. For each o, there is at least one index j such

that W, ; is non trivial; this representation is then minuscule by Corollary
6.2.5 (resp. Theorem 6.2.6) and, since V,, is symplectic, it is either symplectic

=2h

dim¢ V, =
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or orthogonal by Corollary 2.3.6. Thanks to Theorem 2.4.6 we know that any
self-dual, irreducible and minuscule representation is of even dimension: this
is clear for types Bj, C; and D;, and for A; follows from the fact that

()~ 2E )

is even (at least for » > 1). Then, for each o, in the decomposition ®§:1 We
exactly one factor is non-trivial, for otherwise 2h = dim (V) would be divisible
by 4.

If h = 2, then either we have exactly one non-trivial factor (of dimension
four, so that it is isomorphic to the standard representation of sp,), or exactly
two, each one of dimension 2: this cannot happen, since they would then be
isomorphic to the standard representation of sly, and their product would be
orthogonal, while we know it to be symplectic. In any case, we deduce that for
each o exactly one factor W, ; is non-trivial: this non-trivial W, ; must then
be symplectic, as V, is, and of dimension 2h; with this additional condition,
the table of minuscule weights shows that b; is the symplectic algebra spy, ¢
and W ; is simply its standard representation (again, here we have to exclude
algebras of type A;: this is done by noticing that the possible dimensions for
irreducible, minuscule and symplectic representations of algebras of type A;

4k + 2
are of the form < + ), and these numbers are divisible by 4).

2k+1

For each index i let ¥(i) = {o € X|h; acts non-trivially on V;}. On one
hand, since the representation of hc afforded by V(¢ is faithful, we necessarily
have |X(7)| > 1.

On the other hand, suppose by contradiction that for an index i we had
|X(i)] > 1. Let 01,02 be two different elements of ¥ (7). Then V,, = V,, as
hi-modules, hence V,, = V,, as h-modules (since the other simple factors of
h act trivially on V5, V,,), but this contradicts the previous remark that the
V,’s are pairwise non-isomorphic. It follows that [3(i)| = 1 for every i, hence
d=|Z| =3'_,|=(i)| = t. Let o; be the unique element of ¥(i) and let I; be
the Lie subalgebra of gl (V5,) given by the endomorphisms preserving |y, .

From the above we see that the action of hc = [['_, h; on @, V,, can
be described as follows: the simple factor h; of hc projects isomorphically
onto [;, which in turn acts tautologically on V,.. Since all the automorphisms
of I; = spy;, are inner, we are exactly in the situation of Lemma 3.3.1, so
he = @?:1 5pop,. The rank of h is therefore d times the rank of spy;, and the
claim follows.

Finally, from the explicit description of L(A) (Prop. 6.9) we know that over
C its Lie algebra becomes isomorphic to spg, , so the inclusion Hg(A) C L(A)
must be an equality. O
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6.6 Varieties of Type II

We now extend the result of the previous section to varieties of type II; the
argument essentially carries through, with just a few minor modifications.

Let, as before, A be a simple polarized Abelian variety over C (resp. a
number field K) and D be its endomorphism algebra, whose center we denote
E. Letd=[E : Q.

Theorem 6.6.1. Suppose A is of type II and dim(A) = 2dh, where h is either
2 or an odd number.

Then the rank of H is dh and Hg(A) = L(A).

Proof. Keeping all of the notation from the previous proof, we write Hle b;
for the decomposition of hc in simple factors and 3(F) for the set of embed-
dings 0 : £ — C.

Here again we can assume that ¢ splits completely in E; note that D, is
then a product of central simple algebras D,, each one of degree four over the
copy of Qg indexed by o; over C, the algebras D, split and become isomorphic
to the standard 2 x 2 matrix algebra.

The modules V,, appearing in the decomposition Vg =2 ngz(E) V, are not
simple anymore: in fact,

Endy (Vo) = End(V ® C)"¢ = End(V)" ® C
~ D ® C = Mat (2,C)*5) |

so Schur’s lemma implies that each V, splits as W2 for a certain simple
module W,.

To fix notations, write Vo = @, (Wél) ® Wf)) where each Wéi) is irre-

ducible and Wé? ~ W(g) if and only if 01 = 03. The V,’s are again symplectic
representations of h, and we are going to show that

e cach Wéi) is a symplectic representation;

o the submodule W := @, (Wi @ (0)) ¢ @, (Wi @ W) is faithful

as a representation of b.

The first claim follows easily: let 1, be the non-degenerate, alternating
form induced by ¥ on V,. Then the restriction of ¥, to W(,El) is either zero
or non-degenerate (as chl) is simple); in the second case we are done, and
in the first, the non-degeneracy of v, in V, identifies Wél) = W§2)’V, so that
Wg(l) = WU(Q) is at least self-dual. Now, if it were to be orthogonal, then clearly
both Wg(l) and W§2) would be orthogonal, and so would be their sum V,;, which
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we know to be symplectic, contradiction. Therefore Wo(vl) is symplectic and
we are done.

As for the second claim, simply observe that Vo =2 W@ W, so W is faithful
if and only if Vi is, and this is clearly the case.
Still along the lines of the previous proof, let Wg(l) = ®§:1 X, ; be the

decomposition of W(El) as exterior product of simple h; modules. Note that

: 1) _ ' _12dim(A4
dimc (Wg ) = %dlmc V, = % [E:(é])

odd number.

All the rest of the argument then carries through in the exact same way,
hence ho = @‘ij:l 5oy, the only difference being that the action on Vi is given
by two copies of the representation we had in the case of varieties of type L.

To finish the proof we simply need to quote the result of Remark 6.4.3,
which - along with the above computation - ensures that the Lie algebras of
Hg(A) and L(A) become isomorphic upon extension of scalars to C, whence
the two groups coincide. O

= 2h, so this is either 4 or twice an



CHAPTER

On the Mumford-Tate
conjecture

We set out to prove results on the Hodge, Tate and Mumford-Tate conjec-
tures for particular classes of simple Abelian varieties that satisfy additional
requirements on the dimension g. In case g is a prime number we get, following
Ribet, a full proof of all the three conjectures.

We retain all of the notation introduced in 6.1

7.1 The action of CM fields

We start by describing important invariants associated to the action of CM
fields on Abelian varieties and by fixing our notation. Suppose E is a CM field
acting on a Abelian variety A defined over a field K (the complex numbers or
a number field) in such a way that 1 € E acts as the identity, and let X(FE) be
the set of embeddings of E in C. Let K be a fixed algebraic closure of K. Then
the Lie algebra of A is both a K-module (thanks to the K-variety structure
on Az) and an E-module, with the two structures being compatible when
restricted to QQ, so L := Lie (AF) acquires the structure of an F ® K-module.
2dim(A)
[E:Q]
Now Galois theory implies that

Let m denote

EggK = KW

ez = (o z-0(e)

107




108 CHAPTER 7. ON THE MUMFORD-TATE CONJECTURE

is an isomorphism; on the E-vector space L this isomorphism induces a K-
linear isomorphism
L= Lo,
ceX(E)

where

L,={leLle-l=0(e)l Yeec E}.

We set n, := dimz L, and observe that L is a free module over £ ® K if
and only if for every o we have n, = ngz.

Definition 7.1.1. We say that a quadratic imaginary field & acts on A
with multiplicities {a,b} if the pair {ny,,n;} just defined (for the only two
embeddings o, 7 of k in C) equals {a, b}.

We collect here a few particular cases of results of Shimura (cf. [Shi63]
and also Chapter 9 of [BL04]) that we will need in the next sections:

Proposition 7.1.2. The integers n, have the following properties:

e Suppose E is an imaginary quadratic field. Then, if A is simple and
dim A > 3, n, and n, are both non-zero.

e Suppose A is a simple fourfold of type IV. Then its endomorphism al-
gebra is automatically a field; if, furthermore, A is of type IV(2,1), then,
up to a choice of notation, (ng,,ns) = (2,0) and (ng,,nr,) = (1,1).

e There exists no simple Abelian fourfold of type III(2).

An useful tool which will simplify some of the proofs that will follow is the
following inequality, due to Ribet ([Rib80], p.87):

Theorem 7.1.3. Suppose A is a simple Abelian variety defined over C of CM
type. Then

rank(h) > logy(29).

7.2 A theorem of Serre

We now state and prove a theorem, due to Serre (cf. Proposition 4 of [Ser67]),
that gives a sufficient condition in order for a reductive subgroup of GL to be
all of it.

Theorem 7.2.1. Let V be a finite-dimensional over Q and suppose given a
decomposition Vo = Ve(0) & Ve(1).
Let G be a subgroup of GL (W'). Suppose that
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1. G is reductive and connected;
2. the centralizer of G inside GL (E) is reduced to the homotheties;
3. for every x € Gy, c, G contains the operator p; := idy o) DT idyg(1)-

Suppose furthermore that the dimensions of Vc(0) and V(1) are relatively
prime. Then G = GL(W).

Remark 7.2.2. In the absolutely simple case, both the Mumford-Tate group
and Gy satisfy the hypotheses of this theorem, the first with respect to the
Hodge decomposition and the second with respect to the Hodge-Tate one.

Proof. To simplify notation let W = Vg, Wy = Vio(0), W1 = V(1) and ng =
dimg Wy, n1 = dime Wh.

As G is reductive we can write it as the almost-direct product G = Z(G)-S,
where S denotes the derived subgroup of G. Z(G) is clearly contained in the
centralizer of G inside GL, so Z(@G) is contained in the one-dimensional torus of
homotheties. If, by contradiction, it were finite, then G would be semi-simple,
hence contained in SL, which contradicts (3), since det(p,) = ™ does not
always equal one. This implies that Z(G) equals the torus of homotheties in
GL.

For every z,y € G, c, the operator p,, = xidw, ®yidw, belongs to G,
since it can be written as z idy - (idw, ®(y/z)idw, ), and both factors belong
to G. This gives us a map of algebraic groups

Gmp X Gmp — G
(z,y) = Puy

whose image is a 2-dimensional torus which we call ©.
© also contains the 1-dimensional torus

\I’:Gm’c — G

T = px"l,z_n()a

and it is easy to check that det ¥(x) = 2™ "0z~ =1 so ¥(x) € S.

We now want to show that S is in fact simple: suppose, on the contrary,
the existence of a nontrivial decomposition S & %, where both 57 and
Sy are not finite and N is a finite subgroup of the center of S; x Ss. Such
a decomposition induces a structure of (S7 X Sy)-module on W, and we have
a corresponding decomposition W = W' @ W” where W' is module over S}
and W over Sy. Let Z be the connected component of the identity of the
inverse image of ¥ (G, c) inside Sy x So. We have three different actions of =
on W, given by the projections of = on 51,53 and G. Fix an isomorphism o :
=2 — Gy, Let x1, x2, x be the corresponding characters, thought of as Laurent
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polynomials in ¢ with non-negative integer coefficients. We have x = x1x2,
and on the other hand the description of the action of Z/N on W implies
X = n9o® + nio? for certain integers a,b. Also, note that a # b, for otherwise
=/N would act on W through homotheties, which it does not. It follows that
x1 divides ngo® + nio? as a polynomial with natural coefficients, but this
last polynomial is essentially irreducible: the only possible factorizations are
those of the form do® - (%)J“_C + %lab_c) with d a natural number and ¢ an
integer. This follows at once from the fact that if g1, go are two polynomials
with natural coefficients and neither is a monomial, then gygo has at least
three non-zero coefficients. The hypothesis (ng,n1) = 1 then forces d = 1, so
one of x1, x2 is of the form ¢¢. Assume without loss of generality that it is
X1- Then the image of S inside S acts trivially on W, contradicting the fact
that W is clearly a faithful S-module.

We have thus shown that S is simple.

Let now h = ng + n;. ¥ induces a map from py to Z(G), since for every
h-th root of unity p the operator W(u) = Pumi =m0 = Pyr1 yh—no = Pumi pm
is a homothety. Moreover, the restriction of ¥ to up is injective, since the
hypothesis (ng,n1) = 1 implies that we can recover u from p"*, =", hence
p from W(p). This implies that py, is at the same time a subgroup of SL, of
the homotheties and of G, so it is a subgroup of the center of S.

We are then left with proving the following: if .S is a simple algebraic group
such that h divides |Z(S)|, p: S — GL(W) is a nontrivial representation and
dim(W) = h, then p induces an isomorphism S — SL(WW).

This can be done most easily using the classification of algebraic groups.
Suppose first that S is of type A,,. Then h|(n + 1), so

n+ 1> h = dim(S) > dim(SL(W)),

which forces p (whose image has dimension equal to the dimension of S) to
be surjective, and hence an isomorphism, since SL(W) is simply connected.

Suppose on the contrary that .S is not of type A,,. Then the classification
of algebraic groups shows that the center of S has at most 4 elements, whence
h <4.

The possibility h = 1 is excluded, since in this case GL(WW) is a torus (so
there is no nontrivial representation of the simple group S in GL(W)).

If h = 2, then dim(S) = dim(SLy) = 3, and every algebraic group of
dimension 3 is isomorphic to SLs (since we are working over an algebraically
closed field).

If h = 3, then S = Eg, which is of dimension 78, so it does not admit a
map towards SLjz (of dimension 8) with at most finite kernel.

Finally, if h = 4, then S is of type D,, with n > 4, but all of these groups
have a dimension much bigger than that of SL4, so the same argument as
above applies and this case cannot happen, either. ]
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7.3 The case of prime dimension

With the results we have established so far it is now easy to prove the following
theorem (which is a minor modification of Theorem 3 in [Rib83]):

Theorem 7.3.1. Suppose A is a simple Abelian variety with End®(A) = E,
an imaginary quadratic field. Let ny,,n, be the multiplicities of the action of
E on A. Then, if n, and n, are relatively prime, Hg(A) = L(A) and the
Mumford-Tate conjecture holds.

Proof. We show, in fact, that we can compute both Hg(A) and its (-adic
counterpart. We treat the geometric and /-adic case at the same time. Our
purpose is to show that g, = Q- id ®u(V;/E;) (and, analogously, that g :=
Lie(MT(A)) coincides with Q - id ®u(V/E)). Thanks to Theorem 5.3.5 we
know that the rank of g, is independent of ¢, so we can take £ to a prime that
splits completely in E in two places of good reduction for A.

From now on, we take the general notation described above.

The above assumption on ¢ in the f-adic setting and the fact that E is
totally imaginary in the geometric case imply V =2 V, & V, where V, and V;
are absolutely irreducible g-modules: as usual, we can compute

End (Ve C)P!2End(V)!®@Cx~FE®C =C?

so that Schur’s lemma ensures that V,, and V; are absolutely irreducible (and
non-isomorphic). Combining this decomposition (with respect to the action
of F) and the Hodge (resp. Hodge-Tate) decomposition of Vi we get a finer
splitting

Vo 2 (Vo(0) & V2 (0)) & (Vo(1) & V(1))

where
dim V,(0) = ny, dim V- (0) = n,

and hence dim V(1) = n,.

Consider now the projection of g to gl(V,). The space V; admits a
Hodge-Tate decomposition with ng = ns,n1 = n,, so Theorem 7.2.1 applies:
(ng,n1) = 1 by hypothesis, V, is absolutely irreducible (so the centralizer of
this projection is reduced to the homotheties) and all the involved groups are
reductive and connected because of our assumptions and Falting’s Theorem
5.3.3.

The above proves

rank (g°%) > rank (gl (V5)*) =dimV, — 1 =ng+ny — 1.

Now since g C Q -id®u (V/E) and

1
rank (u(V/E)*) = rank (su (V/E)) = 5 dimqV —1=ng+n; — 1,
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we only need to show that rank (g“b) > 2.
In order to do this, simply consider the cocharacter

J Gm,c — GL (Vc)

id
X = s

which we know to factor through the (geometric, resp. ¢-adic) Mumford-Tate
group, and compose with detg : Go — Tg,c = Gy, X Gy, Then

det(p(z)) = (det (u(2)lve,, ) , det (u(2)lvs,))
_ (xdich,a(l)’xding,.(l))

is not contained in the diagonal of Gy, X G,,; now clearly the image of the
determinant map contains the diagonal (as the homotheties belong to MT,
resp. Gy), so the image of dety contains at least a torus of rank 2. It follows
that the rank of the Abelian part of g is at least two, and we are done. O

Combining all we know we finally get the following Theorem:

Theorem 7.3.2. Let A be a simple Abelian variety of prime dimension p,
defined over a number field K. Then the Hodge, Tate and Mumford-Tate
congectures hold for A.

Remark 7.3.3. The theorem in itself is nothing new and it is essentially due
to Ribet ([Rib83], Theorems 1,2 and 3), although he is only interested in the
Hodge setting and makes no mention of the Mumford-Tate conjecture.

The validity of the Mumford-Tate conjecture for A of type I is a particular
case of Theorem C in [BGKO03], which in turn follows at once from the results
of Section 6.5; furthermore, in case the endomorphism algebra is simply Z,
this was already known to Serre ([Ser86]).

Finally, as already remarked, the Mumford-Tate conjecture is known in
full generality for varieties of CM type.

Proof. Because of the Albert classification we only have four possibilities for
End®(A), namely,

e Type I(1), D = Q: in this case, as it is easy to check, Pink’s Theorem
applies, so MT(A) = CSpygq and Gy(A) = CSpag g, Theorem 5.1.13
then concludes the proof for the Hodge conjecture and its -adic analogue
implies the Tate conjecture for both A and all of its powers.
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e Type I(p), D = E is a totally real field of degree p over Q: in this
case the result of Section 6.5 applies (in a particularly simple form), so
Hg(A) = L(A) and we conclude as before.

e Type IV(1,1), D = k is a totally imaginary quadratic field over Q: the
claim follows immediately from the above Theorem 7.3.1.

e Type IV(p,1), D = E is a CM field of degree 2p over Q: we know that
the Mumford-Tate conjecture holds for CM varieties, so it is enough to
work out the geometric case. Being in the CM case, we are dealing with
algebraic tori by Proposition 3.1.10, so we only need to compare ranks.
Introduce, as usual, algebraic tori

TE = ResE/@ Gm, TEo = ReSEO/Q Gm,

and the normal closure L of any image of E in C.

We know that the Hodge group H is a subgroup (subtorus) of the kernel
Ug of the norm map NE/EO : Tg — TFg,, so its rank is at most % dimTg =
p, and what we need to show is rank(H) > p. We distinguish two cases,
according to whether the dimension of A is 2 or an odd prime.

If the dimension is 2, we checked in Section 4.2 that Hg(A) = L(A), and
once again we conclude by Theorem 5.1.13.

Note that another possible approach is to use Ribet’s inequality (The-
orem 7.1.3), that immediately yields the desired result:

rk(h) > log, (2 dim(A)) = 2.

If p is odd, consider the character group X*(H ), which is a quotient of
X* (Ug). Identifying V = E as E-modules, it is clear that the characters
of Ty appearing in the representation V are simply the embeddings
0:FE < L. The H-module V is still multiplicity-free (since End(V¢) =
E ® C is a direct sum of copies of C), so the images of the various o’s
in the quotient X*(H) are all distinct.

Let now p : Gal (Q/Q) — Aut (X*(H)) be the morphism describing the
action of the absolute Galois group of Q on the set of embeddings, K be
its kernel and C' its image. Clearly, if an element of Gal (@/ @) fixes L,
it also fixes X*(H), and by the above remark the converse is also true,
hence K = Gal (Q/L) and C' = Gal (L/Q). It follows that |C| = [L : Q]
is divisible by [Ep : Q] = p, so C contains an element g of exact order p.

The action of this g on Y = X*(H) ® Q makes the latter into a module
over Q[z]/(2P—1) = Q (¢p)®Q, so we get a corresponding decomposition
Y =Y1®Y5, where ) is a Q ({p)-vector space and Y5 is a Q-vector space.
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Since we already know that g acts nontrivially on Y, Y7 is nonzero, and
hence its dimension over Q is at least dimg Q (¢p) = p — 1. In order to
show that rank (X*(H)) > p we only need to show dimg(Y) > p, so
it suffices to prove Y5 # 0. In turn, this boils down to describing an
element invariant under the action of g: take any embedding o : £ — C
and consider

G=0+¢g-0+...+¢" 1.0,

which is clearly an invariant for the action of g. All we need to show
now is ¢ # 0.

Consider the natural pairing X*(H) x X.(H) — Z.

X.(H) is a Gal (Q/Q)-submodule of X,(Tf), which is again the free
Abelian group on the embeddings o : E — C (although with a different
structure). Let ¥ be the set of embeddings £ — C that appear as

characters in the representation H(:0) (A, C) of Tx: then Y sex O is an
element of X, (MT(A)).

To see this, simply consider the usual cocharacter p : G, c = MT(A)c
that defines the Mumford-Tate group, and observe that it is identified to
the sum of those embedding appearing in H (10 (A,C). In particular, for
every pair (o,7), exactly one appears in this representation (since the
other acts nontrivially on H(®D (A, C), so the claim follows by counting
dimensions). Moreover, since X,(H) is the subgroup of elements of
X«(MT(A)) the sum of whose coefficients is zero, we see that

X =Y (0-7) € X.(H),

oeX

using the fact that the cocharacter group X.(MT(A)) is stable under
complex conjugation. As the coefficient of each embedding o in y is £1,
the natural pairing (x, &) is a sum of p terms, each of which is 1, hence
it is an odd integer. In particular, it is not zero, so & # 0 and we are
done.
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Simple Abelian fourfolds

To further our investigation of the Hodge and Tate conjectures for Abelian
varieties we now move to simple Abelian fourfolds and try to connect the
existence of exceptional (Hodge or Tate) classes on A with certain arithmetic
properties of its endomorphism algebra.

Note that the many theorems of Chapter 5 assure us that the Hodge and
Tate classes in H? and H are in the algebra generated by divisor classes, so
from now on we restrict our attention to H*.

We keep using the notation from Chapter 6, but in order to describe the
criterion proved in [MZ95] we shall need one more definition:

Definition 8.0.4. Let A be an Abelian variety. A sub-algebra B of End’(A)
is said to be stable under all Rosati involutions if for every choice of a
polarization ¢ on A we have i,(B) = B, where i, is the Rosati involution
induced by .

We are now ready to state and prove the main theorem of [MZ95].
Theorem 8.0.5. Let A be a simple Abelian fourfold over C (resp. a number

field K ). Then A supports exceptional Hodge (resp. Tate) classes if and only
if the following hold:

e End’(A) (resp. End®(A%)) contains an imaginary quadratic field k such
that k is stable under all Rosati involutions;

o Lie(A) becomes a free (k ®q C)-module (resp. Lie(Ax) becomes a free
(k ®g K)-module).

115
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8.1 Exceptional classes: sufficient condition

The ‘if” part the theorem actually holds in arbitrary dimension, so for the
moment we drop the assumption dim(A) = 4.
We recast the previous Theorem in a slightly different form:

Theorem 8.1.1. Let A be a simple Abelian variety over C (resp. a number
field K ). Assume that either of the following holds:

o A is of type III;

e End’(A) (resp. End’(A%)) is a CM-field E containing a CM-subfield F
such that n, = ny for every o € £(F).

Then A supports exceptional Hodge (resp. Tate) classes.

As a first step we are going to show that the above assumptions are in
fact equivalent to the original assumptions in Theorem 8.0.5. We shall need
a lemma:

Lemma 8.1.2. Let A be a polarized Abelian variety over C (resp. a number
field K ) and suppose E is a CM subfield of End’(A) (resp. End® (A%)). Let
furthermore V.= Hy (A, Q) and V; =V ® Q.

Then, with the above notation, n, = ng for every embedding o : B — C if
and only if h Csu(V/E) (resp. by C su(V,/Ey)).

Proof. We start with the complex case. Write

Lie(A) 9r C=V o C= P H,.
ceX(E)

From the Hodge decomposition of V' we get a decomposition of every
space H,, given by H, = H, N (V®qgC) = H, N (V(*l’o) 53] V(O’*l)) =:
H((,_l’o) P Hé“?‘l). Let a, := dim (Hé_l’o)) ,by = dim (Hé“?‘l)). As complex

conjugation exchanges 0,7 and H,, Hz, we see that H((,_l’o) o Héo’_l) (being
stable under complex conjugation) comes from a real vector space that can
be identified with the space L, introduced at the beginning of Chapter 7. In

particular, a, = ny, by, = ng, sSo we have the equivalences

Lie(A) becomes a free module over
E®oC<«<=n,=nsz Vo€ X(FE)<=a,=b, VYoeX(E).

On the other hand, we always have the inclusion h C u(V/E), so we just
need compute the trace of an endomorphism belonging to the Hodge algebra.
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2dim(A) )
[E:Q]

(/Z\v)mcu A Veeo= A @ (B9 e e

To this end, notice that (letting m = dimg(V') =

E®qC E®qCoeX(E)
B A (0 o).
cEX(E) E

Expanding the internal exterior power (and using m = a, + b,) we then

get
D (n0) e (o),

cEX(E)

which is a Hodge structure with weights (as, by )sex(p)- Now an element h € b
acts on A\ V as the multiplication by its trace as an E-linear endomorphism
of V, so its trace is zero if and only if its action is trivial, which in turn
happens exactly when all the pairs (a,,b,) satisfy a, = b,. Combining this
last remark with the above chain of equivalences we get the desired result.

If A is defined over a number field K, fix an embedding K — C and
identify ¥(E) = Hom(E, K) with Hom(E, C).

If E acts on A in such a way that n, = ng, then the same is true for its
action on Ac; it follows (using Deligne’s result 5.3.6) that for any prime ¢

h(Ac) Csu(V/E) = by C h(Ac) ® Qp = su(Vy/ Ey).

Conversely, suppose by C sug,(Vy, ;). Fix a place w of K above ¢ and a
place w of K above w, and use Theorem 5.2.1 to get a Hodge-Tate decom-
position Vo = V(0) @ V(1). The assumption means that Gal (K/K) acts on
/\% V; via the character y™/2 | so this last module is purely of type (%, %)
Comparing with the action of Ey on the Hodge-Tate decomposition

VC = @ VC,cr = @ (VC,U(O) @ VC,U(l))

oeEY geY

we get, as before, n, = dim V¢ »(0), whence the same proof as above yields

AVe| @o.C= A Vc%@</\vc,a>
C

Ey Eg@@zc oED
Neo m—Nnege
=@ (Arean e A venn).
ogED
which is purely of type (%, %) if and only if n, = n, = m/2 for every

embedding o. O
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Remark 8.1.3. Tt is worth noting that we have also proved a, + a7 = a5 +b, =
m = 2?;;&4). We shall need this result again.

We can now resume the reduction of the ’if” part of Theorem 8.0.5 to
Theorem 8.1.1. Observe that if f — fT is one Rosati involution on End®(A),
then every other such involution is of the form f — e~!ffe for a certain e
with e = ef (thanks to the description of polarizations over an algebraically
closed field).

Suppose F' is a CM-field contained in Endo(A)7 and fix a polarization
inducing complex conjugation on F'. If a Rosati involution stabilizes F', then
it acts as complex conjugation (since this is the only positive involution over
a CM field); it follows that F' is stable under all Rosati involutions if and
only if for every e with e = e we have e !ffe = ff. As f ranges through
F, so does f!, hence the previous condition is equivalent to e~!fe = f for
every -symmetric e in F and for every f in F, so F has to commute with
the algebra .7 generated by the t-symmetric elements of End’(A). Extending
scalars to R it is easy to see that for varieties of type II this algebra coincides
with the full endomorphism algebra, while for type III . is simply the center
of End®(A).

Depending on the type of A in the Albert classification we then have the
following cases:

Type I The endomorphism algebra of A does not contain any imaginary quad-
ratic field, so the conditions in the two formulations of the theorem are
trivially equivalent.

Type II As remarked above, an element f of an imaginary quadratic field F
stable under all Rosati involutions must lie in the center of End"(A),
which is real, so for varieties of Type II there never exists a quadratic
imaginary field stable under all Rosati involutions.

Type IIT In this case, being stable for one Rosati involution is equivalent to be-
ing stable for any Rosati involution; if k is an imaginary quadratic field
contained in End®(A) (and clearly there always is such a field) we can
choose a polarization that induces complex conjugation on k, so k is
stable under at least one Rosati involution, hence under all Rosati invol-
utions. Moreover, the above Lemma 8.1.2 says that the condition about
Lie(A) becoming a free (E ® C)-module is always met for varieties of
type III: indeed, it is equivalent to h C su (V/E), but this follows from
h C u(V/E) by semisimplicity of .

Type IV In this case, as End’(A4) is commutative, stability with respect to one
Rosati involution is equivalent to stability under all Rosati involutions.
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The above analysis reduces the ’if’ part in the main result to Theorem
8.1.1. Before attacking the proof of the theorem itself we establish one more
lemma:

Lemma 8.1.4. Let E be a number field and V' be a finite-dimensional E-vector
space. Then, for every m, Ng'V is, in a natural way, a direct summand of

AV

Proof. By the universal property of /\8 V' we have a natural map

AV = AV
Q E

similarly, replacing V with V*, we have a surjective map Ag (V*) — A (V).

As it is well-known, exterior powers commute with taking duals, so we can
*

consider the second map as a surjection ( A% V) — (A5 V)", and this clearly

gives rise to an injection A V < /\8 V. Using bases it is not difficult to check
that the two maps are one the inverse of the other. ]

An example by Mumford (that can be found in [Poh68]), further clarified
by Weil in [Wei80], brings us to consider a particular family of cohomology
classes on an Abelian variety. We give the following

Definition 8.1.5. Let A be an Abelian variety of dimension g, defined over
K (the complex numbers or a number field). Suppose K is large enough, so
that every endomorphism of A is defined over K; furthermore, let E be a field,

v: E < End’ (A) be a ring injection and m = Q?ng).
The space of E-Weil classes of A is
E
in the complex case, and
Vip(A) = /\ Hét (AF Qf)
E®Q,

in the ¢-adic case.

In case A is a fourfold, we define
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where the sum runs over all imaginary quadratic subfields of End’(A) acting
on A with multiplicities (ny,n;) = (2,2).

Analogously, if A is a fourfold defined over a number field K, for a fixed
prime ¢ we define

4
Wi(A) = Z /\ Hjy (A, Qo)
k k®Qy

We will often refer to # (A), #i(A) simply as ‘the spaces of Weil classes
on A’.

Remark 8.1.6. Note that the above definition is not completely standard, but
will be very useful in our case.

Let A be a simple fourfold and k be an imaginary quadratic field as in
the above definition: it follows from Lemma 8.1.2 that the Hodge Lie algebra
(resp. hy) acts trivially on # (A) (resp. #4), so these are in fact Hodge (resp.
Tate) classes, and it is a meaningful question to ask whether or not they are
exceptional.

The Weil classes will in fact turn out to be the only exceptional classes
that can appear on simple Abelian fourfolds. We state this fact as a theorem,
which we will verify alongside the ’only if’ part of Theorem 8.0.5.

Theorem 8.1.7. Let A be a simple Abelian variety of dimension 4 over C
(resp. a number field K). Then B*(A) = 2%(A) + # (A) (resp. F2(A) =
T} (A) + Wi(A)).

We are now ready to prove the ‘if’ part of the main theorem:

Proof. (Theorem 8.1.1) We start by showing that the assumptions imply the
existence of two CM-subfields F; C Iy C EndO(A) =: D such that

o b Csu(V/F);

o I, D {eecEnd(A)ef = e}.

We distinguish two cases:

e if A is of type III, then D is a quaternion algebra over a totally real field

E. Choose a quadratic extension F'/E that splits D. Then
(E:Q]
FogRCDegR= [] H,
i=1
so F' ®g R must be a product of copies of C and F' is a CM-field.
Take Fy = F» = F: then on one hand h C su(V/D) C su(V/Fy), and
on the other hand > D E = Fy.
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e if Ais of type IV, take a CM quadratic field k such that Lie(A) becomes
a free module over k ® C. Then Lemma 8.1.2 implies that we can take
Fy =k, and clearly we can take Fy = D.

Lemma 8.1.8. In the situation of the Theorem, the Lie algebras u(V/Fy)
and u (V/F3) have the same rank.

Proof. Note that u(V/F;) is the Lie algebra of Resg, g (u(V, %)), so

u(V/Fi)g = (u(V/Fi))g = (ur, (V1F9)

The rank of ug, (V) is 3 dimpg, (V) = %d[lgz%‘]/ = 22(1[;?&), hence the rank of

u(V/FZ) is
y 2dim(A) ,
ke (u(V/F)g) =k (us, (V) = [F; s, gl = dim(A),
independently of 7. O
2dim(A
Let V = H1 (A,Q) and m = dimp, V = [le(@) Consider the space L
1 -
of F1-Weil classes on A, namely
L:=/\H'(4,Q).

Fy

L clearly has dimension one over F7, so it is not the zero subspace. On
the other hand, we are going to show that every element in L (except for 0)
is an exceptional Hodge class.

e [ consists of Hodge classes: to check that something is a Hodge class
we only need to show that it is fixed by the action of the Hodge group.
Note here that, as F; C End’(A), the elements of F; commute with the
action of the Hodge group, so in particular the Hodge group preserves
the structure of Fj-vector space on V.

An element h € h acts on L as —trp, (h), the trace of h thought of as
a Fj-endomorphism of V: to see this, simply note that an element g
of the Hodge group acts on H' (A4,Q) = H; (A,Q)* through ¢}, so it
acts on the one-dimensional space L through detp, (g_l) = detp, (g)~!
(essentially by the very definition of the determinant in terms of exterior
powers), so by differentiation the Lie algebra acts through —trg, (g). By
construction, though, h belongs to su (V/Fy), all of whose elements have
trace zero, so the Hodge Lie algebra acts trivially on L and every element
of L is a Hodge class.
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o All the elements of L are exceptional: we start by showing that the
action of u(V/F3) is trivial on divisor classes (and hence on the ring
they generate).

To this end, start by representing a divisor class as an alternating form
d(v,w) = ¢(ev,w) for a certain f-symmetric e. Thanks to Propositions
3.4.3 and 3.4.1 we can write

6(v,w) = p(ev,w) = trp, g (Y(ev,w))

for a certain f-symmetric e and an Fb-bilinear form . By construction,
e = el implies e € Fy, so, by Fy-bilinearity we get

5(0,) = trp, g (eb(v, ),
whence the action of h € u (V/F») on ¢ is given by
h-6(v,w) = 6(hv,w) + §(v, hw) = trp, g (e (Y(hv,w) + (v, hw))),
and since ) is h-invariant by definition we get
($(h0,0) + (v, haw)) = 0 = h - 6(v,w) =0,
so that ¢ is h-invariant, too.

Suppose now that A lies in the intersection L N Z°*(A). For every h €
u(V/Fy) C u(V/Fy) we then have

0=h-A=—trp, (h)A,

so, if there is at least one such A that is non-trivial, we get trp, (h) =0
for every h € u(V/F;) C u(V/Fy), hence u(V/Fy) C su(V/F1). But
this is absurd, since

rank (su (V/F1)) < rank (u (V/F1)) = rank (u (V/Fy)),

where the last equality holds by Lemma 8.1.8. This contradiction shows
that 2° and L have trivial intersection, so every non-zero class in L is
exceptional.

Finally, consider the case where A is defined over a number field K. Fix
an embedding 7 : K — C a consider the comparison isomorphism

Hl(A7'7Q) @ Qé = W(A)

As by C h ® Qy, the image in Vy(A) of a Hodge class is a Tate class;
moreover, from Z°(A) ® Q, = Z;(A) it follows that it is an exceptional Tate
class. 0
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8.2 Exceptional classes: necessary condition

We break down the proof of the other implication in Theorem 8.0.5 in steps,
one for each type in the Albert classification.

8.2.1 Typel

The endomorphism algebra of A is a totally real field E of degree d|4 over Q.
Two cases present themselves: d =1 or d > 1.

In the second case, the results of Section 6.5 apply (since dim(A)/d < 2),
so the Hodge group of A coincides with L(A) and Theorem 5.1.13 shows that
the Hodge conjecture is true not only for A, but for its powers as well. Since
we have analogous results also in the /-adic setting, the same exact line of
reasoning yields the Tate conjecture for A and all of its powers.

On the other hand, if d = 1, a slightly different method must be used: let
Q be a fixed algebraic closure of Q (note that in the f-adic case we are not
taking the completion). Extending scalars to Q we get

Endyg (V) = End(V)" ©0 Q= Q©o Q= Q,

so V is an absolutely irreducible representation of Hg(A), and moreover b
is semisimple, since A is of type 1. Suppose h@ is simple. Then VG (as a
ba—module) is faithful, irreducible, 8-dimensional, symplectic and minuscule:
Theorem 2.4.6 implies that h@ = spg gy SO it is immediate to check that H
must coincide with the Lefschetz group and the Hodge and Tate conjecture
hold. If, on the other hand, b@ is not simple, write h; x --- x b; for its

decomposition in simple factors and V@ ~ XﬁZIWi for the corresponding de-
composition of VQ. The representation is faithful, so for each i = 1,--- ;1 we
have dim(W;) > 1; on the other hand, the dimension of each W; divides 8, so -
since we are assuming that there are at least 2 irreducible factors - one among
the W;’s (say Wi) is 2-dimensional. By faithfulness, b1 — sl(W1) = sl, g,
which in turn implies both b = 5[276 and Wi = Std, the standard representa-
tion of 5[2,6' The remaining factors W := Wo K- - - KW, form a 4-dimensional
vector space on which hso x - - - x h; acts faithfully and preserving an orthogonal
form (since the tensor product of W with Wi, which is a symplectic repres-
entation, must again yield a symplectic representation): by definition, this
action factors through the standard representation of so 1q = 5[276 X 5[2,6‘
This forces [ = 2 or 3, and - if we had [ = 2 - the representation W would be
irreducible, orthogonal and minuscule, which is impossible for sly gy so =3,
and Vg = Std X Std X Std (the representations of sly are classified by their
dimension, and we have just shown that we have three irreducible factors of
dimension 2).
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We now extend scalars to C and remark that in order to show that the
Hodge (resp. Tate) conjecture holds for A it suffices to prove that the spaces

4 hc
H*(A,C)" (geometric case), (/\ Vé) (¢-adic case)

are one-dimensional. This is now a matter of explicit computations: we can
reduce to the second case by noticing that

4 bc
o= (fe)”

and we know the possibilities for hc and for its action on Vi5: either hc is
spg ¢ acting through its standard representation, or hc is 5[370 acting through
Std®? (these follow immediately from our computations over Q by extending
scalars).

Let us do the explicit computations for the first case: the standard rep-
resentation V* 2 V is then defined by the highest weight wy (cf. the table of
minuscule weights). It is convenient to embed the root system in R*, taking as
roots the vectors {+e; + €j, Qei}l <ij<ar where e; denotes the canonical base of
R*. With this description, it is apparent that the Weyl group is the semi-direct
product (Z/2Z)* x Sy, where the factors act on the coordinates (respectively)
by changing signs and by permutations. As the weight is minuscule, all the
other weights appearing in the standard representation can be obtained from
w1 = eq4 as Weyl-conjugates, so we immediately see that the set of weights
of the standard representation is {:l:ei}i:L,_A. Consequently, the weights in
/\4 V are of the form w = w; + wo + w3 + w4, where the w;’s are pairwise
distinct weights of the standard representation. Depending on whether or not
we have w; = —w; for certain pairs of indices we get:

e a set X of weights of the form +e; + e+ e3+ ey, each with multiplicity
one, for a total of 16 weights, all conjugated under the Weyl group;

e two orbits (under the Weyl group) X3, X3 of weights of the form +e; +e;
with ¢ # j, each comprising 24 elements;

e the weight w = 0 with multiplicity six.

Wey!’s dimension formula allows us to compute the dimension of the rep-
resentations associated to the highest weights e; + e2 + e3 + e4 and e + eo,
that turn out to be 42 and 27 respectively. As the set of weights of an irre-
ducible representation is stable under the action of the Weyl group, we see
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that the only possibility for the (multi)set of weights of V' (e1 + e2 + e3 + e4)
is X7 U X2 U2{0}, and similarly for V(e; + es) is X5 U 3{0}; it follows that

AY(Std) = V(ep + ea + ez +eq) D Ve + ea)  V(0),

so the space of h-invariants in A*(Std) is of dimension one, as claimed.
If e = sly X sly X slo, similar computations allow us to conclude

4 bc
dim (/\ Vé) =1,

so the Hodge and Tate conjectures hold for A, even though Theorem 5.1.13
does not apply.

Remark 8.2.1. An example by Mumford ([Mum69]) shows that there exist
simple Abelian fourfolds with endomorphism algebra Z and Hodge group iso-
morphic to a Q-form of s[3.

Moreover, note that the Mumford-Tate conjecture is not known for simple
fourfolds of type I(1) (although the Hodge and Tate conjectures both follow
from the above arguments): more precisely, it has not yet been proven that
if End°(A) is Z and the Hodge group is the full symplectic group Sp(4), then
be is spy g,

When the Hodge group is a Q-form of § L;’ , on the other hand, Deligne’s
theorem 5.3.6 shows that by is forced to be a Qg-form of sl3.

8.2.2 Typell

In this case e = [E : Q] is either 1 or 2, and in both cases we have dlmfw =2h

with A < 2, so our general results (Section 6.6) apply and yield that the
Hodge group of A satisfies the hypothesis of Theorem 5.1.13, whence the
Hodge conjecture is true for A and all of its powers.

Analogously, the same results apply in the f-adic setting and the Tate
conjecture holds for both A and its powers.

8.2.2.1 A simple proof of a special case

We sketch a different proof of the above result in the case e = 2. Essentially,
all we need to do is describe u (V/D) and calculate its dimension as Q-vector
space. Since both V and D are of dimension 8 over Q and every D-module is
free, we conclude that V = D as D-modules.

Let p be an automorphism of V' = D commuting with the left action of D.
Then ¢(d) = p(d- 1) = dp(1), so ¢ is the right multiplication by ¢(1) € D.
For d = (1) denote pg this morphism.
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A D-skew-Hermitian 1 is clearly of the form (di, ds) — dladg for a certain
non-zero element a € D with a’ = —a; it follows that an endomorphism pg of
V lies in up(V, ) if and only if da + ad' = 0 < da — a'd’ = 0 & da = (da).

By the Skolem-Noether theorem the Rosati involution is related to the
canonical involution

e €:=Trdp/p(e) —e

by df = b=1db for a certain non-zero b € D. In fact, from the equality af = —a
follows b = a, so that pg € up(V, ) is equivalent to da = (da)' = a'd’ = —da,
which in turn is equivalent to

We deduce that pg € up(V, %) if and only if T'rdp/g(d) = 0, so we see that
the isomorphism (of Q-vector spaces)

D s Endp(V)
d Pd

restricts to an isomorphism {d € D|Trdp,p(d) =0} — up(V,v). Now D
is Q-vector space of dimension 8, and the equation Trdp,g(d) = 0 imposes
two (independent) Q-linear conditions, so up(V, ) is of dimension 6 over Q.
Extending scalars to C, we get that the Lie algebra h¢ is contained in a six-
dimensional vector space over C; now h¢ is semisimple (as A is of type two),
hence it admits a decomposition he = HE:I b;, where each b; is a simple Lie
algebra. We have an obvious constraint on the algebras b;, namely the total
dimension 25:1 dimc h; must not exceed 6; in particular, the dimension of
each simple factor must not exceed 6. The standard classification results for
simple Lie algebras over C imply that the only simple Lie algebra of dimension
at most 6 is sly, which is of dimension 3, so the only possibilities for hc are
5[2 and 5[2 X 5[2.

The possibility he =2 sly can be easily excluded, for example by observing
that the decomposition of V¢ as a product of 4 modules of dimension 2 would
imply End(V¢)*2 = My(C), since there is only one 2-dimensional module over
slo, up to isomorphism.

8.2.3 Type II1

In this case we already know from Theorem 5.1.13 that we cannot expect the
Hodge (resp. Tate) conjecture to hold in its strong form Z%(A") = %*(A™)
for every choice of natural numbers k,n. In fact, Theorem 8.1.1 implies that
the space of Hodge classes of degree 4 is not generated by divisor classes,
but we still get some positive results (note that the following is the only case
we have to treat, since the results of Shimura collected in Proposition 7.1.2
exclude the case II1(2)):
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Proposition 8.2.2. Let A be a 4-dimensional simple Abelian variety over C
(resp. a number field K ). Suppose that A is of type 111, so its endomorphism
algebra End®(A) is a totally definite quaternion algebra D over Q. Then

e 0 is the centralizer of D in sp(V,p) (resp. by is the centralizer of Dy in
sp (Ve, we))

e 0 is a Q-form of so4 (resp. a Qu-form of s04), so the Mumford-Tate
congecture holds for A

o The space B2(A) (resp. Ti(A)) is 6-dimensional, 2*(A) (resp. Z2(A))
is 1-dimensional and $*(A) = 2*(A)+ W (A) (resp. T2 (A) = 2} (A)+
Yi(A))

Proof. By computing End(Vg)'e =2 D @ C =2 My(C) we find that Vg is
isomorphic to the direct sum of two copies of an irreducible module W. Fix
an isomorphism Vo =2 W ¢ W.

We now want to better understand the bilinear form ¢c induced on W W
by the polarization on A. The space (/\2 VC) " 2'(A)®C is 1-dimensional:
Lefschetz’s Theorem identifies this space to the space of divisors on A, and
Theorem 3.4.4 then yields that its dimension is the same as that of Rosati-
invariant endomorphisms of A. Up to extension of scalars to R, the Rosati
involution is the standard involution on the quaternions, whose set of fixed
points has dimension idimRH = 1. The equality

2 b 2 he 2 hc
</\(W@W)> %< W> @(/\W) o (W o W)be

bc
then shows that (/\2 W) must be trivial (otherwise we would have at least
a two-dimensional invariant subspace), so (W ® W)€ is of dimension 1, which

b
means that W is self-dual; as (/\2 W) ¢ = 0, W cannot be symplectic, so it

is orthogonal.
Choose a (nontrivial) hc-invariant orthogonal form a on W. Then the
formula

@ (z1 © w2, 91 D y2) = (w1, y2) — alr2,91)

defines a nontrivial, symplectic, hco-invariant bilinear form on V. Since, as
we have shown, the space of such forms is 1-dimensional, » must agree with
©c up to multiplication by constants, so (rescaling « if necessary) we can
assume ¢ = @. In particular, this implies hc C so(W, o) = s04.

We want to show that the inclusion is in fact an equality. Suppose by
contradiction that hc were smaller. As so4 = sly X sly is of rank 2, this would
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force the rank of hc to be 1, and since b is semisimple this would imply h = sls.
But the irreducible representations of sly are classified by their dimension,
so W would be forced to be Sym? (Std), which is a symplectic (hence non-
orthogonal) representation, contradiction. We can therefore conclude that b
is a Q-form of so4, which in particular shows the Mumford-Tate conjecture
for A.

We now turn to computing all the spaces involved in our statement. Let us
start by describing the centralizer of End’(A) in sp(V, ¢). As this centralizer
always contains b, it is enough to show that it has the same dimension as
h, and to do this we can extend scalars to the algebraic closure. Let B be
a linear transformation in sp(Vc, ¢c), and suppose that it commutes with
End’(4) ® C = M, (C). Then B commutes with both the projection on the
first factor W and the swapping of the two factors W, which forces B to act
as B(w; @ wa) = Bw; ® Bws for a certain endomorphism B of W. Since B
also preserves pc we immediately deduce

a(z1,y2) = oc(z1 @ 0,0 B y2) = oc(B(xz1 ©0), B0 y2)) = « (Bﬂ?hByQ) ,

so B € so(W, ). Tt follows that the extension to C of h and of the centralizer
of D inside sp(V, ¢) agree, so these two spaces coincide, as we wanted to show.

The space %2(A) of Hodge (resp. Tate) classes is 6-dimensional: as usual,
being only interested in dimensions, we can extend scalars to an algebraic
closure; W is then isomorphic to the standard representation of sl4, and we
need to compute the dimension of the invariant subspace in

4
/\ (Std@ Std),

which can be done by hand, keeping track of the weights that appear in the
various exterior powers, or with the aid of a computer package (such as LiE).

We already remarked that 2'(A) is one-dimensional, hence the same holds
for 22(A). In order to better understand the structure of %%(4) @ C we
exploit the fact that it is equipped with actions of both hc and D*, and the
two commute. The derived subgroup (D*)" of D* is simply the group of its
elements of norm 1; regard it as an algebraic group over Q and let 0 be its
Lie algebra. (D*)" is semisimple and its Lie algebra is of dimension 3 (the Lie
algebra of D* is simply D, and 0 is cut inside D by a single equation), so 0 is
a Q-form of sls.

Observe now that V' is free of rank 2 over D, so End(V)® 2 My(D) and
therefore

End(V @ C)°C = My(D) ® C = My(M2(C)) = My(C),
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hence V(¢ is, as a 0c-module, isomorphic to the direct sum of four copies of
the standard representation of slp ¢ = 0¢. Let us fix the Cartan subalgebra

of sly ¢ given by the diagonal matrices (t 0 > Let v be the character
0 —t

sending (t) Ot> to t. Then the standard representation of slp ¢ is the sum
of two 1-dimensional character spaces, one corresponding to v and one to —v.
Consequently, Vo decomposes as the sum of two weight spaces V,,, V_,, each
of dimension 4.

We now remark that, since the actions of h¢ and 0¢c on V commute, V,,
is a hco-submodule of Vi (and in fact it can be identified to one of the two
copies of W, since these are the only two 4-dimensional submodules of V' with
respect to the action of h¢). It follows that the 1-dimensional subspace

4 4
AV, c AV
is a hg-submodule.
On the other hand, the Cartan subalgebra we have chosen acts on it via the

4 bhc 2 .
character 4v, so - as a module under d¢ - </\ V) = %°(A) ® C contains at

least an irreducible submodule of dimension 5. We also know that 2?(A) ® C
is a 1-dimensional dc-submodule, so - by comparing dimensions - we finally
get the structure of %?(A4) ® C as a module under the action of d¢:

B (A) ® C = Sym” (Std) ® Sym* (Std),

where the trivial subrepresentation Sym" (Std) can be identified with 2%(A)®
C.

Finally, # (A) ® C is a 0c-submodule of %?(A) ® C that is not contained
in 22(A) ® C (the proof of Theorem 8.1.1 shows that it contains a subspace
whose intersection with #2(A) is trivial), so it must contain the irreducible
submodule of dimension 5, and # and 2%(A) together generate %%(A). O

8.2.4 TypelV

We start by fixing the notation we will use throughout the whole section. We
denote by E' a CM field of degree e over Q, whose maximal totally real subfield
will be denoted Ey. The unique nontrivial involution of E fixing Fy will be
denoted by a ~ a’. Let L be the normal closure of £ in Q. By Corollaries
1.2.3 and 1.2.4 L is again a CM field, and complex conjugation on L (denoted
¢) lies in the center of Gal(L/Q). If p is an L-valued map we also write p for
top. Let furthermore ey be the degree of Ey over Q, p1,...,pe, be the eg
different embeddings of Ey in L and o1,...,0¢,, 71 = L0 01 = 01,...,Te, =
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L O 0Oe, = Og the 2¢p = e embeddings of E in L. Fixing once and for all
an embedding L — C we identify embeddings of F in L and in C. We also
set R := Hom (E,C) = {01,...,0¢,71,...,7¢o} and Tk = Resg/q (G, k);
clearly Tg is a Q-torus of rank [E : Q], whose character group is the free
Abelian group on the set R.

Let © be the subgroup of X* (Tk) generated by the elements o; 4+ ¢ o o;

for ¢ ranging from 1 to ep: we have © = @Z o; + 7). Inside Ty lies the

i=1
subtorus Ug := {a € Tg|aa’ = 1}, whose character group is

X' (T) X' (Tp)

X — —
Ue)= &0 217~ ©

Finally, if k£ is an imaginary quadratic field contained in E, we set
SUE/k —{IEEUEUVE/I@ —1}

The character group of SUg/y, is the quotient of X* (Ug) by the submodule
generated by >, ccar/x) olp] for [p] varying in X* (Ug) (this follows imme-
diately by differentiating the definition of the norm). It is easy to check that
SUg 1, is of (pure) codimension 1 inside Ug: it has codimension at most 1 by
Krull’s theorem (note that the condition on the norm can be expressed, for
elements of Ug, by just one equation), and the equality can easily be shown
at the level of Lie algebras.

Indeed, note that Ey and k intersect only trivially, so

2[Ey : Q] < [Epk : Q] < [E: Q] = 2[Ep : Q)

and F = Eyk.
We have the following simple description for the Lie algebras: on one hand,
ug = {a € Ela+ d’ =0}, and on the other

BUE/k—{CLGUEHI‘E/k —O}

write B = Ey[i] with i € k and a = e1 + egi (e1, e € Eyp) for a generic element
of E. If we had the equality SUg;, = Ug, then a + a’ = 0 would imply
trg/i(a) = 0, but with the above notation the first condition is simply e; = 0,
so we should have trg /k(egz’) = 0 for every es € Ej, which clearly does not
happen.

Summarizing, we have thus established the following

Proposition 8.2.3. Notation as above.
For every imaginary quadratic field k contained in E the torus
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has codimension 1 in Ug and character group
X* (Ug)
<ZUEGa1(L/K) U[P]>

X* (SUg) =
[PleX*(Ug)

We have the following converse, which is the 'Key Lemma’ of the last
section of [MZ95]:

Lemma 8.2.4. Suppose H is an algebraic torus of codimension 1 in Ug.
Then there exists an imaginary quadratic field k contained in E such that
H = SUg.

Proof. The inclusion H — Ufg induces a surjection
m: X*(Ug) » X" (H)

on character groups. Let A be the kernel of w. Character groups are free
Abelian (of finite rank), so A itself has to be free, and is of rank one because
H is of codimension 1 in Ug. Choose a generator ¢ of A.

The Galois module structure of the character groups also yields a map
k:Gal(L/Q) — Aut (A) = {£1}. Let I be the kernel of .

Observe that ¢ acts on X* (Ug) as multiplication by —1: indeed, X* (Ug)
is generated by o1, ..., 0¢,, and for every index i we have [too;| = [1;] = —[0]
in the quotient by ©. In particular, ¢ acts as multiplication by —1 on A, so
Kk is surjective and I is normal of index 2 in Gal(L/Q). Let k be the field
associated to I by Galois theory: it is a Galois extension of Q of degree 2, and
- since it is not fixed by complex conjugation, which does not belong to I - it
is an imaginary quadratic field.

We want to show that H = SUg /.

Write the generator 6 of A as 3 cpc(p) [p] mod ©. The integer c(p) is
not well-defined, but the difference ¢ (p)—c (p) is. Fixa py € R. By transitivity
of the Galois action, for every p; € R there exists o € Gal(L/Q) such that
ogopy = p1,and g opy = gopy = p1, since ¢ belongs to the center of the
Galois group. For any ¢ in the Galois group, thinking x as a map with values
in {+1}, we get

o(8) = k(o) = k(o) - Y _clp)[p] mod 6,
pPER

and on the other hand

a(8) = clp)loop] mod®.
PER

Using the equality p1 = 0 o pg and comparing the value of ¢ (p1) — ¢ (p1) in
the two expressions for o () we get k(o) (c(p1) — c(p1)) = c¢(po) — ¢ (po), so
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there exists a non-negative integer m such that, for every p € R, the absolute
value of ¢ (p) —c(p) equals m. Note that m # 0, for otherwise § would be zero
in the quotient modulo © and 7 would be injective, which is not the case.

In order to identify k to a subfield of E we show that k C p(E) for any
embedding p € R, and to this end it suffices to show that any automorphism
o € Gal(L/p(F)) fixes k. Suppose by contradiction o o p = p but o(d) = —4.
Then ¢(p) — c(p") = —c(p) + c(p’), so m =0 and § = 0, which is absurd.

Finally, by construction (and Galois theory) Gal(L/k) is a quotient of
ker k, so every o in Gal(L/k) acts trivially on 0; it follows that

[L:k]o = Z o) = Z o Z c(p)lp] mod O | =

o€Gal(L/k) oeGal(L/k) \peR
:Zc(p) [cop] mod O [ =0in X*(SUgy),
pER oeGal(L/k)
0

since - as we already remarked - X* (SU B /k) is the quotient of Ur by the

subgroup generated by Z [0op] mod © for p varying in R. This
oeGal(L/k)
implies that [L : k|6 belongs to the kernel of the projection

m o X* (UE‘) — X" (SUE‘/k)’

so ¢ is a torsion element in the quotient X* (S Ug /k), which is free, so § itself
is mapped to zero by m;. Hence ker m C ker 71, and since both these groups
are free of rank 1 and both quotients are free this must be an equality, as we
wanted to show. ]

From now on, we suppose that A is a simple Abelian fourfold of type IV
defined over C (resp. a number field K).

Thanks to Proposition 7.1.2, the endomorphism algebra of A is a CM
field F, whose degree e over Q has to divide 8 by the Albert classification.
We therefore need to tackle three cases, corresponding to the three possible
values of ep: 1, 2 or 4.

8.2.4.1 Type IV(1,1)

Keeping all of the above notation, suppose ¢y = 1, so F is an imaginary
quadratic field.
Then we have exactly two possibilities:
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e FE acts with multiplicities {n,,n.} = {1,3}, in which case h = u(V/E),
so Theorem 5.1.13 (or its ¢-adic analogue) applies and yields that the
Hodge (resp. Tate) conjecture is true for all powers of A;

e [ acts with multiplicities ny = n, = 2, in which case h = su (V/E) and
the relevant spaces have the following dimensions:

— #%(A) is 3-dimensional
— 9?(A) is 1-dimensional
— W(A) =2 A3 V* is 2-dimensional

Moreover, #%(A) = 2%(A) @ W (A).

Proof. By Proposition 7.1.2 we have nyn, # 0, and since we know that n, +
ny = 4 it follows that the two above are the only possible cases.

Assume that {n,,n;} = {1,3}: then this becomes an immediate applica-
tion of Theorem 7.3.1.

Suppose, on the contrary, n, = n, = 2. Then Lemma 8.1.2 ensures
b € su(V/E) (resp. by € su(Vy/Ey)).

We want to show that hc is semisimple, in order to use our usual repres-
entation theoretic machinery.

From Lemma 3.2.9 we know that the center of § is contained in the Lie
algebra ug = {e € Ele + ¢ = 0}; on the other hand, h® C h C su(V/E) C
{e € Endg(V)|trg(e) = 0}. An element in the intersection is therefore a scalar
acting on V with trace zero, hence it is zero: this shows that the Abelian part
of b is trivial and b is semisimple. The same argument also works in the ¢-adic
case, where the conclusion of Lemma 3.2.9 is replaced by hy C E ® Qg (the
proof being essentially identical, cf. [Chi90], Proposition 3.1.1).

The inclusion h C su(V/E) implies hc C sly ¢, the latter acting on V¢
as Std @ Std*. Write Ve = Vi @ V; for the decomposition of Vo with respect
to the action of sly: this is also a decomposition under the action of hc.
The usual argument shows that Vi, Vs are irreducible and non-isomorphic as
h-modules:

End (Vo)? 2 End (V)@ C= E® C = C?,

where we use the fact that ¢ splits in F.

As V5 is the dual representation of V4 and by the above computation it is
not isomorphic to it, we see that the action of hc on Vi must be irreducible,
given by minuscule weights and of dimension 4, and on the other hand rank b <
rank sly = 3. Using the results collected in the table of Theorem 2.4.6 we find
that ho = sly (recall that the root systems Az and Dj are actually isomorphic)
and that V) is isomorphic to the standard representation of sly.
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Remark 8.2.5. The proof of Theorem 7.4 in [MZ95] relies on the fact that

the space (/\2 VC>h is one-dimensional to deduce that Vj is not self-dual.
Though in this specific case the conclusion holds, taking h = so4, Vi = Std
and V5, = Std* = Std gives an example where (/\2 Vc>h is one-dimensional
and V7 is self dual.

This is easily checked, since

2

2 &2
/\ (Std & Std) = ( A Std) @ (Std ® Std)

) D3
o ( A Std) @ Sym? (Std),

and the invariant subspace is of dimension one, coming from the single line of
orthogonal forms in Sym? (Std).

By rank considerations we therefore have h = su(V/E) (resp. by =
su (Vy/Ey) in the f-adic case).

Everything else now follows from a direct computation: the dimension of

b
the space of divisors is the same as that of (/\2 Vé) , which in turn is exactly

the same as dimg £y = 1 (these being the Rosati-symmetric endomorphisms)
by Theorem 3.4.4, so the space 22(A) is 1-dimensional, while the space of
4

invariants inside /\ (Vi @ Vi"), which we write as

Avia(Anew)s (Ao Av o (vieAw) o Aw

is 3-dimensional. This is perhaps most easily seen by exploiting the simmetry
AP Vi = v

e The first and last summand in the direct sum decomposition are trivial
representations (there is no non-trivial morphism from a simple group
to the 1-dimensional torus G,,).

e The summand A® Vi ® Vi 2 (V;*)®? has no invariants, since the invari-
ants in (Vl*)®2 ~ S2Vi @ /\2 V1 are precisely the h-equivariant morphisms
between V; and V}*, which we know to be reduced to 0. The same argu-
ment also works for the next-to-last summand.

e Finally, A* Vi = A? V}* are both isomorphic to the self-dual (orthogonal)
minuscule representation given by ws, so the space of its invariants is
1-dimensional, exactly because this is the necessary and sufficient con-
dition in order for an irreducible representation to be self-dual.
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W(A) = /\j{J V* is of dimension 1 over E (being the fourth exterior power
over E of a 4-dimensional space over E), so it is 2-dimensional over Q. Since
both 22(A), of dimension 1, and #(A), of dimension 2, are contained in
%?%(A) (whose dimension we computed to be 3) and their intersection is trivial
because of the proof of Theorem 8.1.1, we finally get

B2(A) = D*(A) @ W (A)

and we are done. O

8.2.4.2 Type IV(2,1)

In order to treat the f-adic case we shall need a few arithmetic preliminaries.

Proposition 8.2.6. Let u be algebraic over Q, u ¢ Q.

Let S = {u1 = u,ug,...,u,} be the set of Galois conjugates of u, and let
I" be the multiplicative subgroup of Q" generated by uq,...,uy. If ' is free of
rank 1, then Q(u) is a quadratic field.

Proof. Let v be a generator of I' and consider F' = Q(v). Clearly Q(u) is
contained in Q(v), so it is enough to show that F' is a quadratic field.

We start by showing that F' is Galois over QQ, that is, that all the Galois
conjugates of v are in F. Take any embedding o : F < Q. ¢ acts on the set
S as a permutation: write o(u;) = u,(;), where 7 € S,. By definition of T,

n

there exist integers my, ..., m, such that v = H u;": then
i=1
n n
o) =TTt = [Tu v
i=1 i=1

and since every element of I' is a power of v we finally have o(y) = ~v* for
a certain k € Z, which shows that every Galois conjugate of vy belongs to F'.
Moreover, the same argument also shows that any o € Gal(F'/Q) restricts to
an automorphism of I', whence a map

¥ Gal(F/Q) — Aut(T) = Aut(Z) = {£1}.

On the other hand, 9 is injective, because an element o € Gal(F/Q) is
completely determined by o(y); it follows that Gal(F/Q) has at most two
elements, i.e. that [F: Q] < 2. This forces [Q(u) : Q] < [F: Q] < 2, so Q(u)
is a quadratic field and coincides with Q(7).

O
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Proposition 8.2.7. Let K be a number field, k a topological field and p :
Gal(K/K) — GL(k) a continuous Galois representation that ramifies at most
at finitely many primes of K.

Then the set {p(Frob,)|v unramified} is a dense subset of the image of p.

Proof. In a profinite group G a subset X is dense if and only if for every finite
quotient 7 : G — G; the image of X through 7 equals G;.

We apply the above to the case where G = p (Gal(K/K)) and X is the
set of Frobenius images: the finite quotients of G' correspond to finite Galois
extensions of K and, consequently, Chebotarev’s density theorem implies that
the image of X in any finite quotient is all of it. O

Proposition 8.2.8. Let A be an Abelian variety of dimension g defined over
the number field K, { a rational prime and py : Gal (K /K) — End(Ty(A)) the
continuous £-adic Galois representation attached to A.

Then, for every choice of £ outside a finite set, there exists a Frobenius
element Frob, € Gal (K/K) such that

o ( is unramified in K
e there is a place w of K above £ of good reduction for A

o the multiplicative subgroup of Q" generated by the eigenvalues of Frob,
(thought of as an endomorphism of the {-adic Tate module) does not
contain any nontrivial root of unity.

Proof. We begin by fixing our notation. v will be a place of K above the
rational prime p, which we will tacitly assume to be distinct from ¢. The
characteristic polynomial of a Frobenius element Frob, acting on Tj(A) is
monic with integral coefficients and does not depend on the choice of ¢ (as
long as ¢ # p); let it be denoted by ®,(x). The splitting field of ®,(z) over
Q will be denoted F,, and we will write M, for the subgroup of Q" generated
by the eigenvalues of Frob, acting on Ty(A).

Clearly ®,(x) has degree 2g, where ¢ is the dimension of A, since this
is the rank of Ty(A). The degree [F' : Q] is therefore uniformly bounded
by a function of g (and we can take this function to be (2g)!). If a root
of unity (, of order n belongs to M,, then it certainly belongs to F}, so
o(n) =1Q () : Q] < [F, : Q] <(2¢g)!is bounded (independently of /).

It is well known that, for a fixed k, the number of solutions to ¢(n) < k
is finite, so there exists an integer M independent of £ such that any root of
unity ¢ in F, satisfies (M = 1.

Let ¥(z) be the polynomial xi/[__ll and Qx be the set of finite places of K.
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Our admissible set of primes will be

Jw € Qg ,w|l, of good reduction for A}

¢ rational prime
and ¢ does not divide ¥(1)

Clearly there is only a finite number of primes that do not belong to the
above set.

We want to explicitly determine a neighborhood U of the identity of
Gal (F/K ) such that, for every Frobenius element Frob, in U, M, does
not contain any nontrivial root of unity. This, together with the density of
Frobenius elements in Gal (F/ K ), would be enough to prove the proposition.
Consider the continuous Galois representation

pe: Gal (K/K) — Aut(Ty(A))

and identify Aut(7y(A)) with GL (Z;) through the choice of a basis. Let Uy
be the open neighborhood of the identity in GL (Qy) given by the matrices N
such that ||N —id||, < £71, i.e. those matrices that can be written as id + P,
where P € Magyo4 (Zg) has all its coefficients divisible by £.

We set U := p[l (Ug). This is clearly an open neighbourhood of the
identity, and we want to show that every Frobenius element F,, in U has the
required properties. We argue by contradiction, supposing there is a nontrivial
root of unity in M,,.

Let therefore Frob, be in U and Ay,---, A2y € F, be the eigenvalues of
Frob,. Note that each ); is an algebraic integer, so it belongs to Op,. Choose
a place [ of F, above ¢ and let Ay, - - ,ng be the reductions of A, -+, Ay in
Opr, /L.

We claim that A\; = 1. To see this, simply notice that the \;’s are the
eigenvalues of the reduction (modulo ¢) of p; (Frob,) acting on Fgg : indeed,
taking reductions (modulo ¢) and taking characteristic polynomials commute,
so the eigenvalues of the reduction are the reductions of the eigenvalues. Note
that since F),/Q is Galois, all the places above ¢ are conjugated to each other,
so everything is well-defined up to the action of the Galois group, and in
particular the finite field Op, /I does not depend on our choice of [, up to
isomorphism.

The definition of Uy implies that py (Frob,) reduces to the identity, so the
reductions \; equal the eigenvalues of the identity, i.e. every \; equals 1.

Suppose now ¢ = AJ' - - )\;;g € M, is a nontrivial root of unity. ¢ belongs
to O (it belongs to F' by construction and it certainly is an algebraic integer),

so it makes sense to consider (, its reduction modulo .
On one hand, the equation ¢ = A" --- )\;ngg € M, implies

29
(= HX?’ =1 (modI).
i=1
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On the other hand, we know ¢ = 1, and since ¢ # 1 we also get ¥(¢) = 0
M
x p—

-1

(recall that ¥(x) =

cients, so

); now U(z) is a polynomial with integral coeffi-

0=T()=T(Q)=T(1)=U(]) (modl):

as U(1) is a rational integer, this clearly implies ¥(1) = 0 (mod ¢), which
contradicts our choice of £. This completes the proof. O

We are now in a position to prove the following

Proposition 8.2.9. Notation as above. If A is of type IV(2,1), then b =
up(V,9) (resp. b = ug,(Ve,vy¢)), so Theorem 5.1.13 applies and the Hodge
(resp. Tate) conjectures holds for all the powers of A.

Proof. Thanks to Theorem 5.3.5, and since we only need to establish results
about ranks, we can choose ¢ to be a prime that splits completely in £ and
such that there is a place of I of good reduction for A of residue characteristic
L.

We have ng, +nr, = ng, +nr, = 2, and by Proposition 7.1.2 we can assume
that

(nﬂun‘rl) = (2’0)’ (nﬂzvn‘f'z) = (17 1)' (*)

We want to study the semisimple and the Abelian part of h separately.
Let ¢ be the center of h. Lemma 3.2.9 and its obvious f-adic analogue imply
that ¢ is contained in the 2-dimensional Lie algebra up = {a € E|d’ = —a}
(resp ug,).

Suppose ¢ = 0. Then b is semisimple and contained in su(V/E), which is
impossible, since the centralizer of su(V/E) in End(V) is a quaternion algebra
over Ey, while the centralizer of h is the endomorphism algebra, i.e. E itself.

Suppose ¢ is of rank 1. In this case we really need to treat the geometric
and f-adic cases separately.

In the Hodge case, Key Lemma 8.2.4 yields the existence of an imaginary
quadratic field k such that ¢ = sug/, so hg C suy;, and using Lemma 8.1.2
we get a contradiction with (x).

We now turn to the f-adic case. Proposition 8.2.8 allows us to choose a
Frobenius element Fr, € Gy(Qy) such that the multiplicative group generated
by its eigenvalues does not contain any root of unity different from 1. Let
q be the cardinality of the residue field at v and consider A := Fr? /q. The
determinant of Fr, acting on the f-adic module of A is ¢4™A) so A actually
belongs to Hy (Q). Let u = detg, A € Ey = Q;}.

Note that we have an embedding F — FE, = QZ} given, as usual, by

e — (o1(e), i1(e), o2(e), m2(e))
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and because of the compatibility of the Frobenius with the Galois action the
determinant of A lies in this copy of F inside Ey. Moreover, the f-adic log-
arithm of u does not vanish, since u is not divisible by £. Note that we can
suppose that logu belongs to hy: the f-adic logarithm maps a neighborhood
of the identity of Hy to by, so all we need to do is choose F'r, sufficiently close
to id, which is always possible.

Thinking log(u) as an Ej-linear operator on V; we can write log(u) =
logdet A = trlog(A) (the latter being well-defined assuming we have chosen
the Frobenius element sufficiently close to the identity); on the other hand,
the trace operator is zero on the semi-simple part of hy and is multiplication
by 2 on the Abelian part, since V; is free of rank 2 over Ey,. It follows that
log(u) belongs to ¢y, hence - assuming this is of rank 1 - ¢, = Qg log(u).

¢¢ is an algebraic Lie algebra (it is the algebra of the center of Hy), so the
eigenvalues vy, ..., vy of log(u) are contained in a 1-dimensional Q-subspace of
an algebraic closure of @Q,. This implies in particular that the multiplicative
group M generated by exp(v1),...,exp(v4) has rank at most 1. Note that
exp(v1),...,exp(vy) are the eigenvalues of the linear operator u acting on V,
but since u acts diagonally through the four embeddings of E in Q we can
identify them to the Galois conjugates of u. Using that no nontrivial root of
unity can be written as a product of eigenvalues of \ we see that M is free
of rank 1. Finally, note that u is not stable under complex conjugation, since
log u belongs to ug, so (logu) = —logu and the claim follows exponentiating
both members.

From Proposition 8.2.6 it then follows that Q(u) is an imaginary quadratic
subfield of E. We deduce E = Ey - Q(u), so E is Galois over Q (being the
compositum of two Galois extensions). A CM Galois field of degree four over
Q has Galois group isomorphic to (Z/2Z)* (cf. the proof of Lemma 4.2.4), so it
admits exactly three sub-extensions of degree 2, two of which are imaginary.
Let k' be the unique imaginary quadratic field contained in E and distinct
from k. The norm Npg/, must send u to a unit in O/, and since the latter
(thanks to Dirichlet’s Unit Theorem) has unit group of rank zero it follows that
Ng/i(u) is a root of unity; on the other hand, it is a product of conjugates of
u, 80 it cannot be a nontrivial root of unity, and it follows that Ng /(u) = 1.

Differentiating and extending scalars we find ¢ C sug/y ® Q, and this
must be an equality because both algebras are of dimension 1. We now get a
contradiction exactly as in the geometric case.

The above proves that ¢ cannot be 1-dimensional, so we must have ¢ = ug
(resp. ug,)

We now turn to studying the semisimple part of h. The hg-module Vi
decomposes as a direct sum Vo = Vi @ Vs, where each V; is a free module of
rank 2 over £ ®p, ,, C = C x C. Each V;, in turn, splits as V5, ® V,,, where,
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as usual, for each p € R we have set
Vo,={veVcle-v=nple)v Veec E}.

Let 1; be the restriction of ¥ to V;. Observe that for v; € Vi,v9 € V5 and
every e € Fy we have

¢(€ : /U17U2) = ¢(Ul7€, : ’02) = T,Z)(Ul,G : U2)7

since the Rosati involution is the transpose map with respect to ¢, and on the
other hand it is the identity on FEy. This implies

pr(e)(vi,va) = pa(e)(v1, va)

for every e, so (as p1 # p2) the only possibility is ¢(v1,v2) = 0, hence Vi, V5
are orthogonal with respect to ¢. As v is non-degenerate on V1 & Vs, this forces
the restriction v; of ¥ to V; to be non-degenerate, and the action of hc must
preserve both ¢, and 1¢,. We can therefore write ho C u (Vy,¢1) @ u (Va,12),
so that the semisimple part of hc is contained in su (Vy,11) @ su(Va, o).
Moreover, we get the following description for the Abelian part cc:

z1-id, =z -id |, | 22 -id, —29 -id Cu(Vi, 1) ®u(Va,1h2)
—— N — e N —
on V,, on vy on V,, on v,

Since the projection of h** on each factor u(V;,v;) is nonzero (V,, is an
irreducible hc-module) and the algebras su (V;,1);) are simple (semisimple of
rank 1), we see that either the inclusion hg§ C su (Vi) @ su(Va,1)9) is
an equality, or h¢§ is the graph of an isomorphism between su (Vi,41) and
su (‘/2’ 77[}2)

In order to exclude this second case we simply need to exhibit an element
of the form (0, x) € b with « # 0. This can be done by comparing the Hodge
(resp. Hodge-Tate) decomposition of Vo and the one given by the action of
b. Write V" for V;n VST (resp. VN V(i) Using the equalities
established at the beginning of this Chapter and comparing dimensions (using
(x)) we get the following equalities:

Voo = Vl(_LO)? Vi = V1(07_1)

—1,0 0,—1 _ —1,0 0,—1
Vo, =V 0 V™Y, vy =V e v 0D,

2

where the dimension of the various spaces are given by

dimg V" — 2. dime VO =1, dime V) = 1.
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For example, the last equalities are obtained by noticing that
. -1,0
dim (V*(2 )) = Ny, = 1,

so Vi, & V*(;l’o) ® V*(QO’_D (where * € {0, 7}); the others are similar.
The finer decomposition of V' we need is

V Vl(—l,O) o Vl(o,—l) @VU(Q_LO) o VT(2—1,0) o VU(S’_U @ VT(20,—1)'
S—— =
Vo Vi

Let p : Gy,,c — End(Vc) the cocharacter given on points by
,LL(Z) = ZidVELO b idVg—1 .

Thanks to the alternative characterization of the Mumford-Tate group (cf.
3.1.2 for the geometric case and Sen’s Theorem for the ¢-adic one) we know
that u factors through G (resp. Gy), so pu(z) — 5id (being traceless) is an
element of h. Write

() — %id - (,ul(z) — gid, pa(2) — gid) € u(Vi, 1) @ u (Va, )

and note that our description of ¢c implies that (,ul(z) — %id,O) € ¢c, SO
h:= (0, ua(z) — %id) belongs to hc. In matrix terms and with respect to the
above decomposition of V', h acts as

z/2
z/2 ;
—z/2
—2z/2

so its trace on both V,, and V7, is zero, hence p2(2) — 5 id belongs to su(Vz, ).

It follows that h belongs to the semisimple part of hc, thus giving the ele-
ment we were looking for and showing that b is all of su (Vi,11) ®su (Va,1)2).
By rank considerations it then follows h = ug(V, ). O

8.2.4.3 Type IV(4,1) - the CM case

There are exactly two possibilities:

1. E does not contain an imaginary quadratic field k& acting with mul-
tiplicities {ns,n.} = {2,2}. In this case b equals u(V/E), which is
commutative of rank 4, so Theorem 5.1.13 applies and the Hodge (resp.
Tate) conjecture is true for all powers of A.
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2. E does contain such a k, h = su(V/E) and %%(A) = 2%(A) + ¥
Moreover, %2%(A) is of dimension 8 and 22(A) is of dimension 6.

Proof. In this case A admits complex multiplication, so the statements about
the Hodge and the f-adic Lie algebras are equivalent (since the Mumford-Tate
conjecture holds). We can therefore restrict ourselves to the geometric case.

Ribet’s inequality (Theorem 7.1.3) yields rank(h) > log,(2g) = 3; on the
other hand, rank (u(V/E)) = rank Resg, o (W(V, E)) = [Ep : Q] = 4, since V
is an E-vector space of dimension 1. It follows that the rank of h can only be
3 or 4. Clearly, this rank is 4 exactly when b is all of u(V/E).

Suppose that b is of rank 3. Then Key Lemma 2.4.6 shows that there
exists an imaginary quadratic field k C E such that h = sug/, so b is in
particular semisimple and Lemma 8.1.2 shows that n, = n, = 2.

Conversely, suppose there exists an imaginary quadratic field k£ contained
in F that acts on A with multiplicities n, = n, = 2: then h C sug;, and by
rank comparison the two must coincide.

We have therefore shown that the above are the only two possibilities;
we now only need to check that in case (ii) the dimensions of the involved
spaces are the ones claimed. Let Hom(k, L) = {0, 7}, where we have chosen
O1ly...,04,T1,...,T4 in such a way that for each i o; restricts to o on k and
T; restricts to 7. Proposition 8.2.3 says that the character group of H, or
equivalently of SU(E/k), is

Z-R

X*(H) = — T N4 N4 ;
<0'j +0; for j=1,... 7472121 Ui’Zi=1 Ti>

in particular, h ® C is naturally identified with

4
{(21, _Zl)7 (227 _22)7 (23’ _23)’ (247 _24)| Zzi = 0} CE®C= @Cp’

=1 PER

where C, = {v € E® Cle-v = p(e)v Ve € E} is the 1-dimensional subspace
on which § acts through the character p.

This description allows us to easily compute the dimensions of the invariant
subspaces in both /\2 V& and /\4 V¢, that are precisely the dimension of the
spaces of Hodge classes we are interested in. Let

2 4
Y =AV& W=A\Ve

The character spaces decomposition of Y is Y = P, ., Y (—p1 — p2); the
trivial character spaces are given by those pairs (p1, p2) such that p; + p2 =0
in X*(Ug), which happens exactly when p; = p3. Analogously, we have a
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character spaces decomposition for W, that we write as

W= P W(-p1—p2—ps— pa)
P1;--504
all distinct

In 21(4) ® C = #'(A) ® C = Y" we then have exactly four copies of

the trivial representation, given by Y (—o; — 7;) for i ranging from 1 to 4.
Therefore, the image of the canonical map

4
(2'®C)® (2'®C) »2’cCc \Vg=W

is EBW(—U,- — 1; — 0j — 1), of dimension 6.

(2

7gn the other hand, the space of Hodge classes has dimension 8, because a
character space W (—p1 — p2 — p3 — p4) is trivial if and only if p; +...4+ps = 0,
which happens if (up to renumbering the p;’s) p1 = pz and p3 = pg (6 possibil-
ities), or if the set {p1,...,ps} equals one of the sets {o1,...,04},{71,..., 74}
(2 possibilities). We therefore have the decomposition

B*(A)2C = 2*(A)RCH | W(—01 — 09 —03 —04) BW(~11 —T9 — 73 — T4) | ,
Wo W,

and all we need to show is that W, & W, C #(A). But this is easy: write
Ve = Vo, @ Vo, as k@ C-modules and note that (since taking duals and
exterior powers commute)

*

4 0 * 0 4
Wa = </\ VCJ &® /\VC,T> 5 WT = (/\ VCuU ® /\ VC’T) ’

so #(A) ® C contains

4 0 * 0 4 *
/\ Ve = (/\ VC,O' ® /\VC,T> @ (/\ VC,U & /\VC,T> =W, ® WT)

k®C

which completes the proof. O
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