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Résumé :

Nous tentons de généraliser la description du lieu supersingulier de ’espace de modu-
les des surfaces abéliennes polarisées & multiplications réelles par Oy, ([1]) dans le cas ol p
est inerte dans Q0. Nous présentons des faits probants pour étayer une formule de masse
conjecturale pour les points superspéciaux, ainsi (par conséquent) qu’une formule pour
le nombre de ces points, généralisant directement un résultat classique de Deuring pour
le cas des courbes elliptiques supersingulieres. Ce résultat fournirait une interprétation
géométrique d’un cas particulier de la correspondance de Jacquet-Langlands. Le reste
de la these constitue un travail préparatoire aux applications arithmétiques du lieu su-
persingulier des surfaces modulaires de Hilbert modulo p (p inerte) : formes modulaires

de Hilbert, formes modulaires mod p, etc.



Abstract :

We try generalizing the description of the supersingular locus of the moduli space of
polarized abelian surfaces with real multiplication by Of, (see [1]) in the case where p is
inert in Op. We present evidence to support a conjectural mass formula for superspecial
points and a counting formula for such points, generalizing a classical result of Deuring
on supersingular elliptic curves. This result would provide a geometric interpretation
of a special case of the Jacquet-Langlands correspondence. The remaining portion
of the thesis is preliminary work with a view toward arithmetical applications of the
supersingular locus of Hilbert modular surfaces mod p: Hilbert modular forms, modular

forms mod p, etc.
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Introduction

The purpose of this thesis is to review what is known about the supersingular locus
of modular curves and Hilbert modular surfaces, with an eye to arithmetical applica-
tions. The first chapter covers supersingular elliptic curves, the arithmetic of quaternion
algebras and the application to modular forms of weight two for T'g(p). Chapter two
studies the moduli spaces of polarized abelian surfaces with real multiplication and level
structure, analyzes the supersingular locus of the moduli space mod p and gives a geo-
metric view on Hecke operators, introducing higher-dimensional analogues of Brandt
matrices. Chapter three explores evidence towards a class number formula for the num-
ber of superspecial points on Hilbert modular varieties mod p and proves various results
on components of moduli spaces. Chapter four introduces a technical device (tensor
construction) with the goal of systematizing the geometric applications of class number
formulae of orders in quaternion algebras over (totally real) number fields to the moduli
spaces of abelian varieties with additional structure. We use the conclusion, which is
really an introit to greater endeavours, to draw an esquisse of various possible direc-
tions for further research; this thesis should therefore be considered as a step in work

in progress.
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CHAPTER 1

Supersingular Elliptic Curves

The purpose of this chapter is to review succinctly supersingularity of elliptic curves

and its connection to the arithmetic of quaternion algebras.

1. Elliptic curves

Our main reference in this section will be [39]. The symbol E will always denote

an elliptic curve, and we will use the letter p to denote a prime (i.e. a finite place).

1.1. Basic properties. Let us begin with a

DEFINITION 1.1. Let S be scheme. An elliptic curve E over S is a proper, smooth,

commutative group scheme of relative dimension one
f
E— 85,

with geometrically connected fibers all of genus one. Let s : S — E denote the identity

section.

Locally in the Zariski topology, we obtain a generalized Weierstrass equation :
(1.1) Y2+ a1 XY 4+ a3y = X2 + as X% + au X + ag.

See [39, Section 2.2].

Let us consider the ring of endomorphisms End(E) = Hom(F, E) of an elliptic curve
defined over an algebraically closed field. It is equipped a positive quadratic degree map
and the Rosati involution :

End(E) — End(E),
fro fr= AT,
where A : P +— [P] — [0] is the canonical principal polarization on E. In characteristic

zero, End(E) is either Z or an order in an imaginary quadratic field ([71, Theorem

9
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9.3, p.100]). We say that the curve E has complex multiplication if End(E) # Z. In

characteristic p, we have the following

THEOREM 1.2. (Deuring) [17] An elliptic curve E over a field of characteristic p

has complex multiplication if and only if it is defined over a finite field Fpn.

In this case, there are two possibilities for the endomorphism ring: either End(FE) is
an order of conductor prime to p in an imaginary quadratic extension of Q; or End(E)

is a maximal order in the rational definite quaternion algebra B, o, ramified at p ([17]).

1.2. Supersingularity. Let E be defined over an algebraically closed field & of

characteristic p.

DEFINITION 1.3. An elliptic curve E is called ordinary if E(k) has non-trivial points

of order p, supersingular if not.

The curve E is supersingular precisely when the endomorphism ring End(FE) is a

maximal order in a quaternion algebra ([17]).

EXAMPLE 1.4. The supersingular elliptic curve over Fy ([29, p. 145]) .

The elliptic curve F over Fy with equation
(1.2) Y?24Y = X3,

is the unique supersingular curve over Fy. Its endomorphism ring has Z-basis

144tk
Z?]’k7 )
2

which is a maximal order in the quaternion algebra B; o, that is, the Hamilton quater-

nion algebra : Q 4+ Qi + Q7 + Qk, with
i?=—1,j2=—1,ij = k = —ji.
The group Aut(E) has order 24 and is given by {il, +i,+5 + k, %} .
In the following, we will restrict our study to curves defined over finite fields. Recall that

supersingular elliptic curves have models defined over FF,2, hence there is only a finite

number of isomorphism classes of supersingular elliptic curves for each p; we shall give
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a precise number later on in the moduli context. It is well-known that the supersingular

elliptic curves form a unique isogeny class (this follows from Honda-Tate theorem).

DEFINITION 1.5. An abelian scheme A over a scheme S is a group scheme
m:A— S

such that 7 is smooth and proper, and the geometric fibers are connected.

Let A be an abelian variety over a field k of characteristic p. We denote the
Frobenius map by Fr : A — A® . The dual morphism is the Verschiebung denoted
Ver : A®) — A. See [39, Chapter 12] . Those homomorphisms are “p-elementary”
isogenies, that is :

(1.3) Ver o Fr = [p|a, Fro Ver = [p| 0,

and their kernels are group schemes of order pdim(4),

There exists a canonical modular form in characteristic p of weight p—1 called the Hasse
invariant. The vanishing of the Hasse invariant is a criterion for supersingularity. See

[39, Section 12.4].

THEOREM 1.6. (Igusa) [39, Theorem 12.4.3, p.355] The Hasse invariant has simple

ZETO0ES.

Let us now scrutinize the p-torsion group scheme of elliptic curves. Let k be algebraically
closed (of characteristic p).
The multiplication-by-n map [n] : E — E is a proper, flat morphism and its kernel
E[n] is an affine group scheme of order n?. The Weil pairing
E[n] x Eln] — pin,

shows that F[n] is a self-dual group scheme; in particular, the largest étale quotient of
Elp] is of order < p. The only simple finite group schemes of order p that can occur in

a decomposition series are :
e a, = Spec (k:[T]/(Tp)); o is the kernel of the Frobenius map Fr : G, — G,.

It is a connected self-dual (local-local) group scheme.
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e /i, = Spec (k[T]/(Tpfl)) ; Wp is the kernel of the Frobenius map Fr : G,,, — Gy,
It is a local-étale group scheme.

e 7/pZ = Spec (k[T]/(TP - T)); Z/pZ is the constant (étale-local) group scheme
dual to pp.

Since k = k, there are only two possibilities for E[p] :

e Suppose the étale part is of order p: this is the ordinary case. By self-duality

(1.4) Elp] = pp ® Z/pL.

Frobenius acts as zero on pu,, and identity on Z/pZ; the Verschiebung acts as
zero on Z/pZ, and identity on p,. Hence, the kernel of Frobenius is u,, and the
kernel of Verschiebung is Z/pZ.

e Suppose now the étale part is trivial : this is the supersingular case. Since the
kernel of Frobenius and Verschiebung is of order p and both act as 0 on «,, the

exact sequence :

(1.5) 0 — op — Efp] — o, — 0.

is non-split.

It follows that the p-divisible group of an ordinary elliptic curve over an algebraically

closed field is

(1.6) pip> X Qp/Zp.

In the case of a supersingular elliptic curve, this p-divisible group is isomorphic to
the unique 1-parameter formal Lie group of height 2. See [39, Theorem 2.9.3, p.93] and
[65].

1.3. Moduli spaces. In this subsection, we consider the moduli spaces constructed
when considering elliptic curves with level structure. The level structures are thrown
in to rigidify the problem (i.e. eliminate automorphisms of the curves); in this thesis,
we work with schemes rather than algebraic stacks and spaces, under the usual minor

technical restriction on the level structure (i.e. N > 3).
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We consider two kinds of level structures for elliptic curves E over a ring R : T'o(N)
and I'; (N). In the latter case, we shall always assume that N is invertible in R. The

general case is treated in [39].

DEFINITION 1.7. o A T'o(N)-level structure is a choice of subgroup scheme
H C E[N] of order and exponent N defined over R.
e A T';(N)-level structure is a choice of a point P € E[N] of exact order N defined

over R.

The moduli problem consists in parametrizing elliptic curves with I'g (N )-level struc-
ture (resp. I'i(N)-level structure). One may prove that there exist coarse moduli
schemes for these moduli problems, which are flat, regular curves over Z (resp. Z[%D :
Yo(N) (resp. Y1(N)). The terminology stems from the fact that Yy(N)(C) = T'o(N)\H,
(resp. Y1(N)(C) 2T (N)\H). If N > 4, Y1(N) is a fine moduli scheme. We obtain
proper morphisms over Z (resp. Z[%]) by adding the cusps, and to keep the moduli the-
oretic framework, we use the device of generalized elliptic curves (which are essentially
cycles of projective lines with adjusted level structure). We then get a regular integral
scheme Xo(N) (resp. Xi(IN)) that is flat and proper over Z (resp. Z[+]), and this
construction is still a “continuation” of the complex case (i.e. Xo(N)(C) = To(N)\H*,
resp. X1(N)(C) 2T (N)\H*). See [14] for details, such as a discussion of generalized
elliptic curves (“N-gons”).

Having good models over Z (resp. Spec(Z[+])) allows us to consider the reduction
mod p of the moduli schemes for any p (resp. p prime to N). The geometric picture is as
follows : the reduction of Xy(p) consists of two rational projective curves that intersect
precisely at the supersingular points; the number of supersingular elliptic curves h is

simply the genus of the intersection graph plus one:
(1.7) h=g+1.

We have the following formula for the genus of Xo(p) : if p =2, g = 0 (since there

is a unique supersingular elliptic curve in characteristic two), and otherwise

g:p+1_1+<%)_1+<%‘)
12 4 3 '

(1.8)
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See [32].

THEOREM 1.8. ([39, Corollary 12.4.6, p. 358]) We have the formula :

(1.9)

TR S
24 |Aut(E)|
[E]
where summation is over isomorphism classes of supersingular elliptic curves.

EXAMPLE 1.9. Supersingular elliptic curves over Fq;.

There are two supersingular elliptic curves over Fi1, and representatives are given
by :
(1.10) Ey:yP=a23+1, Ey:y*=2+2.

We check that

Z[i) C End(Fs), Z[w]C End(F;),

where w is a primitive cube root of unity: w? +w + 1 = 0. The automorphism group of
By : y* = #* + x thus contains Z[i]* = {£1, +i}; likewise, Z[w]* = {£1, tw, £w?} C
Aut(E1). The mass formula indicates we don’t have to look any further, since 25 = +4%.

N.B. We find in [57] algorithms to compute the orders of endomorphisms associated
to supersingular elliptic curves, representatives of the left ideal classes, associated norm
forms, etc.

In fact, this is a feature of this connection between supersingular elliptic curves
and quaternion algebras: the computational aspect of the latter is sometimes more
manageable. Note though, that in [44], supersingular curves are used to compute ideal

classes in quaternion algebras.

For example, the maximal order O associated to Es is given by the Z-basis :
1 1
—(1+75),=(+k), 4,k
{Ja+igernar,
in the quaternion algebra Bj;  over Q given by the relations :

i?=—-1,j2=—11,ij = k = —ji.

One checks that the only units in this order are £+1 and +i, as expected.
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2. Theta series and modular forms of weight two
2.1. Quaternion algebras. We recall the main ingredients of the theory of quater-
nion algebras and their orders, that we apply soon after to Eichler’s theorem on the space

of weight two modular forms, and later on (in Chapter III) to totally ramified quaternion

algebras.

DEFINITION 2.1. A quaternion algebra H is a central simple algebra of dimension
four over a field K. If char K # 2, we can pick (a,b) € K? nonzero such that H is

isomorphic to
Ko Kid Kj® Kij,

with relations

We usually denote ¢j by k.

A quaternion algebra is equipped with a conjugation z — T, a (reduced) trace Tr
and a (reduced) Norm with the usual properties :

For char k # 2, an element u in a quaternion algebra H can be expressed as

u=2x+yt+ zj + wk.

Then

e u=x—yi—zj—wk, xy,zweEK;

o Tr(u) = 2x;

e Norm(u) = 22 — ay? — bz? + abw?.

Note that the (reduced) norm is a quadratic form on H viewed as a K-vector space.

EXAMPLE 2.2. If u is an element of the maximal order corresponding to the ring
of endomorphisms of the supersingular elliptic curve, note that its norm is equal to its

degree as an endomorphism, because the norm coincides with the degree map.

e p=2. Let u=x+ yi + zj + wk be an element. Then its norm is

Norm(u) = 2% + y* + 2% + w?,
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and we check that the elements in Example 1.4 are automorphisms of the super-
singular elliptic curve over Fs.
e p=11. The norm is :

Norm(u) = 2% + y* 4+ 1122 + 11w?;

and the elements 41, £ are the units in the order O of Example 1.9.

A place v of a global field K is said to be ramified if
H,=H®K,,
is a division algebra. Let S be the set of ramified places. For v € S, we have
H® K, = M(Ky),

by Wedderburn’s theorem.

We have the following classification:

THEOREM 2.3. (Classification) [76, Théoréme 3.1]

o The number of ramified places of a quaternion algebra H over K is finite and
even.

o For every finite set S of places of K of even order, there exists a quaternion
algebra H over K, unique up to isomorphism, such that H is ramified at precisely

the places in S.

EXAMPLE 2.4. Take S = {p,o0}. The corresponding quaternion algebra ramified
at p and oo will be denoted B, . Explicitly, By o ®Q, and B), .o @R = H are (central)

division algebras, and

Bp,oo & Qq = M2(Qq)7 Vq # P, 0.

THEOREM 2.5. (76, Chapitre III, Théoréme 3.8])
A quadratic extension L of K can be embedded in a quaternion algebra H over K
if and only if L, :== L ® K, is a field for all p ramified in H (i.e. there is no prime

ramified in H that is split in L).
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THEOREM 2.6. Let H be a quaternion algebra over Q, let co # p be a rational
prime, and let e, be the ramification index of p in H (e, =1 if p is split, and ep, = 2 if
p is ramified).

1. If Hy, is a division algebra over Q,, there there is a unique mazximal order

Op ={a € Hy : Norm(a) € Zp} .

2. If Hy is isomorphic to M2(Q,), then all mazimal orders are conjugate to Mo (Z,)

under this isomorphism.

3. A mazimal order O, of H, has a unique mazimal two-sided ideal B. FEvery

two-sided ideal of O, is of the form B™ for an integer m, and B = (p).

See [62, Theorem 12.8] for item 1, and [62, Theorem 17.3] for items 2 and 3.
We will use the following classical theorem a few times. Recall that the inner automor-

phisms of a quaternion algebra H are given by :
kv hkh™', ke H,

and h € H*.

THEOREM 2.7. (Skolem-Noether) [33] Let H/K be a quaternion algebra. Let L, L’
be two (commutative) K -algebras contained in H. All K-isomorphisms from L to L'
can be continued to an inner automorphism of H, and all K-automorphisms of H are

mner.

2.2. Lattices and orders. Let K be the quotient field of a Dedekind domain
R. Let H be a quaternion algebra over K. A lattice is a finitely generated R-module

contained in H. We can define the localization of a lattice £ of K at a place v as
£, =L®r R,.

An ideal 1 of H is a complete lattice, i.e. K ®r I = H. An ideal O is called an order
if it is a ring (with identity). By a standard application of Zorn’s lemma, there exist
maximal orders.

Let O be a fixed maximal order of a quaternion algebra H. A left ideal of O is

a lattice in H which is stable under left multiplication by O. To any ideal I we can
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associate its left order
Oy:={he€H:hlIClI};

similarly for a right order O,.. We define the inverse I~! of an ideal I to be :
I"™'={heH:IhlCI}.

It is a right ideal for O whose left order is the right order of I.

Recall that the norm of an ideal is the fractional ideal of R generated by the (re-
duced) norms of its elements. As in the algebraic theory of Dedekind domains, the
different of an order O is the ideal inverse of the dual lattice of O with respect to the

bilinear form induced by the (reduced) trace.
DEFINITION 2.8. The (reduced) discriminant d(O) of O is the norm of the different.
We have a practical criterion to check maximality of orders :

PROPOSITION 2.9. o Let O and O be two orders such that O C O'. Then
d(0') divides d(O) and d(O) = d(0') <= O0=0'.

e An order is mazimal iff d(O) is equal to the product of the finite, ramified places
of K.

o IfO= Z?:l Rx;, then

d(0)2 =R det(Tr(asiTj))lg,-JSél.
See [57, Proposition 1.1}, [76, Corollaire 5.4] and [76, Lemme 4.7, p. 24].

EXAMPLE 2.10. One can easily calculate the discriminants of the maximal orders
associated to the supersingular elliptic curves when p = 2 and p = 11, to obtain that

d(OQ) = 2 and d(Oll) =11.
We collect a few facts about projective left ideals of maximal orders.

PROPOSITION 2.11. ([62, Theorem 17.3]) Let O be a mazximal order. Then every
left ideal of O, is principal at all finite places v. A left ideal I of O is projective if and

only if it is locally free at all finite places v.
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PROPOSITION 2.12. ([42, Proposition 40]) Let I be a projective left ideal for a maz-
imal order O. Then the right order O’ of I is also maximal. Moreover, the left order of

I (as an ideal of O') is O.
DEFINITION 2.13. An Fichler order is the intersection of two maximal orders.

Fix a prime number p. Let M and r to be integers, with (M,p) = 1, and put
N :=p? M. Let L be the unique unramified quadratic field extension of Qp, and Of
be the ring of integers of L. We denote the conjugation of i/(@p by o.

An order O of B,  is said to be of level N if, for every ¢ prime, we have

Z Z .
( N7 7 ) if ¢ # p;
O, := 0 ®y Ly = is conjugate to qa E o
{<pr+lﬁo >|Oé,ﬂ€(9['/} if g =p.

aa

The maximal orders form a tree : Let O;, Oy be two maximal orders. Define
the distance dist(O1,O3) to be the level of the Eichler order O; N Os. If we put the
Eichler orders as vertices, and we connect with an edge vertices O;, O such that
dist(O1,O02) = 1, we obtain a tree. See [76, Corollaire 2.6].

We will need the following proposition in Chapter III.

PROPOSITION 2.14. (Hijikata) Let K be a local field with uniformizer = and ring of

integers R. Let O be an order of Ma(K). The following are equivalent :
e The order O is Eichler;

e There exists a unique pair of maximal orders Oy, Oy such that O = O N Oy;

o There exists an unique integer n € N such that O is conjugate to < 751 g >;

e The order O contains a subring conjugate to ( ]0% % >

We will now introduce the class and type numbers.
Two left O-ideals I and J are in the same class if there exists an element h € H*

such that I = Jh.
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PROPOSITION 2.15. The number of classes of H is finite. For any mazimal order
O, the number of classes of left ideals is equal to the number of classes of right ideals

and is independent of the maximal order of H.

PROPOSITION 2.16. ([76]) The class number formula for B, o

(2.1) h:%+%(1—(?))+i(1—(%)) when p > 2,

where (%) is the Legendre symbol, and is 1 for p = 2.

One will immediately note the equality between this class number and the number
of supersingular elliptic curves in characteristic p ! We will come back to this and give
an explicit bijection in section 2.3.

There exist a class number formula generalizing Equation (2.1) for any order of
level p>* ™1 N (N, p) = 1; in particular, it depends only on the level, and not the specific
order. See [57, Theorem 1.12, p. 346].

The formula is as follows :

2r+1
. P N 1 1
PR § (R

+{ T =G yn @+ () it N

0 otherwise

N { 10— (ENTnA+(F) 9N

0 otherwise

Moreover, (see [59]) there are similar formulae for orders of level p? N :

) 2N 1 1 0ifp>5
H(p N):pl2(1_])2)/1|:[\f(1+5)+{ %HZ|N(1+?_73)) ifp=3

See [4], [5] for recent developments.
Let {I1,... I} be a set of left ideals representing the distinct ideal classes, with I = O;
and let {O1,... O} be the set of right orders of the I;’s. Then each conjugacy class of

maximal orders in H is represented (at least once, maybe twice) in this set. We call
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the number of distinct conjugacy classes the type number ¢. See [42, Proposition 38,

Corollary 39].
COROLLARY 2.17. The type number t is finite.

For a more precise statement, see [42, Theorem 44].
The following proposition is useful to reduce calculations to local considerations. For
example, the following properties can be checked locally : being an order, an Eichler

order, a maximal order, an ideal, etc.

PROPOSITION 2.18. Let X be a lattice in H. Let S be the set of infinite places.

There is a bijection between the H-lattices Y and the set of lattices
{(Y}),Y, a lattice in Hy,Y, = X, almost everywhere },

given by the invertible maps :

Y — (YP)PQSa

(Yo)pgs — Y ={zec HaxeY,Vp¢&S}.
See [76, Proposition 5.1, p. 83] .

2.3. Geometric interlude. Warning: in this subsection, we use R to denote any
ring.

We explain in detail the construction of a bijection between the set of supersingular
elliptic curves {E1, ..., Ep} and the class group of O = End(F;), a maximal order in
the quaternion algebra B, . Let ' = Fj.

The original idea we will use to prove this is due to Serre ([66]), with refinements
due to Waterhouse ([79]).

We give the original results, due to Deuring ([17]) and Eichler ([19]) (see also [24]):

o Let A be a left ideal of O C B, ~, and consider the finite group scheme
H() :=nNker(a) C E,
where a runs through 2. The quotient E(2) = E/H (%) is a supersingular elliptic
curve and B — FE(B) defines a bijection between the set of left ideal classes of

O and the set S of isomorphism classes of supersingular elliptic curves over F,.
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e The right order O, (B) is isomorphic to End(E(B)).

e The orders O,(B) and O,.(B’) are isomorphic iff E(B) and E(B’) denote classes
in S that are conjugate under the Galois group Gal(F,/F,).

e As a corollary of Skolem-Noether theorem, isomorphic orders are conjugate in
By o. Moreover, elements of S are defined over Fp2, hence the types of B,

correspond to orbits in S under the Galois action of Gal(FF,2/Fy,).

THEOREM 2.19. Let S be the category of supersingular elliptic curves over F,, (with
isogenies) and let E be an object in S. Let T be the category of locally free rank one left

modules over O = End(E) ( with O-homomorphisms). Then the functor:
F:A— E/H),

from the category of locally free rank one left modules over O = End(E) (with O-

homomorphisms) is an (anti-)equivalence of categories. More precisely, it yields:

Homo (A, B) = Homg(E/H(B), E/H(2A)) = A~ 1B.

DEFINITION 2.20. Let J be a set of isogenies of E. We define H[.J] to be the (scheme
theoretic) intersection of the kernels of all o in J. A left O-ideal 2 is called a kernel

ideal if A = {a € Ola(H[Q]) = 0}.

THEOREM 2.21. FEvery left O-ideal is a kernel ideal, and every finite subgroup of E
is of the form H[A] for some left O-ideal 2.

PROOF. See [79, Theorem 3.15, p. 35]. O

LEMMA 2.22. ([42, Lemma 47, p. 68]) Let ¢ : E— E’ and ¢ : E — E" be
isogenies and suppose that Y ker(¢) = Ogr. Then there exists an isogeny A : B — E’
such that 1 = A\¢.

LEMMA 2.23. ([42, Proposition 48]) Let I C Hom(E', E) be a left module over
O = End(E). Then there exists an elliptic curve E" and an isogeny p : E” — E such
that I = Hom(E", E)p.
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PROOF. Taking an isogeny ¢ : E — FE’, we embed I and Hom(E’, F) in O as
integral ideals such that :
I¢ C Hom(E', E)¢ C O.
Let E” = E/H|[I¢] for some ¢ and let ¢ : E — E" be the isogeny with kernel H|[Ip].
By Theorem 2.21 and Lemma 2.22, I¢ = {a € O : a(H[I$]) = O} = Hom(E", Ey),

so I =Hom(E", E)p. O

We now proceed : we need to demontrate that F' is full, faithfull and generically

surjective.

PROOF. e Faithful. First, let us quote a lemma:

LEMMA 2.24. (|79, Theorem 3.11]) Let A and B be kernel ideals. Then
E/H®R) = E/H(B) < [A] =[B],

i.e. A =B for some invertible v € O.

Since every left O-ideal is a kernel ideal, it follows from the lemma that F'
is faithful.

e Generically surjective. Since we know that both sides have the same cardi-
nality of isomorphism classes, and that the functor F' is faithful, it follows at
once that F' is generically surjective.

e Full. We know that any supersingular elliptic curve can be written in the form
E/H () for some representative 2 of a left ideal class. In Lemma 2.23, take [ :=
Homg(E/H(), E),E' := E/H(2). From the proof of the lemma, we see that
E" = E/H[1¢], and thus I = Hom(E/HII],E), and by faithfulness, letting 2
vary yields all left ideal classes. Similarly, we show that J~! = Hom(E, E/H|[J]).

It follows that
Homo (2, B) = (Homgs(E/H(B), E/H (L)) = A~ 8.
Let us compute explicitly the left and right orders of the left O-ideal
A, = Homg(E/H (), E),

for {A4;} a set of representatives of left ideal classes of O.
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We have
O1(;) = {z € Bpoo| 2U; C AU}
={z € Bpo| z0¢p A, Vo e}
>~ {x € Iso(E,E)| z : E — E,x homomorphism}
= End(E)
=0
Similarly, we show that O, (2;) = End(E/H ()).
O

In his Ph.D. thesis ([42]), Kohel gives a version of the above correspondence valid

over finite fields.

Let F,; be a finite field of ¢ elements in characteristic p, and let O = End(Ep)

be a maximal order in B, o containing an element of reduced norm g, for Ey a fixed

supersingular elliptic curve defined over IF,.

e Let Sp, be the category of supersingular elliptic curves over F,. The objects of

Sr, are defined to be pairs (F, ), where E is a supersingular elliptic curve over
F, and 7 is the Frobenius endomorphism relative to F,. A morphism of objects

(E1,71) to (Ea,ms) is defined to be a homomorphism ¢ : E; — E5 such that

Yom =m0

DEFINITION 2.25. Reduced norm

Let ¢ : I — J be a homomorphism of right modules, I, J projective over O
of rank one.

Since I, J are locally free, for each prime ¢ there exists x, € Iy and y, € Jp
such that I, = 2,0, and J; = y;O,. The image of x; under ¢ ® 1z, is yeay for
some «y € Oyp. We define the reduced norm of ¢ to be the product :

N(¢) = [ 1Ze/Norm(e)Zy) .

4

Let Mo 4 be the category of projective right modules of rank one over O. The

objects of Mo 4 are defined to be pairs (I, ¢) such that I is a projective right
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module of rank one over @ and ¢ is an endomorphism of I of reduced norm q.
A morphism of objects (I1,¢1) and (I3, ¢2) is defined to be a homomorphism
1 I1 — Iy such that ¢ o ¢1 = ¢po 0 Y,

e The functor I : S, — Mo, is defined as follows :
I :S]Fq — M(’),q
(B, m) — (I(E),I(r))

where I(E) = Hom(FEy, E) and I () = 7 is the homomorphism of Hom(Fy, E)
to itself given by left composition by 7. For any morphism v of objects (Eq, ) to
(Eq,m2) there is a well-defined morphism I(¢) = 7, which is the right O-module

homomorphism :
Ty - HOIH(E(), El) — HOIH(EQ, Eg)
given by left composition by 1, which satisfies the condition that

T © Ty = Ty, © Top-

THEOREM 2.26. ([42, Theorem 45, p.67]) The functor I is an equivalence of cate-

gories.

2.4. Brandt matrices. The Brandt matrices give a representation of the Hecke
algebra in a space of theta series coming from a quaternion algebra; in fact, Brandt
matrices and Hecke operators generate isomorphic semi-simple rings with the same
traces. The comparison of the corresponding trace formulae is the main tool to solve
the basis problem, that is finding an arithmetically significant generating set for the
space of all modular forms of weight k with respect to the group I'o(N) for some N.
We will define Brandt matrices only for NV = p a prime number, and apply this to the
weight 2 case.

Let E1,... E, be representatives for the isomorphism classes of supersingular elliptic

curves in characteristic p. Thus End(E;) = R; is a maximal order in Bj, .

DEFINITION 2.27. Let O = R; and let Iy,...,I; be representatives of classes of

left ideals, so that the right order of I; is R; (and End(E;) = R;); put ¢; = |R|. The
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product I;lli is a left ideal of R;. Consider its norm Norm(I;lfi); there exists a unique
positive rational number ¢ such that (c) = Norm(Z; '1;) as fractional ideals. Note that

this number is such that No%m(b), where b € T j_lli, are all integers with no common

factor. We define the (7, j)-entry of the Brandt matrix B(m) to be :

—17)_Norm(b)
Hb < Ij L] Norm(I; 'I;) m}‘

€j

Bij(m) =

Let M, be the free abelian group on the set S = {E1, ... E}} of supersingular points

of Xy(1) in characteristic p, denoted Z[S].

DEFINITION 2.28. Hecke operators. Let m € N such that (m,p) = 1.

The Hecke operator T,, is the linear map T}, : M, — M, determined uniquely by
Ew Tym(E)=> E/C,
c
where C' ranges over all subgroups FE of order m.

For m =[], p$, we have the decomposition :

Tm:HTp?.
[

PROPOSITION 2.29. For { relatively prime to the characteristic of k, the following

relation holds :

Tp +0=T7:

PROOF. Recall that for ¢ # p, E[(] = (Z/(Z)?. Consider first the modified Hecke

operator

T = ZE/C, |C| = £2,C cyclic .
c

Under these conditions, C' = Z/(?7Z, and this fits uniquely into the exact sequence :

0 — ZJZ =5 2/027 — Z/07 — 0.
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Thus, abusing a bit the terminology, the support of T;ﬁ’c is the same as the support

of (T7)®¢. What about non-cyclic subgroups ? Let

Ty = ZE/C, |C| = ¢2,C non cyclic ;
c

of course, Ty:¢ = id. For Hy < E of order I, we want to calculate how many Hy < E/H,

there are such that :

By cardinality, there is only one such Hs, that is : Hy = E[l]/H;. Let us calculate the
number of embeddings : Z/{Z — Z/{Z & Z /(L.

This is geometrically the number of points in IP’%E, that is: (2 +1)/({—1)=/¢+1.
Thus, there is only one element in the support of T3¢, and it appears with multiplicity

£+ 1; this implies that :
T; =T =0 +1.
Trivially,
T + Tt =Te,
hence
T2 +id = Tp.
Gathering all formulae, we obtain :

T2 =Tp + 4.

More generally, we have :

ProOPOSITION 2.30. For ¢ # p, we have :

TooTyr =Tprt1r +4-Tpr-1.

PROPOSITION 2.31. The entry B;;(m) is equal to the number of subgroup schemes

C of order m in E; such that E;/C = E;.
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PROOF. We have an isomorphism
I = Hom(E;, E;)

as a left R; and right Rj-module. The degree of an isogeny ¢ corresponding to a

non-zero element b € Ij_lli is given by deg ¢, = Norm(b) - Egig:gj; So B;j(m) is the
number of equivalence classes of isogenies ¢ : £; — Ej of order m, identifying isogenies

differing by an an automorphism ¢ € Aut(E;) = R}

;» so that two isogenies with the

same kernel are identified, hence the result. O

COROLLARY 2.32. The curves E; and E; are conjugate by an automorphism of F,

iff i =j or Bij(p) = 1.

Consider the order O of (reduced) discriminant d and rank 2 over Z. Let h(d) be the
order of the class group, and u(d) the order of the finite group O*/{£1}. If d > 0, let
h(d) be the class number of binary quadratic forms of discriminant d, and let u(d) =1
unless d = —3,—4 when u(d) = 3,2 (respectively). For D > 0, we define, following

Hurwitz and Gross :

HD)= Y hd)

u(d
df2=—D

~—

We modify Hurwitz’ class number H (D) as follows :

0 if p splits in O;
H(D) if p is inert in O;

Hy(D) = 1H(D) if p is ramified in O, but does not divide the conductor of O;
Hp(z%) if p divides the conductor of O.

—1
Furthermore, we define H,(0) = 5.

REMARK 2.33. e The trace of B(0) is by definition ), 5—11

e The trace of B(1) is simply the class number of B), .

THEOREM 2.34. (Eichler’s trace formula [29, Proposition 1.9, p.120] )

For all m > 0,

TrB(m) = Z H,(4m — s%).

s€Z,52<4m
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COROLLARY 2.35. o Putm =20. Then

the mass formula.
o Putm =1 : we get the class number formula for B, . or, as we recall, the

number of supersingular elliptic curves in chararacteristic p :

TB(1) = 25 + (1= () + 11 - (5.

We go ahead and list further properties of the Brandt matrices .

PROPOSITION 2.36. [29, Proposition 3.2, p.127] Let m > 1.

e The row sums }; Bij(m) are independent of i and equal to

o(m), = Z d.

d|m,(d,p)=1

o If (m,m') =1, then B(m)B(m') = B(mm/).

e B(p) is a permutation matriz of order dividing 2 and for k > 1,

o Ifq+#pisprime and k > 2,

B(¢") = B(¢" ")B(q) — 4B(¢" ).

e Hecke-Petersson. The matrices B(m) for m > 1 generate a commutative subring
T of M,(Z), which can be identified with the Hecke ring generated by Hecke
operators.

® Recall that e; = |R}|. Then

ejBij (m) = eiBji(m).

e The commutative algebra T ® Q is semi-simple, and isomorphic to the product of

totally real number fields.

Furthermore, we have a divisibility result, due to the fact that the action of Aut(F;)/ {£1}

on the set of subgroups H of E; of order ¢ such that E;/H = E; is free, for i # j:
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PROPOSITION 2.37. [63, Remark 3.13, p. 450] For a prime £ # p the entries of the

i-th row of the Brandt matriz for a prime £, B(£);; are divisible by e;/2 unless i = j.
We will only consider elliptic modular forms with respect to the group T'o(IV).

DEFINITION 2.38. A modular form f of weight k (k € Z,k > 0) on Tx(N) is a
complex-valued function on the complex upper-half plane such that :

e f is holomorphic everywhere;

e f is holomorphic at every cusp of I'g(N), i.e. on Q and at infinity;

F(55g) = e v atso

for all ( if Z ) € To(N).

The complex vector space of all modular forms of weight k on I'g(N) is denoted by
My (N). Note that the map f — df identifies the modular forms of weight 2 on I'o(N)
with meromorphic differentials on X (V) with at most simple poles at the cusps. Hence

dim(S2(To(N))) = genus(Xo(N)).

ExXAMPLE 2.39. We list here the characteristic polynomials of some Hecke operators

T, acting on Sp(T'o(11)) :

P 2 3 5 7 11 13 17 (19| 23 [29| 31
PTp z+2|z+1|z—1]|2+2|z—1|z—4|z+2| 2 |xz+1]| 2z |2—T7

We can now state another property of our Brandt matrices, pertaining to their
eigenvalues :
Let us now introduce theta series : let » € 2N, and let A = (a;;) be a r-by-r symmetric,
positive definite matrix of integers (a;; € Z) whose diagonal elements a;; are even:

1, 1<
QX) = 3 rAx = 3 Z Qi TiT;
i,j=1

is a positive definite integral quadratic form, for z € R™. The least positive integer n

such that nA~! is an integral matrix with diagonal entries is called the level or Stufe of
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the quadratic form. The quadratic form Q*(x) = %xtNA’lzr is the adjoint form. The

discriminant of Q is (—1)"/2 - det(A).

DEFINITION 2.40. The theta series associated to @ is defined as :

QQ(T) _ Z 6271'2'~Q(v)'r

VEL"

and ag(n) is the number of integral solutions of Q(z) = n.
See [53, Chapter VI] for details.

THEOREM 2.41. The theta series 0g(T) are modular forms for To(N) of weight /2

and trivial character.

See [57, Theorem 2.14].

Define the theta series 6;; by :

0”- (7') = Z Bij (m)qm, q= 62‘“7—.

COROLLARY 2.42. The 8;; are modular forms of weight 2 on I'o(p).

PROOF. The entries of the Brandt matrices are theta series by construction, and it
follows from [53, Theorem 20, p. VI-22] that they are modular forms of weight 2. We

only ought to show that the level is p and the character is trivial.
deg : Hom(Ey, Ey) — Z

is a positive definite integral quadratic form in four variables of level p and discriminant
p? (an alternative description is given in [57, Proposition 2.11];

Let O be a maximal order of level p. Consider the left O-ideal I=1J, for I, J left
O-ideals, and O,.(I) = O.

Then the quadratic form :

Norm(z)

— I
- Norm(/-1J)’ zel™d,
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is a positive definite quadratic form of Stufe p and discriminant p? (note that it coincides

with the degree map :
deg : I_IJ =~ HOHI(EJ, E]) — 7. )

For completeness, we reproduce the argument in [57, Proposition 2.11]. The qua-

dratic form Q(x) = #}1@” is positive definite since the quaternion algebra is def-
inite, hence B, ® R is H, and the norm form there is positive definite. Since by
definition Norm(I~1J)|Norm(x),z € I71J, Q is integral. We first show that the level
is p. Since the level is a positive integer, we need only determine the level locally at

all prime of ¢ < oo. First consider the case ¢ # p. Then (I71J), = 0,3 for some
B eB,, =Gl (Qq). It follows from the definition of the level that :

— Zg Zq -1
Og=a ( V2, 2, ) a
for some o € GL2(Qy).

Lete (10 (01 (00 (00
A= o0 )2 \oo0o) 2 \po/) "o 1)

Then ae;a™'B,i = 1,...,4 gives a Z,-basis for Oy3. Further Norm(I~1J) =
Norm() mod U,. Then the matrix A is of the form A = U*BU where U € GL(Z,)

and :
B=——__T E.a 7t ot
Norm(,@’) r((a Zaz ﬁ)(aejaz ﬁ))
= _ Tr(BBata—taega aw)
Norm(/3) B
= Tr(ee;) ’
0 0 0 1
o 0o —p o
10 —p 00
1 0 00

which has level p in Z,. Since the Stufe of A is equal to the Stufe of U* AU for any matrix
U € GL,(Z), A has level p mod U, in Z,. For the case ¢ = p, we have (I71J), = 0,3

for some 3 € B;OOP. Since O has level p, it follows from the definition that O, is
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{( pr+oiﬁo potaﬁ ),Q,ﬂGR}.

Thus, using the fact that R = Z, & Zpu%, where u € Z, u a quadratic nonresidue

conjugate to :

mod p if p # 2, and R = Zs & ZQ(@) if p = 2, a similar calculation to what we did
above shows that A has level p mod U, in Z, also. Thus the level must be p. The
discriminant can be calculated in the same local way as the level, and it is p?. It follows
from this discussion that the level of 6;; is p, since the level of @ is p. The character €

associated to 6;; is trivial since the discriminant of @ is p? and

e =e(p?) = (sgn(P*))* P’ /p*) = 1.

More importantly,

THEOREM 2.43. The theta series 0;; of weight 2 on T'o(p) span the space of modular
forms Ma(To(p)).

See [29, Section 5.

EXAMPLE 2.44. Take p = 2. Let O = Z + Zi + Zj + Zw, w = 5% The order
O is a right principal ideal ring, thus any right ideal I is isomorphic to O, and the ring

of Endp(I) =2 O, acting by left multiplication. The norm form is
Nr+iy+ijzt+w-w)=2>+y*+ 22+ (z +y+ 2z + w)w,

and its matrix form is :

1 1
N(%Z/?Z:w) = giMXt = 5&

—_ O O N

—= O N O

=N OO

N = = =
\

with X = (x,y, z,w). The theta series

ZqN(¢) - Z qN(w,%z,UJ)

$e0 T,Y,2,w
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generates Ms(T'(2)) and is given by the following g-expansion :

1
Fi=g;+a+¢ +4¢° +¢" +6¢° +4¢° +8¢" + ¢* +13¢" + -,

The Brandt matrices are 1-by-1 arrays, and the list begins as follows :

EXAMPLE 2.45. Take p = 11. In this case, the class number is 2. The curve Xo(11)

is an elliptic curve with equation:
Y?24+Y =X3—X?2-10X — 20,

and since the genus of Xo(p) is equal to the dimension of the space of cusp forms

S2(To(p)), we have a unique normalized cusp form :

Fr=q[=¢m1—-g"m)>

m>1
:q_2q2_q3+2q4+q5+2q6_2q7_2q9_2q10+q11_2q12+4q13+“.

and the Eisenstein series :

5
FQ = 1—2 + Z all(m)qm

m>1

5
=5 Ha+3¢ +4¢" +7¢ + 607+

i.e. the dimension of My(T'g(11)) is two. There are four theta series fi1, fi2, fo1 and
f22; by Theorem 2.43, they generate the space My (To(11)).

The precise linear relations between them are as follows :

Fi = fi1 + fiz = fa1 + fa2 = 3f11 — 2f22;
and
Fy = fi1 — fa1 = fa2 — f12 = 3f22 — 2f11.
So we can easily compute all the Brandt matrices B(m) for m arbitrary high, using a

symbolic calculator :

50~ (14 1 )iso=(g 1 )is@a=(5 )
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B(S):(§ f);3(4):(g i);3(5):(§ g)

REMARK 2.46. Let D(p) be the Hecke module spanned by supersingular j-invariants
in characteristic p. The subspace of elements of degree 0 is isomorphic to the space of

cusp forms of weight 2 for T'y(p).
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CHAPTER 2

Hilbert Modular Surfaces

1. Abelian Schemes
Recall that an abelian scheme A over a scheme S is a group scheme
T A— S,

such that 7 is smooth and proper, and the geometric fibers are connected. The abelian
scheme X is a commutative group scheme ([49, Corollary 6.5]). If A is projective over
S, there exists a dual abelian scheme A* := Pic%(A) C Picg(A), where Picg(A) classifies
invertible sheaves trivialized along the section e. A! is a projective abelian scheme ([49,

Corollary 6.8]). Put NS(A) = Pic(A)/Pic’(A).

THEOREM 1.1. ([50, Theorem 1, Section 15, Chapter III, p. 143])
Let

0 H AL .p 0

be an exact sequence with A, B are abelian schemes, f an isogeny and H a finite, flat

group scheme. Then the dual sequence is exact

0 HY gt I 4t 0

i.e. Ker(ft) := H* = HV, the Cartier dual of H.

DEFINITION 1.2. [49, Definition 6.3] A polarization of A — S is a homomorphism
A A — A! such that for each geometric point s of S, Ay = A\(L,) for some ample

invertible sheaf L, of A,.

A polarization is finite and faithfully flat, i.e. it is an isogeny. The polarization is called
principal if it is an isomorphism.

37
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ExAMPLE 1.3. [50, Chapter 3, p. 91] Let £ be an invertible sheaf on A. It defines
a group homomorphism:
Ap i A — A
a—THL) L' @a (L) ®erL,

where T}; is translation-by-a.

FAcT 1.4. (1) If f is a polarization, then f = f' (under (A%)! = A). Hence, the
kernel of a polarization is self-dual group scheme. (2) The group scheme A[n] is dual to

A'[n] and one obtains the Weil pairing:
Aln] x An]Y — Gy,

Let A be defined over a field k of characteristic p. If X is a polarization, we get a

bilinear, antisymmetric, Galois invariant pairing (under Gal(k/k)):
(, )y :An] x An] — Gy,
(z,y)\ = (2, A(y)) -

It is perfect iff (degA,n) = 1. One can prove that A[n] is an affine group scheme of
order n?9 (where g = dim A). If char(k) = 0, then (char(k),n) = 1, and A[n] is étale,

i.e. A[n] @y k%P = (Z/nZ)?9. If char(k) = p and n = p, then |A[p](k)| < p?.

DEFINITION 1.5. An abelian variety A over k is ordinary if
Alpl(k) = (Z/pZ)°.

For an abelian variety A defined over a field k of characteristic p, we can define the
a-number as :

a(A) = dim Homg (e, A).
1.1. Abelian schemes with real multiplication.

DEFINITION 1.6. An abelian scheme A/S with real multiplication (abbreviated RM)
by Oy, is an abelian scheme of relative dimension g over S together with a given homo-

morphism of the ring of integers of a totally real field L

t: O — End(4),
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such that t4 is a locally (on S) free O, ® Og-module of rank 1.

Note that we can define Lie(A/S) as the S-dual of w(A/S), the sheaf of invariant

1-forms on A (itself defined as e*(Q4,g), e : S — A being the identity section).

ExXAMPLE 1.7. 1. For any elliptic curve E, consider:
E ®y O, = EY with a canonical Op-action (multiplication),

the isomorphism being obtained by choosing a Z-basis to Or. We get an abelian

variety over C by taking
(E X7, OL)((C) = E((C) ®7 Of,.

We shall discuss this example explicitly in the case g = 2 in Chapter III.
2. If an abelian scheme A/S has RM by Oy, so does the dual abelian scheme A¢,

under (*(m) := 1(m)*.

A homomorphism between abelian schemes with real multiplication is a usual ho-

momorphism respecting the Op-action.

DEFINITION 1.8. An isogeny of abelian schemes with real multiplication is a finite

homomorphism.

REMARK 1.9. For a separable isogeny f commuting with Op-action Kerf is a finite

Or-module, and we define :
deg@L [ = F(Kerf),
the Fitting ideal in Oy
According to Deninger ([16]),

degOL f = L%eél(fﬁ{l(A,e))), for any 27

where H'(A, /) is the first f-adic (resp. crystalline) cohomology group of A with coeffi-
cients in Qy = Qp if £ # char(k) (resp. Q¢ = W (k) ® Q if £ = chark), hence the ideal

degy, is always principal .
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THEOREM 1.10. ([22, Proposition 1.2.4]) If f : A — B is an isogeny of abelian

schemes with RM, then f is faithfully flat, and induces an exact sequence:

0— kerf — A— B—0.

DEFINITION 1.11. Let (A,¢) be an abelian scheme with RM by Op,. Let
My = {)\ cA— A' X =\ X a Op-linear homomorphism} ,
(a polarization is Op-linear if i*(r) o A = Ao u(r), Vre Op)
M7 == {\ € My : \is a polarization }.
Of course, Mz C My.
REMARK 1.12. The set Mj{ is a positive cone.
Fact 1.13. ( [61, Proposition 1.17]) M 4 is an Op-module, projective of rank 1 (i.e.
isomorphic to an ideal) i.e.
leOp, AeMy = Aol e Mgy.
DEFINITION 1.14. A projective rank 1 Op-module with a notion of positivity is a
projective rank 1 Op-module M such that for all o; an order <; is chosen on
M®o, R (=R non canonically),

where the Op-module structure of R is given by the embedding o;.

DEFINITION 1.15. Let B be a semi-simple algebra with center containing Q. An

anti-involution x +— x* on B is positive definite iff Trg(zz*) > 0 Vz # 0.
DEFINITION 1.16. Let A be a polarization on an abelian scheme A, and put EndO(A) =
End(A) ® Q. The Rosati involution associated to A is the map
End’(A) — End°(A)
feA A= f

FACT 1.17. The Rosati involution is positive definite on End®(A) ([50, Chapter IV,

Section 21]).
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Define a map
NS°(A) — End"(A),
Ox: Ly — A oL
The set ¢x(NS°(A)) is composed of the symmetric elements of End’(A) (under the
Rosati involution). In particular, (M4, MX) is naturally an Op-module with a notion

of positivity, since M} maps to totally positive symmetric elements in End®(A))

2. Abelian varieties over a finite field

Let A be an abelian variety of dimension g defined over a perfect field k of charac-
teristic p.

Consider the multiplication-by-¢ map [¢™] : A — A. Put A[¢™] := Ker([¢™]). It is
a finite group scheme of order (£™)29.

If ¢ = p, then A[p™] is not étale, hence cannot be described by the points in A(k).
Let A(p) be the Barsotti-Tate group (or p-divisible group, see [65]) of height 2¢ associ-
ated to the direct system {A[p™]}. Since k is assumed to be perfect and characteristic p,
we can use covariant Dieudonné module theory which allows a classification of Barsotti-
Tate groups (see [?] for a generalization).

We denote by o the isomorphism o : W (k) — W (k) on the ring of (infinite) Witt
vectors, induced by the Frobenius map z — P on k. We denote by W (k)[F,V] the

(non-commutative) ring with variables F', and V, coefficients in W (k) and relations:
FV=p=VF, Fa=a°F and aV =Va?, for a € W(k).

Note that W (k)[F, V] is commutative iff k =TF,,.

THEOREM 2.1. There is an equivalence of categories between, on one side, exten-
sions of Barsotti-Tate groups G by finite commutative groups with p-power order over k,
and on the other side, left W (k)[F, V]-modules M of finite type. Under this equivalence,
Barsotti-Tate groups correspond to free modules,

dim M/FM = dim G, dim M/VM =dim(G"), dim M/pM = height(G),

M(GY) 2 M(G)" = Homyy () (M(G), W (k).
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By Dieudonné theorem, we associate to the p-divisible group A(p) the Dieudonné
module D(A(p)). We denote by D(A(p)) the contravariant Dieudonné module of A(p)
and by D(A(p)) the covariant Dieudonné module.One can check easily that it is the in-
verse limit of the Dieudonné modules corresponding to A[p™]. We can recover A[p™] by

taking the finite group scheme corresponding to the Dieudonné module D(A(p))/p™D(A(p)).

THEOREM 2.2. (Tate)

If k is a finite field, then
Homy (A, B) ® Zy, = Hom(D(B(p)), D(A(p))),

where the r.h.s. denote homomorphisms of W (k)[F, V]-modules.

If ¢ # p, then Aym is étale (i.e. becomes a constant group scheme after base change),
hence it is determined by Ay (k) and the action of the Galois group Gal(k/k) on it.
Taking the inverse limit of all Aym (k), we obtain the Tate module T;(A), which is a free
Ze-module of rank 2g on which Gal(k/k) acts by Z,-linear maps. Again, Ay (k) can be

recovered from the module since it is isomorphic to Ty(A)/¢™Ty(A) as Galois modules.

THEOREM 2.3. (Tate) If k is a finite field, then

HOID(A, B) R Ly = HomZ[ [Gal(E/k)] (TgA, TZB).

Going back to Barsotti-Tate groups of abelian varieties, we have the classification

up to isogeny :

THEOREM 2.4. (Dieudonné) The category of Barsotti-Tate groups up to isogeny
over an algebraically closed field of characteristic p is semi-simple. The simple objects
are precisely the p-divisible groups Gp, . for myn € N, (m,n) =1 or (m,n) = (1,0).
The group G has dimension m and is determined by its W (k)[F, V]-module C, ,, =
Cp(Gm,n), where

Conin = WR)E.V]/(F™ = V™).

)

We complete the picture by putting Go 1 := Qp/Z,.
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DEFINITION 2.5. We say that G, , has slope —"— of length m + n, which is the

m—+n

height of C), . By convention, we give slope 1 and height 1 to G ;.
Granted the Dieudonné-Manin classification, any p-divisible group G over k of dimension
d and height h can be decomposed, up to isogeny :

g ~ @gmi,nia

with Zmz = d,Z(mz + ’l’li) = h.

We associate to each G, n, & segment of slope m:’jjm of length m; + n;. The
Newton polygon is the unique lower convex polygon starting at (0,0) and ending at
(heigth(G), dim(G)) having increasing slopes and constructed from the building blocks

associated to G, n,. All such Newton polygons are symmetric. Note that all the

breaking points have integer coordinates.

EXAMPLE 2.6. ¢ = 1 An elliptic curve is either ordinary or supersingular. Hence
the group Gj o is isomorphic to the formal group of an ordinary elliptic curve over k,
and Gp; is isomorphic to the formal group of a supersingular elliptic curve over k.
The Newton polygon corresponding to an ordinary elliptic curve is a broken line : a
segment of slope 0 and a segment of slope 1, and the Newton polygon corresponding to

a supersingular elliptic curve is a line of slope 1/2.

2.1. Serre-Tate theorem. Let k be a field of characteristic p. Let A = W),(k) (the
infinite Witt vectors). Let Cj be the category of local artinian rings A-algebras (R, mg)
together with a given isomorphism R/mpg = k. Morphisms are local isomorphisms of
rings inducing the identity on k.

Let A be an abelian variety over k.

THEOREM 2.7. Serre-Tate

For every ring in Cy, the functor :
A — Ap)

induces an equivalence of categories between the category A of A over R with morphisms

of abelian schemes over R, to the category of deformations of A(p) into p-divisible groups
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over R with the morphisms being morphisms of p-divisible groups whose restriction to

A(p) comes from an endomorphism of A/k.

3. Supersingular and superspecial points

Let k be an algebraically closed field of characteristic p. We present in this section a
number of finiteness results. We begin by Deligne’s theorem, which forbids cancellation

for products of elliptic curves.

THEOREM 3.1. (Deligne [70, p. 580]) Let g > 2. Let Ey,...,Eq, Eqq1,...,Eaq be

arbitrary supersingular elliptic curves. Then

E1X'~'><Egg g+1X"’XE2g.

An abelian variety is supersingular if it is isogenous to a product of supersingular elliptic
curves. If it is isomorphic to a product of supersingular elliptic curves, we say it is
superspecial. Deligne’s theorem allows us to restrict ourselves to E9, for FE a fixed
supersingular elliptic curve. Furthermore, we may pick a supersingular elliptic curve
defined over F, such that its (relative) Frobenius F : E — F satisfies F2 + p = 0 (see
[79, Theorem 4.1.5]).

THEOREM 3.2. (Oort, [55, Theorem 2]) Let A be defined over an algebraically
closed field, then
A=E x---xE; < a(4)=g.

Note that if this is the case, A can be defined over a finite field (see [54, Lemma
4.5]). It is known ([31]) that superspecial abelian surfaces with RM are in fact defined
over [ 2.

In all the moduli varieties under consideration in this thesis, the number of super-
special points is finite. The crucial ingredients to show that are Deligne’s theorem and

the following finiteness result about polarizations :

THEOREM 3.3. ([51]) Let d be a positive integer. An abelian variety A defined over
an algebraically closed field k has only finitely many possible polarizations of degree d?,

up to isomorphism.
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We will use the following :

COROLLARY 3.4. [55, Corollary 7] Let A be a supersingular abelian surface over k,
with a(A) = 1; then A is an ay,-covering of a product of two elliptic curves, i.e. A/ay

18 isomorphic with a product of two elliptic curves.

COROLLARY 3.5. ([36]) Let E be a supersingular elliptic curve. Any supersingular
abelian surface A is isomorphic to (E x E)/u(ay), for a suitable immersion v : ap —

E x FE.

PROOF. We show that the two last corollaries are indeed equivalent. If a(A4) = 2,

we can take Fr: E — E® and
Ex (Ejay) 2 E x E® = 4,

Consider a supersingular abelian variety with a-number 1. Suppose Corollary 3.4 is

true. Consider the composition :
A — A/a, — A/Ker[Fr].
We have
ap, C Ker[Fr] C A,
H :=KerFr/o, C Ey x Ey = A/ay,
and H = a,, since it is local-local of rank p, and
(Ey x Ey)/H = A®),

But
(APHG) = 4,
k being algebraically closed, hence perfect, hence
(Ey x By/H)'P = (E1)'/P x (E2)'/? [ay, = A.

Hence the result follows.

Now, suppose Corollary 3.5 is true. Then

A=FEx E/a,.
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Since H := oy = (E x E)[Fr]/a,, we have
X/H = (E x E)P) = E®) x EP),

O

COROLLARY 3.6. ([36, Lemma 1.4]) Let A = E; X E3 be an abelian surface with
supersingular elliptic curves £y and Es. Let ¢ : o, — A be an immersion such that
B = A/i(ey,) is not isomorphic to a product of two elliptic curves. Then, the subgroup

scheme which is isomorphic to o, is unique in B.

Proor. Clear. O

3.1. Siegel modular varieties. Let A, ,, the coarse moduli space of triples (4, A, 1),
where A is an abelian variety with a principal polarization A and full level n-structure
a. For n > 3, it a fine moduli scheme, quasi-projective over Spec(Z), and smooth over
Spec(Z[X]) (see [49, Theorem 7.9, p.139]).

We denote by A, — Spec(Z) the coarse moduli space of principally polarized

abelian varieties of dimension g. We have :
Ag((c) = Sp2g(Z)\Hg§

where H, is the Siegel upper half plane and where the symplectic group acts on H, by:

( o )zz (AZ+ B)(CZ + D).

Fix a prime p. Since there are only finitely many possibilities for the level n struc-
ture, and similarly for polarizations (Theorem 3.3), there are only finitely many super-

special points in the supersingular locus.

PROPOSITION 3.7. ([43, Section 4.9,p.26]) The dimension of the supersingular locus

Sy in Ay x F, is: [%}, where [] denotes the integral part.

Let B = B, » be the definite quaternion algebra ramified at oo, and x — 7 its
canonical involution. Let B™ be a left B-module of dimension n. The (non-degenerate)

definite quaternion hermitian form <,> on B™ is unique up to change of basis over B
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(68, Lemma 4.4, p.53]) and may be written in the form Y., 2;y; for x,y € B". Let

O be a maximal order of B.

DEFINITION 3.8. A Z-module M in B" is called a left O-lattice if M is a left O-

module and a lattice in B™.

Two O-lattices M7 and Ms are said to be equivalent globally (resp. locally at a rational
prime q) if My - g = My (resp. (M1 ® Zyg) - gp = My ® Zg)) = for g (resp. gq) in the

corresponding group of similitudes of <, > (see [30, Section 2.1, p.139]).

DEFINITION 3.9. A genus of O-lattices is a set consisting of all (global) O-lattices

in B™ which are equivalent locally for every prime gq.

The set containing O™ is called the principal genus. The set of left O-lattices in B™
which are locally equivalent to Oy except for ¢ = p (there is a unique other possibility)
is called the non-principal genus. We denote by Hy(p, 1) (resp. H,(1,p)) the number of

global equivalence classes in the corresponding genera.

PROPOSITION 3.10. ([68, Section 4.4, p.53]) The class numbers Hy(p,1) and Hy(1,p)

are finite.

We covered the case h = Hy(p, 1) in the first chapter. The cases n > 2 contrast by

their uniformity and simplicity :
THEOREM 3.11. ([20]) The class number of M, (B) is equal to one for n > 2.

THEOREM 3.12. (130, Theorem 2.10, p.144]) Let g > 2. The number of superspecial
points in Ay is equal to the class number Hy(p, 1) of the principal genus of the quaternion

hermitian space B™.

THEOREM 3.13. ([43, Section 4.9, p.26]) The number of irreducible components of
Sy is given by : Hy(p,1), if g odd, and by Hy(1,p), if g even. Moreover, for each

irreducible component of Sg.1, the a-number of the generic point is one.
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EXAMPLE 3.14. A general formula has been given in [?] and [?], since it is a bit

lenghty, we just quote some values of Hs(p,1) and Ha(1,p) for g =2 :

» 235711 [13[17]19]23]29]31[37
Hy(p, )| 11225 | 4|8 |10|16 242637
H(Lp 111112222335

We now concentrate on the case g = 2. As follows from Theorem 3.7, the super-
singular locus Sz has dimension 1. Moreover, all irreducible components are given by
rational lines. We shall only sketch briefly the construction of those components, since
we will come back to this in chapter 3.

Consider a superspecial abelian variety A & F; X Fy. Let t4 be the tangent space

at the origin, and put P* = P(t4) be the projective line. Set
Kpi = a, x ap x PYy Apr = A x PL

Let H be the subgroup scheme H of Kp: defined by the equation Ya — X3 = 0,
where (X,Y) € PL. Put X = Ap /H.

We have the exact sequence :
0— H — Api — X — 0,

with canonical projections m; : Apr — A, m3 : Apr — P!, and the induced map q :
X — Pl
The crucial point is the existence of a symmetric invertible sheaf £ on A ([47, p. 139-

140]) such that:

(3.1) K(L) = ay X ayp,

where K (L) is the kernel of the polarization ¢, : A — A defined by L.
Every subgroup of order p of K(£) is isotropic, hence H is fiber-by-fiber isotropic,
hence an isotropic subgroup of Kp:. By Mumford’s theory, the polarization defined by

L on Ap: descends to a principal polarization on the abelian scheme

qg: X — PL
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Consider the subscheme X[n] = Ker[n]x over P. Since (n,p) = 1, X[n] — P! is

étale, and this allows us to put level n-structure on ¢ : X — P!, and we get morphisms
P' — Ay ®F,, P'— A1 ®F,,

where Ay ,, — Spec(Z[%]) is the moduli scheme of principally polarized abelian surfaces
with full level n structure. Since q : X — P! is non isotrivial ([47, p.131]), the image
of this morphism is a component of Sy, (resp. Sz1). Conversely, one knows that any
component of Sz, n > 2, (n,p) = 1 is a Moret-Bailly family, induced by a divisor
satisfying condition 3.1.

We will present formulae for the number of components and the number of super-
special points that occur when we fix the level structure.

For the following, assume p > 3.

The Galois covering :

Az — Ao,

for (n,p) = 1 has Galois group isomorphic to PSp(4,Z/nZ) = Sp(4, Z/nZ)/(£1).

PROPOSITION 3.15. Number of irreducible components in S, , Let ¢ # p, ¢ odd.

The number of irreducible components in Sa 4 is :

|PSp(4,Z/qZ)|(p* — 1)
2880 ’

where |PSp(4,Z,/qZ)| = CL=DE=D 1 pgpa 7,/97,)| = 720.

PROPOSITION 3.16. Number of supersingular points in Sy 4. Let ¢ # p, q odd. The

number of supersingular points in Sa 4 15 :

_ [PSp(4,2/qZ)|(p — 1) (p* + 1)
2830 ’

|S2,4] S2,2] = (p— 1)(p* + 5p — 4).

We have a mass formula :

PROPOSITION 3.17.

Hg( 11)
: 1 (p—D(*+1)

< Aut(4, ) 2880

1=
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where the sum runs over superspecial points on Ag.

3.2. Hilbert modular surfaces. We give a description of the works of [72], [13],
[1].

Let L be a fixed totally real field of degree 2 = [L : Q]. Let p > 2 be an inert prime
in L, and let (n,p) = 1. Denote by Dy, the different ideal of L over Q, and let d;, denote
the discriminant of L.

Let M,, be the moduli space parameterizing abelian surfaces (A, ¢, (M4, MF),a) in
characteristic p, where (94, 97) is a polarization module, together with a symplectic
level n > 3 structure o and an embedding of rings ¢ : O — End(A).

A few explanations are in order. Let CI(L) (resp. (CI(L)T)) denote the (resp. narrow)
class group of L, and let hy, (resp. h}) denote its order. The group CI(L)" consists of
classes of projective, rank one Op-module 9, endowed with a notion of positivity. Let

M be the positive cone.

DEFINITION 3.18. Polarization module. Let (A,t) be an abelian variety with RM
by Op. Let 94 denote the module of Op-linear, symmetric homomorphisms from A to

At and let Dﬁz denote its natural positive cone, a submodule consisting of polarizations.

The positive cone im; is not empty, and A € Smj yields an embedding;:
E)ZTIA — CentEnd(A)@)@(L))‘.

This embedding identifies M4 with a fractional ideal 2 of L, and identifies Emj with
2+, By a symplectic level n structure, we mean an isomorphism : (Or/nOpr)? = A[n]
with the standard symplectic pairing on the left hand side corresponding to the Weil
pairing on A[n| coming from an Op-linear polarization of degree prime to p.

The M,, are fine moduli schemes over Spec(Z|[(,, %]) . They are regular 2-dimensional

varieties. The coarse moduli space for abelian surfaces with RM is a scheme M over

Spec(Z); it can be decomposed in a disjoint union of components :
M= LlCl(L)JrM(Q[).

Over C, we have M(2) = PGL2(Or & 2A)T\HY.
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DEFINITION 3.19. 1. The group GL(2 & B)* consists of matrices :
{< (Cl Z ) ca,de O beA 1B, cecAB L ad —be e (OE)JF}

2. The group SL( & B) is the subgroup of GL(2 & 9B) composed of matrices of

determinant one.

THEOREM 3.20. 1. The isomorphism classes of (A,t)/C) such that there exists
an isomorphism :
(Dﬁj, mj;) = (¢, €+)7 ¢= (DLQ[SB)_l’
are parameterized by GL(21 & B)T\HY.
2. The isomorphism classes of (A,1)/C together with a given isomorphism :
m: (mAam:X) — (67 €+)a <= (DLQ{%)_17
are parameterized by

SL(A & B)\HY.

Consider a triple (A,t, (M4, M%) = (,2A%)). We can change the isomorphism
giving the polarization module by an automorphism of the module with a notion of
positivity : Aute, (2, AF) = OFT. It is also true that for every u € (O 7)2, (A, 1, ) :
(Ma, MT) = (A,2F)) = (A, 1, A - p). Summing up, the map :

(A1, N) — (A1, (Ma, M)
has degree
[(OF)T : (0F)?] = [PGL(A® B)" : PSL(A D B))].
We define S = S,, to be the supersingular locus on M,, ® F,. We can embed the ring
of integers Oy, only in finitely many ways in the endomorphism algebra End(A) of a

superspecial abelian variety, up to conjugation by End(A4)*, hence there are only finitely

many superspecial points.

DEFINITION 3.21. ([72]) A To(p)-level structure on My () is a pair of abelian

schemes (A, 1, (Ma, M), (A0, (M, M E)) on Mp(A) , and an S-isogeny

Fo (A, (M, M) — (A, (0, L))
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such that the following diagram commutes :

(9, 9F, ) > (20, 2AT)

f*l lw

(DﬁA7 fmj) — (917 Qﬁ_)

This definition can be equivalently put in (familiar) terms of the kernel group

scheme. We have three possibilities for such a subgroup scheme (see [72]) :
* L
* (Z/pL)%;
e A unipotent group of order p9.

We explain the equivalence : For an isogeny f, Ker(f) is an Op-invariant, isotropic
subgroup of A[p] of order p9 . In fact, it is totally isotropic : for we may find an Op-
linear polarization A of degree prime to p on A (see [61]). By assumption p- A descends
to A/Ker(f). Hence Ker(f) is an isotropic subgroup with respect to the Mumford
pairing induced by p- A on Ker(p-A). Since A is of degree prime to p, it induces a perfect
pairing on A[p], and Ker(f) is thus isotropic with respect to every Oy -linear polarization.
Conversely, let H be an Op-invariant isotropic subgroup of order p? of A[p] with respect
to every Op-linear polarization. There exists a unique Op-structure ¢’ on A’ = A/H
such that 7w : (A4,¢) — (A',!)) is Op-equivariant. Suppose that f*(Ma/) = pMa.
Then the isomorphism (M, M7,) — (,2%) makes f into a ['o(p)-level structure.

We denote by M{(p) the corresponding moduli space.

DEFINITION 3.22. (Deligne-Pappas) Let S be a scheme. An abelian scheme with
real multiplication by Oy, (with RM) is an abelian scheme A over S together with an
embedding of rings

t: O — Endg(A),
such that the following condition holds :

A@(QL MAgAV7 (DP),

where My ={X: A— AV : Xou(r) =u(r)Y o \,Vr € Or}.
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Recall that the module M4 is a projective Op-module of rank one endowed with a

natural notion of positivity determined by the cone of polarizations in M 4.

tjj‘/k is a free Of ®z Og-module of rank 1, (R)

and M 4 is a projective Op-module of rank 1,

One can show that under the assumption “p is unramified”, the conditions (DP) and

(R) are equivalent.

3.3. Components of the supersingular locus. Recall that we assume p is inert.
In this case, the non-ordinary locus V is the supersingular locus §. The components of
S are projective lines, coming from Moret-Bailly families, that is, we consider an abelian
surface X with real multiplication such that Rapoport’s condition (R) fails; using the
embedded group o, ®a, — X as a pivot to map a family of v, parameterized by P!, we
construct a non (iso)-trivial abelian scheme X over P! such that Rapoport’s condition
holds.

The method used to count the number of components is based on [36]. The basic
idea is the similar, with the extra twist of taking account of the endomorphism structure.
The number of components is equal to the number of isomorphism classes of abelian

schemes over P!, with relative polarization, endomorphism and level structure.

THEOREM 3.23. ([1]) Let Su, n be the supersingular locus on the component corre-
sponding to the polarization module ’DZI. The number of components of Sq; n, n > 3
18

[MdLJZ : MdL,l]CL(_l)'
We have a corresponding mass formula (see [1, p.493]).

3.4. Local structure. We describe briefly the type stratification as presented in
[26]. Let A be a point on a Hilbert modular surface M,,. Let IF be a finite field obtained
from F 2 to which we adjoin a primitive n-root of unity (n is the level of the symplectic

structure). We denote the embeddings of Oy /p into F by {o1,02}, ordered such that
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o 00; =0;+1. The kernel of Verschiebung :
ker(V : HY(Q) — H(QX)),

is a k-vector space and an Op-module on which Op, acts by a set of characters ¢, each

with multiplicity one.
DEFINITION 3.24. The set of characters t(4) is the type of A.

The stratification follows from the type : for every ¢t C {01, 02} of characters, there
exists a closed subscheme W; of M,,, which is universal with respect to the property:

t Ct(A). We quote, for p inert :

THEOREM 3.25. ([1, Theorem 6.1]) (See [26] for the case g > 2) The set of singular
points of S is exactly the set of superspecial points. Every singularity is ordinary with
two branches and corresponds to the intersection of different components. The singular
points are precisely the superspecial points. To every component one can assign its type
in {1,2} such that the intersection graph of S is bipartite. Each component has exactly

p? + 1 intersection points with other components.
COROLLARY 3.26. ([1, Corollary 6.4]) Let n > 3, p inert in L. The number of
superspecial points of Sq, n s

p?+1
2

[MdLJL : MdL]CL(_l)'

4. Geometric view on Hecke operators and Brandt matrices

We shall introduce the Hecke operators from a geometric point of view, using Hecke
correspondences.

Let 24y, ...,2,+ be ideal representatives in the narrow class group. Let M be the
moduli space of triples : A := (A, ¢, (Ma, M¥)), where (M4, M%) = (;, ") for some
i.

We decompose M according to the narrow ideal classes :

M = Uiy p+ M.
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REMARK 4.1. (See [75]) Over C, these components correspond to the groups GLa(Of®

Q[i)+ .
M(C) = |_|i:17”_,nGL2(OL D Q[l)Jr\Hg

Let T be a finite Op-module of cardinality not divisible by p. Consider the coarse
moduli space M(T") of pairs (A, H), where H is a Op-invariant, constant, finite subgroup
scheme of A isomorphic to I'" as an Op-module.

Consider the diagram :

(4.1) )

M(D) (A, H
M M @)

(A/H, )

where 7 : A — A/H is the natural projection, and the projections py, ps are finite flat.

The quotient of an abelian scheme with real multiplication by a finite O -subgroup
is again an abelian scheme with real multiplication : First, it is an abelian scheme with
Op-action by standard facts (see [50, Section 12, Quotient by finite group schemes]).
Second, the tangent space t* is locally free, because any isogeny of degree prime to p
induces an isomorphism of tangent spaces.

Note that a I'g(N)-level structure for an abelian surface (A, ) with real multiplica-
tion by Oy, is a point in M(T"), for T' = O /(N).

The Hecke correspondence associated to I' is pa, o p}, that is an element of M (on
the left) is sent to the images in M (on the right) of its preimages in M(T).

We now restrict to L real quadratic.

Recall that

A[m] & (01, /mOy)?, for any m € N.

We define Hecke operators as devices reflecting the combinatorics of embeddings of finite
Op-modules into an abelian variety with RM.

Let

M =@,0./8;

be a finite Oz-module that can be embedded into (Or/mOr)? for some m.
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We can rewrite 9t in the form :
M= @;0L/pj",

for suitable prime ideal p;.

By the Chinese remainder theorem, we may write 91 using two summands only :
M=0L/As Or/B,

with valy, (2) > val,, (B).
To eliminate redundancy, we will assume henceforth that all finite Op-modules

under consideration are given in this canonical form.

DEFINITION 4.2. (Hecke operators Ty ) For ideals 2, B C Oy, relatively prime to

p, we define the Hecke operator Ty o by the formula :

Taw(A) =Y (A/H), H=O0.,/%A&0./B,
H

that is, Ty s is the operator defined by diagram (4.1) for I' = O /A @& O /B.

We put 77 = 1.
By abuse of notation, we will denote Ty 1 simply by T .
We will call a Hecke operator Ty g primitive if Op /A ® O /B — A[{], where { is

a prime.
PRroOPOSITION 4.3. The Hecke algebra is generated by primitive O -modules:
T = Z[Ty, ] = Z[Ty,» : Ta,s primitive]

REMARK 4.4. We can be more precise and give a minimal set of generators, com-

prised of the following :

e For [ inert, 17 ;.
e For p- 5 =1 Split, Tp,lva,paTﬁ,lvTE,E'

e For p? = ramified, Ty 1, T} p-

Before proving Proposition 4.3, we give some preliminary lemmas.
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LEMMA 4.5. We have the following identities :
Tp7p o Tpnvpm = Tpn+1’p7n+1 = Tpn,pm o Tp7p,

and

T =14d  for any m such that (m,p) = 1.
PrOOF. The first identity follows from the unicity of the presentation in the fol-
lowing (non-split) exact sequence :
0— OL/p" ®OL/p™ — OL/p" ! © OL/p"™ ™ — OL/p® Or/p — 0,
or
0—Or/p@OL/p— OL/p" T & OL/p"™ — Op/p" ® O /p™ — 0,

respectively.

For the second, we need to prove that A and A/A[m] are isomorphic as abelian
schemes with RM. Let (m,p) = 1. The map [m] : A — A, is an étale, surjective mor-
phism, hence A = A/A[m)] as abelian schemes. The natural projection 7 : A — A/A[m)]

induces a map between abelian schemes with RM :

(4,0) == (A/A[m],5), j=md,
such that for r € Oy,

J(r)(y) = me(r)r ™ (y) = r(y) + A[m].
The isomorphism is given as follows :
¢ : (AJA[m], mi) = (A1), oy + Alm]) =m - y.

The Op-actions are clearly conjugate, since for = € A,

U(r)(z) = ¢j(r)¢~ ! (x)Vr € Of.
As we mentioned earlier, since (m,p) = 1, there is an induced isomorphism :

4 =t A

and we are done. O
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LEMMA 4.6. Let A= [[py", B =[]p;". Then

Tﬂ,% = HTp%m@zﬂ'
; i P

PROOF. Put 2 = A'p{', B = B'p['. Again, this sits uniquely in an exact sequence:

0—OL/A DOL/B — OL/ADOL/B — Or/p{* O /p]" — 0,

hence
Toor yor 0 Tov 3 = T8,
1 Pl
and we get the lemma by induction. O

LEMMA 4.7. For a prime p, we have :

Ty 0 Tya = Tpatr + (Norm(p) + 1) - T}, p 0 Tya-1,

ProoF. The two summands on the right correspond to the decomposition of T, 0T}«

in “cyclic” and non-cyclic parts. By unicity of the exact sequence :
0— Op/p* — Op/p**t — Or/p — 0,

the multiplicity of T,a+1 is one. Consider Ty, o Tya — Ta+1; there is only one non-cyclic
possibility is Tya p, and it appears with a certain multiplicity we thus calculate . Since

Tpap = Tpp 0 Tha-1, this amounts to calculate the number of embeddings:

Or/p — OL/p @ OL/p.

This is the number of points in IP’}QL/p, that is :

Norm(p)? + 1

Norm(p) — 1 = Norm(p) + 1.

We now give the proof of Proposition 4.3 :

PrOOF. We see immediately from Lemmas 4.6 and 4.7 that T, and T} , generate
the primitive Hecke operators.
We will simply show that any Hecke operator Ty 95 can be written as a polynomial

in those terms :



4. GEOMETRIC VIEW ON HECKE OPERATORS AND BRANDT MATRICES 59

According to Lemma 4.7, we may reduce to Hecke operators of the form Tja ,s.

Using Lemma 4.6, we get a product of the form :
_ -B
Tyops = Tpp ' Tha—s.

An easy induction shows that T,a-s is generated by primitive elements, and we are

done. O

COROLLARY 4.8. For a prime p, we have :
inf(a1—pB1,02—0F2) ‘
Tyor pn © Tyes it = > (Norm(p) + 1)* - Tyt T2 ey an 1 2.
i=0
PROOF. The composition is :
T, oT, =T oTP 0T oT
pe1,phl pe2 pl2 p,p p.p pe1—F1 pr2—F2
= Tpﬁ,}a—‘rﬁz o Tp"‘l*Bl © Tpazfﬁzy

and since

Tha 0 Tys = Thots + (Norm(p) + 1) - T}y p (Tyo—1 0 Tys-1), 0, B € N,

(same proof as Lemma 4.7), an easy induction yields

inf(ay—pB1,a2—02)

Tpal—ﬂl o TPQQ—ﬁQ = Z (Norm(p) + 1)i . Té7pral+a2—[31—[32—2i’
=0
and thus :
inf(ay —B1,a2—02) 4
Tyor por © Tpas poo = Z (Norm(p) +1)° 'T:JZ,J;BIJrﬁszaﬁarm—ﬁz—zi-

=0

COROLLARY 4.9. For Hecke operators Ty o, Tor 37, we have :

(4.2)
T, o Toy 37 =

valy (€) /
Z H (((Norm(p) + 1) 'TP,P) o 'T;jﬂlp(%% )>'TQ12U‘B£21‘B’—1 )

¢|ged(AB—1,A'B’ 1) p|¢

where € is allowed to be the non-proper ideal Or, = (1).
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PRrROOF. We decompose the left hand side with respect to the prime decomposition
of & and 2’ (Lemma 4.6) and we take the product over the primes as in Corollary 4.8.

Rearranging with respect to the term Tyq/ 9 -15/-1 yields the above formula. O
e

Consider the recursion formula :

fonr1(z) =2 fol) — afn-1(z),

with fo = 1, f1 =X.

LEMMA 4.10. (Generating series) The f, are given as coefficients of the following

generating series :
o0
1
Z fat" = —5 ‘
= at? —t-x+1

PROOF. This is straightforward generatingfunctionology ([80]); the recurrence for-

mula :
a- foa(@) = fol@) 2 +1- fop(2),
yields the denominator :
at? —tr +1,
and the numerator of the form a+ bt is determined by the two first terms (the recurrence

being of order three). We thus easily get a = 1, b = 0, and we are done. O

It is a corollary of the proof of Proposition 4.3 that the following holds :

- 1
T ntn == .
7;) P (Norm(p) +1)t2 —¢- T, + 1

We note that the degree map on Hecke operators deg : T — Z is a homomorphism. It
follows that the degrees satisfy the same relations than the Hecke operators. The first

few terms given by the generating series are as follow :
T, =T,
Tpz = T — (Norm(p) +1)Tp,p

Tys = Ty 0 Tye — (Norm(p) + 1)Tp , 0 Ty
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Note that the degree of T}, is Norm(p) + 1, and the degree of T, , is 1. The first few
terms are thus :

deg(Tp) = Norm(p) + 1
dog(Tye) = (Norm(p))(Norm(y) + 1)

deg(Tys) = (Norm(p) — 1)(Norm(p) + 1)*

PROPOSITION 4.11. The operator Ty 3 preserve the type. Thus, it maps the super-

singular locus to itself, and likewise the superspecial locus to itself.

PROOF. The main idea is as follows : by construction, the ideals 2,25 are prime-to-
p, hence the Hecke operators do not modify the p-torsion, that is, a pair Ay, A, joined
by a Hecke correspondence has isomorphic p-torsion : Aj[p] = As[p] as polarized group
schemes with RM, and by properties of the type, this is equivalent to t(A4;) = ¢(As2).

Observe that the above loci can be described by the a-number, which is a p-torsion
invariant, of course. More precisely, the locus where the a-number is greater than 0
is the supersingular locus, and the locus where the a-number is greater than 1 is the

superspecial locus. O

The reader will have noticed by now that we didn’t construct Hecke operators in
complete generality, but with a restriction with respect to p. The reason is that the

Hecke correspondence T}, is quasi-finite iff p is split. See [1].

4.1. Geometric Brandt Matrices. We define in this section analogues of the
classical Brandt (or Brandt-Eichler) matrices. The entries of the Brandt matrices give
information on supersingular elliptic curves : the (i, j)-entry is equal to the number of
subgroup schemes C' of order m in Ej; such that the quotient is F;; two elliptic curves
E; and E; are conjugate by an automorphism of k iff i = j or B;;(p) = 1. We will try to
sketch a similar picture, replacing supersingular elliptic curves by superspecial abelian
surfaces with RM.

Let 20,8 be relatively prime to p. We define the geometric Brandt matrices with

respect to the Hecke operators Ty o.



62 2. HILBERT MODULAR SURFACES

DEFINITION 4.12. (Brandt matriz)
Let A;,A; € S. The entry B;;(To ») is equal to the number of Op-invariant
subgroup schemes C isomorphic to Or /A & Or /B (that is, the degree of Ty o) in A,

such that A4, /C = A;. The Brandt matrix associated to Ty s is thus a |S|-by-|S| matrix:

B(To,s)i; 1<1i,j<|S|.

Since we do not have a nice Hecke correspondance for 2,95 not prime to p, we
need to give a ad hoc construction. We define B(p) using Frobenius : Fr : (4,:) —
(A(p)’é(p)) — (A,L(P)).

DEFINITION 4.13. Put B;;(p) = 1 if (A4,¢;) and (4, LEP)) are isomorphic, i.e. iff ¢(P)

and ¢ are conjugate, and 0 otherwise.

The trace of B(p) is then equal to the number of superspecial abelian surfaces
which lie in the prime field. Recall that every superspecial abelian surface with RM has
a model over > (p.42). The matrix B(p) is therefore a permutation matrix of order
2. To complete the picture, we put: B(p*) = B(p)*. In line with the elliptic case, we

suggest:

CONJECTURE 4.14. The type number of Fichlers orders of the quaternion algebra

By, 1 is equal to:

t:Tr(W),

2

Properties of the Brandt matrices:

1. e For A =[]p~, B =[[p?, we have :

Bij(Tas) = H%ij(Tp”,pf’)'
e Moreover,
Bij(Top) - Bij(Ton pm) = Bij(Tynsr pmsr),

and

Bij(Tonm) = Id.
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ProoF. This is the content of Lemmas 4.6 and 4.7. O

2. The row sums of B;;(Ty ) are independent of i and equal to

Z By (Tam) = | [(deg Tya-s),

p
for Tng = HT o pB-
Moreover, 3 B;;(Ta, ) depends only on ABL

Proor. We noticed earlier that degT, , = 1. O

3. If p# qis aprime in Op and k > 2, then
B(q%) = B(q)B(q" ") — (Norm(q) + 1)B(q* 7).

More generally,

(4.3)
%(Tpal,pﬂl) . %(Tpag,pﬁz) =

inf(ay—B1,020—2) ) )
Z (Norm(p) +1)° - B(Tpp) 2 B(Tpar tar-s1-52-21),

i=0
and even :
(4.4)
B(Tom) - B(Tr3r) =
> [T ((Norm(p) + 1)**'»(®) - 93(Ty )+ (%) . (T 1),

Clged(AB—1,A'B’~1) p|€

where € is allowed to be the non-proper ideal O, = (1).
PrROOF. The same relations holds for the corresponding Hecke operators. [

4. The matrices B(m) for m > 1 generate a commutative subring T of a matrix
algebra.
5. The abelian surfaces A; and A; are conjugate by an automorphism of % iff ¢ = j

or B;;(p) = 1.

ProOF. This is immediate from the definition of the Brandt matrix B(p).

O
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6. Trace formula for Brandt matrices. Elliptic case :

PROPOSITION 4.15. (See [58, Proposition 4.9]) The trace of a Brandt matriz

B(m) associated to an order of level N = pM or p>M is given by :

TrB(m) = Za(s) Zb(s, ) Hc(s, f,0) +8(v/m)Mass(O),
s !

N
where
| 1 if m is a perfect square
6(v/m) = { 0  otherwise ’
and

Mass(O) = %(1 - ]%) H(l + l)a

for O of level p* - M.
We explain the meaning of the other terms :
Let s run over all integers such that s> — 4m is negative. Hence with some

positive integert and squarefree integer r, s> —4m has one of the following forms:

2 g — t2r 0>r=1 mod4
y T 24r 0>r=2,3 mod4

Put a(s) = % For each fized s let f run over all positive divisors of t.

b(s, f) = h((s* — 4m)/ f*)w((s* — 4m)/ f?),
where h(d) (resp. (w(d)) denotes the class number of locally principal ideals
(resp. half the cardinality of the unit group) of the order O¢ of Q(\/(d)) of
discriminant d. Finally, c(s, f,€) is the number of inequivalent mod U(O;)
optimal embeddings of O into O, where d = (s*> — 4m)/f%. The split order O,

Ly  Zyg

07, 7, ), where v = ordy(M).

18 congruent to (

One if left to develop a trace formula for geometric Brandt matrices.

REMARK 4.16. An explicit formula for the trace formula for Hecke operators follows

from the work of Shimizu (and Selberg). See [45] and [73].
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To develop a trace formula for generalized Brandt matrices, we need to develop a
generalized trace formula whose residual term is the class number formula of an order
of certain level (related to the congruence subgroup under consideration (I'o(p*N)),
the main term of the trace formulae coming from the optimal embedding theory. To
pursue this avenue further, one needs a good knowledge of the Jacquet-Langlands cor-
respondence, which for our purposes, links class numbers to spaces of cusps forms. In

particular, it follows from Eichler-Shimizu-Jacquet-Langlands that
H(p) =1+ dim S3(p),

and one can ask a similar question for higher dimensional Hilbert modular varieties.
The explicit approach (using theta series) does not transpose directly, since the degree

map stemming from geometric Brandt matrices is a quartic form, not quadratic.
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CHAPTER 3

Structure and numerology of the supersingular locus

1. On certain quaternion algebras over Q(v/D)

1.1. A case study.

LEMMA 1.1. [6, Lemma 6, p. 464] Let L be a totally real field. Let (A,t) be an
abelian variety of dimension g = [F : Q] with multiplication by Or, over an algebraically
closed field k. Then A is isogenous to B™ for some simple abelian variety B over k.
Let D = Endg(B) ®z Q, so Endg(A) @z Q = M, (D). Consider the case when D is a
totally definite quaternion division algebra over Q, dim(B) = 1 and k has characteristic
p. Then the algebra B, o 1is the quaternion division algebra over Q ramified at p and oo,
and B is a supersingular elliptic curve over k. The centralizer of L in Endg(A) @z Q,
Centgng,x0(L), is the quaternion division algebra over L which is ramified at all infinite
places of L and all places v of L above p such that [F, : Q] is odd, and is unramified

at all other finite places. We denote it by By 1.
Put L = Q(v/D). Decompose its ring of integers :
OL=Z&%Z-§,

with ¢ = % if D=1 mod 4, 6 =D if D=2,3 mod 4. Let F be a supersingular
elliptic curve defined over F,. Its endomorphism ring End(E) is a maximal order in

B, . Consider the abelian surface F ®z Op, defined canonically by the rule :
(E®z0L)(R)=E(R)®, 01, ReF,— algebra.

The isomorphism

E®R;,0,2EXE

67
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allows to write an explicit Op-action :

In short, we have :

PROPOSITION 1.2. 1. E®y Of is a superspecial abelian surface.

2.

Endy,(F ®7 01) ® Q & Ms(By o).

Centpna(re,0.)00(L) = Bpr = By oo ® L.

PROOF. Only the last item requires proof : The isomorphism follows from Lemma
1.1. The equality follows from the classification of quaternion algebras over global fields

(Theorem 2.3, Chapter II). O
We compute the order :

Centrng(pg,0,)(OL) C By

PROPOSITION 1.3.

CentEnd(E®Z@L)(OL) = CentM2(End(E))(OL) = OL & EHd(E)

a —bNorm(J)

oy B
PROOF. Let ( > € Mz(End(E))and< b a+bTro

5 M > € O C M2 (End(E)).

ar B .
Let < Y ) € Centh(End(E))((’)L), 1.e.
a1 B a —bNorm() \ [ a —bNorm(d) a1 B
51 )\1 b a+ bTré - b a+ bTI‘6 (51 Al ’
Equating both sides, we obtain the following equations :

aay + by = aay — bé1Norm(9),

—apbNorm(0) + 51 (a + bTrd) = af; — bNorm(d) Ay,
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ady + b1 = bag + 01(a + bTrd),
—bd1 Norm(d) + A(a + bTrd) = bB1 + A1 (a + bTrd),

and these reduce to

61 = —(51N0rm((5),

A1 = aq + 61 Trd,

hence
(65} ,6)1 _ q —(51NOI‘H1(6)
51 )\1 - 51 o1 + 51TI‘5 ’
i.e.
1 N
(3 2) (4 1) (1 V0 ) ovomn
and the converse is clear. O

Thus, we need to describe O, ® End(F). It will depend on the ramification of p in

Oy, First, we describe the quaternion algebra in which they embedd.

LEMMA 1.4. ([76, Théoreme 1.3]) Let K be a (non-archimedean) local field. Let H
be the unique quaternion division algebra over k, up to isomorphism. A finite extension

F/K splits H iff its degree [F : K] is even.

PROPOSITION 1.5. The quaternion algebra By, 1, is :

o the totally definite quaternion algebra Bo, 0, Tamified at both places at infinity
if p is inert or ramified. Its discriminant is 1.
e the totally definite quaternion algebra Bg, S = {p,p, 001,002} ramified at both

places at infinity and at both primes over p if p = p - p. Its discriminant is
p-p=p
PROOF. Let S = {p,o0}, and consider the ramification S’ of this set S in Oy,

Clearly, Ram(B, 1) C S’. By Lemma 1.1, B, 1, is totally definite.

1. If p is inert or ramified, there is only one prime in Of, over p. Hence, by parity,

By, 1, is split over p.
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2. If pissplit, p=p-p. But for p#2, (d,p) =1

(g) =1 <= pis split in Q(Vd) <= [Qq(Vd): Q] is odd ,q over p

([52, Proposition 8.5]) hence p and p are in Ram(B,, ;.. Similarly, if p = 2,

[Qq(Vd: Q] is odd <= 2 is split in Q(V/d),q over 2.

PROPOSITION 1.6. 1. The discriminant of O = O, @ End(E) is p.
2. e O is an Eichler order if p is inert.
e O is maximal if p is split.

e O is none of the above if p is ramified..

PROOF. 1. The discriminant of © = Op, ® End(F) is p :

disc(Or, ®z End(E)) = disc(End(E))(Or)

=pOr

since Trp, _(z) = Trp, , (z),r € Op ® End(E).
2. e p inert.

Using Proposition 2.18, Chapter I, Proposition 2.14, Chapter I and the fact
that the maximal orders form a tree, it follows that any order in B, oo,
of discriminant p is an Eichler order.

e psplit. The discriminant of O is equal to the discriminant of the quaternion
algebra, hence 9 is maximal (Proposition 2.9, Chapter I).

e p ramified.
Lacking a more precise description, we may only say that local consider-
ations indicates this order is not Eichler (and fortiori, not maximal, and

this is clear from the discriminant).

1.2. Class number formula for Eichler orders.
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PROPOSITION 1.7. [77, Théoreme 3.1]
Let O be an Fichler order of level p.
Then the class number of O over Q(\/d) is given by the formula :

h(~3d)
12

d) = b 2D 24 1) () 200 1)

where a(d),b(d), c(d) are integers. If c(d) # 0, the norm of the fundamental unit € of

Q(Vd) is one and n =2 — Tr(e) (modulo squares) and nn' = disc(Q(\/d)).

PROPOSITION 1.8. ([78, p.209]) Mass formula Let H/L be the totally definite quater-
nion division algebra, and O an FEichler order of L of level p. Let {I;} be representatives
of left ideal classes of O. If O; is the right order of I;, put w; = [O] : R*]. We have

the formula :

2
> . =h? +1CL(_1)'

w; 2

REMARK 1.9. The situation is similar to the elliptic case : the leading term of the
class number formula is the mass formula, and the remainder should account for the

ramification.

Compare the leading term of the class number formula with Corollary 3.26, Chapter
1T :

2+1 2+1
b 5 My, : M1]¢(—1) versus b 5 hep(=1),

This suggests that the class number formula for Eichler orders over real quadratic fields
actually counts (with multiplicities) superspecial points on a Hilbert modular surface.
Furthermore, the weighted sum over the superspecial points would also coincide with

the leading term of the class number formula, that is :

1 _ p?+1
Zm—m—lm o

where the sum is over superspecial points.
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REMARK 1.10. One would also expect that for p ramified, the same situation holds
with the corresponding formulae :

%[Mn : My]¢L(—1) versus %h(L(fl),

and

where the sum is over superspecial points.

2. ((—1) as a volume of moduli space

We denote the Hilbert modular group SLa(Op) by T'r.

THEOREM 2.1. (Siegel) The volume of T, \HY is given by the formula :

/ w = 2¢r(-1).
'L \H9

If T ¢ PGL$ (R)Y is commensurable with the Hilbert modular group T'z, one has

the following formula for the volume of I'\'H" :
’UOl(F\H”) = [FL : F]2CL(—].),
where the index [T’z : '] € Q is defined as

[L:T'NTy]

C:T,NnI]"
The Hilbert moduli space is naturally decomposed in h™ components, parametrized by
the groups SLo(Op @ 2;), for Op,...,A,+ representatives of the narrow class groups
CI(L)*. Siegel’s theorem states that the volume of the component associated to SLa (O
Op) is 2¢1(—1). The next proposition shows that all components have the same volume.
Note that this requires justification, because the groups SLo(Or ;) and SLy(Of &2;)
will be conjugate iff [2;] = [2,] in the genus group ( (CL(L)* JCUL)*?) (see [T5, p.12]),
and the volume is of course the same for conjugate groups; the point is that the volume

doesn’t depend on this data.
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PRrOPOSITION 2.2. Volume computation

ol (T(2)) = vol (TL\HY) = 2¢(—1).

PROOF. The idea is to combine [75, Chapter V, Theorem 5.1] and [75, Appendix
to chapter V] in a straightforward way. Given I' = I'(), the Theorem 5.1 stipulated

that a certain generating series:

1 2 — n
Z’UOZ(F\H )—|—T;anq ,

with constant coefficient Jvol(I'\H?) is in fact equal to the Eisenstein series of weight

two in My (To(D), xp) with v the genus of A, O = Q(v/D). The calculation of the

Appendix in question yields that the associated Eisenstein series has g-expansion :
1 oo
S =D+ and”
n=1
Equalling the constant terms yields the result. O

REMARK 2.3. The volume associated to the Hilbert modular group I'y, satisfies the
properties of a “generalized” Euler characteristic, i.e. it is real-valued, and for any
subgroup I' < 'y, of finite index, vol(T') = [T’z : T']-vol(I'L). As we noticed earlier, since

vol(T'r) > 0, two conjugate subgroups of finite index have actually the same index.

REMARK 2.4. Other proofs of Proposition 2.2 The most elementary is to cal-
culate directly the number [I'f, : '], and check that it is indeed equal to one. One can
also use the fact that the Tamagawa number of SLo(Op @ 2) is equal to 1. A third
proof uses the fact that for any I' a discrete subgroup commensurable with the Hilbert
modular group, the Euler number of I'\? is constant and equal to the volume (see [75,

Chapter IV, Theorem 1.2, p.60-61]).

REMARK 2.5. Pure group theory. One can see [['f, : T']-2(y,(—1) is the Euler number

of T" also in the sense of (rational) cohomology theory of groups.
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3. Intersection theory

Let M, be the Hilbert modular surface of principally polarized abelian surfaces
with RM by O, L quadratic over Q, in characteristic p. We assume p inert as usual.

We present a different method to count the components of the supersingular locus.
We follow the exposition of [28] . Let ¢1,¢y be the Chern classes of Q}Vl* = tp, the
tangent sheaf of M. Note that ¢; is a canonical divisor. By the theorem of Siegel
(Proposition 2.2), using the smoothness of the moduli scheme over Z, whose special

fibre is M,,, we have ([75]) :
2 =2cy, o =2C(-1).
By the Kodaira-Spencer isomorphism, we have :
Qg =2 w®?,

as O, R0 Mp-modules7 where w is the relative cotangent bundle of the universal abelian

scheme
T Ay — My,
SO w = W*Q}AP/MP'
Let h denote the (total) Hasse invariant. Thus h is a section of (detw®P~1). Hence,

-1 *
(h) = P 5 C1,01 = c1(det Q4 ,7).

3.0.1. Number of components. If we put aside for a moment problems arising from

non-rigid level structure, we have on the one hand :
(p—1)ef = 4(p — 1)CL(=1).
On the other hand,

-1

(b= 1)t = (=201) - (~F=e1) = =21 - (h).
By [47, p. 137], using the Kodaira-Spencer isomorphism, one gets :

€1 component of (n) = 2" (p—1).
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So

1
(p—1)c1*> =4- (§cll component, of (h)) - #( components ),

hence the number of components is given by (;(—1).

3.0.2. Number of superspecial points. Under the hypotheses that there exists p? 4 1
superspecial points on every component and that all have a fixed number b of branches,
we use the adjunction formula to calculate b. We will clear those hypotheses in the next
section.

We have :

(h? = (L5278 = (0 - 1)%Cu(-1).

On the other hand, if we write (h) = Ugi(fl)Di (the divisor is reduced by [27, Section

1.2]), then

(h)? =Y _D;-D;+ Y D;-D;.

i#£] 4

By the adjunction formula,

Also,
Z D; - D; = # components - # singular points on a components - (b —1)
i#]
=@ +1)¢(-1) - (b-1).
Thus,
(= 1)%*C(=1) = ((P* + 1)(b — 1) — 2p)Ce(~1),
hence b = 2.

Summing up, we can count the number of superspecial points on the whole moduli
space this way : we have (z(—1) components, with p? + 1 points on every component,
and there are two branches crossing at each superspecial points. Furthermore, there are
hJLr components, hence in the SLy-case, the total number of superspecial points is :

(=1

5 (p*> + 1)h}.
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4. Moret-Bailly families with RM

We try doing the study of the supersingular locus for arbitrary polarized abelian
varieties with RM and for arbitrary characteristic (i.e. for p = 2 as well). In fact
the latter is merely a remark. The argument uses the following implication . For X a
polarized superspecial abelian surface, £ such that K (£) = Ker(¢. : X — X') = X[p],
if H C K(L) is of order p, then H is isotropic for e* : K(£) x K(L) — G,, (i.e.
e“(H, H) = 1), hence the polarization ¢, descends to X/H. The argument for p > 2 is
there are no nontrivial skew-symmetric bihomomorphisms:

e: K(E) X K(ﬁ) — Gnu

so e : H x H — G,, is necessarily trivial. But this argument is false when H = ao!

There exists non-trivial maps :
Qg X (g — Gm

See [3] for the interesting consequences of this fact .

To explain our point with precision, we need to introduce the following definition :

DEFINITION 4.1. [50, Section 23] A Heisenberg group is a system of group schemes

and homomorphisms :
0— Gy, 4GS K — 0,
such that

e K is commutative (but G need not be);

there exists an open covering {U;} of K and sections o; of 7 ;

1 is a closed immersion, making G,,, into the kernel of 7 ;

G,,, C the center of G.

We cite another theorem in [50] to explain how theta-groups arise :

THEOREM 4.2. (50, Theorem 1, p.225]) Let L be a line bundle on an abelian variety
X/k. For any scheme S, let Aut(L/X)(S) be the group of automorphisms of S xy L

covering a translation map of Sx X. Aut(L/X) is a contravariant group-valued functor
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on the category of schemes. There exists a group scheme G(L) and an isomorphism of

group functors:

Aut(£/X) = G(L).

Furthermore, for any scheme S, the natural homomorphisms of groups :
0 — H°(S, 0f) — Aut(L/X)(S) — K(L) — 0,
where
K(L) = {S — valued points f : § — X such that T7(S x £) = S x L},
induces homomorphisms of group schemes:
0 — G —— G(L£) -1 K(L) — 0,

making G(L£) into a Heisenberg group.

REMARK 4.3. We may view G(L) alternatively either as the group {¢|¢ : L — L},
such that ¢ is an isomorphism of £ that covers a translation map on the base and
induces a linear map on fibers, or equivalently as the set of pairs (¢, a) where a € A
and ¢ : L — TFL is an isomorphism. With respect to this definition, the group K (L)
is defined as {a : TS L = L}.

FACT 4.4. deg(L) = dimy T'(A4, £), and |K(L)| = (deg(L))?.

Now, since G,,, is in the center of G(L£), we may define an alternating bilinear pairing,

the Mumford pairing :
e K(L) x K(L) — Gy,
as the bihomomorphism associated to the commutator in the Heisenberg group G(L£),
that is :
e (z,y) = [7,9),

where 7, § are lifts of x and y (resp.) to G(£), and [a,b] = aba=1b~1.
Another argument, including the case p = 2, goes as follows : according to [50,

Lemma 1], if K(£) is finite of prime order, then G is commutative, hence its commutator,

being e is necessarily trivial.
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Consider the natural projection X —— X/H. Since H C K(£) and e|gxpy = 1,
it follows from [50, Theorem 2], say, that there exists a line bundle M on Y such that
m*M = L, hence the polarization ¢, descends to a polarization ¢, on X/H, and we

are finished proving the proposition :

PROPOSITION 4.5. Let (X, u) be a polarized abelian variety over an algebraically
closed field of characteristic p, such that Ker(u) contains a subgroup scheme H of order

p. Then the polarization descends to a polarization on X/H.

We described earlier the T'g(p)-level structure for abelian schemes with real multi-
plication. We want to expose the details of the construction of Moret-Bailly in more
general contexts. We consider certains abelian varieties with RM by Op,, and a subgroup
scheme H of A which is Op-invariant, of order p?, killed by p and totally isotropic (i.e.
isotropic with respect to any Op-linear pairing). Moduli theoretically, this is a point on
the fibre of the morphism :

Mg (p) — M}
over the moduli point of A. For a suitable choice of A and H, one obtains an abelian
scheme with RM by Oy, :
X — PL

We now give the details of this construction. Let p be inert. This restriction implies
that the non-ordinary locus coincides with the supersingular locus &, which is given by
the vanishing of the determinant of the Hasse-Witt matrix (one equation), hence it is
a divisor (see [30]). As we have seen earlier, there are only finitely many superspecial
points in § . Thus, generically, the a-number is 1 in the non-ordinary locus. Let
A= (Agytg, X (M, IME) =2 (A,AT)) with a-number equal 1. We want to prove that

A lies in a suitable Moret-Bailly family.

REMARK 4.6. It is sufficient to prove that the Frobenius transform A® of A lies

on a projective line.
DEFINITION 4.7. The group :

a(A) =Ker(Ver: A — A(%)) N Ker(Fr: A — AWP),
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is called the alpha group of A.

Let a(A,) be the alpha group of A,. Since the a-number of A is 1, the alpha
group is isomorphic to ay. It is a characteristic subgroup, and therefore the action
of Op, descends to an abelian variety with RM A’ = A, /a: since the alpha group is
contained in the kernel of Ver and Fr. Thus, we can consider the polarized abelian
variety A’ = (A, /a(Az), Aa)-

We note the following points

1. The abelian variety A’ has RM, but the cotangent space t% is not a free Op-

module (Rapoport’s condition fails), which implies that every subspace of H?(A4, )

is Op-invariant. Consider the exact sequence :

0 — H°%A,QY) — Hip(A) — HY(A,04) — 0.
These modules are always Dieudonné modules of group schemes, and we can
write :

0 — D(Ker(Fr)) — D(A[p]) — D(Ker(Ver)) — 0,

where D) denotes the (covariant) Dieudonné functor. The cotangent space t¥ is
the zeroth cohomology group H°(A,QY), and p acts as 0 on it. The finite Of-
module Or /p = F,2 acts in two ways (x1,x2) = (X1,00x1) (0 is the Frobenius)
on the cotangent space. To show that Rapoport’s condition fails, we describe

(A/a(A))[Fr]. Let B = A/a(A), and let
V = D(a(B)) = D((Fr(a(4)) N Ver(a(4)))/a(4) ).
It follows from [13, p.68] that Hlp(A) = D(A[p]) is a free O, ® k-module of rank
2. We therefore get a decomposition:
D(A[p]) = W1 & W,

where W; is a 2-dimensional k-vector space, with the Op-action given by the
character x; (see [25, Section 2.6, p.291] for more details). The behaviour of Fr

and Ver with respect to this decomposition is :

F(W;) € Wiq1, Ver(W;) C Wiq.
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This follows from the o-linearity of Frobenius and o~ !-linearity of Verschiebung.
For example, for r € Op,v, € W1, we have:
rFr(vy) = Frr(v1) = Fr(x1(r)v1) = x1(r)PFr(v1) = x2(r)Fr(vi) € Wa.
It is true in general that for any abelian variety A,
ImVer = KerFr, ImFr = KerVer on D(A[p]).

Without loss of generality, we can assume that KerFrNKerVer = D(a(A)) C Wa.

We claim that
Fr(Wy) = Ver(W;) = D(«(A)).

Since Im(Fr) = Ker(Ver), Fr(W;) C KerVer N Wy = D(a(A)). The kernel
of Frobenius is a 1-dimensional vector space, hence non zero, and by dimension
considerations, Fr(W;) = D(«(A)), similarly Ver(W;) = D(a(A)).

Recall that the dimension of D(A[p]) is 4, and the dimension of the kernel
of Frobenius is 2, hence Equation 4.1 implies that the rank of Fr™'(D(a(A))
is at most 3, because D(a(A) is one-dimensional. But since it visibly contains
W1 @ D(a(A)) and this is already of dimension 3, we have :

Fr ' (D(a(A)) = W, @ D(a(A)).
Similarly,
Ver H(D(a)) = W1 @ D(a(A)).

We then conclude that

V = D(a(B))
= D(Fr~! (B(a(A))) N Ver™ (B(a(4)))/a(4))
= D(R ! (D(a(4)))) N D(Ver™ (D(a(4))))/B(a(4))
= W, & D(a(4))/D(a(4))
~ W,y

Note that Frobenius and Verschiebung both act as 0 on Wi, and the Op-action
is given by x1. Moreover, V = D(B[Fr]). This argument also shows that the

a-number of A’ is equal to the dimension of W7, that is, two.
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2. We just proved that the a-number of A’ is equal to 2, that is, the abelian variety
is superspecial. The morphism Ver is identically zero on H°(A,QYL), and every
subspace of H°(A, ) is Ver, Fr, and Oy -stable, hence every embedded «, in A’
is O-invariant. The various subgroup schemes isomorphic to oy, in a superspecial

abelian variety are parametrized by P!, so we consider the family (see page 48) :

(A" x P/ {ou},eps -

Note that since any «;, is O-stable, the action of O descends to the quo-
tient. We get an abelian scheme X —— P! which satisfy Rapoport’s condition,
and we claim that one fibre of 7 is A®). We first check locally that Rapoport’s
condition holds. The argument uses the same idea as in point 1.

Let H = a;. We want to show that Rapoport’s condition holds for B/H.
Let us write D(B[p]) = W1 @ Wa. We saw above that D(«a(B)) = Wi, and
Fr(W;) = Ver(W;) = 0. Since the rank of the homomorphisms Fr and Ver is p?,

on the level of Dieudonné module their kernel is of dimension two. Hence
W1 = KerFr = KerVer,
and
Fr: W 2 Wy, Ver: Wy = Wi.
Put Z, = H = o, and Z5 the image of Z; (under Frobenius or Verschiebung)
in Ws. Then by dimension count,
D((B/H)[Fr]) = Fr~ " (D(H))/D(H)
= (W1 & Z2)/Z,
= W1 /Z, @ Zs,
with Op, acting on W1 /Z; via x1 and Of, acting on Zs via X2, and we are done.
Now, there is a unique way to embed a(A) C Ker(Fra) C A, and we claim that
B C KerFra/a(A) = a;,, € A’. This isomorphism follows since for any base field,
any local-local group scheme of rank p is isomorphic to ¢, (recall that local-local

means that Fr and Ver acts nilpotently, and for any supersingular abelian variety,

Ker(Fr) is annihilated by some power of Ver).
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We get that

A"/ = A/Ker(Fr) = AP,
In fact, A’/B with its Op-structure is (A®) (). Tt follows that we may take
AP) and get (A®)(P) \(P)) on the Moret-Bailly family X — P!,

Summarizing, we have the following theorem :

THEOREM 4.8. Let p be inert. Every component of the supersingular locus of the
moduli space of (non-necessarily principally) polarized abelian surfaces with level n > 3
structure is a Moret-Bailly family, that is a family of supersingular varieties parametrized

by the projective line P!,

4.1. Local picture. It follows from the Serre-Tate theorem (2.7, Chapter II) that
there is an equivalence of categories between the isomorphism classes of deformations
of points(A4, A, &) on the Siegel moduli scheme to R and the corresponding isomorphism
classes of deformations of the principally polarized p-divisible groups to R. Similarly,
there is an equivalence of categories between the isomorphism classes of deformations
of points (A4,t,«) on the Hilbert moduli scheme and the corresponding isomorphism
classes of deformations of the p-divisible groups with real multiplication to R.

Since the equivalence of categories (following Serre-Tate) is insensitive to the po-
larization module, it follows that the local picture is the same as in the principally

polarized case.

4.2. Counting points and components. Let us recapitulate the situation when

the polarization is not necessarily principal :

1. the local picture is the same as in the principally polarized case. Namely, there
are [Mgy, n : My, ]CL(—1) components, the intersection points are equal the
superspecial points and there are p® 4+ 1 of them. Each intersection is transversal
with two branches. See Section 3, Chapter III.

2. Every component of S is parametrized by a projective line.

Indeed, the local picture is the same as in the principally polarized case, and this

validates the appearance of the class number hy, in the formula counting the number of
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superspecial points, since the map
(A7 Ly )\) I (Aa Ly (MA7 Mjél_))

has degree
th
[(OF)F : (0F)?] = [PGL(A @ B)" : PSL(A @ B)] = h—L
L
So the formulae for non-necessarily principally polarized case (GLz) are the same

as in the principally polarized (SLs) case, replacing h}f by hr.
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CHAPTER 4

Tensor constructions

1. Axiomatics of tensor construction

The matching between the number of superspecial points on the Hilbert modular
surface in characteristic p (p inert) given in Section I, Chapter IV, and the class number
formula for ideal of the non-maximal order of By, ;, appearing as Cent gy, (Of) given in
Section II, Chapter IV, suggest that a direct equivalence of category between ideals and
superspecial points should exist, as in the case of elliptic curves. We study in the section
constructions involving tensoring an abelian variety by a finitely generated projective
(left) module (under a ring action), in order to try systematizing (algebraically) the link

between class numbers and isomorphism classes of superspecial abelian varieties.
DEFINITION 1.1. A ring is left hereditary if every left ideal is projective.

Let O be a left noetherian, left hereditary ring acting on A (i.e. we are provided
with an injection in the endomorphism ring). In pratice, we are more precisely interested

in Eichler orders of totally definite quaternion algebras.

DEFINITION 1.2. Let M be a finitely generated left ideal of O. The tensor con-
struction in question is a group functor A ® o M , with A an abelian variety with RM
by Op. We define it with the formula :

(L1) (A®o M)(S) = A(S) ®0 M,

where S is a scheme over O.

We construct A ®o 2 as follows (see [74]) :
Let 2 be of finite index in a free O-module. For free O-module 2l = O™, we pick a
basis eq,..., e, and we define
ARp A= A"

85
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If b C O is a fractional ideal, there is a canonical isomorphism :

(A®e 2A)[b] = Alb] @0 2.
In general, if b2 C A C A, A’ free and b a non-zero ideal of O, then:

Ao A= (A2 bA")/(Alb] @0 A/6A"),

independently of the choice of the superideal 2 C 2. We get the same canonical
isomorphism :

A®p Ub] =2 Alb] ®0 .
If & has an action of O — K, then A ®» K canonically inherits this action.

If \: A— A is a polarization, and f : A — A" is a O-linear map then A @ f :

ARo A — A ®p AV is a polarization.

REMARK 1.3. We also have a canonical isomorphism of A-adic Tate modules :

T)\(A R Q[) — (T)\A) ®Ro A.

When M is a projective rank 1 O-module and A has RM, the functor A ®» M is
represented by an abelian variety with RM of the same dimension as A.
For the convenience of the reader, we reproduce the exposition found in [22, Propo-

sition 1.2.7].

1. :
This is similar to the previous construction :

We write down a free resolution of A :
C— "0 — "0 —2A—0.
Since 2 is projective, @™ O splits into A @ p, where p is a projective O-module.
The map :
a0 — p,
gives a splitting @™ O as p @ q. Thus, we have an exact sequence :
a0 & ano L0,

where i and ¢ are the maps obtained from the above splittings.
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The maps :

id
A(T) ®0 &m0 22 A(T) 00 &m0

Nl lw

AMT) A™(T)

(where T is an R-scheme, and A’ denotes A ®p --- ®g A) make A ®p ¢ into a

natural transformation of functors, whence a morphism from A™ to A™, which

we call also ¢. Define the scheme B as the fiber product :

B——R

i lem

At ——=A™

¢
where e, is the identity section of X". Then, if T is an R-scheme,
B(T) = ker(id @0 ¢),

which , by the splitting of @"0O, is just A(T) ®o A. So the functor A ®p A is
represented by B. It remains to show that B satisfy the definition of an abelian
scheme with real multiplication.
. B is a group scheme which is proper and locally of finite presentation over S
Clearly, B is a group scheme. Since A™ and A™ are proper over R, A" is
proper over A™, and, after base change, B is proper over R. Likewise, A™ is
locally of finite presentation over R (because it is smooth) and A™ is locally of
finite type over R (because it is proper). So A™ is locally of finite presentation

over A™ and, after base change, B is locally of finite presentation over R.

B is smooth. If X/R is an affine scheme endowed with amap A — S, Z isa
quasi-coherent sheaf of ideals on X with Z2 = 0, and X is the closed subscheme

of X determined by Z, the map :

A(X) — A(Xo)
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is surjective, because A is smooth. Thus
A(X) @0 % — A(Xo) ©o A

is also surjective, and because B is locally of finite presentation over .S, it is

smooth over S. (See [2] for a discussion of smoothness).

. : B has connected geometric fibers of dimension g. Let k be a geometric point

of S. Then we have maps on fibers :
X 1? =Y}
whose composition is the identity on Y. Since X7 is connected, so is Y;. Since

X g has RM by Oy, there is an exact sequence of Op-modules :
0 — k@2 O — A(Fld)/ () — A(F) — 0,

by the condition on Lie(A) (see also [38]). Since 2 is a flat O-module, the

sequence :
0 — (k @z Op) ®o A — B(k[d/(¢*)) — B(k) — 0

is exact as well; (l} ®7 Or) ®o 2 has dimension g over l;:, so Bj has dimension g.

. : Lie(B/R) is a locally free (on R) rank-1 O ®z R-module

We have an exact sequence of sheaves on A™ :
¢*Qam g — Qxn/p — Qansam — 0.
Let e,, ey denote identity sections; pulling back by e, yields :
emQam /g — €,Qan /g — €, Qan am — 0.
Now i : B — A™ is just the base change of e, by ¢, so
epQp/r = ey i Qanjam = €, Qgnjam.

Replcaing e;,Q4n/4m by €},Qy/r and dualizing, we get an exact sequence of

sheaves on R :
0 — Lie(B/R) — Lie(A"/R) -2 Lie(A™/R)

from which Lie(B/R) = Lie(A/R) ®o U, which is, locally on R, a free rank-1
O, ® R-module (since Lie(A/R) is so.)
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PropPOSITION 1.4. For any a € 2, the map :
€la): A— A®o 2,

given by
A(S) — A(S) ®o A
s— s®a,

1S an isogeny.

PRrOOF. First, €(a) is a morphism of proper S-schemes, so it is proper. Now choose
d € A1 such that ad = n € Z. Then, by composing €(d)e(a) with the natural iso-
morphism (A ®p,(2) A) @o,@-1) A+ — A, we see that €(a) factors through [n]. So
ker(e(a)) C ker[n] is finite over S. Now by [50, Proposition 8.1c|, €(a) has finite fibers,

so ¢(a) is finite. O

REMARK 1.5.

ker €(a) = Naecqi(o)|aaacay ker(al.

One inclusion is clear, and ker e¢(a) C ker[a] follows as in the proof of Proposition 1.4.
This proposition enables us to show that the tensor construction satisfies Rapoport’s

condition more easily : just pick an element in 2 such that the degree of the kernel of

the isogeny is prime to p. Then the familiar argument shows that the tangent spaces

are isomorphic :
= o
This tensor construction is therefore the direct generalization of the kernel ideal ap-

proach. It is easy to prove that the a-number and the f-number are stable under the

tensor construction.

REMARK 1.6. A projective ideal is flat ([64, Corollary 3.46]). Since O is assumed
to be left noetherian, any flat ideal is finitely presented, hence projective ([64, Theorem
3.61]). So flat is equivalent to projective in this context, and we can consider either the

tensor construction — ®p 2 or Hom(2A, —) equivalently.
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2. Application to superspecial points

In this section, we try describing a higher dimensional analogue of the equivalence

between supersingular elliptic curves and left ideal classes of a maximal order in By, .

CONJECTURE 2.1. (Bare conjecture)

Let S be the category of superspecial abelian varieties with real multiplication by
Or, and isogenies, and let Ay be an object in S. Then the functor Homg(A, —) to
the category of left ideals of O = EndAg is an equivalence of categories, with inverse

provided by A ®o —.
A list of consequences of this conjecture :

COROLLARY 2.2. (Mass formula for superspecial abelian varieties with RM)

1 CL(_D 2
D hwAD = g @D,
where the sum is over superspecial points.

COROLLARY 2.3. For finite extensions of Fy,, the functor:
B — (Hom(A, B),m),
where 7 is the Frobenius morphism, gives an equivalence of superspecial abelian surfaces
with RM with the suitable category of pairs.
COROLLARY 2.4. For 2 a projective rank one O-module, we have
A Qo A superspecial <= A superspecial ,

where O C Boo, 005 -
PROOF. This can be proven independently using Proposition 1.4. O

COROLLARY 2.5. 1. Under the equivalence, isogenies of superspecial abelian
surfaces correspond to nonzero O-module homomorphisms.

2. The finite set of isomorphism classes in each category are in bijective correspon-
dence. The cardinality of the set of superspecial point on the bare moduli space

is given by the class number formula for Eichler order of level p.
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COROLLARY 2.6. Fvery locally free rank one right module over O is isomorphic to
one of the form Hom(A, B) for A,B € S, and all of its embeddings in O are determined

this way.

REMARK 2.7. We can define the degree of a morphism ¢ : I — J of right O-
modules and various properties in the quaternion category in parallel with the geometric

category.
DEFINITION 2.8. Let 2 be a set of isogenies of A. We define A[2] to be the scheme
theoretic intersection of the kernel of all a € 2, i.e.
Al = ker(e(1) : A — A ).

A left O-ideal 2 is called a kernel ideal if A = {a € O|a(A[2]) = 0}.

PROOF. Strategy of the proof of the bare conjecture Since the tensor con-
struction is essentially the same idea as the construction using kernel ideas, we could

try using the same proof. Recall the

LEMMA 2.9. ([79, Theorem 3.11]) Let A and B be kernel ideals. Then
AR A= AR B < [AU] =[B],

i.e. A =vB for some invertible v € O.

Thus, the result would follow if the equivalent of Theorem 2.21 is true, that is every
left O-ideal is a kernel ideal, for O an Eichler order of discriminant p in Bo; cc,- I
believe that this follows from a modification of the proof of [79, Theorem 3.15] (since
B, 00, 18 & simple algebra) and the rest of the proof would follow on the same lines as

in the elliptic case. O
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CHAPTER 5

Conclusion

We will digress briefly on a number of possibles avenues of research following the
lines of this thesis.

Serre [67] developped an approach to the theory of modular forms mod p based
on quaternion algebras; at the heart of the application of quaternion algebra is the
connection between supersingular elliptic curves and class number of B, . Can the
connection between superspecial abelian surfaces and certain ideal class numbers im-
prove our understanding of Hilbert modular forms mod p ? A similar theory valid for
Hilbert modular varieties would already be extremely satisfying (keeping in mind the
conjectural importance of such objects as cohomological motivic “building blocks” ),
but various ingredients used to develop mod p modular forms (such as the Ekedahl-
Oort stratification) are being developped for general Shimura varieties. Of course, one
wouldn’t stop at studying the modular forms mod p, but also the p-adic theory : p-adic
modular forms for Shimura varieties, including p-adic Hilbert modular forms. Back to
the classical theory, since the trace formula for Hilbert modular forms has already been
developped, one could try solving the basis problem by establishing a trace formula for
the geometric Brandt matrices associated to totally definite quaternion algebras over
totally real fields, and comparing the results, following the original strategy (pending a
clarification of the connection between geometric Brandt matrices and Hilbert modular
forms which, as we have noted earlier, does not follow the same lines as the elliptic
case). In comparison with the classical case (with the motivation of understanding rep-
resentations of Gal(Q/Q), it seems that little has been done with regard to arithmetical
applications of quaternion algebras defined over number fields different than Q; likewise

for vector-valued theta series and modular forms : this clearly indicates the pertinence
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of considering the “fibred product”, considering vector-valued theta series and modular
forms for more general congruence subgroups.

A perpendicular direction is to replace, following Gekeler, abelian varieties of di-
mension g by Drinfel’d modules of rank 7.

Even though we take a geometric point of view to the arithmetic of quaternion
algebra, one could pursue similar themes in the study of the arithmetic of octonion
algebra [21] : compute the number of optimal embeddings of orders with application to
modular forms, for example ( the cardinalities being viewed as g-expansion coeflients).

Always in the theme of arithmetical applications, one might investigate the relation
with the p-adic uniformization of related Shimura curves and applications to p-adic
L-functions, Heegner points, etc.

Most concretely, classical Brandt matrices have been used by Pizer to construct
Ramanujan graphs. Can we exploit the fact that certain of our geometric Brandt ma-
trices are adjacency matrices and give application in extremal graph theory, say. In
order to make computations easier and faster, can we build the Hecke theory wholly
on quaternion algebras (considering Hecke modules as free abelian groups on left ideal

classes of an order in a quaternion algebra, and Hecke operators as

To([1]) = =Y an(l,)J],
P) Jes

where the sum runs over cyclic R-modules homomorphisms ¢ : I — J of degree n,
(n,p) = 1.) , etc.), so to be able to choose the less time consuming side of the picture?
Note also that Hilbert modular forms arising from geometric Brandt matrices would
be a good source of computable examples, and establishing this link satisfactorily shall
constitue the evident next step for further research, provided a proof of the bare conjec-
ture (at the time of writing, the author is optimistically working on a proof of a suitably
formulated bare conjecture for Hilbert modular varieties).

On modular curves, the supersingular divisor group can be seen as the monodromy
group at p (see [41]); can we pursue the monodromy point of view in the higher-

dimensional case ?
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One could study theta series coming from exotic lattices : Fg, Leech, Elkies-
Borcherds, Thompson-Smith, Barnes-Wall, etc. and develop further sphere-packing

properties of modular forms, or explore various theta series congruences (see [18]).
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