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Introduction

These are notes for a short seminar at the Centre de Recerca Matematica in
Bellaterra, Barcelona, delivered from September 20th to 23rd 2005 as part
of the activities organized during the Special year on Shimura varieties and
Arakelov Geometry. The goal of these notes is offering a rough introduction to
hermitian symmetric domains and Shimura varieties attached to a reductive
algebraic group over (. Comments and warnings of mistakes and misprints
are welcome.






Chapter 1

Hermitian symmetric domains

1.1 Lie groups and Lie algebras

Definition 1.1.1. A real Lie group is a C*-real manifold G together with a
group structure

GxG -G, G—5aG

defined by C*°-morphisms.

By a Theorem of Lie, a real Lie group always admits a structure of real
analytic manifold for which the group law is described by real analytic maps.

Similarly, we define a complex Lie group to be a complex analytical man-
ifold endowed with a group structure described by holomorphic maps.

A Lie subgroup H C G of a real Lie group is a real analytic submanifold
of G for which the group law of G inherits on H the structure of a Lie group.

Definition 1.1.2. Let k& be a field of characteristic # 2. A Lie algebra g
over k is a k-vector space equipped with a bracket operation

[,]:gxg—¢g

such that [X,Y] = —[Y, X] and [X,[Y, Z]| + [Z, [ X, Y]] + [V, [Z, X]] = O for
Al XY, Z € g.

Throughout these notes, we always mean that g has finite dimension over
k. A Lie subalgebra h of g is a vector subspace such that [h,h] C h.

5
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If G is a real (or complex) Lie group, the tangent space g = Lie(G) =
T.(G) at the identity element e of G is naturally a real (complex) Lie algebra:

[,]: gxg — g
(X,Y) — (XY-—YAX).,

where for any two tangent vectors X,Y € g, we let X', ) denote the unique
left G-invariant vector fields on G such that X, = X and ), =Y.

For a Lie group G, let Gy denote the connected component of e € G.
Note that g = Lie(G) = Lie(Gy).

Adjoint representations. Inner conjugation
G— Aut(G), g+ cy(h) = ghg™
induces the adjoint representation of G:

Ad: G — GL(g)
g = de(cg)

and the adjoint representation of g:
ad =d.(Ad): g — End(g).

Let Z(G) ={g € G:gh=hgforall h€ G} and z(g) = {X € g: [X,Y] =
0 for all Y € g} denote the centers of G and g, respectively. Each are a Lie
subgroup of G and a Lie subalgebra of g.

The group Ad(G) = G/Z(G) C GL(g) is called the adjoint group of G
and ad(g) = g/z(g) the adjoint algebra of g.

Proposition 1.1.3. Let G be a real Lie group and g = Lie(G) be its Lie
algebra. There is a one-to-one correspondence

{H C G connected Lie subgroup } < {h C g Lie subalgebra }.

Let g be a real Lie algebra. The adjoint algebra ad(g) is naturally a
subalgebra of End(g) = Lie(GL(g)) and thus there exists a connected Lie
subgroup Int(g) € GL(g) such that Lie(Int(g)) = ad(g).

Definition 1.1.4. A real Lie algebra g is compact if Int(g) is.
A Lie subalgebra h of g is compactly embedded in g if the Lie subgroup
H = Intg(h) C GL(g) such that Lie(H) = adg(h) is compact.
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We have Int(g) = Ad(G)o = (G/Z(G))o. Hence, if G is compact then g is
a compact Lie algebra. But there may exist non compact Lie groups G such
that G/Z(G) is compact, and thus so g is.

Simply connected Lie groups and the equivalence of categories.
Let g be a real Lie algebra. By the above construction we know that if
2(g) = {0} then g = ad(g) and we can realize g = Lie(Int(g)) as the Lie
algebra of a Lie group. What about if z(g) # {0}?

Besides, there might be plenty of connected Lie groups G such that
Lie(G) = g. Indeed, if G — G is a topological covering of Lie groups, then
G and G are locally isomorphic and thus they share the same Lie algebra.
Uniqueness is obtained when we consider the universal covering of G.

Theorem 1.1.5. There is an equivalence of categories between the category

of
Simply connected real Lie groups
and the category of

Real Lie algebras.

Semisimple Lie algebras. Let k be a field of characteristic # 2 and let
g be a Lie algebra over k.

An ideal of g is a vector subspace a C g such that [g,a] C a. The ideal is
abelian if [a,a] = {0}. Note that an ideal of g is also a subalgebra.

Definition 1.1.6. A Lie algebra g is simple if it is not abelian and it contains
no ideals a # {0}, g. It is semisimple if it contains no abelian ideals a # {0}.

Define the Killing form on g to be

Bg: gxg — k
(X,)Y) — Tr(ad(X)-ad(Y)).

Theorem 1.1.7 (Cartan). Let k be a subfield of C.
(1) g is semisimple if and only if By is nondegenerate.

(i1) g is semisimple if and only if g ~ g1 ®...D g, is the direct sum of simple
Lie algebras g;.
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In fact, if a is an ideal of a semisimple Lie algebra g, then g = a @ a*,
where at = {X € g : Bg(X,a) = 0}

Definition 1.1.8. The Lie algebra g is reductive if for any ideal a C g there
exists an ideal b C g such that g ~a & b.

Theorem 1.1.9. The Lie algebra g is reductive if and only if g ~ s @ z,
where s 1s a semisimple Lie algebra and z is an abelian Lie algebra.
If g is reductive, in fact s = [g,g] is semisimple and g ~ s & z(g).

Theorem 1.1.10. Let k be a field of characteristic 0. Then g is reductive if
and only if all representations o : g— End (V') on a finite dimensional vector
space V' over k are semisimple: if W C 'V is o(g)-invariant, there exists a
o(g)-invariant vector subspace W C V' such that V=W & W .

We say that a connected real Lie group G is :

e atorus if it can be embedded as a subgroup of D,, = {diag(ay, ...,a,)} C
GL,(C), D,, ~ C*x ™. xC* for some n.

e simple if it is not abelian and contains no normal connected Lie sub-

groups # {1}, G.

e semisimple if it contains no normal connected abelian Lie subgroups

# {1}.
e reductive if the only normal connected abelian Lie subgroups are tori.

Warning. The definitions of simple and semisimple Lie group are those
naturally equivalent for the same definitions on Lie algebras. Note however
that the definition of reductive Lie group is more restrictive: the only com-
mutative algebraic subgroups that we allow in a reductive Lie group are tori.
For instance, G = R with the addition law is not a torus and thus also not
reductive, although Lie(R) = Lie(R*) = R.

Ezxamples:
1. SL,(R), g =sl,(R) = {X € M,,(R) : Tr(X) = 0} is simple.

2. GL,(R), g = M,(R) = (1,,) @ sl,(R) is reductive but not semisimple.
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3. SO(n) = {A € SL,(R) : A"A =1},
g={X e M,(R): X"+ X =0} is simple.

More generally, for any decomposition n =p+q, p,q > 0:

SO(p,q) = {A € SL,(R) : A’ —L 0 A= —L 0 } is simple.
0 1, 0 1,

When p,q > 0, SO(p, q) has two connected components.

4. SU(p,q) = {A € SL,(C) : At (_01” 10> A= (_Olp 10)} is simple.

q q
: : A, 0 -
It contains the Lie subgroup S(U, x U,) = {A = E ALA, =
_ q
1, AL A, = 1,,det(A,A,) = 1}.

5. SO*(2n) = {A € SU(n,n) : A (10 10”) A= (10 1()”)} is simple.

6. Sp,(R) = {A € GL,,(R) : A’ (_01 10") A= (_(i 10n)} is simple.

7. Sp(n) = Sp,,(C) N U(2n) is simple.

1.2 Hermitian symmetric manifolds
A Riemannian real manifold is a C**-manifold (M, p) equipped with a metric
0:T(M)RT(M)—R,

that is, a positive definite C*°-tensor field.
A hermitian complex manifold is a complex analytic manifold (M, o)
equipped with a hermitian metric

0:T(M)®T(M)—C,

that is, an analytic positive definite hermitian tensor field: C-linear on the
first variable, g,(u,v) = g,(v,u) for all u,v € T,(M) and g(u,u) > 0 for all
we T,(M) \ {0},

Or equivalently, an R-linear, symmetric, positive definite tensor field

00: T(M)®T(M)—R
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such that g, (iu,v) = 0o ,(u,v) for all u,v € T,(M). It induces

o(u,v) = 0o(u,v) + igo(u, iv).

Definition 1.2.1. A hermitian symmetric manifold is a connected hermitian
manifold (M, o) such that:

(i) M is homogenous: the group Aut(M, o) of holomorphic isometries acts
transitively on M.

(ii) M is symmetric: for all p € M there exists an involution s, € Aut(M, o),
s5 =1, such that p is an isolated fixed point of s,.

Similarly one defines Riemannian symmetric manifolds. An important
remark is that for each point p € M, the symmetry s, is always unique.
Locally, s, is the geodesic involution s,(7(t)) = v(—t), where v denotes any
geodesic on M with v(0) = p.

Ezxamples.

(a) M =H, ={2€C: Im (2) > 0} with the hermitian metric gy = %-

The group PSLy(R) acts on H; by Moebius transformations:

a b az+b
2 cz=—
c d cz+d
The group PSLy(R) acts transitively by holomorphic isometries on H;

. L . —1
and a symmetry at ¢ € H; is given by the matrix (g 0 )

(b) M =P'(C) C R?® with the hermitian metric induced by o0y = dzdydz.
The group SO3(R) acts by rotations transitively on P*(C). These are
holomorphic isometries and for each p € P!(C), there is an obvious
rotation which leaves p and —p fixed.

(¢) M = C/A where A = Zey + Zey C C is a lattice, together with the
metric g9 = dxdy. The group C/A itself acts transitively by transla-
tions on M. For any point p € M, the involution s, : ¢ — 2p — ¢ is a
symmetry which has exactly four fixed points, p being one of them.
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For a point p in a C*-manifold M and vector subspace £ C T,(M),
dim(E) = 2, recall Gauss’ sectional curvature K,(E) of p along E. It may
be defined as

o K,(E) = —g,(R,(X,Y)X,Y) where R is the (3,1)-curvature tensor
field attached to the Riemannian connection V on M and {X,Y} is an
orthonormal basis of E.

e Let £ N M be the local submanifold of M around p obtained by ex-
ponentiation of geodesics v such that v(0) = p and 4(0) € E. Let C
and ¢ be the maximum and minimum of the curvatures of the signed
curves on F/ N M obtained by cutting the surface £ N M with planes
through a normal line at p and define K,(E) = C' - c.

The curvature of a curve is 1/ R, where R is the radius of the circle that
best approximates the curve. We give the sign + or — to the curvature
of the curve depending whether the curve bends towards the normal
line or not.

Definition 1.2.2. Let (M, g) be a hermitian symmetric manifold. If for all
points p € M and all vector subspaces £ C T,,(M), dim(E) = 2, we have:

(a) K,(E) <0, we say that (M, p) is of noncompact type.
(b) K,(E) > 0, we say that (M, p) is of compact type.
(c) K,(E) =0, we say that (M, p) is of euclidean type.
Theorem 1.2.3. Let (M, o) be a hermitian symmetric manifold. Then
(M, 0) ~ (M, 07) x (M7, 0") x (M, ")

is isometric to the product of a hermitian symmetric space of noncompact
type, compact type and euclidean type.

The group of holomorphic isometries G = Aut(M, p) of a hermitian sym-
metric manifold is equipped with the compact-open topology for which a
basis of open subsets is given by

W(C,U)={geG:g(C)CU},

where C' C M is a compact and U C M is open.
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With this topology GG admits a unique structure of real analytic Lie group
and for each point p € M, the isotropy group

K,={9€G:g(p) =p}

is compact.
Moreover, if (M, o) is of noncompact type or compact type, there exists
an algebraic group G C GL(g) over R such that

G(R)y = Gy = Hol(M)o = Aut(M*, g*),.

Example 1.2.4. For M = H;, g = dz‘;y, we have Aut(M, o) = Hol(M) =
PSLy(R), which is the set of real points of the algebraic group PSLy. However,
Aut(ME, g®) = PSLy(R) U PSLy(R) - (2 +— z71).

We focus now on hermitian symmetric manifolds of noncompact type.

If D C C"is a bounded open connected subset, there is canonical hermi-
tian metric gggm on D, the so-called Bergman’s metric, which has negative
sectional curvatures. If Hol(D) acts transitively on D and each point p € D
admits a symmetry (in fact, if one then all), then it turns (D, gpgm) into
a hermitian symmetric manifold of noncompact type. Conversely, any such
space is isometric to (D, gggm) for some bounded domain of C".

Accordingly, hermitian symmetric manifolds of noncompact type are of-
ten called hermitian symmetric domains.

Let (M, o) be a hermitian symmetric domain, G = Aut(M, o) be the Lie
group of holomorphic isometries of M, Gy be the connected component of
e € G and g = Lie(G).

Fix a point p € M and let K = K, be the (compact) isotropy group of
M at p.

The automorphism

c: G — G

g = 5pgSp

is an involution on G and we let g = g™ & g~ be the decomposition of g into
+1-eigenspaces with respect to d.(o).
With the above notations we have the following fundamental result.

Theorem 1.2.5. Let (M, o) be a hermitian symmetric domain. Then
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(1) M is simply connected and G is semisimple and noncompact.

(i) Z(G) C K is a finite group, and there is a diffeomorphism

T Go/K — M
g +— g(p)

(1)) (Ky)o C K CK,:={g€G:0(9) =g} and Lie(K) =g".
() dem g~ — T,(M) and Id - exp : K x g~ — Gj.

(v) The complex structure J, € End(T,(M)) belongs to z(Lie K'). In par-
ticular, K has non discrete center Z(K).

In item (v) above, we regard Lie(K) as a subalgebra of End(7,(M))
through the representation

K —  GL(T,(M))
ko — dy(9K — kgK).

We say that hermitian symmetric domain (M, o) is irreducible if it is not
isometric to the product of non zero hermitian symmetric domains. If (M, o)
is a hermitian symmetric domain, then

(M7 Q) o~ (M1,Ql) X ...(MT,Q,,),

where (M;, 0;) are irreducible.
If (M, o) is irreducible, then g = Lie(G) and g® C are simple Lie algebras
and Lie(K) is a maximal proper subalgebra of g.

Remark 1.2.6. Although a real Lie algebra g is semisimple if and only g®C
is, there exist simple real Lie algebras g such that g ® C are not. Indeed, let
c/C be a simple complex Lie algebra and let g = c® be c regarded as a Lie
algebra. Then g is simple but g ® C is not.
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1.3 Cartan’s classification

Cartan involutions.

Definition 1.3.1. Let g be a semisimple real Lie algebra. A Cartan involu-
tion on g is an automorphism s € End(g) such that s # Id, s*> = Id and
the +1-eigenspace gt C g is a compactly embedded subalgebra.

Definition 1.3.2. We call (g, s) a symmetric Lie algebra, and we say that
it is of compact or noncompact type depending whether g is compact or not.
We say that (g, s) is an irreducible hermitian noncompact symmetric Lie
algebra if

e g is non compact, g and g ® C are simple
e gt is a maximal proper subalgebra of g and z(g") # {0}.
Next proposition can be found in [2, p. 292, 303, 385].

Proposition 1.3.3. Let g be a semisimple real Lie algebra. The Killing form
By on g is Ad(G)-invariant:

B (Ad(9)X, Ad(9)Y) = Bg(X,Y), forallge G, XY €g.

Moreover, it is negative definite on g and positive definite on g~ .

Symmetric domains versus symmetric Lie algebras.

If (M, o) is an irreducible hermitian symmetric domain, then Theorem
1.2.5 implies that (g, d.o) is an irreducible noncompact hermitian symmetric
Lie algebra, where g = Lie(G), G = Aut(M, p) and 0 : G — G, g — 5,95,

Conversely, let (g, s) be an irreducible noncompact hermitian symmetric
Lie algebra. Let G be the simply connected Lie group such that Lie(é’) =g
(which can be obtained as the universal covering of Int(g)) and let o €
Aut(G) be an involution of G such that d.o = s. The existence of o is
guaranteed by Theorem 1.1.5.

Let K be the connected component of e in K, = {g € G : o(g) = g}.
Since Lie(K) = g™, it follows from the prescribed properties of (g, s) that K is
a maximal connected proper Lie subgroup of G. Moreover, Ad@(f( ) C GL(g)

is compact.
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The coset space M = G /f( is naturally a real analytic manifold. Let
7 : G — M be the projection map and let py = 7(e) € M be the base
point. The Killing form B, is positive definite on g~ =~ T, (M) and it is
G-invariant:

Be(X,Y) = By(d.Ad(g)X,d.Ad(g)Y) for any g € G.

By means of the transitive action of G on M, it can be extended to a metric
o on M which turns (M, p) into a Riemannian manifold on which G acts by
isometries.

The action of G on M is obviously transitive and for each p € M there
is a symmetry s, € G which leaves p fixed. Indeed, the symmetry at py is
spo : 9K +— o(g)K (and this is again an isometry because By is invariant
under automorphisms of G).

Recall now that Z(K) is a non discrete abelian (compact) Lie subgroup
of K. Hence Z(K)o = S* x ... x S, where S' = {z € C : |z| = 1}. In fact,
we have the following lemma (see [3, Thm 1.9]).

Lemma 1.3.4. There exists a homomorphism
u:S'— Z(K)
such that the isometry

iy GIE —  GIR )
gk = u(-1)gK (=u(-1)gu(-1)"'K)

induced by conjugation by u(—1) fizes po and satisfies
dpocu(—l) = — Id € End TpO(M).

Since the symmetry s, satisfies the same properties, by uniqueness we
have ¢,(_1) = s, and thus also ad(u(—1)) = s.

Also, Jy = decysy € End T, (M) is an endomorphism such that J§ = — Id
and d,(ci)Jo = Jode(cy) for all k € K.

It follows that there can be constructed a unique G-invariant almost com-
plex structure J on M such that J,, = Jy for which g is hermitian. In fact,
J is integrable and (M, g) is therefore an irreducible hermitian symmetric
domain.
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Remark 1.3.5. And now the lemma can be reformulated to ensure the
stronger statement that dp c,) = z- Id € End T), (M) for all z € S*. Tt
implies that in the representation Ad(u) ® C : S'— GL(g ® C), the only
characters £ € Hom(S', C*) ~ Z that occur are 1, z and 27!

We have thus established a one-to-one correspondence between
Irreducible hermitian symmetric domains
and

Irreducible noncompact hermitian symmetric Lie algebras.

If we start with (M, o), Theorem 1.2.5 produces G' = Aut(M, p)o, K = K,
and o € Aut(G) so that (g = Lie(G),s = d.(0)) is an irreducible noncom-
pact hermitian symmetric Lie algebra. Starting now with the resulting pair
(g, s), we have attached to it a simply connected Lie group G and a compact
subgroup K. The automorphism group G of M does not need to be simply
connected, but we do have that G//K is the universal covering of G/K (see
[1, p. 178]). Since M is simply connected by Theorem 1.2.5, we deduce that
G/K ~G/K = M.

Classification of simple Lie algebras.

For a real symmetric Lie algebra (g, s), let go = gj @ g, be the decom-
position into +1-eigenspaces with respect to s. Define the dual symmetric
Lie algebra (g, s*) to be the subalgebra g = gj @ ig, of the complex Lie
algebra g :=go®C, and s* : XT +iX~ — XT —iX".

Theorem 1.3.6. (i) If g/C is a semisimple Lie algebra, there exists a
compact real Lie algebra gy such that g = go @ C. Any two compact
real forms of g are isomorphic and there is a one-to-one correspondence
between

{ Semisimple Lie algebras g/C}/ ~

and
{ Compact Lie algebras go/R}/ ~

which preserves simplicity.

(11) If (go, s) is a symmetric simple Lie algebra of compact type, then its dual
symmetric Lie algebra (g}, s*) is of noncompact type, and conversely.
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Remark that in general it is not true that gy is simple over R if and only
if g = go ® C is simple over C. This holds however true for compact real Lie
algebras (see [1, p. 308]).

Combining the two statements of the above theorem we obtain that in
order to classify symmetric Lie algebras of noncompact type and irreducible
hermitian symmetric domains, we can proceed as follows:

1.
2.

3.

Classify the isomorphism classes of simple Lie algebras g over C.

Find a compact real form gy for them and classify all possible Cartan
involutions s on them: (gj, s*) will recover all symmetric Lie algebras
of noncompact type up to isomorphism.

Compute z(gg").

Theorem 1.3.7 (Cartan). Let (M, g) be an irreducible hermitian symmet-
ric domain. Then M is isometric to either

Label Compact form‘ Domain ‘ dim ‘

Arn SUm) | SUWp,q)/SU,xU,) | 2pq |

BDi(g=2)| SO(n+2) |50y(n,2)/S0(n)xS02)| 2n |

Cr Sp(n) | Spa(R)/U(n) [n(n+1) |

Dirr S0(2n) | SO*(2n)/U(n) | n(n—1) |

or to the exceptional cases E1I1 of dimension 32 or EV'II of dimension 54.

e The compact real simple algebra of SO(n) admits two Cartan involu-

tions when n is even. These give raise to two different noncompact
forms. A similar phenomenon happens for the compact group SU(n):
for each decomposition n = p + ¢ with p, ¢ > 0 there is Cartan invo-
lution on SU(n) which gives raise to each of the non-compact forms of
the third column.

There are several coincidences among the above Lie groups. More pre-
cisely: Arrp(p=q=1)~Cr(n=1), BD(p=3,9=2)~Ci(n=2),
Amilp=q=2)~BDi(p=4,9q=2), Aii(p=3,¢g=1) ~ Dryr(n =
3) and BD](p = 6,q = 2) ~ D[[[(?’L = 4)
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e The Siegel space is H, = {Z € M,(C) : Z = Z' Im(Z) > 0} =
Sp,(R)/U(n).



Chapter 2

Locally symmetric varieties

The aim of this chapter is considering quotients D(I') := I'\ D of hermitian
symmetric domains D by discrete subgroups I' C Aut(D)q and studying
under what conditions the coset space D(I") is the set of complex points of
an algebraic variety defined over a number field.

The starting point is the following proposition.

Proposition 2.0.8. Let D be a hermitian symmetric domain and let G =
Aut(D) be the group of holomorphic isometries of D. Let I' C Gqy be a
discrete torsion-free subgroup. There is a unique complex analytic structure
on D(T") for which m: D — D(T') is a local isomorphism.

A map of complex analytic varieties D(I') — V' is analytic if and only if
the composition D — D(I') — V is.

Proof. With the quotient topology, D(T') is a separated space?.

Foranype D, I'y={y el :v-p=p} C K, is a discrete subgroup of
a compact group, hence finite. If I' is torsion-free, I, = {1} for all p € D.
There exists p € U, such that yU, N U, = 0 for all v € T'\ {1} so that
mu, : Up — m(U,) is a homeomorphism, producing a complex analytic atlas
on D(T"). O

Assume I is torsion-free. Since D is simply connected, it is the universal
covering of the complex manifold D(I"). For any p € D we have

P = m(D(),n(p))
g [7(c)]

'For any p,q € D not in the same orbit under I', we can find open subsets p € U,,
q € U, C D such that yU, N U, = 0 for all y € T".

19



20 CHAPTER 2. LOCALLY SYMMETRIC VARIETIES

where c is any path on D joining p and ¢ - p.

2.1 Algebraic groups
Let k denote a field of characteristic 0 and k a fixed algebraic closure of k.

Definition 2.1.1. An algebraic group over a field k is an algebraic variety
G over k together with a group structure

GxG-—G, GG
defined by algebraic morphisms defined over k.

Examples of algebraic groups over a field k are

o G,, = Speck[X,Y]/(XY — 1) is the multiplicative group such that for
any k-algebra A, G,,(A) = A*.

e G, = Speck[X] is the additive group such that for any k-algebra A,
G (A) = A.

e M,, GL,, SL,, SO,, Sp,,, ---
e Elliptic curves and abelian varieties over k.

The Lie algebra of G is g = Lie(G) = T.(G), and it is a Lie algebra over
k.

All examples of algebraic groups we will consider are affine. We will not
consider abelian varieties, for instance.

The notion of torus, semisimple group and reductive group are similarly
defined as in the previous chapter for Lie groups. That is:

Definition 2.1.2. A connected algebraic group G over k is

e atorusif GREk ~ G,,x ™ XG,, for some n. The minimal field
extension K/k for which G ® K ~ G,, x ... X G, is called the splitting
field of G.

e semisimple if it contains no smooth connected normal commutative
algebraic subgroups # {1}.
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e reductive if it contains no smooth connected normal commutative
algebraic subgroups other than tori.

Note for instance that abelian varieties or GG, are not reductive algebraic
groups.

A typical example of a non split torus is constructed as follows. Let K/k
be a finite Galois extension and T" = Resg/,(G,,). This is an algebraic group
over k of dimension n = [K : k| characterized by T'(A) = (A ®; K)* for any
k-algebra A. In particular T'(k) = K* and T'(K) = (K*)™. It is split over K.

For a reductive algebraic group G over k, let T stand for the largest
commutative quotient of GG. Since T' is connected, it is a torus. We define
the derived group G%" of G to be the kernel of v. The Lie algebra of G4 is
Lie(G%") = [g,g] and according to Theorem 1.1.9 it is a semisimple group.

Let Z denote the centre of G. Since g = [g,g] @ z(g), we have that
Lie(Z) = Lie(T). In fact Z/Z' ~ T, where Z' := Z N G%" is a finite group.
We thus have exact sequences

1 — G — ¢ =5 T — 1
1 — Z — G 2 gd

1l — 7 — 7 — T — 1.

When G = GL,,, these are

det

{1 — SL, — GL, — G,, — 1
1 — G, — GL, % PGL, — 1
1 — u, — G, g G,, — 1L

2.2 Arithmetic and congruence groups

Two subgroups 51,5 C S of a group S are commensurable if S; N Sy has
finite index both in S; and Ss.

Definition 2.2.1. Let G be an algebraic group over Q. A subgroup I' C
G(Q) is arithmetic if it is commensurable with G(Q) N GL,(Z) for some
embedding G — GL,,.

A congruence subgroup of G(Q) is a subgroup I' C G(Q) which for some
embedding G — GL,, contains

I'(N)=G(Q)n{g € GL,(Z) : g = Id,, mod N}

as a subgroup of finite index.
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For a reductive group there always exist an embedding G— GL, and
it can be shown that the above definitions do not depend on the chosen
embedding G — GL,,.?

Let

Ap= H@g ={(ay) : ap € Qu,ay € Zy for almost all £}

be the ring of finite adeles of Q. It is a topological ring when we regard it as
a subring of [[ Q, with the product topology, in which a basis of (compact)
open subsets of 0 are {K(N) = [[ K¢o(N)}n>1, where Ky(N) = Z, if £ 1 N;
Kg(N) = ng@ if Ty = OIdg(N) Z 1.

For an algebraic group G over Q, let G(Ay) = ﬂG(Qg).B If G— GL,, is
an embedding, a basis of (compact) open neighbourhoods of 1 is given by
K(N) =[] K, where

L e if0FN
Ty eGZ): g =1d, mod €'} if ry = ordy(N) > 1.

The topology does not depend of the choice of the embedding.* For

instance G, ~ (é T) C GLy and G,,, = GL;.

Proposition 2.2.2. Let G' be a reductive group over Q. For any compact
open subgroup K C G(Ay), K N G(Q) is a congruence subgroup of G(Q).?

Proof. Let G — GL,, be an embedding. Then K (N) is a compact open
subgroup of G(Ay) and

K(N)NG(Q) = I(N).

2Congruence groups are arithmetic and the classical congruence problem asks whether
any arithmetic group I' C G(Q) is congruence. By definition we know that I" is commen-
surable with I'(1) but we do not know whether I'(V) C I" for some N. The answer is yes if
G is simply connected (that is, if any isogeny G'—G from a connected algebraic group G’
is the identity) and G % SLy. Otherwise, SLo and non simply connected reductive groups
have many non-congruence arithmetic subgroups. See [4].

3In order to talk about G(Z;), this definition implies the choice of a model of G over
Z. However, any two such models will become isomorphic over Z[é] for some d > 1. Since
there are finitely many primes ¢ | d, there is no ambiguity in our definition.

4Tt does always exist for reductive groups.

5And every congruence subgroup arises in this way.
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If K is a compact open subgroup of G(Ay), there exists N > 1 such that
K 2O K(N)and T' := KNG(Q) 2 I'(N). Thus I'/T(N) C K/K(N) is a
discrete subgroup of a compact group: the index of I'(N) in I' is finite and
I' is congruence. O

Definition 2.2.3. If G is an arbitrary connected real Lie group, we still
define arithmetic subgroups of GG as follows. A subgroup I' C G is arithmetic
if there exists

e An algebraic group G over Q.
e An arithmetic subgroup I' C G(Q)
e A surjective morphism 7 : G(R)y— G with compact kernel

such that 7(T") =T.

2.3 The theorem of Baily-Borel

Let D be a hermitian symmetric domain and G = Aut(D) be the (semisim-
ple) real Lie group of holomorphic isometries of D. Let I' C Gy be an
arithmetic torsion-free subgroup. This means that there exists an algebraic
group G over Q, an arithmetic subgroup I C G(Q) and a surjective morphism
7 : G(R)o— G with compact kernel such that 7(T') = T.

Theorem 2.3.1. (i) [Baily-Borel] Then D(I') has a canonical realization
as a smooth Zariski-open subset of a projective algebraic variety D(I")*.
If G(Q) contains no unipotent elements®, then D(T') is compact.

(i1) [Borel] Let V' be a nonsingular quasi-projective variety over C. Then
every holomorphic map of complex analytic manifolds

f:V(C)— D(I')(C)
15 reqular algebraic.

e For D = H; the proof of (i) works as follows.

6An unipotent element is an element v € G(Q) such that o(y) — 1 is nilpotent for all
representations ¢ : G — GL(V) of G.
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1. Let D* = H; UPY(Q) with a suitable topology.

2. Let I' C SLy(Q) be an arithmetic subgroup (commensurable with
SLy(Z)). It acts on H} by Moebius transformations on H; and by
linear projective transformations on P*(Q) so that D(I')* = I'\'H}
is a compact complex surface.

3. Modular forms (i.e. regular differentials) of large weight enough
produce an embedding of D(I")* into a projective space.

4. Chow’s theorem asserts that D(I")* is naturally a projective vari-
ety and D(T') = D(I')*\ (T'\P'(Q)), the complementary of a finite
set of points.

e For arbitrary D, the proof of (i) follows the same pattern.

1. D* = D|J UB;, where B; are so-called rational boundary compo-
nents, endowed with the Satake topology.

2. Automorphic forms of large weight embed D(I')* = I'\D* into a
projective space, so that D(I") € D(I")* is a Zariski-open subvari-
ety.

Remark 2.3.2. 1. If PGLs is not a quotient of the algebraic group
G over Q, then the components of D(I")*\ D(I") have codimension
> 2.7

2. If T is an arithmetic group with torsion, Proposition 2.0.8 does
not apply and D(T") is even not a complex manifold. However,
there exists a subgroup I'y C I" of finite index in I which is torsion
free. Thus D(I'y) is by Baily-Borel a smooth algebraic variety and
we can construct D(I') = D(I'y)/(I'/Ty). By Hilbert’s theorem on
invariant algebras under finite groups, D(T") still has the structure
of an algebraic variety, with quotient singularities at those points
p € D(I') for which the stabilizer ', is not trivial. Hence the

"The example SLo(Z)\H; is explained as follows: the boundary is a nonempty set
of finite points, thus of codimension 1. We already expected this since SLo(Z) con-
tains unipotent elements. But PGLsy is not a quotient of SLy over Q! That’s true, but
PGL2(R)p = SLz(R) and we can also choose G = PGL; instead of SLp. With this choice
we also have H; = PGLy(R)o/K and now the remark makes sense. Since the natural
inclusion G = PSLy — PGL5 is an isomorphism on the connected components of 1 of the
real points, SLy(Z) is an arithmetic subgroup of PGL2(Q).
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*

singularities of D(I')* are found at these points in D(I') and at
the boundary D(I')* \ D(I).

e The proof of (ii) works as follows. Let D; = {z € C : |z| < 1} and
D: =D, \ 0.

1. Big Picard Theorem: If a holomorphic function f : Dj — C has
an essential singularity at 0, it takes all values of C except possibly
one. (thus, if there are two values not in the image, f has a pole
at 0).

2. Any holomorphic f : D — PY(C) \ {p1,p2,p3} extends to an
holomorphic function f : D; — P!(C).

3. Borel’s extension of big Picard’s Theorem: every holomorphic map
D;" x Dj — D(T) extends to a holomorphic map Dj** < D(T)*.

4. Hironaka: V' C V* where V* is (possible singular) projective and
V*\ V is a divisor with normal crossings: locally for the complex
topology, V < V* is of the form Dj" x D — D] **.

5. By Borel’s lemma, f : V(C)— D(I") extends to a holomorphic
map V*(C)— D(I')*.

6. Chow: any holomorphic map between projective varieties is alge-
braic.

Corollary 2.3.3. (i) The structure of an algebraic variety on D(T") is
unique.

(ii) For any other compactification D(T') — D(T')! with D(I')" a projective
variety and D(T)T\ D(T') a divisor with normal crossings, there is a
unique reqular map D(I)T — D(T)* commuting with D(T") — D(T')*.

Proof: As for (i), let V be a complex algebraic variety such that D(I") ~
V(C) as complex manifolds. By Borel’s theorem, this is an algebraic isomor-
phism. Statement (ii) follows similarly from the proof of Borel’s theorem,
considering V = D(T') C V* = D(I')! and the map f = Id : D(I') — D(I),
which extends to D(I')f — D(T')*. O

For this reason, D(I') — D(I")* is often called the minimal compactifi-
cation on D(I'). Other names are the Satake-Baily-Borel or Baily-Borel
compactification.
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Ezxamples:

1. D =Hy, Aut(H;) = SLa(R), G = SL, is a semisimple group over Q,
I' = SLy(Z), D(T) = Al is an algebraic variety over C. It is not

11
projective: (O 1) € I' is unipotent.

2. D = H,, Aut(H,) = Sp,(R), G = Sp,, is a semisimple group over
Q, I' = Sp,,(Z). Hence Sp,,(Z)\H,, is the set of complex points of a
(non-projective) algebraic variety. We will see later that it is a moduli
space defined over Q.

3. Let F be a totally real field, n = [F : Q|. Let B=F & Fi® Fj& Fk,
i? =a,j>=0b¢€ F* ij = —ji = k be a quaternion algebra over F.

Let vy, ...,v, : 'R be the real archimedean places of B and write
BogR=B®rF®uR=8,(B®rR,) =My(R) .7 My(R) P HD 2.
GH, n=r+s.

Let n : B* — F* be the reduced norm, which coincides with det on
any matrix representation. Let B' = {b € B* : n(b) = 1}, which
may be regarded as an algebraic group over F' because it is given by a
polynomial equation in Fxy, z9, 23, 24]. Let Gg = Resp/gB', which as
algebraic group over Q such that G(K) = (B®g K)' for any extension
field K/Q. In particular, Gg(R) = SLy(R)x .. xSLo(R) xH'x .5. xH!.

Let O be a ring of integers of B: a subring of B of rank 4 over the
ring of integers Op of F. Let O' C B! the subgroup of elements of
reduced norm 1. This is a discrete subgroup of Gg(R) and according
to Definition 2.2.3, it is an arithmetic subgroup of G = SLy(R)x ..
XxSLy(R) because the kernel of Gg(R) — G is compact. Note that
Aut(D), where we let

D ="H;x . xH;.

By the theorem of Baily-Borel D(T") this is a quasi-projective algebraic
variety.

o If B ~ My(F), there are unipotent elements in I' and D(I") is not
compact.
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IfF=Q, I CSLyZ)and X = D(I')* = D(I') U{o0, ..., 005} is a
modular curve. Prominent examples are the congruence subgroups
['(N) c T'1(N) € T'o(V) C SLy(Z), giving raise to the modular
curves X (N) = X1(N) - Xo(N) - X (1) = P{.

If F#Q, D(I")* is called a Hilbert(-Blumenthal) modular variety,
a singular projective variety of dimension n = [F' : Q]. The dif-
ference with the case F' = Q is that now PGLs is not a quotient

of Gp over Q and we can apply Remark 2.3.2: the singular locus,
which is contained in D(I')* \ D(I") has codimension > 2.

o If B % My(F'), there are no unipotent elements in I' and D(I") =
D(T")* is already a projective variety of dimension r. It is smooth
unless I' has torsion. Prominent examples are Shimura curves
Xp attached to a maximal order O in the quaternion algebra B
over Q of discriminant D = py - - - pag, and their covers X (D, N) —
X1(D,N) - Xo(D, N) - Xp, for any integer N > 1, (D, N) = 1.
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Chapter 3

Shimura varieties

3.1 Connected Shimura varieties

Definition 3.1.1. A connected Shimura datum is a pair (G,D = {h})
where

e (G is a semisimple algebraic group over Q.
e h:S!— G% is a homomorphism such that

SV1: Only the characters 1, z and 27! =
sentation of S! on V = Lie(G*)c,!

SV2:  Ad(h(—1)) is a Cartan involution on Lie G,

SV3: There exists no factor H of G2 over Q such that H(R) is compact.

Z occur in the adjoint repre-

e D={g-h-g'}eqer), C Hom(S", G&).
Let (G, D) be a connected Shimura datum. Write
GR) ~ Gy x ... x Gp x Hy x ... x Hy

as a product? of simple real Lie groups, and label them so that G; are non-
compact and H; are compact.

!That is, V = V°@V+@V ~ in such a way that for any z € S we have Ad h(z)-vg = vy,
Adh(z) vy =2-vy, Adh(z) v =z"1 - v_forany vg € VO vy eV v_e V™.

2This is an isomorphism up to a finite group, and the factors G;, H ;j correspond to the
decomposition of g into simple Lie algebras.

29
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By SV3 we have that r > 1: otherwise G(R) would be compact.

If we write h = (hq, ..., hy1s), we know by SV2 that s; = Ad(h;(—1)) # Id
for the factors G;.2

Fori=1,..,r let K; = K, C G; and D; = G,/K; be the irreducible*
hermitian symmetric domain attached to (G;, s;).

The D; are indeed hermitian thanks to the existence of h; satisfying
SV1,2: hy(S?) lies in the compact group K; because the elements obviously
commute with h(—1).

Moreover, h;(S') is contained® in the centre of K; and thus there is an
integrable complex structure J on D; (cf.the discussion in p. 12, 13).

The domain D; is naturally identified with the G;¢-conjugacy class D; =
{ghig™" : g € G;p} C Hom(S', G¢9) of h;. The one-to-one correspondence is

D;=Gio/Ki — D,

g —  ghig!

This allows us to regard D =[] D; as a product of irreducible hermitian
domains and there is a natural surjective map

G*(R)y — Aut(D),

whose kernel is Hy g X ... X H,, which is compact.

Let I' € G*(Q)y be’ an arithmetic subgroup of G. Tt follows from
Definition 2.2.3 that the image I' of T' in Aut(D) is again an arithmetic
group.

Moreover, since the kernel of '—T is finite (being discrete in a compact
group), if I' is torsion-free we then have that I' ~ I' and T'\D ~ T'\D is a
smooth algebraic variety. If I'' C I', we obtain regular maps D(I'")— D(I')
of algebraic varieties (by Borel’s Theorem 2.3.1).

3This implies in particular that all three characters 1, z, z~! do actually occur in the
representation of S', because if only 1 appeared, G; would be compact. By the way, the
converse is also true (see Milne 1.17(a)): for H;, s; = Id.

4D; are irreducibles. See my comment in p.11 previous to Remark 1.2.5 or Milne’s

Lemma 4.7.
°If k € K;, we need to show that hj := khk~*h™! = 1 € Hom(S?, G¢¢), where we

already know that hy(—1) = 1. But then hy factors through S?! 4 St and the only
possible characters that may occur are z?%. Since we only allow 1, z and z~!, we obtain
that hk =1.

5By G*(Q)o we mean G4 (Q) N G4(R).
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Also, any g € G*(Q), defines a holomorphic map g : D — D and in-
duces a regular morphism between algebraic varieties

g: D(T')— D(gT'g™).
Let 7 : G — G denote the natural projection of algebraic groups.

Definition 3.1.2. Let (G, D) be a connected Shimura data. The connected
Shimura variety Sh°(G, D) is the inverse system of locally symmetric varieties
D(T), where T' runs over the congruence subgroups of G(Q), such that” the
image in G%4(Q), is torsion-free.

For a given such congruence subgroup I', we also denote Sh%(G, D) =
D(I'). For a compact open subgroup K C G(Ay), Proposition 2.2.2 shows
that ' = K N G(Q)y is congruence and we also set Sh% (G, D) = D(T).

Many examples are already obtained by those mentioned at the end of
Chapter II.

Remark 3.1.3. Let T' € G*(Q), be an arithmetic subgroup. As it shown
in Milne’s easy Lemma 4.12, 7~'(I") € G(Q), is congruence if and only if T
contains the image m(I") of a congruence subgroup I' C G(Q)o. But usually
the map 7 : G(Q)y — G*4(Q)y is not surjective, and the family

{z(T) : T C G(Q), congruence} C {I' € G*(Q)y : I D n(I"), T congruence}

is smaller than the latter. A more general family of varieties is thus obtained
when considering this second family of groups.

A semisimple group G over a field k is said to be simply connected if any
isogeny G' — G with G connected is an isomorphism. With this definition,
SLs is simply connected, whereas PGLy is not simply connected because it
admits the isogeny GL; — PGLs.

The Strong Approximation Theorem asserts that if G' is a semisimple,
simply connected algebraic group over Q of non compact type, then G(Q) is
dense in G(Ay).2

"By G(Q)o we mean those elements of G(Q) that map to G*(Q)j.
8For instance, G = G,, and PGL, are not simply connected, and it can be checked
that Q* C A% is not dense, nor it is PGL2(Q) in PGL2(Ay).
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Proposition 3.1.4. Let (G, D) be a connected Shimura datum with G simply
connected. Let K be a compact open subgroup of G(Ay) and letT' = KNG(Q).
There is a homeomorphism

MD — G@Q\DxG(Ay)/K

r (x,1)

In the proposition, G(Q) acts on D x G(Ay) on the left, and K acts on
G(Ay) on the right (and trivially on D): for (z, {g/}) € D x G(Ay) the action
described by g € G(Q), k € K is

9 (x,{g9e}) - k = (g2, 9{ge } k).

Proof. Since G(Q) is dense in G(Af) and K is open, G(A;) = G(Q)-K.°
Thus every element in G(Q)\D x G(Ay)/K is represented by (x,1) for some
x € D and this shows that our map is surjective. For z,2’ € D, we have
[z,1] = [/, 1] if and only if there exists g € G(Q)N K = I" such that gz = 2"
our map is a bijection of sets.

Since G(Ay)/K is discrete because K is open, the map D — Dx(G(Ay)/K),
x +— (z,[1]) is a homeomorphism between D and its image, which is open in
D x G(Ay)/K. From this a routine exercise shows that the quotient map

D — GQ\(D x (G(Af)/K))
is bi-continuous. O

Remark 3.1.5. As K runs among compact open subgroups of G(Ay), the
inverse limit of ShY (G, D) is G(Q)\D x G(A;), something which contains D

and may be regarded as a kind of completion of it. We will not prove this.

3.2 Shimura varieties

Alternative definition of connected Shimura datum.
The exact sequence of real Lie groups

t—t— 1t

1-R* — C* St—1

9f {g;} € G(Ay), for any open set {g¢} € U there exists g € G(Q) such that g € U.
For U = {g¢} - K this implies that {gs} = g - k for some k € K.

2—z/Z
—
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arises from the exact sequence of algebraic groups
1-G,, — S—U; — 1,

where S = Resc/rG,, and U; denotes simply the quotient of tori S/G,,.
A connected Shimura datum can be alternatively defined to be a pair
(G, D = {h}), where G and D are as in Definition 3.1.1 except that

h:Sp— G¥
is a homomorphism of real algebraic groups satisfying the conditions

SV1: Only the characters 1, z/z and z/z occur in the representation of Sg
on Lie(G*)¢,

SV2:  Ad(h(i)) is a Cartan involution on Lie G&,

SV3: There exists no factor H of G over Q such that H(R) is compact.

Following this approach, we define (non-connected) Shimura varieties.
Definition 3.2.1. A Shimura datum is a pair (G, D = {h}) where

e (5 is a reductive algebraic group over Q.

e h:Sg — Gpg is a homomorphism of algebraic groups over R such that

SV1: Only the characters 1, z/z and z/z occur in the representation of
SR on Lie(G“d)@,

SV2:  Ad(h(i)) is a Cartan involution on Lie G&,
SV3: There exists no factor H of G over Q such that H(R) is compact.

e D={g-h-g '}4ec, C Hom(S',Gg).

Note that we extend the definition to arbitrary reductive algebraic groups
over Q. Another remarkable difference in our definition is that D is the
conjugation class of h under the possibly non-connected™ real Lie group Gg.

10A theorem of Cartan asserts that if G is reductive, G(R) has finitely many connected
components for the real topology. In fact, a more powerful theorem of Whitney proves
that the set of real points of an algebraic variety over R has finitely many connected
components.
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Proposition 3.2.2. Let (G, D) be a Shimura datum. Let Dy be a connected
component of D and K C G(Ay) be a compact open subgroup. Then

o The set G(Q)o\G(Ay)/K is finite. Let C be a set of representatives of
the double coset.

e There s an homeomorphism

UeecT\Dy — G(Q\D x G(Af)/K

x — (x,c),

where T, =c- K -c7'nN G(Q)o and ¢, denotes the connected component
to which x belongs.

Proof. In order to prove the first item, it suffices to show that
G(Q)\G(A;)/K is finite, because G(Q)o\G(Q) — G*(R)o\G**(R) is al-
ready finite. If G is semisimple and simply connected, we already showed
that G(Q)\G(Af)/K is finite: we actually saw that the cardinality is 1. We
will not explain here why the finiteness statement is also true in the general
case (cf. [3, p.48, 50]).

The second item follows similarly as in Proposition 3.1.4. O

Example 3.2.3. o G = Gly,

. b
h: SR—> GLQ’R, a+ b — <_ab CL) )
D = {hy := ghg™'}secra(x) —C \R = H{ UH;,
g — Fixed point p of h,(C*) on C such that h(z) acts on the tangent
space of p as z/z (and not as z/z).!!

e 3 quaternion algebra over a totally real number field ', G = Resp/q(B*),

h(a 4+ bi) = ((_ab 2) LT (_ab 2) J1,.,1), D=Hx I xH.

"The pair (GLg, 'Hf) satisfies the conditions SV1, SV2, SV3. As for SVI1, hy :
C* — PGL2(R) factors through the circle unit U; by means of the map
u: U; = PGLy(R)g = PSLa(R), a + bi — ++v/a + bi = £(x + yi) — <_:cy Z .
The action of heq(C*) C PSL2(R) on the Lie algebra slo(R) = soz(R) @& T;(H1) is trivial

on the first factor, and acts on the second through the character z/z = Zfiz, because

d(t — %)Ii = “(’bT(t‘z):f;(Z‘”*b)ll = (‘(llzjblz?; = z/z. Hence the only characters that
K3

occur in Lie(G(C)??) are 1, z/Z and z/z.
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e G=Tatorusover Q, h:S—T any morphism.
Since 7% = {1}, conditions SV1, 2, 3 hold trivially true.
D = {x}, a single point.

For any compact open subgroup K C G(Ay),

Shic(T,2) = T(@\{a} x T(Ay)/K ~ T@Q\T(A/)/,
a finite set of points by Proposition 3.2.2  -note that T(Q), = T'(Q).

Definition 3.2.4. Let (G,D) be a Shimura data. The Shimura variety
Sh(G, D) is the inverse system Shi(G,D) = G(Q)\D x G(Ay)/K, where
K runs among compact open subgroups of G(Ay) such that the image of all
congruence subgroups I'. = cKe 1 N G(Q)y € G(Q) in G*(Q) are torsion
free.

The Shimura variety Sh(G, D) comes equipped with a right action of
G(Ay). Indeed, if g = {g,} € G(A;), there is a natural morphism*?

Tgl ShK(D,G) — Shg—lKg<D,G)

(r,a) = (z, ag)

Remark 3.2.5. Write C = {cy,...,c}. Any element of Shy(D,G) can be
written as (z,¢;) for some x € D, 1 <¢ < h. An element g € G(Ay) induces
a permutation ¢ — g(i) on {1,...,h} as follows: since G(A;) = |JG(Q)oc; KK,
cig = Ycqwyk for some v € G(Q)o and k € K. We then have that T, maps
the connected component I';\D to I'c,,\D. More precisely, Ty(z,c;) =

(z,¢:9) = (z,7cqi k) = v(v 2, co)k = (v 12, co00))-

The weight homomorphism and additional axioms.
Recall that exact sequence of tori

1-G,, — S—U; —1.

Let (G,D) be a Shimura datum. An element of D is a homomorphism
h : Sg — G that factors through U;. When we restrict h to G, g = R*,
h(r) must act trivially on Lie(Gg) ® C for any r € R*, because it lies in the
kernel of the above exact sequence. Since the only elements of G(R) which

121t is an easy exercise that these maps are well defined.
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act trivially by the adjoint representation are those lying in the center, we
obtain that h(r) € Z(R).

Hence hg,, does not depend of the choice of h € D and we can define the
weight homomorphism of (G, D) to be

w Gm,R — GR
r —  1/h(r)

Note that both G,, r and G are the sets of real points of algebraic groups
over Q. Since w is a morphism of algebraic groups, it must actually be defined
over some finite extension of Q. Together with the axioms SV1, SV2 and
SV3, sometimes the Shimura datum satisfies some or all of the following
further axioms:

SV4: The weight homomorphism w is rational, that is, it is defined over Q,
SV5: The group Z(Q) is discrete in Z(Ay),

SV6: The torus Zj is split over a CM-field, that is, over a totally imaginary
quadratic extension of a totally real number field.

3.3 The Siegel modular variety

Let (V, V) be a symplectic space over Q of dimension 2n, for some n > 1.
That is, a vector space over Q equipped with an alternating non-degenerate

bilinear form ¥ : V x V —— Q.
Define G = GSp(V,¥) C GL(V) to be the algebraic group of transfor-
mations of V preserving ¥ up to scalar, so that

G(Q) = {g € GL(V) : ¥(gu, gv) = v(9)¥(u,v)}

for all u,v € V and some v(g) € Q*.!* Define S = Sp(V,¥) by the exact
sequence

1-5—-G % G,,.
The center of G is G,,,, G* = S/{£1} and G%" = S.

130ne checks that automatically v defines a homomorphism v : G — G,,.
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A symplectic complex structure J on (V(R), V) is an endomorphism J €
S(R) such that J # Id, J> = —Id. For a given J, the bilinear form

U,: VR xV(R) — R
(u,v) — WU(u, Ju)

is symmetric. We say that J is positive (negative) if W is positive (negative)
definite.

Let D = D™ U D~ be the set of positive or negative symplectic complex
structures on V(R). The group G(R) acts on D by (g,J) — gJg~*. The
stabilizer of DT in G(R) is its identity’s connected component G(R), = {g €
G(R) : v(g) > 0}. One easily shows also that G(R) acts transitively on D,
and S(R) acts transitively on D*.

Attached to any J € D there is the morphism!4

hy: C* —  G(R)
z=a+bi +— a+0bl

Since hyy,-1 = ghyg~' for any g € G(R), there is a natural identification
D < {G(R) — Conjugation class of h; : C* — G(R)}.

Lemma 3.3.1. The Shimura datum (G, D) satisfies the axioms SV1, SV2
and SV3.

Proof. SV1: Only the characters 1, z/Z and Z/z occur in the represen-
tation of Sg on Lie(G%)¢ :
Write V(C) = Vt @V~ as a direct sum of +i-eigenspaces under the action
of J. Then hy(z) acts on V' as multiplication by z, and it acts on V™~ as
multiplication by z. Thus'®

End(V(C)) =~ End(V*)® Hom(V*t, V)& Hom(V~,V')® End(V")
ad(hy(z)) (1, z/Z, z/z, 1).

“Tndeed, a + bJ € G(R), with v(a + bJ) = a® + b = |2|2.
15Tn order to check this, the exercise is a generalization from PSLy (as in example
3.2.3) to the algebraic group of symplectic similitudes of a vector space of arbitrary even

dimension. Indeed, the matrix expression of h;(z) in n x n-blocks is (g 2), which is a

complex form of (_ab 2)
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SV2: Ad(h(i)) is a Cartan involution on Lie G&: Tt is an involution because
ad(h(i)) : GR)— G*R), g — JgJ ! and J?> = —Id. It is Cartan
because the subgroup of fixed elements in G(R) is {g € G(R) : Jg = gJ} =
{9 € GR) : ¥;(gu, gv) = ¥(u,v)} for all u,v € V(R). Since ¥ is positive
definite, the subgroup is compact.

SV3: There exists no factor H of G over Q such that H(R) is compact:
Indeed, G is simple over Q and G®(R) itself is not compact (a factor of it
is Siegel’s upper half space H,,). O

We define the Siegel modular variety attached to (V, ) to be the Shimura
variety Sh(G, D) associated to the Shimura datum (G, D).

3.3.1 Modular interpretation

Let (V,¥) be a symplectic space over Q of dimension 2n, for some n > 1 as
before. Let (G, D) be the Shimura datum attached to (V, ¥) and K C G(Ay)
a compact open subgroup. Let Shi (G, D) be the Shimura variety attached
to (G, D) and K.

Let A/C be a complex abelian variety of dimension n. There exists a
lattice A C Tp(A) of rank 2n over Z such that A(C) ~ To(A)/A. Under this
isomorphism, there is a natural identification H;(A,Z) = A.

The isomorphism V(R) ~ A @ R ~ T,(A) induces a complex structure
J on the real vector space V(R).

Definition 3.3.2. A polarization on A is a non-degenerate alternating form
s : A x A—7Z such that s(Ju, Jv) = Y(u,v) for all u,v € V(R) and
sy(u,v) := s(u, Jv) is positive definite.

Let V(Ap) = A®@z Ay ~ AT Let Vi(A) = Hi(A, Af) = A® Ay the Tate
module of A.

Let AV be the category of abelian varieties up to isogeny and let Mg (G, D) =
{4, s,n- K} be the set of triples where

e A is a complex abelian variety of dimension n, A(C) = V(R)/A,

e s is an alternating form on H; (A, Z) such that s or —s is a polarization
on A,

e 1:V(As) — V;(A) such that n,(¥) = a - s for some a € A%
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Two triples (A, s,n-K), (A’,s',n'- K) are isomorphic if there is an isogeny
f:A— A" such that f*(s') =¢-s, ¢ € Q" and f*(nK) =nkK.

Theorem 3.3.3. The Shimura variety Shi (G, D) is the coarse moduli space
over C that classifies triples in My (G, D) up to isomorphism. In particular,
there is a canonical bijection of sets

3.4 Shimura varieties of Hodge type

3.4.1 Hodge structures

A Hodge estructure is a real vector space V together with a decomposition
of V(C) into complex vector subspaces

V(C)=aVPi, (pq €EZXZ: VPI=VIP,

The type of the Hodge structure is the set of pairs (p, q) for which VP4 #£
{0}. The weight decomposition of a Hodge structure is the decomposition

V= Bnez Vn

where V}, is the real vector subspace of V' such that V,(C) = @4 =, VP4 If
V =V, the Hodge structure is said to be of weight n.

A rational Hodge structure is a vector space V over Q together with a
Hodge structure for V(R) such that V,, is defined over Q for any n € Z.

Example 3.4.1. e Let V be a real vector space. To give a complex
structure J on V' is equivalent to give a Hodge structure V(C) = V10
Vo1 of type (—1,0), (0,—1) on V.

e Let Q(r) denote the rational Hodge structure V= Q, V(C) = C ",
the unique possible rational Hodge structure on Q of weight —2r.

e Let X be a non-singular projective variety. Let V = H"(X,Q), a vector
space over Q. Then V' admits the following Hodge structure of weight
n: V((C) - @p+q:an(X, Qp)

A morphism of Hodge structurest : V = @ VP — W = @ ) WPH? is
a linear map t : V' — W such that ¢(V??) C Wr4.



40 CHAPTER 3. SHIMURA VARIETIES

3.4.2 Shimura varieties of Hodge type and its modular
interpretation

Definition 3.4.2. A Shimura datum (G, D) is of Hodge type if there exists a
symplectic vector space (V, ¥) over Q and a monomorphism G — GSp(V, V)
such that D maps to D(y,s). The Shimura variety Sh(G, D) is then called of
Hodge type.

Recall the character v : GSp(V, ¥) — G,,,. We shall still denote v : G —
GSp(V,V) — G,,. For any r € Z, denote (also) by Q(r) the vector space Q
with the action (g,¢q) — v(g)" - q.

Proposition 3.4.3. Let (G, D) be a Shimura datum of Hodge type, (G, D) —
GSp(V, V) where V is a vector space over Q of dimension 2n. Then there
exist non-zero multilinear maps

ti VX T xV—Q(ry), i=1,...k
such that for any field extension k/Q,

G(k) - {g € GLk(V> : ti(.gvla'-ngQTi) - V(g)Ti 'ti(vh‘"av?’l‘i)}
forallv; e V(k),i=1,.. k.

That is, we demand to g to be equivariant with respect to the actions of
G on V and Q(r;), respectively.

If J € D is a complex structure on V(R), it induces a Hodge structure of
weight —1 on V(R). For any r > 1, there is a natural'® Hodge structure of
weight —r on V(R)®". The map ¢; : V®?" — Q(r;) is a morphism of Hodge
structures of weight —2r;.

Let K C G(Ay) be a compact open subset. Let Mg (G, D) be the set of
triples (A, {s;}izo,..k,n - K) where

e A is a complex abelian variety of dimension n,

e s is an alternating form on H;(A, Z) such that sy or —sg is a polariza-
tion on A,

By (R)®" = V(R) ™0 & V(R) "+l g .. V(R)®™"
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e 5, € H"(A, Q) ~ Hom(A*A, Q) such that V®?"i— A% V — Q(r;) is
a morphism of Hodge structures,'” for i = 1,..., k,

e n: V(Af) — V;(A) such that n,(¥) = a - s for some a € A%, and
n«(t;) = s; fori=1,...k,

satisfying the following condition:

There exists an isomorphism « : Hy(A,Q) ~ V of vector spaces over Q
such that o*(¥) = ¢ - s for some g € Q*, a*(t;) = s; for i = 1,....k, and
Oz*(J> c D(Vy\p).lg

Theorem 3.4.4. The Shimura variety Shx (G, D) is the coarse moduli space
over C that classifies triples in My (G, D) up to isomorphism. In particular,
there is a canonical bijection of sets

Mk(G,D)/ ~ < GQ)\D x G(Ay)/K.

3.4.3 Shimura varieties of PEL type

Let (B,#) be a simple algebra over QQ together with a positive involution
* : B— B: an anti-involution such that Trpgr/r(0*-0) > 0 for all b € B\{0}.
Let F' denote the center of B and Fy = {b € F : b* = b}.

Assume that for every embedding ¢ : Fy — Q, (B®p, Q, *) is isomorphic
to a product of algebras with involution either of the form

(4)  Mu(Q) x Mu(Q), (b, 02)" = (b, y),

or of the form

(C) Mn(@)a bt = bt»

but not a mixture of them.

"The map s : V%" —Q(r) is a morphism of Hodge structures if and only if
s((V®2r)pa) = 0 for all pairs (p, q) # (—r, —7), because the type of Q(r) is {(—r,—7)}. In
other words: if we write H = H*"(A,Q) ~ A?"V, H is endowed with a Hodge structure of
weight 2r (see Example 3.4.1) and we require that s € H*"(A,Q) N H(C)"" Cc H*" (A, C).
The Hodge conjecture for abelian varieties asserts that all elements in this intersection are
the cohomology classes of algebraic cycles on A with coefficients in Q. This is known for
r=1.

18 J is the complex structure on H;(A,R) induced by the isomorphism with Tp(A). We
require that a.(J) is a symplectic complex structure on (V, ¥) such that ¥, () is positive
or negative definite.
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Let (V, W) be a (B,*)-module: a vector space over Q together with an
action B C End(V') and a non-degenerate alternating bilinear form

U:VxV—-=Q, U(bu,v) = ¥(u,b*v), w,veV,be B.

Let G C GL(V) be the algebraic group over @Q such that for any field
extension k/Q:

G(k) = {g € Autp(V ® k) : ¥(gu, gv) = u(g)¥(u,v)}

for all u,v € V ® k and some pu(g) € k*.
Let G'={g € G: u(g) =1,det(g9) =1} C G.

Proposition 3.4.5. The algebraic group G is reductive and G’ is semisimple
and simply connected.*®

In fact, we have
G =~ SLY if B is of type A;
G =~ Spt. if B is of type C;

where m = dimp(V)/+\/[B : F| and d = [F} : Q).

Proposition 3.4.6. There exists a (unique) G(R)-conjugacy class D of ho-

momorphisms h : S — Ggr such that each h induces a symplectic complex

structure J = h(i) on V(R) such that WV, is positive or negative definite.
The Shimura datum (G, D) satisfies the azioms SV1, SV2, SV3.

The corresponding Shimura varieties Sh(G, D) are called of PEL-type (A
or C).
Let by, ..., b, be a set of generators of B as a Q-algebra and let

th,: VxV — Q
(u,v)  —  Y(u,bv).

Then (G, D) is the Shimura datum of Hodge type associated to (V, ¥, {¢;, }).
Let K C G(Ay) be a compact open subset. Let Mg (G, D) be the set of
quadruples (A, ¢, s,n - K) where

YThere is a remaining possible type for (B, %), which is usually called BD. In this case,
G is not connected, but its connected component is reductive. The group G’ is a special
orthogonal group.
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e A is a complex abelian variety,
e .: B— End(4) ®Q,

e sis an alternating form on H;(A,Z) such that s or —s is a polarization
on A,

e 7:V(A;) — V;(A) such that n.(¥) = a - s for some a € A%

satisfying the following condition:
There exists a B-linear isomorphism « : H1(A,Q) ~ V of vector spaces
over Q such that a*(¥) = ¢ - s for some ¢ € Q*.

Theorem 3.4.7. The Shimura variety Shi (G, D) is the coarse moduli space
over C that classifies quadruples in M (G, D) up to isomorphism.
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Chapter 4

Canonical models of Shimura
varieties

4.1 The reciprocity map for abelian exten-
sions of number fields

Let E be a number field and let £ be the maximal abelian extension of
E inside a fixed algebraic closure of . Global class field theory provides a
continuous surjective homomorphism

recp : A — Gal (E*/E)

which is called the Artin reciprocity map and it is such that for any finite
abelian extension E'/FE of E, we have a commutative diagram:

recg

EX\A% Y Gal(E/E)
! O !
TECE’/E

E"\AL/N(AL) =  Gal(E'/E)

The identity component of A% (and thus in particular the identity com-
ponent of [], .. E¥) lies in the kernel of the reciprocity map recg *.

v]joo v
Hence, if E is totally imaginary, recg factors through A7 ;.

'hecause Gal (E?/E) is totally disconnected and 1 € Gal (E%/E) is its own connected
component.

45
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When E = Q, recq factors through {#} x Ag ; and Q* = Jy-, Q(¢n),
where (y is a primitive N*"-root of the unity.
There is a commutative diagram

Q\({£1} x A3 ) o Gal (Q**/Q)
! O !

-1
a—{¢N—CK Y

Q\AG/N(Ahy) = (Z/NZ)  —  Gal(Q(¢v)/Q)

4.2 Abelian varieties with complex multipli-
cation

A CM-field is a totally imaginary quadratic extension E of a totally real
number field F. Let [E : Q] = 2¢ for some g > 1. Each of the g embeddings
F — R extends to two conjugate embeddings ¢, p : E — C. A CM-type &
for Eis a subset ® = {1, ..., p,} C Hom(FE, C) such that Hom(E, C) = ®L,
that is, a full set of representatives of embeddings £ — C up to complex
conjugation.

An abelian variety of CM-type (F,®) is an abelian variety A/C of di-
mension ¢ such that there exists a monomorphism

i: E < End’(A)

such that for any a € E, we have Tr(arya)) = > cq ¢(a).?

Definition 4.2.1. Let (£, ®) be a CM-type. The reflex field of (£, ®) is the
number field F characterized for any of the following equivalent conditions:

e [ is the fixed field of {o € Gal (Q/Q) : &7 = ®}.

. E’:Q(Zweq)(p(a) ca€E).

2For any i : E < End"(A), there always exists a CM-type ® for E such that A is of
CM-type (E, ®). Indeed, write A = C/A. Then A®Q is an E-vector space of dimension 1.
We have that A®C is a 1-dimensional module over E®C ~ @, cHom(E,c)Cyp, Where E acts

on C, through ¢. Since A®R = Ty(A) and it is well known that A ® C = Tp(A) @ To(A),
we obtain that any a € E acts on Ty(A) as diag(ei(a), ..., pg(a)) for some CM-type

D= {p;..., 04}
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e It is the smallest subfield of Q for which there exists an E-vector space
V' together with a monomorphism E — Endg (V') for which Tr(a) =

> peopla) for all a € E.

Observe that when E/Q is a Galois extension, then £ C E by the second
definition.

As it follows from the third definition of E. if (4,7)/k is an abelian variety
of CM-type (E,®) defined over a number field k, then V' = Ty(A) is a k-
vector space for which Tr(a) = 3 4 ¢(a) for all a € E. Hence E C k for
any possible field of definition of A.

Note that in the definition above, V' can also be regarded as an E-vector
space on which E acts. Under this point of view, for any a € E we shall
denote Trg(a) and detg(a) for the trace and determinant of the FE-linear
endomorphism a : V —=V, v a-wv.

Theorem 4.2.2 (Shimura-Taniyama). Let (A,7) be an abelian variety of
CM-type (E,®) and let o € Aut(C/E). For any idele s € A% such that
recp(s) = O fpab there exists a unique E-linear isogeny

a: A— A°

such that
2% = a(dety, ,(s7') - x), forall m € Vi(A).

In particular, Theorem 4.2.2 asserts that the isogeny class of (A,1) is
defined over E.

4.3 The reflex field of a Shimura datum

Let (G, D) be a Shimura datum. For any subfield & C C, define
C(k) = G(k)\Homg(G,,, Gy),

that is, the set of co-characters of G defined over k£ up to inner conjugation
by elements in G(k).

The group Aut(C/k) naturally acts on C(k): ¢“(a) := c(a)? for any ¢ €
C(k),a € G, (C*) and o € Aut(C/k).

As an example, let z € D and h : S— Gg be the associated morphism.
It induces

e : C° — Gpe=CxC" — Gc
z (z,1) —  he(z, 1)
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Note for any other point in D, the associated morphism is conjugated to
h and therefore p, € C(C) is independent of the choice of x and we shall
denote the co-character as ¢cp € C(C). It can be seen that actually cp is
defined over a number field®.

Definition 4.3.1. The reflex field E(G, D) of the Shimura datum (G, D) is

the field of definition of cp as an element of C(Q), that is, the field fixed by
{0 € Gal (Q/Q) : ¢}, =cp € C(Q)}.

Example 4.3.2. e (T,h) where T is a torus and h : S—Tp is any
morphism. Then E(T, h) is simply the field of definition of py, because
it is the single element in its conjugacy class under T'(C).

o Let (E, ), ® = {¢1,..., 05}, be a CM-type.
T = Resp gGm, T(Q) = E*, T(R) = (E ®gR)* = C5, x ..C5 4
Define hg : S(R) = C* - T(R), z +— (z,.9.,2). Then

he C:S(C)=C*"xC*"—=T(C),z — (2,9.,2,2,9,2)

and

pr: € — S(C)=C"xC — TC)=Cj x..C;, xC; x..Cy

® Pg
z (z,1) — (2,9.,2,1,9,1).

Hence E(T, he) is the field fixed by {0 € Aut(Q/Q) : &7 = @}, that
is, the reflex field £ of (£, ®) that we already defined. )
At the level of E-rational points, we have uy : E* —T(E) = (EQgFE)*.

e The Siegel modular variety. Let (V,¥) be a symplectic vector space
over Q of dimension 2n, G = GSp(V, V), D = Dt U D~ be the set of
positive or negative symplectic complex structures J on V(R).

Let V=Wa&W bea decomposition into totally isotropic vector spaces
over Q: W(W, W) = {0}, (W, W) = {0}. Let W =< e1,...,e, >,
W =< éy,..., &, > be symplectic basis and define J € End(V), J(e;) =
&, J(&) = —e;.

3See [3, Lemma 12.1].
4For any choice of g-inequivalent embeddings {¢1,...,¢04} we have an isomorphism
E@qR =~ CI a®@r — (pi(a)r, ..., 0q4(a)r).
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We had hy(a+bi) = a+bJ. Hence (hy@C)(z1, 22) = (a1 +b1J, ag—byJ)
and
ch,: C — Gc CEnd(V(C))=End(Vtae V")

- (hJ®©)(z,1):(g ?)

where VT, V'~ are the +i-eigenspaces under J.

Since the decomposition V = W& W is defined over Q, the conjugation
class of ¢, remains invariant under the action of Aut(C/Q). Thus
E(G,D) = Q.

e Let (G, D) be the Shimura datum attached to a quaternion algebra B
over a totally real number field F'.

h:S—s Gg, h(a+bi) = ((_ab 2) (_“b 2) J1,.5.1).

Up to inner conjugation: hc(z, 22) = <(201 0) LT (201 0) 1,501,

22 22

Hhp : cCr — GLQ((C)X g=rts x GLQ(C)
z 0 z 0
z = (z,1)— ((O 1) .. (0 1) ,1,501).

— If B=My(F), r=g,s =0, dimc(D) =g, E(G,D) =Q.
— I Bog R ~ My(R)x 4 xMy(R), dime(D) = g, E(G, D) = Q.
— I Bog R ~ My(R) x H 97! xH, dime(D) = 1, E(G, D) = F.
e Leti: (G,D) — (G, D) be an inclusion of Shimura data (i.e. G — G’
is a monomorphism and ¢ maps D to D’). Then there is a natu-
ral morphism of Shimura varieties Sh(G, D) — Sh(G’, D’) which is

a closed immersion (Deligne) and it is an easy exercise to show that
E(G,D) 2 E(G", D).

4.4 Canonical models of Shimura varieties

Let (G, D) be a Shimura datum.

Definition 4.4.1. A point z € D is a special point if there exists a torus
T C G such that h,(C*) C T'(R).
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The pair (T,x) is also called a special pair and (T,z) C (G, D) is an
inclusion of Shimura data. Note that since h,(C*) C T(R), we have th,t™! =
h, for any t € T(R) and thus T'(R) fixes the point € D. Almost conversely,
it ' C G is a mazimal torus and x € D is a point fixed by the elements of
T(R), then h(C*) C {g € G(R) : gt =tg for all t € T(R)} = T(R), because
T is its own centralizer in GG; and hence (7', x) is a special pair.

ar—a-Ido

Example 4.4.2. e G = GLy, D = Hi. The tori in GL, are G, —

GLy and T' = ResgqG, < GL,, for any embedding F < GL2(R) of
a quadratic field F/Q. Among these, only imaginary quadratic fields
provide special pairs (because only in this case we have T(R) = (F' ®

R)* = C*), and for each E <5 GLy(R), T(R) has exactly two fixed
points z, 7 on H.

o G = Resp/(B*), B a quaternion algebra over F'. Embeddings F — B
of quadratic extensions E/F with at least one non-real archimedean
place provide special pairs (T, ).

Let (T,z) C (G, D) be a torus in (G, D). Let E(z) = E(T,x) be the field
of definition of y,, which is a finite extension of the reflex field £ = F(G, D).
Define the homomorphism

Tt Apyy — T(Ag) — T(Agy)
S = Ha:E(az)t—»@H’I(s)U = Tx(S).

Definition 4.4.3. Let (G, D) be a Shimura datum and let X' C G(Ag ) be
a compact open subgroup. A canonical model of Shi (G, D) is an algebraic
variety Mg = Mg (G, D) defined over E(G, D) with

such that for any special pair (T,2) C (G, D) and any a € G(Ay):
o (r.0) € My(E(x))",

o (z,a)0) = (z,7,(s7!) - a) for any s € Af-

5Watch out that we still have not defined the notion of field of definition of a Shimura
variety, though clearly E will become a field over which Sh(G, D) admits a canonical
model and E(z) will turn out to be the field generated by the coordinates of the point
x € Sh(G, D).
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Example 4.4.4. o (T'z), K CT(Ay), E=FE(x),
Shi(T,x) = T(Q\T(As)/ K. )
A model over E of a finite set of points = Action of Gal (E//FE) on it.
Define it through

recHK/E

~

Gal(E/E) - Gal (E®/E) — Gal (Hx/E) < E"\AL/K
by a® :==r,(s7!) -a, a€T(Ay),seA}.

o (E,®) CM-type, T" = Resg/gGnm , E(he) = E’,
ShK(T, hcb) = E*\A*E,f/K'
The action of EX\A% /K = Gal (Hy/E) on Shi(T, he) is provided
by
a® = The (5_1) ca = H ;u@(s_l)a ta = detAE,‘f (3_1) - a
o E—Q

fora € A ;,s € A% o 38 in the theorem of Shimura-Taniyama.%

Modular interpretation of the example: For T' = Resg/9G,, as
above, and any compact open subgroup K C T'(Ay), Shi (T, he) is a finite set
of points which can be regarded as a Shimura variety of PEL-type associated
to the commutative algebra F.

It is the moduli space of triples (A, ¢, s,nK) as in Section 3.4.3, where we
recall that (A, () is an abelian variety of CM-type (E, ®) up to isogeny.

The automorphism group Aut(C/E) acts on the finite set Shy (T, he)(C)
{[A, 0, s,nK]}:

(A, 1,8,nK)7 = (A%, : E — End(A7),s7,n7 : V(A;)—=V(A)—V(A7)).

Since ¢ fixes E one checks that (A2*") is again an abelian variety of
CM-type (E, ).

6The first equality is the definition of r,. The second equality follows by tracing
the definitions of jg, £/ and detg, but it is not immediate. Check the example E C C
imaginary quadratic, ® = {¢} given by the inclusion: Then F = E and

pe: E* — T(E)=(E®qkE)*=FE*xE*
s (s,1).
The Galois action of Gal (E/Q) on T(E) is given by (21,22) = (%, 71), so that T(Q) =
E* <% T(E) as {(s,5) : s € E}. Thus .5 gna(s)” = (s,1) - (1,5) = (s,5) = 1(s).

Since we can choose V = E = E, we also have detp(V 5 V) = s, as we wished to show.
For general E, the details are those of the proof of Theorem 4.2.2 of Shimura-Taniyama.
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A reformulation of the main Theorem of Complex Multiplication 4.2.2
shows the following proposition:
Proposition 4.4.5. By means of the identification of sets

Shi(T, he) = T(Q\{z} x T(Ap)/K — {[A,¢,s,nK]},
the Galois action induced on Shy (T, he) is:
(z,a)7 = (2,74, (s7") - @),

where 0| gy = rec(s).

We are now able to state the main theorem of this chapter.

Theorem 4.4.6. Let (G, D) be a Shimura datum. For any compact open
subgroup K C G(Ay), there exists a unique canonical model Mk (G, D) of
Shk(G, D) over E(G, D), up to (unique) isomorphism over E(G, D).

Outline of the proof for Shimura varieties of Hodge type.

We first discuss the case of Siegel modular varieties Si (G, D) attached
to a symplectic vector space (V, V) of dimension 2n:

We already saw that the reflex field of (G, D) is E(G, D) = Q. Thus we
wish to prove that Sk (G, D) admits a canonical model Mg /Q over Q.

Thanks to the moduli interpretation, we are able to describe an action of
Aut(C/Q) on the set of complex points Sk (C).

Indeed, there is a one-to-one correspondence

Sk(C) = {[A s K]}
and Aut(C/Q) acts on it:

[A, s,nK] — [A%, s, n° K], for any o € Aut(C/Q).

Recall that we already saw that PEL-Shimura varieties are of Hodge type
and hence Shimura subvarieties of a Siegel modular variety.

In our case, we have that for any CM-type (E, ¢) with [E : Q] = 2n, the
Shimura variety of PEL-type attached to (Resg/qG,, he) is a subvariety of
Sk. These are finite sets of points and they are special. Proposition 4.4.5



4.4. CANONICAL MODELS OF SHIMURA VARIETIES 23

above shows that the action of Aut(C/Q) on these special points on Sk
behaves according to the rule required in the definition of a canonical model
for S K-

Almost conversely, any special point [A, s, nK| € Sk (C) corresponds to
an abelian variety A/C such that End(A) = E X ... X E,,, where E; are CM-
fields and > [E; : Q] = 2dim(A) = 2n. Proposition 4.4.5 readily extends to
this more general case and hence we obtain that the action of Aut(C/Q) on
all special points of Sk (C) is as it should according to Definition 4.4.3

Descent criteria. It remains left proving that the action of Aut(C/Q) on
Sk (G, D) is a true Galois action on a certain algebraic variety Mg /Q such
that Mg ® C ~ Sk (G, D).

Let k be a field of characteristic 0 and let C/k be an algebraically closed
field containing k. Let X/K be an algebraic variety.

For any o € Aut(C/k) there is a well-defined algebraic variety X7 and a

map of sets
X(K) — X9K)

loa

T — T .

Locally at affine open subsets, X7 is obtained from X by conjugating by
o the defining polynomials of X. If z € X (K), the coordinates of the point
x? € X7 are the conjugate coordinates of = by o.

Assume that X is equipped together with an action of Aut(/C/k) on the
set X (K). Let us denote the action by (o, z) — o(z) € X(K).

For instance, if X is a variety over k, then o(z) := 27 defines an action
of Aut(K/k) on X = X, ® K.

Theorem 4.4.7. Let X be a quasi-projective variety over K together with
an action of Aut(KC/k) on X (K) such that

o (Regularity) The morphism of sets

fo: X — X
r o~ o l(x9)

15 a regqular algebraic isomorphism.

e (Continuity) There exist points xy, ..., x, € X(K) and a finitely gen-
erated extension L/k in IC such that

— o(z;) = z; for all o € Aut(IC/L),
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— The only automorphism o € Aut(X) fixzing all x; simultaneously
1s o = Id.

Then there exists a model Xy over k of X.

Theorem 4.4.7 applies to the Siegel modular variety S = Sk(G, D)/C
in order to show that it admits a model over Q:

e Sk is a quasi-projective variety over C by Baily-Borel’s Theorem 2.3.1.

e Regularity: Checking this condition exploits the moduli interpreta-
tion of Sk and uses the theory of local systems on topological manifolds
and families of abelian varieties. We refer the interested reader to [3,
p. 100-103].

e Continuity: Let z € D be a special point. The real approximation
Theorem (cf. [4, Theorem 7.7]) asserts that for any connected algebraic
group over Q, G(Q) is dense in G(R). Hence, since D is a quotient of
G(R), the set of points {[z,a] : a € G(Ay)} C G(Q)\D x G(Ay)/K is
dense in Sk for the analytic and thus also the Zariski topology.

Hence only the trivial automorphism Id € Aut(Sk) fixes all points
{[x,a] : a € G(Ay)} simultaneously. It can be shown that Aut(Sk) is a
finite group -recall we only consider K C G(Ay) such that the resulting
congruence groups are torsion free!l. Therefore there exists a finite set
{[z,a1], ..., [x,a,]} such that only o = Id fixes all them.

Finally, the main Theorem of Complex Multiplication implies that
[, a1], ..., [z, a,] are fixed by Aut(C/E(z)"), where E(x)" denotes a fi-
nite abelian extension of E(x).

Hence Sk admits a model Mg over Q, which is canonical in the sense of
Definition 4.4.3.

The proof of the existence of a canonical model for Shimura varieties of
Hodge type follows the same pattern, since they are subvarieties of Siegel
modular varieties and they also have a moduli interpretation in terms of
abelian varieties.

The main technical difficulty is the definition of the Galois action on the
Hodge tensors s; on the abelian varieties A arising in the moduli interpreta-
tion. If the Hodge conjecture were true, any Hodge tensor s on A would be
the cohomology class ¢(Z) of an algebraic cycle Z on A and one could define
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s = ¢(Z7). But the conjecture is not known to hold and Deligne succeeded
to give a definition of s” not in terms of algebraic cycles - check [3, Theorem
14.13].



56 ~ CHAPTER 4. CANONICAL MODELS OF SHIMURA VARIETIES



Bibliography

[1] S. Helgason, Differential Geometry and Symmetric spaces, Academic
Press, 1962.

2] A. W. Knapp, Lie groups. Beyond an Introduction, Birkhauser 140,
1996.

3] J. S. Milne, Introduction to Shimura varieties, available at
www.jmilne.org/math

[4] V. Platonov, A. Rapinchuk, Algebraic groups and number theory, Pure
and Applied Mathematics 139, Academic Press, 1994.

57



