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“Dalla muta distesa delle cose deve partire un segno, un richiamo, un ammicco: una
cosa si stacca dalle altre con I'intenzione di significare qualcosa... che cosa? se stessa, una
cosa ¢ contenta d’essere guardata dalle altre cose solo quando ¢ convinta di significare se
stessa e nient’altro, in mezzo alle cose che significano se stesse e nient’altro.”

Italo Calvino,
Palomar, Einaudi, Torino, 1983, p. 117

“We have to look for power sources here, and distribution networks we were never
taught, routes of power our teachers never imagined, or were encouraged to avoid... we
have to find meters whose scales are unknown in the world, draw our own schematics, get-
ting feedback, making connections, reducing the error, trying to learn the real function...
zeroing in on what incalculable plot? Up here, on the surface, coal-tars, hydrogenation,
synthesis were always phony, dummy functions to hide the real, the planetary mission yes
perhaps centuries in the unrolling... this ruinous plant, waiting for its Kabbalists and new
alchemists to discover the Key, teach the mysteries to others...”

Thomas Pynchon,
Gravity’s Rainbow, Viking Press, New York, 1973, p. 521

nouveau n roduit jamai r simple inter ion ncien ; information
“Le nouveau ne se produit jamais par simple interpolation de I’ancien ; les informations
‘aj i x informations comme poignées de sable, prédéfinies dans leur nature par
le cadre conceptuel délimitant le champs des expériences...”

Michel Houellebecq,
Les particules élémentaires, Flammarion, Paris, 1998, p. 279

“Boy, you're gonna carry that weight
Carry that weight a long time

Boy, you’re gonna carry that weight
Carry that weight a long time”

The Beatles, Carry That Weight
from Abbey Road, Apple Records, 1969



Poids du motif bord de certaines variétés de Shimura

Résumé. Pour S une variété de Shimura associée a un groupe réductif GG, nous étudions
la filtration par le poids dans la cohomologie des variations de structure de Hodge g (V)
et des faisceaux f-adiques py(V) sur S construits a partir des représentations algébriques
de G, avec le but de définir des motifs pour les représentations automorphes de G.

Dans les deux premiers chapitres nous rappelons les théories utilisées et nous y ajoutons
des compléments. Dans le premier, nous faisons un survol des rélations entre cohomologie
des variétés de Shimura, représentations automorphes et théorie des poids, tandis que dans
le deuxiéme nous introduisons les motifs de Chow et de Beilinson rélatifs sur les variétés
de Shimura de type PEL, ainsi que les applications de la théorie des structures des poids
dans ce contexte. En particulier, nous étudions en detail ’action de I'algebre de Hecke au
niveau des motifs.

Dans les deux derniers chapitres, nous nous concentrons sur le cas du groupe G =
Resp|gGSpy, p, ou F' est un corps de nombres totalement réel, et sur les variétés de Shimura
S qui lui sont associées, les variétés de Shimura de Hilbert-Siegel de genre 2. Dans le
troisieme chapitre, nous menons une étude approfondie de la dégénérescence des faisceaux
we(V') au bord de la compactification de Baily-Borel de S. Nous parvenons a décrire les
poids en terme d’un invariant de la représentation V', appelé corang. Nous en déduisons
une caractérisation compléte des représentations V telles que la dégénérescence de pp(V)
évite les poids 0 et 1, une classe qui s’avere étre tres large.

Dans le quatrieme chapitre, étant donnée une représentation V' de G qui vérifie la
condition susmentionnée, nous définissons des motifs attachés aux représentations auto-
morphes apparaissant dans la cohomologie du faisceau py(V). Nous étudions donc les
propriétés de ces motifs.

Weights of the boundary motive of some Shimura varieties

Abstract. Given a Shimura variety S associated to a reductive group G, we study
the weight filtration in the cohomology of variations of Hodge structure pg (V) and ¢-
adic sheaves (V') on S coming from algebraic representations V' of G, with the aim of
constructing motives for automorphic representations of G.

In the first two chapters we review the theories that we use and we give some com-
plements to them. In the first one we summarize the relationship between cohomology of
Shimura varieties, automorphic representations and weights, whereas in the second one
we recall relative Chow and Beilinson motives over PEL Shimura varieties and the appli-
cations of the theory of weight structures to this setting. In particular, we study in detail
the action of the Hecke algebra at the level of motives.

In the last two chapters we concentrate on the case of the group G' = Resp|gGSpy p, for
F a totally real number field, and to the associated Shimura varieties S (genus 2 Hilbert-
Siegel varieties). In the third chapter, we study in detail the weight filtration on the
degeneration of the sheaves py(V) along the boundary of the Baily-Borel compactification
of S. We are able to describe the weights in terms of an invariant of the representation
V, called corank. From this, we deduce a complete characterization of the representations
V such that the degeneration of 1,(V') avoids the weights 0 and 1, and we find that they
form a quite large class.

In the fourth chapter, given such a representation V, we define motives for those
automorphic representations of G which appear in the cohomology of (V). We then
study the properties of such motives.
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Chapter 1

Introduction

This thesis is concerned with the analysis of weights in the cohomology of Shimura varieties.
The main motivation for carrying out this analysis springs from the desire of constructing
motives for automorphic representations, which can be seen as algebro-geometric objects
providing a deep connection between arithmetic, on one side, and entities of analytic na-
ture, on the other side. Starting from the end of this chain of motivations and going
backwards, one may ask: why should such a connection be interesting? Why does (al-
gebraic) geometry have a role in proving that it exists? And why should the theory of
weights come into play?

The purpose of this introduction is to briefly discuss these questions, to make explicit
the specific problems addressed in this thesis, and to synthesize its contents and its main
results.

1.1 From arithmetic to automorphic forms

Let Q be the field of rational numbers and fix an algebraic closure Q of Q. It is a
very basic and important problem, yet still completely open, to find a description of the
absolute Galois group Gal(Q|Q), which we will denote by Gg. The word description is
admittely vague, and actually, one would like to know more about this group than its
abstract structure. So, let us agree that a good way to understand a group is through
its representations, and that it makes sense to begin from complez-valued representations
of dimension 1. The profinite group Gg has a natural topology, and we want to study
continuous such representations. Since C* = GL;(C) is abelian, these factorize through
the abelianised absolute Galois group, so what one wants to describe are the continuous
group homomorphisms
G — GL{(C).

Now, the latter are completely understood, even when we start from an arbitrary number
field F' and we consider its absolute Galois group Gp, thanks to Artin’s reciprocity law -
which we may call, by using a somewhat overused turn of phrase, the crowning achievement
of class field theory, and hence of the algebraic number theory of the first half of the 20th
century. In the form given to it by Chevalley in the 30’s, it establishes, among many other
things, the existence of a canonical, surjective continuous homomorphism

FX\Ip — G2 (1.1)

where the object Ir on the left is the topological group of idéles, in which F'* embeds as
a discrete subgroup. It is the restricted direct product of the invertible elements of every
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completion of F', and hence, in the case of Q, it takes into account at the same time all
p-adic fields (p any prime number) and the real field R. We call F*\Ir the idéle class
group of F.

Since the ideles are by definition the invertible elements of the adéle ring Ap, we get
that the 1-dimensional complex Galois representations are identified with a subset of the
continuous characters

GL1(F)\ GL1(Ap) — C* (1.2)

namely with those with finite image. The key invariants associated to the two sides, the
respective L-functions, are preserved by this correspondence, and we can consider our
original problem as completely solved for n-dimensional representations with n = 1.
What happens for n > 2?7 According to Langlands’ insight at the end of the 60’s, the
correct generalization of this picture is that irreducible (so, non-abelian) representations

Gr — GL,(C)

should be classified, by replacing 1 with n in (1.2), by some subclass of functions of the
form

GLy(F)\ GLy(Af) — C

where now GL,,(F)\ GL,,(Ar) is no more a group, but only a coset space. The large body
of conjectures known as the Langlands program is even more ambitious: roughly speaking,
for any connected reductive algebraic group G, say over QQ, one hopes to prove that a
certain subspace of functions

G(F)\G(Ap) — C (1.3)

parametrizes those Galois representations, whose image lands in a well-specified reductive
subgroup of GL,, depending on G. This correspondence, again, should preserve suitably
defined L-functions. The first obvious problem one faces in pursuing such a generalization
is: which functions should one consider in (1.3)7 With the benefit of hindsight, we can
sketch an (historically incorrect) heuristic approach to the conjectural answer.

The (abelianized) Galois group G*};b is canonically isomorphic to the projective limit

lgn Gal(L|F)
F<L finite abelian

of its (automatically finite) quotients by open subgroups, which classify all possible finite
abelian extensions of F'. Artin’s reciprocity law also implies that these quotients, through
the epimorphism (1.1), are in bijection with the quotients of the idéle class group by
its finite-index open subgroups (the so-called norm groups Npp), i.e. with the double
quotients

F"\lp/Npip

One could try to guess how these “finite approximations” of GL1(F)\GL1(AFr) should
generalize to the case of a general GG and to understand which objects should be considered
as “good functions” on the resulting spaces, in the hope to find “in the limit” the good
functions on the whole of G(F)\G(AF).

For this, we have to write the above double quotients in a slightly modified form. Let
us stick to the case of Q for simplicity and write I for its ideles. If Iy denotes the finite
idéles (which, by introducing the finite adéles Ay, we can see as the group GL1(Ay)), we
have that I = R* xI;. Now, a norm group corresponding to a totally imaginary extension
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can be written as a product of R, with an open, finite index (in particular, compact)
subgroup K of Iy, so that the double quotient acquires the form

Q*\(mo(R™) x GL1(Af)/K) (1.4)

where 1y denotes the group of connected components. We may look at my(R*) as a
homogeneous space for GL1(R), via the obvious transitive action of the latter. Then,
the generalization of the other objects appearing in (1.4) being now straightforward, it is
tempting to stipulate that for a reductive group G over Q, one should replace 7o(R*) by
some homogeneous space X for G(R), and the above double quotients by

GQ\X x G(Ay)/K)

with K a compact open subgroup of G(Ay).

For a general reductive G over Q, there exists a natural geometric object which may
serve as the G(R)-homogeneous space X, namely the symmetric space associated to G.
This is a Riemannian manifold, defined as the orbit space G(R)/AgK~. Here, K is a
compact maximal subgroup of G(R), and if S¢ is the maximal Q-split torus in the center
of G, Ag denotes the connected component of the identity of Sg(R). As a parallel with
the situation for GLj, it turns out that (see Chapter 2 for references):

(1) the space
Sk = GQN\X x G(Ay)/K) = GQ\G(A)/Ac Ko K

is naturally a finite disjoint union of locally symmetric spaces, themselves Riemannian
manifolds, attached to the connected component of the identity G(R)P;

(2) for any K’ < K, there are natural maps Sk — Sk, such that the corresponding
projective limit
S :=lim Sk

—
K

carries a natural action of G(Ay), which gives rise on each Sk to the action of an algebra
of operators H(G, K), the Hecke algebra;

(3) the singular cohomology H'(S,Q) of S can be completely expressed in terms of a
special class of C-valued functions on G(Q)\G(A), called automorphic forms;

(4) if H.(-,Q) denotes cohomology with compact support, then information about an es-
pecially interesting type of automorphic forms, the cuspidal forms, can be found, for each
K, in the interior cohomology H,(Sk, Q) = Im(H;(Sk,Q) — H (Sk,Q)) by decomposing
it in H(G, K)-submodules.

Admitting that these objects should be the right ones to consider, we have now to construct
the link with Galois representations.

1.2 Shimura varieties, weights and motives

There is a set of conditions on (G, X), verified by important families of reductive groups
G together with appropriate G(R)-homogeneous spaces X, under which the coset spaces
Sk’s defined as above acquire the structure of complex quasi-projective algebraic varieties.
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As complex-analytic objects, such Sk’s are actually disjoint unions of locally symmetric
spaces'. But one of the deep results of the theory is that they admit a canonical model
over a number field E independent of K. These varieties over E (which we will still denote
by Sk for the sake of this introduction) are called Shimura varieties.

The obvious consequence is that one can apply the richer methods of algebraic geometry
to study these spaces and their singular cohomology. But moreover, for every prime ¢, there
is now another cohomology theory available, étale ¢-adic cohomology H;,(Sk g, Qr). Given
the Galois action on the whole projective system S, these vector spaces are equipped by
construction with Galois representations, up to an important change of perspective: they
are no more complex representations, but ¢-adic. In any case, H;, still admits an action of
the Hecke algebra H (G, K), since the elements of the latter operate by correspondences.
Moreover, this commutes with the Galois action.

Actually, in each cohomology theory, one can consider more general twisted coefficients
over Sk, coming from an algebraic Q-representation V' of G. The bridge between the two
worlds is provided by a canonical Hecke-equivariant comparison isomorphism

H'(Sk,V) ©g Q¢ = Hy(Skc g, V) (1.5)

In the case of G = GLgy, the Shimura varieties in question are disjoint unions of (non-
projective) modular curves, and the relevant cuspidal automorphic forms are cusp modular
forms f of weight > 2. Such f’s have an associated L-function L(f), and if f is moreover
an eigenvector for the elements of H(G, K), then L(f) encodes the eigenvalues of the Hecke
operators on H'(Sk, Q). In 1969, Deligne (| ]) showed that in the Galois representa-
tion on f-adic interior cohomology H ét,1» the eigenvalues of Frobenius endomorphisms® are
pure (modulo the Weil conjectures that he later proved himself). Moreover, through the
isomorphism (1.5), an Hecke submodule corresponding to an eigenform f gives rise to a
Galois representation, the eigenvalues of whose Frobenii satisfy the expected relationship
with the L(f). The known information on the latter can be thus used to improve our
knowledge of the Galois representation; on the other hand, purity of the Galois represen-
tations imply strong bounds on the Hecke eigenvalues (Ramanujan’s conjecture). This is
a substantial instance of the connection between Galois representations and automorphic
forms hinted to in the previous paragraph, and of its deep and spectacular consequences.

But there’s more. Sk being an algebraic variety, the singular cohomology spaces
H'(Sk,V) carry themselves additional information, namely they are endowed with a mized
Hodge structure. Then, interior cohomology inherits a Hodge structure which is pure. By
Deligne’s theory of weights, the latter, together with the above compatible system of pure
Galois representations (for varying ¢, the eigenvalues of Frobenius don’t depend on ¢), and
with the comparison isomorphisms, constitute precisely the kind of data arising from the
cohomology of smooth projective varieties. It is then natural to look for an underlying
geometric object, built out of such varieties, responsible for those data.

Crucially, modular curves happen to be moduli spaces for elliptic curves with level
structures. Deligne had already constructed a canonical smooth compactification £ of
suitable powers E* of the resulting universal elliptic curve E over Sk, and exploited its
relation with the cohomology spaces H'(Sk, V) to show purity. Then, in 1990, Scholl
([ ]) proved that in the category of Chow motives, one could define an idempotent
endomorphism of £, the “cohomology objects” of whose image M in the different theories

'But associated to the adjoint group of G.
2For all primes outside a certain finite set.
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(i.e., its realizations) coincide with the interior cohomology seen above. Since Hecke oper-
ators extend to £, M comes equipped with an action of the Hecke algebra, which allows
to cut out of M certain subobjects M(f) corresponding to single eigenforms f. The L-
function L(f) of f coincides now with the one naturally associated with M(f), and this
opens the way to studying it in the framework of Beilinson’s conjectures (| ]): they
suggest a deep relationship between the special values of L(f) and motivic cohomology®
of M(f).

Given the above, one wants to generalize this picture to other non-compact, higher-
dimensional Shimura varieties. The first aim is to construct an Hecke-equivariant Chow
motive which realizes to the pure (or weight zero) part of the cohomology of local systems
coming from algebraic representations, the one containing interior cohomology. Here we
should add that it is by now classical, in the context of the Langlands program, to speculate
that (at least some subclass of the cuspidal) automorphic forms should be associated not
only to Galois representations, but to motives (see e.g. | D).

Second, the higher weights, i.e. the genuinely mized part, are of considerable interest,
too. To describe the weight filtration on the cohomology of Shimura varieties is certainly
significant for its own sake. But moreover, according to conjectures of Harder (| D,
the splitting of the extensions of pure Hodge structures in these cohomology spaces should
control zeros and poles of L-functions of the more general automorphic forms appearing
therein, and viceversa®.

The origin of this thesis lies in the fact that the two problems just raised, the un-
derstanding of the higher weights and the construction of the desired Chow motives, are
intimately related, as we are going to see.

To begin, suppose Sk to be a PEL-type Shimura variety, associated to a reductive
group G, defined over the number field F. Roughly speaking, this means that it admits
an interpretation as moduli space of abelian varieties with polarization, endomorphisms
and level structure. Hence, over Sk there is an universal abelian variety Ax. Choose an
irreducible representation V) of G of highest weight A and write pu(Vy), resp. ps(Vy) for the
corresponding local system, resp. ¢-adic sheaf on Sk . If we want to find a Chow motive
underlying the interior cohomology of (V) over Sk, we face immediately a problem
which stops any attempt to generalizing Scholl’s approach: smooth compactifications of
Ak and/or of its powers, to which the Hecke action extends, are not known. But, as
for any Shimura variety, there exists a canonical compactification of Sy, although in
general highly singular: its Baily-Borel compactification Sj,. Denote by j : S — S% the
associated open immersion and by i : Sk — S} the closed immersion of the boundary.
We write j, for the total derived direct image functor. Then, the complex i*j,pp(V)) is an
object in the “derived category” of (-adic sheaves over 057, which in our setting admits
an intrinsic notion of weights (cfr. Rmk. 3.3.2.12.(1)). The theory of Wildeshaus gives a
criterion on this complex which, once verified, produces the sought-for motive. We will
give a much more precise form of this theorem, and also a glimpse of the ideas on which
it is based, in Section 3.3.2. For the moment, let us state it in the following version:

Theorem. ([ 1) If i* japue(Vy) avoids weights® 0 and 1, then there exists a canonical
Chow motive My over E with an action of the Hecke algebra, whose realizations in any

3Here we are glossing over the fact that M (f) is defined as an homological motive, and only expected,
but not known, to lift to a Chow motive.

4A vision which fits with the one of Beilinson’s, if one considers the conjectural interpretation of motivic
cohomology as a space of extensions in the still hypotetical abelian category of mized motives.

5This weight avoidance has to be understood in the following sense. Denote by H™ the perverse co-
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cohomological degree n coincide with H{'(Sk(C), (V) and Hg (S g (V).

This result was the starting point for this thesis, whose contents we are now going to
present.

1.3 Principal results and structure of the thesis

The main problem studied in the present work is the following: which families of Shimura
varieties, and of representations of the underlying group G, do verify the criterion given at
the end of the previous paragraph? Let us call degeneration at the boundary the complex
i*jx1e(Vy), and let us say that weight « appears in it if it doesn’t avoid such a weight.
Notice that, because of its autoduality properties, weight 0 appears in the degeneration at
the boundary if and only if weight 1 appears. We also mention that the higher weights in
H'(Sk,pe(Vy)), as recalled in Subsection 2.3.2, are determined by boundary cohomology,
which is the hypercohomology of the complex i*j,pg(Vy). This fournishes the connection
between the two problems raised in the previous paragraph.

Our attention has concentrated on the case of the group G = Resp|g GSpy p, where
F is a totally real number field of some degree d over QQ, whose set of complex (hence,
real) embeddings will be denoted by Ir. The associated Shimura varieties, the Hilbert-
Siegel varieties of genus 2, are of dimension 3d and are moduli spaces of polarized abelian
varieties of dimension 2d with real multiplication (and additional structures).

Let us explain the reasons for this choice. The group G can be seen as the simul-
taneous generalization of the reductive Q-groups Resp|g GLo r and of the group GSpy.
The Shimura varieties corresponding to the former are called Hilbert modular varieties
(dimension d, parametrizing polarized abelian varieties of dimension d with real multipli-
cation) and the ones corresponding to the latter are called Siegel threefolds (dimension 3,
parametrizing polarized abelian surfaces)®. Irreducible representations Vy of Res rlo GLo p
are parametrized by vectors A = (ks)scr, of non-negative integers; A is called regular if
ks, > 0 for every . On the other hand, irreducible representations V) of GSp, are
parametrized by couples (k1, k2) of integers such that k1 > ko > 0, and are called regular
if k1 > k9 > 0.

In the context of our problem, the following is known:

Theorem. (/ |, cfr. [ , Example 5.5]) Over Hilbert modular varieties, weights
0 and 1 appear in i*j.ue(Vy) if and only if X is identically equal to 0.

Theorem. ([ /[, cfr. | , Rmk. 5.11 (a)]) Over Siegel threefolds, weights 0 and
1 appear in i*j.pe(Vy) if and only if X is irregular.

Notice that for Hilbert modular varieties, saying that A is the trivial character (in
particular a parallel character, i.e. such that each of its components is equal to each
other) is equivalent to saying that it is irregular for each o, a condition under which we

homology objects of the complex F, by Gry their graded quotients of weight k, and by w the weight of
the pure object pe(Va) (see Rmk. 2.1.3.8.(2)). Then the sentence the complex F avoids weights o, ...,
for integers o < 3 is equivalent to: for each integer m, the objects Grysnta H"F, ..., Grysntg H"F are
trivial.

SFor the purposes of this introduction, we will ignore the fact that the center of the groups under
consideration has to be modified in order to make the theory work properly. Moreover, since the results
that we will state only depend on the restriction of the representations to the derived subgroup G, we will
parametrize the weights as if we were dealing with G°™ instead of G.
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may call it completely irreqular. It follows from the above theorems that, in both this
case and the case of Siegel threefolds, one can construct Hecke-equivariant Chow motives
realizing to interior cohomology for most \: regularity of X\ is sufficient, but not always
necessary, for the avoidance of weights. Together with Picard modular varieties ([ ],
[ ], cfr. | , Rmk. 5.8]), for which a similar characterization can be proven, these
were the only known families of Shimura varieties giving rise to a construction of the Chow
motives with the desired properties.

Given the previous examples, the group Resp|g GSpy p appears as the natural following
case to be investigated (we will come back later to this point, when discussing the content
of Chapter 4). Our contribution has been to find a criterion which completely characterizes
the presence of the weights 0 and 1 in the degeneration at the boundary, in the case of
this group.

Here, the highest weight is of the form A = (k1,k2) := ((k1.0)octps (k2.0)oerp), With
k1o > koo > 0 for every o. It is called regular at o if the inequality is strict at o, and
completely irreqular if for every o, it is not regular at o. For i = 1,2 we call k; parallel if
there exists an integer s such that k; , = « for every o, and in this case we write k; = k.
Then, our criterion subsumes the ones for Respig GL2 p and for GSpy, in the following
way:

Theorem A. (Cor. 4.3.1.3) Over genus 2 Hilbert-Siegel varieties, weights 0 and 1 appear
in *Jupe(Vy) if and only if X is completely irreqular and ks is parallel.

As a consequence of this result, we have a large number of representations V) for which
we can construct Chow motives realizing to interior cohomology of V.

This theorem actually follows from the main result of this thesis, which consists in a
detailed description of what one could call the limit weights in the “weight filtration” of
the degeneration at the boundary. In fact, the main interest of this description lies in
finding the correct invariant of the representation V) controlling the weights in question.
We refer to Def. 4.3.1.1 for the actual definition of this invariant, called the corank of A.
We express our main result in the following imprecise form, calling a character A = (k1, k2)
impair if it holds that k1 = k1 and kg = ko with x1 and ko of different parity:

Theorem B. (Thm. /.5.1) If X is not impair, the minimal weight k > 1 and the maximal
weight k < 0 appearing in i*j.ue(Vy) can be explicitly described in terms of ki — ka, ko
and of the corank of \.

The importance of the corank, as we will argue in Subsection 2.3.4, stems from the
fact that, when suitably generalized, it controls the existence of non-trivial non-cuspidal
automorphic forms on PEL-Shimura varieties of symplectic or unitary type. In the case of
genus 2 Hilbert-Siegel varieties, non-trivial, non-cuspidal automorphic forms can exist only
if the corank is at least 1. Now, Theorem A can be reformulated as saying that weights
0 and 1 appear in the degeneration if and only if A is completely irreqular of corank at
least 1. The conjunction of these facts - whose proofs are independent the one of the other
- may hint to a a path towards the understanding of the contribution of automorphic
forms to the weight filtration in the cohomology of Shimura varieties, a subject which is
still mysterious and largely unexplored (cfr. for example | , 7.5]). Notice that all the
assertions that we have formulated for the f-adic side could be repeated word by word on
the Hodge side, because the underlying computations are exactly the same (Rmk. 4.2.2.4).
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Overview.

In order to give an idea of the techniques used to obtain the previous results, and also to
cite the other facts that we have proven along the way, we pass to give an outline of this
thesis. We have striven to introduce the material in an organic way, putting in the right
context the objects and the theories that we use, whenever possible. Moreover, we wanted
to present various results from the literature, often scattered among different sources, in a
form adapted to our needs, and to give complements to them. This is the role of Chapters
2 and 3, which contain little of original, except for the exposition and some specific parts
pointed out below. These chapters are in fact preliminary in nature, and mainly set the
stage for Chapter 4. The latter, the heart of the thesis, is instead completely devoted to the
proof of the main results which we have discussed above. Lastly, Chapter 5 analyses the
Chow motives that we can construct as a consequence of those results and of Wildeshaus’
theory. These last two chapters can be seen as providing a detailed study of an example of
the general theory reviewed in the first two, and constitute the main content of the paper

[ J

We give now a more precise overview of each Chapter. Chapter 2 is meant to intro-
duce our basic objects of interest, variations of Hodge structure and f-adic sheaves over
Shimura varieties, to illustrate the interplay between various structures appearing in the
cohomology of such local systems, and to explain the role of different compactifications
in their comprehension. We spend some time in defining the action of the Hecke op-
erators, preparing the motivic definition of the Hecke algebra in the following chapter,
and in expliciting the relation of cohomology with automorphic forms. On the one hand,
this allows us to introduce L?-cohomology; on the other, it is useful in view of the last
chapter (see below). We give the structure of the Baily-Borel compactification, which will
be crucially used in Chapter 4, and we recall some facts on its intersection cohomology,
which we need to consider because the Chow motive realizing to interior cohomology is
actually constructed - under the weight avoidance hypothesis - as an intermediate exten-
ston. Thanks to intersection cohomology, we can prove the only original result of this part
(Thm. 2.3.2), which is basically a consequence of Zucker’s conjecture, of Hodge theory
and of an automorphic observation on L?-cohomology, but seems to be absent from the
literature. We see it as giving information on why weights 0 and 1 in the boundary should
be related to regularity of the highest weight A, a condition which may be conjectured
to be sufficient for their absence (cfr. Rmk. 3.3.2.13). We finish the chapter by briefly
discussing toroidal compactifications: they allow for the definition of automorphic bundles
and hence for the definition of cusp forms on general Shimura varieties, which will play a
central role in proving the only if part in Theorem A. This also permits to motivate the
definition of corank, linking it to automorphic forms.

In Chapter 3 we switch to the motivic language. We begin by a rapid review of the
notions that we need from the theories of Beilinson and relative Chow motives, before
recalling the fundamental theorem of Ancona providing the relative motives over PEL
Shimura varieties, which are the basis for all later constructions. Actually, we need to
analyze Ancona’s result quite in detail, in order to move on to the original part of this
chapter, i.e. Subsection 3.2.2. There, we show that the correspondences defining Hecke
operators actually act as an algebra on the relevant motives, something which wasn’t
obvious from the literature. One can dispose of this result for the construction of the
motives we are interested in, but it seemed to us that filling this gap could be important for
future applications (cfr. Remark 5.2.0.5). The chapter ends by discussing the fundamental
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language of weight structures, clarifying why the existence of the desired Chow motives
follows from the weight avoidance, and formulating in our context the criterion found
by Wildeshaus to check the latter. Namely, this criterion tells that we have to consider
separately the restriction of the complex i*j,u¢(V)) to each stratum of the boundary, and
to look at the weights of the perverse cohomology sheaves of such restrictions.

This is the subject of Chapter 4. We refer to its introduction for an overview of the
proof of Theorem B (and hence of Theorem A) contained therein, and of the interme-
diate results that are needed to complete it. Here we content ourselves with saying the
following: Pink’s theorem 4.2.1 gives an expression for the restriction to a single stratum
of the classical cohomology sheaves of the degeneration at the boundary, and for their
weight-graded objects, in terms of cohomology of unipotent groups and of cohomology
of arithmetic groups. In turn, the latter involves a genuinely arithmetic component, and
another one related to cohomology of free abelian groups, arising as groups of units of
the field F. Compared to the list of previously studied Shimura varieties given before,
Hilbert-Siegel varieties are the first ones, for which the phenomena related to these three
aspects make their appearance simultaneously. An ulterior motivation for their choice
came from the latter observation, as well as from the consideration of the structure of
the boundary: a disjoint union of two types of strata, i.e. cusps and Hilbert modular
varieties of dimension equal to the degree d of the field F' (for Siegel threefolds, one has
cusps and modular curves; for Hilbert modular varieties, only cusps). Then, this chapter
is mainly concerned with computing the mentionned cohomologies, keeping track of their
mutual interrelations and of the resulting combinatorics, and meaningfully interpreting
the outcome (also in terms of automorphic forms), before relating the classical sheaves
with their perverse counterparts - the ones we are really interested in. The action of the
groups of units on the stalks of the degeneration turns out to be crucial, and to admit a
geometric interpretation that deserves further attention (cfr. Rmk. 4.30).

The final Chapter 5 draws the consequences of the above. Having proven the weight
avoidance for non completely irregular or corank 0 characters A, we can apply the theory
explained at the end of Chapter 3 and construct motives realizing to interior cohomology
with coefficients in the corresponding representations V3, which turns out to coincide with
intersection cohomology. We describe the properties of these motives and we exploit the
action of the Hecke algebra to cut out homological submotives corresponding to irreducible
Hecke submodules. The material on automorphic representations summarized in Chapter
2 explains the semisimplicity of the action of the Hecke algebra on interior cohomology,
and the relation between the motives that we have constructed and the known information
about automorphic representations of Resy|g GSpy p, contained in Flicker’s book [ .
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Conventions and notations.

The symbols A, resp. Ay will denote the ring of adeles, resp. finite adeles.

An empty entry in a ring-valued matrix will mean that the corresponding coefficient is
zero. If R and B are modules over a ring A, we will often denote R ®4 B by Rp.

We will use the symbol 7o(X) for the set of connected components of a topological space
X. If G is an algebraic group over Q, we will use the notation G(R)? for the topological
connected component of the identity.

If f:T — S is a morphism of schemes and X is a S-scheme, the notation X xg ; T" will
be used to specify that the fiber product has been taken along f: this can be shortened to
(X7)s and furthermore to Xp (if the choice of S and/or f is evident from the context).
When T = Spec R we will often denote X7 by Xg.

An algebraic variety over a field k will always mean a separate, finite type scheme over
k. An algebraic group over k will mean a finite type scheme over k with the structure
of a group scheme. For an extension k'|k of fields, the symbol Res;|;, will denote Weil
restriction from £’ to k. We will denote by S the Deligne torus, i.e. the algebraic group
over R defined by Rescjgr G c-

If C is a category, then GrzC will denote its category of graded objects. A sub-category B
of an additive category A is dense if for any object B of B3, any direct factor of B formed
in A belongs already to B. The pseudo-Abelian completion of an additive category A
is denoted by A% If A is an abelian category, D°(A) will denote its bounded derived
category. The notion of a ®-category over a commutative ring is defined as in | ,
2.2.2]. Idem for rigid ®-categories.

The constructible category over a complex analytic space S is the full subcategory of the
bounded derived category of sheaves consisting of complexes with constructible cohomol-
ogy objects. We will call such complexes constructible complezes.
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Chapter 2

Weights in the cohomology of
Shimura varieties

As alluded to in the introduction, the cohomology of locally symmetric spaces is naturally
interpreted in terms of automorphic forms. When such spaces are algebraic varieties, addi-
tional structures appear in the cohomology: Galois representations and Hodge structures.
Their relation with automorphic forms is the subject of this chapter and will form the
background for later considerations.

We begin in Section 2.1 by introducing the facts that we need about local systems
(coming from representations of the underlying group G) on locally symmetric spaces in
the general setting, specializing next to variations of Hodge structures and ¢-adic sheaves
over Shimura varieties. In particular, we review the examples of Hilbert-Siegel varieties
(but also of Hilbert modular varieties) that we will study in detail in Chapter 4.

In Section 2.2 we start tracing the connection with automorphic representations and
forms. In particular, we define the Galois representations (2.27) associated to cuspidal
representations, which should arise from motives.

We pass then to introduce the point of view of weights, which is the crucial one in
this thesis (Section 2.3). Cuspidal representations lie in a subspace of the weight zero part
of the cohomology, the interior cohomology. The Hodge structures associated to these
automorphic representations are then defined in (2.32); these are the counterpart of the
Galois representations cited above. When the Shimura varieties are not compact, which
is our case of interest, the rest of the cohomology is captured by boundary cohomology.
The study of the latter, also motivated by the desire of understanding the higher weights,
naturally begins from a choice of a compactification.

We conclude the chapter by considering two types of these. The canonical one, the
Baily-Borel compactification, will be used in detail in Chapter 4: here we give the necessary
general information on the structure of its boundary, stratified by “smaller” Shimura
varieties. The knowledge of its intersection cohomology provided by Zucker’s conjecture
implies an observation on how regularity of the G-representations under consideration
influences the weights in the cohomology (Thm. 2.3.2), a theme which will surface again
in Chapter 4.

The second type of compactification, actually a whole family, is given by toroidal
compactifications. We explain their role in the general picture and we collect some facts
that we need, both for motivation and for later use.
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2.1 Local systems on locally symmetric spaces and Shimura
varieties

2.1.1 Locally symmetric spaces

We start by putting the description of Shimura varieties, or better of their spaces of
complex-valued points, in the broader context of locally symmetric spaces, of which we
will encounter non-algebraic examples later.

Fix, for the rest of this section, a connected Q-reductive group G and a maximal
compact subgroup K, of G(R), define S¢ as the maximal Q-split torus inside the center
Z(@G), and define the commutative Lie group Ag as

Ag = Sg(R)°. (2.1)
Definition 2.1.1.1. The symmetric space associated to G is defined as D := G(R) /A Koo -

Remark 2.1.1.2. The space D has a canonical structure of Riemannian manifold, inde-
pendent of the choice of K, and is actually a symmetric space as in the usual definition
(as found for example in [Ji09, 4.7]). Moreover, it is a non-positively curved symmetric
space (product of non-compact type and flat factors), which implies in particular that it
is simply connected and even contractible (cfr. | , 1.1.2]).

Ezample 2.1.1.3. (1) By choosing G = SLg, Ko = SO2(R) one recovers the classical
description of the complex upper-half plane $ as $ ~ SLy(R)/SO2(R), compatibly with
the classical action of G(R) by fractional transformations; notice that we obtain the same
space by choosing G = PGLg, Ko = PO2(R). More generally, taking G = Sp,,, and
Ko = Uy, (R) gives as symmetric space D the Siegel upper-half space of genus n of n x n
complex symmetric matrices of positive definite imaginary part, denoted by $,,, equipped
with the classical action of G(R). Here the group Ag is always trivial, since the groups G
are semisimple.

(2) Fix a totally real field F' of degree d. The previous example can be then generalized
in the following way: by taking G = Resp|gSpe, p and Ke = Un(R)? we obtain as
symmetric space D the d-fold product S’JZ.

(3) Let be F' as before, and take G = Respjg GLa F, K = 02(R)?. Then
Ac ~Rso
and the associated symmetric space is given by
D ~p? xR,

which, contrary to the previous examples, has in general no complex structure (as seen in
the case d = 2, where the dimension 3d — 1 of D is odd).

The locally symmetric spaces considered here will always arise as quotients of symmet-
ric spaces by suitable arithmetic subgroups (i.e., having chosen an embedding G — GL,,,
subgroups of G(Q) which are commensurable with G(Z)):

Definition 2.1.1.4. Let I be a torsion-free arithmetic subgroup of G(Q) and D the sym-
metric space associated to G. Then the locally symmetric space associated to I' is the
space Xp :=T\D.
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Remark 2.1.1.5. (1) Since the hypotheses on I" assure that it acts isometrically, properly
and freely on D, such Xp’s are actually locally symmetric spaces as in the classical defini-
tion (see for example [Ji09, 4.9]), so that they have in particular a canonical structure of
Riemannian manifold. Moreover, as a consequence of Remark 2.1.1.2, I" is identified with
the fundamental group of Xr.

(2) Most commonly, it is useful to ask I" to be neat, i.e. such that for any (equivalently, for
all) faithful representation p : G — GL,(V), for every g € G(Q), the eigenvalues of p(g)
in C generate a torsion free subgroup of C*. Every neat subgroup is torsion-free, but the
converse doesn’t hold. The notion of neatness has the advantage of being preserved under
passage to subgroups and to homomorphic images by morphisms of algebraic groups.

The main examples of locally symmetric spaces which we will make use of are connected
components of spaces of C-valued points of Shimura varieties; examples will be given in the
next subsection. The only exception is represented by the non-algebraic locally symmetric
spaces that will appear in the proof of Lemma 4.3.2.11.

We recall the following general construction:

Construction 2.1.1.6. Let L be any extension of Q and V be a finite dimensional represen-
tation of G. Then V gives in particular a representation of the fundamental group I' of
X1 and hence defines a canonical local system V of L-vector spaces on Xr. Moreover, for
every integer p, the group cohomology spaces HP(I', V') are canonically identified with the
cohomology spaces HP(Xp,V) of Xr with coefficients in the local system V. This follows
from the contractibility of X.

For later use, we record here a general structural result on the cohomology groups of
the local systems described above. Fix a number field L over which G splits and fix a (split)
maximal torus T and Borel B of G . For any root o of T, denote by " the corresponding
coroot. Irreducible representations of G, are parametrized by those characters (or weights)
A of T which are dominant, i.e. such that for any positive root o (with respect to T', B),
the evaluation (A, ") of the canonical pairing on A and «" is > 0. The representation
associated to such a dominant weight A is said to be of highest weight \. The dominant
weight \ is called regular if, for any positive root a;, (A, ") > 0.

Theorem 2.1.1. (/ , Cor. 5.6]) Let V\ be an irreducible representation of G, of
highest weight A. Let D = G(R)/AgK~ be the symmetric space associated to G, Xt
any of the associated locally symmetric spaces, and Vy the local system on Xt associated
to Vy by Construction 2.1.1.6. Denote by vk the absolute rank of a Lie group and pose
lo = rk(G(R)) — rk(Kw). Then, if X is reqular, we have HP(Xr,Vy) = {0} for every p
such that 1

0<p< 3 (dim(D) — lp)

Remark 2.1.1.7. The above vanishing results also follow from general theorems of Saper
([ , Thm. 5]), whose proof is contained in | | but has still not appeared in
print.

2.1.2 Shimura varieties

Keep the notations of the previous subsection. As is well known, Deligne has identified
a set of axioms on G and on a chosen G(R)-conjugacy class X of morphisms S — Ggr
([ , 2.1.1]; a couple (G, X) satisfying such axioms is then dubbed a Shimura datum)
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which ensure in particular that, for any compact open subgroup K of G(Ay), the double
quotient

GQ\X x GlAy)/K (2.2)

has a canonical structure of (non-connected) complex analytic variety. Even more, one
shows that this set is identified with the C-valued points of a canonical quasi-projective
algebraic variety Sk (the Shimura variety associated to (G, X) and of level K) defined
over a number field E (the reflex field) independent of the choice of K.

Remark 2.1.2.1. (1) In all of this thesis we will use the extension of Deligne’s formalism
due to Pink, according to whose definition of a pure Shimura datum (G, X) ([ , 2.1]),
the object X is allowed to be more generally a left homogeneous space under G(R) which
admits a G(R)-equivariant map X — Hom(S, Ggr) with finite fibers.

(2) The link with the theory of locally symmetric spaces is the following. Fix an element
h € X and define K" := Stabg(h). Then, the axioms imply that: (i) through the
isomorphism X ~ G/K, (’}O, the space X is identified with a finite disjoint union of copies
of the symmetric space D for the connected component of the identity of the derived
subgroup’ G9°'; (i4) the symmetric space D is of non-compact type and endowed with a
canonical complex structure, compatible with the Riemannian one (i.e. it is an hermitian
symmetric domain). The group G acts on D through G®!. Then, one shows that the
double quotient (2.2) is identified with a finite disjoint union

| |Ti\D (2.3)

where the T';’s are arithmetic subgroups of G(Q). More precisely, their images in G24(Q)
are congruence subgroups of the latter group (i.e. of the form G*(Q) N K’ for some
compact open subgroup K’ of G*4(Ay)). This identifies Sk (C) with a disjoint union of
locally symmetric spaces associated to the connected component of the identity of G2,

(3) Suppose the compact open subgroup K to be neat ([ , 0.6]), a notion which
ensures that the arithmetic subgroups I'; in the previous point are themselves neat as
defined in Remark 2.1.1.5.(2). Then, the associated Shimura variety is a smooth quasi-
projective variety defined over the reflex field E. In the following, our K’s will always be
neat.

Ezample 2.1.2.2. (1) Take G = GL3 and take as X the conjugacy class of the morphism
h : S — Gr defined on real points by

S(R) — G(R)

T+ iy —
-y T

Then, we have an isomorphism X ~ C\ R which G(R)-equivariantly identifies X with the
disjoint union H* of two copies of the complex upper half plane, i.e. of two connected
components, each of whose is isomorphic to the domain D of the first part of Example

'To emphasize the fact that these spaces come from the derived subgroup of G, notice that K2 will in
general different from the group AgK~ defined in the previous subsection; it is connected (whereas the
latter, in general, is not) and, in general, it will contain strictly the connected component of the identity
of AgKs. Also notice that this description implies that in general, K is not compact.
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2.1.1.3.(1). The couple (G, X) is a pure Shimura datum (] , 1.6]) and the associ-
ated Shimura varieties Sx are modular curves of level K; the connected components of
their C-points are locally symmetric spaces for PGLo, henceforth called complex analytic,
connected modular curves. By considering, for all positive integer n, the 2n x 2n matrix

Jn = <—In In) S GL2n(Q)7

by taking as G the group GSp,,, of symplectic similitudes of dimension 2n, defined as the
algebraic group over QQ such that, for all Q-algebra R, one has

GSpaa(R) == {g € GLan(R)|'gJng = v(9)Ju, v(9) € Gm(R) | ,

and by taking as X the G(R)-conjugacy class of the morphism h : S — Gg defined on real
points by

S(R) — G(R)
x+ iy — xls + yJo,

one gets that X is G(R)-equivariantly identified with the space = of n x n complex sym-
metric matrices with definite imaginary part (positive or negative), i.e. with the disjoint
union of two copies of the domain D = §,, of the second part of Example 2.1.1.3.(1).
The couple (G, X) is again a pure Shimura datum (loc. cit.) and the associated Shimura
varieties Sk are the Siegel varieties of genus n (of level K); a similar remark as before,
about the connected components of their C-points, holds.

(2) Fix a totally real number field F' of degree d over Q and denote by I its set of complex
(hence, real) embeddings. In parallel with Example 2.1.1.3.(2), the previous example
generalizes (first, in the genus 1 case) by choosing G = Resp|g GL2,r and defining as X
the G(R)-conjugacy class of the morphism h : S — Gg defined on real points by

S(R) — G(R)
x—l—iyl—>(< v y) Voel,

with the effect that one has a G(R)-equivariant isomorphism X ~ (£%)% the associated
Shimura varieties are called Hilbert-Blumenthal or Hilbert modular varieties, with C-points
which are disjoint unions of complez analytic, connected ones (which can be seen as locally
symmetric spaces for Resp|g SLa,r, when the groups I'; of Remark 2.1.2.1.(2) happen to
be subgroups of SLy(F')). More generally, for any positive integer n, one takes G =
Respigp GSpgy, p and defines X as the G(IR)-conjugacy class of the morphism h : § — Gg
defined on real points by

S(R) — G(R)
z+iy— ((xls + yJQ)O—)UE[F ,
obtaining a G(R)-equivariant isomorphism X =~ ($5)? and, as associated Shimura va-
rieties, the Hilbert-Siegel varieties of genus n. Actually, the Hilbert and Hilbert-Siegel

varieties that we will consider will be associated to a slightly different Shimura datum, see
Example 2.1.3.2.
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Let us end this subsection by recalling the system of finite coverings which arises from
a Shimura datum (which also exists, in its topological version, in the more general context
of locally symmetric spaces). Let (G, X) be a pure Shimura datum and K C G(Ay) a
open compact subgroup. For every g € G(Ay), consider the holomorphic, finite maps (cfr.

[ , 3.4])
['g] : SKﬂgKg—l((C) — SK((C)
G(Q)(z, h)K NgKg~" = G(Q)(z, hg) K
Then (cfr. | , (3.4)]), this map algebraizes and gives rise to a map

[g] : SKﬂgKg—l — Sk (24)

which is an étale covering if K is neat. The canonical maps corresponding, by the case
g =1 of (2.4), to the choice of two compact open subgroups K, K’ of G(Ay) such that
K’ < K, give rise to a projective system of complex spaces

y%n Sk(C) (2.5)

endowed with a right action of G(Af) (defined by the morphisms (2.4)). Thus, we get a
projective system of finite type E-schemes whose projective limit

S = lim Sk (2.6)
K
exists as a scheme over E, and is endowed with an action of G(Ay) (| , 2.1.4)).

2.1.3 The canonical construction of mixed sheaves on Shimura varieties

Keep the notation of the previous subsection. For a reductive group G underlying a pure
Shimura datum, we want now to refine Construction 2.1.1.6 and obtain not only local
systems on the topological space of C-valued points of Shimura varieties, but objects with
more structure, i.e. mized sheaves, in the sense of Hodge or étale f-adic theory.

Convention 2.1.3.1. Let w : G,, g — S be the cocharacter which induces the inclusion
R* < C* on real points. A representation (p,V) of S induces a (semisimple) mixed
Hodge structure on the real vector space V. Coherently with | ] 1.3, we will say that
the subspace of V where p o w acts as multiplication by ¢=* is the subquotient of V' of
weight k.

Observe now that, if (G,X) is a Shimura datum, defined by h : X — Hom(S, Gr),
then every representation p : G — GL(V) gives rise, for all x € X, to a Hodge structure
on V', by applying the above observation to p o h(x) o w. By design, the axioms which
define a Shimura datum (G, X) allow one to obtain from such punctual Hodge structures
a variation of Hodge structure on X. In order to descend this on the C-valued points
of the associated Shimura varieties without additional complications, and in a functorial

way, we will restrict to pure Shimura data (G, X) which satisfy the following assumption
(cfr. | , pag. 367]):

(+) the neutral connected component Z(G)? of the center Z(G) of G is, up to isogeny,
the direct product of a Q-split torus with a torus 7" of compact type (i.e. T'(R) is
compact) defined over Q.
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This condition ensures, for example, that the arithmetic subgroups I'; appearing in (2.3).
are identified with the fundamental groups of the connected components I';\D of the C-
valued points of the Shimura varieties under consideration ([ , Proof of Prop. 11.3.3]).

Ezample 2.1.3.2. In order to get couples (G, X) verifying the above condition (+), we
slightly modify the Shimura data introduced in Example 2.1.2.2.(2), in the following way.

(1) Consider the canonical adjunction morphism i : G,,, — Res F|QGm,F, induced by the
fact that Weil restriction is right adjoint to base change. If G := Res rlo GLo,F, define G
by

G := Gm XReSF|QGm,F G, (27)
where the fibered product has been taken with respect to the morphisms i and det : G —
Respig G, r; then define X exactly as in the first part of Example 2.1.2.2.(2), but as a
G(R)-conjugacy class, with respect to the new G. The Shimura datum (G, X)) verifies now

the desired condition (cfr. Rmk. 3.2.1.3 for some comments on the difference with the
Shimura datum utilising the “classical” G).

(2) More generally, if G := Resp|g GSpgy, g, define G as in (2.7), this time taking the
fibered product with respect to the morphisms 7 and v : G — Res F|Q Gm,F, which is the
multiplier morphism coming from the definition of G; one then defines X as in the second

part of Example 2.1.2.2.(2), obtaining a Shimura datum sastisfying the desired condition
(this will follow from Rmk. 4.1.0.1.(2)).

Let now (G, X) be a Shimura datum satisfying condition (4), K a neat compact
open subgroup of G(Ay¢), and Sk the corresponding Shimura variety. For any subfield
L of C, denote by Rep(Gr) the Tannakian category of algebraic representations of G in
finite dimensional L-vector spaces, and by LocSys; (S (C)) the category of local systems
of L-vector spaces on Sk (C). Thanks to the above considerations, Construction 2.1.1.6
generalizes immediately to non-connected analytic Shimura varieties:

Definition 2.1.3.3. The topological canonical construction is the functor
piop : Rep(Gr) = LocSys (Sk(C)) (2.8)
naturally extending construction 2.1.1.6.

Remark 2.1.3.4. For a representation V' of G, the total space of the local system ,ufgp(V)
is given by

GQ\V(R) x X x G(Ay)/K (2.9)
with the obvious left action of G(Q) on V(R) defined by the representation V.

Then, because of the fact that we are working with Shimura varieties, we can enrich
the previous functor:

Definition 2.1.3.5. Denote by MVar(Sk(C)) the category of graded-polarizable ad-
missible variations of mixed L-Hodge structure’ over Sk (C). We call Hodge canonical
construction functor the exact tensor functor (cfr. [ , Part II, Chap. 2])

pk - Rep(Gr) — MVarg (S (C)). (2.10)

naturally enriching the topological canonical construction.

2If L is not a subfield of R, this category is obtained from the analogous category over Q by tensoring
morphisms with L, and passing to the pseudo-abelian completion. Also notice that, since G, is reductive,
every object in the essential image of this functor will actually be semisimple.
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This admits an étale f-adic analogue (over the E-variety Sk ): under our assumptions,
by a construction analogous to the one leading to the scheme introduced in (2.6), there is
a pro-finite étale Galois covering

l‘£1 Sk — Sk
K'<K

of Galois group K (cfr. | , (3.8)]). Since a Qy-representation of G gives rise to a
representation of K through K — G(Ay) - G(Q¢), we obtain:

Definition 2.1.3.6. Suppose that L is a finite extension of Q. Let £ be a fized prime, [
a fired prime of L above ¢, and Et; 1 (Sk) the Lj-linear version of the category of lisse
¢-adic sheaves over Si. We call f-adic canonical construction functor® the exact tensor

functor (cfr.[ , Part II, Chap. 4])
ug( : Rep(GL) — Etg’L(SK) (2.11)
defined as explained above.

But what about the analogy with Hodge theory, i.e. the mized structure? In this sense,
the correct target category of the above functor should be the following (cfr. | , Part
I, Definition before Theorem 2.8]):

Definition 2.1.3.7. The category of mixed lisse sheaves with a weight filtration is the
full subcategory Eté\,/[L(SK) of Ety 1.(Sk) formed by objects V for which there exists a finite
set S C Spec(Og) containing the primes dividing £, a smooth, separated scheme X —
Spec(Og) of finite type and a lisse Lj-sheaf U on X such that

1. Sk =X ®0, E, V=00, E;

2. the model 0 of V admits an ascending finite filtration (W, 0),ez (the weight filtra-
tion) such that
GrV 0 := W, 0/W, 0

is pure of weight n for all n, i.e. for each closed point x of X, the eigenvalues of the
action of the geometrical Frobenius on the stalk at x are pure of weight n.

Note that the above definition is stronger than the definition of a mixed £-adic sheaf
in [ , Déf. 1.2.2] (which only asks for some finite filtration with pure quotients, not
necessarily ascending) and that, contrary to the Hodge-theoretical picture, the fact that
the objects obtained through the ¢-adic canonical construction are mixed with a weight
filtration is by no means clear.

Remark 2.1.3.8. (1) By results of Pink | , Proposition (5.6.2)], if the Shimura datum
(G, X) is of abelian type, then the essential image of the ¢-adic canonical construction lies
in the subcategory of mixed sheaves with a weight filtration. We won’t recall the definition
of abelian type here, but we notice that all Shimura data we will make use of will be of
PEL type (cfr. subsection 3.2.1), hence of abelian type.

(2) If (G, X) is of abelian type and V' € Rep(Gy,), then the results of Pink in loc. cit. also
imply that the weights of (V') as an object of Et%;(SK) are identical to the weights of
p (V) as a variation of mixed Hodge structure.

3We will systematically abuse of notation and forget the choice of I.
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(3) Suppose G to be split over L and V' to be an irreducible representation of G. Then,
the Hodge structure induced on V (cfr. the discussion after 2.1.3.1) is pure. If the
irreducible representation V' is of highest weight A, we will often denote it by V) and by
w() its weight as a pure Hodge structure.

Remark 2.1.3.9. (1) In the following we will sometimes abusively denote by the same sym-
bol & the obvious factorization of the latter functor through the category Grz Vary, (Sk (C))
(where Vary, (S (C)) is the category of pure polarizable variations of L-Hodge structure).
If (G,X) is a Shimura datum of abelian type, the above considerations will give us an
obvious factorisation of the functor X through the category GrzEt, 1 (Sk), still abusively
denoted by uf .

(2) The exact functor ,ug extends to a triangulated functor, denoted by the same symbol,
p¥ - DP(Rep(GL)) — DY (MHM (Sk(C))p, (2.12)

where D®(M HM (Sk(C))z, denotes the bounded derived category of mized Hodge modules
(with L-coefficients) over Sk (C) ([ ]). Analogously, the exact functor plf extends to
a triangulated functor, denoted by the same symbol,

ul : D"(Rep(G1)) — Dy (Si)r. (2.13)

where Dg,ét(SK) 1 is the L;-linear version of the bounded "derived" category of f-adic

constructible sheaves over Sk (cfr. | , Section 6]).

Now let Dg,. denote either the duality endofunctor on D®(M HM (Sk(C))y, or, if L is
a finite extension of Q, ¢ is a prime and [ a prime of L above ¢, the ¢-adic local duality
endofunctor over Sg. Denote by X the triangulated extension either of the Hodge or
of the f-adic canonical construction, and by L either the field L (over which G splits) or
the field L;. We end our recollections about the canonical construction with the following
standard property:

Proposition 2.1.3.10. Let (G, X) be a Shimura datum satisfying condition (+), K a neat
compact open subgroup of G(Ay), and Sk the corresponding Shimura variety (of dimension
ds, ). Let moreover V' be an irreducible representation of G, of weight w as a pure Hodge
structure (cfr. Rmk. 2.1.3.8.(3)). Then there is a canonical isomorphism

Dy (1 (V) = @ (V) (w + ds, ) [2ds,. ).
Proof. Since Sk is smooth of dimension dg, , there exists an isomorphism
Dy (1" (V) = RHom(pu" (V), L) (ds, ) [2ds ).

On the other hand, following | , Summary 1.18 (d)], the Tate Hodge structure L(—w)
is endowed with a natural G-representation, such that there exists a perfect pairing in
Rep(GL)

VoLV — L(—w)

Hence, we have a perfect pairing
pi (V)@ 1 (V) = L(-w)

of variations of Hodge structures over Sk (C) or of lisse f-adic sheaves over Sk, which
gives a second isomorphism

p (V) ~ RHom(p™ (V), L) (—w).

So, these isomorphisms yield the desired one. O
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2.2 Cohomology and automorphic representations

For all of this section, let (G, X) be a Shimura datum satisfying condition (+), K a neat
compact open subgroup of G(Ay), and Sk the corresponding Shimura variety, as in the
previous subsection. Now that we have established a link between representation theory
and mixed sheaves over Shimura varieties, we want to study the structures appearing in
the cohomology of such sheaves, and their mutual interaction.

2.2.1 Hecke operators

The first structure we have to define is the action of Hecke operators in their various
incarnations. For any g € G(Ay), consider the diagram of (finite, étale) morphisms, as

defined in (2.4),

SKﬁgKg*1
SK SK

For any subfield L of C (resp. L finite extension of Q, ¢ any fixed prime), for any represen-
tation V' € Rep(Gy), if u® denotes the topological canonical construction (resp. the f-adic
canonical construction) defined in Subsection 2.1.3, then there are canonical isomorphisms

AP UK (V) S KO0 (V) = gl (V)
0

of local systems over Sy ,-1(C) (resp. of étale lisse (-adic sheaves over Singr,-1). In
the topological case, the isomorphism 6, is given on the underlying total spaces (cfr. Rmk.
2.9) by

piop ™ (V) = Lgl "y (V)
[v,z, h] — ([v, x, hg], [z, h]) (2.14)

where the symbols [+, -, -] or [-, -] denote the appropriate equivalence classes.

Thus, if H*(Sk, #(V)) denotes Betti cohomology of local systems over Sy (C) (resp.
étale (-adic cohomology H;, of étale (-adic sheaves over Sy g), we get isomorphisms (abu-
sively denoted with the same symbol)

0 : H‘(SKﬂgKg—h [1]*MK(V)) = H.(SKﬁgKg—lv [g]*MK(V))

Definition. Let g € G(Ay) and consider (with a slight abuse of notation) the canonical
adjunction morphisms

[ H (S, 5™ (V) = H (i, [ [0 (V) = H (Skngrg-1, [ 15 (V)
and (remembering that [-g| is finite)

L9« : H (Skngrg—1: 9] (V) = H (Sk, [-g)l-g" 1™ (V) = H (Sic, n™ (V)
Then, the Hecke operator Tk , € End H'(Sg, p(V)) associated to g is defined by

Trg = [glsobol[1]". (2.15)
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Remark 2.2.1.1. For any finite extension L of Q and any prime [ of L above any fixed
prime /, the action of T} respects the comparison isomorphisms

H (S (C), piop(V) ®1 L ~ H, (Sg g, 11 (V) (2.16)
Then, we define:

Definition 2.2.1.2. For any fized L-representation V, the Hecke algebra H(K,G(Ay))
(associated to'V') is the L-subalgebra of End H'(Sk (C), ,u{gp(V)) generated by the operators
Tr,y with g € G(Ay).

By the previous remark, it is consistent to define the f-adic counterpart of the Hecke
algebra either as an analogous L;-subalgebra of endomorphisms of /-adic étale cohomology
or as H(K,G(Af))r,. We will encounter the motivic avatar of these algebras, defined as
an algebra of correspondences, in Subsection 3.2.2.

The action of the operators Tk 4 is compatible with the transition maps of the G'(Ay)-
projective system (2.5), resp. (2.6), of complex analytic spaces, resp. of finite-type FE-
schemes. Then, we can let g € G(Ay) act through the Tk 4’s on the corresponding projec-
tive system of spaces and sheaves. Letting g vary, we get an action of G(Af) on

H'(, (V) =g H' (S, 1 (V)
K

(either Betti or f-adic cohomology).

Remark 2.2.1.3. Recall that a G(Af)-module H is called smooth if the stabilizer of any
element in H is open in G(As). Denote by H the space H'(S, (V') (either Betti or f-adic
cohomology). Then, the above G (A ¢)-action makes of H an admissible G(Af)-module, i.e.
a smooth G(Af)-module such that, for any compact open K < G(Ay), the K-invariants
are finite dimensional; this follows from the fact that, for any such K,

H (S, (V)" ~ H (Sk, p™* (V). (2.17)
canonically.

Lemma 2.2.1.4. Let C°(G(Ay)) be the algebra of compactly supported, locally constant
L-valued (or Lj-valued) functions on G(Ayf) under convolution and let C°(G(Ay)//K)
denote its subalgebra of bi-invariant functions under K. Then, the space H (S, u(V))K
has a natural structure of C°(G(Ay)//K)-module.

Proof. This results from considering the equivalence of categories given in [ , 1.4(d)]
between smooth G(Af)-modules and non-degenerate (loc. cit, page 113) C(G(Ay))-
modules, which takes admissible modules to admissible ones, and passing to K-invariants.

O]

Remark 2.2.1.5. The isomorphism (2.17) intertwines the C2°(G(Ay)//K)-module struc-
ture on the left-hand side with the H(K,G(Ay))-action on the right hand side in the
following way: for any g € G(Ay), the characteristic function 1x4x of the double coset
KgK is transported to the operator T 4, compatibly with the algebra structure.
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2.2.2 Automorphic representations and Galois representations

Keep the notations established in the previous subsection. Having endowed the cohomol-
ogy spaces H'(Sk,u(V)) with the structure of C2°(G(Ay)//K)-modules, we are now
interested in decomposing them, if possible, into irreducible submodules, or in at least
obtaining such a decomposition for some interesting subspace.

We start with the analytic picture. If A'(Sk(C),V) denotes the complex of C*°-
differential forms over Sk (C) with coefficients in (the C*°-vector bundle underlying)
ufgp(VC), then the de Rham theorem provides us with a canonical isomorphism

H (Sk(C), uts,(Ve)) ~ H (A" (S (C), V) (2.18)

On the other hand, write
A= C™(GQ\G(A)/K)

where C*°(-) means that we are taking functions induced by locally constant (resp. smooth)
C-valued functions over the non-archimedean (resp. archimedean, regarded as smooth
manifolds) components of G(A). Denote now by g the complexification of the Lie algebra
of G(R) and recall the subgroup K’ of G(R) introduced in Remark 2.1.2.1.(2). Then, the
space A is a (g, K)-module® (| , 0, 2.5]), equipped with a natural C°(G(Ay)//K)c-
action (coming from the natural G(Ayf)-action on C*°(G(Q)\G(A)) and the equivalence
of categories of Lemma 2.2.1.4). The same considerations hold for the space A ® V¢, and

we can look at the complex

computing its (g, K)-cohomology (| , I, 5.1]). Then, we have the following:

Proposition 2.2.2.1. (adelic version of [ , VII, Corollary 2.7]) There is a canonical
isomorphism of graded complexes

A(SK(C),V) = C(g. K; A® Ve)
inducing (through the isomorphism (2.18)) canonical isomorphisms of cohomology groups
H'(Sk(C), piey(Ve)) =~ H (g, KL A® V) (2.19)
commuting with the CZ°(G(Ay)//K)c-actions on both sides.

Remark 2.2.2.2. On the topological side, nothing that has been said until this point in
this section has used the fact that we are working with Shimura varieties.

This general interpretation of Betti cohomology of the topological canonical construc-
tion brings us closer to the link with automorphic representations. Fix a translation-
invariant measure dg on G(A) and let G(A) act by right translation on the space

L*(G(Q)\G(A))

“We flag the following oversimplifications in our exposition, which however will play no role: (a) the
group K is in general only compact modulo center (cfr. Footnote 1), whereas strictly speaking (g, K)-
modules are defined for compact subgroups K, but one can work in this slightly extended setting without
any problems; (b) it is only a subspace of A which is a (g,Kfo)—module, i.e. its subspace of K -finite
vectors. However, passing to this subspace doesn’t affect (g, K% )-cohomology; (c) let Z be the center of G.
For the following results to be true as stated, .A should be chosen more precisely as the space of functions
which transform, under Z(R)-translation, via multiplication by the inverse of the central character of the
representation V.
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of complex-valued functions on G(Q)\G(A) which are square-integrable modulo center
with respect to dg, and which transform under the action of Z(A) via multiplication by
some character w : Z(Q)\Z(A) — C* (here Z is the center of G). For us, an (irre-
ducible) automorphic representation of G will be an irreducible subquotient of this G(A)-
module. An automorphic representation m can be decomposed as m = 7y ® T in its
non-archimedean (or finite) and archimedean components; the spaces W]If of K-invariants
are irreducible C2°(G(Ay)//K)c-modules and the subspaces of smooth vectors (or differ-
entiable vectors, | , 0, 2.3]) in each space 7, give rise to (g, K )-modules, that we
will still denote by 7. Then, the spaces mo ® V¢ inherit a (g, K )-module structure,
too.

To see why such representations appear in our cohomology spaces, we have to introduce
a new definition:

Definition 2.2.2.3. Let A5(Sk(C), V) be the complex of,utlgp(V(c)—valued, C*°-differential
forms w over Sk (C) such that both w and dw are square-integrable with respect to the

canonical volume form on Sk (C). The L?-cohomology of Sk (C) with values in V is by
definition the cohomology H(Sk(C), ufgp(VC)) of the complex A5(Sk(C),V).

Denote by L% the subspace of smooth vectors inside L?(G(Q)\G(A)/K) and consider
the (g, K)-module (arising from) L?> ® V. Then, isomorphism (2.19) generalizes to
([ , Thm. 3.5])

H(Sk(C), piep(Ve)) = H (g, Klo; L © V) (2.20)
Now recall that the G(A)-module L?(G(Q)\G(A)) contains a maximal subspace
Li(G(Q)\G(4))

which decomposes as a direct sum of irreducible G(A)-subrepresentations, called the dis-
crete spectrum. At finite levels, we can write such a decomposition as

™

where m(m) denotes the (finite) multiplicity of an automorphic representation m appearing
in the discrete spectrum. Then, since Shimura varieties verify the necessary hypotheses,
passing to smooth vectors and applying (g, K/ )-cohomology yields the same result as if
we had started with the whole of L?(G(Q)\G(A)/K) and applied the same operations, i.e.
the complement of the discrete spectrum (the continuous spectrum) doesn’t contribute to
(g, Ké’o)—cohomology. In other words, the following holds:

Proposition 2.2.2.4. (consequence of [ , Sect. 4]) The isomorphism (2.20) and the
G(Ay)-action on the underlying complezes induce a decomposition into a finite direct sum

Hy(Sk(C),pls,(Ve)) ~ @D (vf @ H(9, KLy oo @ Vi)™ (2.21)

T discrete spectrum

which is called the Matsushima-Murakami decomposition of L?-cohomology.

The natural arrow
H;(Sk(C), g, (Ve)) = H'(Sx(C), iy, (Vi) (2.22)
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induced by the de Rham isomorphisms is in general neither injective nor surjective. But
one can restrict attention to a subspace of the discrete spectrum, the one formed by
cuspidal representations: an automorphic representation is called cuspidal if it is a sub-
representation A of L*(G(Q)\G(A)) such that for every ¢ € A, for all parabolic subgroups
P of G' with unipotent radical U, and for every g € G(Ay),

/ ¢(ng)dn =0
U(Ay)

Definition. The cuspidal cohomology (with values in V¢ ) is the subspace of L?-cohomology
defined by

H.,,(Sk(C), miep(V2) = @D (nff ® H (g, Kl 70 ® V)™ (2.23)

T cuspidal

and given by the direct sum of those subspaces which correspond to cuspidal discrete spec-
trum automorphic representations.

Then, the crucial point is the following:

Proposition 2.2.2.5. (/ , Cor. 5.5]) The natural arrow (2.22) induces an injection
of CX(G(Ay)//K)c-modules

H;,,,(Sk(C), tigp(Ve)) = H (S (C), picp (V) (2.24)

Hence, cuspidal cohomology is the sought-for subspace of ordinary cohomology whose
decomposition in C°(G(Af)//K)c-submodules can be meaningfully described.

We will see later (cfr. Eq. (2.31)) that we can be more precise about the the way in
which cuspidal cohomology sits inside the ordinary one. Before addressing this point, let
us say a word about rationality issues. Since there is already an action of the L-algebra
C*(G(Ay)//K) on the L-vector spaces H (Sk(C), ,ufgp(V)), we have the following:

Lemma 2.2.2.6. There exist a finite extension L' of L such that, for any cuspidal au-
tomorphic representation m such that Trfc( appears as a CX(G(Ay)//K)c-submodule in

H'(SK((C),/ngp(V@)), ijf admits an L'-model, still denoted by the same symbol.

Notice that a cuspidal 7 verifies the above hypothesis if and only if its finite component
7y has non vanishing K-invariants and its infinite component has non-vanishing (g, Kl )-
cohomology. Now, by writing

H' (7)) := Homgee a) /), (75 H (Sie, piop(V) © L)) (2.25)
we can define the cuspidal cohomology with L’-coefficients as

H.,.,(Sk(C), piep(V) = D (nf @ H (nf)) (2.26)

7 cuspidal

This also allows us to consider the relationship with étale ¢-adic cohomology. As
seen in Subsection 2.2.1, Heit(SK@,uf(V)) is a C°(G(Ay)//K)r,-module; since it is also
equipped with a Gal(@, E)-action commuting with the Hecke action, we can look at it as
a C®(G(Ay)//K)L, x Gal(Q, E)-module. Let L’ be the number field of the above lemma,
use the same symbol [ for a place of L' above ¢, and write WfL, for W}( ®r L. We can
then pose the following: l
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Definition 2.2.2.7. Let w be a cuspidal automorphic representation such that 7T§< appears
as a C°(G(Ay)//K)c-submodule in H (Sk(C), ufgp(Vc)). The Gal(Q, E)-representation
(over Lj) associated to 7T]Ic( is defined as

H,(rf) = HomC’gO(G(Af)//K)L; (ﬂ-fL;?Hét(SK,@a g (V) ® Lp) (2.27)

By choosing an embedding of L; in C we get a C°(G(Af)//K)c-equivariant compar-
ison isomorphism

Hét(SK,@a :ué((v)) QL Cx~ H(SK((C)a M{gp(VC)) (228)
induced by (2.16). Hence:

Corollary 2.2.2.8. Define the cuspidal étale cohomology by

H;usp, ét(SK7©7 Mf(v)) = @ (TrfL; ® H;t(ﬂ;{)) (229)

T cuspidal

Then, the isomorphism (2.28) restricts to
H;usp, ét(SK7@7 Mf(v)) ®Fl C = H;usp(SK((C)7 Mtlgp(v(c))

and we have the relation

dimp; H,(nf) = > m(my @ o) dime H' (g, Kl; oo @ Vi)

Moo s.t. MXMTf R oo

These considerations explain why the cohomology of Shimura varieties provides a vital
link between Galois representations and (at least cuspidal) automorphic representations.

2.3 Weights and automorphic representations

The last layer of structure that we have to add on the cohomology of Shimura varieties,
and the one that will be the most important for this thesis, is given by the theory of
weights. Let us phrase it in the language of Hodge structures.

2.3.1 Weight zero and cuspidal cohomology

Take (G, X) satisfying condition (+), K and an algebraic representation V' of G over
a number field L as in Subsection 2.1.3, and, as there, consider the Hodge canonical
construction ,ug . Suppose V to be irreducible, of weight w as a pure Hodge structure (cfr.
Rmk. 2.1.3.8.(3)). Then (for example as a byproduct of Saito’s theory of mired Hodge
modules), in each degree n, the cohomology spaces H" (S (C), us(V)) are endowed with
a mized Hodge structure over L, of weights > n + w (since Sk is smooth), hence, in
particular, with a weight filtration W.

On the other hand, the compactly-supported cohomology spaces HZ(Sk(C), ufs(V))
are endowed with a mixed Hodge structure of weights < n + w, and, the canonical arrow
H? — H" being a morphism of mized Hodge structures, we have that, in each degree n,
the so called interior cohomology, i.e. the subspace of H" defined as

Hy :=Im(H" — H") (2.30)
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actually injects in the subspace Gr,,,, H"(Sk(C), uX(V)), i.e. in the lowest-weight sub-
quotient of H™ with respect to the weight filtration. We will often slightly improperly refer
to this subspace as the pure or weight zero part of cohomology, since in this subspace, up
to the contribution w coming from our representation, the deviation between weight and
cohomological degree is zero.

Now, employing the cuspidal cohomology with L’-coefficients defined in Eq. (2.26), the
link with the automorphic description of cohomology is given by the following consequence

of Prop. 2.2.2.5:

Lemma 2.3.1.1. The inclusion (2.24) refines to an inclusion

H' < H'®L < (G, ,H") @ L (2.31)

By the comparison isomorphism (2.16) and the decomposition (2.29), we see that the
understanding of the weight zero part of cohomology is relevant for the study of the Galois
representations associated to cuspidal automorphic representations. (See Rmk. 2.3.4.4.(3)
for a comment on the relation with the more classical notion of Galois representations
associated to cusp forms).

Notice that that since the Hecke algebra acts by morphisms of Hodge structure, a
cuspidal representation 7w appearing inside the interior cohomology of Sk gives also rise
to a (pure) Hodge structure:

Definition 2.3.1.2. Let 7w be a cuspidal automorphic representation such that WJI(( appears
in H'(SK,,ufgp(V)). Let L' be the number field of Lemma 2.2.2.6. The Hodge structure
H(ﬂ'}{() associated to 77? is the one that the spaces

H () = Homege ((a )/ 5),, (TF  H Sk, il (V) @ 1)) (2.32)
(cfr. (2.25)) are naturally endowed with.

Remark 2.3.1.3. Observe that since X = G(Q)\G(A;)/KK" is a disjoint union of her-
mitian symmetric domains, the spaces H'(g, K ; 7o ® V) appearing in the Matsushima-
Murakami decomposition (2.23) of cuspidal cohomology carry an intrinsic (p,¢)-decomposition
([ , II, 4]). This decomposition coincides, through the isomorphism (2.23), with
the Hodge decomposition on H (W}( )c coming from the above-defined Hodge structure

([ , Prop. 3.3.9)).

2.3.2 Higher weights and boundary cohomology

The previous subsection raises the natural question of what interpretation (if any) one
could give to the subquotients of higher weight of the cohomology of Shimura varieties
with respect to the weight filtration. Indeed, as we will observe in Rmk. 2.3.2.3, the study
of these subquotients will be relevant even for the understanding of the weight zero part
itself.

Let us first address the problem from a geometric standpoint. Keep the notations
of the preceding subsection and suppose that the Q-rank of G2 is strictly positive; in
this case, it is well known that the corresponding Shimura varieties Sk are non-projective
([ , Thm. 12.3 and Cor. 12.4]). Then, take any compactification® Sk, write dSk
for the boundary of Sk in Sk and denote by j : Sk — Sk (resp. i : 08k the open

5In the category of algebraic varieties, even if topological compactifications of Sx (C) can be very relevant.
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(resp. closed) immersions of Sk and of the boundary inside the compactification. Then,
the complex i*j,uls (V) (often called the degeneration of ul%(V) at the boundary) is a
constructible complex over dSk (C), which can be naturally endowed with a structure of
a bounded complex of mixed Hodge modules, and whose direct image via ¢ fits in the
canonical boundary triangle over Sk

gt (V) = Gapgy (V) = i gy (V) = Gy (V)[1] (2.33)
This gives rise to a natural long exact sequence
co = HY(SK(C), pg (V) = H"(Sk(C), mgg (V) = OH"(Sk(C), g (V) = -+ (2.34)
where the boundary cohomology spaces 0H™ are defined as the hypercohomology
OH"(Sk(C), g (V) = H"(0Sk (C), " jupii (V)
Notice that
1. the long exact sequence (2.34) is a sequence of mized Hodge structures, and

2. by proper base change, the boundary cohomology spaces OH"(Sk (C), u&(V)) don’t
depend on the chosen compactification, and are hence canonically defined.

This implies, recalling the definition (2.30) of interior cohomology, that we have a canonical
inclusion

H"(Sk(C), gy (V))/H{' (Sk (C), pug (V) = OH" (S (C), piy (V)

by means of which, in particular, we can canonically see the higher-weight subquotients
with respect to the weight filtration on H"(Sk (C), ul%(V)) as subquotients (in the category
of Hodge structures) of the boundary cohomology spaces.

Moreover, the complex ¢*j, ug (V') has the following autoduality property:

Proposition 2.3.2.1. There is an isomorphism

P Gapigr (V) = it juugy (V)[1] (2.35)

The existence of some such isomorphism is formal, once one considers the dual of
the boundary triangle (2.33). For later motivation, let us make explicit the following
consequence on the weights of boundary cohomology:

Corollary 2.3.2.2. Let w be the weight of the pure Hodge structure on the irreducible
G-representation V' and let 5 > 0 be an integer. If dg, is the complex dimension of Sk,
then weight w+n+ B appears in OH™(Sk(C), u& (V) if and only if weight w+m — B+ 1
appears in OH™(Sk (C), s (V)), for m = 2dg, — 1 —n.

Proof. Let s : Sg(C) — {-} denote the constant morphism to a one-point space and denote
by Dg the duality functor on the bounded derived category of mixed Hodge modules over
a complex variety S. By (2.35),

Suiuiuprpy (V) = B jupugy (V)[1]
and since, by Proposition 2.1.3.10, we have
pir (V) = Dy (ug (V) (w + dsy ) [2ds,c])
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one then gets
i fupigy (V) ~ §.Dg (ii*jupgy (V) (w + ds, )[2ds,c — 1]) (2.36)

Now, by taking cohomology objects over a point, we know that, for every bounded complex
M of mixed Hodge modules over Sk (C) (and since s is proper),

H"5,(Dg, M) = (H"(5,M))"
where (-)¥ denotes duality of mixed Hodge structures. Hence, Eq. (2.36) yields
OH"(Sk (C), g (V) = (OH* 351 (Ske(C), pufy (V) (w + sy )Y
and the assertion on weights follows. O

We turn now to a second point of view. The following question is natural: if cuspidal
cohomology contributes to weight zero, is there an automorphic interpretation of the higher
weights? The best answer to date was provided by Franke, who showed ([ ]) that the
isomorphism (2.19) can be refined: one can replace A®V by a smaller (g, K/ )-submodule,
the space Aut®V , where Aut is the space of automorphic forms® on G(Q)\G(A)/K (] ,
1.1(2)]), without altering (g, K )-cohomology, i.e., one has

H(SK(C)v /’L{gp(VC)) = H(Q? Kc})Lo7 Aut @ VC)
More precisely, this isomorphism induces a decomposition

H'(Sk(C), nls, (Vo)) ~ @ H (9, KL ; Aut(P) @ V) (2.37)
{P}

where {P} varies over the conjugacy classes of parabolic Q-subgroups of G, and Aut(P)
denotes the subspace of automorphic forms with cuspidal support in {P} ([ , 1.1(4))),
in such a way that Aut(G) coincides with the space of cuspidal automorphic forms. (For
an observation relating our results on Hilbert-Siegel varieties to this decomposition, see
Rmk. 4.3.4.7). In any case, we see that the higher weights are determined by non-cuspidal
forms, and indeed the complement to cuspidal cohomology is called Eisenstein cohomology
(see Remark 2.3.4.4.(3) for a classical instance of this decomposition and its relation with
weights). Nevertheless, one should observe that non-cuspidal forms may also contribute
to weight zero (see the Remark below).

All these facts lead to the following web of problems: how can one compute the coho-
mology of the degeneration of the canonical construction to the boundary of a well-chosen
compactification and get a grasp on boundary cohomology? Supposing to be able to do
this, is there a way to relate this information with the automorphic description coming
from (2.37)7 And how does all of this interact with the weight filtration? It is the deter-
mination of the latter that we take as our motivating goal.

Remark 2.3.2.3. Let us say that for an integer k > 0, weight k appears in H', resp. in
OH", if there exists a n such that

Gryyopi H' (S (C), iy (V) resp. Gryl o OH" (Sk(C), g (V)

5The relation between these objects and the previously introduced automorphic representations is subtle,
especially in the non-cuspidal case. We will be careful in distinguishing the two terminologies.
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is non trivial. One way to begin our study of the weight filtration would be to ask: which
is the first integer k£ > 0 which appears in H'? Of course, weight k > 0 appears in ordinary
cohomology only if it appears in boundary cohomology.

Observe that Corollary 2.3.2.2 tells us that weight 1 appears in 9H (S (C), u&(V)) if
and only if weight 0 appears. This is the case, for example, if there exists an n such that
the complement of H{* in Gry,yy H"(Sk(C), u%(V)) is non-trivial. We will see that this
latter condition can be characterized by automorphic means (Remark 2.3.3.6).

2.3.3 The Baily-Borel compactification and intersection cohomology

We start from the first part of the questions asked at the end of the previous subsection,
namely by laying out the basis for the computation of boundary cohomology.

In fact, in order to do this, we have first to choose a compactification. With the
notation of the previous subsection, there is a canonical choice of compactification of
the Shimura variety Sk, called its Baily-Borel compactification, denoted by Sj.. It is a
projective variety, in general singular, defined over the reflex field E of Sk (] , Main
Theorem 12.3, (a), (b)]), in which Sk embeds as an open dense sub-scheme.

If T\D is a connected component of Sk (C), then its closure (I'\D)* in S} (C) (a
connected component of S3(C)) is still called the Baily-Borel compactification of I'\ D,
and the canonical nature of S} comes from the following minimality property of (I'\D)*
with respect to simple normal crossing compactifications:

Proposition 2.3.3.1. (/ ]) For any simple normal crossing compactification S of
I\D, there exists an unique morphism S — (I'\D)* extending the identity on T\ D.

The variety S admits a stratification by locally closed strata, amongst which Sk is the
only open stratum. The other ones form a stratification of the boundary 05} := Sj \Sk.
Let us recall, for later use, how the stratification is obtained: if (Q,)mes is any ordering of
any (finite) set of representatives of the conjugacy classes of admissible parabolic subgroups’
([ , Def. 4.5]) in G, one sees from | , Section 3.6-3.7] that, for all m € ®, there
exist suitable finite sets Cp, of G(Af) such that the set of strata of 95} is given by

{Smglm e ®,g € Cp}. (2.38)
Here, the locally closed subscheme S, 4 of 0S% is the image of a canonical morphism
’ig : Sﬂm(Kmyg) = Swm(Km,g)(Gmme) — S}} (2.39)

where the compact open subgroup 7, (K, 4) and the pure Shimura datum (G, X,)
defining the Shimura variety S (k,, ,) are given as follows: there exists a canonical normal
subgroup P, of Qp, ([ , 4.7]) whose unipotent radical W,,, coincides with the unipotent
radical of @, (cfr. | , proof of Lemma 4.8]), and we denote K, g := P (Af)Ng-K-g~ 1,
Tm © P — Py /Wi, the natural projection, (G, X,;,) the pure Shimura datum obtained
by quotienting by W,,, any of the rational boundary components (| , 4.11]) associated
to Pp,. In particular, G,, is a reductive subgroup of the Levi component of @),,. In the
following, we will rather use the stratification of 0S5} indexed by m € ®, each of whose
strata Z,, corresponds to the m-th conjugacy class of admissible parabolics of G and
coincides with the disjoint union of those subschemes S,, , with g € C,,. The latter will
be called strata of 0S%; contributing to Zy,.

"For a parabolic Q,, to be admissible, it is in particular required that its projection to any Q-simple
factor G’ of G* be either G’ itself or a mazimal proper parabolic Q-subgroup of G.
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Moreover, by accepting a little restriction on our Shimura datum we can get a more
precise description of the subschemes S, 4. Define

H,,, == Stabg, () (Xum) N P (Ay) - K9, (2.40)
Hcm,g = CentQm(Q) (Xm) N Wm(Af) - K9, (2.41)
Amg = Hgq, ,/Pn(Q)Hc,, ,, (2.42)

where we denoted by Centg, (q)(Xm) the group of elements of Stabg, (g)(Xm) which
induce the identity on X,,. The results we are interested in can be then resumed as
follows.

Proposition 2.3.3.2. Suppose that the Shimura datum (G,X) satisfies condition (+)
from Subsection 2.1.3. Then: a) The group A, 4 is finite and acts naturally and freely on
St (Komg)-

b) The stratum ig(Sy,, (k.. ,)) equals the quotient of Sy (k. ,) by the action of Ay
and is smooth over E.

Proof. Everything follows from [ , Lemma 8.2] and its proof, remembering that K is
neat by hypothesis. O

We will see explicitly in Chapter 4 what this description of the boundary gives in the
cases of Hilbert and (genus 2) Hilbert-Siegel varieties (Subsection 4.3.4.1, resp. 4.2.1).
Moreover, one can exploit the structure of the boundary in order to compute the coho-
mology of the restriction to each stratum of the complex i*j*,ug(V), where j : Sg — S}
and ¢ : 05} — S} are now the open-closed immersions corresponding to the Baily-Borel
compactification and V' € Rep;(G) for some number field L. We will explain this in
Subsection 4.2.2.

Now, having in mind the second and third part of the questions raised at the end of the
previous subsection, we want rather to introduce some object of crucial importance living
on the Baily-Borel compactification, namely the intersection complex, and more generally
the intermediate extensions to the Baily-Borel compactification of local systems arising
from the canonical construction. This will allow us, in particular, to clarify completely
the automorphic meaning of the weight-zero part of the cohomology of such local systems.
For the rest of this subsection, keep the above notation for ¢ and j. Let S denote one of
the two varieties Sg, Sk, let £ be any prime, and consider the Q-linear, abelian categories
Perv(S(C)), resp. Perv(Et),(S) of topological, resp. f-adic perverse sheaves (with respect
to the middle perversity) over S(C), resp. over S. By choosing a subfield L of C, one
also has L-linear versions Pervp(S(C)). When L is a number field and [ is a prime of
L above ¢, one has L;-linear versions Perv(Et)y 1(S). These categories are full abelian
subcategories of the L-linear constructible category D2(S(C))r of sheaves on S(C), resp.
of its L;-linear ¢-adic analogue ch’yét(S ) on S. Denote by Perv(S) any of these categories;
then, in both contexts, topological and ¢-adic, one has a canonical intermediate extension
functor ([ , Déf. 1.4.22])

Jix : Perv(Sg) — Perv(Sk) (2.43)

suitably characterized, informally speaking, as providing a minimal extension of a perverse
sheaf on Sk to a perverse sheaf on S (cfr. | , Cor. 1.4.25]). In particular, if dg,
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is the complex dimension of Sk, then, denoting by V any (topological) local system on
Sk (C) or l-adic lisse étale sheaf on Sk, the object V[dg, ] is a perverse sheaf on Sk, and
one can take its intermediate extension to Sj.. The V-valued intersection complex on S
is then defined as

ICsx(V) = ji(Vldsy])
and the hypercohomology groups

TH (5%, V) :=H (S, ICscx(V)[—ds,])

are called the intersection cohomology groups of Sj, with coefficients in V. There is a
comparison isomorphism between singular and étale intersection cohomology groups, anal-
ogous to (2.16).

From now on, we choose as local system V, with the notations of the previous subsec-
tion, one of the objects u’ (V) arising through the canonical construction functors; here
V is a irreducible representation V' of G (L a number field over which G splits), which
carries a pure Hodge structure of some weight w, and X is either the topological or the
f-adic canonical construction. The first property of the intermediate extension that we
want to make use of is the following:

Proposition 2.3.3.3. Let D2(S}) denote either one of the above constructible categories.
Write 51.u™ (V) for the object ji.(u®(V)[ds,])[—ds,] of the category DY(S%). Then,
Gt (V) fits in the following commutative diagram of exact triangles in Db(S%):

0 ———— i, i' L pu (V) iy et (V) ————— 0

| L

g (V) —— juup™ (V) ——— i jraps™ (V) —— i (V)1

S (V) s B (V) s S (V) —— i (V)1

| "

0 ——— iy jupE (V)] =i jrp S (V)] ————

Proof. Everything follows formally from the axioms satisfied by the functors under con-

sideration (] , Sect. 1.4.3.]), by taking into account that, with the convention in
the statement, we have j*ji,u® (V) ~ p®(V). The reader can consult the completely
analogous proof of | , Thm. 1.6(b)] for more details. O

Notice that the third line of the above diagram is exactly (the topological or ¢-adic
version of) the boundary triangle introduced in (2.33). Bringing into consideration the
theory of weights, we get the following well-known consequence of the previous proposition,

of which it is useful to spell out the details for later reference.®

Corollary 2.3.3.4. For every integern > 0, the image of IH"(Sy, u™ (V') in H"(Sg, u™ (V))
(via the morphism induced by the arrow ji,. — jx in the diagram of Proposition 2.5.5.3) co-
incides with Gr)", ., H" (S, ' (V) (with the respect to the weight filtration of the mized

n+w

8In order to have an (ascending) weight filtration on the étale cohomology spaces, one has to suppose
Sk to be of abelian type (cfr. Rmk. 2.1.3.8.(2)). Otherwise, we only get the result on the Hodge side,
which is enough for our later purposes.
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Hodge structure, resp. of the Gal(Q|E)-module structure, on Betti, resp. (-adic étale
cohomology).

Proof. We prove the statement by working in the topological setting; the f-adic proof is
formally analogous, or given by applying the comparison isomorphisms. Then, the diagram
of triangles in D%(S% (C)) of Proposition 2.3.3.3 can be lifted to a diagram of triangles in
the bounded derived category of mixed Hodge modules over S} (C), whose theory implies
in particular that the object ji.uls (V) is pure of weight w (] , Sect. 4.5]) and that
therefore (loc. cit., (4.5.2)) i'jiputs (V) is of weights > w. The same is then true after
application of the functor i,.

Now remember that since Sk is smooth, j.uls (V) is of weights > w. Using the fact
that S7 is proper, by taking the long exact sequence in hypercohomology given from the
second column of (the Hodge-theoretical analogue of) the diagram in Proposition 2.3.3.3,
we not only see that, for every n, the object

Hyy, o= Im(TH"(Sk (C), ug (V) = H™(Sk(C), iy (V)

int

has to be contained in Gr,', ,, H" := G\, H"(Sx (C), u¥$(V)), but also that the cokernel

n+w n+w
Gr}’}ﬂrw H™/H?", has to be trivial: in fact, it has to inject in the weight-(n + w) subspace
of H"1(S%(C),i4i' 51,5 (V)), which, by what we have said, is reduced to zero. O

Now we bring into the picture a deep link with the automorphic structure.

Theorem 2.3.1. (Zucker’s conjecture, [ ], [5590]) There exists a canonical isomor-
phism ZC' between the L?-cohomology of Sk (C) with values in V (cfr. Def. 2.2.2.3) and
TH (S5(C), ufs,(Ve)) such that the diagram

Hy(Sk(C), ul, (V) 2% TH (S3:(C), uf, (Vi)

| |

H (Sk(C), s, (Vo)) =—— H' (Sk (C), pds, (Ve))

commutes. Here, the left vertical arrow is the composition of the morphism induced by the
natural arrow between the complexes A, and A of Subsection 2.2.2 and of the inverse of the
isomorphism (2.18), while the right vertical arrow is induced by the canonical morphism
J1s — Jx in the diagram of Prop. 2.3.3.5.

Together with the previous corollary, this gives:

Corollary 2.3.3.5. Denote by H('z)(SK((C),,u{gp(VC)) the image of L?-cohomology in or-
dinary cohomology through the natural map. Then:

(1) the C(G(Ay)//K)c-module Hy (Sk(C), s, (Vo)) is semisimple;

(2) for each integer n > 0, we have a canonical isomorphism

H{y (9K (C), e (Vo)) = Gry'y, H (S (C), (V)

n+w

Note that point (1) comes from the fact that H (2) 18 by definition identified, through a
C*(G(Ay)//K)c-equivariant morphism, with the quotient of a semisimple C°(G(Ay)//K)c-
module (cfr. the Matsushima-Murakami decomposition ((2.21)). The above results give
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us a completely automorphic description of the weight-zero part of cohomology of local
systems arising from the canonical construction, and moreover tell us, recalling (2.31),
that we have the following inclusions:

C

Hygpe = Hic = Hiyy ~ (Grl{, H')c (2.44)

Remark 2.3.3.6. From the above inclusions, we see that there exists an n such that the
complement of H in Gry4 H"(Sk(C), us(V)) is non-trivial if and only if there exist
discrete spectrum, non-cuspidal automorphic representations (these are called residual
representations) contributing non-trivially to cohomology in degree n.

The previous remark characterizes by automorphic means a situation which is natu-
ral to consider when studying weights (cfr. Remark 2.3.2.3). One could ask for purely
algebraic conditions on the representation V) allowing to draw similar conclusions on the
weight filtration (possibly, still through the intermediation of the automorphic theory).
We conclude this subsection by the following observation, which puts together a good
part of the information gathered so far.

Theorem 2.3.2. Let V) be an irreducible representation of Gy of highest weight A and
let ds, be the complex dimension of the Shimura variety Sk . If A is regular, then the
following hold:

(1) H{* is non-trivial if and only if n = dg,, and in that case

H'~Gr)Y  H"

n+w

(2) The cohomology spaces with compact support H' can be non-trivial only ifn € {1,...,dg, }.
For every n € {1,...,ds, — 1}, they verify

H" ~ o™ !
and they are of weights < n + w.

(3) The cohomology spaces H™ can be non-trivial only if n € {dg,,...,2ds, }. For every
n € {ds, +1,...,2dg, }, they verify

H™ ~ 0H"
and they are of weights > n + w.
Proof. The crucial input here is a result explicitly stated and proved in | , 5.3] (but
also a consequence of | , Thm. 19, II]), which says that if X is regular, then cuspidal

cohomology coincides with L2-cohomology, hence with its image in ordinary cohomology.
Thus, by (2.44) we get that, in every degree, interior cohomology coincides with the
lowest weight-graded step of the weight filtration (with C-coefficients). But then, this is
necessarily already true with L-coefficients. Now, by the hypothesis on A and Thm. 2.1.1,
the spaces H" can be non-trivial only if n € {dg,,...,2ds, } (notice that, in the case of
Shimura varieties, the constant [y is equal to 0). By Poincaré duality, the spaces H]' can
in turn be non-trivial only for n € {0,...,ds, }, and the long exact sequence (2.34) tells
us that it is actually necessary that n € {1,...,dgs, }. Hence, H* can be non-trivial only
if n = dg,., and we have proven (1). But the same is then true a fortiori for Gr}xw H™.
This, together with consideration of the same long exact sequence (2.34) (of mixed Hodge
structures), yield the isomorphisms and the assertions on weights in (2) and (3). O
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2.3.4 Toroidal compactifications and automorphic bundles

Keep the notations of the preceding subsection. The aim of this last subsection is to
explain the role of another possible choice of a family of compactifications of the Shimura
variety Sy, the toroidal compactifications. In particular, this will allow us to explain why
we see the main result of Chapter 4 as a partial step in the direction of the last two
questions emerging at the end of Subsection 2.3.2.

The toroidal compactifications of Sk are a class of compactifications parameterized
by so-called K-admissible cone decompositions | , 6.4], i.e. certain collections &
of convexr rational polyhedral cones, whose associated compactification is then denoted
Sk(6). Modulo a suitable refinement of &, the variety Sk (&), which is defined over E,
can be supposed to be projective and smooth | , proof of Thm. 9.21], which explains
the appeal of such compactifications when compared to the Baily-Borel one, although
they are highly non-canonical. Moreover, one can assume that the divisor 0Sk(6) :=
Sk(6) \ Sk has simple normal crossings. We will always implicitly assume that the
toroidal compactifications that we consider satisfy these requirements.

Remark 2.3.4.1. The minimality property of the Baily-Borel compactification (Rmk. 2.3.3.1)
tells us that, for every toroidal compactification Sk (&) as above, we have a (proper) map
e 1 Sk (6) — S extending the identity on Sk.

The second class of objects that we need to define is a certain kind of locally free
coherent sheaves on Sk and on its toroidal compactifications, called automorphic bundles:
a reference for everything we will say on this subject is | , Chap. III]. We start by
recalling that the complex analytic manifold X ~ G(R)/K" associated to the Shimura
datum admits a canonical open embedding 8 in a compact complex analytic manifold
X(C) (respectively called the Borel embedding and the compact dual of X) in such a
way that there exist a parabolic subgroup P of G¢ for which X (C) ~ G(C)/P(C), K" =
P(C)NG(R), K — P(C) identifies’ KQQC with a Levi subgroup of P(C) and the diagram

G(R)/ KL, —— G(C)/P(C)

A

X% X0
commutes. Moreover, the complex manifold X (C) is identified with the space of C-points
of a canonical projective variety X over the reflex field E (hence the notation), and there
is an equivalence of categories

Repc(P) L {G¢ — vector bundles on X¢} (2.45)

Hence, in particular, any representation V¢ of G, seen as a P-representation by re-
striction, defines a Gc-vector bundle over X. One then sees that

B(Ve)k (C) := G(Q)\B"i(Ve) x G(Ap)/ K

is a vector bundle over Sk (C), which canonically algebraizes to a vector bundle B(V¢)x on
Sk c: this is called the automorphic bundle associated to the representation V¢. Moreover,
if L is a number field containing the reflex field and V' € Rep; (G), then B(V¢)x admits a
model over Sk, denoted by B(V)k.

9Here we are denoting by a subscript C the complexification of the real Lie group KX .
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2.3. Weights and automorphic representations

Definition 2.3.4.2. Suppose that the number field L contains the reflex field E and that
G splits over L. If V denotes the irreducible representation of G over L of highest weight
A, then the automorphic bundle of type A over Sk 1, is B(A\)k := B(V\) k-

Remark 2.3.4.3. (1) In the following we will make no difference between vector bundles
and the associated locally free coherent sheaves of sections.

(2) The automorphic vector bundles B(V)x(C) associated to Gp-representations V' are
endowed with a canonical flat connection such that the corresponding locally constant
subsheaf of horizontal sections coincides precisely with the local system ufgp(V).

Now, given any toroidal compactification Sk (&), the bundles V(V)g defined above
admit a canonical extension B(V)E" on Sk(S) ([ ). This allows us to give the
following definition, in the cases of interest to us:

Definition. Let V) be as in Definition 2.5.4.2. Then:

(1) the space of automorphic forms of type A and of level K is the space of global sections
M) i = H°(Sk(S) 1, BON)RE");

(2) the space of cusp forms of type A and of level K is the space of global sections My 1 :=
HO(Sg(8)r, BN @ (—D)), where D is the divisor Sk (&).

These definitions can be seen to be independent of the choice of the toroidal compact-
ification Sk (S) ([ D).

Remark 2.3.4.4. (1) Denote by D a connected component of X, so that a connected com-
ponent of Sk (C) will be of the form I'\ D for a suitable arithmetic subgroup I' of G*4(Q)
(cfr. Remark 2.2.(2)). The construction of the compact dual (resp. of the toroidal com-
pactifications, of the automorphic bundles and of their canonical extensions to such com-
pactifications) can be (and are) of course carried out first for D (resp. for I'\ D). Hence,
we can define in the obvious way the spaces M) 1 of automorphic forms of type A and level
I', along with the spaces Mj\:ulfp of cuspidal ones, as spaces (at least with C-coefficients) of
sections over I'\ D. 7

(2) In the case of G = GLg, we have that the arithmetic subgroups I' arising in the context
of the preceding point are conjugates of the image in PGLy(Q) of the group K N GL2(Q).
Assume that they can be identified with congruence subgroups of SLy(Q). In this case,
as a highest weight of SLo, the character \ corresponds to a non-negative integer k, and
the resulting spaces M) r, resp. Miulfp, are identified with the usual spaces My o(I") of
modular forms, resp. Si12(I') of cusp modular forms, of weight k+2. Notice the difference
between the notion of type and weight, which is the reason for adopting our (slightly non-
standard) terminology. Also notice that we are already using other two notions of weight,
the representation-theoretic and Hodge-theoretic ones, which one has to be careful to

distinguish.

(3) In the setting of the preceding point, denote simply by & the (representation-theoretic)
weight A\ and recall the classical Fichler-Shimura isomorphism ([ , 8.2])

H! (Yr, i, (Vi) 2 Skr2(T) @ Sgpa(DD), (2.46)

where Yr is the modular curve I'\D ~ T'\b; in particular, this isomorphism intertwines
the action of Hecke operators on Betti cohomology as defined in Subsection 2.2.1 with the
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classically-defined one on cusp forms. Besides providing an explicit identification of cusp
forms with interior cohomology classes of the local system Mfgp(Vk@), it can be seen that
(2.46) gives a realization of the Hodge decomposition of the space H'(Yr, ufgp(Vk@)) (no-
tice that in this case, H}(Yr, ufs (Vi) carries a pure Hodge structure of weight k + 1, cfr.
Subsection 2.3.1) into a direct sum of two subspaces of type (k+1,0) (the space of cuspidal
modular forms) and (0, % + 1) (the conjugate of the former). Also, it can be shown that
H} (Yr, pB (Vi) and Gryyq HY(Yr, pf (Vi) coincide. The only other non-trivial weight
graded object, the quotient of H! by H}!, is then Grogio H'(Yr, ufs(V4)), whose complexi-
fication is identified with the space of Fisenstein, i.e. non-cuspidal, modular forms of level
I' and weight k + 2.

On the other hand, the Galois representations associated by Deligne to classical cusp
forms ([ ]) are then found inside the ¢-adic étale cohomology spaces H, élt’! (Yr.0: (Vi)
and related to the action of Hecke operators on cusp forms through the comparison iso-
morphism.

(4) The decomposition of H{(Yr, u(Vic)) in eigenspaces for Hecke operators induced
by the isomorphism (2.46) and the decomposition of (in general, a subspace of) interior
cohomology as sum of cuspidal C2°(G(Af)//K)-modules discussed in Subsection 2.3.1 are
related by a standard recipe which associates a cuspidal automorphic representation to
a (classical) cusp form ([ , 3.6]). Through this, the Hodge decomposition induced
on each Hecke-eigenspace by (2.46) can be seen as a special case of the intrinsic Hodge
decomposition existing on the (g, K )-cohomology spaces H'(g, K ; mo ® Vi) associated
to cuspidal automorphic representations (cfr. Rmk. 2.3.1.3).

(5) The previous points emphasize, in the case G = GLg, a relationship between sections
of automorphic bundles and cohomology of the associated local systems of horizontal
sections (cfr. Remark 2.3.4.3.(2)). For general G, it is a spectral sequence coming from
the so-called BGG-complex ([ ]) which encodes the (much more complicated) way in
which the coherent cohomology of automorphic bundles contributes to Betti cohomology
of the local systems ,ufgp(Vc).

We are now prepared to end this chapter by introducing the crucial notion of corank.
We have seen that in Subsection 2.3.3 that the boundary 057 of the Baily-Borel compact-
ification of our Shimura variety Sk admits a stratification of the form (with the notations
of that Subsection)

p
Sk =] || Smg

m=1 geCp,

where in particular the integer p is the number of conjugacy classes of admissible Q-
parabolics in GG. Coherently with the notation in 2.3.3, denote, for m = 1,--- |p, Z,, =
Llgec, Sm.,g- Then, the geometrically connected components of Z,, are of equal dimension
d.m, and we can suppose that the ordering of the conjugacy classes of parabolics has been
chosen so that d,,, > d,, whenever m < n.

Fix a number field L over which G splits and an irreducible representation V) of Gp,
of highest weight A. Then, we pose the following:

Definition. (cfr. [ , Def. 1.10]) Let f € My g be a non-zero automorphic form
of type \ and level K. The corank of f is the minimal integer cor(f) := q such that
BgeCorflg, i, =0 (with Cpr1 = @ by convention,).
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Notice that this notion gives a measure, in some sense, of the degree of cuspidality of f:
for example, cor(f) =0 <= f is cuspidal, and we could define completely non-cuspidal
forms the f’s such that cor(f) = p.

Now, the results of [ ] imply that, at least when the Shimura datum to which G
is associated is of PEL-type (see Subsection 3.2.1)!%) the existence of non-zero forms of
a given corank is controlled by a purely representation-theoretic invariant, the so-called
corank of the highest weight A. Let us define it in the case which will be of interest to us,
for G equal to the modification of Resg|g GSpy, g (for F totally real of degree d) defined
as in (2.7) : it is the case of genus n Hilbert-Siegel varieties, which we will later specialize
to n = 2 and which in turn subsumes the cases of Hilbert modular varieties (n = 1) and
Siegel threefolds (F' = Q). In order to give such a definition, notice that in this case, the
highest weight A will be of the form

A= ((kio)i=t1,-- m,C)

o€lp

where I is the set of (real) embeddings of F' and, in particular, the non-negative integers
k;.s are such that, for each o, k1, > --- > kj » > 0; see Subsection 4.1.3 for more details
in the case n = 2 (the general case is completely analogous). In the following, let L be a
Galois closure of F'.

Definition 2.3.4.5. (c¢fr. [ , Def. 1.5.3]) Let X = ((kig)i=1,-. n,c) be a highest
oel
weight of G, "

1. For each i € 1,--- ,n, ki := (kio)octp is called parallel if k; , is constant on I,
equal to a non-negative integer k.

2. We say that X\ has corank q (and we write cor(\) = q) if
qg=H{1<i<nlk =k}
and ky, is parallel. If there is no such q, we say that the corank is 0.

Now, the result that we need from | | (where the role of A, resp. M, g, is played
by k, resp. Mg(#H, R)) spells out as follows (for the translation between our analytical
definition of the relevant objects and the algebraic definitions of loc. cit., see | B

Theorem 2.3.3. (/ , Thm. 1.5.6]) If f € My k is non-zero, then cor(\) > cor(f).

This implies for example that, in order to have non-zero non-cuspidal forms, it is neces-
sary for A to be of corank > 1; moreover, in order to have non-zero completely non-cuspidal
forms, it is necessary for A to be of corank n. In the case of Hilbert modular varieties, A is
a list of integers indexed by the embeddings o, and hence the latter observation generalizes
the well-known fact that there can’t be non-zero non-cusp forms of type A over Hilbert
modular varieties, if A is not parallel ([ , Rem. 1.4.8]).

The importance of this theorem for us lies in the fact that, in the genus 2 case, the
main result of Chapter 4, i.e. Thm. 4.3.1, says that the corank of A is also the invariant
which controls the presence of higher weights in the cohomology of Hilbert-Siegel vari-
eties. In particular, it allows to give a precise bound on the first strictly positive weights
appearing in the boundary cohomology, in the direction of the problem raised in Remark

0\ ore precisely, when the PEL-datum is of symplectic or unitary type.
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2.3.2.3. Notice that we make no direct use of the result from [ |, which served only
as inspiration for imagining that a description of the weights in these terms should have
been possible.

We think of these facts as an evidence for the possible role of the corank as a gateway
between automorphic description of the cohomology and weight filtration.
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Chapter 3

Motives of Shimura varieties and
weight structures

For a Shimura variety Sk associated to a reductive group G as considered in Subsection
2.1.3, and for a representation V of GG, the behaviour of the Hodge and /¢-adic canonical
constructions hints at the existence of an underlying algebro-geometric object over Sk,
of which the local systems pfs (V), ul(V), with their additional structures (Hodge struc-
ture, Galois representations) should be the realizations. At least for PEL-type Shimura
varieties (moduli spaces for abelian varieties with a prescribed choice of polarization, endo-
morphisms and level structure), this is actually the case, due to the presence of an universal
abelian scheme Ax over Sk, as we will recall in Section 3.2. In fact, 7 : Ax — Sk being
proper and smooth, we have at our disposal the framework of relative Chow motives over
Sk (to be firstly reviewed in Section 3.1), which allows, in the case of abelian schemes,
to give an intrinsic geometric meaning to the corresponding relative cohomology sheaves,
independent of the chosen cohomology theory. This is the source of the relative motives
V giving rise to the objects in the image of the canonical constructions.

Nevertheless, our real aim is to find motives realizing to the Galois representations
Hét(wff) and Hodge structures H(wfc{) attached in Subsections 2.2.2, resp. 2.3.1 to cus-
pidal automorphic representations m appearing in the cohomology of the canonical con-
structions over Sk . If we are to build such motives out of the universal abelian scheme,

we are confronted to the fact that Af, seen (through Ax 5 Sk = Spec E) as a variety
over the point Spec E (E the reflex field of Sk), is in general not proper at all, due to
non-properness of Si. For reasons that will become clear in the following, we will also
need to consider the degeneration of such an abelian scheme at the boundary of a suitable
compactification of Si. Thus, we need first a setting in which to treat these more general
objects, i.e. the theory of Beilinson motives over a base, also reviewed in Subsection 3.1,
equipped with its adequate siz functors formalism. Secondly, we have seen in Subsection
2.3.1 that our Galois representations and Hodge structures are found inside interior coho-
mology and hence in particular, in the terminology established there, in weight zero. This
implies that we have to extract, from the mized object 5.V, a Chow motive realizing to the
lowest-weight subquotients of cohomology. We will prove in Subsection 3.2.2 that there is
an algebra action of the Hecke operators on 5.V, and we would like our Chow motive to
carry an induced action of this algebra, whose idempotent elements will then cut out the
submotives corresponding to individual automorphic representations.

It is the theory of weight structures, to be reviewed in the first part of Section 3.3, which
provides the motivic version of the weight filtration. But the lack of functoriality of the
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latter forces one to look for an additional criterion, allowing to define a canonical, hence
Hecke-equivariant, lowest-weight Chow submotive. This criterion, due to Wildeshaus, is
reviewed at the end of Section 3.3. The attempt to verify it for specific families of Shimura
varieties has been the motivation for the study of weights carried out in this thesis.

3.1 Review of Beilinson motives and relative Chow motives

For a varying base scheme S, the system of Q-linear, triangulated categories DM5(S) of
Beilinson motives over S can be thought of, roughly speaking, as a universal system of
triangulated categories of Q-linear mixed (complexes of) sheaves over S, equipped with
a six functors formalism, thus realizing to any available theory of mixed (complexes of)
sheaves (depending on the base scheme S: f-adic sheaves for suitable primes ¢, mixed
Hodge modules...), compatibly with this formalism. This system of categories is known
to satisfy almost all of the expected properties required by the original program of Beilin-
son’s (] ]), the most notable exception being the existence of a suitable (perverse)
t-structure, which would allow one to define an Abelian category of mized motivic sheaves
and to get far-reaching consequences (for example, over a point of characteristic zero,

the validity of the so- called standard conjectures (] ]) and hence the completion of
Grothendieck’s original program for the construction of a Tannakian category of pure
motives).

For our purposes, it will be enough to consider as base S a separated, finite type
Q-scheme (in the following, we will refer to such schemes as to base schemes). Even
in this case, we won’t give the definition of the category of Beilinson motives (] ,
Def. 14.2.1]), but only list the properties of DMy(S) which we will concretely need (the
sense in which to understand the mized structure will be explained in Subsection 3.3).
We recall, however, that this category can be canonically identified with the category
D1 ¢4(S, Q) obtained from the derived category of étale sheaves of Q-vector spaces on the
site of smooth S-schemes by, informally speaking, imposing the relation ¥ x g A}S ~Y for
any smooth S-scheme Y (the so-obtained category is in particular monoidal symmetric,
so that it admits a tensor product) and by making the operation of tensoring with }P’};
invertible (more precisely, applying the process of ]P’}S—stabilz’zation); this is the content of
[ , Thm. 16.2.18]. One of the crucial consequences of the approach of Cisinski and
Déglise is that spaces of morphisms in the resulting category have the correct relation with
K-theory ([ , Cor. 14.2.14]). The list of the features of DMy (S) that we will need is
the following:

Property 3.1.0.1. (1) The construction of DM;y(S) can be done taking an arbitrary Q-
algebra L as ring of coefficients instead of Q (] , 14.2.20]), yielding triangulated, L-
linear categories DMy (S)r, such that the canonical functor DMy (S) ®g L — DMy(S)L
is fully faithful, and satisfying the F-linear analogues of the properties of DMy(S). In
particular, such categories are pseudo-Abelian ([ , Sect. 2.10]).

(2) The categories DMy (S) are monoidal symmetric, and we denote the unit of their
tensor product ® by 1s. For every integer i, one has objects 15(i) called Tate twists, and
for every smooth S-scheme X, one has a corresponding object Mg(X) in DM;(S)g, the
motive of X | , 1.1.34]; its Tate twist by ¢ is the object Mg(X) (i) := Ms(X) ® Ls(4).
Then, the category DMy o(S)y, of constructible Beilinson motives over S is defined as
the full, thick, triangulated subcategory of DMy (S), generated by the objects Mg (X)(3),
for varying X and ¢. Over a point & = Speck, for k, say, a finite extension of Q, the
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category DM (k)1 is canonically identified (] , Rmk. 11.1.14, Thm. 16.1.4]) with
the F-linear variant of Voevodsky’s category DM, (k)1 of geometrical motives' (| D).

(3) Any morphism f : 7 — S of base schemes induces a functor f. : DMy (T)L —
DMy (S)r, with a left adjoint f* : DMy (S), — DMy (T)r which is a monoidal functor.
There is also a functor f; with right adjoint f', along with a natural transformation
ay: fi = fx which is an isomorphism if f is proper | , Thm. 2.2.14 (2)]. The system
of such functors, together with the ® bifunctor, which admits a right adjoint Homg,
satisfies more generally the siz functor formalism as defined in | , A.5.1]. Moreover,
these functors preserve constructible Beilinson motives (| , 4.2.29]).

(4) The only other part of the six functors formalism that we want to recall is the following:
if f as in the preceding point and it is the base of a Cartesian diagram

7'/ ' Sl

|

T——8

of base schemes, then the exchange transformation g*fi — f/¢’* is an isomorphism; the

same then holds for the adjoint exchange transformation ¢’ f" — f'g..

(5) Let L be a number field. For every prime /¢, there exists (see | , Sect. 7.2]) a
canonical triangulated functor Ry : DMy o(S)r — Dgét(S) 1, compatible with the six-
functor formalism, called the (-adic realization functor (here Dgét(S) L is the category
of Remark 2.1.3.9.(2)). Composition with the collection of cohomology functors, resp.
perverse cohomology functors, R* : Dzét(S) . — GrzEt, (S), resp. H* : ch”ét(S) L —
GrzPerv(Et), ; (S) (where Perv(Et), ; (S) is the L;-linear category of ¢-adic perverse sheaves
over S introduced in Subsection 2.37.3), gives rise to the f-adic cohomological realization,

resp. perverse cohomological realization functors.

Remark 3.1.0.2. Notice that an analogous functor to the f-adic realization R, introduced
above, but taking values in the category of mized Hodge modules over S(C) (i.e. a Hodge
realization functor with the expected properties) doesn’t exist yet in the generality that
we need (namely, we will need to consider singular bases S). This is why we will only work
with ¢-adic sheaves in Chapter 4, whereas the (completely analogous) computations and
results there could be phrased and obtained in the Hodge setting too (cfr. Rmk. 4.2.2.4).

Suppose from this point until the end of this Section that all base schemes are quasi-
projective and regular. We have now to introduce a more classical category of relative
motives over S, which recovers over Speck the category CHM (k)g of Chow motives
(with rational coefficients) originally constructed by Grothendieck. We are speaking of
the category CHM?(S) of smooth Chow motives over S, as introduced in [ , Sect.
1]: it is obtained in the following way. First, one takes the category SmProj(S) of smooth,
projective S-schemes and replaces the spaces of morphisms between objects X and Y, if X
is connected of relative dimension dy,s over S, by the (rational) Chow groups of relative
correspondences of degree dx /s

CH%/s (X xsY):= CH%x/s (X xsY,Q)

!Note however that realizations (see below) behave covariantly on Beilinson motives and contravariantly
on Voevodsky motives.
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with composition given in the usual way (for a first cycle on X xsY and a second one on
Y xs Z, pull back the two to X xXsY Xg Z, intersect there and push forward the result
to X xs Z), obtaining an additive category Corr(S). Second, one takes the idempotent
completion CHM? ¢/ (8) of Corr(S), which comes then equipped with a canonical, con-
travariant faithful functor b : SmProj(S) — CHM?® ¢/f(S), sending a morphism f to the
class 'T’ ¢ of the transpose of its graph; it is a pseudo-abelian category with a tensor prod-
uct induced by the Cartesian product of schemes. Third, one inverts a canonical direct
factor Lg of f](IP’}S), the Lefschetz motive, with respect to the tensor product, obtaining the
desired (Q-linear, rigid) ®-category C HM?#(S), in which C HM* ¢//(8S) naturally embeds;
in particular, every object M of CHM?**/f(S) admits a dual MY in CHM?(S) (see loc.
cit. for more details on each step). One can obviously redo the whole construction with
coefficients in a Q-algebra L and obtain a L-linear category CHM?*(S)r. Notice that for
a morphism of base schemes f : 7 — S, the natural functor given by fiber product with
T over § induces an additive functor f* : CHM?*(S), — CHM?(T)r commuting with
tensor product.

The link between smooth Chow motives and Beilinson motives comes from the fact
that by [ , Prop. 5.19, Cor. 6.14] there is a canonical, fully faithful embedding

CHM?(S), < DM; o(S)y,

which is a tensor functor. Notice that, over a point, this embedding recovers the fully
faithful embedding CHM (k) — DMy, (k) constructed by Voevodsky in [ ]. For
any smooth projective p : X — S, it sends h(X) to p.1x (we may call the latter the
cohomological motive of X). Moreover, it sends Ls to 1s(—1)[—2], and it is compatible
with the functors f* induced by morphisms f : 7 — S on the two sides. In particular, for
any couple of objects p: X — S, q¢: Y — § in SmProj(S), with X connected of relative
dimension dy/,s over S, one has

HomDMB,c(S)L (p*]lx,q*]ly) = CHdX/S(X XS Y)L (31)

compatibly with composition.

Remark 3.1.0.3. Let L be a number field. The constructions of [ , Sec. 1.8] show
that on CHM?#(S), one has many realization functors at one’s disposal. As in loc. cit.,
there exists, for any prime ¢, an ¢-adic cohomological realization functor on smooth Chow
motives over S; one sees that this equals the restriction of R* o Ry (Property 3.1.0.1.(5))
to CHM?(S). Moreover, one can construct in the same way the Hodge cohomological
realization, with values in the category GrzVary(S(C)) of Rmk. 2.1.3.9.(1)

We will say more on the link between relative Chow motives and Beilinson motives in
Section 3.3.

3.2 The motivic canonical construction and the action of
the Hecke algebra
3.2.1 The motivic canonical construction over PEL Shimura varieties

In order to apply the theory of Beilinson motives and of relative Chow motives to Shimura
varieties, we need to introduce the class of (rational) PEL data. Referring to | , 5.1]
for precise definitions and for all the facts recalled on this subject, what we actually need to
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use is that such data are given by tuples (V, B, x, (-, ), hg) where B is a finite dimensional
semisimple Q-algebra with positive involution *, V' is a finite dimensional Q-vector space
on which B acts, (-,-) is a non-degenerate, alternating paring on V', and hy is a certain
R-algebra homomorphism C — Endpg, (Vk). These objects are required to satisfy a series
of compatibilities. Denoting by G the (reductive) Q-algebraic group of automorphisms
of V' commuting with B and preserving the pairing (-,-) up to a scalar, and putting
X = G(R) - hg, one defines coset spaces

GQ\X xG(Af)/K

where K is an open compact subgroup of G(Ay). If such a (G, X) is a Shimura datum,
it is called a PEL-type Shimura datum; then the above coset spaces are Shimura varieties
Sk, defined over their reflex field E.

In the following, we will denote a PEL datum simply by (V, B, (:,-)), assuming as
implicit the choices of the involution and of hg.

Remark 3.2.1.1. If G is the group associated to a PEL datum (V, B, (-, -)), denote by Q(1)
the 1-dimensional representation of G on which G acts by the character g — gg*, and
for any representation W of G, for any positive integer n, denote W(n) := W @ Q(1)®",
W(-n) := W ® (Q(1)¥)®". Then, the pairing (-,-) induces a canonical morphism of
G-representations

VeV —Q1)

and hence a canonical isomorphism
VY~V (-1). (3.2)

When G underlies a Shimura datum, this coincides with a particular case of the pairing
utilised in the proof of Prop. 2.1.3.10.

The above defined coset spaces can be canonically identified with (a disjoint union
of connected components of) moduli spaces of complex abelian varieties A equipped, in
particular, with a polarization of a specific type, with a canonical injection of a fixed order
of B in End(A), and with a suitable level structure, all of this depending on the choice of
K.

From now on, we will fix a PEL datum (V, B, (-, -)) and we will suppose that it gives rise
to a Shimura datum (G, X) satisfying condition (+) of 2.1.3. As usual, we will assume
the compact open subgroups K that we use to be neat, in order to work with smooth
(quasi-projective) Shimura varieties. The description of the complex points of the latter
as moduli spaces descend to the reflex field. Hence, we will have universal abelian schemes
Ax — Sk at our disposal; such schemes are of relative dimension over Sk equal to half the
(necessarily even) dimension of V' over Q, and admit a canonical injection of Q-algebras
B — End(Ax)®Q, the latter denoting the algebra of endomorphisms of A as an abelian
scheme over S

Ezample 3.2.1.2. The Shimura data defined in Example 2.1.3.2 are all examples of PEL
Shimura data satisfying condition (+). In these cases, V' is just the standard reprentation
of the associated group G, the semisimple algebra B is just the field F' and the pairing is
the one tautologically preserved by definition by G; thus, when this field is a non-trivial
extension of @, the abelian varieties parametrized by the corresponding moduli problem
are equipped with real multiplication by a fixed order O of F'.
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We will use freely the terminology wuniversal for the abelian schemes defined above,
and we will not discuss whether the previous moduli spaces are fine moduli spaces, but as
an example of the utility of condition (+), we note the following;:

Remark 3.2.1.3. The objects of the more restricted class of Hilbert modular varieties,
obtained in Example 2.1.3.2.(1) from a group G satisfying condition (+), can be interpreted
as fine moduli spaces, whereas “classical” Hilbert modular varieties arising from G =
Resp|g GLz,F can not (although they admit a modular interpretation, too). Cfr. [ ,
Remarque 1.1] for details and for a discussion of advantages and disadvantages of working
with the two classes of Hilbert modular varieties.

Remark 3.2.1.4. For a PEL Shimura variety Sk, we denote by H'(A) the local systems
over Sk (C), resp. (-adic sheaves over Sk, defined by Rim,Q, resp. R'm.Qy.

On the Hodge side, the functor H! induces an (anti-)equivalence of categories (| ,
4.4.3))

) polarizable variations of Q-Hodge structure

abelian schemes over Sk, ¢
= over Sk, (C) of type (1,0),(0,1)

modulo isogeny

such that H'(Ay) is canonically identified with p£(VV), where u% is the Hodge canonical
construction functor (Subsection 2.1.3). In particular, the pure Hodge structure, which V/
is endowed with by definition of Shimura datum, is of type (—1,0), (0, —1).

Let us connect the above with the theory described in Section 3.1. Since 7 : Ax — Sk
is proper and smooth over the regular quasi-projective variety Sk, we can consider the
object h(Ag) of the category of smooth Chow motives over Si. This motive admits a
remarkable functorial decomposition:

Theorem 3.2.1. (/ , Thm. 3.1, Cor. 3.2]) Let m : A — Sk be an abelian scheme
and let n denote the endomorphism of multiplication by n on A. Let g = dimg, A. Then,

for each i € {0,---,2g} there exist canonical idempotents p'y € CHI(A x g, A) (called the
Chow-Kiinneth projectors) uniquely characterized by the equation

i, oply = n'pYy =pYyo T, (3.3)

in CHI(A xg,. A). They are such that, if h'(A) denotes the direct factor of h(A) = w14
in CHM?®(Sk) determined by p%y (called the i-th Chow-Kiinneth component of h(A)), one
has

29 ‘
mla =Py (A)[-i]
=0

Moreover, if R = (R');cz denotes the Hodge or the {-adic cohomological realization (cfr.
Remark 3.1.0.3), and H* is as in Rmk. 5.2.1.4, then

R(m1a) = (R'(b(A)))7% = (H'(A))7,. (3.4)

Remark 3.2.1.5. (1) The Chow-Kiinneth projectors pY are such that, for any i, ‘p?y =
P ( , Remark 3, page 218]).

(2) For any homomorphism f: A — B of abelian schemes over S, we have

Tropy =yplyo Ty,
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so that any such f induces a map
F* b (B) > b (4)

for all 7 ([ , Prop. 3.3]).

The Chow-Kiinneth components of the universal abelian scheme are at the heart of
the following crucial result:

Theorem 3.2.2. (/. , Thm. 8.6/, stated as in [ , Thm. 5.1])

Let L be a number field and fix (G, X) a PEL-type Shimura datum satisfying condition
(+) associated to a PEL datum (V,B,{-,-)), Sk one of the associated Shimura varieties,
A — Sk the corresponding universal abelian scheme. Let CHM?®(Sk)r denote the
category of smooth Chow motives over Sk of Section 3.1, seen as a full subcategory of
DM (Sk). Then, there exists a L-linear tensor functor

ﬂ : Rep(GL) — CHMS(SK)L (35)
called the motivic canonical construction, with the following properties:

1. The composition of ji with the Hodge cohomological realization, resp., for all primes
¢, with the (-adic cohomological realization (Remark 3.1.0.3), is isomorphic to ,ug,
resp. to ul (with the convention of Rmk. 2.1.5.9. (1)).

2. i commutes with Tate twists, in the sense that for any W € Rep(Gr) and anyn € 7Z,
with the notation of Rmk. 3.2.1.1,

AW (n)) = p(W)(n)[2n]
3. The functor i maps the G -representation Vi, to the Chow motive h*(Ax)(1)[2].

For the last point, one should keep in mind Rmk. 3.2.1.4 and the normalization
concerning Tate twists explained before equation (3.1).

Remark 3.2.1.6. For every positive integer n, let m, : A% — Sk be the n-fold fibred
product of A with itself over Sg. Observe that since the group G underlies a PEL
Shimura datum, it will be isomorphic over R to a product of classical groups (| , pag.
51]); hence, the direct sum V@ V" of the standard representation V with its dual generates
the Tannakian category Rep(Gp), by taking tensor products and direct summands. As
a consequence, Theorem 3.2.2 implies that every object in the essential image of i is
isomorphic to a finite direct sum € M;, where each M; is a direct factor of a Tate twist

3
of a Chow motive of the form m,, +1 4n;, for suitable n;’s.
K

This theorem allows us to define the objects which will be the main characters in
everything to follow:

Definition 3.2.1.7. Suppose G to be split over L, and let V) be a irreducible L-representation
of G, of highest weight \. The Chow motive *V over Sk is defined by

AV i= ().

Remark 3.2.1.8. (1) Let w()) be the weight of the pure objects uf¥ (V) and ulf(Vy) (cfr.
Remark 2.1.3.8.(3)). Then, the Hodge, resp. f-adic cohomological realizations of *V are
zero in degree # w(A), and identical to ufy (V3), resp. uf(Vy), in degree w().
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(2) Let dg, be the dimension of Sk. Then, (1) can be reformulated by saying that the
perverse (-adic cohomological realizations (cfr. Property 3.1.0.1.(5)) are zero in perverse
degree # w(A) + dg,, and identical to pf (V)) in perverse degree w(A) + dg,. .

(3) Let Dy,g, denote the ¢-adic local duality endofunctor over Si. Then, since we have
that
Re(*V) = i (Va)[=w(N)] (3.6)

Proposition 2.1.3.10 implies that

Dy, sy (Re(*V)) = Re(MV) (w(N) + dso))[2w(N) + 2ds,]-

3.2.2 The Hecke algebra

Retain the notation of the preceding subsection and fix a Shimura variety Sg of PEL-
type, with underlying group G and associated PEL datum (V, B, (-, -)), and fix a field L of
characteristic 0. If *V are the Chow motives over Sk defined in the previous Subsection
and § : Sxg — SpecF is the structural morphism, we want to construct an algebra of
correspondences acting on the object 3}V of the category DMy (E)r, in such a way
to recover, on its cohomological realization, the action of the Hecke algebra defined in
Subsection 2.2.1.

Hence, fix an element € G(Ay), define K, := K N xKz~ ', and recall the two finite,
étale morphisms defined in (2.4)

g1 = [1] : SKI — SK
gz = [x] : SKI — SK (37)

There is a compact open subgroup W of V(Af) such that the complex points of the
universal abelian scheme 7 : A — Sk over Sk can be written as

Ax(C) = V(Q) x G@Q\V(R) x X x V(A7) x G(As)/W x K

where the semidirect product is defined by the standard representation of G on V. Then,
seeing x as an element of V(A) x G(Ay) and denoting W, := W NaWz~!, the complex
points of the universal abelian scheme Ag, over Sk, are given by

(C) =V(Q) x GQ\V(R) x X x V(Ay) x G(Af) /Wy % Ky
Remark 3.2.2.1. These descriptions identify Ay and Ag, as mized Shimura varieties

([Pin90, Def. 3.1]).

Now, for i = 1,2, define the abelian schemes Ax ; over Sk, as the fiber products of
Ak and Sk, over Sk along the morphisms g;. These objects and morphisms fit in the
following diagram, where all subdiagrams commute and the two lower subdiagrams are
cartesian:
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Ag,

The morphisms f; are isogenies; they are concretely described on C-points by (we give the
example of f3)

Ak, (C) = Ak (C) X5, ()90 Sk.(C)
[(v,p), (w, h)] = ([(v,p), (wz, hx)], [(p, h)]) (3-8)

where square brackets denote the appropriate equivalence classes.

Definition 3.2.2.2. Let g denote the relative dimension dimpy, /s, . We define the
morphism

qu € HomDMD,c(SKI)L(WL*]lAK,l77T27*]IAK,2) = CHg(AKJ XSk, AKyg)L

(cfr. (3.1)) as the (class of the) correspondence T'y, o 'Ty,.

Remark 3.2.2.3. Unraveling the identifications, one can see that the above morphism is the
same as the one given by the following composition of adjunction morphisms associated
to fi, fa (cfr. Property 3.1.0.1.(3))

Gz T1alag, = Toala, — moulag,,

Remark 3.2.2.4. By Rmk. 3.2.1.5.(1) and by functoriality of the Chow-Kiinneth compo-
nents with respect to isogenies (point (2)), we get in particular a canonical morphism

or b (A1) — b (Ak ),
and hence, for any positive integer i, a canonical morphism
¢t = (00)% 1 (0" (Ar1)™ = (0 (AR )™ (3.9)

Remark 3.2.2.5. Thanks to the motivic canonical construction (Thm. 3.2.2), we can define
a canonical isomorphism

o' (4) = b'(4)Y(~1) (3.10)

induced by the canonical isomorphism in (3.2).

For later reference, let us give some more details on this definition. Fix a field L of
characteristic zero and let the abelian scheme A be either equal to Ax or to Ag,. By
[ , Prop. 2.2.1], the functor h! (on the category of abelian schemes over S) induces
an isomorphism of L-algebras

End(A)Op (%) L~ EDdCHMs(S)L(f)l(A)) (311)
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On the other hand, reasoning as in [ , Prop. 4.4], one sees that the natural arrow
induces an isomorphism B’ ® L ~ Endgep F)(VLV ). Hence, by composing the inverse of
this isomorphism with the inclusion

B?® L — End(A)? @ L

and with the first isomorphism, we obtain a canonical identification of EndRep(GL)(VLV ) as
a subalgebra of Endogprs(s) (h*(A)), which is seen to be induced by the motivic canonical
construction functor of Subsection 3.2. In this way, one gets a canonical injection

Hompepc,) (Vs Vi(—1)) = Homepars(s), (b (A), b (4)Y (1))

which in particular associates the above defined « to the canonical isomorphism in (3.2).

In order to define the Hecke algebra, we have to look more in detail at the construction
lying behind the functor f of Subsection 3.2:

Definition 3.2.2.6. [ , Def. 5.2] Let the abelian scheme A be either equal to Ax or
to Ak, . For each positive integer i, the L-algebra B; 1, is defined” as the sub-L-algebra

B < Endcms), (h'(A)®)
generated by the following:
e the permutation group S;,

o the ring B°® ® Idg@li(;‘l) (canonically seen as a subalgebra of Endep sy, (h'(A))™
as in Remark 3.2.2.5),

e the morphism P ® Idﬁ(&f), if i > 2 (where, for 29 = dimV', P is the projector

1
25 °P € Endopas), (0 (4) ® b'(A))
defined by the morphisms
t:L—pl(A) @bl (A)

resp.

p:hi(A) @bh'(4) = L

corresponding to o~ o T, resp. « (see (3.10)) by adjunction - denoting by T the
canonical isomorphism switching the factors in a tensor product).

1

The above algebra enjoys the following fundamental property?.

Proposition 3.2.2.7. | , Prop. 8.5] The motivic canonical construction functor
fi:Rep(Gr) - CHM(S)y,
induces an isomorphism of L-algebras

B;,1, = Endgep(a,) (V).

ZNotice that we are adapting the original definition, given for general abelian schemes, to the more
restricted context of loc. cit., Section 8.3.

3Here we are in some sense reversing the natural order of reasoning, because it is exactly this property
which actually allows one to define the motivic canonical construction functor.
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Remark 3.2.2.8. Suppose that G splits over L. As observed in Remark 3.2.1.6, any object
of the category Rep(Gp) is isomorphic to a direct factor NV of

D Va.b. =PV @ (V)

for some choice of (as)s, (bs)s. Denote by N the object i(N) € CHM(S)y. Without
loss of generality, let us suppose that N is a direct factor of fi(V,), for some a,b, and
use the canonical isomorphism (3.10) to identify it with a direct factor of (VV)®(@+0)(q).
By writing i := a + b, we get a direct factor of fi(V"Y)® = h1(A)%*, still denoted by N,
corresponding to an idempotent element e of the algebra B; ..

In particular, for x replacing any of the symbols K, K,, we will denote by N, the
corresponding object over Sy, a direct factor of h'(A,)®*. Here and in the following, the
algebra associated to any of the A, will be considered the same one, by identifying its
elements along the isomorphisms provided by Proposition 3.2.2.7; in particular, we will
use the same symbol e in both cases.

We pass now to the construction of the Hecke algebra of correspondences we are looking
for. We begin by the following lemma:

Lemma 3.2.2.9. Let g1, g2 be the morphisms defined in (3.7). There exist canonical
isomorphisms

916" (Ag)®") ~ b (Ag )™
and ‘ '
b'(Ax.2)® ~ g5(b' (Ax)®")

Proof. By proper base change (Rmk. 3.1.0.1.(4)), we have canonical isomorphisms

gimella, = madag,, (3.12)
and
71'2,*]1AK,2 Zg;ﬂ'*]lAK (3.13)

Since the characterization (3.3) of Chow-Kiinneth projectors shows immediately that
the Chow-Kiinneth components are compatible with pullback, and since the functors g7,
g5 are monoidal, these isomorphisms induce the isomorphisms in the statement. O

Then, the crucial point consists in showing that the morphisms (3.9) respect the objects

N, ie.:

Proposition 3.2.2.10. Let N be as in Remark 3.2.2.8. For any x € G(Ay), the mor-
phism ¢bl in (3.9) induces a canonical morphism

o giINK — GiNK.

such that the following holds: fix & € G(Ay) of the form & = 'z and denote by gg, resp.
by gj, for 3 = 1,2, the morphisms Sk, — Sk, , resp. the morphisms Sk, — Sk defined
in (3.7) as associated to x', resp to T. Denote by

o g B NK — 5 5N

the morphism defined in the same way as q@év, by considering g3Nk as a direct factor of
hl(Ak2)®" via the isomorphism of Lemma 5.2.2.9.
Then, the diagram
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993Nk

A CAD) %

99Nk = GiNK BNk = 95 93Nk

x

commautes.
Let us record here an auxiliary lemma that will be used in the course of the proof:

Lemma 3.2.2.11. Fiz three objects U, V., W in a rigid ®-category T (over a field L)
and a morphism x : W — VV. For any triple of objects O1, Os, O3 in T, denote by

adj : HOHIT(Ol ® Os, 03) ~ Homfr((’)l, O;/ ® 03)
the canonical (and functorial) adjunction isomorphism. Then:

(1) for any morphism ¢ : U @ V. — W, we have
(Idyv @x) o adj(¢) = adj(x © ¢);
(2) for any morphism p: U @ WY — W, we have
(x @ Idw) o adj(u) = adj(p o (Idy ®x"));
(8) for any morphism ¢ : VV — V @ U, we have
adj~!(¢) o (x ® Idyv) = adj ™" (¢ 0 X);
(4) for any morphism A : W — V ®@ U, we have

adj " (A) o (Idw ®x) = adj " ((x¥ ® Idy) o A).

See | , Sect. 6.1] for a very general treatment of rigid ®-categories (and actually,
of more general rigid monoidal L-categories) which allows to derive the above formulae
(especially as a consequence of Eq. (6.5) in loc. cit., where the isomorphism ¢4p coincides
with our isomorphism adj~! provided one sets O = 1, Oy = A, O3 = B - this gives back
our point (1) for this special case).

Proof. (of Proposition 3.2.2.10)

For j = 1,2, the algebra B; 1, acts on bl(AK7j)®i, by letting an element 3 € B; 1, act as
g;‘(ﬁ ) conjugated by one of the isomorphisms of Lemma 3.2.2.9. With these conventions, in
order to get the desired statement, it suffices to show the following commutation relation
with respect to the action of the idempotent e:

1,

_ 1,2
x O€_€O¢x’

(as morphisms of relative Chow motives over Sk, ). This boils down to showing that ¢L*
commutes with the action of any of the explicit generators of the algebra B; . Since
commutation with elements of the symmetric group S; is clear, let us turn our attention
to a fixed element b € B.
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By Def. 3.2.2.2, commutation of b ® Id{%"@lK’j) with ¢l follows once we prove that b
commutes with ‘T'y, and I'y,. But since the f;’s are isogenies, let’s say of some degree d;,
we have I'y, o Ty, = dj - Ida,, for j = 1,2, and b commutes with Ty, if and only if it
commutes with 'y, so that we are reduced to show commutation of b (as an endomorphism
of Ak j and Ag,) with the f;’s (as morphisms of abelian schemes). This is immediate
from the analytical description (3.8) of the morphisms f;.

Finally, in order to show commutation of P ® Id?ﬂi(fl(j) with ¢l (which will conclude
the proof), we have to prove that the P’s commute with ¢?. To this end, consider
the canonical isomorphism « defined in (3.10) when A = Ak and the morphisms ¢, p
intervening in the definition of P (again, when A = A). For j = 1,2, apply g; to these
elements and conjugate them by the isomorphisms provided by proper base change: this
yields canonical isomorphisms «; and morphisms ¢;, p;j, whose sources and targets are
clear from their construction. Then, we have to show the identity

120p20 (9 ® &) = (¢ ® dy) 010 (3.14)

For this, we first observe that, by defining

Br o= 0r ®Idpia,,y,  Grp = Idgi(a,,) OF)

and
(Z%,C = Idbl(AK,2) ®¢:}3’ ¢3167d = ¢§3 ® Idhl(AK,l)

we get two factorizations
1 1 1 1 1 1
¢x,a © ¢a:,b = be ® ¢m = Qsm,c © Qsac,d

Then, we claim that the diagram

b (Ax1) —— b (Ax1)V(-1) (3.15)

¢il T(aﬁi)v(—l)

b (Ax2) —=— b (Ax2)V (1)

commutes. Grant this for a moment, and employ the notation adj as in Lemma 3.2.2.11.
Choosing U = L, V = b (Ak2)", W = h1(Ak1) and x = ¢! in that same Lemma, we see
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that

12020 (b ® ¢y) = adj(ay ' o) o adj (az) 0 ¢y 40 by =
(by commutativity of (3.15))

= adj(¢y 001" 0 (¢g)"(-1)oT) 0 adi " (az) 0 byo0pp =
(by Lemma 3.2.2.11 in its instance (1), choosmg Y =a7to () (1) o)
= (ﬁ:}c,c 0 adj(al_1 o (¢alc)v(_1) © 7_) o adj 1( ) J: 4 o ¢x,b =

(by Lemma 3.2.2.11 in its instance (2), choosing = a;' o7
and identifying 7'_1 (p1)V(=1) o7 =1dy ®(41)Y)
= d)x c© ¢3: .d° adj( o T) © adj (042) © ¢i,a o ¢:15,b =
(by Lemma 3.2.2.11 in its instance (3), choosing ¢ = ag)
= $reodpaoucadi (apody)ody, =
(by Lemma 3.2.2.11 in its instance (4), choosing A = a0 ¢})
= (Zs:}:,co(b:}:,do[‘l Oadj ((d):p) ( ) © 2 O¢m) =
(by commutativity of (3.15))
= $reofpaoncadi (o) =
= (¢ ®¢y) o opr.

So, identity (3.14) is proved, and it remains only to justify the commutativity of (3.15).
This can be checked by applying a pullback and working in the category of smooth Chow
motives over Sk, ¢, where, as a consequence of the isomorphism (3.11) and of the equiv-
alence of categories of Rmk. 3.2.1.4, we can equivalently show the commutativity of the
corresponding diagram in the category of polarizable variations of Q-Hodge structure on

Sk, (C), obtained by realization. This, by Def. 3.2.2.2 amounts to showing the commu-
tativity of the following;:

HY(Ag1) ——— H'(Ag1)V(-1)  HY(Ak,) —— H'(Ag,)"(-1)

fIJ T(fl)v(l) le T(fz)v(l)

H'(Ag,) —2— H'(Ak,)"(-1)  H'(Akp) —2— H'(Ak2)"(-1)

where fi, resp. fi denote the morphisms of sheaves obtained from T f1, resp. I'p,.
By proper base change applied to the underlying local systems, we have, for j = 1,2,

B BCj 1
g;H (Ax) ~ H (Ak;)

Given the canonical pairing on V', the canonical construction induces a canonical pairing
on the variation of Hodge structure Hi(Ag )" and hence, by pullback and conjugation by
the proper base change isomorphisms, on the variations H'(A k)" There is an analogous
pairing on H!(Af ,)V. Denoting by A any of the schemes Af 1, Ak, , Ak 2 and by

() HY(A)Y x H'(A)Y = Q(1)

the corresponding pairing, showing the commutation of the previous diagrams is equivalent
to showing the identities

()= RELAOY o) = (R0, F0))
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Consider the new identities obtained from the latter by replacing H'(Ak,1) and fi,
resp. H'(Ag2) and fo, with gf H'(Af) and f0BCYy, resp. with g5 H'(Ax) and BCy ‘o f.
We can equivalently show that these identities hold. Now, it is clear from the analytical
description of the f;’s (3.8) that the morphisms fi 0o BCy and BC’Q_1 o fy are the same as
the isomorphisms of sheaves 6; ', resp. 6, occurring in Eq. (2.14) when defining Hecke
operators topologically. Using this description, we see immediately that the required
identities are true. O

Remark 3.2.2.12. The last part of the above proof shows that ¢,, in the appropriate sense,
commutes with the canonical isomorphism (3.10). Hence our previous identification of our
direct factor with a direct factor of i(V")®(@+0)(q) (Rmk. 3.2.2.8) doesn’t imply any loss
of generality.

We can now complete the construction of the Hecke algebra, following | , Pp-
591-592]. Fix € G(Ay) and let N be as in Remark 3.2.2.8 and &) be the canonical
morphism defined in Proposition 3.2.2.10. Consider moreover the adjunction morphisms
adji : N — 919Nk, adjz : g2.95Nk = g2195Nk — N, and the structure morphism
5 : Sg — Spec E defined at the beginning of this Subsection. Applying §. to adj; and
adja, one gets

5«(adj1) : 8Nk — (30 91)«9i NEk, S«(adja) : (§0 g2)x 5Nk — 8Nk (3.16)
and by applying (50 g1). = (§0 ¢g2)« to &y one gets
(5091)(8)) : (50 91)+giNK — (50 92). 95Nk (3.17)

Definition 3.2.2.13. The Hecke correspondence on §,.Ni associated to v € G(Ay) is the
morphism .
KzK := 5.(adjs) o (50 g1)«(#Y) 0 5, (adjy) : 5Nk — 5:Nk. (3.18)

The Hecke algebra HPM (K, G(Ay)) is the subalgebra of Endpys, (2), (3:Nk) generated
by the elements KxK for x € G(Ay).

Remark 3.2.2.14. (1) An Hecke algebra acting on §Nx can be defined in an analogous
way, so that the canonical map §iNx — 5. Nk is equivariant with respect with the actions.

(2) Suppose that L is a number field and take as N the motive *V corresponding to
the irreducible representation V) of G of highest weight A (Def. 3.2.1.7). For any prime
¢ and any prime [ of L above ¢, we see that by construction, the application the /-
adic cohomological realization (over Spec F) to 5}V (also remembering 3.2.1.8.(3)) trans-
ports the algebra HPM (K, G(Ay)) to the algebra H(K,G(Af))r, acting on the spaces

Hét_w(/\)(SKy@, p (V) as defined in Subsection 2.2.1.

3.3 From weight structures to the intersection motive

In this final subsection, we recall the formalism of weight structures and its implications
for the construction of motives associated to automorphic representations.
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3.3.1 Weight structures

We start by recalling the notion of weights on triangulated categories that we will use,
introduced by Bondarko.

Definition 3.3.1.1. (/ , Def. 1.1.1.]) Let C be a triangulated category. A weight
structure on C is a pair w = (Cy<o,Cuw>0) of full sub-categories of C, such that, putting

Cw<n = Cu<o[n] , Cw>n := Cu>0[n]

(respectively called the categories of objects of weight at most n and at least n) the
following conditions are satisfied.

(1) For any object M of Cy<o, resp. Cy>0, any direct summand of M in C is an object of
ngo, Tesp. szo.

(2) There are inclusions
CwSO - ngl s Cle C sz()

of full sub-categories of C.
(8) For any pair of objects A € Cy<o and B € Cy>1, we have
Hom¢ (A, B) = 0.

(4) For any object M of C, there exists an exact triangle
A— M — B— A[l]
in C, such that A € Cy<o and B € Cy>1.
Definition 3.3.1.2. For any object M of C, for any n € Z, an exact triangle
M<, - M — M>p4q1 — All] (3.19)
in C, with M<,, € Cy<n and M>,11 € Cy>n+1, @5 called a weight filtration of M.

Notice the similarity with the notion of a t-structure on a triangulated category, the
crucial difference being in the use of the shifts in the definition of the subcategories Cy,<o
and Cy,>o of objects of weight < 0 and of weight > 0. In fact, this difference has the effect
that, contrary to truncations with respect to a t-structure, the “weight truncated” objects
in a weight filtration are in general not unique up to unique isomorphism, and hence not
functorial in general.

But one can push the analogy with ¢-structures further, with the following notion.

Definition 3.3.1.3. (/. , Def. 1.2.1 1]) Let w be a weight structure on C. The heart
of w is the full additive subcategory Cyy—o of C whose objects belong both to Cy<o and to
szo.

Here is a basic property which follows from the axioms of weights structures.

Property 3.3.1.4. ([ , Prop. 1.3.3 3], stated in the shape of [ , Prop. 1.4]) Let
w = (Cw<o,Cuw>0) be a weight structure on C and let

L—- M — N — L[1]

be an exact triangle in C. If both L and N belong to Cy<o (resp. if both belong to Cyy>0)
then so does M.
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The following result gives the crucial link between the theory of weight structures and
Beilinson motives. For the latter, we use notations and conventions fixed in Subsection
3.1: in particular, our base schemes will always be regular.

Theorem 3.3.1. ([ , Thm. 3.3, thm. 3.8 (i)-(ii)]) There are canonical weight struc-
tures w on the categories DMy o(S), called motivic weight structures, uniquely character-
ized by the following properties.

(1) The objects 1s(p)[2p] belong to the heart DMy o(S)w=0 for all integers p.

(2) For a morphism of base schemes f : T — S, the left adjoint functors f*, resp. fi and
fi (the latter for f smooth), map DMy o(S)w<o to DMy (T )w<o, resp. DMy o(T )w<o to
DM o(S)w<o (they are w-left exact).

The right adjoint functors f., resp. f*and f* (the latter for f smooth), map DMz o(T )w>0
to DMy o(S)w>0, resp. DMy o(S)w>0 to DMy (T )w>0 (they are w-right exact).

Since important results of Bondarko (] , Sec. 6], relying on deep inputs from
[ ]) identify, over a point, the heart of the weight structure on DM .({-}) with the
category of Chow motives, the following definition is very natural:

Definition 3.3.1.5. The Q-linear category CHM(S) of Chow motives over S is defined
as the heart DMy o(S)w=0 of the motivic weight structure.

But then, recall that Corti and Hanamura have defined in | ], for a general quasi-
projective base S, a Q-linear, pseudo-abelian category of Chow motives over S, starting
from the category of projective schemes over S which are smooth (only) over the base
field, and containing the category CHM?*(S) of smooth Chow motives over S of Section
3.1 as a full subcategory. Thanks to the following result, we are allowed to denote their
category by CHM(S), too:

Theorem 3.3.2. ([ /) The category of Chow motives over S of Corti and Hanamura

is canonically identified with the heart DMy o(S)w=0 of the motivic weight structure on
DM; o(S).

This is the final link between Beilinson motives and Chow motives that we wanted
to emphasize. Let us conclude this subsection by observing that over the spectrum of
a field k of characteristic 0 (but see | , Cor. 1.14] for more general results) the
(cohomological) motive and motive with compact support of a smooth variety satisfy the
estimates on weights which one expects from Hodge theory:

Proposition 3.3.1.6. (/ , dual of Thms. 6.2.1(1) and (2)]) Let X be smooth over
k of dimension dx, with structure morphism a. Then its cohomological motive a,1x €
DM (k) lies in

DMB,c(k>wZO N DMB,c(k)wng

and its cohomological motive with compact support aylx € DM (k) lies in

DMB,c(k;)wZ—dX N DMB,c(k)wSO
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3.3.2 A criterion for the existence of the intersection motive

Come back now to the setting and to the notations of Subsection 3.2.2. Hence, 5 : Sx —
Spec E is a PEL-type Shimura variety, associated to a group G which is split over a
field L, and we have objects *V of the category CHM?*(Sk )z, corresponding to irreducible
representations of G, of highest weight A. How to extract the “weight-zero part” (hence, by
what we said before Def. 3.3.1.5, a Chow motive over E) of the object 5}V € DM .(E)p,
in such a way that the algebra §PM (K, G(Ay)) (Def. 3.2.2.13) still act on it?

Let us begin by explaining what could be the naive approach for constructing “the
weight-zero (Chow) submotive” of the cohomological motive a,1x € DM (E) of a
smooth variety a : X — F.

Approach 1. By using axiom (4) of weight structures and applying a shift, the motive
M := a,1x fits in an exact triangle

le[—l] — MSO — M — le

where the object M>1, resp. M<g, is of weights at least 1, resp. at most 0. Now, by Prop.
3.3.1.6, M is of weights at least zero, and by axiom (2) of weight structures, this is the
case for M>;[—1] too. Thus, by property 3.3.1.4, the object My := M<( belongs to the
heart of the weight structure (i.e., it is of weight zero) and hence it is a Chow motive.

Remark 3.3.2.1. The problem of Approach 1 is that we have no guarantees that the object
My is unique up to unique isomorphism, and in fact this is far from true: one can prove
that any smooth compactification @ : X — E of X provides a weight filtration of M, which
identifies the corresponding object My with the Chow motive M := a,1 - In particular,
we can’t conclude that endomorphisms of M induce endomorphisms of Mj.

Recall now from Subsection 2.3.3 the Baily-Borel compactification s : S — Spec E of
Sk, along with the open, resp. closed immersions j : S < Sy, i : Sk — Sj. Let us
denote

DFNV 1= 5,040 50V (3.20)
the boundary motive of 5}V (an object of DM (E), which actually doesn’t depend on the
choice of the particular compactification Sj). There is an approach, due to Wildeshaus,
that allows to quantify the obstructions to “the weight-zero part" of 3}V being unique up
to unique isomorphism (the exposition here follows the lines of | , Rmk. 1.20]. This
approach makes use of the following:

Definition 3.3.2.2. (c¢fr. [ , Defs. 1.6-1.10]) Let S be a base scheme. Let M €
DM o(S)r, and let o, 3 be integers. We say that M avoids weights v, ..., 5 if a« < 3 and
there exists an exact triangle in DMy o(S)r,

Mga_l - M — MZB-H — Mga_l[l]

such that M<,_1 is of weight at most a — 1 and M>gy1 of weight at least 8+ 1.
Such a triangle is called o weight filtration of M avoiding weights «, ..., .

Proposition 3.3.2.3. (/ , Cor. 1.9]) If M € DMy, o(S)1, admits a weight filtration
avoiding weights «, ..., B, then it is unique up to unique isomorphism.

Approach 2. By the formalism of six functors in the categories DM ., the motive )V fits
in a (canonical) exact triangle

V1] & 5V 5 2V % 95y (3.21)
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which is the motivic analogue of (a shift of) the boundary triangle of (2.33). By applying
the axioms of weight structures, take a weight filtration of 95}V as in Def. 3.3.1.3 (for
n = 0) and shift it by -1: we have

052 V<o[—1] = 952V[-1] 5 052Vs1[~1] — 052V (3.22)

Consider now the morphism
8§i\V§0[_1] — ’s‘.*V

obtained by composition from the one with source 952V<o[—1] in the weight filtration
(3.22) and the one with target 3V in the triangle (3.21), and choose a cone (My,pr) of
such a morphism, i.e. complete it to a triangle

05 V<o[—1] = 5V B My — 85)V< (3.23)

Thanks to Thm. 3.3.2, the object *V, being a relative Chow motive, is of weight
zero, and hence §!’\V belongs to DMy .(E) 1, w<o, since, by Thm. 3.3.1, 5 doesn’t increase
weights. Thus, Property 3.3.1.4 shows that the object My belongs to DMy (E)r w<o,
too, and given its construction, we could informally think to it as a “quotient” of 5!’\]2 of
weights at most zero.

But then, the octahedral axiom of triangulated categories says in particular that one
can choose morphisms &’ and in such that

inopr=u, dod=proa

and such that the triangle
05 Vo [~1) % My B 5y W 9y, (3.24)

is exact. Since, by axiom (2), the object 0§i‘V21[—1} is of weights at least 0, and since the
same is true for 5}V by theorem 3.3.1, Property 3.3.1.4 shows that the object My belongs
to DMy o(E) L w>0- Since the triangle (3.24) exhibits (M, ") as a shift by -1 of a cone of

5V 6[—1;b 05)V>1, we see that we can also informally think to My as the shift by -1 of a
“quotient” of 952V of weights at least 1.

Much more importantly, being at the same time of weights at most and least 0, My is
of weight zero, i.e. a Chow motive, through which the morphism 5{\1) % 5}V factors.

The problem now becomes (a) to select canonical choices of the objects 6§ﬁV§o and
05)V>1, and (b) to make the data (Mo, pr,in) unique up to unique isomorphism (if these
two points are settled, then d, §’ will be canonically determined, too). For (b), start by fix-
ing a second cone (M), pr’) (hence equipped with some isomorphism (Mo, pr) ~ (M}, pr’)):
then, supposing to have two isomorphisms ¢1, 1o between the two cones, consideration of
the diagram of exact triangles

052 V<o[—1] — 5V " My — 050V<g
]
95, V<o[—1] HY —— M; 95, V<0

shows that since (11 — t2) o pr =0, then ¢; — 19 = 7y o d for some element v in
Hompy, k), (052 V<o, M).
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If the latter space is zero, then 1 = 19, and (M, pr) is unique up to unique isomorphism.
An analogous diagram shows that we would be sure that (M, in) is unique up to unique
isomorphism if, for some object M, isomorphic to My, the space

Hompy, (), (M, 052 V>1[—1]).

was zero. By axiom (3) of weight structures, the two spaces would be zero if one could
actually choose 03}V<o of weights at most -1, and 93}V>1 of weights at least 2. Now,
by Proposition 3.3.2.3, if 95}V avoids weights 0 and 1 in sense of the above definition,
then not only such choices exist, but they are also unique up to unique isomorphism, thus
solving problem (a), too.

Remark 3.3.2.4. (1) Approach 2 leads us to the problem of determining when the bound-
ary motive 952V avoids weight 0 and 1. Since proper morphisms respect weights (Thm.
3.3.1), a sufficient condition for this is that, for some compactification Si with open,
resp. closed immersions j : S — Sk, i : Sk — Sk, the relative boundary motive
i*5)V € DMy, (0Sk) 1 avoids weight 0 and 1.

(2) By the minimality property of the Baily-Borel compactification S}, (Prop. 2.3.3.1) and
by the fact that proper morphisms respect weights, if the relative boundary motive with
respect to some simple normal crossing compactification (e.g., a toroidal compactification)
avoids weight 0 and 1, then the relative boundary motive with respect to the Baily-Borel
compactification does. Hence, we will study the weight avoidance on the latter, i.e. we
will study, given an object M € CHM (Sk)r, the motive i*j,M € DMy (0S%) L.

To explain that Approach 2 and the above remark do actually give rise to a construction

of the Chow motive we are looking for, we start by fixing some notation.

Definition 3.3.2.5. (1) We denote by DMy o(E) [ w<0,+—1 the full subcategory of DMy o(E)rw<o
of objects avoiding weight -1, and by DMy, .(E) 1 w>0,21 the full subcategory of DMy (E) w0
of objects avoiding weight 1.

(2) We denote by CHM (Sk)r.0wz0,1 the full subcategory of CHM (Sk)r of objects M
such that i*j.M avoids weights 0 and 1, and by CHM (S% )y jw<—1tw>1 the full subcat-
egory of objects M such that i*M is of weights at most -1 and i' M is of weights at least
1.

Then, as a first step, arguments similar to the ones outlined in Approach 2 give the
following:

Proposition 3.3.2.6. (c¢fr. [ , Prop. 3.3]) The inclusions
v : CHM(E) L, < DMy o(E) [ w<0,4£-1
and
1+ : CHM(E), = DMy o(E) [w>0,41

admit a left adjoint

Gro : DMB,C(E)L,wgo,;éfl — CHM(E)L
and a right adjoint

GI‘Q : DME,C(E)L,wZO,7é1 — CHM(E)L

respectively. Both adjoints map objects (and morphisms) to the term of weight zero of
a weight filtration avoiding weight 1 and -1, respectively. The compositions Grgoi_ and
Gro oty both equal the identity on CHM (E)r.
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As a second step, the following theorem and its corollary give a source of objects to
which the above functors can be applied (and much more than that).

Theorem 3.3.3. (cfr. [ , Thm. 2.2, Def.2.}]) The restriction of j* to
CHM(SK)Liwe—1,itw>1
induces an equivalence of categories
CHM(S}(()LJ*wS—l,i!le ~ CHM (SK)L,0w#0,1

the composition of whose inverse with the inclusion CHM (S5 ) 1, i+w<—1itw>1 < CHM(S% )L
is denoted by
Jix : CHM(SK)L’aw?gOJ — CHM(S%)1,

The functor jix is such that, for every n, for every prime £, the diagram

CHM (SK)Lows01 ——— CHM(S%)1L

JH"oRg lH" oRy

Perv(Et)y 1 (Sx) —-— Perv(Et),.(SL)

commutes (where, for a base scheme S, H"™ are the perverse cohomology functors on

DIC’ «(S)L, and the lower j,. denotes the intermediate extension of perverse sheaves, cfr.

Sec. 2.3.3).

Notice that the second part of the statement comes from | , Rmk. 2.6 (d)] and
[ , Thm. 7.2 (b)].
Corollary 3.3.2.7. (¢fr. [ , Thm. 3.4])

(1) The essential image of the restriction of the functor 5 to the subcategory CHM (Sk) 1 ow-0,1
is contained in DMy o(E) 1 w<0,4-1-

(2) The essential image of the restriction of the functor 5, to the subcategory CHM (S )1 ow+0,1
1s contained in DMB’C(E)L7w207¢1.

(3) Denote by the same symbols the restrictions of the above functors to CHM (Sk)r1,0w-0,1-
There are canonical isomorphisms of functors

Grg 081 =~ s jix and syjis =~ Grg o8,

and if m : § — §, is the standard natural transformation, then, denoting by the same
symbol its restriction to CHM (Sk)r1.0wz0,1, their composition is given by

Grgom : Grgos) — Grg o8,
(which is then an isomorphism of functors on CHM (Sk)r,0w20,1)-

Observe the following: if we suppose *V to belong to CHM (SK)r,0w+0,1, then by
the six functors formalism, since by definition j*j}V =~ AV, the object j,’}kV fits in a
commutative diagram of triangles
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0 ———iui'j) VY isi AV ——— 0

| |

iV % ii* AV — V(1]
iV A% i1 2V —— V(1]

| |

0 —— iyi' A V(1] ixi'j) V1] ——— 0

which is the motivic analogue of the one of Proposition 2.3.3.3. This explains how the
corollary follows from the equivalence of categories of the previous theorem.

We are now in position, provided a weight avoidance hypothesis on OV is verified, to
define a natural candidate for our sought-for Chow motive:

Definition 3.3.2.8. Ifi*j}V avoids weights 0 and 1 (i.e. if *V belongs to CHM (SK)r,0w0,1),
the intersection motive of Sk (relative to S3 and with coefficients in *V) is defined as
the Chow motive s*j,A*V.

Notice that, by the above theorem, we could have equivalently defined our candidate
for the "weight-zero" object as Gro(32V) (or Gro(3{\V)); but the existence of the motivic
intermediate extension functor ji, on CHM (Sk )1 ow0,1 allows for a definition which adds
important information on this object, and justifies the terminology intersection motive.
We will expand on this in Chapter 5, notably by clarifying the behaviour of the intersection
motive with respect to realizations. This will permit to cut out (homological) submotives
of the intersection motive corresponding to automorphic representations.

For the moment being, our task becomes to understand when i*;}'V avoids weights 0
and 1.

Remark 3.3.2.9. (1) One could hope to determine if i*j2V avoids weight 0 and 1 by first
proving that the weights 0 and 1 don’t appear in its ¢-adic realization (Property 3.1.0.1
and.(5); cfr. Rmk. 3.1.0.2) and then appealing to a weight conservativity result to deduce
that this is already true for the motive itself. This is actually (part of) the content of the
criterion that we will give below.

(2) The strategy outlined in the preceding point is consistent with the fact that, in the
f-adic realizations of the relative boundary motive, weight 0 appears if and only if weight
1 appears (cfr. Corollary 2.3.2.2 and its proof).

In fact, Wildeshaus has also found a powerful criterion to verify the desired weight
avoidance, which, again, exploits the existence and the properties of the functor ji,. on
CHM (Sk)r,0w+0,1- We begin by introducing the subcategory of Beilinson motives which
enters in the proof of this criterion.

Definition 3.3.2.10. (Cfr. [ , Def. 2.1]) An object M € DMy (0S¥ )1 is said to
be a motive of abelian type over 057, and a stratification ® of S}, is said to be adapted
to M, if the following condition is verified: the motive M belongs to the strict, full, dense,
F-linear triangulated subcategory DMAP (0S5 )L generated by the images via m, of the

B,c,®

S-constructible Tate motives (/ , Def. 4.6 (a)]) over S(S), where

m:S(6) = 0SSk
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runs over the morphisms of abelian type (/ , page 579]) whose target is 0S%.

Now recall that by Subsection 2.3.3, 0S% admits a natural stratification 0S5} =

Ll Zm, indexed by conjugacy classes of maximal parabolics of G and denoted itself by
med
®. We denote then by i, : Z,, — 057 the corresponding closed immersions.

Proposition 3.3.2.11. The motive i*j}V € DMy (0S%) L, is of abelian type, and ® is
adapted to i*j)V.

Proof. The proof of | , Thm. 2.2] can be translated word by word in our setting.
We include a sketch for the convenience of the reader: by Remark 3.2.1.6, *V is an object
of the Q-linear triangulated category m, ,DMT (.A’}()h generated by the images via 7, , of
the objects of the category of Tate motives over the fibred product 7, : A% — Sk of the
universal abelian variety over Sk . But then, since the pure Hodge structure on the vector
space V in the Shimura datum underlying Sk is of type (—1,0), (0, —1) (Rmk. 3.2.1.4), it is
standard (cfr. | , Prop. 2.17]) to identify A% with a mized Shimura variety® M, and
the morphism 7, with a morphism induced by a morphism of mized Shimura data ([ ,
De. 2.1]). By choosing a suitable smooth toroidal compactification Mg, (&) of Mk, (as

in | , proof of Thm. 9.21]), one has that m,, extends to a surjective, proper morphism
™ Mk, (8) = Sk (] , Sect. 6.24, Main Theorem 12.4 (b)]) which is seen to be of
abelian type ([ , Lemma 8.4]); hence, the category m, « DM T (wgl(asj{))“ generated

by the images via m, . of &-constructible Tate motives over 7, 1(9S}) is contained inside
DMég@((?S}‘})L. Now, one sees that i*j2V is an object of Wn,*DMTg(wgl(ﬁS}"())h. This
follows formally from the fact that the categories of constructible Tate motives are well-
behaved with respect to the six functors formalism (] , Cor. 4.10 (b), Rem. 4.7]). O

Given this, one can prove the weight avoidance by reduction to a stratum-by-stratum
study of the weights (over 953 ) of the f-adic realization of i*j}V.

Theorem 3.3.4. Let § > 1 be an integer, ds, the dimension of Sk, w(\) the weight of
the pure Hodge structure on Vy, and fix a prime number £. For any stratum Z of 0S¥,
denote by H"™ the n-th perverse cohomology functor on ch”ét(Z)L and write j1.(Re(*V))
for

(3= (ReCVIw ) + dsi)) [w(X) = das .

The following assertions are then equivalent:
(1) the motive i*j}V avoids weights —3+ 1, —B+2,...,;

(2) for every m € ®, for every n € Z, the perverse sheaves H™i¥,i*ji.(Re(*V)) are of
weights < n — 3.

Proof. Since the f-adic realization of the motive *V is concentrated in only one perverse
degree (Remark 3.2.1.8.(2)) and is autodual (up to a twist and a shift) (Remark 3.2.1.8.(3))
everything follows from | , Corollary (3.6)(b)], because we have proved that the
motive i*j2V € DMy .(0S%) 1 belongs to the subcategory DMéZQ(aS}‘()L. O

Remark 3.3.2.12. (1) In the above statement we are using the intrinsic notion of weights
existing on those ¢-adic perverse sheaves on 0S} which are in the image of the cohomo-
logical realization ([ , Prop. 2.5.1 (II)]). Thus, the notion of weight-graded objects

4See Rmk. 3.2.2.1 for the case n = 1.
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of such perverse sheaves makes sense, even if there is no weight structure on the ambient
category inducing such weights.

(2) The key point of the above argument is that it is on the subcategory DMA 1 (855 )1,
that one can invoke the weight conservativity argument alluded to in Remark 3.3.2.9 and
contained in [ |, of which | , Corollary (3.6)(b)] makes use. This wouldn’t have
worked for the motive s,i*j}V (over a point), since it is no more of Abelian type. This
explains the necessity of employing the relative category DMy (0S¥ )L

Remark 3.3.2.13. This subsection gives a deep motivation for investigating the presence
of the weights 0 and 1 in the boundary cohomology of local systems arising from the
canonical construction, a problem that was already raised in Remark 2.3.2.3. Theorem
2.3.2 tells us that regularity of the representation-theoretic weight A implies that boundary
cohomology avoids weight 0 in half of the cohomological degrees, and (hence) weight 1 in
the other half. Regularity may be conjectured to actually imply the full weight avoidance
([ , Question 5.13]). The next chapter studies a family of PEL Shimura varieties for
which we can completely characterize the presence of the weights 0 and 1 in the relative
boundary motive in terms of the regularity of A and of its corank as introduced in Def.
2.3.4.5.
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Chapter 4

The boundary motive of genus 2
Hilbert-Siegel varieties

This chapter contains the main results of this thesis. We will work with genus 2 Hibert-
Siegel varieties Sk, i.e. the Shimura varieties defined in Ex. 2.1.3.2.(2), whose underlying
group G is (a modification of) Respjg GSpy p, for I a totally real number field of degree
d. Then, if *V is the Chow motive attached to a irreducible representation Vy of G (Def.
3.2.1.7), our purpose is to show that we can completely characterize the absence of the
weights 0 and 1 in the relative boundary motive i*j2V introduced in Subsection 3.3.2.
Thanks to Corollary 3.3.2.7, this will open the way to the construction of motives for
automorphic representations of Resp|g GSpy g, which will be studied in the next chapter.

Actually, as explained in the introduction, we will prove more: in fact, our main result,
Theorem 4.3.1, will give a general description of the first positive and negative weights
appearing in i*j2V, in the sense of Rmk. 2.3.2.3 (suitably generalized to our situation).
This description will make use of the corank of A (Def. 4.3.1.1).

Theorem 3.3.4 tells us that in order to understand the weights of the complex ¢* j;\V,
we have to take its f-adic realization, restrict it to each stratum of the boundary of S%,
and study the weights of the perverse cohomology objects of each one of the resulting
f-adic complexes.

In Section 4.1 we collect all the facts that we need about the structure of Respg GSpy g,
of its parabolic subgroups and of its representation theory. Then, in Section 4.2, we give
the necessary tools for carrying out the analysis of the weights of the perverse cohomology
sheaves: (1) the precise structure of the boundary of S} in our case (a disjoint union of
cusps and Hilbert modular varieties of dimension d); (2) a theorem of Pink, which gives a
formula for the f-adic classical cohomology sheaves of the restriction of the degeneration
to each stratum, in terms of cohomology of unipotent algebraic groups and of arithmetic
groups; (3) a theorem of Kostant, which allows one to express the cohomology of unipotent
groups in terms of representations of subgroups, which are attached to the Shimura data
underlying the strata of the boundary; (4) some general lemmas which are useful for
studying the cohomology of free abelian subgroups of arithmetic groups.

In Section 4.3 we begin by stating the main result cited above (Thm. 4.3.1) and by
showing its main consequence (the characterisation of the absence of weights 0 and 1, Cor.
4.3.1.3). The rest of the section is occupied by the proof of Thm. 4.3.1, which is divided
in the following steps:

e we begin by studying separately the classical cohomology sheaves of the degeneration
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The boundary motive of genus 2 Hilbert-Siegel varieties

along the 0-dimensional strata (Subsection 4.3.2) and along the strata of dimension
d = [F : Q] (Subsection 4.3.3);

e in each of the two above cases, we decompose the cohomology of unipotent groups
into a sum of irreducible representations carrying pure Hodges structures (para-
graphs 4.3.2.1, 4.3.3.1). Thus, we get a list of the possible weights appearing;

e in each case, we use the cohomology of arithmetic groups to give restrictions on
the non-triviality of the occurring spaces, and hence to give necessary conditions for
certain weights to appear (paragraphs 4.3.2.2, 4.3.3.2). The main technical ideas here
consist in exploiting, often by spectral sequence arguments, the action of suitable
subgroups of units of F' on the fibers of the degeneration (Lemmas 4.3.2.7, 4.3.2.10
- where the action is exploited in two "orthogonal" ways, Lemmas 4.3.3.5) and some
vanishing theorems on the cohomology of locally symmetric spaces (Lemma 4.3.2.11);

e some additional work is needed (as an existence statement for suitable non-trivial

Hilbert cusp modular forms, relying on recent results from | ], see Prop.
4.3.2.13) to show that the above conditions are also sufficient for some weights to
appear;

e finally, we have to relate the weights of the classical cohomology sheaves to those
of the perverse cohomology sheaves appearing in Thm. 3.3.4. For this, we are
led to study the double degeneration along the cusps of the d-dimensional strata,
along the same lines as before (Subsection 4.3.4), and to use the perverse t-structure
(Subsection 4.3.5, where we complete the proof of the main theorem, i.e. we find the
description of the relation between A and the weights of the motive i*;}V).

Some interesting points appearing in the course of the proof are the geometric signifi-
cance of the action of the groups of units (Rmk. 4.30), the parallels with the automorphic
interpretation of cohomology described in Subsections 2.2.2 and 2.3.2 (Rmk. 4.3.2.14,
Rmk. 4.3.4.7) and the role of some complex analytic Hilbert modular varieties, not ap-
pearing in the boundary (Rmk. 4.3.2.14, 4.3.5.8).

In all of this chapter, F' will denote our fixed totally real field of degree d over Q, and
Ir its set of real embeddings (hence, of cardinality d). We fix moreover a Galois closure
L of Fin C.

4.1 Preliminaries: the underlying group

Recall from Example 2.1.2.2.(1) the group GSp,,, of symplectic similitudes of dimension
2n. It is a reductive group over QQ, whose center Z is isomorphic to G,, and whose
derived subgroup is isomorphic to Sps,,, the usual symplectic group over Q of dimension
2n. Remember that the morphism v : GSpy,, — G, entering in the definition is called the
multiplier (or similitude factor).

For the rest of this chapter, fix n = 2. Define then the Q-algebraic group G by posing

G := RespgGSpy p-
For every subfield k£ of C containing L, one has, for every k-algebra R, an isomorphism

FegR> [[ R feor— (o(f) e (4.1)

oc€lp
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4.1. Preliminaries: the underlying group

which induces a canonical isomorphism

ék’ = H (GSp4,k)U7

o€lp

In the rest of this chapter, the symbol G will denote the reductive subgroup of G
defined in Example 2.1.3.2, i.e. (with the notations introduced there)

G = Gm XReSF|QGm7F G’

(4.2)
Remark 4.1.0.1. (1) The isomorphism (4.1) induces, for every subfield k of C containing
L, an isomorphism

Gk ~ Gm X H (Gm,k)dvny H (GSp4’k)U. (43)

oelp o€lp

(2) The center of G is such that Z(G) ~ Gy, X ReS pgCrm, e Resp|@Gm,r. Its neutral
component is then isogenous to Gy,.

4.1.1 The structure of parabolic subgroups of G

The group GSpy p(F) acts on F' ©4 through the natural action induced by its inclusion
into GL47F(F)

The standard F-basis {e1, €2, €3, €4} gives then a symplectic basis for the non-degenerated,
F-bilinear alternated form defined by Jo € GSp, p(F), which we will also denote J3. Fix
as a maximal torus of GSp, p the standard diagonal torus T defined on F-points by

T(F) := {diag(a1, a2, o 'v, a5 'v) | a1, a9,v € G (F)}, (4.4)

along with the standard Borel B containing it, defined on F-points as the subgroup of
matrices in GSpy p(F') of the form

One knows that the parabolic subgroups of GSp, r(F') correspond bijectively to sub-
groups of the form Stab(V), for V a sub-F-vector space of F¥4 which is totally isotropic
for the form Jo. The case V = {0} corresponds to the whole group GSpy p(F'), while
V = (e1) gives the Klingen parabolic

o ES ES
GF ={ * % " |lad—be=0apeGpr(F)}nGCSpyp(F)

* @ ¥ ¥

d

c

and V = (ey, e9) gives the Siegel parabolic

Qo(F) = {( ol A ) & € Gy (F), A € GLo o (F),! M = M};
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every other parabolic subgroup is conjugated to one of the above.

One also knows that a maximal torus, resp. a Borel, of G are given by ResF|Q( )
resp. Res F|Q( ), which we will still denote by T, B in the following; note that T is not
split over Q. A maximal torus and a Borel containing it in G are then respectively defined
by T := Gy, m XRes oG T and B := G, m X Res oG

m,F
In the same way, the standard maximal parabolics of G correspondlng to the choice
(T B) are exactly given, up to conjugation, by ResF‘QQO, Res F|QQ1, which we will still

denote by Qp, Q1. Then, Qo := G,, m X Res poCom Qo, Q1 = G, m X Res poCon i Q; are the
standard maximal parabolics of G with respect to (T, B), still called the Szegel and the
Klingen one.

4.1.2 The Levi components of parabolic subgroups

Let Wy and W1 be the unipotent radicals of the groups Qg and )1 defined above. The
quotients Q;/W; will be canonically identified with subgroups of the @;’s, thanks to the
Levi decomposition of the latter.

Fix now a subfield & of C which contains L. One has the following explicit description
of the diagonal embedding of Qy/Wy(Q) into Qo/Wo(k):

Qu/ (@) = {<< Wy )) € @, 4 € CLy(F)} =

— Qo/Wy(k) = {(( a4 (A1)t ))UQF la € k™, Ay € GLy(k) for every o}

(e

and of the diagonal embedding of (Q1/W1)(Q) into (Q1/W1)(k):
o(t) - (ad — bc)
Ql/Wl(@) = {( a(t_l) ( ) )UGIF |t € FXa

a,b,c,d € F such that ad — bc € Q*} —

to - (aada - baca)
— Q1/Wh(k) = {( do 41 7 oerp te € kK™ for every o,

Uy, bg, Coydy € k such that aydy — by = agdy — bscy € k™ for every 0,6 € Ip}.

Thus, there is an isomorphism
Q(]/Wo G X ResF|QGL2 F, (4.5)

given on k-points by
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(Qo/Wo)(k) =~ Gp(k) x ( ] (GLa(k))o)

o€lp

(o}

and an isomorphism

Ql/Wl ~ (RGSF‘QGLZF XReSF‘QGm,F,det Gm) X ReSF|QGm7F (4.6)

given on k-points by

(@/W1)(k) = ((IT (GL2k)o) X [T (@1)0 Gt (B) X [T (Gm(k))o

o€lp ocelp o€lp

tcr . (aadcr - baccr)

Qo bs ay b
( tfl )UGIF = <(< co dy >)0’61F> (t0)061F> .

4.1.3 Characters and dominant weights

Consider our fixed Galois closure L of F. Using the isomorphism (4.3) (for £ = L) and
Eq. (4.4), we get the following description for the points of the maximal torus 717, of G:

To(L) = {(diag(a1,0, 02,0, 07 oV, O oV))oely | Q10,025 € LF, v € Q%)

This description naturally identifies 17, with a subtorus of rank 2d — 1 of the rank-3d torus

[l T,, where each T is a copy of the diagonal maximal torus of GSp, .
o€l
The elements A of the group X*(77) of characters (or "weights") of 77, (a subgroup of

@ X*(1,)) are then parametrized by the (2d + 1)-tuples of integers of the form
oc€lp

(k1,05 k2,0)erp, ) such that Z (k1,0 + k2,5) = ¢ (mod 2) (4.7)

o€lp

where the character A\((k1,0, k2,0 )ocly, ¢) corresponding to ((k1,6, k2,0)ociy, ¢) is defined by

k k % '[Ci Z (k1,0+k2,0)}
(diag(ozlm(3427(,7611_’(1,1/7 ai},y))geh = H oy H v o€lr . (4.8)
O'EIF O'EIF

The dominant weights are the characters such that ki, > k2o > 0 Vo. A weight is
called regular at o if k15 > ko, > 0 and regular if it is regular at o for every o.

4.1.4 Root system and Weyl group

The choice of (11, Br) (obtained from the couple (7', B) fixed at the end of 4.1.1, by base
change to our fixed Galois closure L of F') allows one to identify the set of roots t of Gy,

with || t,, where each v, is a copy of the set of roots of GSp, ; corresponding to the
o€l
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diagonal torus and the standard Borel. For every fixed 6 € Ip, vz contains two simple
roots p1 s and ps s, which, through the inclusion of ts into t, can respectively be written

p1.6 = p1r6((k1,05 k2,0 )oct, ), With

[ 1 ifo=¢ - -1 fo=¢6 —0
Lo =3 0 otherwise ' 27 0 otherwise ' ¢~

and P2,6 ::plﬁ((kLaakZo)Uefpvc)a“dth

2 ifo=¢6
k1o =0 Vo, koy = { 0 otherwise ’ c=0

The Weyl group T of G is in turn isomorphic to the product [[ Y,, where, for
o€lp
every fixed 6 € I, Y5 is a copy of the Weyl group of GSp, ;. The latter is a finite group

of order 8 acting on X*(T}), generated by two elements s; and s, whose images s,, , and
Spy, through the inclusion T4 into T are characterised as follows by their action on the
elements of X*(T7): if A = A((k1,0, k2,0)ocip, €), then s, . A = A((h1,0, h2,6)oery, €), With

h _ k2,o’ lf g = 6— h _ kLo- lf g = 6’
Lo = ki, otherwise ’ 20 = ko, otherwise

and 802,&'>‘ = AM(h1,6, h2,6)oerp, €), With

—koy ifo=0

hLO_ e kl,d VO’ S IF7 h27o' == { k2 otherWiSG
ea

These descriptions mean that s, , corresponds to the reflection associated to p;s and
that s,, , corresponds to the reflection associated to pas.

4.1.5 Irreducible representations

Irreducible representations of a split reductive group over a field of characteristic 0 are
parametrized by its dominant weights. By the description of the dominant weights of G,
given in (4.7), we see that isomorphism classes of irreducible L-representations of G, are
in bijection with the set

A= {A(k1,0:k2,0)0clp:C)) | k1,0, k2,0,¢ € Z and ki o > ko, for every o,
> (k1o + k20) =c mod 2)}.

o€lp

4.2 Preliminaries: some tools for computing the degenera-
tion

4.2.1 The Baily-Borel compactification of genus 2 Hilbert-Siegel vari-
eties

Recall now the genus 2 Hilbert-Siegel varieties Sk arising from the datum (G, X) in-
troduced in Example 2.1.3.2.(2) (for n = 2) and their Baily-Borel compactification S}
introduced in Subsection 2.3.3. Let us describe in detail the (pure) Shimura data under-
lying the strata of 057, according to the description in that Subsection.
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4.2. Preliminaries: some tools for computing the degeneration

Each admissible parabolic subgroup @ of G is conjugated to exactly one of the sub-
groups Qo (Siegel parabolic) or @; (Klingen parabolic) defined in 4.1.1. Denote respec-
tively by Py and P; the canonical normal subgroups of Qg and @1 considered in 2.3.3.
Denote also by Gy, resp. G their quotients by the respective unipotent radicals, and by
(Go, Xo), resp. (G1,X7) the associated Shimura data. An immediate generalisation to
RespipGSpy p (and then to G) of | , 4.25] (which treats the case of GSp,) gives us
the following:

e The group Gy is identified with the factor G, inside Qo/Wy ~ G,, X RespioGLa,r
(remember (4.5)). Moreover, let k be the morphism S — G r which induces on real
points, via the above identification,

S(R) = Go(R)
L (< 221 . >)UE[F (4.9)

and let X be the set of isomorphisms between Z and Z(1). Consider the unique tran-
sitive action of my(G,(R)) on Xy and denote by hg the constant map Xo — {k} C
Hom(S, Gpr)). Then, the Shimura datum corresponding to Gy is given by (Go, Xo).
Thus, G contributes with O-dimensional strata to 9Sj. (Here is where we need Pink’s
general definition of a pure Shimura datum, cfr. Rmk. 2.1.2.1.(1)).

e The group G is identified with the factor Res F‘QGLZ P XResF|QG . G, inside

Ql/Wl ~ (ReSF|QGL2’F XResF‘@Gm,F Gm) X ReSF‘@GmE
(remember (4.6)). Denoting by X; the G1(R)-conjugacy class of the morphism
hi: S(R) — G1(R)
z? + y?
z+ iy — ( 1 Y Doets (4.10)

the Shimura datum corresponding to 1 is then given by (G, X7). Thus, G contributes
with d-dimensional strata to 0S%. The description of the Shimura datum shows that
these strata are in particular isomorphic to (quotients by the action of a finite group of)
Hilbert modular varieties (cfr. Example 2.1.2.2.(2)).

By the description in (2.38), each stratum of 05} corresponds to a Shimura datum of
one of the above two types. In particular, it is either of dimension 0 (and it will be then
called a Siegel stratum) or of dimension d (and it will be then called a Klingen stratum).

4.2.2 Pink’s theorem

Having in mind the equivalence stated in Thm. 3.3.4, our aim is to compute the weights of
certain perverse cohomology sheaves on the boundary of the Baily-Borel compactification
of genus 2 Hilbert-Siegel varieties. For this, we will first study the weights of some classical
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sheaves supported on the boundary, through a theorem of Pink which also provides us with
the general approach to the computation of boundary cohomology alluded to at the end
of Subsection 2.3.3.

It will be useful to state this theorem in general. Hence, let j : Sx — S% be the
open immersion of a Shimura variety Sk, associated to a datum (G, X) and to a neat
compact open subgroup K C G(Ay), into its Baily-Borel compactification. Recall the
finite stratification (Z,)mea of 0S5} introduced in 2.3.3 and for m € @, denote by i, :
Zm — 057 the corresponding locally closed immersion.

In the following, with the notation of 2.3.3, denote by Z a fixed stratum S,,, of
0857, contributing to Z,,, and denote by m,(K;,) the associated compact open subgroup
Tm(Km,g) of Gn(Ay) (i.e., drop the subscript g), so that Z is the quotient of a Shimura
variety S (k,.) by the action of the finite group A, = Hg,,/Pn(Q)Hc,, introduced in
Eq. (2.42).

Denote again by m, the projection @, = Qm /Wy, and define

Iy :=mm(He,,). (4.11)

It is an arithmetic subgroup Q.,/W,,(Q), which is moreover torsion-free (because K
is neat).

Notation 4.2.2.1. Since @,/ Wy, is reductive, there exists a complement My, of G,, inside
Qm/Wm, i.e. a normal subgroup M,, of Q,,/W,, which is connected and reductive and
such that Qp,/ Wy, ~ Gy, - My, with G,,, N M,, finite.

Remark 4.2.2.2. Since K is neat, I'y, is torsion-free. Moreover, it is such that I';,NGp, (Q) =
{1} (cfr. | , Sec. 2|, where I',;, is denoted by H¢). We will then see I'y, as a subgroup
of the complement M,,(Q) introduced above.

Denote now by plf, pgm(Km) the extensions of the f-adic canonical construction func-

tors introduced in Remark 2.1.3.9.(2 ), and by R™ the n-th classical, i.e. non-perverse,
cohomology functor on the category D® .. (Z,,) 1, for any stratum Z,, of 0S}%. Here is our
first main tool for the analysis of the weights:

Theorem 4.2.1. (] , Thms. (4.2.1)-(5.8.1)], stated in the shape of | , Thms.
2.6-2.9])

Let R be a subfield of R, V' € D*(Repg(G)), m € ® and Z a stratum of 9S} con-
tributing to Zy,.

(1) There exists a canonical isomorphism in DC (2R

i dent (V)] 2 @ Ri5dop (V)] [

A

(2) For every n, there exists a canonical and functorial isomorphism in Ety p(Z)
Rl (V)| 2 @ ) (HP (T, HY (Wi, V7))
ptg=n

(3) Suppose that the datum (Gm,$m) @s of abelian type. Then, denoting by W both
the weight filtration in the sense of Remark 2.1.3.8.(2) and the one induced on G r-

representations as explained in 2.1.5.1, the sheaf R”i,ﬁli*j*uf(v)‘z is the direct sum of
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its weight-graded objects (in particular, it is a semisimple object) and there exist canonical
and functorial isomorphisms in Ety r(Z)

N sk ek - . Tm (Km .
Gry' R i* ju s (V )‘Z ~ @ Iy (Kom) (Hp(I‘m,GrXWHq(WmR,V ))) :
ptg=n

In order to explain the above statements, some remarks are in order:

Remark 4.2.2.3. (1) Reasoning as in | ], before Definition 2.2, we see that the functor
Mzm(K’"), a priori with values in Et; r(Sr,,(k,,)), gives rise to a functor with values in

Ety r(Z), still denoted by the same symbol.

(2) (Qm/Wm)r (seen as a subgroup of @, r via the Levi decomposition) acts on H4(W,, g, V")
via its action on Wy, and on V°, and so it acts on HP(I',,, H9(W,, g, V')). Hence, the latter
space is seen as a representation of G, r via the inclusion G,, g C (Qm/Wn)r.

(3) The statement of point (3) contains in particular the fact that
Cr) HP(Vyy, HY (W g, V7)) =~ HP (T, Grl HI(Wy 1, V7).

Remark 4.2.2.4. Our necessity of working with £-adic sheaves instead of variations of Hodge
structures comes from the observations in Rmk. 3.1.0.2. Anyway, the above theorem ad-
mits an analogue in the Hodge setting, i.e. | , Thms. 2.6-2.9], whose conclusions
are formally identical to the ones of the theorem above. Because of this and of Rmk.
2.1.3.8.(3), all our results for ¢-adic sheaves will be automatically valid for the correspond-
ing mixed Hodge modules.

4.2.3 Kostant’s theorem

The second ingredient for the analysis of the weights is a theorem of Kostant which allows
one to make explicit the (Q, /Wy, ) g-representations H?(W,, r, V') appearing in Theorem
4.2.1.

Fix a split reductive group G over a field of characteristic zero, with root system t
and Weyl group Y. Denote by t* the set of positive roots and fix moreover a parabolic
subgroup @ with its unipotent radical W. Let to be the Lie algebra of W and vy the set
of roots appearing inside tv (necessarily positive). For every w € Y, we define:

th(w) = {a € rjwta ¢t} (4.12)

l(w) := |t+(w)|, (4.13)

T = {we Y| (w) Crw} (4.14)
We can now state Kostant’s theorem:
Theorem 4.2.2. (/ , Thm. 3.2.3])

Let Vy be an irreducible G-representation of highest weight X, and let p be the half-sum
of the positive roots of G. Then, as (Q/W)-representations,

Hq(W7 V)\) = @ Uw.()\er)fpa
wETi(w)=q

where U, denotes an irreducible (Q/W)-representation of highest weight p.
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In order to spell out the consequences of this theorem in the cases of interest to us,
consider our fixed Galois closure L of the totally real field F' and the group G underlying
the genus n = 2 Hilbert-Siegel Shimura datum of Example 2.1.3.2.(2). We will apply
Kostant’s theorem by choosing G = G, and by setting Q/W equal to, for i« = 0,1, the
Levi components (@Q;/W;)r, of the standard parabolics Q; 1, defined as in 4.1.2. We have

seen in 4.1.4 that the root system of G, is given by t = || t, and that every component
o€lp
t, contains two simple roots p1 4, p2,s; the other positive roots in such a component are

then given by p1 s + p2., and 2p1 5 + p2,5-

Lemma 4.2.3.1. (1) Let Y be the Weyl group of G, (cfr. 4.1./) and denote by Y., for
m € {0, 1}, the sets defined in (4.14), corresponding to the choices G = G, and Q = Qum, L.
Then, in both cases, for every o € Ip, there exist sets T’mp = {w;“,}izoy._,,g C YT, such that
l(wh) =i for everyi € {0,...,3} and that X!, = [ Y., ..
o€lp ’

(2) For m = 0,1, one has 0 < l(w) < 3d for every w € Y, . Moreover, for every integer
q € {0,...,3d}, there exists a bijection between the set {w € Y, | l(w) = q} and the set
of g-admissible decompositions of I

3
P, = {decompositions Ip = |_| It \ZZ|IH =q}. (4.15)
i=0,...,3 =0

Proof. (1) In the case of (Qo/Wy)r, by fixing a component t, of the root system of G,
(cfr. 4.1.4), one easily sees that the positive roots which are contained in such a component
and which appear in the Lie algebra of W) 1, are given by {p1,6 + p2,0,2p1,6 + P2,05 2,0 }-

Coherently with the notation of 4.1.4, denote by s, the reflection, belonging to the

Weyl group T, whose axis is orthogonal to the root p. By direct inspection of the action

of the component T, on t,, we find that the elements of the sets Yj, = {wl}ico,. 3

defined in the statement (for m = 0) are given by
w? =id,

1 _
wO’ - SPQ,U’
2 _
Wy = 5P1,0+P2,05P2,a>

3 _
Wy = 8P1,0+p2,o
/I __ /!
and that T = [[ Yo,

o€lp

In the case of (Q1/Wh)r, fix again a component t, of the root system of Gr: the
positive roots contained in this component which appear inside the Lie algebra of Wy p,
are given this time by {p1 ¢, p1.0 + pP2,05201,6 + P2,0}-

With notations as in the previous case, we find that the elements in the sets T , =
{w! }izo,..3 C T, appearing in the statement (for m=1) are given by

0 _ .

wy = id,
1 _

wa’ - SPl,o‘7

2 _
wO’ - 8P1,0+P2,08P1,07
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3 _
wO’ - S2pl,a+p2,a
A /
and that T7 = [[ T19,.

o€lp

(2) The preceding point implies that every w = (ws)ser, € Y, determines a decomposi-
tion

where I, := {0 € Ir|w, = wl}. Hence, since I((wy)sery) = Y. l(w,), we get the desired
o€l
bounds on [(w). The bijection in the statement follows immediately.

O

Notation 4.2.3.2. For a an integer ¢ € {0,...,3d}, a g-admissible decomposition ¥ of
Ir will be denoted by ¥ = (I%, I}, I%,13). If only one of the four subsets, say I%, is
non-empty, we will denote ¥ by the symbol I% itself.

Fix now a irreducible G;-representation V) of highest weight A = A((k1,5, k2,0 )oclys €)
(as defined in 4.1.5) and, for m = 0,1, apply Theorem 4.2.2 to identify the cohomol-
ogy spaces HY(Wy, 1, Vi) as (Qm/Wp,)-representations: employing the notation fixed in
(4.15), we get isomorphisms

HI(Winr,Va) ~ @ Vg™, (4.16)
vep,

where each Vi,n 4 is an irreducible (Qm/Wp,)-representation. With the notations of
Lemma 4.2.3.1.(1), the explicit computation of w.(A + p) — p for w € Y}, (as in | ,
Sec. 4.3]) gives us the highest weight of such irreducible representations, as stated in the
following lemma:

Lemma 4.2.3.3. (1) Adopting Notation 4.2.5.2, the highest weight of the irreducible
(Qo/Wy)L-representation V\I(,)’q in (4.16) is given by the restriction (along the inclusion
(Qo/Wo)r C Qo C G1) of the character

)‘((771,0"772,0')0611:’6)7 (417)
where
k’l’g ifJ € I?;a k27g Z'f(f S I%
B k1o ifo e Ik ) —kep—2 ifoelf
Mo = k’2,0 -1 ZfU S 1}27, y M2,0 = —kl,o -3 ZfO' c 112;
~koy—3 ifo el ~k1,—3 ifoel}

(2) Adopting Notation /.2.5.2, the highest weight of the irreducible (Q1/Wh)-representation
V\I%’q is the restriction (along the inclusion (Q1/W1)r, C Q1,1 C Gr) of the character

>\((6170'762,O')O'€IF7C) (418)

where
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k1o ifo € I% k2 o if o € I%

(=) kol ifo € Ip e =) Fotl if o €I},
< —koo—3 ifoelk 7 k1,+1 ifoel?
~k1,—4 ifoel} koo  ifo€li

4.2.4 Cohomology of groups of units

We finish this section by recalling, for the convenience of the reader, some standard argu-
ments that will be useful in the analysis of the cohomology of arithmetic groups appearing
in Theorem 4.2.1.

Lemma 4.2.4.1. Let I' be a free abelian group of finite rank r, acting on a finite-
dimensional vector space V' over a field L by L-linear automorphisms. Suppose that T’
acts through a character A. Then, there exists an integer s such that the cohomology space
H*(T, V) is non-trivial if and only if the action of T' on V is trivial.
In this case, H*(I', V') is non-trivial if and only if 0 < s < r, and for such integers s
we have (non-canonically)
m (T, V)~ V().

Proof. We proceed by induction on the rank r, denoting by V' the space of invariants of
the I'-action on V and by Vr the space of coinvariants.

o If r =1, we have I' ~ Z and it is then well-known that

Vi ifs=0
HT,V)=<Vr ifs=1
{0} otherwise

Now, choose a generator v of I'. Then, the space V! is non-trivial if and only if there
exists a non-zero element v € V such that A(nvy)-v = v for every n € Z, which is equivalent
to asking that A\(y) = 1, i.e. that I' act through the trivial character. Analogously, the
space Vr is non-trivial if and only if T acts trivially. Thus, H*(T',V) ~ V if s = 0,1, and
is trivial otherwise.

e Suppose the assertion to be true for free abelian groups of rank r. If I' ~ Z"t! then
choose a basis of I' as a Z-module and use it to define an exact sequence

0—-Z"' -T—-7Z—0 (4.19)

By the case r = 1, the Lyndon-Hochschild-Serre spectral sequence associated to this exact
sequence, i.e.

Ey = H™Z,H™(Z",V)) = H™"™(T,V) (4.20)

has only two non-trivial columns (for n = 0,1). Hence, for each s > 1, we have an exact
sequence

0— HYZ,H(Z",V)) —» H*T,V) = HY(Z, H* Y (Z",V)) = 0

and moreover

HT, V)~ HZ,H(Z",V)).
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By the induction hypothesis, H*(I", V) can be non-trivial only if 0 < s < r+ 1. Moreover,
if the action of I' is non-trivial, the subgroup isomorphic to Z" appearing in (4.19) can be
chosen as acting non-trivially on V', and in this case, by induction, H*(I', V) is trivial for
every s. If, on the contrary, I' acts trivially, then the induced action of Z on the spaces
H™(Z",V) is again trivial, so that, by the case r = 1, we have

HYT,V)~ HZ,H(Z",V)) ~ HY(Z", V) =~V
and for every s € {1,...,r+ 1},
H(I',V) ~ (non-canonically) H(Z, H*(Z",V)) ® HY(Z, H*"Y(Z",V)) ~
(by the case r = 1)
~ HY(Z",V)® H Y (2", V) ~
(by the induction hypothesis, and setting v = {0} by convention)

: .

~ v () g vih) ~ vl

O

The preceding lemma leads to the problem of determining the triviality of the action
of some free abelian groups, which in our case will arise as subgroups of units of totally
real fields. This is the object of the following lemma:

Lemma 4.2.4.2. Let O be the ring of integers of F and fiz (0,...,0) # (ny,...,nq) € Z%.
Then,

[T loa®)™ =1 for every t € OF
i=1,.d

if and only if (n1,...,nq) € Z-(1,...,1).
Proof. Choose a base {71,...,74-1} of O as Z-module. Write t = [] 7, choose a
0,...,d—1

d-tuple of integers (n1,...,nq) # (0,...,0), and define

logloy(m)] ... logloa(m)l
A:: . .

loglo1(vd—1)] ... logloa(vi-1)]

Then, we have

H ‘O’Z(t)’m =1Vt «<— Z (aj Z niloglai(’yj)]) = 0,
j -1

i=1,...,d j=1,....d i=1,..,d

VY (a1,...,aq-1) # (0,...,0) € 241

ai ni
— (| Al D=0V (a1,...,aq-1) # (0,...,0) € ¢!
ad—1 ng
(where {-,-) is the standard scalar product in R¥™1) <= (n,...,n4) € ker A. But by
Dirichlet’s unit theorem, ker A =R - (1,...,1). O
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Remark 4.2.4.3. (1) By choosing adapted bases, Lemma 4.2.4.2 generalises immediately
to the case where Oy is replaced by a finite-index subgroup of Oy, and furthermore to
the case where it is replaced by an arithmetic subgroup of F'*.

(2) Consider the norm morphism N : Op — {£1}. As the image of a neat subgroup by
a morphism is again neat, the elements of a neat subgroup of O are of norm 1. Thus, if

the neat subgroup I'y 7 is a finite-index subgroup of O, we have that [] |os(t)|™ =
i=1,..,d
1Vtelyyz < [l o) =1V teTlyy, and, by (1), Lemma 4.2.4.2 tells us that
i=1,...d

the action of I'g z on a vector space by multiplication by [[ o;(¢)™ is trivial if and
i=1,....d

only if (n1,...,nq) € Z-(1,...,1). This equivalence continues to hold in the general case
where I'g 7 is a (neat) arithmetic subgroup of F'*, again via (1).

4.3 The degeneration of the canonical construction at the
boundary

In this section we prove our main result (Thm. 4.3.1), i.e. the description of the interval
of weight avoidance of the motive i*j}V € DMy .(0S% )1 in terms of the corank of \.

4.3.1 Statement of the main result

Let G be the group considered in the previous Section. In order to state our central
theorem about the degeneration of the motive *V (Subsection 3.2.1) at the boundary of
the Baily-Borel compactification, we reformulate the notion of corank introduced in Def.
2.3.4.5 (where the reader can find some motivation for it) in the more restricted context of
genus 2 Hilbert-Siegel varieties. Moreover, we add some notions about the weight A that
will be crucial in the sequel.

Definition 4.3.1.1. Let A = A((k1,0, k2.6)ocrp,€)) (cfr. 4.1.5) be a weight of Gp,.

(1) k1 := (k1,0)octp o7 k2 := (k2,0)ser, is called parallel if k; , is constant on Ip, equal
to a positive integer k (and we write k; = k). The weight X is called k-Kostant parallel if
there exist a k € Z and a decomposition Ip = I%| | I} such that

k1,=r Vo€l
koo =K+1 Vo €Ik

and is called Kostant parallel if there exists a k such that \ is k-Kostant parallel.

(2) We define the corank cor(\) of A by

0  if ko is not parallel
cor(A) =<1  if ko is parallel and ki # ks
2 if ko is parallel and k1 = ko
(8) X is completely irregular if (ki,5,k2,) is irregular for every o € Ip.

Assume A to be dominant. We make some observations that may help enlightening
the above definitions and their mutual relationships:
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e If cor(\) =2, then A is completely irregular.

e If cor(\) > 1, then \ is x-Kostant parallel with respect to the decomposition Ip = I+,
with ko = k + 1; this decomposition and this x are then the only ones such that both
I}l; # @ and A is Kostant-parallel with respect to them.

e If cor(A\) =1 and A is completely irregular, then necessarily k2 = 0.

e If cor(\) = 0, then there are at most a k and a decomposition Ip = I%| | I} with respect
to which A is xk-Kostant parallel.

Remark 4.3.1.2. The terminology Kostant parallel comes from the more specific termi-
nology in Definitions 4.3.2.5 and 4.3.3.3 (see also Remark 4.3.3.7) and expresses the fact
that some linear combinations of the coordinates of the character A are required to take a
constant (parallel) value over certain subsets of Ip. As the computations leading to those
definitions will make clear, this terminology is motivated by the fact that such linear
combinations and subsets arise from Lemma 4.2.3.3, which is an application of Kostant’s
theorem, Thm. 4.2.2.

We can now state our main result, in the language of weight structures introduced in
3.3.1:

Theorem 4.3.1. Let V) be the irreducible representation of G of highest weight

A= )\((]CLU, k2,o)a€lpa C)),

Sk the genus 2 Hilbert-Siegel variety of level K corresponding to (G, X) and*V € CHM (Sk)
the Chow motive over Sk introduced in Definition 5.2.1.7. Let moreover j : Sk — Sk,
resp. i : 0S} — S% denote the open, resp. closed immersion in the Baily-Borel compact-
ification Sy of Sk. Then:

(1) If X is not Kostant parallel, then the boundary motive i*j}V is zero.

(2) Suppose that cor(\) = 0 and that X\ is k-Kostant parallel. Denote dy := |IL|. Then
i*§2V avoids weights —dy — dk + 1,. .., dy + dk and the weights —dy — dk, di + dk + 1 do
appear in i*jV.

(3) Suppose that cor()\) = 1, with ks = k2, and that ky is not parallel. Then i*j}V avoids
weights —drg + 1,. .., dko and the weights —dka, drg + 1 do appear in i*j} V.

(4) Suppose that cor(X) > 1, with ko = kg, and that ki = k1. Denote k := min{r; —
Ko, ka}. Then i*j}V avoids weights —dk+1, ..., dr. The weights —dks, dko+1 do appear
mn i*j;\V, and if k1, ko have the same parity', then the weights —d(Kk1— K2), d(k1 —R2)+1
do appear in i*j) V.

The proof of theorem 4.3.1 will be completed at the end of paragraph 4.3.5.2; by invok-
ing Theorem 3.3.4 and after having employed all the tools recalled in Sections 4.1. and 4.2.
Admitting this theorem for the moment, we can prove its most important corollary for the
construction of the intersection motive (Def. 3.3.2.8), i.e. the following characterization
of the absence of the weights 0 and 1:

LCfr. Footnote 2 for this supplementary hypothesis.
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Corollary 4.3.1.3. The weights 0 and 1 appear in the boundary motive i*j}V if and only
if X is completely irreqular of corank > 1.

Proof. Suppose A to be r-Kostant parallel with respect to (I%, I}) (otherwise, by point
(1) of the above theorem, there is nothing to do).

If cor(\) = 0, then, by point (2) of the above theorem, the weights 0 and 1 appear if
and only if d; = 0 = k. But d; = 0 means that I}; =g, ie. I% = I, and by definition of
Kostant-parallelism this implies k1 = k. Now, necessarily x > 0, because otherwise ko = 0
(remember that ki o > kg, for every o € Ir) and cor(\) = 2, a contradiction.

If cor(A) = 1, with ko = kg, then, by point (3) and (4) of the above theorem, the
weights 0 and 1 appear if and only if ko = 0; observe in fact that, even if k1 = k1, we
have k1 — kg > 0 (otherwise cor(A) = 2, a contradiction). But if ko3 = 0, A is completely
irregular.

If cor(A) = 2, then k; = k = ko; this means that \ is completely irregular, and implies
that, in point (4) of the above theorem, the parity condition is trivially satisfied and that
k1 — ko = 0, so that the weights 0 and 1 appear.

To conclude, we only have to observe that if cor(A) > 1 and \ is completely irregular,
either ko = 0 or k1 = k = ko (cfr. the observations after Def. 4.3.1.1). O

The rest of this section is devoted to the proof of Thm. 4.3.1, following the outline
given in the introduction to this chapter.

4.3.2 The degeneration along the Siegel strata

With notation as in the statement of Thm. 4.3.1, fix a irreducible G r-representation V)
of highest weight A = A((k1,0, k2,6 )0crp,¢): we want to employ Theorem 4.2.1 to study
the degeneration of uf (V) along the Siegel strata, whose underlying Shimura datum is
(Go, $0), where Gy ~ G, as explained in 4.2.1.

Remark 4.3.2.1. From the definition of the morphism S — Ggr underlying the Hilbert-
Siegel datum (2.1.2.2.(2)), we see that an irreducible representation of G of highest weight
A = M(k1.0, k2.0)octp, ) is such that pf(Vy), resp. plf(Vy), is a variation of Hodge
structure, resp. an f-adic sheaf, pure of weight w(\) := —c (cfr. the convention fixed in
2.1.3.1, which is extended to variations of Hodge structure in the obvious way).

4.3.2.1 Weights in the cohomology of the unipotent radical.

We start by identifying the possible weights appearing in the degeneration along the Siegel
strata, i.e. in the (Qo/Wp)-representations

(Wo.L,Va) ~ P Vo, (4.21)
TeP,

for g € {0,...,3d} (cfr. (4.16)). Recall from (4.5) that we have

(Qo/Wo)r = G, x ] (GL2,)o

o€lp

Let us then compute the weight of the pure Hodge structure carried by each irreducible
summand V\S’q.
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Lemma 4.3.2.2. For every q € {0,...,3d} and for every q-admissible decomposition ¥
as in Notation 4.2.3.2, the action of the Gy, r-factor inside (Qo/Wo)r, induces on V\g’q a
pure Hodge structure of weight

w()\)_ [ Z (k1,0+k2,0)+ Z (kl,o_kQ,U_Q)_ Z (kl,o_kQ,o +4)_ Z (kl,a+k2,a+6)]-

UEI?, UEI}, UEII% 06113,

Proof. By the discussion in 4.1.2, the L-points of the G,, r-factor are identified with the
subgroup

{<< o ))M ja €L}

of Qo/Wy(L). With the notation of Lemma 4.2.3.3.(1) for the highest weight of the
representation V\g’q, and recalling (4.8), we see that G, (L) acts on V\g’q via the character

%-[CJr Z (n1,0+m2,0)]
a—a  °F , (4.22)

Now remember that w(A) = —c¢ (Rmk. 4.3.2.1). By the convention fixed in 2.1.3.1 and the
definition in (4.9) of the Shimura datum (Gp, Xo), the expression for 7; , and 72, given
in Lemma 4.2.3.3.(1) yields the formula in the statement. O

Notice for later use that if V is the standard 2-dimensional L-representation of GLo 1,
the above computations imply that the representation obtained by restriction to the factor
[T (GLa,1)s of (Qo/Wy) is isomorphic to

UEIF
(R Syme R0V @ deth2) © ((R) Symbro 202V @ det 20 —2)@
er9 crl
i k E 2 k 3 T k k & 3 (4.23)
®( ® Sym 110'+ 2,0‘“1‘ V ® det_ 1,0 — ) ® ( ® Sym 1l,0— 2,0’\/v ® det_ 1,0— )
UEI% UEI?’,

4.3.2.2 Cohomology of the arithmetic subgroup.

Consider now the arithmetic group I'g of Rmk. 4.2.2.2: according to Theorem 4.2.1, and
remembering (4.38), we need to identify the cohomology spaces

HP(To, HY(Wo,r, V)) ~ €@ HP(To, V) (4.24)
veP,

and their weight-graded objects Gr) HP(To, HY(Wy r,V)) =~ DBuep, HP(To, GerV\I(,)’q)
(cfr. Remark 4.2.2.3(3)). As the cohomological dimension of Wy is 3d, these spaces
can be non-zero only for g € {0,...,3d}. We are now going to put further restrictions on
the non-triviality of such spaces.

Construction 4.3.2.3. T is identified with a neat (hence, torsion-free) arithmetic subgroup
of
ReSF|QGL27F(Q) = GLQ(F)

(Remark 4.2.2.2). Let m be the projection GLa(F) — GL2(F')/Z(GL2(F)) and define
Loz :=ToN Z(GLa(F)) and Iy := 7(Ty) (non trivial, torsion-free arithmetic subgroups
of Z(GLy(F)) ~ F*, resp. PGLa(F)). Then, I'g can be written as an extension
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1—=Toz =Ty 5Ty —1, (4.25)

and applying the Lyndon-Hochschild-Serre spectral sequence to this extension
Ey = H" (T, H*(Co.z, Vg'9)) = H™5(To, V') (4.26)

we see that every subspace HP(Tq, V\I(,]’q) is (non-canonically) isomorphic to a direct sum

P v (4.27)
r+s=p
where every U is a subquotient of H” (I, H*(Tg z, Vo'®)). Thus, if H(Lo 7, Va'd) is zero
for every s, then HP(T'y, V\I(,)’q) is.
Lemma 4.2.4.1 gives necessary conditions for the non-triviality of the cohomology of

a free abelian group acting on a vector space. The following lemma tells us when these
conditions are verified in a specific case:

Lemma 4.3.2.4. Let I'g z be the group defined in Construction 4.3.2.5. Then, its action
on on V£’q is trivial if and only if there exists an integer k such that

kio+ koo =k Vo € 1%
k17g—k27g—2:/£ VO’EI};
—(k1o — koo +4) =K Vo€ I%
—(k1o+ koo +6)=r Voe€l?

(remembering Notation 4.2.3.2).

(4.28)

Proof. By Dirichlet’s unit theorem, we have that Respjq G, r(Z) =~ O ~ 71 x 7./27.
On the other hand, the torsion-free group Iy 7 is commensurable to O%. The group I'g z
is then isomorphic to Z?~!. By choosing generators 71,...,74—1, and remembering the
discussion in 4.1.2, it is then identified with the subgroup

U(t)71 )O'EIF |t = ’Yfl .. "Ygd__llaph -oyPd—1 € Z} — QO/WO(L)

(4.29)
Recalling the expression for the highest weight of the representation V\S’q given in Lemma

4.2.3.3.(1), we see that an element t = %" ... 4541 € Ty 7 acts on V¢ via multiplication
by [I a(t)m'”'méa”, i.e. by

oc€lp
H U(t)kl’a+k2’” . H O'(t)kl"fka"’*Z . H O,(t)f(k1,gfk2,a+4) . H U(t)*(kl,o“er,a“FG).
oel? el oel? oel}

The condition in the statement then follows by applying Remark 4.2.4.3. O

Definition 4.3.2.5. If )\ satisfies the above condition with respect to a gq-admissible de-
composition ¥ and to k € 7Z, we say that X\ is (k,0)-Kostant parallel with respect to W.
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4.3. The degeneration of the canonical construction at the boundary

Definition 4.3.2.6. A g-admissible decomposition ¥ is said to be (A, 0)-admissible if there
exists k € 7 such that A is (k,0)-Kostant parallel with respect to ¥. The set of q-admissible

decompositions which are moreover (\,0)-admissible will be denoted by 735)"0).

With these definitions in hand, we can prove:

Lemma 4.3.2.7. For every s ¢ {0,...,d — 1}, the cohomology space HS(Fo,Z,V\B’q) is
trivial. For every s € {0,...,d — 1}, it is non-trivial if and only if X is (k,0)-Kostant
parallel with respect to W and one of the following two conditions holds:

1. Ip = I3 U I} In this case, g € {0,...,d} and Gry()\)_dﬁv\g’q # {0};
2. Ir = 1% U T3 In this case, q € {2d,...,3d} and Gr}y()\)_dﬁv\g,q £ {0},

Proof. We make first a preliminary observation: suppose that A satisfies (4.28) for a certain
g-admissible decomposition ¥. We see then that if I% LI I}, is non empty, then x > —2,
and that if IZ L I3, is non-empty, then x < —4. This follows from the formulae in (4.28)
and from the fact that, since \ is dominant, ki o > ko, > 0 for every o € Ip.

Now, Lemma 4.2.4.1 says that for each s € {0,...,d—1}, H*(I'g z, V\I(,)’q) is non-trivial
if and only if the action of I'g 7 is trivial, i.e. if and only if condition (4.28) is satisfied. But
in this case, the previous observation says that only one of the subsets I% L I};, I% ur ;’; can
be non-empty. Then, in both situations, the assertion on ¢ comes from the definition of ¢-
admissible decomposition (Eq. (4.15)), while the assertion on the weight appearing in V\I(,)’q
comes by comparing the computation of Lemma 4.3.2.2 with the formulae in (4.28). O

Remark 4.3.2.8. The above lemma, which is an essential step towards Theorem 4.3.1,
implicitly makes use of the “coincidences” in the computations in Lemma 4.3.2.2 and
in (4.28), i.e. of the fact that the linear combinations of coordinates of characters that
appear in the two cases are the same. This can be rephrased as follows. With M, as in
Notation 4.2.2.1, let ¢ : G, 1, = Z(My)1, be the composition of the adjunction embedding
Gm,L — GZ% ;, and of the isomorphism Gi% 1 =~ Z(My)r, deduced from the isomorphism

(Qo/Wo)r =~ Gor x Mo ~ Gy X [ (GL2L)s. Let moreover w : G, g — S, resp.
o€lp
k : S — Gor be the cocharacter defined in 2.1.3.1, resp. the morphism defining the

Shimura datum corresponding to Go. Then, for every A, Lemma 4.3.2.2 and (4.28) show
that we have
)\’GO,R okow = Az, © tr- (4.30)

In other words, the "Hodge weight", determined by the restriction of A to the center of the
Go-component of Qo/Wp, equals the (a priori different) character obtained by restriction
to the center of the My-component.

This is indeed a general phenomenon, as we explain now. Denote by A the maximal
Q-split torus in the center of (Qo/Wy) NG, which is a subgroup of Z (M) isomorphic to
G- If L4 is the isomorphism A ~ G, obtained in the same way as ¢, then /\‘Z(Mo)R OLR =
A4y © tar. Hence, we see that (4.30) is a consequence of | , Prop. 6.4]: the proof
in loc. cit. is valid for quite general Shimura data and is based on the description of the
action of A (through \) on the fibers of the degeneration as the lifting of a local Hecke
operator, a self-(multivalued) map defined in a neighbourhood of the stratum (in our case,
of a cusp). This is seen to coincide with an action induced by the geodesic action of A on
the rational boundary components of the underlying hermitian symmetric domain (in our

case, H2).
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The boundary motive of genus 2 Hilbert-Siegel varieties

Observe now that, by the considerations in Costruction 4.3.2.3, the necessary condi-
tions for non-triviality of the cohomology of I'g 7 give necessary conditions for non-triviality
of the cohomology of the bigger group I'g. Applying this, and employing Definition 4.3.2.6,
the isomorphism from Theorem 4.2.1.(2) for a stratum Z of 95} contributing to Zy now
becomes

R™i3i* j. S ( ‘ D w’ KO ( b HP (Lo, Vg ?)). (4.31)
pt+g=n vepM?

We are interested in the weight-graded objects

7o (Ko)
Gry R™i%i* g ulS( ’ @ Ly 0(Ko) @ HP(Dg, Gry V). (4.32)
prg=n vepM?

We are going to find a second set of necessary conditions for these objects to be non-trivial,
through a dévissage which is "orthogonal" to the one described in Remark 4.3.2.3.

Construction 4.3.2.9. The groups I'g 55 := I'g N SLa(F), resp. det Iy are non-trivial sub-
groups of SLy(F'), resp. F*, which are again arithmetic and torsion-free. In particular,
det Ty ~ Z41 (as in the proof of Lemma 4.3.2.4). Moreover, Iy can be written as an
extension

1— FO,ss — T ﬂ) det I'g — 1,

so that the Lyndon-Hochschild-Serre spectral sequence applied to this extension
= H"(det Do, H*(To,s, Vi ?)) = H™ (Lo, Vg ?)

tells us that each space HP(Ty, V\I(,]’q) is (non-canonically) isomorphic to a direct sum
@ N
r+s=p
where each N™° is a subquotient of
H"(det Tg, H*(To 5, V' 9)).
If the latter subgroup is zero for every r or H S(Fo,ss,V\S’q) is zero for every s, then
H? (T, Vg?) is.

For every integer ¢ € {0,...,3d}, we know by (4.23) that det Iy acts on V\g’q, and a
fortiori on its subspace HO(T ss, V£’q), via multiplication by the character x defined by

te [ c@F I] o)™ 2 [[ o) o2 I o(t) Fe? (4.33)

oel? oely, o€l oel}

and the following lemma will allow us to identify the cohomology spaces corresponding to
this action:

Lemma 4.3.2.10. Let A = A(ki, k2,¢) be (k,0)-Kostant parallel with respect to a q-
admissible decomposition ¥ of I (notation as in 4.2.3.2). Fizs € {0,...,3d} and suppose
that H*(T¢ ss, Vq?’q) is non-zero. For every r € {0,...,d — 1},

H'(det Tg, H*(T 55, Vr?)) # {0} <= H(det Lo, H*(Tg.s, Vg'?)) # {0}

<= one of the following conditions is satisfied:
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4.3. The degeneration of the canonical construction at the boundary

1. Ip = I% and ko is parallel. In this case, ¢ = 0;
2. Irp = I}; and ko is parallel. In this case, ¢ = d;
3. Ip = I% L I;Q} and such that ki is parallel. In this case, ¢ € {2d,...,3d}.

Proof. The point is to reduce oneself to the case where the action of det I'g on the spaces
H?*(Toss, V£’q), for s > 0, remains semisimple. Now, if [®] € H*(T'g ss, V\I(,)’q) is the class of
a s-cocycle

® € Hompr, , (L[To,ss)* ™, V'),

then, for t € det T'g, the element t.[®] € H*(T'o s, V\g’q) equals the class of the morphism
t.® € Homyr, . (L[To,ss)* ", VoY)

that to every (to,...,ts) associates x(t)®(t!(to,...,ts)t) (where f is any lifting of ¢ in T,
and x is as in (4.33)).

Consider now the subgroup of 'y defined in (4.29), which is free abelian, generated
by {71,...,7a—1}. The elements {(v1)2,...,(74-1)%} generate a free abelian subgroup T
of det T'g, of rank d — 1, each of whose elements has a central lifting in I'g. Then, for
every s, I still acts via the character x on H® (To,ss5 V\S’q). We can now apply Lemma
4.2.4.1 and Remark 4.2.4.3 to I and conclude that if HS(F07SS,V£’q) is non-zero, then
H' (T, H¥(Tg 55, Vg'?)) = Ho(f,HS(Fo,ss,V\g’q))(d;l) # {0} if and only if (remembering
the definition of x) there exists an integer  such that

koo =0  Voel
—kyy—2=0 Voell,
_kl’o'_3:9 \VIO'EI%
—kl,g—?):(g VJGI%

Now recall that ki, > ko, > 0: the above condition is then equivalent to the one in the
statement. Remember that precisely under this condition, the character x is trivial.

In order to finish the proof, put F := det I'g/ I: it is a finite group, that we can assume
non trivial, of a certain order f (otherwise, there is nothing else to do). Let {¢1...,¢5}
be a system of representatives of F inside det 'y and denote by e the endomorphism

of multiplication by }Zé X(¢i). By considering the Lyndon-Hochschild-Serre spectral
sequence associated to this quotient and by applying | , Prop. 6.1.10], we see that
H'(det Do, H*(To 55, V")) = H® (F, H' (T, H* (To 0, Vig®)) ) 2 €+ H' (I, H* (T 56, V).
Now, if e is not the zero endomorphism, then

e- H'(T, H* (T o6, Vor!)) =~ H™(T, H*(To s, V')

and the lemma is demonstrated. But in the case we are working in, x is trivial, and e is
just the identity morphism. O

The third and last set of necessary conditions for non-triviality of the cohomology of
I'yp comes from general results on the cohomology of locally symmetric spaces.

Lemma 4.3.2.11. The following statements hold.
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The boundary motive of genus 2 Hilbert-Siegel varieties

(1) The cohomology space HP(Ty, V£’q) is trivial for every p < 0 and all p > 3d — 2.

(2) If the irreducible representation V\I(,)’q is non-trivial as a SLg’L—representation, then
HP (T, V\I(,)’q) = {0} for every 0 <p < d.

Proof. 1. Recall from Notation 4.2.2.1 the group My ~ Resp|gGLg, r, and denote by K« a

maximal compact subgroup of My(R) (isomorphic to [] O2(R)), by Ay, the group S(R)°
oelp
(for S the maximal Q-split torus inside Z(Mp)) and by $ the complex upper half plane.

Then, remember the symmetric space associated to My (Example 2.1.1.3.(3)), defined by
D := Mp(R)/KsApg, =~ H x R¥1 and recall that every V\g’q (as a My r-representation)
defines a local system V?I,’q on the locally symmetric space Xt, = I'op\D (Def. 2.1.1.4) such
that HP(Iy, V\I(,)’q) o~ Hp(XFO,V?I,’q) for every p (see Construction 2.1.1.6). Let now R(-),
resp. rg(-) denote the radical, resp. the Q-rank of a Q-algebraic group. The statement then
follows from | , Thm. 11.4.4], taking into account that dim(D) — rq(Mo/R(Mo)) =
3d — 2.

2. Recall the group I'yss defined in Construction 4.3.2.9, recall the (complex analytic,
connected) Hilbert modular variety Xp, . defined as I'g 5\$¢ in Example 2.1.2.2.(2), and
abusively also denote by V?I,’q the local system on Xt induced by the the restriction
of the representation V\S’q to M&‘j{ ~ (Resp|gSLa,r)L =~ SngL. Then, for every p, we
have HP(To s, Vg'?) =~ HP(Xr,.,,Vy?). The statement now follows from the fact that
HP(XFQSS,V?I}‘J) = {0} for every 0 < p < d if V3 is non-trivial (| , Thm. 1.1(i)])
and by employing the considerations at the end of Construction 4.3.2.9.

O

4.3.2.3 Computation of weights along the Siegel strata.

We can finally describe the weights appearing in the degeneration of the canonical con-
struction along the Siegel strata, in the cohomological degrees which we will need in the
sequel:

Proposition 4.3.2.12. Let V) be the irreducible L-representation of G, of highest weight
A= A(k1,6,k2,0)0,¢) and Z a stratum of 0Sj, which contributes to Zy. Adopt Notation
4.2.3.2 and the notation of Definition /.5.1.1.

(1) Let n <0 orn > 6d—2. Then the cohomology sheaf R”i{]i*j*,uf(VA)IZ is zero.

(2) Let 0 < n < d. Then the cohomology sheaf R"i(”ji*j*,uf(v)\)‘z can be mon-zero only if
k1 = ko = ka. In this case,

R (V)| = g (" (Do, Vi)
is pure of weight w(\) — 2dkg. If n =0, then it is non-zero.

(8) Letn €{d,...,2d—1}. Then the cohomology sheaf R”i(’gi*j*,uf(‘/)\)‘z can be non-zero
only if k1 = k1 and ky = Ka. In this case,
R g jepif (VA)Z = i ") (H" (Do, Vig©) (4.34)

7[%

is pure of weight w(\) — d(k1 + K2). If K1 # Ko and n = d, then it is non-zero.
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4.3. The degeneration of the canonical construction at the boundary

(4) Let n € {2d,...,3d — 1}. Then the cohomology sheaf R"i{k)i*j*,uf(V)\)‘Z can be non-

zero only if k1 = k1 and ka = ka. In this case, it is isomorphic to
O (To, Vi) @ S0 (4T, V),
where the first factor is isomorphic to
GTY(A)—d(mm)R”iﬁi*jwf(VA)’Z
and the second one to
GTYUV(A)Jrzdfd(mfng)R"iSi*j*Mf(VA)‘Z

If n = 2d, then the second factor is non-zero.

Proof. We begin by proving the necessary conditions for the non-vanishing of the coho-
mology sheaves.

(1) Clear from Remark 4.3.2.11.(1) and from the fact that the representations V\I(,)’q are
trivial for ¢ > 3d.

(2) The isomorphisms (4.31) and Lemma 4.3.2.10 (taking into account the considerations
at the end of Construction 4.3.2.9) imply that, in order to have non-zero cohomology
objects in degree 0 < n < d, kg has to be parallel and that ¢ can only take the value 0.
On the other hand, adding the Kostant-parallelism conditions imposed by Lemma 4.3.2.7,
we obtain that k1 has to be parallel, too. Moreover, by hypothesis, we are in the case
p € {0,...,d — 1}, but in this interval, by Lemma 4.3.2.11.(2), VI%;O can have non-trivial

cohomology objects only if it is the trivial SL% r-representation. Now, looking at the
description in (4.23), we see that this is the case if and only if k1 and ko are equal.

(3) The isomorphisms (4.31) and Lemma 4.3.2.10 (taking into account the considerations
at the end of Construction 4.3.2.9) imply that, in order to have non-zero cohomology
objects in degree d < n < 2d, k2 has to be parallel and that ¢ can only take the values
0 or d. Again, the Kostant-parallelism conditions imposed by Lemma 4.3.2.7 imply that
k1 has to be parallel, too. Now if ¢ = d, then p € {0,...,d — 1}, and in this interval, by
Lemma 4.3.2.11.(2), V&’d can have non-trivial cohomology objects only if it is the trivial

SL% r-representation; but the description in (4.23) shows that this is never the case. The
only remaining possibility is then ¢ =0 and p € {d,...,2d — 1}.

(4) Arguing as above, we see that k; and k2 have to be parallel, and that ¢ can only
take values in {0, d,2d,...,3d}. The cases ¢ = 0 and ¢ = d give the two summands in the
statement. If 2d < ¢ < 3d—1, then the fact that p € {0,...,d—1} and Lemma 4.3.2.11.(2)
imply that the spaces HP (T, V£’q) can give non-trivial contributions to the cohomology
objects if and only if V\I(,)’q is the trivial SL% r-representation, which is never the case, by
the description in (4.23) (remember that in this case, ¥ is of the form (&, @, I% # @, I3)).

Finally, in all cases, the statements about weight-graded objects follow from Remark
4.3.2.7 and from the isomorphisms (4.32), while the non-triviality statements are conse-
quences of the following proposition. O
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Proposition 4.3.2.13. Let A\, V) and Z be as in Proposition 4.3.2.12. If k1 = k1 and
ko = Ko, then:

(1) if k1 = Ko, then the lisse (-adic sheaf MEO(KO)(HO(FO, VI%’O)) on Z is non-zero;
F

(2) if k1 # ko, then the lisse (-adic sheaf NEO(KO)(HCI(FO, VI%’O)) on Z is non-zero;
F

(8) the lisse (-adic sheaf N?O(KO)(HCI(FO, Vlol’d)) on Z is non-zero. If moreover k1 and Ko
F

have the same parity’, it is locally of dimension > h, where h := | 5s\P1(F)| is the
(strictly positive) number of cusps of the (complex analytic, connected) Hilbert modular
variety Xr, ,, of Evample 2.1.2.2.(2).

Proof. If k1 = k3, then the spectral sequence considered in Construction 4.3.2.9 shows
that the space H°(I'g, V) is isomorphic to H?(det 'y, H(Tg 55, V)), which, by the proof of
Lemma 4.3.2.10, is in turn isomorphic to HO(FOVSS, V). Moreover, the description in (4.23)
tells us that here, V is the trivial SLg’ 7-representation, and thus, it is a 1-dimensional
L-vector space. This shows point (1).

Assume then to be in one of the two following cases: either k1 # ko and V is the

irreducible SL ; -representation VI%’O (which in this case is non-trivial), or V := Vlol’d

’ F F

(which by the description in (4.23) is then isomorphic to & Sym”"'™*272V_ where V is
o€lp

the standard 2-dimensional L-representation of SLy ,, so that Vlol’d is never trivial).

In both cases, the same Remark 4.3.2.9 and Remark 4.3.2.Fll show that the space
H%(Ty, V) is isomorphic to H%(det Ty, H%(I'g ss,V)), which by the hypothesis on k1 and
ko and by the proof of Lemma 4.3.2.10 is in turn isomorphic to Hd(FQSS, V). Now, for

every integer & > 0, [ , Thm. 1.1(iv)] shows that dim H%(Ty s, & Sym*V) =
o€l
h+ d(To.ss, k), where 6(Ig g5, %) is a non-negative integer which depends on I'g 55 and on

k. This is enough to show (2) and the first half of (3).

To finish the proof of (3), suppose that k1 and k2 have the same parity and put
k1 + ko =: 2. We will show that, in this case, § := 6(Ig 4,26 +2) > 0. Actually,
[ , Thm. 1.1 (iv)] shows that, more precisely, 6 = hy, + ¢’, where ¢’ is a certain
positive integer and hy, is the dimension of the space of cusp forms of (parallel) weight
2k + 4, i.e. of type 2k + 2, and of level T'g 45 (see Rmk. 2.3.4.4.(1)). Thus, in order to
conclude, it is enough to show that this dimension is strictly positive.

Let Xr,,, be the complex analytic Hilbert modular variety associated to T'g ss. Ac-
cording to | , Chap. II, Thm. 3.5], we have

hip = vol(Xt,,,) (26 + 3)" + Leusp, (4.35)

where L,y is a (not necessarily positive) integer which does not depend on x (recall that
Iy ss is neat). Now, if d is odd, then the discussion in | , page 111] implies that
Leusp = 0, so that we obtain Ay, > 0, as desired.

If instead d is even, let us consider a smooth toroidal compactification XFo,ss of Xry .,
(see Subsection 2.3.4). Then, by applying the Hirzebruch-Riemann-Roch theorem to the

2This restriction on parity is necessary in order to apply the results from [ |, which in turn depend
on the formulae for the dimension of certain spaces of cusp forms proved in [ ]. By [ , Note 11,
pag. 63], it is possible that these formulae could admit a suitable generalisation, such that the hypothesis
on parity could be removed.
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automorphic bundles of type 2k + 2 (cfr. Def. 2.3.4.2 and Rmk. 2.3.4.4.(1)) on )_(FOJS, the

authors show in | , Prop. 7.10] that
hIF = X(XFO,SSa OXFO Sg) +e€ (436)
for a certain integer e. Now, [ , Chap. II, Thm. 4.8], implies that, if d is even,

X(XFo,ssa o %r, ) > 0 (this quantity is in particular equal to 1 plus the dimension of the
space of cusp forms of weight 2 with respect to I'p s5) and that

X(XFO,SS’ OXFO s ) = VOI(XFO,SS) + LCUSP (437)

S

(let us stress the fact that Lcysp is the same integer of equation (4.35)). By replacing
the expression for X(XFO,WOXFO ) into equation (4.36), the equality between the two

expressions (4.35) and (4.36) for Ay, tells us that e = vol(Xr, ,)(2k+3)—vol(Xr,,,) > 0.
The equation (4.36) then implies that Ay, > 0 in this case too. O

Remark 4.3.2.14. The above proof shows that the presence of the weights we are interested
in is dued to non-trivial Hilbert cuspidal forms, living on the “virtual” (i.e., not explicitly
appearing in 9S% ) complex analytic Hilbert modular variety Xr, .

4.3.3 The degeneration along the Klingen strata

Let A, V) be as in Subsection 4.3.2 and let us now study, by using Theorem 4.2.1, the de-
generation of uff (V) along the Klingen strata. The group G in their underlying Shimura
datum is isomorphic to RespigGLa F X Res oG rdet Gy (cfr. 4.2.1).

4.3.3.1 Weights in the cohomology of the unipotent radical.

As before, let us start by identifying the possible weights appearing in the degeneration
along the Siegel strata, i.e. in the (Q1/W1)r-representations

HI Wi, Va) =~ € Vg, (4.38)
VeP,

for ¢ € {0,...,3d} (cfr. (4.16)). Recall from (4.6) that

(Qu/Wi)r = ((T] (GLap)e) X [T @nn)o Gmi) X I (Gmz)o

o€l o€l o€lfp

We are now going to compute the weight of the pure Hodge structure carried by each
irreducible summand V\I}’q.

Lemma 4.3.3.1. For every q € {0,...,3d} and for every q-admissible decomposition ¥
as in Notation 4.2.3.2, the action of the factor isomorphic to

(IT (GL2.2)o) X [ @m.p)o.Tdet Cmit

o€lp o€lp

inside (Q1/W1)r induces on V\ﬁ’q a pure Hodge structure of weight

wN) = [ kre+ Y (koo —1)— > (koo +3)— > (k1o +4)]. (4.39)

UEI% 0’6]11; 06112, UEI?,
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Proof. By the discussion in 4.1.2; the L-points of the factor of (Q1/W7)r that we are
considering are identified with the subgroup

p

{( o Joclp | p€ L™, 7o € L™ for every o € Ip}
o P

of Q1/W1(L). By the convention fixed in 2.1.3.1 and the definition in (4.10) of the Shimura
datum (G1, X1), the expression given in Lemma 4.2.3.3.(2) for the highest weight of the
representation Vq}’q yields the formula in the statement (recalling (4.8) and Rmk. 4.3.2.1).

O

4.3.3.2 Cohomology of the arithmetic subgroup.

Consider now the arithmetic group I'; of Rmk. 4.2.2.2, which is identified with a torsion-
free arithmetic subgroup of Resp|gGum r(Q) = F* (cfr. Remark 4.2.2.2). We need to
identify the cohomology spaces

HP(Dy, HY Wy 1, V) =~ €D HP(Ty, Vy?).
veP,

Reasoning as in the proof of Lemma 4.3.2.4, we obtain:

Lemma 4.3.3.2. The group Ty is isomorphic to Z9=', and for every q € {0,...,3d}, its
action on V\I}’q is trivial if and only if there exists an integer x such that

kl,a =K Vo € I%
kao —1=k Voel},
—(koy +3) =k Vo€ I%
—(k1o+4) =k Yo e€l&

(4.40)

(remembering Notation 4.2.3.2).
Hence, we are led to pose the following:

Definition 4.3.3.3. We say that A is (k,1)-Kostant parallel with respect to a g-admissible
decomposition W if X satisfies condition (4.40) with respect to k € Z.

Definition 4.3.3.4. A g-admissible decomposition ¥ is said to be (A, 1)-admissible if there

exists k € 7 such that \ is (k, 1)-Kostant parallel with respect to W. The set of g-admissible

decompositions which are moreover (A, 1)-admissible will be denoted by P[EM).

Then, the proof of the following lemma is completely analoguous to the proof of Lemma
4.3.2.7:

Lemma 4.3.3.5. For every s ¢ {0,...,d—1}, the cohomology space H*(I'1, V\I}’q) is trivial.
For every s € {0,...,d—1}, it is non-trivial if and only if X is (k,1)-Kostant parallel with
respect to U and one of the following two conditions holds:

(1) Ip = 1% U Tk, In this case, q € {0,...,d} and GrYUV(A)deV\I:}’q #{0};

(2) Ir = 12U T3 In this case, q € {2d,...,3d} and Gr}uw(/\)_ng\I%’q # {0}.
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4.3. The degeneration of the canonical construction at the boundary

Remark 4.3.3.6. An essential ingredient for the proof of the above lemma is again the
same phenomenon of Rmk. 4.3.2.8.

Remembering Definition 4.3.3.4, the isomorphism in 4.2.1.(2) for a stratum Z’ of 957,
contributing to Z; becomes now

~ @ " @ HAL V) (4.41)

pra=n W;w

R"ii* ]*NZ

and we want to study the weight-graded objects

~ @ w"C P HATL G V). (4.42)
p+g=n \11673(9’1)

Gry Riyi* j ks (

4.3.3.3 Computation of weights along the Klingen strata.

In order to describe the weights appearing in the degeneration of the canonical construction
along the Klingen strata (in the cohomological degrees which will be needed in the sequel),
we just need a last preliminary remark:

Remark 4.3.3.7. 1. Suppose the dominant weight A\ = A((k1,6,k2,0)ocip,c) of Gr, to be
(k, 1)-Kostant parallel with respect to a decomposition ¥ of the form (I%, I+, @, @). Then,
by the definition of Kostant-parallelism and the hypothesis on A, we see that such x and
U are necessarily unique, except if k1 = k1 and ko = k2. In this last case, there exist
exactly two pairs (s, (I%, I+)) such that A is x-Kostant-parallel with respect to (I%, I}),
ie. (k1,I%) and (k2 —1,1F).

2. The condition on A of being (x, 1)-Kostant parallel with respect to a decomposition ¥ of
the form (I%, I}, @, @) coincides with the condition of being x-Kostant parallel introduced
in Definition 4.3.1.1; hence, we will adopt this terminology in the following. Moreover, by
the preceding point, whenever we suppose A to be x-Kostant parallel with respect to a
decomposition such that I% #+ &, resp. I}; # &, then I?;, resp. I}p, is uniquely determined
by A.

Then, remembering the above Remark, by employing Lemma 4.3.3.5 and reasoning
along the same lines of the proof of Prop. 4.3.2.12, we deduce the following:

Proposition 4.3.3.8. Let V), be the irreducible L-representation of Gy, of highest weight
A= A(k1,0,k2,6)0,¢) and Z' be a stratum of 0S}; contributing to Z;.

(1) Let n <0 orn >4d — 1. Then, R"i’{i*j*uf(\/}\)‘z/ is zero.
(2) Let n € {0,...,d —1}. Then the l-adic sheaf R™i7i*ji g (V)\)‘ ~on Z' is non-zero if
and only if the followmg hold:

e )\ is k-Kostant parallel and 1% # @;
e posing di := |I}| € {0,...,d — 1}, we have n > dy.

In this case,

RN ol (V)] , = g ) (0 (00, V™)

and it is pure of weight w(\) — dk.
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(8) Letn € {d,...,2d—1}. Then the {-adic sheaf R"i’{i*j*,uf(V)\)’Z, on Z' is non-zero if
and only if the following hold:

e )\ is k-Kostant parallel and I}p +O;
e posing dy := |I+| € {1,...,d}, we have n < d —1+d;.

In this case,
R”i’{i*j*,uf(V)\)

1 (K — 1,d
=g O v ™)
and, denoting ko := Kk + 1, it is pure of weight w(\) + d — dka.

(4) Let n € {2d,...,3d —1}. Then the {-adic sheaf R”i*{i*j*,uf(V,\)‘Z, on Z' is non-zero

if and only if X is (k,1)-Kostant parallel with respect to a ¥ such that Ip = 112; L I% and
I2 is non-empty. In this case, posing d3 = |I3| € {0,...,d — 1},

RO ol (V)| e 050 (pr—2d—ds (p | yb2dda

Z/

and, denoting k3 = —k — 3, it is pure of weight w(\) + 3d + dks.

4.3.4 The double degeneration along the cusps of the Klingen strata

Keep the notation of Thm. 4.3.1. In order to study the weights of the motive i*j}V, the
study of the degeneration of the canonical construction to each stratum of 957 will not
be enough: in Lemma 4.3.5.5, we will also need to consider a double degeneration, the
one of mixed sheaves on the Klingen strata, already obtained by degeneration, along the
boundary of the closure in 957 of the Klingen strata themselves.

By paragraph 4.2.1, every stratum Z’ of 05} contributing to Z; (as defined in para-
graph 4.2.2) is (a smooth quotient by the action of a finite group of) a Hilbert modular vari-
ety S, (k) of dimension d. Remember from the same paragraph 4.2.1 that the Shimura da-
tum underlying S7, () corresponds to the algebraic group G1 ~ Resp|gGLz X Res oG det
Gy, whose L-points are identified, up to conjugation, with

p
a b
Gl(L) = {( 7 1 7 )UEIF ‘amba,cmda €L,pe LXa

Co dy
such that p = a,ds — byc, for every o € Ip} =
={(As)oerp € H GLg 1,(L) such that det(A,) = det(As) V 0,6 € Ip}.
o€l
The boundary 957 (K1) of the Baily-Borel compactification S} (K1) of Sr (k) is 0-
dimensional: it is in fact a finite disjoint union of strata (called cusps), obtained as Shimura
varieties coming from the group G,,. Fix such a stratum Z”, corresponding up to conju-
gation, in the formalism of 2.3.3, to the standard Borel subgroup of G; (denoted by @ for
the sake of coherence with the notations in the sequel): it is a representative of the unique

G1(Q)-conjugacy class of standard maximal parabolics of G1. Its unipotent radical will
be denoted by Ws. The Levi component of Q2 is a torus 77 isomorphic to

Gm X ReSF|QGm7F (4.43)
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4.3. The degeneration of the canonical construction at the boundary

via the isomorphism defined on L-points by

Ty(L) ~ Gm(L) x [] Gm(L)s

o€lp

Bug

1 )UEIF = (57 (UG)GEIF)'
-1

Then, the Shimura datum (G2, X2) underlying Z” is such that the L-points of the
group Go ~ G, are identified with

I
Go(L) = {(< b I ))UEIF |8 € L*} = Ti(L)
and X is defined exactly as Xg in (4.9) (cfr. | , Example 12.21]).

4.3.4.1 The degeneration of the canonical construction along the cusps of
Hilbert modular varieties.

Let j' be the open immersion of S (k) in S;’;l( K1) and adopt the notations of paragraph
4.2.2, by replacing j with j* and K with 71(K7). The stratification ® of 85;1([(1) is then
formed by only one element, called Z,. Denote by iy : Zy — S;"rl( K1) the closed immersion

complementary to j'. Let us consider a stratum Z” contributing to Z5 and let us spell
out, thanks to Theorem 4.2.2, the conclusions of Theorem 4.2.1, applied this time to
ugl(KI)(UX), where U, is a irreducible L-representation of G r..

Such a representation is determined by its highest weight x = x((hs)oery,g), Where
he € Z,he > 0 Vo € Ip, g € Z (we will write h for the vector (hs)ser,). This character
is defined on the points of the maximal torus 77 ;, of Gy, by

p
( B . )O’GIF — H uga - B9,

1 oelp

The vector h is called parallel if there exists an integer h such that h, = h for every
o € Ip. In that case, we will write h= h.

Remark 4.3.4.1. Notice that, with these conventions, the restriction to T 1, of the character
A(k1,0,k2,0)0,c) defined in 4.8 is given by

e+ (ke + ko). (4.44)

N | —

X((kZU)U)
Using the notations fixed in the beginning of this subsection, we have an identification

(Q2/Wo)r, =T 1,

so that, by Theorem 4.2.2, the cohomology spaces H?(Ws 1, Uy) are identified with repre-

sentations of the group 11 1, ~ Gy, X [] Gy, . Let us determine the weight of the pure
oelp
Hodge structure carried by each irreducible factor of these representations.
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Lemma 4.3.4.2. Let x = X((ho)ocIp,9) as above. Then, the spaces HY(Wy r,Uy) are
non-trivial if and only if ¢ € {0,...,d}. For each q € {0,...,d}, letting I run over the
subsets of Ir of cardinality q, they are direct sums of pure Hodge structures of weight

—2942) (he +1). (4.45)
ocel

Proof. We begin by making explicit the data which are needed in order to apply Theorem
4.2.2. By choosing (11,1, Q2,) as a maximal torus and a Borel of G 1, we can identify

the set of roots v of Gy 1, with || ts, where each t, is a copy of the set of roots of GLa 1,
o€lp
corresponding to the obvious choice of maximal torus and Borel. For each fixed 6 € I,

ts contains only one simple root ps, which, through the inclusion of ts inside t, acquires
the expression ps = ps((ho)ociy, g), Where

2 ifo=¢6
ho_{ 0 otherwise rg=1

The Weyl group Y of Gy f, is in turn isomorphic to the product [] Y., where, for each
o€l
fixed 6 € Ir, Y5 is a copy of the Weyl group of GLy 1. The latter is a finite group of order

2, the image of whose only non-trivial element through the inclusion of Y4 in T is given
by the element of 75 which acts on X*(71 ) in the following way: if x = x((he)oerr9),
then 75.x = X((Ea)aelpv f)7 where

—hy, ifo=¢d
lo = { h, otherwise ’ F=9-hs

By employing the notations of 4.2.3, it is now clear that, with respect to the only

parabolic of G (up to conjugation), i.e. Qg2r, we have Y/ = T, and that, if w =

(We)oerp € Y~ I Yo, we have l(w) = #{o € Ip|w, = 75}.
o€lp
The explicit computation of w.(x + p) — p (for w € Y’) and Theorem 4.2.2 now give

the isomorphisms

HY(Wa,r,Uy) ~ b vl (4.46)
ICIF s.t. uliq

where the U}"’s are 1-dimensional L-vector spaces on which G,, 1 x [[ Gy, 1 acts via the
o€l
character

X ((Uo)oerss 9)
defined by

_ he ifogl ;o
To obtain the statement, it is now sufficient to remember that the Hodge structure on
each U7} is induced by the action of the real points of the factor G, of T}, corresponding
to the Shimura datum (Gg, X2) defined in 4.3.4, and to employ the convention fixed in
2.1.3.1. O
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4.3. The degeneration of the canonical construction at the boundary

Consider now the group I's of Rmk. 4.2.2.2, which is a torsion-free arithmetic subgroup
of RespigGm(Q), i.e. of F* (cfr. the isomorphism (4.43) and Remark 4.2.2.2). By the
same argument as in the proof of Lemma 4.3.2.4, it is isomorphic to Z%~1. We need to
study the cohomology spaces

HP(Ty, HY(Wo 1, Uy)) ~ EB HP(Ty,U}).
ICIF s.t. \I|=q

By choosing generators wy,...,wq_1, Iy is identified with the subgroup

( a(t)

) Joerp [t =W W o, pas1 € 2} — Ty (L), (4.47)
O'(t_l)

and an element ¢t € I'y acts on U’ by multiplication by [] o(w)? - ] o(w) 2. By
o¢l oel
reasoning as in the proof of Lemma 4.3.2.7, and employing Lemma 4.3.4.2, we get:

Lemma 4.3.4.3. The cohomology space HP(T'y, U}) is non-zero if and only if h = h and
one of the following conditions is satisfied:

(1) I =@. In this case, ¢ = 0 and the Hodge structure on Uy = H°(Wa, 1, Uy) is pure of
weight —2g;

(2) I =1Ip. In this case, ¢ = d and the Hodge structure on U{ = HYWy 1,,U, ) is pure of
weight —2g + 2d + 2dh.

The isomorphism of Theorem 4.2.1.(2) for a stratum Z” contributing to 8S;"r1( K,) DOW
becomes

R (iz)*dpy ™ (U)

=@ @ wraErm,u). (4.48)

PHq=nICIp s. t. |I|=¢q

The computation of the weights of these cohomology objects is then a direct consequence
of 4.3.4.3:

Proposition 4.3.4.4. Let U, be the irreducible representation of G, of highest weight
x = x(h,g) and Z" a stratum contributing to 95y (kyy- Then:

(1) Letn <0 orn >2d—1. Then R"(ig)*jfkuzrl(Kl)(UX)‘Zﬂ is zero.

(2) Letn € {0,...,d —1}. Then R”(ig)*j;ugl(Kl)(Ux)’Z" is non-zero if and only if h is
parallel. In this case, it is isomorphic to M?Z(KQ)(HTL(FQ, UY)), and pure of weight —2g.

(3) Letn € {d,...,2d—1}. Then R”(iQ)*j;ugl(Kl)(UX)‘Z” is non-zero if and only ifh = h.
In this case, it is isomorphic to /,1,22(K2)(Hn_d(rg, U¢)), and pure of weight —2g+2d+2dh.

Remark 4.3.4.5. The results of Proposition 4.3.4.4 had already been obtained in | ,
Thm. 3.5], by slightly different considerations, when the representations U, are such that
g=0.
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The boundary motive of genus 2 Hilbert-Siegel varieties

4.3.4.2 The double degeneration.

Let A = A((k1,0,k2,0)0,C), Vi and Sk be as in Subsection 4.3.3, and let Z’ and Sﬂ'l(Kl) be
as in paragraph 4.3.4.1.

By (4.41) and Theorem (4.2.1).(1)-(2), we have the following isomorphism in the de-
rived category:

i e (VA)

[—m], (4.49)

z 2@[ ST
p

m +qg=m

where
VP= D HP(I, V). (4.50)
wepMY
In this latter direct sum, every factor is, by restriction, a certain power of an irreducible
representation of Gy 1, whose dominant weight is the one prescribed by Remark (4.3.4.1)
applied to the character A((€1,5,€2,0)0cry,c) defined in (4.18).
Recall that the functor ,uzrl(Kl) used in the isomorphism (4.49), with values in Ety r(Z’),
is deduced from the canonical construction functor, which takes values in Ety r(Sr, (x,))

(Remark 4.2.2.3.(1)). In order to study the degeneration of ,uzrl(Kl)(Vp’q) along the points

in the closure of Z’ in 0S},, we will rather consider the sheaves on Sri (k) denoted by

the same symbol, which are obtained by interpreting this time uzl(Kl) as the canonical

construction functor.

Let us now apply Theorem 4.2.1.(2) to ,uzrl(Kl)(Vp’q)[—m] and to S; (k,), by posing
p+ ¢ = m and by adopting the notations of 4.3.4.1, for a stratum 95, (), in order to
study the weights of the objects

R (i) 0 (Ve

g’

We will only need this for m € {2d,...,3d — 1}.

Proposition 4.3.4.6. Fiz two positive integers p and q such that p+q € {2d,...,3d—1}
and let VP4 be the L-representation of G5, defined in (4.50), deduced from the irreducible

L-representation Vy of G, of highest weight X\ = X((k1,0, k2.0 )ocip, ¢). Let Z" be a stratum
contributing to OSy (k). Then:

(i) if m" € {0,...,d—1}, the (-adic sheame/(ig)*jfkugl(Kl)(Vp’q)
and only if k1 = k1 and ky = ka. In this case, it is pure of weight w(\) +2d — d(k1 — K2);

on Z" is non-zero if

1

(ii) if m' € {d,...,2d — 1}, the (-adic sheaf Rm'(ig)*jiﬂgl(Kl)(Vp’q) g O Z" is non-zero

if and only if k1 = k1 and ko = ka. In this case, it is pure of weight w(\)+6d+d(k1 +k2);

(iii) if m" ¢ {0,...,2d — 1}, then the (-adic sheaf Rm,(iQ)*j;ugl(Kl)(Vp’q)‘Z” on Z" is
zero.

Proof. Lemma 4.3.3.5 implies that in order to have non-trivial cohomology objects, we
must have p € {0,...,d — 1}; hence, by hypothesis, we have ¢ € {d+ 1,...,3d — 1}, and
the same lemma then implies that V¢ is non-zero if and only if there exists a g-admissible
decomposition ¥ = (1% # @, I3) of Ir and an integer ¢; such that

kzﬂ =11 Vo € I%
k‘l,a‘zbl_l \V/O'EI%
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4.3. The degeneration of the canonical construction at the boundary

(A.d)

In this case, if 73(’1 is the set of such decompositions, we have

VPd — @ Hp(Fl,V\;’q)
wep) D

The highest weight of the action of Gy, on HP(I'y, V\I%’q) is then the restriction to 77 r, of
the character \((€1 0, €25 )0elp,¢) defined in (4.18), where
koo —3 ifoelf k1,41 ifoel?
€l,0 = . 3 5 €20 = . 3
—]4/‘170—4 lfO'EIF ’ kgp lfO'EIF

By Remark 4.3.4.1, this restriction, as a character of the maximal torus 77 j, of G f,

has the form x((€2,¢)o, % e+ Y (a0 +€20)]).
o€lp

Now, by Proposition 4.3.4.4, Rm/(ig)*jiugl(Kl)(Vp’q)‘Zﬁ is non-zero if and only if m’ €

{0,...,2d — 1} and €3, is constant on I, say equal to an integer t2. This means that

kLo—:LQ—l VJEI%
k;27o- =19 Yo € I?;w

sheaves we are interested in are non-zero if and only if Ip = 1127 and k1 =10 — 1, ko = 11.
Denoting 1 := 10 — 1 and kg := ¢1, we get the constants in the statement.

In order to conclude, it is now enough to apply again Proposition 4.3.4.4, by observing
that if m’ € {0,...,d — 1} then the highest weight of the action of Gy on HP(T'y, Vé’q)
is the character

Thus, the fact that k1, > ko, for every o € Ir and that I% # @ imply that the

(uo)oery B) = [] upr™!. pale-2irdin—ra) (4.51)
oc€lp

(and analogously for the case m’ € {d,...,2d — 1}). O

Remark 4.3.4.7. The above proof shows that the double degeneration i;jii‘{j*,uf(%\) of
(V) along the 0-dimensional strata of 0S5} is non-trivial only if the vectors ky and ks
in the character A\ are both parallel. This condition is then necessary for the non-triviality
of the hypercohomology of i3;.i% 7.k (V). Even if we won’t make this precise here, one
could interpret the contribution of the latter hypercohomology to boundary cohomology of
uf (V) in terms of Franke’s automorphic decomposition (2.37): i.e., this contribution cor-
responds to the summand given by the conjugacy class of the minimal standard parabolic
subgroup B of GG, which is not “seen” by the Baily-Borel compactification. Our result is
then compatible with [ , Prop. 2.1], where it is proved that the summand coming
from B in Franke’s decomposition is actually trivial, unless k1 and ko are parallel.

4.3.5 Weight avoidance

In this section, we employ the notations of 4.3.1 and 4.2.2. Our aim is to use the results
of the preceding paragraphs in order to prove Theorem 4.3.1, thanks to the criterion
given by Theorem 3.3.4. Thus, we have to relate, for m € {0,1}, the weights of the
objects H™i%,i* ji.(R¢(*V)) to the weights of the objects R"i¥,i*j.(R¢(*V)), which are now
known.

In the following, the symbols 7'5 " will denote the truncation functors with respect to the
perverse t-structure on Z. We will need to keep in mind the following diagram, denoted
by (D) (analogous to the one arising when studying Siegel threefolds, see [ , p- 21]):
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A

In this diagram, arrows on the same line denote complementary immersions: the ones
with “o” are open, the others are closed.

Remark 4.3.5.1. Since the immersions ¢ and 7, resp. ¢ and J, are complementary, [ ,
Prop. 1.4.23] tells us that for every perverse sheaf 7' on Sk we have an exact triangle

Z*Tz/lol*]*f,[—l] T A iy S Z*Tz/lol*j*]:/ (4.52)
resp., for every perverse sheaf F” on S}, \ Zy we have an exact triangle
A 203*2 /! A /! A 11 A 203*2 1!
15Ty 0 JuF =1 = JuF" = G = iaTg 1 F (4.53)

4.3.5.1 Weight avoidance on the Siegel strata.

Let us begin by studying the weight avoidance on the Siegel strata, by employing Propo-
sitions 4.3.2.12 and 4.3.4.6.

Lemma 4.3.5.2. (1) For every n > w(\) + 3d, H"(i§i* j1 Re(*V)) is zero.

(2) For every n < w(X\) + 3d — 1, there are exact sequences
H (i, "NV L RIOV)) = HO (5 Re(CV)) — H (0575 Re(PV)) (4.54)
fitting in a long exact sequence.

(8) For every n < w(X) 4+ 2d — 1, the perverse sheaf H"(i{i1 *Tgw()\HSd 18" Jx RE(AV))
Z€ro.

Proof. (Analogous to | , Rmk. 2.7 (a)-(b)-(c)-(d)]) With the notations of diagram

(D), we have ji, = Jije (] , Cor. 1.4.24]), so that, by the commutativity of that
diagram, the functor that we are interested in, i.e. the functor 7;:*ji. on perverse sheaves
on Sk, verifies

Q08" Jre > 1" J1 1

Now, for every perverse sheaf F' on Sk, triangle (4.53) applied to F” = ji, F’ tells us that

P F = T g F (4.55)
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On the other hand, application of the functor 7*j, to the triangle (4.52) and the commu-
tativity of diagram (D) show that for such a F’, the complex 7*ji,J1.F" is inserted into a
triangle o

Qi1 T g F (1) = g F = 50T = ity 0 g (4.56)
Now choose F' = Ry(*V)[w(\) + 3d] (remember Rmk. 3.2.1.8.(2)) and remember the
conventions of Thm. 3.3.4 for the symbol ji, R¢(*V). Equation (4.55) gives point (1), and,
employing the commutativity of diagram (D), the triangle (4.56) gives point (2).

To conclude, observe that by Theorem 4.2.1.(2), the classical cohomology objects of
i7" j.pe(Vy) are all lisse, hence concentrated in perverse degree equal to their classical
degree plus dim Z; = d. Tt follows that the classical cohomology objects of i{i*j,R¢(*V)
are concentrated in perverse degree equal to their classical degree plus w(\)+d (remember
Rmk. 3.2.1.8.(1)). Hence, perverse truncation of ii*j,Ry(*V) above degree w(\) + 3d
gives a complex concentrated in classical degrees > w(\) + 2d. The same is true after
application of iji1 «. Since Zy is O-dimensional, the perverse cohomology objects of the
resulting complex are the same as the classical cohomology objects, which by the previous
reasoning vanish in degrees < w(\) + 2d — 1. This yields point (3). O

Corollary 4.3.5.3. For every n < w(\) + 2d — 1, we have
H (055" 1 Re(MV)) = H™ (51" 5. Re(MV))

The above lemma and corollary tell us the following: if n < w(A)+2d — 1, the weights
of the perverse sheaf H" (i%i*j1.R¢(*V)) are the same as the weights of H"(i§i*j.R¢(*V)),
which have already been computed. Moreover, there is nothing to do for n > w(\) + 3d.
It remains to study the interval [w(A) + 2d, w(\) + 3d — 1].

Remark 4.3.5.4. Each stratum Z’ of S} contributing to Z; is the quotient of a Hilbert
modular variety Sk z by the action of a finite group; let Sy, be its Baily-Borel com-

pactification. If Z, is the closure of Z; in 0S5} and

* *
77 = L] Sk.zr (4.57)
Z' stratum of 85’;(
contributing to Zl

then there exists a surjective, finite morphism
q: 77 = 7y (4.58)

whose restriction to each Sk z is the quotient morphism from Sk z to Z’ (cfr. | ,
Main Thm. 12.3 (c), Sec. 7.6]).

Thanks to the above Remark, we can now compute the weights of
A)+3d
H" (igi1,477, ~wN+ i1 5. Re(MV))
in the degrees we are interested in.

Lemma 4.3.5.5. If n € [w()) +2d, w(\) +3d — 1], then H"(igir o5,V it . Ro(MV))
is non-zero if and only if k1 = k1 and ky = k2. In this case, it is pure of weight w(\) +
2d — d(k1 — K2).
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Proof. Recall that, with respect to the classical t-structure, Ry(*V) =
Then, for each stratum Z’ contributing to Z;, we have, by Theorem 4.2.1

ZIZ j*Rf |Z’ @szlz ]*IUZ )[—UJ()\) - k]‘zl'

pi (Vl=wN)]-
(1),

Moreover, as we observed in the proof of Lemma 4.3.5.2, Theorem 4.2.1.(2) implies
that the objects RF=*WNi%i*j, uX (V) are all lisse, and since Z; is of dimension d, perverse
truncation above degree w(A) + 3d equals classical truncation above degree w(\) + 2d.
Thus, by fixing a stratum Z contributing to Z;, we obtain

H" (i1, *TZ1 W) +3d; 3% 5 Re (M V), = @ (7—["2021 «( EB REG Gl (Vi) [—w(N) — k]|z,)) ,
z k>2d P
(4.59)
where the direct sum runs over all strata Z’ contributing to Z; and containing Z in their
closure. Fix now such a stratum: as in (4.49) and (4.50), we get

D Rl (V) —w\) — K, =~ @ (D wp ") [—w\) ~ k),  (4.60)

k>2d k>2d p+q=k

and as a consequence, by taking into account the fact that Z is of dimension 0,

Z
k>2d k>2d p+q=k

(H( D Rbtit ol (V) -w()) — khz,))) ~ @D P B i ()]
| (4.61)
Now, let us adopt the notations of Remark 4.3.5.4, and extend the notations of 4.3.4.1
in the following way: j' will denote the open immersion of the union of the Sk z/’s in
the union of the S% ,,’s, while i5 will denote the complementary closed immersion of the
union of the 85;}72/;8 in the union of the Sk ,,’s. By restriction to Z', we get, by proper

base change, the relation

igineg ) o quigglg Y, (4.62)

where on the left, resp. right hand side, we have interpreted the functor ,uzrl(Kl) as a

functor with values in Ety p(Z’), resp. in Ety r(Sr, (k,)). Denote now by 9z the stratum
of Sk 7 such that ¢(0z) = Z (such a stratum is unique, because two rational boundary
components (cfr. 2.3.3) are conjugated by G1(Q) if and only if they are conjugated by
G(Q), by | , Rmk. at page 91, (iii)]). Since the morphism ¢ is finite, we deduce that,
for every k,p, q,

RO i o FO (V)| o qu (RO R g ) (v

). (4.63)

Z Oy

Now, the functor ¢, preserves weights, because the morphism ¢ is finite. Thus, the iso-
morphisms (4.59)-(4.63) allow us to deduce the weights of H" (i§i1 T Z>w(/\)+3d 1% 5. Re(MV))
from the weights of the sheaf R"~*(N)- kz*j’um(Kl)(Vp’q)’Zﬁ. But since n € [w(}) +

2d,w(\) + 3d — 1] and k > 2d, then, by Proposition 4.3.4.6, the objects which appear as
summands in the right hand side of (4.61) are non-zero only for indices n — w(\) — k €
{0,...d —1}. We can then conclude by Proposition 4.3.4.6.(i). O
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4.3. The degeneration of the canonical construction at the boundary

We now dispose of all the necessary information in order to determine an interval of
weight avoidance on the Siegel strata:

Proposition 4.3.5.6. The perverse cohomology sheaf H™(i%i* jiRe(*V)) can be non-zero
only if k1 = k1, ko = kg and n € {w(N),...,w(A)+3d—1}. In this case, H"(i§i* jiRe(*V))
is of weight < n — d(k1 — k2) for each n € Z.

If K1 and k9 have the same parity, then the weight-graded object of weight w(\) + 2d —
d(k1 — K9) of the perverse sheaf HYMNT2(i%i* 51, Ry(MV)) is non-zero.

Proof. If n < w(\)+2d, then H"(i%i* 1. Re(MV)) =~ H"(i§i* j.Re(*V)), by Corollary 4.3.5.3.

Now, Zj is of dimension 0; hence,
H (i35 Re(V)) = R (i35 R(CV)) = R Vi u (V). (4.64)

Thus, the perverse sheaf H"(ifi*ji.R¢(*V)) is zero for every n < w(\). If k; and kg are
not parallel, then Proposition 4.3.2.12 tells us that H"(i%i*j1.R¢(*V)) is zero for every
w(A) <n < w(A)+2d. If instead ki = k1, ko = kg, then the same proposition tells us that
for every w(A\) < n < w()\) + 2d, H"(i5i* 1. Re(MV)) is of weight < w(\) — d(k1 + k2) <
n —d(k1 — K2).

Let now n > w(\)+2d. If n > w()\)+3d, Lemma 4.3.5.2 implies that H" (i%i*j1. Re(*V))
is zero. Assume then n € {w(\) 4+ 2d,...,w(\) +3d — 1}. In this case, by reasoning as in
(4.64) and by applying again Proposition 4.3.2.12, along with Lemma 4.3.5.5, we also see,
by the exact sequence (4.54), that if k1 and ko are not parallel, then H"(i%i* i Re(*V)) is
zero for every n € {w(\) +2d,...,w(\) + 3d — 1}. If instead ki = k1, ko = kg, then we
see in same way that the weights that can appear in H"(i3i*ji.R¢(*V)) are of the form
w(A) —d(k1 + Kk2) or w(A) +2d — d(k1 — Kk2). In any case, we get weights < n —d(k; — k2).

To see that if k1 and k9 have the same parity, then weight w(\) + 2d — d(k1 — k2) does
appear in the perverse sheaf Hw()‘)“d(i(";i*j;*Rg()‘V)), notice that the long exact sequence
(4.54) gives a short exact sequence

0 M2 (%, R (V) HONT2 (5, R (V)

ad
Hw()\)+2d(Z'SZ'L*T;T()‘)‘HM%'TZ'*]'*RZ(Av))

so that HYMNT2d(#5% 5 R,(MV)) is identified with the kernel of the arrow ad. Proposi-
tion 4.3.2.13 shows that if k1 and ks have the same parity, then HYM+2d(j5i* 5 R, (AV))
contains a direct factor, which is pure of weight w(\) + 2d — d(k1 — k2) and locally of
dimension > h, where h := | 5s\P!(F)| is the (strictly positive) number of cusps of the
Hilbert modular variety Xp, .. In order to conclude, it is then enough to show that lo-
cally, the kernel of ad has non-trivial intersection with this sub-object. The isomorphisms
(4.59)-(4.63) in the proof of Lemma 4.3.5.5 show that, if we let the index Z’ run over all
strata Z’ contributing to Z; and containing Z in their closure, and if the finite morphism
q: Z; — Z is the one of Remark 4.3.5.4, then, above a stratum Z of 0S7, contributing to
Zy, the arrow ad has the form

K ok . . T (K
dezoz ]*ug((v/\)‘z%q*@(Rozﬂin( 1)(Vp,q)
Z/

) (4.65)

Moreover, we know that, for each fixed Z’, we have

ek . s K s K.
ROy D (e~ 2B 0Ty, UD))

01
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The boundary motive of genus 2 Hilbert-Siegel varieties

where H?(I'y, U?) is a 1-dimensional L-vector space (cfr. the proof of Lemma 4.3.4.2).
We are then reduced to show that, locally, the dimension of the target of ad is strictly
smaller than the dimension of the source (remember that by Lemma 4.3.5.5, the target
is pure of weight w(A) + 2d — d(k1 — k2)). But this is true, thanks to the following
proposition. [

Proposition 4.3.5.7. Let Z, q and h be as in the proof of Proposition 4.3.5.6.
Then, above Z C Zy, the number of points in the geometrical fibers qubzl* 10247 — Zy
is < h.

Proof. We translate word by word in our context the part of the proof of | , Prop.
2.9] at pages 27-28.

Our statement can be proven on C-points. Let us employ the notation Qg1 for the
intersection of the two standard maximal parabolics Qp and @ inside G, and (G, X;,) :=
(P, Xm)/Wy,) (where m = 0,1) for the Shimura data contributing to 05} (cfr. 4.2.1),
seen as quotients of rational boundary components associated to Py, (cfr. 2.3.3). Then, by
[ , Sec. 6.3], the adelic description of the morphism obtained from ¢ by analytification,
i.e. from the diagram

Zy 07
2

L]

(the notation Z7 is as in Rmk. 4.3.5.4) is the following:

QU x G(Ag)/K) Qo (Q\(Xo x G(As)/K)

I I

GQNX™ x G(Ap)/K) «——Qo(Q)\(Xo x G(Ay)/K)

where all maps are induced by the obvious inclusions of groups and spaces. Here we
have used G and K in the upper right corner because two rational boundary components
of (G1,X1) are conjugated under G1(Q) if and only if they are conjugate under G(Q)
([ , (iii) of Remark on p. 91]), and we have used @,,(Q) in the upper left and lower
right corner (m = 0,1) because in each case, the full group @Q,,(Q) stabilizes X,,.

Now, Z is a subscheme of Z; obtained as the image of a Shimura variety associated to
(Go, Xo) under a certain morphism 44, for a certain g € G(Ay), as defined in Eq. (2.39).
The adelic description of i4 in | , Sect. 6.3] tells us that with the identifications in
the above diagram, a point z € Z(C) is represented by a class [ho, pog] in

Qo(Q\(Xo x G(Af)/K)

of a pair of the form (ho,pogg), for a certain hg € Xo and py € Py(Af). Now, if we define

Q5 (Q) == {q0 € Qo(Q), v(qo) > 0}

then this group coincides with the group of elements which act as the identity on hg and
more in general on the whole of Xg3. Observe that, if we represent the element gy of
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4.3. The degeneration of the canonical construction at the boundary

Q0(Q) as in the matrix-form description of the latter group given at the end of 4.1.1, then
v(qo) > 0 corresponds to o > 0. Then, putting

Hi = QF(Q) == Qf (Q) NpogKg 'py*

a computation shows that the map

Qo1(Q\Qu(Q)/Hi o — ¢~ '(2)
[90] — qolho, pog] = [a0ho, qopoy]

is well-defined and bijective. Thus, we have identified our fibre, and we have to interpret
its description on the left.
For this, observe that by strong approximation,

Wo(Q) - Hip = QF N WolAy) - pogKg™ 'py!

But modulo Wy, elements in Py and @y commute with each other (because of the isomor-
phism (4.5)) and so

Wo(Q) - Hep = Qf N Wo(Ay) - gKg ™

This description shows that the group Wy (Q) - H/C’,O coincides, by definition, with the
group Hc o of Eq. (2.41). Hence, under the projection mgp — Qo/Wp, we have the equality
TrO(H'aO) = mo(Hcp). This implies that reduction modulo Py in @y (which we will denote
by a vertical bar) induces a bijection

Qo1 (Q\Qo(Q)/Hep ~ Qu1(QN\Qo(Q)/He g = Qo1 (Q)\Qo(Q)/Hep

Now Qo(Q) = GLa(F), and Qo1 (Q) equals Ba(F'), where B is the standard Borel subgroup
of GLy. Moreover, Hc o equals by definition the group I'g of Eq. (4.11). This means that
our fiber is identified with Ba(F)\GLa(F')/To. Now, this set is exactly the set of cusps of
I'p, whose cardinality is < the cardinality of the set of cusps of I'g . O

Remark 4.3.5.8. By the preceding proof, the number of d-dimensional strata in 957 which
contain a fixed cusp is related to the number of cusps in the Baily-Borel compactification
of a (complex analytic, connected) virtual Hilbert modular variety, which does not appear
in 0S¥, i.e. Xr,,. Cfr. [ , Rmk. 2.10 (c)] for an analogous remark.

4.3.5.2 Weight avoidance on the Klingen strata and proof of the main theo-
rem.

Let us now study the weight avoidance on the Klingen strata, by means of Proposition
4.3.3.8.

Remark 4.3.5.9. Using again the commutativity of diagram (D) and the fact that ji,. =
Jiejtx, We see that, by triangle (4.52),

i (Re(CV)) = 73V i Ry (), (4.66)

Thanks to the latter remark, and remembering Remark 4.3.3.7, we are ready to deter-
mine the interval of weight avoidance on the Klingen strata.
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The boundary motive of genus 2 Hilbert-Siegel varieties

Proposition 4.3.5.10. The perverse cohomology sheafH”(zfz*jg*Rg()‘V)) can be non-zero

only if X is k-Kostant parallel and if n € {w(\) + w(A) +3d — 1}.
In this case, let ko == k + 1. Then:

(1) if I% # @, denote d; := |I%| € {0,...,d—1}. Then, the perverse sheaf H"(i}i* jiRe(*V))
is of weight < n —dy — dk for every n € {w(\) +d,...,w(\) 4+ 2d — 1}, and the perverse
sheaf HCN+Td+d1 (%35, R, (MV)) is non-zero and pure of weight w(\) + d — drk.

Otherwise, H™(i5i* ji. Re(MV)) is zero for every n € {w(\) +d,...,w(\) +2d — 1};

(2) if In # @, then the perverse sheaf H"(i5i*jiRe(*V)) is of weight < n — dra for every
n € {w\) +2d,...,w(\) + 3d — 1}, and the perverse sheaf H*M+24(i5i* 5, Ro(MV)) is
non-zero and pure of weight w(\) + 2d — dk,.

Otherwise, H™(i%i*ji Re(MV)) is zero for every n € {w(\) +2d,...,w(\) +3d — 1}.
Proof. By Remark 4.3.5.9,
H™ (117" Re(PV)) 2 Hi33 . Re(MV)

for every n < w(\) + 3d — 1, and H"(i}i*j.Re(*V)) is zero for every n > w(\) + 3d.
Moreover,
H i3 (Re (V) = (B8 fopue (Vi) [d].

Then, by applying Proposition 4.3.3.8, we see the following facts.

If n < w()\) +d, then H™(i%i*j1. Re(*V)) is zero.

Ifn € {w(A)+d,...,w(A)+2d—1}, then H"(i}i* i R¢(*V)) is non-zero if and only if A
is r-Kostant parallel and I% # @, and if n > w(A\)+d+dy, where d; = |I}] € {0,...,d—1}.
In this case, it is pure of weight w(\) + d — dk, in particular of weight < n — d1 dk.

Ifn € {w(\)+2d,...,w(\)+3d—1}, then H"(i}i*j1. Re(*V)) is non-zero if and only if A
is k-Kostant parallel and I+ # &, and if n < w(\)+2d+d1—1, where d; = |I+| € {1,...,d}.
In this case, it is pure of weight w(\) + 2d — dkg, in particular of weight <n —dky. O

Corollary 4.3.5.11. Suppose A to be k-Kostant parallel and fix n € {w(\)+d, ..., w(\)+
3d — 1}. Let di and Ky be as in the previous proposition, and recall the notation cor(\)
from Def. 4.53.1.1. Then:

(1) if cor(\) = 0, then H"(i1i*j1.Re(*V)) is of weights < n — dy — dr, and the weight
n — dy — drk does appear when n = w(\) +d + dy;

(2) if cor(A) > 1, then H™(i%i* 1 Re(MV)) is of weights < n — dka, and the weight n — dky
does appear when n = w(\) + 2d.

Proof. Everything follows from the previous proposition, by observing that:

1. if cor(A) = 0, then I% # @, and either I} = @ (in which case only the weights in
the first point of the previous proposition can contribute) or I} # & (in which case, by
definition of Kostant parallelism, n — dky =n —d — dk < n — dy — dk);

2. if cor(A) > 1, then either k; is not parallel (in which case, since A is dominant, A\ can’t
be Kostant parallel with 1% # &, and only the weights in the second point of the previous
proposition can contribute) or k; = k1 (in which case k1 > k2 and the first point of the
previous proposition gives weights < n — dk1 < n — dka).

O
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4.3. The degeneration of the canonical construction at the boundary

We now have all the necessary ingredients for the proof of Theorem 4.3.1.

Proof. (of Theorem (4.3.1))

We only have to apply the criterion 3.3.4.(2) and use Proposition 4.3.5.6 and Corollary
4.3.5.11. O
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Chapter 5

Motives for automorphic
representations of Resp g GSpy p

In this chapter we study the properties of the intersection motive of genus 2 Hilbert-Siegel
varieties (with coefficients in suitable irreducible representations V) ), whose existence fol-
lows from Thm. 4.3.1 and Wildeshaus’ theory, and the implications for the construction
of motives associated to automorphic representations.

5.1 Properties of the intersection motive

Adopt the notation of Subsection 4.3.1 and assume from now on that A is either not
completely irregular or of corank 0. Then, the weight avoidance proved in Corollary
4.3.1.3 allows us to apply the theory of Section 3.3.2 and to employ Definition 3.3.2.8 to
define the intersection motive of a genus 2 Hilbert-Siegel variety Sk relative to S3 with
coefficients in V. Tt is the object s.ji\V of the category CHM (Q)y, and it will be simply
called intersection motive.
Let us spell out its main properties. For doing so, if A satisfies in addition the hy-
potheses of point (1) or (2) or (3), resp. (4), of Theorem 4.3.1, put § := dk, resp.
:= min{dk1,d(k1 — k2)} (with notations as in the Theorem). The general theory then
implies the following:

Corollary 5.1.0.1. Let s and 3 be as above, and let § be the structural morphism of Sk .

(1) The motive &'V € DM;y (Q), avoids weights —3,—B + 1,...,—1, and the motive
NS DM (Q)r, avoids weights 1,2, ..., 5. More precisely, the exact triangles

Syixi* G V[=1] = 5V = s, J0V = syisi* iV

and

SejinV — 50V — dyini V] — st V(1]
are weight filtrations of 5!’\V, resp. of 52V, which avoid weights —f3, - +1,...,—1, resp.
1,2,....0.

(2) The intersection motive s*j,);V s functorial with respect to §!)‘V and to 52V. In par-
ticular, every endomorphism of §!)‘V or 52V induces an endomorphism of s*j!A*V.
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(3) If 3V — N — 3}V is a factorisation of 5V — 3}V through a Chow motive N €
CHM (Q)y, then the intersection motive s, ji\V is canonically identified with a direct factor
of N, with a canonical direct complement.

Proof. Since Theorem 4.3.1 tells us that, under our hypotheses on A, i*j2V avoids weights
0 and 1, the first two points follow from Corollary 3.3.2.7 and from the diagram of triangles
considered after that corollary. The third point is [ , Thm. 2.6]. O

Fix now an integer N such that, as in Remark 3.2.1.6, *V is a direct factor of a
Tate twist of 7y .1 AN where 7y : AI]\(] — Sk denotes the N-fold fibred product of
the universal abelian variety Ax with itself over Si. The property stated in Corollary
5.1.0.1.(2) has important consequences for the Hecke algebra HPM (K, G(Ay)) associated
to the open compact subgroup K (Def. 3.2.2.13), acting on the object 5V, In fact,
corollary 5.1.0.1.(2) gives us immediately the following consequence:

Corollary 5.1.0.2. The algebra HPM (K, G(Ay)) acts naturally on the intersection motive
A
S5 I V.

It is also useful to explicitly formulate the property stated in Corollary 5.1.0.1.(3) in
a specific context:

Corollary 5.1.0.3. Let /1% be a smooth compactification of AY. Then, the intersection
motive s*j!);V s canonically identified with a direct factor of a Tate twist of a*]lA% (where

a is the structural morphism of [1% towards Spec Q), with a canonical direct complement.
This corollary has important consequences for the realizations of s, j!):kV.

Corollary 5.1.0.4. Let O be the order of F' prescribed by the PEL datum corresponding
to Sk (cfr. Example 3.2.1.2), D the discriminant of O as defined in [ , Def. 1.1.1.6],
and N the level of K. Let p be a prime which does not divide D - N. Then:

(1) the p-adic realization of s*jﬁ*v is crystalline, and if £ is a prime different from p, the
(-adic realization of s.j\V is unramified at p;

(2) consider on the one hand the action of Frobenius ¢ on the ¢-filtered module associated
to the (crystalline) p-adic realization of s*jﬁV, and on the other hand the action of a
geometrical Frobenius at p on the £-adic realization of s*j,’lV (unramified at p). Then, the
characteristic polynomials of the two actions coincide.

Proof. (1) By [ , Thm. 4.14], and with the notations of the preceding corollary, the
existence of a smooth compactification of A% with good reduction properties is enough to
get the conclusion. Now, we have at our disposal the very general results of | ] on the
existence of smooth projective integral models of smooth compactifications of PEL-type
Kuga-Sato families: namely, Thm. 2.15 of loc. cit. (by taking into account Definition 1.6
of loc. cit. and [ , Prop. 1.4.4.3]) implies that there exists a smooth compactification
of A% with good reduction at every prime p which does not divide D - N. Thus, we can
invoke [ , Thm. 4.14] to conclude.

(2) We argue exactly as in [ , Cor. 1.13], in order to use | , Thm. 2.2] and

conclude.
O
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In order to end this list of properties of s, jﬁ,‘(V, we recall that the reason for the name
of the intersection motive is the behaviour of its realizations (recall that we are supposing
that X is either not completely irregular or of corank 0):

Corollary 5.1.0.5. (1) For u* equal to the Hodge or {-adic canonical construction, write
G for the complex
e (™ (V2) [3d]) [-34]

Then, for every n € Z, the natural maps
H"(S5(C), juupiy (V) = H"(Sk(C), gy (V)
(between cohomology spaces of Hodge modules) and
H"((Sk) % @ jutts (Va)) = H"((Sx) xg @, 1f' (Vi)

(between cohomology spaces of £-adic perverse sheaves) are injective, and dually, the nat-
ural maps

H(Sk(C), p(VA)) = HZ (S (C), juapizr (V)
and

HE ((Sk) x@ @, i (VA)) = H((Sk) %o Q@ i’ (Va))

are surjective. Consequently, the natural maps from intersection cohomology of Sk towards
interior cohomology (with coefficients in s (Vy), resp. uk(Vy)) are isomorphisms.

(2) The Hodge realization, resp. f(-adic realization of the intersection motive s*j!);V €
CHM(Q)r, is identified with interior cohomology

H (Sk(C), Ru(*V))

Tesp.

H{ ((SK)xoQ, Re(*V)).

Proof. We have proven that, under our standing hypotheses on A, the complex of /-adic
sheaves i*j, ,uf (V) avoids weights —f, ..., 5+ 1, and a completely analogous proof shows
that this is also the case for the complex of mixed Hodge modules i*j.us (Vy) (cfr. Rmk.
4.2.2.4). In particular, it avoids weights 0 and 1. Now, the equivalence of categories given
in Thm. 3.3.3, works whenever we have categories with weight structures compatible with
gluing (i.e. such that the six functors satisfy the conclusions of Thm. 3.3.1.(2)), as is
the case for the bounded derived categories of mixed Hodge modules. Hence, the latter
weight avoidance is equivalent to saying that the complex i'ji, ug(VA) is of weights at least
1 and that the complex ¢* jg*ug(VA) is of weights at most -1. Then, consider the diagram
of triangles of Prop. 2.3.3.3. On the one hand, absence of weight 0 in i*j,uf(V3) shows
that in each degree n, interior cohomology is identified with the lowest weight-graded step
Gryw(x) of H". On the other hand, the fact that i jrpds (V3) is of weights at least 1
implies that the arrow from intersection cohomology to Gr, () is not only surjective
(Corollary 2.3.3.4), but also injective. This shows point (1).

Point (2) follows from (1) and from the fact that, by Thm. 3.3.3, the realizations of
the intersection motive are identified with intersection cohomology. O
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Remark 5.1.0.6. (1) The vanishing results of Thm. 2.1.1 imply that, if A is regular, the
spaces H"(Sk(C), u&(V4)), and so (by comparison) H"(Sk xg Q, uX(V3)) are zero for
n < 3d = dimSk. Dually, we get H?(Sk(C), ¥ (V))) = 0 and H?(Sk xg Q, uf(V3)) =
0 for n > 3d. As a consequence, if A is regular, then the interior cohomology spaces
HP(Sk(C), pX(Vy)) and H(Sk xg Q, ui(Vy)) are zero in degrees different from n = 3d.

(2) Corollary 5.1.0.5.(2) and the preceding point imply that, if A is regular, the Hodge
realization of the intersection motive s.j\}V € CHM (Q), is given by

PU(SK(C), iy (VA)) [~ (w(X) + 3d)],
and that its f-adic realization is given by

HP(Sk xq Q, 1 (Va)[=(w(X) + 3d)].

5.2 Homological motives for automorphic representations

Keep the notations of the preceding subsection and assume moreover that A is regular.
In this last part, following | , Sec. 3], we would like to exploit the action of the
algebra HPM (K, G(Ay)) on the intersection motive s.j)V € CHM(Q), (cfr. Corollary
5.1.0.2) to cut out certain homological sub-motives thereof. Recall from Rmk. 3.2.2.14
that HPM (K, G(Ay)) acts on HP¥(Sk(C), u&(Vy)) and on HP4(Sk xgQ, uk (Vy)) through
the algebra (K, G(Ay¢)) of Subsection 2.2.1. For brevity, denote the latter algebra by £.
Remembering that the action of §) is nothing but the action of the algebra C*(G(Ay)//K)
(Rmk. 2.2.1.5), the following is the consequence of Cor. 2.3.3.5.(1) and of the inclusions
(2.44) (cfr. also [Har, Sect. 8.1.7, page 253)):

Theorem 5.2.1. For every extension L' of L, the $PM (K, G(Af)) @1, L'-module
Sk (C), ugy (Va)) @ L'

is semisimple.

Corollary 5.2.0.1. Denote by R($)) the image of $ in the endomorphism algebra of
HP(Sk(C), uB(Vy)). For every estension L' of L, the algebra R($) ®r, L' is semisimple.

In particular, isomorphism classes of simple right R($)) ®, L’-modules are in bijection
with isomorphism classes of minimal right ideals. Now, by fixing L', and one of these
minimal right ideals Yz, of R() ®r L', there exists an idempotent e, ; € R(H) L L
which generates Y7 ,. The following definitions are motivated by (2.32) and (2.27):

Definition 5.2.0.2. (1) The Hodge structure W (7y) associated to Y, is defined by

W (rg) := Homp(s)e, 1/ (Yay, HP(Sx (C), ugy (Va)) ® L').

(2) Let L' be a finite extension. For every prime number ¢, and for every prime | of L'
above £, the Galois module W (), associated to Yy, is defined by

W(ﬂ-f)f = HomR(ﬁ’J)Q@LL;(Yva H?d(S[( XQ @7 H?(VA)) ® LE)
The following proposition tells us how to define the desired motives:
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Proposition 5.2.0.3. (c¢fr. [ , Prop. 3.4])) There are canonical isomorphisms of
Hodge structures, resp. of Galois modules

W (my) ~ HP(Sk(C), ugy(Va) @ L') - ex,,

resp. ; .
W (mp)e ~ HP(Sk xq Q, pg (Va) ® L) - ex.

Proof. The proof is standard, and identical in the two cases. Let us give it in the case of
Hodge structures. By mapping an element g of

Hom )0, 1/ (R($) @1 L', HP(Sk (C), pi (Va)) @ L)

to the image of 1p(s)g, 1 through g, we identify the above space of morphisms with
HP(Sk(C), pg(Va) @ L'

But inside that space, the sub-Hodge structure W (7s) corresponds exactly to those mor-
phisms g vanishing on 1r(g)e, 1/ — €x;- O

Since we do not know if ey, lifts to an idempotent element of HPM(K,G(Af)) ®f
L', we are forced to consider its action on the homological (or Grothendieck) motive
which underlies the intersection motive s*jﬁ‘kV € CHM(Q)r. Denote then by s*j!A*V’ this
homological motive, and define, thanks to Corollary 5.1.0.2:

Definition 5.2.0.4. The (homological) motive corresponding to Yz, is defined by W(my) :=
Sx jﬁ‘kV’ “Cry-
Remark 5.2.0.5. The above motives could have been defined without knowing that there is
an algebra action of the Hecke endomorphisms on the intersection motive, because we only
need the existence of an algebra action on its homological counterpart (a fact which holds
by contruction). Nonetheless, it is expected that the idempotent (modulo homological
equivalence) element e, lifts to an idempotent modulo rational equivalence (and hence
that the motives W(m¢) may be lifted to Chow motives). In order to even formulate this
expectation - let alone trying to prove its validity - one needs the Hecke algebra action on
the Chow motive s*jﬁ‘kv.

We finish by making explicit the properties of the latter motive which follow from the

preceding constructions:

Theorem 5.2.2. The realizations of the motive W(my) are concentrated in cohomological
degree w(\) + 3d, where in particular the Hodge realization equals W (7s), and the (-adic
realizations equal W (ms), for every prime £.

Proof. Follows from the construction of W(m¢) and Remark 5.1.0.6.(2) (remember that
we are supposing A to be regular). O

Corollary 5.2.0.6. Let p be a prime number which does not divide the integer D - N from
Corollary 5.1.0.4, and £ o prime different from p. Then:

(1) the p-adic realization of W(my) is crystalline, and the {-adic realization of W(my) is
unramified at p;
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(2) consider on the one hand the action of the Frobenius ¢ on the ¢-filtered module asso-
ciated to the p-adic (crystalline) realization of W(ns), and on the other hand the action of
a geometrical Frobenius in p on the (-adic realization of W(my¢) (unramified at p). Then,
the characteristic polynomials of the two actions coincide.

Proof. 1. Follows from Corollary 5.1.0.4.(1), by taking into account the fact that W(my)
is a direct factor of s, j{lV’ .

2. We can argue as in Corollary 5.1.0.4.(2) to apply | , Thm. 2.2] and conclude.
]

Remark 5.2.0.7. (1) Suppose that X is a regular weight of G whose restriction to the
center is trivial and that the image of K along the natural projection GSp, — PGSp,
is still a compact open subgroup of PGSpy(Ay). Then, the (-adic realizations W (7).
of the motive W(7s) coincide with the Galois modules H;(7gf) associated to suitable
automorphic representations of G in | , Part 2, Chap. 1.2, Thm. 2] (remember that
by Thm. 2.3.2, under the regularity assumption, cuspidal and intersection cohomology
coincide). There, the precise relation between eigenvalues of (suitable) Frobenii and Hecke
eigenvalues is given. The existence of the motive W(m¢) then adds to the description in
loc. cit. the information about the behaviour at p of the Galois module W (7y),, which
has been obtained in Corollary 5.2.0.6 (when p doesn’t divide the integer D - N).

(2) Keep the assumptions of the preceding point and let [ be a place of E above the prime
¢. The Galois modules W (ry), are then of dimension 4% or % - 44 over L] (] , Part
2, Chap. 1.2, Thm. 2.(1),(4)]). One can expect that, in the case of a (Hilbert-Siegel)
eigenform f, the motives W(ms) over Q can be written as tensor products over L’ of
rank-4 motives over F', whose L-function has the correct relation with the L-function of
f. However, there are no known methods for constructing motives with such properties.
It is the same problem which arises for motives corresponding to Hilbert modular forms,
when cut out inside Kuga-Sato varieties over Hilbert modular varieties, cfr. for example
[ , 5.2].
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