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ABSTRACT. Deligne has expressed the hope that a Shimura variety whose weight is
defined over Q is the moduli variety for a family of motives. Here we prove that
this is the case for “most” Shimura varieties. As a consequence, for these Shimura
varieties, we obtain an explicit interpretation of the canonical model and a modular
description of its points in any field containing the reflex field. Moreover, when we
assume the existence of a sufficiently good theory of motives in mixed characteristic,
we are able to obtain a description of the points on the Shimura variety modulo a
prime of good reduction.
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INTRODUCTION

A Shimura variety Sh(G, X) is a projective system of algebraic varieties over
C. The data needed to define it are a reductive group G over QQ together with a
G(R)-conjugacy class X of homomorphisms h: C* — G(R) satisfying conditions
sufficient to ensure that X is, in a natural way, a finite union of bounded symmetric
domains.

In a small number of cases, the Shimura variety can be interpreted as a moduli
variety for abelian varieties with the additional structure of an endomorphism ring,
a polarization, and a level structure. Such a Shimura variety is said to be of PEL-
type. For example, the Shimura variety defined by a group of symplectic similitudes
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2 J. S. MILNE

(a Siegel modular variety) or by a group GLg over a totally real field (a Hilbert-
Blumenthal variety) is of PEL-type. When such a modular interpretation exists,
it is a great help in studying the variety, for example, in constructing a model of
the variety over a number field, or, better, the ring of integers in the number field,
and in studying the compactification of the model. See (Faltings and Chai 1990)
for Siegel modular varieties, and (Rapoport 1978) for Hilbert-Blumenthal varieties.
In fact, the realization of elliptic modular curves as the moduli varieties of elliptic
curves with level structure has been extraordinarily fruitful both for the study of
the modular curves and for the study of elliptic curves.

If the group G can be embedded into a group of symplectic similitudes G(v)
in such a way that the elements h of X define on V a Hodge structure of type
{(-1,0), (0,—1)} for which +27it) is a polarization, then Sh(G, X) has an interpre-
tation as a moduli variety for abelian varieties with (absolute) Hodge cycle and level
structure. Such a Shimura variety is said to be of Hodge type. Unfortunately, this
interpretation is valid only in characteristic zero because Hodge cycles only make
sense there (so long as the Hodge conjecture for abelian varieties remains open),
but the interpretation can again be used to study models and compactifications of
the Shimura variety over number fields—see (Brylinski 1983).

A Shimura variety whose weight is defined over Q can always be interpreted
(over C) as a parameter space for Hodge structures, and Deligne notes: “Pour
interpréter des structures de Hodge de type plus compliqué, on aimerait remplacer
les variétés abéliennes par des “motifs” convenables, mais il ne s’agit encore que
d’un réve.” (Deligne 1979, p248). The main purpose of this article is to provide
such an interpretation when G has no factors of type Fg, E7, or certain types D,
and hence to realize the Shimura variety as a moduli variety for motives. As for
Shimura varieties of Hodge type, the interpretation is valid only in characteristic
zero and depends in a crucial way on Deligne’s theorem that all Hodge cycles on
abelian varieties are absolutely Hodge (Deligne 1982).

I now describe the contents of the article in more detail.

Betti cohomology provides a functor from the category of motives over C (de-
fined using algebraic cycles) to the category Hdgg of polarizable rational Hodge
structures. The Hodge conjecture predicts that the functor is fully faithful, but
there is no description, not even conjectural, for its essential image.

Define the category of abelian motives Mot (C) over C to be the tensor sub-
category of the category of motives over C (defined using absolute Hodge cycles)
generated by the motives of abelian varieties. The main theorem of (Deligne 1982)
implies that the Betti fibre functor

Mot**(C) — Hdgg

is fully faithful. In §1 we describe the essential image of this functor, i.e., we describe
the Hodge structures that are the Betti realization of an abelian motive, and we
classify the reductive groups that arise as the Mumford-Tate group of an abelian
motive. The key ingredients in the proof of the classification are Satake’s results
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on symplectic embeddings of semisimple groups and the well-known fact that every
polarizable Hodge structure with commutative Mumford-Tate group is the Betti
realization of an abelian motive.

In §2 we investigate, along the lines of (Griffiths 1970, Deligne 1979), the problem
of realizing a motive over C, endowed with the structure provided by a family of
tensors, as a member of a universal family. In general it is not known how to do
this, but we show that it is possible when the motive is abelian.

The study of the moduli of motives leads very naturally to the notion of a Shimura
variety, and in §3 we classify the Shimura varieties that are moduli varieties for
abelian motives; the class includes all but those whose defining group has factors of
type Fg, E7, or certain types D. For these Shimura varieties we are able to obtain a
more direct proof of the existence of canonical models than that in (Deligne 1979),
and, for those whose weight is rational, we deduce a modular interpretation of the
canonical model.

As noted above, the theory is restricted to characteristic zero. However, when we
assume the existence of a sufficiently good theory of motives in mixed characteristic,
we can extend the description of the Shimura variety as a moduli variety for abelian
motives to characteristic p, and use this to obtain an explicit description of the
points of a reduction of the Shimura variety with coordinates in the algebraic closure
of a finite field. The statement we arrive at is (essentially) the main conjecture of
(Langlands and Rapoport 1987).

Roughly speaking, when one combines the results of §4 of this paper with the
results of §§5-7 of (Milne 1992) and Theorem 7.1 of (Kottwitz 1990), then one
arrives at the following statement: for Shimura varieties of abelian type and ra-
tional weight, Langlands’s conjecture on the contribution of the variety itself (i.e.,
ignoring its boundary) to the local component of the zeta function at a good prime
is a consequence of standard conjectures in algebraic geometry and representation
theory, the most significant of which are the existence of a good theory of motives
in mixed characteristic and the fundamental lemma.

It is a pleasure to thank J-M. Fontaine, W. Messing, and A. Ogus for their help
with p-adic cohomology, G. Prasad for his help with buildings, S. Zucker for his
help with the proof of (2.41), and C-L. Chai for his comments on an earlier draft.

Notations and conventions.

An affine group scheme over a field k is said to be algebraic when it is of finite type
over k. Every affine group scheme is the projective limit of its algebraic quotients.
We allow a simple algebraic group to have a finite centre. For an algebraic group
G over a field k, G° denotes the connected component of G containing 1 for the
Zariski topology; when k = R, G(R)' denotes the connected component containing
1 for the real topology.

For a reductive group G, G4 denotes the derived group of G, G*¢ the simply
connected covering group of G4°*, Z(G) the centre of G, G*! the adjoint group
G/Z(G) of G, and G* the maximal abelian quotient G/G9" of G. If G = G4,
then G is called an adjoint group. These notations extend in an obvious way to pro-
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reductive affine group schemes: write G = @G’ (limit over the algebraic quotients
of G), and set G* = liLnG’*.

The map ad: G — Aut(G), sending an element of G to the inner automorphism
it defines, factors through G4,

G 2% Gad s Aut(@).
The map sending an element g of G to the differential of ad(g),
G — GL(g), g=LieG

is denoted by Ad.

Let F': A — B be a functor, and let A be an object of A. A map f: B — F(A)
is said to gemerate A if the following holds: for any subobject A" < A of A such
that § factors through F'(A") — F(A), the map A’ — A is an isomorphism.

If S is a set of objects in a Tannakian category T over a field k, we define the
tensor category generated by S to be the smallest full subcategory T’ of T containing
S and closed under the formation of subobjects, quotient objects, direct sums, duals,
and finite tensor products (hence it contains with any object X of T, all objects
isomorphic to X). It is again a Tannakian category over k.

We often write V(R') for V ®@g R’. Other notations agree with those of (Milne
1993) except that here we denote the field of fractions of the Witt vectors by B.

1. ABELIAN MOTIVES AND THEIR MUMFORD-TATE GROUPS

Throughout this section, k is an algebraically closed field of characteristic zero.

Hodge structures: definitions.

We write S for the torus Resc/r G, over R; thus
S(R) =C*, Sc¢c =G x Gy,
The last identification is made in such a way that the map
S(R) =C* — C* x C* =S§(C)

induced by R — C is z — (2, 2). Let Ul = Ker(S Nm, Gm), so that UY(R) = {z €
C* | zz =1}.

With any homomorphism h: S — G of real algebraic groups there are associated
homomorphisms

pn: Gm — Ge,  un(2) = he(z,1), 2z € G,(C) =C*,
and

wp: G — G, wp(r) =h(r)™!, r€GL[R)=R* cC*=S(R)
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(the weight homomorphism). The following formulas are useful:

he(z1,22) = pn(z1) - fin(z2);  h(z) = p(z) - p(2) (1.1.1)
h(i) = pn(—1) mod wp(G,y,) (1.1.2)
A real Hodge structure on an R-vector space V' can be variously defined as:
(1.2.1) a representation h of S on V;

(1.2.2) a (Hodge) decomposition V @ C = @VP9 such that VP4 = V2P for all

b, q;
(1.2.3) a (weight) gradation V = &V,,, and a descending (Hodge) filtration

...DFPDFP+1D...

such that V;,, = (V;,, N FP) @ (V;,, N F9) for all m,p,q with p+q=m+ 1.
To pass from one definition to another, use the following rules:

ve VP <= h(z)v=2"P -z %,all z€ C*;

Vm ® C — @p+q:mvpzq7 Fp — @pIZPVp/7QI;
VP = Vo 0 FP A FAL

Note that the weight gradation is defined by wy,. From the definition (1.2.1) it is
clear that the real Hodge structures form a Tannakian category Hdgr over R with
the forgetful functor w as a fibre functor, and Aut®(w) = S.

A rational Hodge structure is a vector space V' over Q together with a representa-
tion h of S on V ® R such that wy, is defined over Q. Thus to give a rational Hodge
structure on V is the same as to give a gradation V = @V,,, of V together with a real
Hodge structure of weight m on V,,, ® R for each m. The rational Hodge structure
Q(m) has (27i)™Q as its underlying vector space with h(z) acting as multiplication
by (zz)™. There are similar definitions with Q replaced by a subring R C R.

A polarization of a real Hodge structure (V) h) is a family of morphisms of Hodge
structures
UYm: Vip X Vi — R(—=m), m e Z,

such that
(x,y) — 27)" Yy (x, h(3)y): Vin X Vi = R

is symmetric and positive-definite for each m; equivalently, such that (27i)™ vy,
is symmetric or skew-symmetric according as m is even or odd, and
(270) "y (z, h(3)xz) > 0 all  # 0. A polarization of a rational Hodge structure
is a family of morphisms of rational Hodge structures ¢, : V;,, X V,;, — Q(—m) such
that the family (¢, ® R),, is a polarization of real Hodge structures. The polariz-
able rational Hodge structures form a Tannakian category Hdgg over Q with the
forgetful functor w as fibre functor, and we let Gpags = Aut®(w). The tensor functor

Hdgy — Hdge, V — V&R,

defines a homomorphism hxgg: S — GHdg-
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The conditions (SV). We list some conditions on a homomorphism h: S — G of
real algebraic groups:

(SV1) the Hodge structure on the Lie algebra g of G defined by Adoh:S —
GL(g) is of type {(1,—-1),(0,0), (=1, 1)};
(SV2) ad h(i) is a Cartan involution of G2,
When G is connected, (SV1) implies that wp(G,,) C Z(G). In the presence of this
condition, we sometimes need to consider a stronger form of (SV2):

(SV2*) ad h(i) is a Cartan involution of G /wp(Gy,).
Note that (SV2*) implies that G is reductive.

Let G be an algebraic group over Q, and let h be a homomorphism S — Gr. We
say that (G, h) satisfies the condition (SVx) when (Gg, h) satisfies (SVx). For such
a pair, we shall also need to consider the condition:

(SV3) The weight homomorphism wp,: G, — Gr is defined over Q and maps
into the centre of G.

Finally, when G is an affine group scheme over QQ, we say that (G, h) satisfies
(SVx) if (H, gr o h) satisfies (SVx) for every algebraic quotient ¢: G — H of G.

Abelian motives: definition.

Let Mot(k) be the category of motives over k, defined using absolute Hodge cycles
(see Deligne and Milne 1982, §6). We shall be concerned with the tensor subcategory
Mot?P (k) of Mot (k) generated by the motives hi(A) for A an abelian variety over
k. An object of Mot?P(k) will be called an abelian motive over k.

Ezample 1.3. (a) The Tate motive, being isomorphic to A?h;(E) for any elliptic
curve I/, is an abelian motive.

(b) Let X be a smooth projective variety over k. Then h(X) is an abelian motive
if X is a curve, a unirational variety of dimension < 3, a Fermat hypersurface, or a
K3-surface (ibid. 6.26).

(c) Recall that the level of a pure Hodge structure (V) h) is the maximum value
of |¢ — p| for which VP7 £ 0. Let (V,h) be a polarizable Hodge structure of level
< 1. If (V,h) has even weight 2m, then it is isomorphic to a sum of copies of
Q(—m); if it has odd weight 2m-1, then V ® Q(—m) is of type {(—1,0),(0,—1)}
which Riemann’s theorem shows to equal hq(A) for some abelian variety. In either
case, (V,h) is the Betti realization of an abelian motive.

(d) Write V,,(a1,... ,aq) for the complete intersection of d smooth hypersur-
faces of degrees ag,... ,aq in general position in P"*¢ over C. The varieties V,,(2),
Vin(2,2), V2(3), V,(2,2,2) (n odd), V3(3), V3(2,3), V5(3), V3(4) have rational coho-
mology groups with Hodge structures of level < 1 (see Rapoport 1972), and so, if
all Hodge cycles are absolutely Hodge, their motives are abelian.

By definition, the abelian motives over k£ form a Tannakian category over Q, and
Betti cohomology provides a fibre functor wp over Q. Let Gyap = Aut®(wp). The
functor

M +— wp(M) ® R: Mot™(C) — Hdgg
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defines a homomorphism hyab: S — Gumab. In (1.34) below, we shall exhibit a
universal property for the pair (Gumab, hvab)-

Polarizable rational Hodge structures.

Let (V, h) be a polarizable rational Hodge structure, and let G = Aut® (w) where w
is the forgetful functor on the tensor category generated by (V,h). Then G can be
identified with a subgroup of GL(V'), and h can be regarded as a homomorphism
S — Gg. We call the pair (G, h) the Mumford-Tate group® of (V,h).

LEMMA 1.4. The following conditions on at € V®" @ VV®$ are equivalent:
(a) t is of type (0,0);
(b) t is fixed by h(C*);
(c) t is fixed under the action of G on V& @ VV®s,

Proof. The implications (a) <= (b) and (¢) = (b) are obvious. For (a) = (c),
note that if ¢ is of type (0,0), then the map Q(0) — V®" ® VV®s sending 1 to t is a
morphism of Hodge structures, and that, by definition, the action of G commutes
with morphisms of Hodge structures. [

A tensor t satisfying the conditions in the lemma is called a Hodge tensor of V.

Let G be a real algebraic group, and let C' be an element of G(R) whose square is
central. A C-polarization of a real representation (V) of G is a G-invariant bilinear
form ¢: V' x V — R such that (z,y) — ¥ (z, Cy) is symmetric and positive-definite.

LEMMA 1.5. Let G and C be as above. The following conditions are equivalent:

(a) adC is a Cartan involution of G;
(b) every real representation of G is C-polarizable;
(¢) G admits a faithful representation that is C-polarizable.

Proof. See (Deligne 1972, 2.8). O

PROPOSITION 1.6. Let G be a connected algebraic group over Q, and let h be a
homomorphismS — Ggr. The pair (G, h) is the Mumford-Tate group of a polarizable
rational Hodge structure if and only if it satisfies the conditions (SV2*,3) and G
is generated by h (i.e., there is no proper Q-rational subgroup H of G such that
Irn(h) C HR).

Proof. Let (G, h) be the Mumford-Tate group of a polarizable rational Hodge struc-
ture (V, h). That wy, is defined over Q is part of the definition of a rational Hodge
structure. For any a € Q*, wp(a): V — V is a morphism of Hodge structures and
hence commutes with the action of G. Therefore (G, h) satisfies (SV3).

Let H be a subgroup of G such that Hg contains A(S). Then
t fixed by H = t is a Hodge tensor = t fixed by G,
ISometimes the Mumford-Tate group of (V,h) is defined to be the group associated with the

tensor category generated by (V,h) and Q(1). For the relation between the two notions, see the
penultimate subsection of this section.
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and it follows that H = G by (Deligne 1982, 3.1, 3.5). Thus h generates G.

Let C = h(i). Then C? = h(—1) = wy(—1), which lies in the centre of G(R). Let
(W, &) be a representation of G/wp(G,,). The rational Hodge structure (W,£oh) is
in the tensor category generated by (V, k), and so it is polarizable. Let : W@W —
Q(0) be a polarization of (W, & o h) as a rational Hodge structure. Then v is fixed
under the action of h(S), and because G/wp(G,,) is generated by h, it is also fixed
under the action of G/wp(G,,), and so it is a C-polarization. Therefore (1.5) shows
that ad C is a Cartan involution for (G/wp(Gy,))r, i.e., that (G, h) satisfies (SV2%*).

Conversely, let (G, h) be a pair satisfying (SV2*,3) and such that G is generated
by h. We first show that, for any representation £: G — GL(V') of G on a Q-vector
space, the rational Hodge structure (V, & o h) is polarizable. Again let C' = h(7). If
(V,€ o h) has weight 0, then any C-polarization of (V,¢) is also a polarization of
(V,&oh). If the weight is nonzero, there will be a smallest m > 0 such that Q(m) lies
in the tensor category generated by (V, h), and we let G be the subgroup of G that
acts trivially on Q(m). The element C' acts as 1 on Q(m), and so lies in G1(R).
The map G; — G/w(G,,) is an isogeny, and so the condition (SV2*) for (G, h)
implies that ad C' is a Cartan involution of G1(R). Therefore there is a Gy-invariant
C-polarization ¢ of V. After replacing V' with a homogeneous component, we may
suppose that (V& o h) has weight n, and then the map

(2mi) "Y: VRV — Q(—n)
is a polarization of (V,£ o h).
Now choose £ to be a faithful representation of G, and let G’ be the Mumford-

Tate group of the polarizable rational Hodge structure (V,€ o h). Both G and G’
are algebraic subgroups of GL(V') generated by h, and so they must be equal. [

COROLLARY 1.7. The pair (Gudg, htdg) satisfies the conditions (SV2%*,3); more-
over, for any algebraic group G and map h satisfying these conditions, there is a
unique homomorphism p(h): Gugg — G such that h = p(h)r © hHdg-

Proof. The algebraic quotients of (Gudg, htdg) are precisely the Mumford-Tate
groups of polarizable rational Hodge structures, and so the proposition shows that
(Gudg, hiag) satisfies (SV2*,3) and is generated by huag. Let (G, h) be a pair sat-
isfying (SV2%*,3), and let G’ be the subgroup of G generated by h. Then (G’ h) is
the Mumford-Tate group of a polarizable Hodge structure, and so there is a homo-
morphism p(h): Guaeg — G’ C G such that h = p(h)r o haae. It is unique because
h generates Gugg. U

Note that the conditions in the corollary determine the pair (Ghdg,hHdg)
uniquely (up to a unique isomorphism).
The Mumford-Tate group of a polarizable Hodge structure is reductive (because

it satisfies (SV2*)) and connected (because it is generated by h, and S is connected).
Consequently Guqg is pro-reductive and connected.

The functor
wp: Mot®(C) — Hdgg
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induces a homomorphism
p: GHdg — GMab

such that pr © hagg = hmab, and p is the unique homomorphism satisfying this
condition. Because wp is fully faithful, p is surjective (i.e., faithfully flat).

Hodge structures of CM-type.

A polarizable rational Hodge structure is said to be of CM-type if its Mumford-Tate
group is commutative, and hence a torus. The Hodge structures of CM-type form
a Tannakian subcategory Hdgg" of Hdgg over Q.

ProPOSITION 1.8. Every Hodge structure of CM-type is the Betti realization of an
abelian motive.

Proof. This is well known. For a proof, see (Milne 1993, 4.6). O
COROLLARY 1.9. The kernel of p: Guag — Gumap is contained in (Guag)9.

Proof. Let S = Aut®(w) where w is the forgetful functor on Hdgg®. The propo-

sition shows that the inclusion Hdgg" — Hdgg factors through Mot??(C) —
Hdgg, and so the homomorphism Grgs — S factors through Gage — Gwmab. Thus:

Hdgg" — Mot*"(C) — Hdgy
S «= GMab « GHdg-
Hence Ker(p) C Ker(Guag — S) = (Guag)®. O

The pro-torus S in the proof is called the Serre group. For a description of it in
terms of its character group, see for example (Milne 1993, §4).

Dynkin diagrams.

For future reference, we provide a table of Dynkin diagrams.

Table 1.10.
_q 29 _pq_ 2p D
p+q p+q p+q p+q p+q
A, (p) : * - o e . _— o _— *
(5] a9 ap Ap—1 (679
m=p+q—1>1, 1<p<n)
1
1 2
B, (1) O — o — — o = % (n>2)
aq a2 Qp—1 (077}
1 3 n—1 n
2 2 2 2
Cn(n) * — o — — o <« O (>3
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1
2
*
1 1 /Oén,1
D, (1) O — o — — o (n>4)
Qi a2 o\ 3
*
Qn
n—2
T4
(e}
2 552/ ana
D, (n) *x — o — — o (n>4)
aq a2 O N
]
Qn

D, (n —1): Same as D,(n — 1) but with a,,—1 and «,, interchanged (rotation
about the horizontal axis).

4 5 9 4 2
3 3 3 3
Eg(1) : O — o — o — o — o
o as | aa a5 ag

1 o

a2

E¢(6): Same as Eg(1) but with (a1, as) interchanged with (ag,as) (rotation
about the vertical axis).

5 3
1 2 3 5 3
E(7) : o — o — o — o — o — O
aq as | o as ag ay
3
) O
(0%)

As will be explained below, nodes marked by squares are special, and nodes
marked by stars correspond to symplectic representations. The number in paren-
thesis indicates the position of the special node. Let a be the simple root corre-
sponding to the special node; the number attached to the i*" node is the coefficient
of o in the expansion of the i*" fundamental weight ;.

Special Hodge structures.

A special Hodge structure is a polarizable rational Hodge structure whose Mumford-
Tate group (G, h) satisfies (SV1). The next two results were noted in (Deligne 1972,
7.3).

ProPOSITION 1.11. The special Hodge structures form a Tannakian subcategory
of Hdg(@.

Proof. A direct sum of special Hodge structures is obviously special. Let (V) h) be a
special Hodge structure, and let (G, h) be its Mumford-Tate group. The Mumford-
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Tate group of any Hodge structure in the tensor category generated by (V,h) is a
quotient of (G, h), and hence satisfies (SV1). O

PROPOSITION 1.12. The Betti realization of an abelian motive is special.

Proof. After (1.11), it suffices to prove this for an abelian variety. The Betti
realization (V,h) of an abelian variety is of type {(—1,0),(0,—1)}; let (G,h)
be its Mumford-Tate group. Then g C End(V) = V ® V'V, which is of type
{(_17 1)7 (07 0)7 (17 _1)}' O

It is reasonable to hope that the following statement may be true.

HyproTHESIS 1.13. Every special Hodge structure is the Betti realization of a mo-
tive.

More explicitly, this means the following: for every special Hodge structure (V, h),
there is a projective algebraic variety X and an integer m such that (V,h) is a
direct factor of Hg(X)(m) and the projection Hg(X)(m) — V C Hg(X)(m) is an
absolute Hodge cycle on X (e.g., the class of an algebraic cycle).

A motive whose Betti realization is special will be called a special motive. The
next example indicates that they are indeed exceptional among motives. Appar-
ently, no special motive is known that is not already abelian, although the hy-
pothesis predicts their existence. In §3 we shall see that Deligne’s hope that all
Shimura varieties with rational weight are moduli varieties for motives implies the
hypothesis.

Ezample 1.14. Let X — P! be a Lefschetz pencil of hypersurfaces of degree d and
odd dimension 2r—1 over C, and let X, be the fibre over s € P1(C). It is known (see
Deligne 1972, 7.6) that for s outside a countable subset of P!(C), the Mumford-Tate
group of the rational Hodge structure H?"~1(X,, Q) is the full group of symplectic
similitudes. It follows that the Hodge structure is not special unless it has level < 1.

PROPOSITION 1.15. A pair (G, h) is the Mumford-Tate group of a special Hodge
structure if and only if it satisfies (SV1,2%,3) and h generates G.

Proof. Immediate consequence of (1.6) and the definition of a special Hodge struc-
ture. [J

Classification. Following (Deligne 1979), we classify the pairs (G, h) as in (1.15)
with G a simple adjoint group. Note that for an adjoint group, (SV3) simply says
that h is a homomorphism S/G,, — G, and that (SV2) implies (SV2*).

LEMMA 1.16. A simple adjoint group G over QQ for which there exists a homomor-
phism h: S/G,, — Gr satistying (SV2) is of the form Res /g Go for some absolutely
simple group G over a totally real number field F'.

Proof. Every simple adjoint group over Q is of the form Resg/qg Go for some abso-
lutely simple group Gy over a number field F', and so the only problem is to show
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that F' is totally real. A compact simple group over R is absolutely simple, and an
inner form of an absolutely simple group is also absolutely simple. The condition
(SV2) implies that G is an inner form of its compact form, and hence its simple
factors are absolutely simple. Since

Gr = H Resr, /r Go,F, ,

v|oo
this shows that F' must be totally real. [J

Thus to give a pair (G, h) as in (1.15) with G simple and adjoint is the same as
to give an absolutely simple adjoint group Gy over a totally real field F' together
with homomorphisms

hy:S/Gp, — Gy, Gy =g Go @ F,,, v areal prime of F,

satisfying (SV1,2) and such that at least one h, is nontrivial.

We fix a simple adjoint group G over C, and consider the triples (G,~,h)
consisting of a real inner form? (G, 7) of the compact form G, of G, and a nontrivial
homomorphism h: S/G,, — G satisfying (SV1,2).

Choose a maximal torus 7" in G,. Let R C X*(T') be the corresponding system
of roots, and fix a system of simple roots B. The nodes of the Dynkin diagram D
are parametrized by the elements of B. Recall (Bourbaki 1981, VI.1.8) that there is
a unique root & = ) n(a)a such that, for any root ) . m(a)a, n(a) > m(a)
for all @« € B. We call a node s, of D special if n(a) = 1.

From (G, ~, h) we obtain a G (C)-conjugacy class of cocharacters v o up of Goo.
This class contains a unique element p € X, (T') such that

<a,u>> 0forall a € B.
The condition (SV1) implies that
<a,pu>€{1,0,—1} for a« € R.

Since p is nontrivial, not all the values < a, > can be zero, and so these conditions
imply that < a,u >= 1 for exactly one o € B, which must in fact be special
(otherwise < @, >> 1); moreover, this condition is also sufficient for (SV1) to
hold.

2Let Go be an algebraic group over a field kg of characteristic zero and let k be an algebraic
closure of kg. An inner form of Gy is an algebraic group G over kg together with a Go(k)-conjugacy
class «y of isomorphisms c: Gg,; — G}, such that ¢~ or7cis an inner automorphism of Go,1, for all
7 € Gal(k/ko). Two inner forms (G,v) and (G’,~’) are isomorphic if there is an isomorphism of
algebraic groups ¢: G — G’ (over ko) such that

ceEy = pocer.

Such a ¢ is uniquely determined up to an inner automorphism of G over ko. If (G,~) is an inner
form of Gy and ¢ € «, then ¢, = ¢! o 7¢ is a 1-cocycle for ng whose cohomology class does
not depend on the choice of ¢. In this way, the set of isomorphism classes of inner forms of G
becomes identified with H!(ko, G&%).
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PROPOSITION 1.17. The map (G,~,h) — s, defines a one-to-one correspondence
between the set of isomorphism classes of triples (as above) and the set of special
nodes of D. The isomorphism class of the pair (G,~) itself determines s, unless
the opposition involution T moves s, in which case

(Gvfy? h) = 8047 (Gvfyv hil) — TSq-

Proof. We explain only how to construct the triple (G,~,h) corresponding to a
special node s,—see (Deligne 1979, 1.2) for more details. There is a unique u €
X.(T) such that

<a,u>=1, <d,u>=0foralla’ € B, o #a. (1.17.1)

Let (G,) be the real form of the compact form G, corresponding to the Cartan
involution ad pu(—1), i.e., such that

c(u(=1) - 1g - p(=1)) = we(g), g € Ge(C), somecer,

and set h(z1,22) = p(z1) - (ep)(z2) (cf. 1.1.1, 1.1.2). Then h, when regarded as a
map into Gg, is defined over R, and because s, is special, (G, h) satisfies (SV1).

The final statement follows from (Deligne 1979, 1.2.7). O

An examination of the tables in (Bourbaki 1981, pp250-275) reveals that every
node of the Dynkin diagram of type A, is special, that the Dynkin diagrams of
type B, C,, and Er each have one special node, that the Dynkin diagrams of type
D,, each have three special nodes, and that the Dynkin diagram of type Fg has two
special nodes. This is illustrated in Table 1.10, where the special nodes are marked
by squares. The Dynkin diagrams of type Fs, Fy, and G5 have no special nodes,
and so groups of these types can not occur as factors of the adjoint group of the
Mumford-Tate group of a special Hodge structure.

Following Deligne, we write DX for the diagrams D,,(1), D4(3), and D4(4), and
we write DY for the remaining diagrams of type D,,. A simple adjoint group G over
R will be said to be of type A,, By, Cn, DX, DX Es, or E; if it corresponds to a
diagram of that type in Table 1.10.

Let G be a simple group over Q such that Gr is noncompact. We say G is of
type An, By, Cpn, DX DY FEg, or E; if all the noncompact factors of G&3 are of
this type. When noncompact factors of type DX and DX both occur, we say G is
of mixed type D.

Symplectic representations.

In this subsection, we review the symplectic representations of groups. These were
studied by Satake in a series of papers (see especially Satake 1965, 1967, 1980). Our
exposition follows that of (Deligne 1979).
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A symplectic space (V,1) over a field k is a finite-dimensional vector space V
over k together with a nondegenerate alternating form v on V. The corresponding
symplectic group is the subgroup of GL(V') such that

Sp(¢)(k) = {g € GL(V) | (g9, 9y) = ¥(z,y), all 2,y € V},

and the group of symplectic similitudes, G(1), is Sp(¢)) - Gy, (here G, is identified
with the group of nonzero diagonal matrices). Write PSp(¢)) for the adjoint group
of Sp(v). The Siegel upper half-space X ()T corresponding to a real symplectic
space (V,1) is the set of Hodge structures h on V of type {(—1,0),(0,—1)} for
which 27t is a polarization. Each h € X(¢)* factors through G(v), and the
map h + h = adoh identifies X (¢)T with an Sp(¢)(R)-conjugacy class of maps
S/Gm - PSP(¢)'

The real case. Let H be a semisimple group over R, and let A be a homomorphism
S/G,, — H??, none of whose components are trivial, satisfying (SV1,2).

We shall say that a representation £: H — GL(V') with finite kernel is symplectic
if there exists a nondegenerate alternating form v on V', a reductive group G, and
a homomorphism h: S — G such that

(1.18.1) G9°* = ¢(H) (hence G* = H*4), and ad oh = h;
(1.18.2) ¢ extends to G in such a way that £(G) C G(¢) and Eoh € X(¢)T.

Assume H is simply connected, and set 4 = pj,. Choose a maximal torus 7" in Hc,
and let R C X*(T') be the corresponding system of roots. Let B = {aq,... ,an}
be a system of simple roots such that <a,u>> 0 for all @« € B. Recall that the
lattice of weights is

PR ={w e X*T)®Q|<wm,a">cZall ¥ € RV},

that the fundamental weights are the elements of the dual basis {wi,... ,w,} to
{af,...,a’}, and that the dominant weights are the elements > n;w;, n; € N.
The quotient P(R)/Q(R) of P(R) by the lattice Q(R) generated by R is the char-
acter group of Z(H). Write 7 for the opposition involution acting on the Dynkin
diagram (or on R or on the set of fundamental weights): it preserves each con-
nected component of the diagram, and acts as the unique nontrivial involution on a
component of type A,,, D, (n odd), or Eg, and trivially on the other components.

PrROPOSITION 1.19. Let £ be an irreducible representation of H on a real vector
space, and let w be the highest weight of an irreducible component of {c. The
representation & is symplectic if and only if

<w+Tw,i>=1. (1.19.1)

Proof. See (Deligne 1979, 1.3.6). O
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COROLLARY 1.20. If ¢ is symplectic, then w is a fundamental weight. Therefore
the representation factors through a simple factor of H.

Proof. For any dominant weight w, <w + 7w, u > € N because w + 7w € Q(R).
Ifw#0, <w+ 7w, u>> 0 unless p kills all the weights of the representation
corresponding to w. Hence a dominant weight satisfying (1.19.1) can not be a sum
of two dominant weights. [

PrRoOPOSITION 1.21. Let H be a simply connected simple group over R, and let
h:S/G,, — H* be a nontrivial homomorphism satisfying (SV1,2). There exists a
nontrivial symplectic representation of (H,h) if and only if H is of type A, B, C,
or D. If H is of type A, B, C, or D®, then the symplectic representations form
a faithful family of representations of H; if H is of type D™ they form a faithful
family of representations of the double covering of the adjoint group corresponding
to the subgroup of P(R)/Q(R) generated by w.

Proof. The proof proceeds by an examination of the tables. We treat only the
cases B, D, and Fg, since the remaining cases are similar. In each case, (H,h)
corresponds to a special simple root a of Hc, and (see 1.17.1) < w;, u > is the
coefficient of « in the expression of w; as a Q-linear combination of the simple
roots. These coefficients are listed in Table 1.10.

(By). In this case p < a1, and the opposition involution acts trivially on the
Dynkin diagram. Thus we seek a fundamental weight w; such that w; = %al +....
From Table 1.10 we see that only w,, has this property. Because w,, generates P/(Q,
the representation with highest weight w,, is a faithful representation of H.

(DE). Suppose first that n = 4 and pu < ay4. The opposition involution acts
trivially, and so w; and w3 give rise to symplectic representations; they generate
P/Q. The case p < «g is similar. Otherwise p <> ;. The opposition involution
acts trivially if n is even, and switches «,, 1 and a,, if n is odd. In the first case, w,,
and w,_1 give rise to symplectic representations and together they generate P/(Q.
In the second case, w, and w,_1 give rise to symplectic representations, and each
generates P/Q.

(D). In this case, u < a, (or a,_1). Only @ gives rise to a symplectic
representation, and it generates a subgroup of order 2 (and index 2) in P(R)/Q(R).
The corresponding representation factors through H/C where C'is the kernel of @
regarded as a character of Z(H).

(Eg). In this case, <> a1 or ag. An examination of Table 1.10 shows that no
fundamental weight qualifies. [J

Remark 1.22. Let H be the identity component of the group of automorphisms
of a nondegenerate anti-Hermitian form on a vector space of dimension n over a
quaternion algebra H over R. Then H is an inner form of SO(2n), and it is of type
DY, Tt is the double covering of G®¢ corresponding to the subgroup of P(R)/Q(R)
generated by ;.

The rational case. Now let H be a semisimple group over Q, and let h: S/G,,, —
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H2d be a homomorphism satisfying (SV1,2) and generating H*!. We choose the
maximal torus 7" in Hc to be rational over Q2.

We shall say that a representation £: H — GL(V) (over Q) with finite kernel
is symplectic if there exists a nondegenerate alternating form ¢ on V, a reductive
group G, and an h: S — G such that

(1.23.1) G = ¢(H) (hence G2 = H?d) and ad oh = h;
(1.23.2) ¢ extends to a faithful representation of G on V' in such a way that £(G) C
G(¢) and Ego h € X(¢)T.

LEMMA 1.24. Let H be a simply connected and simple group over Q, and let
h:S/G,, — HZ be a nontrivial homomorphism satisfying (SV1,2). If (H,h) has a
symplectic representation over Q, then H cannot be of exceptional type or of mixed
type D.

Proof. Because (H,h) satisfies (SV2), H = Res r/q Ho for some absolutely simple
group Hy over a totally real field F' (see 1.16). Thus

Hg = [[ Hy,, H,=Hy®p,R, I=Hom(FR).
vel

Let I, be the subset of I of v for which H,, is not compact, and let H,. = Hvelm H,.

Because h generates H*, I, is nonempty. The Galois group Gal(Q*/Q) acts on
the Dynkin diagram of Hc in a manner consistent with its projection to I.

Let (V,€) be a symplectic representation of (H, k). The restriction of &g to Hye is
a real symplectic representation of Hy., and so (1.20, 1.21) any nontrivial irreducible
component of {c|Hy. factors through H,, for some v € I, and corresponds to a node
of the Dynkin diagram D, of H, marked in (1.10) with a star.

An irreducible component W of &c is of the form ®,c7 W, where T is a subset of
I and W, is the representation of G,¢ corresponding to a node s, € D,,. Let S(&)
be the set of all nodes that arise in this fashion from an irreducible component of &c.
Then S(¢) is nonempty, stable under the action of Gal(Q* /Q), and, if s € S(£)ND,,
v € Iy, then s is marked by a star in (1.10). Since the diagrams for Eg and E7
have no starred nodes, no such set exists in this case. If G is of mixed type D, then
there is no such set S(&) because there is no automorphism of a Dynkin diagram of
type D,, n > 5, carrying the node s; into either s,_; or s,,. [J

We shall need to consider the following condition on a semisimple group H over
Q:
(1.25) there exists an isogeny H' — H with H' a product of simple groups H/
such that either
(a) H! is simply connected of type A, B, C, or D%, or,
(b) H] is of type D} (n > 5) and equals Resp/g Ho for Hy the double
covering of an adjoint group that is a form of SO(2n) (cf. 1.22).

THEOREM 1.26. Let H be a semisimple group over Q, and let h be a homomorphism
S/G,, — HgY satisfying (SV1,2) and generating H®!. There exists an isogeny
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H' — H such that (H',h) admits a faithful family of symplectic representations if
and only if H satisfies (1.25).

Proof. Suppose that H satisfies (1.25), and let H' — H be an isogeny as in the
statement of (1.25). It suffices to show that H" admits a faithful family of symplectic
representations, and for this it suffices show that each simple factor of H' admits
such a family. This is proved in (Deligne 1979, 2.3.10).

Conversely, suppose H has a covering H' such that (H',h) admits a faithful
family of symplectic representations. According to Lemma 1.24, H’ (hence H)
cannot be of exceptional type or mixed type D. Let H*¢ be the universal covering
group of H' (hence of H), and let H"” be the quotient of H*¢ by the intersection
of the kernels of the rational symplectic representations of H%¢. Then H” is still a
covering of H', and it follows from (1.20, 1.21) that it satisfies (1.25). O

Abelian motives: Mumford-Tate groups.

As we noted above, Deligne’s theorem (Deligne 1982) shows that wg : Mot*?(C) —
Hdgyg is fully faithful, and so the homomorphism Gugs — Gmab it defines is sur-
jective. When we identify rational Hodge structures with representations of Ghag
on Q-vector spaces, abelian motives become identified with those representations
that factor through Gyap (cf. Deligne 1990, 8.17).

THEOREM 1.27. Let G be an algebraic group over QQ, and let h: S — Gr be a
homomorphism satisfying (SV1,2*,3) and generating G. The pair (G,h) is the
Mumford-Tate group of an abelian motive if and only if G°* satisfies (1.25).

The proof will occupy the rest of this subsection.

PROPOSITION 1.28. For any semisimple group H over Q and homomorphism
h:S/G,, — Hd satisfying (SV1,2), there exists a reductive group G with Gler = H
and a homomorphism h: S — Gg lifting h and satisfying (SV1,2%,3).

Proof. (Cf. the Appendix to Milne 1988). For any finite extension L of Q splitting
H, there exists a central extension defined over QQ

1 —-N—-G— H* 1

such that G4°* = H and N is a product of copies of (Gr,) /g (the Q-torus obtained
from G,, 1, by restriction of scalars). For a proof, see for example (Milne and Shih
1982, 3.1).

Assume first that h “special”, i.e., that it factors through Tx for some maximal
torus 7' in H®. Then (SV2) implies that Tk is anisotropic, and so T splits over a
CM-field L, which we may choose to be Galois over Q. Construct G as above using
this L. According to (Borel 1991, 12.4, 13.17), there is a maximal torus 77 C G
mapping onto 7T'. Since T" is its own centralizer, it contains N, which is therefore
the kernel of 7" — T. Hence X.(T') — X.(T) is surjective, and we can choose
€ X, (T") mapping to puj € Xy (7). The weight w =g¢ —p — ¢po of p lies in X ().
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Because X, (V) is an induced Galois module, its cohomology groups are zero; in
particular, the zeroth Tate (modified) group

)Gal((C/R)

He (GallC/R). X)) =4 T2

= 0.

X.
(¢

Clearly tw = w, and so there exists a g € X,(N) such that (¢ + 1)up = w. When
we replace p with p + o, then we find that the weight becomes 0; in particular, it
is defined over Q. Choose h so that h(z) = u(z) - pu(2).

For a general h, there will exist a g € H*!(R) such that ad goh is special (Deligne
1982, p75). Construct G and h as in the last paragraph corresponding to ad g o h.
Because H'(R, N) = HY(L ®g R, G,,) = 0, g will lift to an element g € G(R), and
we take the pair (G,adg=! o h).

The pair (G, h) we have constructed satisfies (SV1,2,3), and its centre is split by a
CM-field. Let T be the subtorus of G?" generated by h. Then Tk is anisotropic, and

when we replace G with the inverse image of T', we obtain a pair (G, h) satisfying
(SV1,2%3). O

COROLLARY 1.29. Let H be a semisimple group over Q, and let h: S/G,, — H3?
be a homomorphism satisfying (SV1,2). There exists a unique homomorphism
p(H,h): (Grag)®®™ — H such that the following diagram commutes:

(GHdg)der p(H,h) H
linj, lsurj‘
GHdg Lﬁ)) Had

Here p(h) is the unique homomorphism such that h = p(h)g o huag (see 1.7).

Proof. Two such homomorphisms p(H, h) would differ by a map into Z(H). Because
(GHdg)der is connected, any such map is constant, and so the homomorphisms will
be equal.

For the existence, choose a pair (G,h) as in (1.28), and take p(H,h) =
p(M|(Grag)®. O

Remark 1.30. Let G be a reductive group over Q, and let h be a homomorphism
S — Gg satisfying (SV1,2*.3). Let H = G9 and let h = adoh. The restriction
of p(h) to (Guag)?® satisfies the condition of (1.29) relative to (H,h), and hence
equals p(H, h).

LEMMA 1.31. The assignment (H,h) — p(H,h) is functorial: if a: H — H' is a
homomorphism mapping Z(H) into Z(H') and carrying h to h', then p(H',h') =
aop(H,h).

Proof. After replacing H and H' with the subgroups generated by h and h', we
may assume that « is surjective. Choose (G,h) for (H,h) as in (1.28), and let
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G' = G/ Ker(a). Write v again for the projection G — G’ and let ' = ag o h. On
restricting the maps in the equality

p(h') = a0 p(h)

to (Guag)?™ we obtain the equality

p(H', 1) = o p(H,h). O

LEMMA 1.32. Let H be a semisimple group over QQ, and Ietﬁ be a homomorphism
S/Gm — Hg? satisfying (SV1,2) and generating H. If (H,h) has a faithful family
of symplectic representations, then p(H,h) factors through (Gyap ).

Proof. Tt is clear from the definition of a symplectic representation (1.23) that
p(H, h) maps Ker(Grag — Gwmab) into the kernel of any symplectic representation
of H, but, by assumption, the intersection of these kernels is trivial. [

LEMMA 1.33. Let H be a semisimple group over Q, and let h be a homomorphism
S/G,, — HZ satisfying (SV1,2). The homomorphism p(H,h) factors through
(Gmap )9 if and only if H satisfies (1.25).

Proof. Suppose H satisfies (1.25). According to (1.26), there is a finite covering
a: H' — H such that (H’,h) has a faithful family of symplectic representations.
By (1.32), p(H', h) factors through (Gyrab )", and therefore so also does p(H,h) =
aop(H' h).

Conversely, suppose p(H, h) factors through (Gypap)®®*. There will be an alge-
braic quotient (G, h) of (Guab, hvab) such that (H, h) is a quotient of (G4, ad oh).
Consider the category of abelian motives M for which the action of Gyan, on wp (M)
factors through G. By definition, this category is contained in the tensor category
generated by hi(A) for some abelian variety A. We can replace G with the Mumford-
Tate group of A. Then (G4, ad oh) has a symplectic embedding, and according to
(1.26), this implies that G4 satisfies (1.25). Since H is a quotient of G4°* it also
satisfies (1.25). O

)der

We can now complete the proof of the Theorem 1.27. From (1.9), we know that
p(h) factors through Gipap, if and only if p(G9°*, ad oh) factors through (Guap )9,
and from (1.33) we know that this is true if and only if G9°* satisfies (1.25). O

COROLLARY 1.34. For any pair (G, h) satisfying (SV1,2%3) and such that G9°*
satisfies (1.25), there is a unique homomorphism p(h): Gyap — G such that p(h)r o
hytan = h.

Proof. Let G’ be the subgroup of G generated by h. The theorem implies that
(G', h) is the Mumford-Tate group of an abelian motive, and so it is a quotient of
(GMab, Avab). O
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COROLLARY 1.35. Let (V,h) be a special Hodge structure, and let (G,h) be its
Mumford-Tate group. Then (V,h) is the Betti realization of an abelian motive if
and only if GI* satisfies (1.25).

Proof. From the theorem we know that the action of Guqg on V factors through
Gumap if and only if GI°* satisfies (1.25). O

Remark 1.36. In order to prove (1.13), it suffices to prove the following: let H be a
simple simply connected group over Q, and let h: S/G,,, — H24 be a homomorphism
satisfying (SV1,2); then p(H,h) factors through Gyor where Ghor is the group
attached to Mot (C) and the Betti fibre functor. If we knew all Hodge cycles were
absolutely Hodge, this would be equivalent to showing that such a pair is of the
form (G9°*, ad oh) where (G, h) is the Mumford-Tate group of the Betti realization
of a motive. Of course, this has to be shown only for groups H not satisfying (1.25),
i.e., for (simply connected) groups of type D*, mixed type D, and the exceptional
types Fg and E7.

The extended Mumford-Tate group.

Let (V,h) be a polarizable rational Hodge structure, and let (G’,h') be the
Mumford-Tate group of V & Q(1). The action of G’ on Q(1) determines a ho-
momorphism ¢: G’ — G,, (defined over Q) such that t o wy,, = —2, and we define
the extended Mumford-Tate group of (V,h) to be the triple (G',h',t). We want to
relate (G',h/,t) to the Mumford-Tate group (G, h) of (V,h).

Suppose first that (V, h) has weight zero. Then G’ = G x G, b’ is the map
2z (h(2),|2]7%), zeCX,
and t is the projection map.

When the weight is not zero, there is a smallest m > 0 for which Q(m) is in the
tensor category generated by (V, h), and there is a commutative diagram

1 —— Ker(t) G’ Gp — 1
1 —— Ker(ty,) G s Gp —— 1

in which t,, is the map defined by the action of G on Q(m) and the right hand
square is cartesian, i.e.,

G =G X G-
tms Gm, m

Moreover, G = G’/ Ker(m o t). Using these statements, it is possible to translate
the above results in terms of extended Mumford-Tate groups.
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The variation of Mumford-Tate groups in families.

Let S be a complex manifold. A holomorphic family of rational Hodge structures
on S is a triple (V, F, W) consisting of a local system V of Q-vector spaces on S
together with a decreasing (Hodge) filtration of the vector bundle V =4 Os ®q V
by holomorphic subbundles

.- DFPY D FPHY o ...

and a (weight) gradation V. = @&W,,V of V such that, for every s € S and every
m € Z, the Q-vector space W),V together with the filtration induced by F' is a
rational Hodge structure of weight m.

PROPOSITION 1.37. Let V = (V, F,W) be a holomorphic family of rational Hodge
structures on a complex manifold S, and let G5 be the Mumford-Tate group of Vs,
s € S. Then there exists a subset U of S with thin complement such that s — G
is locally constant on U.

This is a consequence of the following more precise result.

PROPOSITION 1.38. Let (V, F, W) be a holomorphic family of rational Hodge struc-
tures on a connected complex manifold S, and assume that V is the constant sheaf
with stalk V. Regard G as a subgroup of GL(V'). Then there exists a subset U
of S with thin complement such that G, is constant for v € U, say G, = G, and
GDOG, fors¢U.

Proof. A tensor t € VO @ VVO is a Hodge tensor for a Hodge structure h on V if
and only if it has weight 0 and lies in FQ(V®" @ VV®'). Thus the s € S where t is
a Hodge tensor form a closed analytic set. Let G be the subgroup of GL(V) fixing
all tensors t € V& @ V'V that are Hodge tensors for all s € S. We can take U to
be the set of s such that G = G,. 0O

2. MobpuLl OF MOTIVES
We discuss the problem of realizing a motive as a member of a universal family.

The concept of a moduli variety.

Let 2 be an algebraically closed field. Suppose we have a contravariant functor M
from the category of algebraic varieties over €) to the category of sets, and equiva-
lence relations ~ on each of the sets M(T') that are compatible with morphisms in
the sense that

m~m = ¢*(m)~o*(m'), m,m e M(S), ¢:T—S;

then the pair (M, ~) is called a moduli problem over Q. A point t of a variety T
with coordinates in Q defines a map m — m; =g t*m: M(T) — M(Q). A solution
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to the moduli problem is a variety S over {2 and a bijection a: M(Q)/~ — S(Q)
with the properties:

(2.1.1) for every variety T" over Q and m € M(T), the map t — a(my): T(Q2) —
S(€2) is a morphism of algebraic varieties over €Q;

(2.1.2) for some open covering {S;} of S, there exist elements m; € M(S;) such
that a((m;)s) = s for all s € S.

These conditions determine (S,«) uniquely up to a unique isomorphism, for if
(S',a) is a second pair satisfying the conditions (2.1), then (2.1.2) for S and (2.1.1)
for S’ show that the map o/ o a™t: S(Q) — S’(Q) becomes a morphism when re-
stricted to the members of some open covering of S, and is therefore a morphism
S — §’. The same argument shows that its inverse is also a morphism.

A solution (S, @) to the moduli problem is said to be fine (and S is called a fine
moduli variety) if

(2.2.1) for every variety T over 2, the equivalence class of m € M(T) is deter-
mined by the equivalence classes of the elements my, t € T'(2);
(2.2.2) there is an element my € M(S) such that a(mgs) = s for all s € S(£2).

Choose an mg as in (2.2.2). Then (2.2.1) implies that for any m € M(T), there is
a unique morphism ¢: T"— S such that ¢*(mg) ~ m. Therefore the pair (.S, [mo])
represents the functor 7' +— M(T')/~. Conversely, if there exists an mg € M(S)
such that (S, [mg]) represents M/~ then (M, ~) is a fine moduli problem and
(S, ), with « the inverse of s — [mgs], is a solution to the moduli problem.

There are variants of these definitions that are also useful. For example, we
could replace the category of varieties over {2 with that of smooth varieties over
Q or we could allow the covering in (2.1.2) to be with respect to the étale or flat
topologies. Alternatively, we could replace the category of algebraic varieties with
that of complex manifolds.

In §3, we shall also need the notion of a moduli variety over a nonalgebraically
closed field k. To avoid problems with inseparability, we assume k to be of char-
acteristic zero. A moduli problem over k is a pair (M, ~) as before, but with M
a functor from the category of algebraic varieties over k to that of sets. Fix an
algebraically closed field €2 containing k, and define

M(S) = lim M(R)

where the limit is over the subalgebras R of {2 that are finitely generated over k
and M(R) = M(Spec R). The equivalence relations on the sets M(R) define an
equivalence relation on M(2). A point ¢ of a k-variety T with coordinates in €2,
i.e., a k-morphism Spec{) — T, defines a map m — m;: M(T) — M().
A solution to the moduli problem (M, ~) is a variety S over k together with a
bijection ac: M(Q)/~ — S(Q) with the properties:
(2.3.1) for every variety T over k and m € M(T), there exists a morphism
Bm: T — S such that §,,(t) = a(m;) for all t € T(Q);
(2.3.2) for some open covering (5;) of S, there exist elements m; € M(S;) such
that a((m;);) =t for all t € S(Q).
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The map (,, in (2.3.1) is uniquely determined, and the conditions (2.3) determine
the pair (S, a) uniquely up to a unique isomorphism.

Moduli of Hodge structures.

Since our approach to the moduli of motives is via their Hodge structures, it is nat-
ural to begin by considering the problem of realizing a rational polarizable Hodge
structure as a member of a universal family. Experience from abelian varieties sug-
gests that we should study the moduli, not of Hodge structures, but of polarized
Hodge structures. Also that, in order to obtain more general results, we should
endow the Hodge structures with additional structure, for example with an endo-
morphism ring or, more generally, a family of Hodge tensors.

Thus let (V, ho) be a polarizable rational Hodge structure, which, for simplicity,
we take to be of pure weight m. Let ' = (¢});cr be a family of Hodge tensors of
(V. hg), i.e., elements of type (0,0) in V" @ VV®Si(m,;) for some r;, s;, m; with
mr; —ms; — 2m; = 0. We assume that t' contains a tensor ¢, € VV®2(—m) that is
a polarization for (V, hg), and we write ¢, = ¢ ® (27¢)™. Thus ¢ is a nondegenerate
bilinear pairing

Yv:VxV—-Q
such that
(2.4.1) 1 is symmetric or skew-symmetric according as m is even or odd;
(2.4.2) (VP2 V™) = 0 if p+ r # m; equivalently, ¢ (FP, F™~P*1) = ( for all
p, where F' = F},, (the Hodge filtration of h);
(2.4.3) Y(v,ho(i)v) > 0, if v € V(R), v # 0; equivalently, i?~9(v,v) > 0 if
veEFPNFI v#0.
Let G’ be the subgroup of GL(V') X G, fixing the ;. The action of G’ on Q(1) defines
a homomorphism ¢: G’ — G,,, and we let G = Ker(t). Write ¢, = t; ® (2mi)™* with
t; € VO @ VV®si and let t = (t;)icr. Then t; is of type (m;, m;), and G is the
subgroup of GL(V') fixing the t;, i.e., for all Q-algebras R,

G(R) = {a € GL(V(R)) | (a®" ® a®%)(t;) = t;, all i € I}.

Note that h{ =g (ho,Nm) maps into Gg, and ug = ho|U! maps into Gg. In
particular, C' =45 ho(i) € G(R), and ¢ is a C-polarization of the representation of
G on V(R). Therefore (see (1.5)) G is reductive.

Ezxzample 2.5. There are two cases of particular interest.

(a) The family t' contains all the Hodge tensors of (V, hgy). In this case G’ is the
extended Mumford-Tate group of (V, hy), and we call G the special Mumford-Tate
group of (V, hg).

(b) The family t consists only of ty = v, so that G is the subgroup of GL(V)
fixing ¥ and G’ = G - G,,,. This case is studied in (Griffiths 1968, 1970; Schmid
1973; El Zein 1991, Chapter 7).

Let F be the set of filtrations F' on V(C) such that
dim F? = dim Fy, all p.
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The group GL(V(C)) acts transitively on FV, and the subgroup P stabilizing F},,
is parabolic®. Hence the bijection

GL(V)/P — FY, gP s gFy,

realizes F" as a smooth projective algebraic variety over C. The subset F of FV of
those filtrations F' such that

V(C) = FP @ F™ P*! for each p,

is open in FV (for the complex topology). It parametrizes exactly the Hodge struc-
tures on V(R) whose Hodge numbers are the same as those of (V, hy).

Consider the set of filtrations F' in FV such that, for all : € I, t; € F™i. It
is a closed algebraic subvariety of FV stable under the action of G(C), and we let
XV be the orbit containing F},. Then XV is the quotient of G(C) by a parabolic
subgroup, and so it is a smooth projective variety over C. An F' € XV satisfying
(2.4.3) automatically defines a Hodge structure (see the references in (2.5b)), and
so lies in F. The set of such F'’s is open in XV and stable under G(R), and we
write X for the orbit containing Fp,,.

We now regard X as a complex manifold rather than a set of filtrations, and we
write F), for the filtration, and h,, u,, and pu, for the homomorphisms, correspond-
ing to x € X.

Remark 2.6. (a) When t consists only of ¢y, XV contains all filtrations such that
ty € F° and X contains all F € XV satisfying (2.4.3). Thus in this case, X
contains all the filtrations on V(C) defining Hodge structures for which (27¢)™ is
a polarization (see the references in (2.5b)).

(b) Let x € XV N F, and let F, be the corresponding filtration on V(C). The
cocharacter pi,: G, — GL(V(C)) has image in G-Z where Z = G,,, = Z(GL(V(C)),
and so y, defines a filtration on gc. The stabilizer of F, in G has Lie algebra Fgc,

and so _
ac/F%gc = Tgt, XV.

Now assume = € X. The stabilizer B of z in Gg has Lie algebra grNFgc = grNg®?,
and so _
or/(gr Ng™°) = Tgt, X.

Note that
dim gc/F%gc = dim gr/(gr N g°°)

3Let £&: G — GL(V) be a faithful representation of a reductive group G over a field k of
characteristic zero, and let F' be a filtration on V. Suppose that there exists a cocharacter p of
G splitting the filtration, i.e., such that FPV = @;>,V?, Vi = {v € V | £u(z)v = z'v, Vz}. The
subgroup P of G of elements preserving F' is parabolic with unipotent radical the subgroup U of
elements acting as the identity map on @FiV/Fi+1V. The cocharacter p defines a filtration on
every representation of G, in particular on the adjoint representation of G on g, and Lie(P) = F0g,
Lie(U) = Flg. See (Saavedra 1972, IV.2.2.5).
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(as real vector spaces).

Choose a lattice V(Z) in V, and let
I(N)={9cGQ)|gV(Z) =V(Z), g=id onV(Z)/NV(Z)}.

Consider a triple (W,s,n) consisting of an integral Hodge structure W =
(W(Z),h), a family of tensors s = (s;)icr of W(Q) =g W(Z) ® Q, and an iso-
morphism

n: V(Z)/NV(Z) — W(Z)/NW (Z).
We call n a level-N-structure on W. Let H(C) be the set of such triples for which
there exists an isomorphism 5: W(Q) — V satisfying the following conditions:

(2.7.1) for some x € X, (3 is a morphism of rational Hodge structures
(W(Q),h) — (V, ha);

(2.7.2) for all i € I, B(s;) = ts;
(2.7.3) B(W(Z)) = V(Z) and the composite

V(z)/NV(Z) - wz)/Nw(z) 2N, vz) NV ()

is the identity map.
Note that the conditions imply that s; is an element of type (m;,m;) in W(Q)®" ®
W(Q)V®si. An isomorphism from one such system (W, s,7) to a second (W’ 5", n')
is an isomorphism of integral Hodge structures v: (W(Z),h) — (W'(Z),h') such
that vy(s;) = s, for all i € [ and y(N)on =17'.

Let (W,s,n) be such a system, and choose an isomorphism : W(Q) — V sat-
isfying the conditions (2.7). A second such isomorphism is of the form g o § for
some g € GL(V). But (2.7.2) implies that g(¢;) = ¢; for all i, and so g € G(Q).
Also (2.7.3) implies that gV (Z) = V(Z) and that g acts as the identity map on
V(Z)/NV (Z), and so g € I'(N). Therefore, when we write ad 5 o h = hy, the orbit
of z in I'(IV)\ X is independent of the choice of f3.

PROPOSITION 2.8. The map (W,s,n) — [z] just defined gives a bijection
a: H(C)/~ — T(N)\X.

Proof. Let (W', s’,n') be a second system. If v: (W’ s, n") — (W,s,n) is an isomor-
phism of triples and g: W(Q) — V(Q) is an isomorphism of vector spaces satisfying
(2.7), then 3 o~y satisfies (2.7) for (W',s’,n’), and it follows that (W’ s", ") maps
to the same element of I'(N)\ X as (W,s,n). Conversely, if (W,s,n) and (W’,s", 1)
map to the same class [x], then we can choose the maps 3 and 3’ so that the triples
map to the same element of X; now v =4 371 o @ is an isomorphism

(W's',n') — (W,s,n).
Finally, if z € X, then ((V(Z), hs),t,id) maps to [x]. O

We next wish to endow I'(N)\ X with the structure of a complex manifold.
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LEMMA 2.9. (a) The group I'(N) acts properly discontinuously* on X.
(b) For N sufficiently divisible, I'(N) is torsion-free.

Proof. (a) According to a standard criterion (see Miyake 1989, 1.5.2), it suffices to
check that the stabilizers in G(R) of the elements of X are compact and that I'(V)
is a discrete subgroup of G(R), but the stabilizer of h € X is compact because it
fixes the positive definite symmetric form

(v,w) — P(v,Cw), C = h(i),

and I'(N) is discrete because it is a congruence subgroup.

(b) If N is sufficiently divisible, I'(N) will be neat, and hence torsion-free (see
Borel 1969, §17). O

PropoOSITION 2.10. IfT'(N) is torsion-free, then I'(N)\X has a unique structure
of a complex manifold such that the quotient map X — I'(N)\X is a local isomor-
phism.

Proof. If T'(INV) is torsion-free, then the map X — I'(N)\X is a local homeomor-
phism. [J

When N is sufficiently divisible that I'(/V) is neat, we write S(NV) for I'(IV)\ X
regarded as a complex manifold.

An ntegral structure on a holomorphic family of rational Hodge structures
(V, F,W) is a local system of Z-modules V(Z) C V such that V(Z) ® Q = V and
V(Z) = &V(Z) N Wy,. A holomorphic family of rational Hodge structures together
with an integral structure will be referred to as a holomorphic family of integral
Hodge structures.

Let T be a complex manifold, and consider triples m = (W,s,n) consisting of a
holomorphic family of integral Hodge structures W = (W(Z), F, W) on T, a family
of global tensors s of W(Q) =4 W(Z) ® Q indexed by I, and an isomorphism 7
from the constant sheaf (V(Z)/NV (Z))r on T to W(Z)/NW(Z). We define H(T)
to be the set of such triples m with the property that m; € H(C) for allt € T. An
isomorphism (W, s, n) =, (W, s’,n") is an isomorphism of integral Hodge structures
W — W’ carrying carrying s and 7 into s’ and n’. With the obvious notion of
pull-back, the pair (H,~) becomes a moduli problem on the category of complex
manifolds and holomorphic maps.

Ezample 2.11. On X there is a holomorphic family of integral Hodge structures
of weight m whose underlying local system of Z-modules is the constant system
defined by V(Z) and which is such that the filtration at a point x is the Hodge
filtration of h,.

4Recall that this means that for any pair of points 1 and zo of X, there exist neighbourhoods
U, and Us of z1 and g such that {g € T(N) | gU1 N Uy # &} is finite.
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If N is sufficiently divisible, then I'(N) is the group of covering transformations of
X over S(N), and we obtain a holomorphic family of integral Hodge structures V()
on S(N): for o = hg, the local system of Z-modules underlying V(N) corresponds
to the representation of I'(N) = w1 (S(N),0) on V(Z). Because t; is fixed by I'(N),
it defines a global tensor of V(IV), and because I'(N) acts trivially on V(Z)/NV (Z)
there is a canonical isomorphism 7: (V(Z)/NV(Z))s(ny — V(N)/NV(N). The
system mg = (V(N), t,n) € H(S(N)).

THEOREM 2.12. For N sufficiently divisible, the pair (S(N), «) is a fine solution to
the moduli problem (H,~) (in the category of complex manifolds and holomorphic
maps).

Proof. Let m = (W,s,n) € H(T') for some complex manifold 7. We have to prove
that the map
Om: T — S(N), t— a(m),

is holomorphic. Let ty € T. Choose an open neighbourhood U of ¢ty over which W
is trivial, and fix an isomorphism W|U ~ Vi (constant local system on U). The
map t — F;: T — F is holomorphic, and its image is contained in X. Hence it is
holomorphic as a map into X, and so the composite U — X — S(INV) is holomorphic.
Obviously, ¢y, mo ~ m, and ¢, is the unique morphism with this property, and so
(S(N),[mo]) represents the functor H/~. O

Remark 2.13. In the above, we should of course allow (V,hg) to have more than
one weight, but this complicates the exposition. Once one is willing to work in that
generality, it is natural to replace V with V & Q(1) to ensure that Q(1) is in the
tensor category generated by (V, ho).

From now on, we assume that we are in Case (2.5a). It follows from (1.38), that
there is no essential loss of generality in doing this.

Questions.

If (V,hg) is the Betti realization of a motive, then is S(N) a moduli variety for
motives? Four problems present themselves.

(2.14.1) Does S(N) have a (unique) structure of an algebraic variety compatible
with its complex structure?

(2.14.2) Is every Hodge structure (V, k), h € X, motivic, i.e., the Betti realization
of motive?

(2.14.3) Assuming that (2.14.1) and (2.14.2) have positive answers, is the canonical
family V(IV) of Hodge structures on S(N) defined in (2.11) the Betti
realization of a “family of motives” (whatever that may be)?

(2.14.4) Is S(N) a moduli variety for motives? Since S(IN) parametrizes Hodge
structures with additional structure, and we are asking that it parametrize
motives, this implies that the motives in the family are determined (up
to isomorphism) by their Betti realizations.

We shall see shortly that, in order for (2.14.3) to be true, it is necessary that
(V,hg) be a special Hodge structure. Remarkably, when we assume this and that
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Hypothesis 1.13 holds in families, then all statements become true.

Variations of Hodge structures.

Let S be a connected complex manifold. Recall that a connection on a holomorphic
vector bundle V is a C-linear homomorphism

V:V—QLaV
satisfying the Leibnitz identity
V(fv)=df @ v+ f- Vo,

for f and v local sections of O and V. A connection is flat if its curvature tensor is
zero. A local section of V is horizontal if Vv = 0, and we write VV for the sheaf of
horizontal sections. The map (V, V) — VV defines an equivalence from the category
of vector bundles with flat connections to that of complex local systems on S.

DEFINITION 2.15. A holomorphic family of rational Hodge structures (V, F, W) on
a complex manifold is a wvariation of rational Hodge structures if

(2.15.1) (V,F,W) admits an integral structure;
(2.15.2) (axiom of transversality): V(FPV) C QL @ FP~1V.

A polarization of a variation of Hodge structures V of weight m is a morphism of
local systems V® V — Q(—m) that at each point s of S defines a polarization of
the Hodge structure V.

PROPOSITION 2.16. The category Hdgg(S) of polarizable variations of rational
Hodge structures on a connected complex manifold S is a semisimple Tannakian
category over Q.

Proof. It is obvious that Hdgg(S) is closed under the formation of direct sum-
mands, direct sums, and tensor products; moreover it contains the constant varia-
tions Q(m). Therefore we can apply (Deligne 1971a, 4.2.3) to deduce that Hdgg(S)
is a semisimple abelian subcategory of the category of continuous families of Hodge
structures, and that it is closed under the formation of duals. For any point o € S,
(V,F,W) — V, is a fibre functor, and so Hdgg(S) is a Tannakian category. The
identity object is Q(0), and End(Q(0)) = Q. O

THEOREM 2.17. Let m: Y — S be a smooth projective map of algebraic varieties
over C; for any r, R"m,.Q is a polarizable variation of rational Hodge structures on
S of weight r.

Proof. This is a fundamental result in Griffiths’s theory. For proofs see (Griffiths
1968) and (Deligne 1971c). O

The last two results show that the Betti realization of a family of motives must
be a polarizable variation of Hodge structures. It is therefore natural to require
that V(IV) be a variation of Hodge structures on S(N), or equivalently, that (V, F},)
be a variation of Hodge structures on X. There is a simple criterion for this.
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PrOPOSITION 2.18. The following statements are equivalent:

(a) the family (V, F;) is a variation of Hodge structures on X;
(b) for all x € X, (G', hl) satisfies (SV1);

(c) for all x € X, the Hodge structure (V, hy) is special;

(d) the Hodge structure (V, hg) is special.

Proof. (a) <= (b). Consider the inclusion map ¢: X < XV. The map on the
tangent spaces at a point x of X is

(dp)s: Tete(X) = gr/(gr N g°°) = gc/F%gc, g = Lie(G),

(see 2.6). The axiom of tranversality says that the image of (dy), is contained in
Flgc/Flgc for all z, i.e., that gc = F, 'gc. But

gc = F'gc <= gis of type {(—1,1),(0,0),(1,—-1)} <= (G’,h.) satisfies (SV1).
) = (c). The extended Mumford-Tate group of (V, h,) is a subgroup of G.
) = (d). Obvious.

(b

(c

(d) = (b). Because of our assumption that we are in case (2.5a), G’ is the
extended Mumford-Tate group of (V,hy), and so (d) says that (G’,hy) satisfies
(SV1). To deduce (b), set x = gxo, g € G(R), and note that ad(g) is an isomorphism
(G',ho) = (G',h7). O

Before providing answers to the questions (2.14), we review some of the funda-
mental results concerning variations of Hodge structures.

THEOREM 2.19. Let V be a polarizable variation of Hodge structures on a smooth
quasi-projective algebraic variety S over C. Then the vector bundle V =4 V® O
carries a unique algebraic structure such that the connection V becomes algebraic
and such that V has regular singular points at infinity relative to any smooth
compactification of M. With respect to this structure, the subbundles F™ C V are
algebraic.

Proof. See (Schmid 1973, 4.13), where the result is credited to Griffiths. [

Remark 2.20. Let w: Y — S be a smooth projective morphism of algebraic varieties
over a field k. The vector bundle R"7.Oy has a canonical (de Rham) filtration Fyg
arising from the identification R"m.Oy = R'm.{y 5 and a flat (Gauss-Manin)
connection V. When k = C these structures agree with those defined by (2.17) and
(2.19).

THEOREM 2.21 (THEOREM OF THE FIXED PART). Let S be a smooth connected
algebraic variety over C, and let V be a polarizable variation of Hodge structures
on S. The largest constant local system V/ C V is a constant variation of Hodge
substructures of V.

Proof. When the base space is a compact complex manifold, this is proved in (Grif-
fiths 1970, §7), and in the general case it is proved in (Schmid 1973, 7.22). See also
(Deligne 1971a, 4.1.2, and footnote p45). O
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Consequently, a global section of V (in fact, even of V®C) that is of type (p, q) at
one point, is of type (p, q) at every point. When we apply this to an endomorphism
of V, we obtain the following result.

COROLLARY 2.22. Let (V,F) and (V', F") be two polarizable variations of Hodge
structures on a smooth connected algebraic variety S. An isomorphism a: V — V'
of local systems such that «(o) is an isomorphism of Hodge structures for some
o € S(C) is an isomorphism of variations of Hodge structures.

Let S be a smooth connected algebraic variety over C. The corollary implies
that, given a representation of 71 (S, 0) on a finite-dimensional rational vector space
V and a polarized Hodge structure on V', there is at most one way of extending
these data to a polarizable variation of Hodge structures on S.

Algebraicity of S(N).

Recall that a bounded domain in CY9 is a bounded open connected subset of CY,
and that a Hermitian manifold is a complex manifold together with a holomorphic
family of positive-definite Hermitian forms on its tangent spaces. A bounded domain
or Hermitian manifold D is said to be symmetric if each point of D is an isolated
fixed point of an involution of D. A complex manifold isomorphic to a symmetric
bounded domain is called a symmetric Hermitian domain. Since the Bergmann
metric provides a symmetric bounded domain with a Hermitian structure invariant
under all automorphisms of the domain, every symmetric Hermitian domain has a
canonical Hermitian structure with respect to which it is symmetric.

PRroPOSITION 2.23. If (V, hg) is special, then every connected component of X is
a symmetric Hermitian domain.

Proof. Identify a connected component X of X with a G'(R)"-conjugacy class of
homomorphisms S — Gg, and apply (Deligne 1979, 1.1.17). O

THEOREM 2.24. Let X be a symmetric Hermitian domain, and let I' be a torsion-
free arithmetic subgroup of Aut(X™). Then S(I") =4 I'\X ™ has a unique structure
of an algebraic variety with the following property:
(2.24.1) every holomorphic map S — S(I') from a smooth complex algebraic vari-
ety to S(I') is a morphism of algebraic varieties.

Proof. The main theorem of (Baily and Borel 1966) shows that S(I') has a canonical
algebraic structure compatible with its complex structure. That the structure has
the property (2.24.1) is proved in (Borel 1972, 3.10). It is obvious that this property
determines the algebraic structure uniquely. U

THEOREM 2.25. If (V, hg) is special, then V(N) is a polarizable variation of Hodge
structures on S(N), and S(N) has a unique algebraic structure compatible with
its complex structure. Conversely, if V(N) is a variation of Hodge structures, then
(V, ho) is special.

Proof. Combine (2.18), (2.23), and (2.24). O
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The motivicity of (V. h,).

PROPOSITION 2.26. If (V, hg) is the Betti realization of an abelian motive, then so
also is (V, hy) for all z € X.

Proof. We saw in (2.18) that if (V, hg) is a special Hodge structure, then so also is
(V,hg) for all x € X.

Let (Go,ho) and (G, h,) be the Mumford-Tate groups of (V, hg) and (V, hy)
respectively (thus G = Ker(Gy — G,,)). If hy, = adg o hy with g € Go(Q), then
G, = G, and it follows from (1.35) that (V, h,) is the Betti realization of an abelian
motive. The real approximation theorem states that G(Q) is dense in G(R), and so
we can assume that h, = ad g o hg with g € Go(R)™".

By assumption, (V, hg) lies in the tensor category generated by the Betti real-
ization of an abelian variety A. Let (G1,hi) be the Mumford-Tate group of A. We
have a diagram

(Go, ho) « (G1,h1) — (G(¥), X(¢))

with G(¢) the group of symplectic similitudes defined by H;(A) and a Riemann
form. Lift g to an element g; € G1(R)". Then we have a diagram:

(Go, ha) «= (G1,ad(g) 0 hn) = (G(), X (v)).

If G,1 denotes the inverse image of G, in G1, then (G,1,ad(g)ohq) is the Mumford-
Tate group of an abelian variety, and it has (G, hy) as a quotient. It follows that
(V,hy) is the Betti realization of an abelian motive. O

Remark 2.27. Assume Hypothesis 1.13. If (V| hg) is special, then for all z € X, the
Hodge structure (V, h;) is the Betti realization of a special motive.

Motivic variations of Hodge structures.

By a global tensor of a local system of Q-vector spaces V on a complex manifold S,
we mean an element of I'(S, V& @ VV®* @ Q(m)) for some r,s € N, m € Z.

DEFINITION 2.28. Let w: Y — S be a projective smooth morphism of smooth
varieties over C. A global tensor t of Hg(Y/S) =4 ®R'm.Q is an absolute Hodge
tensor of Y/S if, for all s € S(C), t, is an absolute Hodge tensor of Y. A sum of
absolute Hodge tensors will also be called an absolute Hodge tensor.

Remark 2.29. When S is connected, a global tensor ¢ of Hp(Y/S) is an absolute
Hodge tensor of Y/S if ¢4 is an absolute Hodge tensor on Yy for a single s (Deligne
1982, 2.12, 2.14).

DEFINITION 2.30. Let S be a smooth variety over C.

(a) (Deligne 1971, 4.2.4). A variation of Hodge structures V on S is algebraic
if there exists a dense open subset U of S, an integer m, and a projec-
tive smooth morphism 7: Y — U such that V|U is a direct summand of

Hp(Y/U)(m).
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(b) If in (a) the projector realizing V|U as a direct summand is an absolute
Hodge tensor, then V will be said to be motivic.

(c) If in (a) Y is an abelian scheme over U, then V will be said to be abelian-
motivic.

Note that the projector implicit in (a) of the definition is automatically a Hodge
tensor at every point of U, and so, when Y is an abelian scheme, the main theorem
of (Deligne 1982) implies that it is an absolute Hodge tensor. Thus

abelian-motivic = motivic = algebraic.

In general, when 7: Y — § is a projective smooth morphism and p €
End(Hp(Y/S)) is both a projector and an absolute Hodge tensor, we write
Hp(Y/S, p,m) for Tm(p) & Q(m).

LEMMA 2.31. (a) A direct sum, or tensor product of algebraic (resp. motivic,
abelian-motivic) variations of Hodge structures is algebraic (resp. motivic, abelian-
motivic); the constant variation of Hodge structures Q(m) is abelian-motivic.

(b) A direct summand of an algebraic (resp. abelian-motivic) variation of Hodge
structures is algebraic (resp. abelian-motivic).

(c) Every algebraic variation of Hodge structures is polarizable.

Proof. The statements concerning algebraic variations are proved in (Deligne 1971a,
4.2.5). Similar proofs give the statements concerning abelian-motivic or motivic
variations. [J

PROPOSITION 2.32. The category of abelian-motivic variations of Hodge structures
on S is a semisimple abelian category; it is a tensor subcategory of the semisimple
Tannakian category of polarizable variations of Hodge structures on S. If S is
connected, then for any o € S(C), V— V, is a fibre functor.

Proof. We can again apply (Deligne 1971a, 4.2.3). O

LEMMA 2.33. A variation of Hodge structures V on S is abelian-motivic if there
is a smooth dominant morphism f: S” — S of finite-type such that f*V is abelian-
motivic.

Proof. The image of f is a dense open subscheme U of S, and there exists a surjective
étale morphism h: U’ — U and a morphism ¢g: U’ — S’ such that h = fog
(see Grothendieck 1964/67, 17.16.3). Hence h*V is abelian-motivic, say h*V =
Hp(Y/U',p,m). After replacing U with an open subset, the map h: U" — U will
be finite. It is clear that h.h*V is abelian-motivic, and V|U is a subobject, hence
direct summand, of it, and so we can apply (2.31b). O

The motivicity of V(V).
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THEOREM 2.34. If (V, ho) is the Betti realization of an abelian motive, then the
variation of Hodge structures V(N) on S(N) defined in (2.11) is abelian-motivic.

Proof. Suppose first that (V| hg) is the Betti realization of an abelian variety. In this
case V(N) is a polarizable variation of Hodge structures of type {(—1,0), (0, —1)},
and so V(N) = Hp(Y/S(N)) for some abelian scheme Y (see Deligne 1971a, 4.4.3).
Moreover, if G — GL(W) is a second representation of G and W is the corresponding
variation of Hodge structures on S(NN), then, because W lies in the tensor category
generated by V, W will lie in the tensor category generated by V, and so (2.32)
shows it to be abelian-motivic.

Now consider the general case. Because (V,hg) is the Betti realization of
an abelian motive, there is a surjective homomorphism (G1,u1) — (G,ug) with
(G1,u1) the special Mumford-Tate group of an abelian variety. Correspondingly,
we have a smooth morphism

F: THN)\ X, — D(N)\X.

The pull-back f*V(N) of V(IV) to I'1(IV)\ X1 is the variation of Hodge structures
defined by the representation G; — G — GL(V'), and is therefore abelian-motivic.
Now apply (2.33). O

Special Hodge structures. Hypothesis 1.13 asserts that every special Hodge struc-
ture is of the form Hp (Y, p,m) for some projective smooth variety Y over C, projec-
tor p that is an absolute Hodge tensor, and integer m. The next hypothesis asserts
that this holds in families.

HypoTHESIS 2.35. Let (V) hgy) be a special Hodge structure, and let o be the point
['(N) - ho in S(N) (N sufficiently divisible). There exists an open neighbourhood
U of o, a projective smooth morphism w: Y — U, a projector p that is an absolute
Hodge tensor, and an integer m such that V|U = Hg(Y /U, p, m).

Let M be a motive over C. We say that all the Hodge tensors of M are absolutely
Hodge if the functor
wp: Mot(C) — Hdgg

becomes fully faithful when restricted to the tensor subcategory generated by M
and Q(1).

PROPOSITION 2.36. Let (V, hg) be special. If Hypothesis 2.35 holds for (V, hy),
then (V, hy) is the Betti realization of a motive M, and all Hodge tensors on M are
absolutely Hodge.

Proof. A Hodge tensor t of (V, hg) defines a global Hodge tensor of V(N). Let U be
a neighbourhood of o0 as in (2.35). There will be a point « € U such Im(h,) C Tk for
some torus 7' C G, and the pair (V, h,) will be the Betti realization of a CM-motive.
Hence t, is an absolute Hodge tensor, and, as we noted in (2.29), this implies that
t,, is an absolute Hodge tensor for all w € U. In particular, t = ¢y is an absolute
Hodge tensor. [
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Hypothesis 2.35 is definitely a stronger statement than (1.13), but any proof of
(1.13) is likely also to yield a proof of (2.35). Note that (2.35) implies that

wp: Mot*?(C) — Hdgg

is fully faithful where Mot®P(C) is the category of special motives. Hence every
special Hodge structure will be the Betti realization of a unique special motive
(unique up to a unique isomorphism).

Moduli of motives.

We now define the category of motives for absolute Hodge tensors over any smooth
variety S in characteristic zero. Our definition is suggested by the following theorem:
let S be a smooth connected variety with generic point 1 over a field of characteristic
zero; the functor A — A, from the category of abelian schemes over S to the
category of abelian varieties over 7 is fully faithful, with essential image the category
of abelian varieties B such that the action of 71 (1, 7) on H!(Be, Q¢) factors through
m1(S,7). Here 77 is the spectrum of an algebraically closed field containing (7).
(This theorem is a consequence of the theory of Néron models and of a theorem of
Chai and Faltings—see (Milne 1992, 2.13), for a discussion of it.)

DEFINITION 2.37. A motive M over a smooth connected k-variety S is a motive
M, over the generic point 1 of S such that the action of m1(n, ) on wy(M,) factors
through m(S,7). If M, is an abelian motive, then we call M an abelian motive
over S. (Here wy is the fibre functor, defined by étale cohomology, taking values in
Ay-modules.)

Let M be a motive over S. For some m, M, (—m) will be an effective motive, and
hence a direct summand of a motive h(Y') where Y is a smooth projective variety
over the field x(n). Let p be the absolute Hodge tensor for Y projecting h(Y')(m)
onto M,. For some open subset U of S, Y will extend to a smooth projective
scheme Yy over U, and p will extend to a global tensor py for the de Rham and
étale cohomologies of Yy /U. We then say that (Y, py, m) represents M over U,
and we write M|U = h(Yy, pu, m).

PrROPOSITION 2.38. For any smooth connected variety S over a field k of charac-
teristic zero, the category Mot(S) of motives over S is a Tannakian category over
Q, and the category Mot?"(S) of abelian motives over S is a Tannakian subcate-
gory of Mot(S). There is an exact tensor functor from Mot (S) to the Tannakian
category of local systems of A -modules on Set.

Proof. Since Mot (n) is a Tannakian category, it suffices to prove that Mot(S) is
a Tannakian subcategory of Mot(n), but this is obvious. Similarly Mot?"(S) is
a Tannakian subcategory of Mot(S) and of Mot?"(n). To give a local system of
Ay-modules on S is the same as to give a continuous representation of m (5, 7) on
a finite-dimensional A j-module, and, by assumption, the representation of (7, 77)
on wy(M,) factors through 71 (S,7). O
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DEFINITION 2.39. An integral structure on a motive M is the choice of a local
system of torsion-free Z-modules M(Z) such that M(Z) ® Q = My. A motive
together with an integral structure is an integral motive.

As we have just seen, almost by definition, a motive over a smooth variety S
defines a local system of A -modules. Less obvious is that, when the ground field
is C, a motive defines a polarizable variation of Hodge structures on S.

THEOREM 2.40. Let M be a motive over a smooth algebraic variety S over C.
There exists a unique polarizable variation of Hodge structures Hg(M) on S with
the following property: if (Y,p, m) represents M over the open subset U of S, then
HB(M) = HB(Y/U7p7 m)

Proof. Let (Y,p,m) represent M over U, and let V = Hp(Y/U). Choose a point
u € U. The action of m (U,u) on V,, factors through (S, u), and so V extends
(uniquely) to a local system of Q-vector spaces on S, which we still denote V.

Thus we have a local system of Q-vector spaces V on S, and the structure of
polarizable variation of Hodge structures on V|U. The next lemma shows that this
structure extends uniquely to V, which completes the proof.

LEMMA 2.41. Let S be a smooth algebraic variety over C. Let V be a local system
of Q-vector spaces on S, and let 1 be a bilinear form on V. Suppose that there is a
Zariski open subset U of S and a filtration F' on Oy ® V such that (V|U, F,|U) is
a polarized variation of Hodge structures on U of some weight m. Then F' extends
uniquely to a filtration on V ® Oy such that (V, F,1) is a polarized variation of
Hodge structures on S.

Proof. There exists a Zariski open subvariety S’ of S containing U and such that
S — S’ has codimension > 2 and S’ — U is smooth of pure codimension 1 (i.e., a
smooth divisor). Thus it suffices to consider two cases: S — U is a smooth divisor;
S — U has codimension 2.

In the first case, the Hodge structure on V|U will in general degenerate into a
mixed Hodge structure on the boundary, but the description of the weight filtration
in terms of the action of the local monodromy group shows that it is trivial (i.e.,
the mixed Hodge structure is pure) when the local monodromy group acts trivially.
See (Schmid 1973, 4.12; Cattani et al 1986).

For the second case, let D be the classifying space for polarized Hodge structures
of the same type as (V, hy, ), u € U. Then V|U defines a horizontal, locally liftable
holomorphic mapping U — I'\D, which (Griffiths and Schmid 1969, 9.8) shows
extends to all of S (because D is “negatively curved in the horizontal direction”).

From the extended map we obtain an extension of the variation of Hodge structures
to S. O

PROPOSITION 2.42. Let S be a smooth connected scheme over C. The functor
Hp: Mot?P(S) — Hdgg(S) defined in (2.41) is fully faithful with essential image
the category of abelian-motivic variations of Hodge structures on S.



36 J. S. MILNE

Proof. Recall the following result (Deligne 1971a, 4.4.3): there is an equivalence
between the category of abelian schemes on S and the category of torsion-free
integral polarizable variations of Hodge structures on S of type {(—1,0), (0, —1)}.
When we apply this to an open subvariety U of .S, we find that there is an equivalence
between the category of abelian motives on S whose restriction to U can be realized
as a Tate twist of a factor of the motive of an abelian scheme over U and the
category of abelian-motivic variations of Hodge structures on S whose restriction
to U can be represented in the form Hp(Y /U, p,m) with Y an abelian scheme over
U. Now take the union over all U. [

Let T be a smooth variety over C, and consider triples (M, s,n) consisting of an
abelian motive M over T', a family s of Hodge tensors of M indexed by I, and a
level-N structure on Hp(M). We define M(T") to be the set of triples (M, s, n) such
that (Hg(M),s,n) € H(T). With the obvious notion of pull-back and isomorphism,
we obtain a moduli problem (M, =) on the category of smooth varieties over C.

Now assume that (V, hg) is the Betti realization of an abelian motive. It follows
from (2.26) and (2.8) that the elements of H(C) are also Betti realizations of abelian
motives, and hence that Hp defines a bijection

Hp: M(C)/~ — H(C)/~ .

THEOREM 2.43. If (V, ho) is the Betti realization of an abelian motive, then the
pair (S(N),« 0 Hg) is a fine solution to the moduli problem (M, ~).

Proof. Let T be a smooth variety over C. It follows from (2.42) that
Hi: M(T)/~ — H(T)/~

is injective, and from (2.34), (2.12), and (2.42) that it is surjective. Hence the
theorem follows from (2.12). O

Remark 2.44. Theorem 2.43 realizes a vast family of varieties as moduli varieties.
Except for the moduli varieties of abelian varieties, the only example I know of
where this has been exploited is that in which the initial Hodge structure is the
second cohomology group of a K3-surface (see for example Deligne 1972).

Remark 2.45. The moduli problems for Hodge structures and motives have been
defined above only for the category of smooth varieties over C (see 2.15 and 2.37).
Ching-Li Chai has suggested to me that they can be defined for all schemes over C by
replacing the connections with Grothendieck’s notion of a stratification (Grothen-
dieck 1968). A stratification on an Og-module V is an isomorphism

p:piV — pyV,

where p1,p2 are the projections A = S from the formal completion of the diagonal
in S x S to S, satisfying the cocycle condition p%;(¢) = pis(p)ps; (). Each of p}
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and p3V has the product filtration, that on Ox being given by the defining ideal
and its powers, and in this context Griffiths transversality (2.15.2) becomes the
condition that ¢ preserves the filtrations. It should be possible to prove that S(N)
solves the moduli problems on the category of all schemes by using the methods of
Artin. A similar remark applies to Theorem 3.31 below.

3. SHIMURA VARIETIES AS MODULI VARIETIES

In the last two sections we saw that the study of Mumford-Tate groups and
the moduli varieties of motives leads to the consideration of pairs (G, h) satisfying
certain conditions (SV). In this section, we reverse the process: starting with a
reductive group G over Q and a G(R)-conjugacy class X of homomorphismsS — Ggr
satisfying conditions (SV), we construct a pro-variety Sh(G, X), the Shimura variety
defined by (G, X), and show that in many cases Sh(G, X) can be realized as a
moduli variety for motives over a number field. Then we give some applications of
this result.

Review of Shimura varieties.

Let G be a connected reductive group over QQ, and let X be a G(R)-conjugacy
class of homomorphisms h: S — Gg satisfying the conditions (SV1,2). Note that
it suffices to verify the conditions for a single h, because the map ad(g): Gr — Gr
is an isomorphism carrying h into ad(g) o h. The condition (SV1) implies that the
image of wy, is contained in Z(G), and hence is independent of h € X—we denote
it by wx and call it the weight. It is convenient to impose the following condition
on the group G:

(SVO0) the torus Z(G)° splits over a CM-field, and G*! has no Q-factor that is
anisotropic over R.

Recall that a C'M-field is a finite extension E of () admitting a nontrivial involu-
tion ¢z such that p(tpz) = tp(z) for all embeddings p: E — C. If X*(Z°) denotes
the group of characters of Z° defined over the algebraic closure of Q in C, then Z°
splits over a CM-field if and only if, for all 7 € Gal(Q*/Q), «7 and 7¢ have the same
action on X*(ZY). Since Z° and G*" are isogenous tori, the condition is equivalent
to G splitting over a CM-field, and in the presence of (SV2), it implies that G
itself splits over a CM-field.

The condition on G2 implies that the strong approximation theorem holds in the
following form: the group G*°(Q) is dense in G*°(Af). This simplifies the theory,
but unfortunately eliminates zero-dimensional Shimura varieties except for those
defined by tori.

Fix a pair (G, X) satisfying the conditions (SV0,1,2). Then X has a unique
complex structure for which the Hodge filtrations Fj, on V @ C vary holomorphically
(Deligne 1979, 1.1.14; cf. §2). Moreover, X has only finitely many connected
components, and each is a symmetric Hermitian domain (Deligne 1979, 1.1.17; cf.
2.23). As before, I write x for an element of X, and h,, u, for the corresponding
homomorphisms.
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If K is a compact open subgroup of G(Ay), then I'(K) =4 G(Q) N K is (by
definition) a congruence subgroup of G(Q), and hence its image I'*4(K) in G24(Q) is
an arithmetic group. For K sufficiently small, I'(K) is contained in G(R)* (Deligne
1979, 2.0.14) and I'*4(K) is torsion-free (cf. 2.9).

For K a compact open subgroup of G(Ay), define
Shi (G, X) = GQ\X x G(Ay)/K,
where G(Q) and K act on X x G(Ay) according to the rule
q(z,a)k = (gx,qak), qeGQ), ze€X, aecG(Ay), kekK.

Let G(Q)4 be the subgroup of G(Q) of elements mapping into G*(R)*; it is the
stabilizer in G(Q) of any connected component X+ of X (Deligne 1979, 1.2.7).
Let C be a set of representatives for G(Q)4\G(A)/K—the strong approximation
theorem implies that it is finite. For K sufficiently small, the map

[]red(cKe " N\XT — GQ\X x G(Ay)/K
ceC

sending an element [x] € T®(cKc™ 1)\ X to [z, c] is a homeomorphism. Therefore
(see 2.24) Shi (G, X) has a unique algebraic structure compatible with its complex
structure; moreover, for any smooth algebraic variety T over C, every holomorphic
map T'(C) — Shg (G, X) is algebraic.

From now on, we regard Shx (G, X) as an algebraic variety.

When we vary K among (small) compact open subgroups of G(Ay), we obtain a
filtered projective system of algebraic varieties

Sh(G, X) = (Shx (G, X))x.

The group G(Ay) acts continuously on this system in the sense of (Deligne 1979,
2.7.1), and Sh(G, X), together with this action, is called the Shimura variety defined
by (G, X).

Alternatively (and equivalently), we can define Sh(G, X) to be the projective
limit,

Sh(G, X) = @ShK(G, X) (scheme, not of finite type, over C),
together with the action of G(A¢). The variety Shx (G, X) can be recovered as the
quotient Sh(G, X)/K of Sh(G, X).

Recall (Deligne 1979, 2.1.10; see also 4.11 below) that

Sh(G, X)(C) =4 lim Shi (G, X)(C) = GQ\X x G(Ay)/Z(Q)~
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where Z = Z(G) and Z(Q)~ is the closure of Z(Q) in Z(Ay). An element g € G(Ay)
acts on Sh(G, X)(C) as follows:

[z,a]lg = [z,ag], x€X, acG(Ay).

Because ZY splits over a CM-field, the largest split subtorus of Zg is defined over
Q. When this subtorus is also split over Q, Z(Q) is closed in Z(Ay) and we have

Sh(G, X)(C) = GQ\X x G(Ay).

Ezample 3.1. Let (G, h) be the Mumford-Tate group of a special Hodge structure
(V,h). We saw in (1.6) that h satisfies (SV2*) and, a fortiori, (SV2) and that the
weight wy, is defined over Q. If H is a factor of G4 such that Hp is anisotropic, then

(SV2) implies that the composite S LN Gr — Hp is trivial, and since h generates H,
H itself must be trivial. The pair (G*, h#P) is the Mumford-Tate group of a Hodge
structure of CM-type, and therefore G2 splits over a CM-field. Thus G satisfies
(SVO0), and, by assumption, (G, h) satisfies (SV1). Therefore, when we define X to
be the G(R)-conjugacy class of h, (G, X) satisfies the conditions to define a Shimura
variety. Choose a lattice V(Z) in V, and let

K(N)={g€G(Ay) | gV(Z)=V(Z), g=id on V(Z)/NV(Z)}.

Then the variety S(IV) attached to (V,h) in §2 is an open and closed subvariety of
Shg(ny (G, X).

DEFINITION 3.2. If G4 satisfies the condition (1.25), then the Shimura variety
Sh(G, X) is said to be of abelian type.®

Remark 3.3. Let (G, h) be the Mumford-Tate group of an abelian motive, and let
X be the G(R)-conjugacy class of h; then Sh(G, X) is a Shimura variety of abelian
type, and wx is defined over Q. Conversely, let Sh(G, X) be a Shimura variety of
abelian type whose weight is defined over Q; if G’ is the subgroup of G generated
by the elements of X, then there is an h € X such that (G’ h) is the Mumford-Tate
group of an abelian motive.

Canonical models. We recall the notion of the canonical model of a Shimura
variety. Let T be a torus over Q that splits over a CM-field, and let p € X, (T)
(group of cocharacters defined over Q*' C C). The pair (T,h), h(z) = p(z) - p(z),
defines a Shimura variety. Let E = E(T,h) C Q* be the field of definition of s,
let £2P be the maximal abelian extension of E (in Q), and let reck be the Artin

5This is precisely the class of Shimura varieties for which Deligne proved the existence of
canonical models in his Corvallis article (Deligne 1979, 2.7.21). The name was coined by Shih and
the author (Milne and Shih 1982) because, at the time, they seemed to be exactly the Shimura
varieties that were approachable by methods involving the moduli of abelian varieties. Below we
shall see a much more compelling justification for the name: among the Shimura varieties whose
weight is defined over Q, they are the varieties that are moduli varieties for abelian motives.
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reciprocity map A} — Gal(E*"/E). On applying the restriction of scalars functor
Resg/q to the homomorphism y: Gp — Tk and composing with the norm map,
we obtain a homomorphism

Np: Resg o Gm M Resg/oTE LN
For any Q-algebra R, this gives a homomorphism
Nu(R): (E® R)* — T(R).
Let T(Q)~ be the closure of T(Q) in T'(A¢). The reciprocity map®
F(T,h): Gal(E™/E) — T(A;)/T(Q)"

is defined as follows: let 7 € Gal(E*?/E), and let s € A}, be such that recg(s) = 7;
write § = Soo-Sf With 5o € (E®@R)* and sy € (E®Af)*; then r(T,x)(1) = Nin(sy)
(mod T'(Q) 7).

Now consider a Shimura variety Sh(G, X). The reflex field E(G, X) of Sh(G, X)
is the field of definition (in C) of the G(C)-conjugacy class of homomorphisms
w: G, — G containing pp, h € X. A special pair (T, h) in (G, X) isatorusT C G
together with an h € X such that h factors through Tk. Clearly E(T,h) D E(G, X).

By a model of Sh(G,X) over a subfield k& of C, we mean a scheme S over k
endowed with an action of G(Ay) (defined over k) and a G(A f)-equivariant isomor-
phism Sh(G, X) — S ®; C. We use this isomorphism to identify Sh(G, X)(C) with
S(C).

DEFINITION 3.4. A model of Sh(G, X) over a number field £, C D F D E(G, X),
is said to be canonical if it has the following property: for all special pairs (T',h) C
(G, X) and elements a € G(Ay), the point [h,a] is rational over E(h)2® and 7 €
Gal(E(h)**/E(h)) acts on [h,a] according to the rule:

Tlh,a] = [h,r(T) - a] where r = (T, h); (3.4.1)
here E(h) = E - E(T, h).

PRrROPOSITION 3.5. Let f: G — G’ be a homomorphism mapping X into X', and
suppose that Sh(G, X) and Sh(G’, X'") have canonical models over E. Then the
morphism

[z, 9] = [f(2), f(9)]: Sh(G,X) — Sh(G", X)
is defined over F.

Proof. See (Deligne 1971b, 5.4). O

6For an explanation of the sign, which differs from that in (Deligne 1979), see (Milne 1992,
1.10).
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COROLLARY 3.6. If it exists, the canonical model of Sh(G, X) over E is uniquely
determined up to a unique isomorphism.

Proof. Apply the proposition with f the identity map G — G. 0O

In his report on Shimura’s work (Deligne 1971b), Deligne proves that Shimura
varieties that are moduli varieties for abelian varieties have canonical models over
their reflex fields, and he deduces a similar result for one class of Shimura varieties
whose members are not moduli varieties and, in fact, do not have weight defined over
Q (“les modeles étranges”, ibid. §6). In the next subsection, we prove that Shimura
varieties of abelian type with rational weight are moduli varieties for abelian mo-
tives. This allows us in the following subsection to prove, using the methods of
Deligne’s article, that all Shimura varieties of abelian type have canonical models
over their reflex fields”.

Shimura varieties as moduli varieties over C.

Throughout this subsection, Sh(G, X) is a Shimura variety whose weight wx is
defined over Q. For simplicity, we assume that there is given a homomorphism
t: G — G, = GL(Q(1)) such that t owyxy = —2. Then tg o h, defines on Q(1) its
usual Hodge structure for all x € X.

The realization of Sh(G, X) as a moduli variety depends on the choice of a faithful
representation {: G — GL(V') of G. We fix such a ¢ and identify G with a subgroup
of GL(V). There will be a family of tensors t = (¢;)icr, t; € V& @ VV®5i some
ri, S;, such that, for any Q-algebra R,

G(R) = {g € GL(V X R) ’ gti =1;, allie I}

For all z € X, t; will be fixed by h,(S), and so t; is a Hodge tensor for the rational
Hodge structure (V, hy). For some r and s, the representation ¢ of G on Q(1) will
be a direct summand of the representation of G on V" @ VV®$ defined by £. Thus
it makes sense to add the requirement that there is an element 0 € I such that ¢,
or —ty is a polarization for (V, h,), all x € X.

Fix a (small) compact open subgroup K of G(A¢), and let (W, h) be a rational
Hodge structure. Then K acts on the space of A-linear isomorphisms V(Ay) —
W(Ay¢) on the right, and an orbit for the action is called a K-level structure on
(W, h).

Ezample 3.7. Choose lattices V(Z) and W(Z) in V and W, and define K(N) as in
(3.1). To give a K (N)-level structure on W is the same as to give a level N-structure
in the sense of §2.

7As noted in a previous footnote, the existence of canonical models for Shimura varieties
of abelian type was proved in Deligne (1979), but by less explicit methods involving connected
Shimura varieties. The result was extended to all Shimura varieties in (Milne 1983) and in (Borovoi
1983/4, 1987).
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Consider triples (W, s, [n]) consisting of a rational Hodge structure W = (W, h),
a family s of Hodge cycles indexed by I, and a K-level structure [n] on (W, h). We
define Hx (G, X, ) to be the set of such triples satisfying the following conditions:
(3.8.1) there exists an isomorphism of Q-vector spaces : W — V mapping each
s; to t; and sending h to h;, some x € X;
(3.8.2) for one (hence every) n representing the level structure, n maps each t; to
S;.
An isomorphism from one such triple (W, s, [n]) to a second (W' s’ []) is an iso-
morphism v: (W, h) — (W', h’) of rational Hodge structures mapping each s; to s
and such that [oon] = [n']. An element g € G(A¢) defines a map

(stv [77]) = (stv [77 © g]): HK(Gv X, f) - Hg—lKg(Ga X, f)

Let (W, s, [n]) be an element of Hx (G, X, &). Choose an isomorphism 5: W — V
satisfying (3.8.1), so that [ sends h to h, some x € X. The composite

V(Ap) 2 w(ag) L v(ap), nell,

sends each t; to ¢;, and it is therefore multiplication by an element g € G(Ay),
well-defined up to multiplication on the right by an element of K (corresponding
to a different choice of the representative n of the level structure). Since any other
choice of 3 is of the form g o (3 for some ¢ € G(Q), [z, g] is a well-defined element of
G(Q)\X x G(Ay)/K = Shg (G, X)(C).

PrOPOSITION 3.9. The above construction defines a bijection
ar: Mk (G, X, §)/~ — Shi (G, X)(C).

The maps a are compatible with the action of G(Ay), in the sense that, for every
g € G(Ay), there is a commutative diagram

HK(Gvaf)/% — ShK(GvX)

K L

Hy-119(G, X, €) /2 ——5 Shy1e4(G, X).

Proof. Straightforward, and essentially the same as that of (2.8). O

We now fix (G, X) and £ and drop them from the notation.

Let V be a variation of Hodge structures on a smooth algebraic variety T" over C.
Because in our definition (2.15) we required V to admit an integal structure, there
is a well-defined local system of Ay-modules W for the étale topology on 7' such
that, for any connected component T° of T' and any o € T°(C), W, =V, ®g A as
71 (T°(C), 0)-modules. We denote this étale sheaf by V(Ay).
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A K-level structure on a local system W(Af) of As-modules on Ty is a K-
equivalence class of isomorphisms n: V(Af)r — W(A¢) on T'. Here V(Af)r is the
constant local system defined by the Ay-module V(Ay). The class [n] is required
to be defined on Tg, not its individual members, which may only be defined on
the universal covering of 1. If T is connected and o € T, then to give a K-level
structure on W(Ay) is the same as to give K-level structure on W, that is stable
under the action of m (Tet, 0) (algebraic fundamental group).

Consider triples (W, s, [n]) consisting of a polarizable variation of Hodge struc-
tures W on T, a family of global Hodge tensors s of W indexed by I, and a K-level
structure [n] on W(As). We define Hx (T') to be the set of such triples having the
property that, for all ¢t € T', (Vy, s, [n:]) lies in Hx (C). With the obvious notions
of isomorphism and pull-back, Hg is a moduli problem on the category of smooth
algebraic varieties over C, and Hx (point) = Hx (G, X, §).

ProposITION 3.10. With the above notations, (Shk (G, X),ak) is a solution to
the moduli problem (Hg ,~).

Proof. Let m € Hi(T). The same argument as in the proof of (2.12) shows that
m — a(my): T — Shi (G, X)(C) is holomorphic, and hence is a morphism of alge-
braic varieties. As in (2.11), on each connected component S. = I'*d(cKc¢™1)\ X T of
Shi (G, X)(C), there is an m. € Hx (S¢) such that a((m.)s) = s for all s € S.(C),
and so (Shx (G, X), ak) satisfies the conditions (2.1). O

Remark 3.11. If the largest R-split subtorus of Z is already split over Q, then Z(Q)
is closed in Z(Ay), and the moduli problem is fine. More precisely, there is an
element mo € H(Shx (G, X)) such that (Shx (G, X),[mo]) represents the functor
Hi [~.

The next proposition and theorem show that Sh(G, X) is a moduli variety for
abelian motives if and only if it is of abelian type. (Recall that we are assuming
that wy is defined over Q.)

PROPOSITION 3.12. The elements of Hi(C) are the Betti realizations of abelian
motives if and only if Sh(G, X) is of abelian type. When this is the case, then, for
each connected component S. of Sh(G, X), the element m. € Hg(S.) defined in
the proof of (3.10) is abelian-motivic.

Proof. Let G’ be the Q-subgroup of G generated by {h, | * € X}. The second
part of condition (SV0) implies that {ad oh, | 2 € X} generates G2, and therefore
G'/G' N Z(G) = G*4. Hence G’ is of finite index in G9°*, and, being connected,
the two groups are equal. Proposition 1.38 applied to the holomorphic family of
Hodge structures (V, h;) on a connected component X+ of X shows that G’ is the
Mumford-Tate group of (V, h,) for some o € X*. If (V, h,) is the Betti realization
of an abelian motive, then (1.27) shows that G’4°" satisfies (1.25), and therefore
that Sh(G, X) is of abelian type. Conversely, if Sh(G, X) is of abelian type, then
(1.27) shows that (V, h,) is the Betti realization of an abelian motive, and the same
argument as in the proof of (2.26) then shows that the same is true of (V, h,) for
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every € X. The proof of the last statement is the same as that of (2.34). O

For any smooth variety T over C, define M (T") to be the set of triples (M, s, [n])
consisting of an abelian motive M over T, a family of tensors s of M indexed by I,
and a level K-structure [] on M, such that the Betti realization of the triple lies
in Hx(T). With the obvious notions of pull-back and isomorphism, Mg becomes
a moduli problem on the category of smooth algebraic varieties over C.

THEOREM 3.13. Let Sh(G, X) be a Shimura variety of abelian type whose weight
is defined over Q and for which there exists a homomorphism t: G — G,, such
that t o wx = —2. For any representation {: G — GL(V') possessing a fixed tensor
to such that +ty is a polarization of (V,&g o hy) for all x € X, (Shix(G,X),ak)
is a solution of the moduli problem (Mg,~). When Z(Q) is discrete in Z(Ay),
there is an element my € Mg (Shk (G, X)) such that (Sh(G, X),[mo]) represents
the functor Mg /~.

Proof. Propositions 2.42 and 3.12 show that the map sending an element of M g (T')
to its Betti realization defines an isomorphism of moduli problems (Mg, ~) —
(Hx,~). Thus the theorem follows from (3.10) and (3.11). O

Remark 3.14. When we assume Hypothesis 2.35, the same arguments show that
every Shimura variety whose weight is defined over QQ is a moduli variety for special
motives.

Canonical models of Shimura varieties of abelian type.
In this subsection, we prove the existence of canonical models for Shimura varieties

of abelian type, and for those whose weight is defined over QQ, we realize the canonical
model as a moduli variety.

Motives of CM-type. Let M be a motive of CM-type over C, and let (7, h) be
the extended Mumford-Tate group of M. Then T(Q) acts on Hg(M), and T'(Ay)
acts on wy(M). Associated with the pair (7', h), we have the reciprocity map

r(T,h): Gal(E*®/E) — T(A;)/T(Q).

As was noted in (Milne 1993, 4.7), we can regard M and any Hodge tensor on it as
being defined over Q?!.

THEOREM 3.15. Let 7 € Gal(Q¥/E(T,h)). For any representative 7(7) € T(Ay)
of (T, h)(T), there exists a unique isomorphism ~y: M — 7M such that

(a) for all Hodge tensors s on M, v(s) = Ts;
(b) for all v € wg(M), Tv =77 (F(T)v).

Proof. When M is an abelian variety and the Hodge tensors are endomorphisms or
a polarization, this theorem essentially goes back to (Shimura and Taniyama 1961).
For a discussion of a stronger result (due to Deligne and Langlands) see (Milne
1990, I.5). O
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Generalized Siegel modular varieties. We first treat the varieties that play the
same role for abelian motives that the Siegel modular varieties play for abelian
varieties.

Let M be an abelian motive, and let N be the direct sum of M with the Tate
motive. Let (V,hg) = Hp(N) and let to be a polarization of M, which we can
identify with a polarization of Hg(M). Define G to be the subgroup of GL(V') of
elements g such that

(3.16.1) g centralizes wp;

(3.16.2) g preserves the decomposition V' = Hg(M) & Q(1);

(3.16.3) gto =1p.
The second condition implies that G C GL(Hg(M)) X G,,, and we write ¢ for the
projection of G onto G,,. In (3.16.3), G is to be understood as acting on Q(1)
through t. Let X be the G(R)-conjugacy class of homomorphisms h: S — Ggr
containing hg. Then (cf. 2.6a) X consists of all Hodge structures h on V such
that:

(3.17.1) the weight gradation V = &V}, defined by h is the same as that of hg;

(3.17.2) for each m, the Hodge structure on V,,, defined by h has the same Hodge
numbers as that of hg;

(3.17.3) the projection of V onto (1) is a morphism of Hodge structures relative
to h, and £ty is a polarization of Ker(V — Q(1)).

The pair (G, X) satisfies the conditions (SV0,1,2*,3), and so defines a Shimura
variety Sh(G, X).

Remark 3.18. Let W = Hg(M), and let W = @W,,, be its weight gradation. Then
to corresponds to a family (¢,,) with ¢, a polarization of W,,,. Let ¢, = (27i)"t,,.
Then v, is a pairing V,,, x V,,, — Q satisfying the conditions (2.4), and Ker(G —
Gyn) is a product of groups [[ Gy, with

Gm(Q) ={g € GL(Wn) | gtbm = Ym}-
Thus Ker(G — G,,) is a product of symplectic and orthogonal groups.

Ezxample 3.19. Let A be an abelian variety over C, and let ty be a polarization of
A. Identify to with a polarization of W =4 Hp(A) =4 Hi(A,Q), and let ¢ =
(27i)~'ty. The projection G — GL(W) identifies G with the group of symplectic
similitudes of the symplectic space (W,1), and X is the Siegel double space of all
real Hodge structures of type {(—1,0), (0, —1)} on W for which 4t is a polarization.
Thus Sh(G, X) is the Siegel modular variety.

LEMMA 3.20. The reflex field E(G,X) = Q.

Proof. Let V = @V, be the weight gradation of hg and let V(C) = VP4 be the
Hodge decomposition of hg. The G(C)-conjugacy class of up, can be identified with
the set of gradations V(C) = @&V? of V(C) such that

Vi (C) = (Vi (C) N VP)
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dim(V,,,(C) NV?P) = dim VP™ P and
(Vi (C) N VP, Vi (C)NVE) =0, p+p’ #m.

Since both the weight gradation and v are defined over Q, so is this set, which
shows that £(G,X) =Q. O

THEOREM 3.21. The Shimura variety Sh(G, X) has a canonical model over Q.

Proof. The centre of G is G,,, and Q* is discrete in A;. Hence (see 3.13), there
is an element my € M(Shg(G, X)) with the following property: for any m €
Mg (T), there is a unique morphism ~: T — Shgi (G, X) such that y*my ~ m. For
any automorphism 7 of Aut(C), 7mo € M(7Sh(G, X)), and so there is a unique
morphism

v-: 7Sh(G, X) — Sh(G, X)
such that v mgo =~ 7my.
LEMMA 3.22. For any elements o,7 € Aut(C), v, 0 07y = Yor.

Proof. The composite v, 007, is a map o7Sh(G, X) — Sh(G, X) with the property
that

(Yo © 077)"mo = (0797)" 0 gmo = (07-)"(omn0) = o (77mo) = oTmo.
It therefore equals .. U
Recall the following general result from descent theory.

LEMMA 3.23. Let €2 D k be fields of characteristic zero with ) algebraically closed,
and let V' be a quasi-projective variety over (). Suppose that there are given iso-
morphisms v, : TV — V for all T € Aut(§2/k) satisfying the cocycle condition:

Yo © OYr = Vor, 0,T € Aut(Q/k).

Then there exists a model (Vo,a: V — Vj o) of V over k such that

— 1 .
Y=o oTw;

moreover (Vy, «) is uniquely determined (up to a unique k-isomorphism).
Proof. See (Weil 1956). O

We now complete the proof of (3.21). On applying the two lemmas, we obtain a
model Sk of Shi (G, X) over Q with the property that

(07 MK((C) — SK(C)

commutes with the action of Aut(C/Q). On varying K, we obtain a model S of
Sh(G, X) over Q, and it remains to show that this model satisfies (3.4.1). Let x
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be a special point in X, and let (M, s, []) map to [z,1] under a. Recall that this
means that there exists an isomorphism

B: Hg(M) — (V, hy)

of rational Hodge structures such that G(s;) = ¢; for all i € I and no By = id.
Such a ( defines an isomorphism of the Mumford-Tate group T of M with the
Mumford-Tate group of (V, hy), which (by definition) is commutative, and so M is
of CM-type. Let 7 € Gal(Q*/Q), and extend it to an automorphism of C. Then

7lz, 1] = 7a(M, s, [n]) = (M, (75i)i, [T 0 7])-

According to (3.15), there is an isomorphism v: M — 7M such that v(s) = 7s for all
Hodge cycles s on M and 7v = v¢(7(7)v) for all v € wy(M). Define 5': Hg(tM) —
V to be 3o Hp(y~!). Then # is a morphism of Hodge structures Hg(tM) —
(V; hz), that maps 7s; to t; for each 4, and has the property that 3} o (7 on) =7(7).
Hence

a(TM, (75:)s, [ on]) = [, 7(7)]

where 7(7) represents (T, hy ) (7). O

Shimura varieties whose weight is defined over Q. We next construct the canon-
ical model of a Shimura variety of abelian type whose weight is defined over Q. The
following proposition from (Deligne 1971b) will be useful.

PROPOSITION 3.24. Let f: G — G’ be an injective homomorphism sending X into
X'. The map
[z, 9] = [f(z), f(9)]: SH(G, X) — Sh(G', X")

is a closed immersion. If Sh(G’, X') has a canonical model over a number field
E D E(G', X'), then the image of Sh(G, X) in Sh(G’, X") is defined over E-E(G, X))

and is a canonical model.

Proof. That the map is a closed immersion is proved in (Deligne 1971b, 1.15.1).
Identify Sh(G, X) with its image. Let (T, z) be a special pair in (G, X). For any 7
fixing £ - E(T,z) and a € G(Ay), T[z,a] = [z,a - (T, hy)(7)] € Sh(G, X)(C). We
now apply the following two lemmas. The first shows that 7Sh(G, X)) = Sh(G, X)
for any 7 fixing F - E(T,z), and the second shows that such elements generate
Aut(C/E - B(G, X)). O

LEMMA 3.25. For any special point x of X,
{[z,a] | a € G(Ay)}
is Zariski dense in Sh(G, X).

Proof. See (Deligne 1971b, 5.2). O
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LEMMA 3.26. Let (G, X) be a pair satisfying (SV0,1,2). For any finite extension
E'" of E(G, X), there exists a special pair (T,z) C (G, X) such that E' and E(T,x)
are linearly disjoint over E(G, X).

Proof. See (Deligne 1971b, 5.1). O

THEOREM 3.27. Every Shimura variety of abelian type whose weight is defined
over QQ has a canonical model over its reflex field.

Proof. From (3.21) and (3.24) we obtain the following criterion: a Shimura variety
Sh(G, X) has a canonical model over its reflex field if there exists an inclusion
(G,X) — (G, X') with (G', X') the pair associated (as in (3.16)) to a polarized
abelian motive (M, o).

Let Sh(G, X) be a Shimura variety of abelian type with weight defined over Q.
Assume that G is generated as a group over Q by {h, | x € X}, and choose a
faithful representation £: G < GL(V). Then it follows from (1.38) that G is the
Mumford-Tate group of (V, h,) for some o € X. Since Sh(G, X) is of abelian type,
(V, ho) is the Betti realization of an abelian motive M (see 3.12), and it is clear that
Sh(G, X)) satisfies the above criterion relative to M and any polarization ty of M.

Now drop the hypothesis that G is generated by {h;}. The composite

S5 G — GF°

is independent of z. Denote it by hx, and let H be the Q-subtorus of G* generated
by hx. Let G’ be the inverse image of H in G, and let X’ be a G'(R)-conjugacy
class of maps S — Gj such that the inclusion G’ < G maps X' into X. Then
E(G,X)=E(G',X'), Sh(G, X) = Sh(G’', X')-G(Ay), and, after possibly enlarging
Z(Q) so that H'(Q, Z(G)) = 0 (this is permissible by 3.24)

srg=s, s €SNGX), geGhy) = geG'(Af) Z(G)Q) .

For 7 € Aut(C/E(G, X)), let v,: 7Sh(G’, X’) — Sh(G’, X’) be the map defined by
the canonical model of Sh(G’, X"). Then ~, has a unique extension to a G(Ay)-
equivariant map v, : 7Sh(G, X) — Sh(G, X)), namely,

77,-(8 g) —df 77’(8) 9, s € Sh(leX/)v g e G(Af)v

Obviously the 7.s satisfy the cocycle condition, and so define a model of Sh(G, X)
over E(G, X), which is canonical. [

Let M be a motive over a field k of characteristic zero. Choose an algebraic
closure k2! of k, and let wy(M) be the restricted product (over ¢) of the f-adic étale
cohomology groups of M ® k2. For any compact open subgroup K of G(Ay), a
level K -structure on M is a K-orbit [n] of isomorphisms n: V(A¢) — w¢(M) that
is stable under the action of Gal(k®/k), i.e., such that

m €[], TE€E Gal(kal/k) = Ton € [n)].
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Let Sh(G, X) be a Shimura variety of abelian type whose weight is defined over
Q. Assume that there is given a homomorphism ¢: G — G,, such that towx = —2,
a faithful representation £: G < GL(V') of G, and a tensor ¢y for V fixed by G and
such that £ty is a polarization of (V,h,) for all x € X. Choose a point o € X.
Then ((V, ho),to) is the Betti realization of a polarized abelian motive M, and if
(G', X") is the pair associated with M (as in 3.16), then (G, X) C (G', X).

For any field £ D E(G, X), we define Mg (k) to be the set of triples (M, s, [n])
consisting of an abelian motive M over k, a set s of Hodge cycles on M, and a level
K-structure [n] on M satisfying the following conditions:

(3.28.1) for every E(G, X)-homomorphism 7: k < C, there is an isomorphism
B: Hg(TM) — V sending each s; to t; and hps to an element of X;

(3.28.2) one (hence every) representative 1 of the level structure maps each s; to
t;.

LEMMA 3.29. If (3.28.1) holds for one E(G, X)-homomorphism 7, then it holds for
all.

Proof. Suppose (3.28.1) holds for one embedding 7. Then 7(M,s,[n]) defines a
point P of Mg (G, X)(C). There exists a compact open subgroup K’ of G'(Ay)
such that (G, X) — (G’, X’) induces a closed immersion

Shk (G, X) — Shx (G, X)

and, by construction, this is defined over E(G, X). The point P in Shg/ (G, X')
is rational over k, and lies in Shx (G, X)(C). If we replace T by its composite 7’
with an element of Aut(C/E(G, X)), the point remains in Shx (G, X)(C), and this
implies that 7/(M, s, [n]) € Mk(G,X)(C). O

Remark 3.30. In essence, (3.29) says that the moduli problem M is defined over
E(G,X). It is possible to prove this directly, i.e., without using the existence of
canonical models, but the argument then is more complicated.

Lemma 3.29 allows us to define a moduli problem on smooth algebraic varieties T
over F(G, X). Let Mg (T) be the set of triples (M, s, [n]) consisting of an abelian
motive M over T, a family of Hodge tensors s on M indexed by I, and a level
K-structure on M such that, for all C-valued points ¢ of T', (M, s, [n]): € Mx(C).
With the obvious notion pull-back and isomorphism, this becomes a moduli problem
on the category of smooth algebraic varieties over E(G, X).

THEOREM 3.31. The pair (Shx(G,X),ak), where Sh(G,X) here denotes the
canonical model of the Shimura variety, is a solution to the moduli problem over
E(G,X).

Proof. First note that it follows from (3.29) that Mg (C) = lim M (R) where

the limit is over the subalgebras R of €2 that are finitely generated over E(G, X).
From our construction of the canonical model, it is clear that the map 3,,: Tc —
Shi (G, X)c corresponding to an element m € Mg (T) is defined over E(G, X).
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Finally, an obvious extension of (3.23) to motives, provides us with elements m;
defined on some étale covering of Shi (G, X) and satisfying (2.3.2). O

Application 3.32. In the case that the reflex field E(G, X) is real, it is possible to use
(3.31) to give a description of the action of complex conjugation on Sh(G, X )(C)—
see (Milne and Shih 1981).

The general case.

THEOREM 3.33. Every Shimura variety of abelian type admits a canonical model
over its reflex field.

Proof. Consider a Shimura variety Sh(G, X) of abelian type. The weight map wx
is a homomorphism G,, — Z° =4 Z(G)°.

Write (G24, X24) = [[(G;, X;) where the G; are the simple factors of G®¢, and
X; is the projection of X onto G;. Then E(G, X) is the composite of the fields
E(G;, X;) and E(G*, hy), and each field E(G;, X;) is either totally real or a CM-
field (Deligne 1971b, 3.8). Because of our assumption (SV0), E(G*, hx) is a sub-
field of a CM-field, and so E(G, X) is a subfield of a CM-field. The weight wx is
defined over F(G, X) and is invariant under ¢; it is therefore defined over a totally
real subfield F' of E(G, X). Choose a quadratic imaginary extension E of Q in C,
and let Z, = Resg/g(Z°)g. Define

€0 = ResEF/F(w;(l) :Resgr/r G — Resg/p 7% =(Z)p.

Then €( is defined over F', and over R it can be identified with a homomorphism
€ =df €or: S — Zyr. The weight of € is wx.
There are natural inclusions Z° — G, Z°% — Z,, and we define G, to be the

quotient:
G.=Gx Z,/7° (diagonal embedding of Z°).

Let hg € X. The composite

s M9 o % Zip — Gun

has weight zero, and we define X. to be its G.(R)-conjugacy class. Clearly
Sh(G., X,) is of abelian type, and so (3.27) shows that it has a canonical model
over its reflex field F(G., X.). Moreover

E(G,,X,) E=E(G,X)-E.

Let ¢’ be the composite

Sﬁ)GR X ZR _>G*R7

and let
X7t ={h-&7|he X}
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On applying Lemma 3.34 below to Sh(G, X,), we find that Sh(G., X, -¢'7!) has a
canonical model over E - E(G., X,). The inclusion G — G, maps X into X, -&' 71,
and so we can apply Lemma 3.24 to show that Sh(G, X)) has a canonical model over
E-E(G.,X.) = E-E(G,X). Since E is an arbitrary quadratic imaginary extension
of Q, we can apply Lemma 3.35 below to show that Sh(G, X) has a canonical model
over E(G, X).

LEMMA 3.34. Let Sh(G, X) be a Shimura variety, and let € be a homomorphism
S — Z(G)r. If Sh(G,X) admits a canonical model over a field E containing
E(G,X) - E(Z°¢), then so also does Sh(G, X - ¢).

Proof. We have a morphism
[h,g],[e,2] — [h-e,92]: Sh(G, X) x Sh(Z°,¢) — Sh(G, X - ¢).

Let d: Z° — G x Z° be the homomorphism z + (z,2z71). This defines an action
of Z9(Ay) on Sh(G, X) x Sh(ZY, ) with quotient Sh(G, X -¢). The quotient of the
product of the canonical models of Sh(G, X) and Sh(Z°,¢) by Z°(Ay) is a canonical
model for Sh(G, X -€). (See Deligne 1971b, 5.11.)

LEMMA 3.35. Let {E;} be a family of finite extensions of E(G,X) whose inter-
section is E(G,X). If Sh(G,X) has a canonical model Sh(G, X )g, over each E;,
then it has a unique model Sh(G, X)g over E(G, X ) such that, for all i, the model
Sh(G,X)g ® E; over E; is isomorphic to Sh(G, X)g,. If further the family {E;}
has the property that (\E;F = F for any finite extension F of E(G,X), then the
model Sh(G, X)g is canonical.

Proof. The first statement is proved in (Deligne 1971b, 5.10). To show that the
model satisfies (3.4.1) for a specific special pair (T, h), use that (| E; - E(T,h) =
E(T,h). O

Remark 3.36. Let F' C E(G, X) be the field of definition of wx. Corresponding to
any quadratic imaginary extension F of Q, we have map

Sh(G, X) x Sh(Z,,e) — Sh(Gx, X,

rational over F - F(G, X). Sometimes this can be interpreted as the map sending
two Hodge structures to their tensor product (see ibid. 6.6 for an example of this),
and it can be used to obtain information about the points of Sh(G, X).

Remark 3.37. The existence of a canonical model over the reflex field shows that,
for any automorphism 7 of C fixing E(G, X), there is a canonical isomorphism
7Sh(G, X) — Sh(G,X). Langlands conjectured (Langlands 1979) that for any
automorphism 7 of C, there is a canonical isomorphism 7Sh(G, X) — Sh(G’, X')
for a suitable pair (G’, X') defined explicitly in terms of (G, X), 7, and a special
point of z. For Shimura varieties of abelian type, this conjecture can be proved
using similar techniques to the above.
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Applications.

In many respects, Theorem 3.31 allows us treat Shimura varieties of abelian type as
easily as Shimura varieties of PEL-type, at least in characteristic zero. To illustrate
this, I list some applications.

Consequences of the Tate conjecture. The Tate conjectures (Tate 1993, T(X),
E(X)) imply the following statement:

(3.38) For any motives M and N over a field k finitely generated over Q and for
any prime ¢, the homomorphism

Hom(M, N) ® Q; — Hom(we(M),we(N))', T = Gal(k*/k),

is bijective.
Faltings has proved (3.38) for motives of the form hi(A), A an abelian variety,
(Faltings 1983). Consequently, it is also true for direct factors of such motives®.
Silverberg has investigated the consequences of (3.38) for one class of Shimura va-
rieties (essentially that described in (4.31) below)—see (Silverberg 1992a, 1992b).
Here we explain its consequences for a Shimura variety Sh(G, X) of abelian type

whose weight is defined over Q and such that Z(Q) is closed in Z(Ay).

To a point z € X, Shimura attaches an adelic representation p, (Shimura
1970, 7.2, 7.3, 7.6, 7.8). When we choose a faithful representation (V&) of G
as above, then {; o p, becomes the Galois representation on wy(M,) for M, the
motive attached to [z, 1] € Sh(G, X). If (3.38) holds for the motives in the family
parametrized by Sh(G, X), then we can read off the following result:

(3.39) for z,y € X and o € G(Q),

axr =y < adaop, = py.

Let I(z) = Aut(N,) where N, = (M,,s;) is the motive together with tensor
structure attached to the point [x,1] and a faithful representation of G. Assume
that I(z) satisfies the Hasse principle for H!, i.e.,

HYQ, I(x)) — T H' (Q, I(x))

is injective. Then (3.38) implies the following statement:

(3.40) if there exists an ay € G(Ay) such that ad oy o p, = py, then there exists
an o € G(Q) such that apx = y.

In geometric terms, the Tate conjecture implies that the I(x)a,-torsor
Hom(w¢(Nz),ws(Vy)) is obtained from the I(x)-torsor Hom(N,, N,) by the base
change Q — Af. The hypothesis in (3.40) implies that the first torsor is trivial.
The Hasse principal then implies that the second torsor is trivial, which implies the
conclusion of (3.40).

80f course, if the Tate conjecture were known for abelian varieties, then the map would be
bijective for all abelian motives, but that is not what Faltings proves.
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Systems of realizations. Let S be a smooth scheme over a number field E. A
system of realizations on S is given by the following data:

(3.41.1) For each embedding 7: E — C, a local system of Q-vector spaces on
(1.9)(C).

(3.41.2) A vector bundle Hyg on S endowed with a flat connection V and a de-
scending “Hodge filtration” F' by subbundles. The connection is required
to satisfy the axiom of transversality (2.15.2) and to have regular singu-
larities at infinity.

(3.41.3) A local system of A ¢-modules Hy on Set.

(3.41.4) Comparison isomorphisms relating the above data.

(3.41.5) Weight gradations on each of H,, Hqr, and Hy which are respected by
the comparison isomorphisms.

(3.41.6) An involution Fo.: & H, — ®©H, (Frobenius map at infinity) respecting
the weight gradation.

The data are required to satisfy certain conditions, for example, the “Betti realiza-
tion” H,, endowed with the weight gradation and the filtration provided, via the
comparison isomorphism, by that on Hggr, is a variation of Hodge structures. See
(Deligne 1989, §1) for more details.

Consider a Shimura variety of abelian type, and let G be the largest quotient
of G such that, for any h € X, (G¢, h) satisfies (SV2*) and has weight defined over
Q (G* is the quotient of G by a subgroup of its centre). Then there is a canonical
tensor functor from Repg(G¢) to the category of systems of realizations on the
canonical model of Sh(G, X). In fact, every rational representation of G¢ defines a
family of abelian motives on Sh(G, X), and every family of motives defines a system
of realizations.

Automorphic vector bundles. Automorphic vector bundles are those vector bun-
dles on Shimura varieties whose sections are holomorphic automorphic forms (in the
classical sense). It is known that automorphic vector bundles have canonical models
over number fields, and hence that it makes sense to speak of an automorphic form
being defined over such a field. In (Milne 1990, III) a heuristic explanation of this
statement is given in terms of motives. For Shimura varieties of abelian type, the
explanation is now a proof.

The boundaries of Shimura varieties. The study of the boundary of a moduli
variety for abelian varieties (with additional structure) is equivalent to the study
of the degeneration of the abelian varieties—see (Namikawa 1980) for for Siegel
modular varieties over C, (Faltings and Chai 1990) for Siegel modular varieties over
Z, and (Brylinski 1983) for Shimura varieties of Hodge type over Q. Theorem 3.31
allows us to treat Shimura varieties of abelian type in the same fashion. I hope to
return to this in a future work.



54 J. S. MILNE

4. THE POINTS ON A SHIMURA VARIETY
Mobpuro A PRIME OoF GOOD REDUCTION

Let Sh(G, X) be a Shimura variety of abelian type whose weight is defined over Q.
In the last section, we obtained a motivic description of the points of Sh(G, X) with
coordinates in any field containing F(G, X). In this section, we show that, if one
assumes the existence of a good theory of abelian motives in mixed characteristic,
then the description extends to the points of Sh(G, X) in finite fields, and we thereby
obtain a heuristic derivation of the conjecture of (Langlands and Rapoport 1987).

Statement of the problem.

As we saw in §3, starting from a connected reductive group G over Q, a G(R)-
conjugacy class X of homomorphisms S — Gg satisfying the conditions (SV0-2),
and a compact open subgroup K of G(Ay), we obtain a variety Shg (G, X) over C.
The reflex field E(G, X) is a number field (contained in C) that is defined purely
in terms of G and X, and Shg (G, X) has a canonical model over E(G, X). Let v
be a prime of F lying over a finite prime p of Q, and let E, be the completion of
E(G, X) at v. Assume that Shx (G, X) has good reduction at v, i.e., that there is a
smooth scheme Shg (G, X), over the ring of integers O, in F, whose generic fibre
is Shx (G, X)E,. The problem then is to describe the sets

Shk (G, X), (k)

for k a finite field containing the residue field x(v) at v, or, equivalently, to describe
the set
Shx (G, X),(F), F =k,

together with the action of the Frobenius element of Gal(F/k(v)). For the appli-
cations, we shall also need to know how G(Ay) acts on the sets. Note that the
problem is well-posed only if Shx (G, X) has a canonical smooth model over O,.

The next example illustrates the fact that, unless the component of K at p is
maximal, we can not expect Shx (G, X) to have good reduction at primes lying over

p-

Ezample 4.1. Let G = GL2, and let X be the conjugacy class of homomorphisms

S — GRr containing the map a + bi — <‘Z ;b). Then Shg(n) (G, X) is the moduli

variety for elliptic curves with level NV structure, and it is known that this variety
has good reduction at p if and only if p does not divide N (Deligne and Rapoport
1973).

Thus we should assume that K is of the form K?- K, with K, a mazrimal compact
open subgroup of G(Q,), and K? a compact open subgroup of G(A?). However,
the next example shows that even this is not sufficient to ensure that Shg (G, X)
has good reduction at v.

Ezample 4.2. Let B be a quaternion algebra over Q that splits at the real prime.
Let G = GL1(B). Then Gr =~ GL2, and we can define X as in the last example. Let
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K = K?- K, where K, is a maximal compact subgroup of G(Q,). Then Shx (G, X)
has good reduction at p if and only if p does not divide the discriminant of B.

In (Langlands 1976, p411) it is suggested that Shgx (G, X) should have good
reduction at v|p if K = K?- K, with K, a hyperspecial subgroup? of G(Q,). Recall
(Tits 1979, 3.8.1) that a subgroup K, of G(Q,) is said to be hyperspecial if there is
a smooth group scheme G, over Z, such that

(4.3.1) Gp(Zyp) = Ky;

(4.3.2) the reduction of G, modulo p is a connected reductive group over F,.
Since algebraic groups over finite fields are quasi-split, a necessary condition that
there exist a hyperspecial subgroup of G(Q,) is that G be quasi-split over Q, and
split over an unramified extension of Q,, i.e., that G be unramified at p. Conversely,
(Tits 1979, p36) shows that this condition is sufficient. Consequently hyperspecial
subgroups exist in G(Q,) for almost all p.

Ezample 4.4. Let (V,4) be a symplectic space over Q, and let G = G(v) be the
group of symplectic similitudes. A hyperspecial subgroup of G(Q,) is the stabilizer
of a lattice A C V(Q,) such that ¢ (or some multiple of ) restricts to a Z,-valued
form on A with determinant a p-adic unit.

In the following, we fix a hyperspecial subgroup K,, and we again write G for
the smooth group scheme over Z, such that G(Z,) = K,. Thus G(R) is defined
whenever R is a Q-algebra or a Z,-algebra.

We may as well pass to the limit over the compact open subgroups K? of G (N}),
and write
Sh, (G, X) = liLnSth.Kp(G,X).
KPP

Assume Sh, (G, X) has a smooth model over O, (see below), and denote it by
Shy, (G, X),. By definition, the action of G(A%) extends to Shy(G, X)., and so we
obtain a set

Sh,(F) = Sh, (G, X), (F)

together with commuting actions of G (A?) and the geometric Frobenius element!®
¢ € Gal(F/k(v)). The problem discussed in this section is that of determining the
isomorphism class of the system (Shy,(F), x, ®) consisting of the set Sh,(F) together
with the action “x” of G(A) and the action of ®.

The building.

There is a more natural definition of hyperspecial subgroups in terms of the building
B(G, F) that Bruhat and Tits attach to a reductive group G over a local field F
(Tits 1979). This is a set with a left action of G(F), certain of whose vertices
are said to be hyperspecial, and a subgroup K, of G(F') is hyperspecial if it is the
stabilizer of such a vertex. The construction of the building commutes with the
formation of unramified extensions of F'.

9Conversations with Blasius, Chai, and Prasad suggest that this condition can be weakened.
10This is the element z — z9 .
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The building B(G, F') is a union of apartments, and the apartments are in one-
to-one correspondence with the maximal F-split subtori S of G. Let pg be a hy-
perspecial vertex of the apartment of S, and let G(Op) be its stabilizer. Assume
G is split over F. Because S is split, it has a canonical Op-structure such that
S(R) = Hom(X*(S), R*) for any Op-algebra R. Our hypotheses imply that

(4.5.1) S(OF) - G(OF),

(4.5.2) N(F) C G(Op)-S(F), where N is the normalizer of S;

(4.5.3) G(F)=G(OF)-S(B)-G(OF).

The equality (4.5.3) is the Cartan decomposition (Tits 1979, 3.3.3). The remaining
two statements imply that the Weyl group has a set of representatives in G(OF).

Now return to the situation of the previous subsection, so that G is a reductive
group over Q. For any field F' D Q, write C(F') for the set of G(F')-conjugacy
classes of homomorphisms G,, — Gg. Note that a map F' — F’ defines a map
C(F) — C(F'"); in particular, when F”’ is Galois over F', Gal(F'/F') acts on C(F").

PROPOSITION 4.6. (a) For any maximal F-split torus S in G, with F-Weyl group
Q, the map X.(S)/Q — C(F) is bijective.

(b) If G is quasi-split over F, then C(F) = C(F)Gal(F*/F),

(c) If F and F' are algebraically closed and F C F’, then C(F) — C(F') is a
bijection.

(d) If G is split over F, then C(F) — C(F®) is a bijection.

Proof. The first two statements are proved in (Kottwitz 1984, 1.1.3) — the hypoth-
esis there that G9°* is simply connected is not used in the proof of (a) or (b), and
the hypothesis that G is quasi-split is not used in the proof of (a). The remaining
statements follow from the first two. [J

Let ¢(X) be the G(C)-conjugacy class of cocharacters of G¢ containing p, for
x € X. According to (c) of the proposition, ¢(X) corresponds to an element ¢(X)ga
of C(Q™). The group Gal(Q®/Q) acts on C(Q), and, by definition, the fixed field
of the stabilizer of ¢(X)ga in C(Q™) is the reflex field E = E(G, X) of Sh(G, X).

Consequently E, is the subfield of E?! fixed by the stabilizer of ¢(X) pai- Be-
cause G splits over Q", (d) of the proposition shows E, C Q,", and because G is
quasi-split over Q,, (b) shows that there exists a cocharacter of G defined over E,
representing ¢(X)gai. Hence we have the following result.

COROLLARY 4.7. (a) The prime v is unramified over p.

(b) Let S be a maximal split torus of G gun whose apartment contains the hy-

perspecial vertex fixed by K,. Then ¢(X) pai IS represented by a cocharacter po of
S.

Notations 4.8. We write B for the completion of E}", W for the ring of integers in
B, and F for the residue field of W. Thus F is an algebraic closure of x(v), W is
the ring of Witt vectors over F, and B is the field of fractions of W.
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Let C, be the completion of an algebraic closure of B, and extend the inclusion
E — B to an isomorphism C — C,,. We use this isomorphism to identify B with a
subfield of C, and hence to define a fibre functor wp: Mot(B) — Vecg.

We fix a choice of a maximal Q,-split torus Sy of Gg, whose apartment contains
the hyperspecial point fixed by K,,, a maximal B-split torus S of G containing S,
and a cocharacter ug of S representing ¢(X)p.

The points with coordinates in C.

By definition
Shy(C) = lim GQ\X x G(A7)/K? - K.
Kp
Set G(Z,)) = G(Q) N Ky, and Z(Z(,y) = Z(Q) N K, where Z is the centre of G.

LEMMA 4.9. Let G be a connected reductive group over Q. For any hyperspecial
subgroup K, of G(Q,), G(Q,) = G(Q) - K.

Proof. As we noted above, the existence of a hyperspecial subgroup implies that
Gy, splits over an unramified extension of Q,. Because K, is open in G(Q,), the
lemma follows from the next result. [

LEMMA 4.10. Let G be a reductive group over Q that splits over an unramified
extension of Q,. Then G(Q) is dense in G(Q,).

Proof. The hypothesis says that G acquires a split maximal torus 7" over an un-
ramified extension of Q,, and it is known (see Tits 1979, p36) that T" can be chosen
to be defined over Q,. According to (Harder 1966, 5.5.3), there will exist a torus
Ty C G such that Tyg, is conjugate to T' (by an element of G(Q,)). Let E be the
smallest extension of Q over which T splits. It is Galois over Q, and the decom-
position group at a prime lying over p is the Galois group of the smallest extension
of Q, splitting 7', which is unramified. This group is therefore cyclic, and we can
apply (Sansuc 1981, 3.5ii) to conclude that G(Q) is dense in G(Q,). O

ProproOSITION 4.11. We have

Shy(C) = G(Zy) \ (X . G(Zﬁ?)>

where ZP is the closure of Z(Zy) in Z(A}).

Proof. 1t follows from (4.9) that the natural map
G(ay) GO G,
P

— G(Q)\X x 7 X K,

G(Zp))\X X

is a homeomorphism. For K? open and compact in G(A?),

GAD)  G(Z) G(A})  G(Zy) G(A})
CReNX X = = Z(Zy)) \X “Er (L) Z(Zy) \X “EKrozr
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Write I' for the discrete group G(Z,)) N KP. The image of this in G**(Q) acts
properly discontinuously on X (cf. 2.9), and it follows easily that G(Z))/Z(Z))

acts properly on X x <G(A§)/Z7’) (see Bourbaki 1960, I11.4.4, Proposition 7). Hence
the quotient space G(Z))\X x G(A%)/ZP is separated (ibid. I1I.4.2, Proposition

3). Now we can apply (ibid. IIL.7.2, Corollary 1) to the compact groups K? - ZP
acting on the (fixed) separated space £ = G(Z,))\X x G(A})/Z? to conclude that
E/lim(K? - ZP) = lim E/K? - ZP.

P P
But im(K? - Z°) = NK? - 2P = z°. O
%

COROLLARY 4.12. We have

Proof. Again (4.9) implies that the natural map

G(AY) Gy | a(e,)

CZp)\X x —= — GQ\X x x

is a homeomorphism. [

For x € X, let I(z) be the stabilizer of z in G(Q). Set
S(x) = I(z)\XP(2) x Xp(x)
with XP(z) = G(A})/Z? and X,(z) = G(Qp)/ K.

COROLLARY 4.13. There is a canonical bijection

[15@) - shy(©)
where the left hand side runs over a set of representatives for G(Q)\ X.
Proof. Trivial. [J

We interpret the decomposition in (4.13) motivically. For this we need to return
to the situation of (3.13), namely, we suppose that Sh(G, X) is of abelian type, that
wyx is defined over Q, and that there is a homomorphism t: G — G,, such that
towx = —2. Moreover, we choose a faithful representation £: G — GL(V') and a
family of tensors t = (¢;);er such that G is the subgroup of GL(V) fixing the t;. We
assume that for some 0 € I, +t is a polarization of (V,£ o h,), all x € X. Because
K, is a maximal compact subgroup, there exists a lattice V(Z,) in V(Q,) whose
stabilizer is K.
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Call a pair N = (M,s) consisting of an abelian motive and a family of tensors
admissible if there exists an isomorphism 3: wp(M) — V mapping each s; to t;
and sending hps to hy, some x € X. Given such a pair, define X?(N) to be the set
of isomorphisms

n: V(A?) — w?(M)

modulo ZP-equivalence mapping each ¢; to s;, and let X,,(IN) be the set of lattices
A, in wy (M) for which there exists an isomorphism V(Q,) — wy, (M) mapping each
t; to s; and V(Z,) onto A,. Here wy is the (-adic étale fibre functor, and w? is the
restricted product of the wy for £ # p. Let

S(N) =I(N)\XP(N) x Xp(N), I(N)=Aut(N).
The group G(A") acts on S(N) according to the following rule:
[, Aplg = [n0g,Apl.
COROLLARY 4.14. There is a canonical equivariant bijection

[Ts(V) — sh,(C)

where the disjoint union is over a set of representatives for the isomorphism classes
of admissible pairs N = (M, s).

Proof. Let N be an admissible pair, and choose a (3 satisfying the above condition.
The G(Q)-orbit of the element x € X corresponding to hjs is independent of the
choice of 3, and in this way we obtain a one-to-one correspondence between the
isomorphism classes of admissible pairs and the set G(Q)\X (cf. 3.13). The choice
of a # determines an isomorphism I(N) — I(x) and equivariant bijections

XP(N) — XP(x), n— [on,

Xp(N) — Xp(x), Ap—g]if B(Ay) =gV (Zy),

and hence an equivariant bijection

S(N) — S(z). O

We interpret the decomposition in (4.14) in terms of homomorphisms from the
motivic Galois group Gyap to G. (Recall that Gyap = Aut®(wp) where wp is the
Betti fibre functor on the category of abelian motives.)

If H and G are algebraic groups over a field &, and ¢ and ¢’ are homomorphisms
H — G, we set
Isom(p, ') = {g € G(k) | ad(g) o ¢ = ¢'},
Aut(p) = Isom(ep, ).
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This notation is justified by noting that Isom(p, ¢’) is the set of isomorphisms from
¢ to ¢ regarded as functors of groupoids.'!

Call a homomorphism ¢: Gyap, — G admissible if pr o hyap € X. For such a
homomorphism, set

I(p) = Aut(ep).

Let ¢, be the inclusion e — (Gwmab)g, Where e is the one-element group scheme,
and let & be the inclusion e — Gg,. Let ¢(¢) be the homomorphism obtained from
¢ by the base change Q — Q. Define

Xo(p) = Isom(&r, Cro p(f)) = {g € G(Qr) | ad g o & = @(£) 0 (e}

Then I(p) acts on X,(¢) on the left, and G(Qy) acts on it on the right and makes it
into a principal homogeneous space. Choose a Z-structure on G, and let X;(¢) be
the subset of X,(¢) of integral elements. Define X?(¢) to be the restricted product
of the X(p), £ # p, relative to the subsets X;(¢). It is independent of the choice
of the Z-structure, and it is a principal homogeneous space for the group G(A?).
Define

Xp(p) = G(Qp)/G(Zy),

and let
S(p) = I()\(XP(p)/Z7) x Xp(p).

COROLLARY 4.15. There is a canonical bijection

[15() — shy(C)

where ¢ runs over the isomorphism classes of admissible homomorphisms Gyiap, —

G.

Proof. The Betti functor wp identifies the category of abelian motives with the
category of representations of Gyap. Choose a representation (V,€) and tensors ¢;
as in the discussion preceding (4.14). An admissible homomorphism ¢ then defines
an admissible pair N(¢), and there is a canonical isomorphism S(¢) — S(N(¢)).
Since the map ¢ — N(¢) defines a bijection from the set of isomorphism classes
of admissible homomorphisms to the set of isomorphism classes of admissible pairs,
(4.15) follows from (4.14). O

Of course, (4.14) and (4.15) are clumsy compared to the description (4.11) of
Sh,(C) as a single set of double cosets. However, they are the descriptions that will
persist into characteristic p.

HTet H and G be (abstract) groups, and regard them as groupoids in sets, i.e., as categories
with a single object and with G and H as the sets of morphisms. A homomorphism ¢: H — G of
groups can be regarded as a functor H — G, and if ¢’ is a second homomorphism (functor), then
to give a morphism of functors ¢ — ¢’ is to give an element g € G such that ¢’ = ad(g) o ¢.
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The points of Sh,(G, X) with coordinates in B.

Since B is not algebraically closed, in order to have a good description of the points
we should assume that the moduli problem is fine. In the present context, this
amounts to assuming that Z(Z) is closed in Z(A%). Then (cf. 3.28, 4.14) the
points of Sh, (G, X) with coordinates in B =4 B(F) are in one-to-one correspon-
dence with the isomorphism classes of quadruples (M,s,nP, A,) where:

(4.16.1) M is an abelian motive over B and s = (s;)ics is a family of tensors on
M for which there exists an isomorphism

B:wp(M) — V(Q)

mapping each s; to t; and hps to h,, some x € X. (Here hys defines the
Hodge structure on wp(M).)
(4.16.2) nP is an isomorphism

n’: V(AL) — Wi (M)

which maps each t; to s; and which is invariant under the action of
Gal(B/B).

(4.16.3) A, is a Z,-lattice in w, (M), invariant under the action of Gal(B/B), for
which there exists an isomorphism

s V(Qp) — wp(M)
which maps each ¢; to s; and maps V(Z,) onto A,,.

Remark 4.17. (a) The condition (4.16.1) is independent of the choice of the isomor-
phism C — C, (extending the embedding £ < B) because of (3.29).

(b) To say that n? is invariant under the action of Gal(B/B) simply means that
Gal(B/B) acts trivially on w?(M).

(c) Giving A, is equivalent to giving a Kj,-equivalence class of isomorphisms
np: V(Qp) — wp(M) such that each 7, maps each t; to s; and such that the class
is stable under the action of Gal(B/B).

Remark 4.18. Fix a quadruple (M,s,nP, A,), and an isomorphism 7, as in (4.16.3).
Use 7, to transfer the action of G on V(Qp) to wy(M). If we assume that the
p-adic realizations of the s; are fixed by the action of Gal(B/B), then the action of
Gal(B/B) on A, defines a homomorphism Gal(B/B) — G(Z,). Let Q be its image.
Every A satisfying (4.16.3) is of the form gA, for some g € G(Q,), and there is a
one-to-one correspondence

[As satistying (4.16.3)} < {g € G(Q,)/G(Z,) | g Qg C G(Z,)}.

We want to pass from the points of Sh,(G, X) with coordinates in B to its points
in I, via its points in W, but the p-adic étale fibre functor does not persist into
characteristic p. Thus we need to re-interpret the data in terms of the de Rham, or
crystalline, fibre functor. First we review some of the theory of p-adic cohomology.
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Review of p-adic cohomology.

Let k be a perfect field, let W (k) be the ring of Witt vectors over k, and let B(k) be
the field of fractions of W (k). The absolute Frobenius automorphism = — zP and
its liftings to W (k) and B(k) are denoted by o. A crystal over k is a free finitely
generated W (k)-module N together with an injective o-linear map ¢ : N — N;
an isocrystal over k is a finite-dimensional B(k)-vector space N together with a
bijective o-linear map ¢: N — N. For example, if X is a smooth projective variety
over k, then H/,  (X)/{torsion} is a crystal over k, and H}  (X) ®w ) B(k) is an
isocrystal. The isocrystal with underlying space B(k) and with ¢ = p~!id is called
the Tate isocrystal.

The category of k-isocrystals is a nonneutral Tannakian category over Q,. The
dual of an isocrystal N is obtained as follows: regard ¢ as a B(k)-linear map
N — N, where °N = N ®p),, B(k); form the B(k)-linear dual ¢* : NV —
(N)¥ =9(NV), and take ¢ on NV to be ¢V =4 (¢')"1: "NV — NV.

Let R be a complete discrete valuation ring of characteristic zero and residue field
k, and let K be the field of fractions of R. Identify W (k) and B(k) with subrings
of R and K. A filtered Dieudonné K-module is an isocrystal (I, ¢) over k together
with a finite decreasing filtration F'il on N ® g(j) K such that Fil' (N®K) = N® K
for i sufficiently small and Fil'(N ® K) = 0 for i sufficiently large. We shall be
mainly concerned with filtered Dieudonné B(k)-modules, and we usually drop the
“Dieudonné”. A filtered B(k)-module N is said to be weakly admissible if it contains
a lattice A such that

> pG(Fil'NNA) = A,

and a lattice A with this property is said to be strongly divisible. The weakly ad-
missible filtered B(k)-modules form a neutral Tannakian category with coefficients
in Q, (see (Fontaine 1979) and (Laffaille 1980)).

Let X be a smooth proper scheme over R. Then (Berthelot and Ogus 1983)
there is a canonical isomorphism

Hip(X)op K = H!

crys

(Xk) ®W(k’) K? Xk = X XSpecR SpeC k.

Therefore the Hodge filtration on Hjj (X) defines on H, (Xx)® B(k) the structure
of a filtered Dieudonné K-module. For a smooth proper scheme X over W, one
even has a canonical isomorphism Hiig (X) ~ H., (X)) (Berthelot and Ogus 1978,

crys
7.26).

If X is a smooth proper scheme over B(k) having good reduction, i.e., extending
to a smooth proper scheme X over W, then the o-linear map on Hjp (X) induced
by that on H! (Xj) via the isomorphisms

crys
Hig(X) = Hip(X) @w k) B(k) = Heyyo(Xn) @wry B(k),

is independent of the choice of X (Gillet and Messing, 1987). Therefore Hig (X)
has a canonical structure of a filtered Dieudonné B(k)-module.
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By a p-adic representation of Gal(B(k)®/B(k)) we mean a continuous represen-
tation of Gal(B(k)*/B(k)) on a finite-dimensional Q,-vector space. Let Bepys be
the topological B(k)-algebra defined in Fontaine (1983); it has a continuous action
of Gal(B(k)*/B(k)) and a decreasing filtration. When N is a weakly admissible
filtered B(k)-module, we set

V(N) = {z € Fil’(Bays @pa) N) | ¢(z) = z}.

This is a p-adic representation of Gal(B(k)2!/B(k)) with dimension at most that of
N; if dimg, V(N) = dimp) N, then N is said to be admissible.

When V' is a p-adic representation, we set
D(V) = (B(k)erys @g, V) SPGB0,

This is a filtered B(k)-module of dimension at most that of V; if dimp) D(V) =
dimg, V, then V is said to be crystalline.

PROPOSITION 4.19. The functor DD defines a ®-equivalence from the category of
crystalline p-adic representations to that of admissible filtered Dieudonné modules,
with quasi-inverse V.

Proof. See Fontaine (1979), (1983), and Fontaine and Laffaille (1982). O

THEOREM 4.20. Let X be a nonsingular projective variety over B(k) with
good reduction; then Hip(X) ®w ) B(k) is an admissible filtered B(k)-module,
Hi(X) =4 H. (X a1, Qp) is a crystalline p-adic representation, and there are nat-
ural isomorphisms

V(Hepgo(X) @iy B(k) = Hey(X), D(H (X)) & Hepyo(X).

crys crys

Proof. See Fontaine and Messing (1987) and Faltings (1989). O

Remark 4.21. (a) Let A be a lattice in a filtered B(k)-module N, and suppose
w: G, — GL(A) splits the filtration on A, i.e., if we set

then ‘ ‘
FilPN = @®;>,N*, A=&;(ANN").

The condition for A to be strongly divisible then becomes

oA = p(p)A. (4.21.1)

(b) Let N be a weakly admissible filtered B(k)-module. In (Wintenberger 1984)
it is shown that there is a canonical splitting uw : G,, — GL(N) of the filtration
on N. When £k is algebraically closed, a lattice A in NV is strongly divisible if and
only if uw splits the filtration on A and (4.21.1) holds.
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The points of Sh,(G,X) with coordinates in B: crystalline interpreta-
tion.

The points of Sh,(G, X) with coordinates in B =4 B(F) are in one-to-one cor-
respondence with the set of isomorphism classes of of quadruples (M, s, nP, Acrys)
where (M, s) is as in (4.16.1), n* is as in (4.16.2), and

(4.22) Acyys is a strongly divisible lattice in wqr (M) for which there exists an
isomorphism
MNdaRr: V(B) — wdR(M)

which maps each t; to s;, maps V(W) onto Acys, and makes the filtration
Filt(y5 ") correspond to the Hodge filtration on war (M) .

Ezxplanation 4.23. We give a heuristic explanation of how to pass from (4.16) to
(4.22).

Let I' = Gal(B/B). We noted above that D and V define a ®-equivalence be-
tween the category of crystalline representations of I and that of admissible filtered
Dieudonné B(k)-modules. In (Fontaine and Laffaille 1982), it is shown that a weakly
admissible filtered B(k)-module is admissible if the length of its filtration is < p—1.
Hence V defines a ®-equivalence from the category of (weakly) admissible filtered
B(k)-modules generated by those with length < p — 1 to a category crystalline
representations of I'. It is known that this equivalence underlies an equivalence
between a category of strongly divisible lattices and a category of I'-stable lattices
in crystalline representations. See (Fontaine 1990, 2.3).

Let 0 = puw(p~t) o ¢. Then o defines a Q,-structure on any weakly admissible
filtered B(F)-module i.e., if we set

N=t={z € N |ox =z}

then N7='®q, B(F) = N. Moreover, (4.21.1) implies that, for any strongly divisible
lattice A in N, A°=1 is a Z,-structure on A.

Let Rep®¥*(I") be the (Tannakian) category of crystalline representations of I'.
There are two fibre functors on Rep“Y*(I') over Q,, namely the forgetful functor
and the functor H — D(H)°=!. Assume that the torsor relating the two is trivial
(cf. Wintenberger 1984, 4.2.5) and choose a trivialization. Then we can identify
D(V(H)) with H°=! ® B endowed with the filtration defined by uw and with ¢
acting as  — pw(p) - ox.

Given A, satisfying (4.16.3), define Agrys = Ap @ W and nqr = 7, ® 1. Then
nar maps each ¢; to s; and it maps V(W) onto Acys. Note that these properties
determine it uniquely up to conjugation by an element of G(W). When we make a
base change by B — C, we obtain a homomorphism

Ndr @ 1: V((C) — WdR(M(C)

carrying each t; into s;. By (4.16.1), we already have such a map, namely, 37! ® 1,
which, moreover, has the property that it maps u,, some x € X, to pys. Since the
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two maps differ by conjugation with an element of G(C), this shows that ngr ® 1
maps ¢(X) into the conjugacy class of ppr. By definition, ,ugj splits the Hodge
filtration on wqr(Mc), and it follows that, after possibly replacing it with a G(W)-
conjugate, nar will map Filt(ug ') to the Hodge filtration on wqr (M).

o=1

Conversely, given Agys we can define Ay = (Agrys)

Integral canonical models.

As we saw in (4.16), in the case that Sh,(G, X) is a fine moduli variety, its points
with coordinates in B parametrize certain quadruples (M, s,nP, A,). The existence
of nP implies that Gal(B/B) acts trivially on w?(M ), and this should imply that
the motive has good reduction. In fact the whole quadruple should extend over W,
and so we should have Sh,(W) = Sh,(B). In (Milne 1992, §2), this intuition is
turned into the definition of a canonical model of Sh,(G, X) over W. In order to
achieve uniqueness, it is necessary to specify the points of the model, not just in
W, but in very large, not necessarily Noetherian, W-algebras.

DEFINITION 4.24. A model of Sh,(G, X) over O, is a scheme S over O, together
with a continuous action of G(A%) and a G(A’)-equivariant isomorphism

v: S ®o, Ey — Shy(G, X)g,

(of pro-varieties over E,). Such a model is said to be smooth if there is a compact
open subgroup Ky of G(A?) such that Sk is smooth over O, for all K C Kj, and
Sy is étale over Sk for all K/ ¢ K C Ky . Such a model is said to have the
extension property if, for every regular scheme Y (not necessarily Noetherian) over
O, such that Yg, is dense in Y, every E,-morphism Ygp, — Sg, extends uniquely
to an O,-morphism Y — S. An integral canonical model of Shy,(G, X) is a smooth
model over O, with the extension property.

CONJECTURE 4.25. The variety Sh,(G, X) always has an integral canonical model.

In (Milne 1992), the following results are proved:

(4.26) The integral canonical model of Sh, (G, X), if it exists, is uniquely deter-
mined up to a unique isomorphism.

(4.27) The Siegel modular variety Sh,(G(v), X(¢))) has an integral canonical
model'?, namely, the moduli scheme constructed in (Mumford 1965).

(4.28) Consider an inclusion (G, X) — (G, X’) of pairs satisfying the axioms
(SV0-2). Let K, be a hyperspecial subgroup of G'(Q,), and assume that
K, =ar K, N G(Q,) is hyperspecial in G'(Q,). Then (cf. 3.24) there is a
closed immersion

Shy, (G, X) < Shy(G', X")

12The proof of this uses, in an essential way, Theorem V.6.8 of (Faltings and Chai 1990).
Recently I have learned that Gabber has a counterexample to this theorem, but the example
appears to require ramification. Thus it is possible that the theorem of Faltings and Chai remains
valid over the Witt vectors, at least for p # 2. If not, the definition of an integral canonical model
will have to be modified.
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defined over E(G, X). If Sh,(G’, X’) has a model S" over O, with the
extension property, then the closure of Sh,(G, X) in S’ also has the ex-
tension property (and hence will be canonical if it is smooth).

We offer two further remarks.

Remark 4.29. Let Sh(G, X) be a Shimura variety of PEL-type, so that Sh,(G, X)
solves a moduli problem over E(G,X) classifying isomorphism classes of triples
consisting of a polarized abelian variety, an identification of the endomorphism
algebra of the abelian variety with a fixed algebra, and a level structure, all satis-
fying certain conditions. (See (Milne 1992, 1.1) for a precise definition.) There is
a homomorphism G — G(v) sending X into X (1), and hence a closed immersion
Sh, (G, X) — Sh,(G(v), X (¢)) into the Siegel modular variety for any hyperspecial
subgroup K, of G(1)(Q,) such that K;, = G(Q,)NK},. It is more-or-less known that
the closure of Sh,(G, X) in the integral canonical model of Sh,(G(), X (¢)) repre-
sents a smooth functor, and therefore is itself smooth (see for example, Langlands
and Rapoport 1987, 6.2; corrected in Kottwitz 1992, §5). Together with (4.28), this
proves that Sh,(G, X) has an integral canonical models.

Remark 4.30. The validity of Conjecture 4.25 does not depend on Z(G), at least if
G9r is simply connected. To prove this, we need to make use of connected Shimura
varieties (Deligne 1979; Milne 1990, II.1), and a descent theorem (Bosch et al. 1990,
6.2, Proposition C.1).

The descent theorem says the following: The functor that associates with an O,,-
scheme S the triple (S1,S2,6) consisting of the E,-scheme S1 =4 S ®o, Ey, the
W-scheme Sy =4r S®o, W, and the canonical isomorphism 6: S1®g, B — So®@w B,
is fully faithful. Its essential image consists of all triples (S1,S52,6) that admit a
quasi-affine open covering (in an obvious sense).

Now consider a system (G, X, K,) as before, and suppose that G9°* is simply

connected. The composite of h € X with G — G2 is independent of h—we write
it hx. The map G — G®" defines a surjection

Sh(G, X) — Sh(G®®, hx),

which, for simplicity, we assume identifies mo(Sh(G, X)) with Sh(G*", hx) (in gen-
eral, m(Sh(G, X)) will be a finite covering of Sh(G?*, hx); see (Deligne 1971b,
2.7.1)). The inverse image of e = [A?" 1] in Sh(G, X) can be identified with the
connected Shimura variety Sh®(G9¢*, X*) for a suitable connected component X+
of X.

On passing to the quotient by K, we obtain a surjection
Sh, (G, X) — Sh, (G hx)

whose fibre over [hx, 1] we denote by Sh?(G9e, X1). Because G is unramified at p,
D

G?P splits over B, and all the points of Sh,(G®, hx) are rational over B (cf. Milne
1992, 2.16).
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Now suppose Sh,(G, X) has an integral canonical model S over O,. From S,
we obtain a model of the connected Shimura variety Shg(Gder,X *) over W that
is smooth and has the extension property (in the sense of 4.24), and Sz can be
recovered from this integral canonical model by “induction”, i.e., by translating it
by elements of G(A) x Z(Qy). Thus, by using the descent theorem, we see that S

can be recovered from the integral canonical model of Shg(Gder, XT) over W.

Suppose now that Shg(Gder, X+) arises in the same way from a second variety
Sh,(G1, X1). From the above discussion we see that, if Sh,(G1, X;) has an integral
canonical model, then so also does Sh, (G, X).

Ezample 4.31. Let B be a quaternion algebra over a totally real field F', split at the
real primes v; for 1 < ¢ < r and nonsplit at the real primes v; for ¢ > r . Denote
its canonical involution by z — 2z . Let V be a free B-module endowed with a
nondegenerate symmetric F-bilinear form ¢ such that

®(br,y) = ®(z,by), beB, wzycV.

Assume that for i > r, the form defined by ® on V ®p,, R is positive-definite.
Define G to be the reductive group over Q such that

G(Q) ={g € GLp(V) | ®(9z, gy) = u(9)®(x,y), some u(g) € F*}.

There is a unique G(R)-conjugacy class X of homomorphisms S — Gg satisfying
(SV1,2). The Shimura variety Sh(G, X) is not a moduli variety if r # [F': Q] because
its weight is not defined over Q. However, there is a Shimura variety of PEL-type
Sh(G., X, ) such that (G, X)" = (G4, X, )" (see Deligne 1971b, §6). Therefore we
can apply the preceding remarks to show that Sh, (G, X) has an integral canonical
model.

Henceforth, we assume that Sh,(G, X) has an integral canonical model, which
we again denote Sh, (G, X).

The points of Sh,(G, X) with coordinates in W.

From the definition of the integral canonical model, the points of Sh, (G, X) with
coordinates in W are the same as those with coordinates in B, but we shall need a
second interpretation.

The following conditions on a motive M over B should be equivalent:
(4.32.1) the action of Gal(B*/B) on wi (M) is trivial;
(4.32.2) the filtered Dieudonné module wqr (M) is admissible;
(4.32.3) M has good reduction.

We assume the equivalence of (4.32.1) and (4.32.2) for abelian motives, and use
(4.32.3) to define good reduction. It is probably too optimistic to expect that the
conditions imply that M extends to a motive over W constructed from smooth
schemes over WW. Rather, one expects that M will extend to a “log-smooth” motive
over W whose reduction is smooth. If M is a motive over B with a Z,-integral
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structure, so that wqr (M) is a W-module, then one expects it to be a strongly
divisible lattice in wqr (M) ® Q when M ® Q has good reduction and the length of
the filtration on wqr(M) ® Q is < p.

Define Mot (W) to be the subcategory of Mot (B) satisfying the conditions
(4.32), and let Mot(IF) be the category of motives over F, defined as in (Milne 1993,
§1). We shall need to assume that the étale and crystalline fibre functors are defined
on Mot(F) and that there is a “reduction” functor of tensor categories

M +— M: Mot*® (W) — Mot(F)

such that
(4.33.1) w?(M) = w?(M); wgrys(M) = war(M);
(4.33.2) the functor M — (M ,wqr(M)) is fully faithful (here wqr (M) is regarded
as a filtered Dieudonné B-module).
Of course, we also expect that the functor M +— M and the isomorphisms implicit
in (4.33.1) are compatible with those on abelian varieties.

With the above assumptions, we see that the points of Sh,(G, X) with coordi-
nates in W are in natural one-to-one correspondence with the set of isomorphism
classes of quintuples (M, s, F,nP, Acrys) consisting of a motive M over F, a family s
of tensors on M, a filtration I on werys(M), an isomorphism n?: V/(A%) — Wi (M),
and a lattice Acrys C werys(M) satisfying the following condition:

(4.34) there is a quadruple (M3, 7P, Aerys) satisfying (4.16.1, 4.16.2, 4.22) that

maps to (M,s, F,nP, Aerys) under the reduction functor.

The points of Sh,(G, X) with coordinates in F.

Because Sh, (G, X) is smooth over W, the reduction map
Shy(G, X) (W) — Shy (G, X)(F)

is surjective. When we interpret Sh,(G, X)(W) as in (4.34), this map should cor-
respond to the reduction of motives. Assume this. Then the points of Sh, (G, X)
with coordinates in F are in natural one-to-one correspondence with the set of iso-
morphism classes of quadruples (M,s,nP, Aeys) consisting of a motive M over F,
a family s of tensors on M, an isomorphism 7?: V(A%) — wi(M), and a lattice
Acrys C werys(M) satisfying the following condition:

(4.35) there exists a filtration F' on werys(M) and a quadruple (M 3,77, Acrys)
satisfying (4.16.1, 4.16.2, 4.22) that maps to (M, s, F,n?, Aerys) under the
reduction functor.

Call a pair N = (M,s) admissible if there exists a pair (1P, Acrys) such that
(M, s,mP, Aerys) satisfies the condition (4.35).

Fix N, and let S(IV) be the set of quadruples (M, s, n”, Aerys) such that (M, s) ~

N. Then
Shy,(F) = [ S(V)
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where the disjoint union is over a set of representatives for the isomorphism classes
of the admissible pairs. The actions of G(A";) and ® preserve S(N).

Let I(N) = Aut(M,s). Define XP(N) to be the set of isomorphisms
nP: V(AL) — Wi (M) carrying each t; to s;, and define X,(NN) to be the set of
lattices Acrys in werys(M) for which there exists a filtration F' on wepys(M) such
that (M, s, F, Aorys) is the reduction of a triple (M, 5, Acrys) satisfying (4.22). There
is an action of I(N) on XP(N) x X,(NN) on the left, an action of G(A") on XP(N),
an action of Z(Q,) on X, (V) and an action of ® on X, (V).

ProprosITION 4.36. With the above assumptions, there is a canonical bijection
S(N) = I(N)\XP(N) x X,(N)

compatible with the actions of G(A%;) and ®.
Proof. Obvious. [

Let N = (M,s) be admissible. Choose an isomorphism

B+ Werys(M) — V(B)
sending s; to t; for all i. The map
= e~ (07 ) V(B) — V(B)

is linear, and it maps ¢; to ¢; for all ¢. Therefore it is multiplication by an element
b € G(B). This b is the unique element of G(B) such that

Bé(y) = boB(y), all y € werys(M).
1

If we replace 3 with go 3, g € G(B), then b is replaced by its o-conjugate gb(og)™".

Let Acrys € Xp(N). According to our assumption, there exists an isomorphism
Mp: V(B) = werys(M)

mapping each ¢; to s;, mapping V(W) onto Acys, and such that Acys is strongly
divisible for the filtration defined by 1 The composite 3 o np fixes each ¢;, and
hence is multiplication by g € G(B) . The situation is summarized by the following
diagram:

V(B) I ey (M) D V(B)
ti — S; — t;

V(W) onto Acrys onto gV<W)
g lbog — 10} — bo

Filt(uy') F e Filt(gug ).
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The vector space V(B) endowed with the o-linear map x + g~ 'bo(gz) and the
filtration Filt(ug ') is a weakly admissible filtered module, with V(W) as a strongly
divisible module. Since 5! splits the filtration on V (W), according to (4.21.1) this
last condition means that

(97 "bog)V (W) = po(p™" )V (W).
But the stabilizer in G(B) of V(W) is G(W), and so

g~ bog € GW) - po(p™") - G(W).
PROPOSITION 4.37. The map Acrys — g - G(W) defines a bijection

Xp(N) = {g-GW) € G(B)/GW) | g~ -b-ag € GW) - po(p~") - GW)}.

Proof. Straightforward. [J

We now restate our results in terms of the groupoid attached to the category
of motives over F. Let w be the extension of v to Q* induced by the inclusion
Q¥ — C,, and let Q¥ = Q* N B. The category Mot (F) has a fibre functor over
Q* (Milne 1993), and the obstruction to it having a fibre functor over Q% lies in
H?(QY, P) where P is the Weil number pro-torus (ibid. §2). But a theorem of Lang
shows that Qv is a Cy-field (Shatz 1972, p116, Theorem 27), and so H2(Q%, P) = 0.
Thus Mot(F) has a fibre functor over Q¥. We choose one, and let 9t be the
corresponding Qv /Q-groupoid. For each ¢ # p, o0 étale cohomology provides a
fibre functor wy over Qy, and correspondingly we obtain a morphism of groupoids

Co: By — M(V)

where &, is the trivial Q3!/Q-groupoid and M (¢) is the Q%' /Q,-groupoid obtained
from 9 by base change. Let &, be the B/Q,-groupoid attached to the category
of isocrystals over F and the forgetful functor. Then we,ys defines a morphism of
groupoids

Cp: B, — M(p).

Finally, there is a morphism of groupoids over R,

(Milne 1993, 3.29). Let &¢ be the QY/Q-groupoid defined by G. With each
homomorphism ¢: 91 — B and representation of GG, there is associated a motive
N(p) over F endowed with a family of tensors, and we say that ¢ is admissible if
N(p) is admissible in the above sense for one (hence every) faithful representation
of GG. For an admissible ¢, define

I(p) = Aut(p) =4 {g € G(Q) | ad(g) o = ¢}
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XP(p) = H Xo(p) (restricted product), where X, () = Isom(&p, @(€) o (p).
t#p
Here ¢(¢) is obtained from ¢ by base change, and &, is the obvious morphism
&, — Gg(¢) (see Milne 1992, p186, for more details). Choose an s(o) in &,
mapping to o € Gal(F/F),), and let (¢(p) o (p)(s(c)) = (b, o). Define

Xp(p) ={g - GW) € G(B)/GW) | g~" b g€ GW) - mo(p™") - G(W)}.
As (ibid. p188) we can define an operator ® on X, (y). Let

S(p) = L)\ XP(p) x Xp(p),

with G(A%) acting through its action on X?(p), and ® acting through its action on
Xp(p)-

THEOREM 4.38. With the above assumptions, there is an isomorphism of sets with
actions

(Shy(F), x,®) — [](S(¢), x (), ®(¢))

where the disjoint union is over a set of representatives for the isomorphism classes
of admissible homomorphisms 9 — G¢.

Proof. The choice of a faithful representation of G determines a bijection ¢ — N ()
from the set of isomorphism classes of admissible ¢’s to the set of isomorphism
classes of admissible pairs. Moreover, using (4.35), one sees that

(5(p), x(#), ®(p)) = (S(N), X (N), &(N)),

and so it follows from (4.36) and the discussion preceding (4.36) that there is a
bijection Shy(F) — []S(¢) compatible with the action of G(A%). Checking that

the actions of ® agree is straightforward (it is similar to the proof of the last step
of the proof of (3.21)). O

Statement of the conjecture.

We now drop all unproven assumptions, and state a conjecture. Let (3, (¢¢)) be a
system as (Milne 1993, 3.31), except that now B is a Q" /Q-groupoid (rather than
a Q¥ /Q-groupoid).

Given a homomorphism ¢: P — B¢, we can define a set S(¢) with an action
of G(A%) and a commuting action of a Frobenius element ® exactly as in the last
section (see also Milne 1993, §4). The conjecture will then state that there is an
isomorphism of sets with operators

(Shy(F), x,®) — JJ(S(p), x (), ®())

where the disjoint union is over a set of representatives for the isomorphism classes of
“admissible” homomorphisms ¢: B — &g. The only remaining problem in stating
the conjecture is to define “admissible”.
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Necessary local conditions. There are some obvious necessary conditions for ¢ to
be admissible.
(4.39)¢ The set Xy(p) is nonempty.
(4.39), The set X,(¢) is nonempty.
(4.39)0c The homomorphism ¢(00) 0 (s : B — G (o) of C/R-groupoids is iso-
morphic to that defined by X (see Milne 1992, 4.5).

The case of a torus. Consider a pair (T, h) satisfying the conditions (SV0,1,2)
with T" a torus. There is a unique homomorphism p(h): S — T such that p(h)g o
hean = h. As is explained in (Milne 1993, §4), there is a canonical homomorphism
B — &g, and we write ¢y, for its composite with the map &g — & defined by
p(h). Here P’ is the Q*'/Q-groupoid obtained from B by base change. Assume
T(Qp) has a hyperspecial subgroup T'(Zy,). Then ¢}, arises from a homomorphism
‘B — QST.

PrROPOSITION 4.40. Let Sh, = Sh,(T,x); then the sets with operators
(Shy(F), x,®) and (S(pn), X(pn), ®(¢n)) are isomorphic.

Proof. See (Milne 1992, 4.2). O

The homomorphism ¢, satisfies the conditions (4.39) above, but unless unless T’
satisfies the Hasse principle for H' there will be other such homomorphisms. This
suggests adding another condition.

(4.39)9 The composite of ¢ with the projection &g — Ggab is equal to ¢y, .
Statement of the conjecture. In the above, we have found conditions that are
surely necessary for ¢ to be admissible. We now provide one that is surely sufficient.

Let (T,z) C (G,X) be a special pair. As above, we obtain a homomorphism
Yz P — &1 C Bg. Define p: P — &g to be special if it becomes isomorphic to
@y for some special pair (7, x) when extended to P’. We should have the following
implications:

¢ special = ¢ admissible = ¢ satisfies (4.39).

THEOREM 4.41. If G°* is simply connected, then p: P — &g is special if and
only if it satisfies the conditions (4.39).

Proof. See (Langlands and Rapoport 1987, 5.3). O

In other words, when G9¢" is simply connected, the obvious necessary condition
agrees with the obvious sufficient condition. Thus, when G9° is simply connected
we can define ¢ to be admissible if it satisfies (4.39) or (equivalently) if it is special.

Unfortunately, the two notions is diverge when G4¢* is not simply connected. For
reasons that we shall presently explain, we choose the second condition.

CONJECTURE 4.42. There is an isomorphism of sets with operators

(Shy(F), x, @) — [[(S(p), x(¢), ®())
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where the ¢ runs over a set of representatives for the isomorphism classes of special
homomorphisms ¢: P — Gg.

THEOREM 4.43. If Conjecture 4.42 is true for all Shimura varieties defined by
groups with simply connected derived groups, then it is true for all Shimura varieties.

Proof. See (Milne 1992, 4.19). O

An example of Langlands and Rapoport shows that (4.43) is false if the dis-
joint union in (4.42) is taken over isomorphism classes of homomorphisms satisfying
(4.39). It is for this reason that we use special homomorphisms in the statement of
(4.42).

In the case that G9° is simply connected, Conjecture 4.42 is essentially Conjec-
ture 5.e of (Langlands and Rapoport 1987).
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