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Titre: Equations modulaires en dimension supérieure, applications au cal-
cul d’isogénies et au comptage de points

Résumé: L’objectif de cette thése est de généraliser la méthode d’Elkies,
un ingrédient fondamental de I’algorithme SEA pour le comptage de points
d’une courbe elliptique sur un corps fini, au cas des variétés abéliennes
polarisées de dimension supérieure. Les équations modulaires jouent un
role central dans cette étude. Premiérement, nous donnons un algorithme
de calcul d’isogénies entre surfaces abéliennes & partir d’équations modu-
laires. Deuxiémement, nous obtenons des bornes de degré et de hauteur
pour les équations modulaires en fonction de leur niveau. Troisiémement,
nous décrivons un algorithme rigoureux permettant d’évaluer des équations
modulaires pour les surfaces abéliennes via des approximations complexes.
Combiner ces résultats permet d’obtenir un algorithme de comptage de
points de meilleure complexité pour les surfaces abéliennes principalement
polarisées avec multiplication réelle.
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Title: Higher-dimensional modular equations, applications to isogeny com-
putations and point counting

Abstract: This thesis aims to generalize Elkies’s method, a fundamen-
tal ingredient in the SEA algorithm for counting points on elliptic curves
over finite fields, to the case of polarized abelian varieties of higher di-
mensions. Modular equations play a central role in this study. First, we
design an algorithm using these modular equations to compute isogenies
between abelian surfaces. Second, we give degree and height bounds for
modular equations in terms of their level. Third, we describe a rigorous
algorithm to evaluate modular equations for abelian surfaces via complex
approximations. Combining these results yields an asymptotically faster
point counting algorithm for principally polarized abelian surfaces with
fixed real multiplication.
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Résumé étendu en francais

Le probléme du comptage de points pour les courbes elliptiques consiste,
étant donnée une courbe elliptique E sur un corps fini Fy, a calculer le
nombre de points de £ définis sur F,. Ses analogues en dimension supé-
rieure demandent, étant donnée une variété abélienne polarisée A sur I, de
calculer le polyndéme caractéristique de I’endomorphisme de Frobenius 74
de A. Une des motivations principales pour étudier le probléme du comp-
tage de points provient de la cryptographie a clés publiques, qui utilise des
courbe elliptiques et des Jacobiennes de dimension 2 dont le nombre de
points est (quasiment) premier [Mil85, Kob87, Kob89|. Au-dela de cette
application, le probléme du comptage a un intérét intrinséeque en théorie
algorithmique des nombres.

L’algorithme de Schoof [Sch85, Sch95| pour les courbes elliptiques, et
ses généralisations en dimensions supérieures [Pil90, GH00, GKS11, GS12,
Abel8|, permettent de résoudre le probléme du comptage de points en
temps polynomial en log(q). Pour une série de petits premiers ¢, cet algo-
rithme calcule le polynéme caractéristique de m4 modulo £ en étudiant ’ac-
tion de m4 sur le sous-groupe de ¢-torsion A[¢]. On conclut ensuite a l'aide
du théoréme chinois et des bornes de Hasse-Weil [Sil09, §V.1, Thm. 1.1],
[Mil86a, Thm. 19.1]. La méthode de Schoof est 1’état de I’art pour le comp-
tage de points en grande caractéristique, sauf dans le cas des courbes el-
liptiques otl une amélioration importante existe.

Pour calculer le nombre de points d’une courbe elliptique £ sur F, mo-
dulo ¢, Elkies [E1k98] montre que 1'on peut, environ une fois sur deux, rem-
placer E[{], noyau de I’endomorphisme [{], par le noyau d’une (-isogénie de
source F. Celle-ci est calculée a I'aide du polynome modulaire elliptique P,
de niveau ¢, une équation bivariée qui relie les j-invariants de courbes el-
liptiques f-isogénes [Cox13, §11.C]. On peut résumer les prérequis de la
méthode d’Elkies en trois points :

e Un algorithme de calcul d’isogénies permettant, a partir de ®, et
de deux courbes elliptiques f-isogénes F, E’, de calculer le noyau de
l'isogénie correspondante [E1k98, BMSS08] ;
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e Des bornes de complexité (degré et taille des coefficients) pour le

polynome ®,, fournies par un résultat de Cohen [Coh84] explicité par
la suite [BS10, Paz19];

e Un moyen d’évaluer efficacement le polyndéme ®, et ses dérivées, soit
en précalculant ces polynémes [Eng09b, BLS12|, soit de maniére di-
recte [Sut13].

La méthode d’Elkies permet de réduire le degré des polynémes mani-
pulés au cours de l’algorithme de comptage. L’algorithme obtenu est de
meilleure complexité asymptotique en moyenne que la méthode de Schoof
[SS14, SS15], et le gain en pratique pour des données de taille crypto-
graphique est clair. La méthode d’Elkies entre, avec d’autres idées dues
a Atkin, dans la composition de 1’algorithme SEA pour le comptage de
points des courbes elliptiques [Sch95], implanté dans de nombreux logiciels
de calcul formel et théorie des nombres comme Pari/GP ou Magma. Les
polynoémes modulaires elliptiques et ’algorithme d’Elkies apparaissent éga-
lement dans les algorithmes fondés sur les graphes d’isogénies de courbes
elliptiques [Koh96].

Le but de cette thése est de généraliser la méthode d’Elkies aux variétés
abéliennes de dimension supérieure, notamment dans deux cas ou la mé-
thode de Schoof est bien étudiée : les surfaces abéliennes principalement
polarisées, avec ou sans multiplication réelle. Le role du polynéme modu-
laire elliptique ®, est alors joué par les équations modulaires de Hilbert
et de Siegel, respectivement, dont des exemples sont connus [BL09, Mill5,
Mar20, MR20]. D’un point de vue géométrique, ces équations modulaires
définissent le lieu, dans les espaces de modules correspondants, des surfaces
abéliennes liées par une isogénie de type fixé. Le langage des variétés de
Shimura PEL [Mil05] permet a la fois d’unifier ces deux exemples et d’en
considérer de vastes généralisations.

Les contributions de cette thése remplissent les trois prérequis de la
méthode d’Elkies évoqués précédemment :

e Le chapitre 3 présente un algorithme de calcul d’isogénies entre sur-
faces abéliennes principalement polarisées, a partir des équations mo-
dulaires de Hilbert ou Siegel ;

e Le chapitre 5 présente des bornes de degré et de hauteur (i.e. de taille
de coefficients) pour les équations modulaires dans le cadre général
des variétés de Shimura PEL;

e Le chapitre 6 présente un algorithme d’évaluation des équations mo-
dulaires de Hilbert et de Siegel pour les surfaces abéliennes via des
approximations complexes.



Les chapitre 2 présente les espaces de modules de variétés abéliennes
et les équations modulaires, et est nécessaire pour la suite de la thése. Le
chapitre 4 donne des résultats reliant la hauteur d’une fraction rationnelle
a celles de ses évaluations, et est nécessaire pour le chapitre 5.

Enfin, le chapitre 7 combine les résultats précédents et les applique
au probléme du comptage de points. Nous obtenons en particulier un al-
gorithme de comptage pour les surfaces abéliennes principalement polari-
sées & multiplication réelle (fixée) qui est, sous heuristiques et a facteurs
constants prés, de méme complexité asymptotique que l'algorithme SEA
pour les courbes elliptiques.

Ces résultats ont donné lieu a des prépublications : [KPR19, Kie20c,
Kie20a| et [Kie20b| correspondent approximativement aux chapitres 3, 4,
5 et 6 respectivement. Le chapitre 6 reprend également une partie des
résultats Darticle [Kie21| a paraitre. La suite de ce résumé présente les
résultats principaux des différents chapitres.

Chapitre 3 : Calcul d’isogénies entre surfaces abéliennes

Ce chapitre étend 1’algorithme de calcul d’isogénies a partir des poly-
nomes modulaires, connu dans le cas des courbes elliptiques, au cas des
surfaces abéliennes principalement polarisées avec ou sans multiplication
réelle. Présentons ici le second cas : on s’intéresse, pour un premier /£,
a calculer une (-isogénie ¢ (de degré (?) entre deux surfaces abéliennes
principalement polarisées A et A’. Soit A, I'espace de modules corres-
pondant ; il est birationnel & P3, et son corps des fonctions est engendré
par les trois invariants d’Iqusa notés ji, jo, j3. L’application de Kodaira—
Spencer relie les déformations possibles de 'isogénie ¢, qui se calculent a
I’aide des équations modulaires de Siegel et de leurs dérivées, a 'applica-
tion dp: To(A) — To(A’) induite par ¢ sur les espaces tangents a A et A’
en zéro.

Nous explicitons cette application de Kodaira—Spencer dans le cas des
Jacobiennes de courbes de genre 2 : concrétement, une formule explicite
permet d’évaluer certaines fonctions modulaires de Siegel vectorielles, les
dérivées des invariants d’Igusa, en termes des coefficients d’une équation
de courbe hyperelliptique de genre 2. Le résultat suivant en découle.

Théoréme 1. Soit { un nombre premier, et soit k un corps de caractéris-
tique 0 ou > 8¢+ 7. Soit U l'ouvert de Ay formé des surfaces abéliennes A
sans automorphismes supplémentaires et telles que j3(A) # 0. On suppose
qu’il existe un algorithme permettant d’évaluer les dérivées des équations
modulaires de Siegel de niveau € en un point de U X U sur k ou elles sont
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définies, utilisant Coya1 () opérations dans k. Soit ¢: A — A’ une (-isogénie
définie sur k telle que A, A" soient dans U et telle que la sous-variété
de Ay x Ay définie par les équations modulaires soit normale en (A, A").
Alors, étant donnés les invariants d’Igusa de A et A’, on peut calculer une
représentation explicite de l'isogénie ¢ en utilisant O(Cevar(€)) + O(f) opé-
rations dans k.

Chapitre 4 : Hauteurs de fractions rationnelles et inter-
polation

Ce chapitre présente tout d’abord la notion de hauteur pour les poly-
nomes et fractions rationnelles a coefficients dans un corps de nombres L.
Cette quantité positive refléte la taille des coefficients. Par exemple, lorsque
L=Qet F e QX),on écrit ' = P/Q avec P,Q € Z[X] premiers entre
eux; alors la hauteur h(F) de F' est donnée par le maximum des log |c|,
lorsque ¢ parcourt les coefficients non nuls de P et Q).

Ce chapitre présente ensuite des résultats, nécessaires au chapitre 5,
reliant la hauteur d’un polynéme ou d’une fraction rationnelle a la hauteur
de ses évaluations en certains points ; cela permet de borner h(F') lorsque F'
est une fraction rationnelle obtenue par interpolation, comme les équations
modulaires. On considére ici des points d’évaluation z; entiers et (presque)
consécutifs, on se donne H telle que h(F(z;)) < H pour tout i, et 'on
recherche en particulier des énoncés ot h(F') est bornée en O(H).

Théoréme 2. Soit L un corps de nombres de degré dy, sur Q, soit [A, B] un
intervalle de Z, et notons D = B—A et M = max {|A|,|B|}. Soit F € L(X)
une fraction rationnelle de degré au plus d > 1. Soit S C [A, B] ne conte-
nant pas de pole de F', soitn > 1, et soit H > max {4, log(2M)}. Supposons
de plus que

1. h(F(x)) < H pour tout x € S.
2. S contient au moins D/n éléments.
3. D > max {nd*H, 4nddy}.
Alors
h(F) < H+ Crndlog(ndH) + dlog(2M) + log(d + 1)

ou C, désigne une constante qui dépend uniquement du corps de nombres L.
On peut prendre Cg = 960.



Chapitre 5 : Bornes de degré et de hauteur pour les
équations modulaires

Ce chapitre fournit des bornes de degré et de hauteur pour les équa-
tions modulaires dans le cadre général des variétés de Shimura PEL. On
considere la variété de Shimura associée a un certain groupe réductif G et
un choix de niveau, des composantes connexes S,7T de cette variété, et un
choix d’invariants sur ces composantes connexes. Les variétés algébriques S
et T sont des espaces de modules pour les variétés abéliennes complexes
munies d’'une polarisation, d’endomorphismes, et d’une structure de niveau
de types fixés.

Pour un élément adélique ¢ de G, les équations modulaires de niveau 0
sont des fractions rationnelles multivariées définissant la correspondance de
Hecke de niveau ¢ dans le produit S x 7. Cette correspondance de Hecke
décrit, au niveau des variétés abéliennes, un certain nombre d(9) d’isogénies
de degré noté [(d). Nous montrons que le degré et la hauteur des équations
modulaires de niveau § est bornée en termes de d(9) et [(4).

Théoréme 3. Avec les notations ci-dessus, il existe des constantes C4
et Cy (indépendantes de 0 ) vérifiant la propriété suivante. Soit § un élément
adélique de G, et F' une fraction rationnelle obtenue comme coefficient de
l'une des équations modulaires de niveau . Alors le degré total de F est
borné par Cy d(0), et la hauteur de F' est bornée par Co d(6)log 1(0).

Dans le cas des équations modulaires de Siegel de niveau ¢, nous avons
d(6) =B+ +0+1et 1(6) = (2. Ainsi, le degré des équations modulaires
de Siegel de niveau ¢ est O(¢?), et leur hauteur est O(¢*log¢). Dans le cas
du polyndéme modulaire elliptique ®,, on retrouve, aux constantes pres, les
bornes de degré et de hauteur précédemment connues.

Chapitre 6 : Evaluation des équations modulaires pour
les surfaces abéliennes

Ce chapitre présente un algorithme d’évaluation des équations modu-
laires de Siegel et de Hilbert pour les surfaces abéliennes, ainsi que de leurs
dérivées, en un point défini sur un corps de nombres (ou un corps fini, par
relevement). Cet algorithme est fondé sur des approximations complexes, et
fait notamment intervenir le calcul rapide de certaines formes modulaires,
les théta-constantes en dimension deux.

Le calcul rapide de ces théta-constantes repose classiquement sur deux
heuristiques, a savoir la correction de certains choix de signes dans les



formules de duplication, et la bonne convergence d’itérations de Newton. Un
résultat auxiliaire de ce chapitre permet de lever la premiére heuristique :
les choix de signes habitullement utilisés dans 1’algorithme de calcul de
théta-constantes en dimension deux sont en effet corrects. La seconde ne
pose pas de problémes expérimentalement.

En dehors de ces heuristiques, 1'utilisation de l'arithmétique d’inter-
valles permet de certifier les résultats obtenus par 1’algorithme d’évaluation
des équations modulaires. Un cas particulier s’énonce comme suit.

Théoréme 4 (Sous heuristiques relatives au calcul rapide de théta-cons-
tantes en dimension deux). Soit £ un nombre premier, et (ji, jo, j3) € Q3
un triplet de hauteur O(1) ot les dénominateurs des équations modulaires
de Siegel de miveau £ ne s’annulent pas. Alors on peut évaluer ces équations
modulaires et leurs dérivées en (1, ja, j3) en utilisant O(£%) opérations bi-
naires.

Ce cotit est a comparer au cotit de stockage des équations modulaires
sous forme de fractions rationnelles, que 'on estime de ©(¢*log{) au vu
des résultats du chapitre 5 : lorsque la dimension de 1’espace de modules
associé est au moins deux, le précalcul des équations modulaires ne semble
pas la stratégie a adopter.

Dans le cas des équations modulaires de Hilbert, le cott de I’algorithme
d’évaluation peut décroitre jusqu’a O(¢%) opérations binaires seulement.
Dans ce cas, la manipulation des équations modulaires devient asymptoti-
quement négligeable devant le reste de I’algorithme de comptage de points.
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Notation and conventions

Here we gather notations appearing in the thesis. When appropriate,
we indicate the page where a more precise definition can be found.

We also adopt the following conventions concerning the words variety,
degree, and lattice. Let k be a field.

e An algebraic variety over k is an integral (i.e. reduced and irreducible)

separated scheme of finite type over k.

e The degree of a rational fraction F' € k(X) is max{deg(P), deg(Q)},

where P,Q) € k(X) are coprime and F' = P/Q. The degree of a
polynomial P € k[X,...,X,] is its total degree. The degree of a
rational fraction F' € k(Xi,...,X,) is the maximum of the total
degrees of its numerator and denominator.

Let V' be a finite-dimensional vector space over Q. A lattice in V is a
subgroup of V(Q) generated by a basis of V' over Q; a lattice in V(R)
is a subgroup of V(R) generated by a basis of V(R) over R; if p is a
prime number, a lattice in V(Q,) is a subgroup of the form €, ; Z,e;
where (e;);er is a basis of V(Q,) over Q,; and finally, a lattice in V(Ay)
(see notation below) is a product of lattices in V(Q,) for each p that
are equal to V(Z,) for all p but finitely many.

General notation

[A, B] Integer interval {n € Z: A <n < B}

#S Cardinality of S

1p Function with value 1 when property P holds,
and 0 otherwise

Mat,, xm (A) Module of n x m matrices over the ring A

SPa, Symplectic group of order 2g (p. 66)

GSpy, General symplectic group of order 2g

m! Transpose of the matrix m

m~t Inverse of m!

I, Identity matrix of size n x n
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f= 5X(g(n1,n2, )

Chapter 1

G(¢,F,) and others
E1(O, k)

As
Asp

Diagonal n x n matrix with entries aq,...,a,
Concatenation of matrices A and B
Projective space of dimension n > 1

Affine space of dimension n > 1
Multiplicative group

Ring of integers of the number field F
Inverse different of the number field F' (p. 76)
Ideal generated by x

Trace and norm in the finite extension F'/Q
Set of finite primes in the number field F
Algebraic closure of the field &

Set of k-points of the algebraic variety V
Vector space of global differential forms on V'
log(max {1,x}), where x € R

There exists C' > 0 depending on X such that
f(n17 na, .. ) S CmaX{lag(nla na, .. )}

for all values of ny,no,... >0

There exist C, k > 0 depending on X such that

f < Cmax{1,g(n,...)log"(g(ns,...))"}
for all values of ny,ny,... >0

Elliptic modular polynomial of level ¢ (p. 24)
Poincaré upper half plane (p. 22)

Jj-invariant (p. 23)

Lattice Z@& 7Z C C

Complex elliptic curve C/A(7)

Modular curve of level one (p. 22)

Theta constants on Hy (p. 22)

n-torsion subgroup of the elliptic curve FE

(-adic Tate module of the elliptic curve E (p. 27)
Tangent space of E at the neutral point
Normalized Eisenstein series on H;

I[sogeny graphs of elliptic curves (p. 30)

Set of elliptic curves with endomorphism ring O
over k up to isomorphism (p. 31)

Siegel moduli space for abelian surfaces (p. 36)
Hilbert moduli space for abelian surfaces with
real multiplication by Zg, where F' is a real
quadratic field (p. 36)
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W1, Vo, Wy
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Gder, Z, Gad7 T, v,
G(R)-H G(Q)+

(Ga X+)

Shy (G, Xy) (or Shg)

C C G(Ay)
Sc — FC\X+

E(G, X,)

(Acs tbe)

T,(4)

T(A)

an(f)

41,42, 43

0. for a,b € {0,1}7
g for 0 <7 <15
hy, he, hio, P12, V4, Vs,
X105 X12

J1:J2, J3

Igusa invariants on As
Siegel modular equations of level ¢ for principally
polarized abelian surfaces

Dual of the abelian variety A (p. 44)
Translation by = (p. 43)

n-torsion subgroup of the abelian variety A
Group of line bundles algebraically equivalent to
zero on A, up to linear equivalence (p. 44)
Néron—Severi group of A (p. 44)

Jacobian of the smooth curve C (p. 45)
Embedding C < Jac(C), Q — [Q — P]
Ring of endomorphisms of A defined over k
Endomorphism algebra of A over k (p. 47)
Rosati involution (p. 47)

Set of real endomorphisms of A (p. 47)
Subspace of invariants under f in End’(A)
Ring of finite adeles of Q (p. 50)

Profinite completion of Z (p. 51)

See p.5H3

PEL datum (p. 55)

PEL Shimura variety of level K attached to the
PEL datum (G, X.) (p. 55)

Set of representatives for connected components
of Shg(C) (p. 56)

Connected component of Shy (C) associated with
c e C (p. 56)

Reflex field of the PEL datum (G, X,) (p. 56)
Standard lattice attached to ¢ € C (p. 58)

p-adic Tate module of A (p. 60)

Global Tate module of A (p. 60)

Fourier coefficient of f (p. 70)

Variables in Fourier expansions on Hy (p. 70)
Theta constants on H, (p. 71)

Theta constants on Hy (p. 71)

Siegel modular forms on Hy (p. 72)
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Cov(/f)

[27 I47 [67 [(,37 1107 R
Y1, Y2, Ys, X

dj(7)
DV, 1, DV, R

95 (1)

Irreducible representations of GLy(C) (p. 73)
Vector-valued derivative of a Siegel modular
form f on Hy (p. 74)

Siegel modular form of weight det® Sym® (p. 75)
Hilbert embedding (p. 77)

Hilbert modular forms for ' = Q(v/5) (p. 80)
Gundlach invariants for F' = Q(v/5) (p. 81)
Coefficients of the pullback of fgs on H} (p. 81)
Hecke correspondence of level 6 € G(Ay) (p. 84)
Degree of the Hecke correspondence Hs (p. 85)
Degree of the isogenies described by Hy (p. 86)
Modular equations of level ¢ (p. 89)

Moduli space of principally polarized (p.p.)
abelian varieties of dimension ¢

Moduli space of p.p. abelian varieties of dimen-
sion g endowed with the kernel of an (-isogeny
Map Ay — Ay x Ay, (A, K) — (A, A/K) (p. 96)
Tangent map of the isogeny ¢ (p. 96)

Basis of differential forms on Jac(C) associated
with the hyperelliptic equation C (p. 98)

P.p. abelian surface C?/A(7) attached to 7 € Hy,
(p- 99)

P.p. abelian surface C*/Ax(7) with real multipli-
cation by Zp attached to 7 € H? (p. 100)
Standard basis of differential forms on A(7)
or Ap(7) (p. 99)

Standard genus 2 hyperelliptic equations at-
tached to 7 € Hy (resp. 7 € H3) (p. 100)
Covariant attached to the Siegel modular form f
(p. 101)

Scalar-valued covariants (p. 103)

Vector-valued covariants (p. 103)

3 x 3 matrix of derivatives of Igusa invariants
at 7 € Hy (p. 108)

3 x 3 matrices of derivatives of Siegel modular
equations of level ¢ (p. 109)

3 X 2 matrix of derivatives of Igusa invatiants
at 7 € H? (p. 111)
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Moduli stack of abelian varieties of dimension g
with its universal family (p. 115)
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with suitable structure (pp. 116 and 117)
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Theta divisor (p. 126)
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Cost of evaluation for modular equations of Siegel
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See p. 159
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Chapter 1

Introduction

This thesis is about higher-dimensional modular equations. These equa-
tions encode isogenies between polarized abelian varieties; from a geomet-
rical point of view, they define subvarieties of certain moduli spaces con-
sisting of pairs of isogenous abelian varieties.

The first examples of modular equations are the elliptic modular poly-
nomials, which encode isogenies between abelian varieties of dimension 1,
i.e. elliptic curves. Let ¢ > 1 be a prime number. The elliptic modu-
lar polynomial of level ¢, denoted by ®, € Z[X, Y], satisfies the following
property: if k is an algebraically closed field of characteristic distinct from /¢,
and E, E' are elliptic curves over k, then there exists an isogeny ¢: F — E’
of degree ¢ if and only if the equality

(5 (E),j(E') =0

holds, where j denotes the usual j-invariant.

This introductory chapter presents the construction of elliptic modu-
lar polynomials (§1.1) before reviewing existing applications in algorith-
mic number theory and cryptography (§1.2), in particular Elkies’s method
for counting points on elliptic curves over finite fields. Other examples
of modular equations in dimension 2, i.e. for abelian surfaces, have also
been computed, and we give an overview of the state of the art on this
subject (§1.3). Finally we present the plan of the thesis (§1.4). Our con-
tributions aim to generalize properties and algorithms from the case of
elliptic modular polynomials to higher dimensions. Combining our results
yields an asymptotically faster point-counting algorithm based on Elkies’s
method for principally polarized abelian surfaces with real multiplication.
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1.1 Elliptic modular polynomials

Throughout this introduction, we assume familiarity with elementary
properties of elliptic curves, as presented in Silverman’s book [Sil09]. In
particular, elliptic curves are algebraic curves, and can be defined over any
field, such as finite fields. Over C, elliptic curves are identified with their
sets of C-points, which are complex tori. We also assume familiarity with
classical modular forms; see for instance [DS05, §1-2].

Perhaps the easiest way to define elliptic modular polynomials is to work
over C. We recall the necessary facts about the moduli space of complex
elliptic curves in §1.1.1. Then we define the elliptic modular polynomials
and list some of their properties in §1.1.2.

1.1.1 The moduli space of complex elliptic curves

Denote by H; the Poincaré upper half plane,
H; ={z € C: Im(z) > 0}.

The elliptic modular group I'(1) = SLo(Z) acts on H; on the left in the
following way: if v = (¢%) € I'(1) and 7 € Hj, then

at +0b
= (1.1)

With every 7 € Hj, one associates the lattice A(7) = Z & 7Z C C and
the complex elliptic curve E(7) = C/A(7). The map 7 — FE(7) induces a
bijection between the quotient I'(1)\H; and the set of isomorphism classes
of complex elliptic curves. We say that I'(1)\H; is a moduli space for
complex elliptic curves.

The quotient I'(1)\H; can be compactified by adding one point called
the cusp. The resulting compactification, denoted by X (1), is the modular
curve of level one over C. As every compact Riemann surface, X (1) is an
algebraic curve over C. Rational functions X (1) — C are identified with
modular functions of weight zero and level T'(1) on Hj.

An isomorphism X (1) ~ P! is given by the j-invariant 7 — j(7).
Consider the theta constants 6y, 60, : H; — C defined as follows:

Oo(T) = Z exp(mitn?),

nez

01(7) = (—1)" exp(mwitn?).

ne’l
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Then the j-invariant is defined by

(65 — B0 + 69)°

| = 2
J = 200 e g1 — gmy2

(1.2)

In particular, the j-invariant generates the function field of X (1) over C.
Therefore every modular function of weight zero and level I'(1) can be
expressed as a rational function in j with coefficients in C. On X (1), the
j-invariant has only one pole located at the cusp; therefore one can consider
the j-invariant as a quantity attached to elliptic curves, with the property
that two complex elliptic curves have equal j-invariants if and only if they
are isomorphic.

Far-reaching generalizations of the modular curve X (1) are given by
the PEL Shimura varieties of finite level (see chapter 2). PEL Shimura
varieties are moduli spaces for abelian varieties with certain polarization,
endomorphism, and level structures. They provide a convenient unified
language to study higher-dimensional modular equations.

1.1.2 Elliptic modular polynomials

Recall that an isogeny ¢: E — E’ between complex elliptic curves is
a surjective morphism with finite kernel. The degree of ¢ is its degree as
a rational map; and the kernel of ¢ is its kernel as a group morphism
from E(C) to E'(C), which has cardinality deg(y).

Let us restrict to isogenies of prime degree; every isogeny is a compo-
sition of these. If an isogeny ¢ has prime degree ¢, then the kernel of ¢
is a cyclic group isomorphic to Z/¢Z; we say that ¢ is an ¢-isogeny. For
every 7 € Hj, the identity map on C induces an (-isogeny E(1) — E(7//).
Moreover every f-isogeny over C is isomorphic to an isogeny of this form.

One can check that the function 7 — j(7/¢) is a modular function of
weight zero for the congruence subgroup

TO(¢) = {(21) € SLy(Z): b= 0 mod ¢} (1.3)

of I'(1). Therefore, for every 7 € Hj, the polynomial

p= I (v-ithn) ech]

YETO(O\T'(1)

is well-defined. The roots of Py(7) are the j-invariants of all elliptic curves
that are (-isogenous to F/(7); more precisely, the roots of Py(7) counted with
multiplicities are the j-invariants of the elliptic curves of the form E(7)/K,
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where K runs through the ¢ + 1 cyclic subgroups of the /¢-torsion sub-
group E(7)[(].

One checks that the coefficients of P, are modular functions of weight
zero and level I'(1) with poles at the cusp only. Therefore, there exists a
polynomial &, € C[X,Y] such that for every 7 € Hy, we have

2. Y)=rRn) = [ (v-iGm). (1.4)

YELO(O\I'(1)

This bivariate polynomial ®, is the elliptic modular polynomaial of level L.
Let us list some of its properties.

1. The coefficients of ®, lie in fact in Z: one way to see this is to
show that the Fourier expansions of the coefficients of P, have integer
coefficients [Cox13, Thm. 11.18 (i)].

2. The polynomial ®, is symmetric in X and Y. This comes from the
existence of the dual isogeny: for every f-isogeny p: E — FE’', the
dual of ¢ is an f-isogeny E' — E [Cox13, Thm. 11.18 (iii)].

3. The degree of ®; is £+ 1 in both variables. Indeed, its degree in Y is
[T(1) : T°(¢)] = £ + 1, and @, is symmetric.

4. Define the height of ®,, denoted by h(®,), as follows: h(®P,) is the
maximum value of log|c|, where ¢ runs through the nonzero coefhi-
cients of ®,. Then, as ¢ grows to infinity, we have

h(®y) ~ 6¢log (.

This asymptotic result was first proved by Cohen [Coh84|, and ex-
plicit bounds from above for h(®,) are also known [BS10, Paz19].

5. Let k be an algebraically closed field of characteristic distinct from ¢,
and let £, E' be two elliptic curves over k. Then the equality

(5 (E),4(E) =0

holds if and only if F and E’ are (-isogenous over k. By construction,
this property holds true over C, and extends to every characteris-
tic zero field by Lefschetz’s principle (every field k& that is finitely
generated over Q embeds in C) [Sil09, §VI.6]. The general argu-
ment uses the language of moduli schemes: one invokes the smooth-
ness of the moduli space of elliptic curves with level ¢ structure
over Z[1/¢] [DR73, §IV, Thm. 2.5] to lift ¢-isogenies from k to char-
acteristic zero.
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Given the above bounds on the degree and height of ®,, the cost of
storing ®, on a computer is O(¢£3log (). This becomes quickly too large to
fit &, on a page, but is reasonable enough to store large databases of these
polynomials: for instance, Sutherland [Sut| has a database of all elliptic
modular polynomials of prime levels up to 1000. As an example, we have

Dy(X,Y) = X°? — X?Y? + 1488X°%Y — 162000X* + 1488 X V>
+40773375XY + 8748000000 + Y? — 162000Y
+ 8748000000 — 157464000000000.

Several methods are available to compute elliptic modular polynomials
in quasi-linear time in their size. One method consists in computing com-
plex approximations of its coefficients using eq. (1.4) [Eng09b]|. An essential
subroutine of this algorithm is to compute theta constants, and hence the
j-invariant by eq. (1.2), in quasi-linear time: for every precision N > 1
and every 7 € H; lying in a certain fundamental domain for SLy(Z), the
theta-constants 0y(7), 01(7) can be computed up to an error of 27 in quasi-
linear time in N [Dupl1]. Another method to compute ®, consists in using
the Chinese remainder theorem (CRT), and computing ®, modulo several
prime numbers p by generating sufficiently many pairs of /-isogenous curves
over IF, [BLS12]. Both methods are suitable to evaluate ®,(zo,Y), for a
given x( in a finite field or number field; the CRT method even achieves
memory improvements in this case [Sut13].

Other kinds of modular polynomials for elliptic curves can be defined,
using other modular functions than the j-invariant, for example the We-
ber f-function, whose congruence subgroup has index 24 in SLy(Z). Their
heights are smaller by a constant factor (see [EMO02| for an explanation of
this phenomenon in the case of class polynomials of imaginary quadratic
fields), but the asymptotic complexity of manipulating them is similar.

1.2 Algorithmic applications

This section presents several algorithms using elliptic modular polyno-
mials. We focus on elliptic curves over finite fields, although some of the
algorithms also apply to other base fields or rings. Let p be a prime number,
and let ¢ = p" be a power of p.

Let E be an elliptic curve over the finite field F,, and let ¢ # p be
a prime. A direct use of the elliptic modular polynomial of level ¢ is to
compute all elliptic curves (up to isomorphism) that are ¢-isogenous to E:
one computes the roots of ®,(j(£),Y) € F,[Y], using for instance the
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Cantor—Zassenhaus algorithm [vG13, §14|. The polynomial ®, can also
be used to compute isogenies: given two f-isogenous elliptic curves E, E’
over [F,, an algorithm of Elkies |[E1k98] recovers an (-isogeny ¢: E — E' as
an explicit rational map, at least when p is large with respect to £ and E, E’
are sufficiently generic. Elkies’s algorithm is an essential part of the SEA
point counting algorithm for elliptic curves over finite fields [Sch95]. Note
that Elkies’s algorithm has a converse: given a cyclic subgroup K C F (Fq)
of order ¢, one can compute an equation for the elliptic curve E/K as
well as rational fractions describing the (-isogeny F — E/K using Vélu’s
formulee [VéT1].

The first part of this section presents the point counting problem and
the SEA algorithm, starting with Schoof’s algorithm (§1.2.1), then pre-
senting Elkies’s improvement (§1.2.2). The second part discusses other
applications of modular polynomials in algorithmic number theory (§1.2.3)
and cryptography (§1.2.4).

1.2.1 Schoof’s point counting algorithm

The point counting problem for elliptic curves is the following: given an
elliptic curve E over F,, compute # E(F,). Counting points has applica-
tions in cryptography (see §1.2.4), and also in algorithmic number theory,
for instance to compute Euler factors of L-functions attached to elliptic
curves. Schoof’s algorithm solves the point counting problem in polyno-
mial time in log(q).

Let g be the Frobenius endomorphism of E, and consider its charac-
teristic polynomial [Sil09, §V, Thm. 2.3.1]:

xp=X?—tpX +q € Z[X],

where tp € Z is the trace of Frobenius. If we consider Z as a subset
of End(F), the polynomial xg is equal to (X — 7g)(X — Tg) where Tg
denotes the dual of Frobenius; hence xg(7mg) = 0. Computing xg is equiv-
alent to computing # E(F,) since

#EF,) =q+1—tg.

The Weil conjectures, in this case Hasse’s theorem [Sil09, §V, Thm. 2.4,
state that the roots of xg in C all have absolute value /q. Therefore the
Hasse bound holds:

te| < 2v/q. (1.5)

Schoof’s algorithm [Sch85] computes tg mod ¢ for a series of distinct
prime numbers ¢ # p, then recovers tg € Z using the Chinese remainder
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theorem and eq. (1.5). The trace tg is recovered uniquely as soon as the
product of (’s is greater than 4,/q. By the prime number theorem, this
bound can be reached using O(log g) prime numbers ¢ € O(logq).

Let us now turn to the computation of g mod ¢, where ¢ # p is a prime
number. Let

T,(F) = lim E|"
be the f-adic Tate module of E, which is a free Z,-module of rank 2.
Then x g, seen as a polynomial with coefficients in Z,, is the characteristic
polynomial of 7 seen as an automorphism of T;(E) [Sil09, §III, Prop. 8.6].
In particular, tg mod ¢ is the unique element ¢ € Z/{Z satisfying the
relation
tnp(P) =np(P) +qP (1.6)

for every (-torsion point P € E[(|(F,).

One usually avoids computing all /-torsion points on FE, and rather
tests eq. (1.6) on the formal ¢-torsion point P, with coefficients in the
coordinate ring of E[¢]\{0}. One computes 7x(P), 7%(P) and qP using
square-and-multiply algorithms, the latter using the addition law on FE|,
for instance [Sil09, §II, Alg. 2.3|. Using asymptotically fast algorithms for
polynomial multiplication [vG13, §8-9], the cost of finding {5 mod ¢ is
then O(¢?logq) operations in F,. The ¢* factor comes from the degree of
defining equations for E[¢(]\{0}; in other words this ¢? stands for the order
of the subgroup of E used to compute g mod ¢. Overall, the complexity
of Schoof’s algorithm is O(log”(¢)) binary operations.

1.2.2 Elkies’s method and the SEA algorithm

Let ¢ # p be an odd prime number. Given Weierstrass models of two /(-
isogenous elliptic curves E, £’ over F,,

E:2* =9y +ax +0, E:y=2*+dz+0,

Elkies’s algorithm |E1k98| attemps to compute an f-isogeny ¢: E — E'
as an explicit rational map. For simplicity, assume that the polynomial
®4(j(E),Y) has simple roots over F,, and that £ and E’ have no extra
automorphisms. Then Elkies’s algorithm succeeds as soon as p > 4¢ — 1.
The result yields an equation for the subgroup ker(yp) of E[¢], which is
defined over F, and cyclic of order /.

In the context of Schoot’s algorithm, assume that the discriminant of y g
is a nonzero square modulo ¢. Then the endomorphism 7 restricted to E[/]
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diagonalizes over Z/¢Z: in some basis of E[(], the matrix of mg is of the

form
A0
0 u

for some distinct eigenvalues A, € (Z/0Z)* such that Ay = ¢q. There are
exactly two cyclic subgroups of E[¢] which are stable under 7g, i.e. defined
over F,. Assume, as above, that ®(j(F),Y’) has only simple roots over F,.
Then FElkies’s method to compute tp mod ¢ is the following:

1. Compute the two roots a, 5 of ®4(j(£),Y) belonging to Fy;
2. Construct an elliptic curve £ over F, such that j(E') = o

3. Compute the kernel of an f-isogeny ¢: E — E’ using Elkies’s algo-
rithm;

4. Compute the eigenvalue of 7 on ker(p), say A;
5. Output tg = A + ¢/A mod /.

Step 4 uses the formal point of ker(y)\{0} in a similar way to Schoof’s
algorithm; it costs O(flog q) operations in F, since ker(y) has order ¢, and
dominates the rest of the algorithm.

Heuristically, Elkies’s method applies for about half of the auxiliary
primes /, called Elkies primes. If enough Elkies primes can be found, then
the resulting point-counting algorithm has a complexity of O(log*(¢)) bi-
nary operations. It is known that enough Elkies primes can be found on
average, when considering either all elliptic curves over F, [SS14], or (un-
der the generalized Riemann hypothesis) the reductions of a given elliptic
curve E defined over Q modulo primes [SS15].

The Schoof-Elkies-Atkin (SEA) point counting algorithm [Sch95| adds
a number of practical improvements to Elkies’s method, and has the same
asymptotic complexity. In particular, Atkin’s method consists in study-
ing the factorization patterns of ®,(j(£),Y’) to obtain partial information
about tg mod ¢. This information is used in an exponential-time sieve which
reduces the number of Elkies primes to consider. Other improvements con-
sist in using chains of f-isogenies [FMO02|, or even Schoof’s method, to
compute tg modulo powers of ¢ when £ is small.

Let us now describe Elkies’s isogeny algorithm. Fixing Weierstrass mod-
els specifies differential forms w,w’ on E, E’ respectively, defined by the
formula dx/2y [Sil09, §III.1]. By duality, the Weierstrass models define
bases of the tangent spaces Ty(FE), To(E') of E and E’ at the neutral point.
The tangent map

ngZ T()(E) — To(E/),
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when written in these bases, is a scalar ¢ € F; called the normalization
factor of p. We have p*w’ = cw.

If ¢ is known, then one can write differential equations satisfied by the
rational functions defining ¢ [BMSS08|. These equations can be solved in
power series using Newton iterations: computing n terms of the solutions
costs O(n) operations in [F,. Elkies’s algorithm concludes with a rational
reconstruction step using the extended Euclidean algorithm [vG13, §12.3].
The degrees of the rational fractions describing ¢ are in O(¢), hence the
cost of Elkies’s algorithm once ¢ is determined is O({) operations in F,.
The assumption that p > 4¢ — 1 appears since one has to perform divisions
by 2,3,...,4¢ — 1 during the Newton iterations.

Computing the normalization factor ¢ involves explicit formulee about
modular functions, in particular the derivative

oo L4
T Sinar
of the j-invariant, which is a modular function of weight 2. Assume, for the
moment, that F, E" are defined over C. Then, given a modular function f
of weight k, the quantity f(E,w) is well-defined: choose 7 € H; and an
isomorphism n: E = E(7), let w(7) be the differential form given by 2mi dz
on E(1) = C/A(7), let r € C* be such that n*w(7) = rw, and set

f(B.w) =1"f(r),

which is indeed independent of 7 and 7. The classical theory of complex
elliptic curves [Sil09, §VI.1] gives the equalities

Ey(E,w) = —48a, Eg(E,w) = 864b,

where F; and Eg denote the normalized Eisenstein series of weights 4 and 6
respectively. Moreover

E¢(E,w) . 293%42h

N(Byw) = — =809 gy - 2240
FEw) =—g 5 F) =

(1.7)

Since E, E' are (-isogenous over C, there exists a 7 € H; and a commu-

tative diagram

E—%* LFp

n ln'

E(r) ==% E(1/0).
where 7,7 are isomorphisms. Let r, " € C* such that

nw(t) =rw, n*w(r/l)=r"w(T).
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Then the normalization factor of ¢ is ¢ = 7/r~!. The crucial equality comes
from differentiating the relation ®,(j(7),7(7/¢)) = 0 with respect to 7

. : : 1 . . .
Ox @ (J(E), J(E')) 5'(7) + 50v ®u(§(E), §(E)) '(7/€) = 0,
where d0x and Jy denote derivation with respect to X and Y in Z[X, Y],
respectively. Hence

Cox(§(B),§(E) 7(E,w) + 7ov 8 (i(E) §(2)) §'(F ) = 0. (19

Equation (1.8) is entirely algebraic, using eq. (1.7) to evaluate the mod-
ular function j'. It is also valid when E, E" are defined over F,; a simple
way to see this is to lift the isogeny ¢ to characteristic zero. Under our
assumptions, the derivative of ®, with respect to Y does not vanish; more-
over j'(E',w') # 0 because E’ has no extra automorphisms. Therefore
eq. (1.8) allows us to compute the normalization factor of ¢ up to sign,
which is enough for the rest of Elkies’s algorithm.

Recall that the modular polynomial ®, has degree O(¢) in both vari-
ables X and Y, and height O(¢log¢). Recall also that ¢ € O(log q). There-
fore, assuming that ®, has been precomputed, evaluating the derivatives
of @, at (j(E),j(E")) costs O(¢*) operations in F,; it is the most costly
step in Elkies’s isogeny algorithm, but is still dominated by root finding
and Frobenius computations in the context of the SEA algorithm.

1.2.3 Other applications of modular polynomials

Besides Elkies’s algorithm, elliptic modular polynomials have other al-
gorithmic applications. To present them, it is convenient to introduce the ¢-
isogeny graph G(¢,F,), where ¢ # p is a prime. The vertices of G(¢,F,) are
elliptic curves defined over F, up to Fq—isomorphism, and can be labeled
by j-invariants in F,. Two vertices vy, v, are linked by an edge if and only
if there exists an (-isogeny between them. The graph G(¢,F,) is undirected
and without multiple edges. More generally, if L is a list of primes not
containing p, we define G(L, F,) as the superposition of the graphs G(¢,F,)
for ¢ € L. A subscript E denotes the connected components of these graphs
containing the elliptic curve E.

Kohel’s thesis [Koh96] shows that isogeny graphs of elliptic curves have
a very particular shape. Let E be an elliptic curve over Fy, and denote by
O = Endp, (F£) the ring of endomorphisms of £ defined over F,. There are
two possibilities, depending on the trace of Frobenius ¢ [Wat69, Thm. 4.1]:
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L. If |tg] < 24/q, then O is isomorphic to an order in an imaginary
quadratic field F; this case includes all ordinary elliptic curves (for
which tg is prime to p), and also all supersingular elliptic curves
over F, when ¢ is not a square.

2. If [tg| = 2\/q, then O is isomorphic to a maximal order in a certain
quaternion algebra.

In case 1, let A be the discriminant of F' = O ® Q, and let (%) be the
Legendre symbol. Denote by Zg the ring of integers in F'. Each vertex
of G({,F,)r can be given a depth, which is an integer between 0 and dyax,
the (-adic valuation of [Zp : Z[rg]]. Each vertex of depth d is connected to

o 1 vertex of depth d — 1 and ¢ vertices of depth d+ 1, if 0 < d < dpax;
e 1 vertex of depth d — 1, if 0 < d = dyax;

o 1+ (%) vertices of depth 0, if 0 = d = dyax;

o 1+ (%) vertices of depth 0 and ¢ — (%) of depth 1, if 0 = d < dyax.

We say that G(¢,F,)g is an (-volcano; the vertices of depth zero form the
crater or surface of the volcano, and vertices of depth d,., form the floor.
A typical example is depicted on fig. 1.1.

depth 0 o= o e g
depth 1 ./ \. ./ \. ./ \. ./ \.

Fig. 1.1. An /-volcano with ¢ = 3, d,.c = 1, and (%) =1.

In case 2, the graphs G(¢,F,) g do not have a volcano structure. Instead,
they have the Ramanujan property [Piz90]: they are “optimal” expander
graphs, therefore random walks in these graphs mix rapidly. Under the
generalized Riemann hypothesis, one can also obtain expander graphs out
of isogeny volcanoes, by considering the surface of G(L,F,)r when L is
sufficiently large [JMV09.

The elliptic modular polynomial &, allows us to navigate (-isogeny
graphs by computing all vertices adjacent to a given one. Various number-
theoretic algorithms rely on this fact. From now on, when £ is a field
and O is an imaginary quadratic order, we denote by Ell(O, k) the set of k-
isomorphism classes of elliptic curves over £ whose ring of endomorphisms
over k is isomorphic to O.
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. Computing depths [Koh96]. Given the rigid structure of ¢-volcanoes,
one can compute the depth of a given vertex v in G(¢,F,) by following
three paths from v and stopping when one of them reaches the floor.
If £ is an elliptic curve over F, representing v, this depth equals
the (-adic valuation of [Zp : Endg, (E)].

. Finding isogeny chains [FM02]. In the SEA algorithm, if ¢ is a very
small Elkies prime (say ¢ = 2 or 3), it is interesting to use a chain of ¢-
isogenies to compute the trace of Frobenius modulo ¢", where r is the
length of the chain. Walking along the surface of the corresponding
isogeny volcano allows us to compute chains of arbitrary lengths.

. Explicit CM theory. Let O be an imaginary quadratic order, and as-
sume that Ell(O,F,) is nonempty. The theory of complex multiplica-
tion (CM) defines a simply transitive action of the class group C1(O)
on Ell(O,F,) [Wat69, Thm. 4.5|. Let ¢ # p be a prime that splits
in two distinct invertible O-ideals, ¢ = [;[,. Then, for every elliptic
curve E € Ell(O,F,), the elliptic curves [l] - £ and [l5] - E are the
images of two (-isogenies with domain F; all three elliptic curves F,
[h] - E and [ly] - E lie on the surface of G(¢,F,)g. Moreover, the ac-
tions of [l4] and [l5] can be distinguished by computing the Frobenius
eigenvalue on the kernel of the corresponding ¢-isogeny. Therefore the
action of C1(O) on Ell(O,F,) can be computed explicitly, by walking
along the surface of ¢-isogeny volcanoes (using depth computations)
and using Elkies’s algorithm described in §1.2.2.

. Computing Hilbert class polynomials [Sutl1]. Let O be an imaginary
quadratic order. The Hilbert class polynomial of O, denoted by Hop,
is a monic polynomial with coefficients in Z whose complex roots
are the j-invariants of all the elements of Ell(O,C). It is a defining
polynomial for the ring class field of O over ' = O ® Q. A possible
strategy to compute Hp is to compute it modulo several primes p
and using the Chinese remainder theorem. The roots of Hp mod p
are given by the j-invariants of elements in EII(O,FP), and can be
enumerated using the explicit CM action.

. Computing elliptic modular polynomials [BLS12, Sut13|. Isogeny vol-
canoes can also be used to compute modular polynomials via interpo-
lation and Chinese remainders, as mentioned in §1.1.2. For instance,
knowing all the vertices of a graph G(3,F,)g of the shape given in
fig. 1.1 would allow us to reconstruct ®3(X,Y) mod p, by interpo-
lating ®3(z,Y") for each j-invariant x on the surface, then ®3(X,Y).
In this algorithm, the vertices of G(¢,FF,)g are enumerated using the
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explicit CM action of ideals of small norms.

6. Computing endomorphism rings of elliptic curves. Let E be an ordi-
nary elliptic curve over F,. Computing # E(F,) determines the endo-
morphism algebra of F; afterwards, walking in isogeny graphs gives
additional information about the precise endomorphism ring of F
over [F,. For instance, if ¢ is a small prime, computing the depth of £
in G(¢,F,)p is an efficient way of determining the ¢-adic valuation of
the conductor of Endg, (E). For larger primes, one can use the ex-
plicit CM theory to rule out candidates for Endg, (E). Kohel [Koh96]
uses these observations to design an exponential-time algorithm (un-
der the generalized Riemann hypothesis) for computing Endg, (E). A
probabilistic subexponential time algorithm (under heuristics), using
so-called smooth relations in ideal class groups, also exists [BS11].

1.2.4 Relevance to cryptography

The number-theoretic algorithms involving elliptic modular polynomi-
als have applications in two areas of public-key cryptography. The first
area is elliptic curve cryptography, which relies on the hardness of the dis-
crete logarithm problem in the group E(F,), where E is an elliptic curve
over F,. The second area is isogeny-based cryptography, which relies on the
hardness of finding paths in isogeny graphs. Elliptic curve cryptography
is widespread in real life; isogeny-based cryptography is younger and less
used in industry, but attracts interest because of its conjectured resistance
to quantum attacks.

Elliptic curve cryptography. Let G be a finite group of order n which
is effective, in the sense that its elements can be encoded in a computer
and the basic operations (multiplication, equality tests) can be performed
algorithmically. Let ¢ € G and 0 < a < n — 1. Then computing ¢g* is
easy: using a square-and-multiply algorithm, it can be done in O(logn)
operations in G. Conversely, the discrete logarithm problem asks, given
g € G and h € (g), to compute a such that g* = h. For a generic group G,
the best known classical algorithms to do so have complexity O(y/n), which
is exponential in logn [Pol75|. This exponential complexity gap makes the
discrete logarithm problem suitable for use in public-key cryptography.
Another computational problem closely related to discrete logarithms
is the Diffie-Hellman problem: given g, g% ¢* € G, compute g?°. For a
generic (G, the best known classical algorithms to solve the Diffie-Hellman
problem also are in O(y/n); but the problem becomes easy if one can com-
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pute discrete logarithms in G. The well-known Diffie-Hellman key ex-
change protocol [DH76|, the first published example of a public-key cryp-
tographic protocol, relies on the hardness of the Diffie-Hellman problem.

In concrete implementations, one has to choose a group G. In gen-
eral, one should choose n = # G to be either prime or “almost” prime,
in order to avoid generic attacks based on Chinese remainders [PH7S].
The idea of elliptic curve cryptography, introduced by Koblitz [Kob87| and
Miller [Mil85], is to take G = E(F,) where E is an elliptic curve over F,.
For a generic F, the best known classical algorithms to compute discrete
logarithms in E(F,) are in O(,/g). This compares favorably with the case
of multiplicative groups of finite fields, where subexponential attacks are
known [Pom87]. We refer to [GM17] for a review of the discrete logarithm
problem, both in the generic and finite field cases.

Several algorithms are available to generate suitable elliptic curves, say
of prime order. One can run the SEA algorithm (recall §1.2.2) on a family
of candidates, for instance chosen at random, until finding one of prime
order. Since the SEA algorithm computes #E(F,) modulo small primes,
one can abort the algorithm early if a small factor of #E(F,) is detected.
Another strategy is to use the CM method, first described in [AM93], which
constructs elliptic curves such that #E(F,) is completely determined, at
the cost of some loss of control on ¢: if O is an imaginary quadratic order
whose Hilbert class polynomial Hp is known, and E is an elliptic curve
over [F, such that j(E) is a root of Hp, then the trace of Frobenius of F is
determined up to sign.

On the destructive side, isogenies can be used to attack the discrete
logarithm problem on a given elliptic curve E: one tries to find an isogeny
chain from F to another elliptic curve where the discrete logarithm problem
is easier to solve [GHS02].

The discrete logarithm problem, even in generic groups, can be solved
in polynomial time on a quantum computer by Shor’s algorithm [Sho94].
Therefore elliptic curve cryptography may become insecure as quantum
computers develop.

Isogeny-based cryptography. Let G be a finite connected graph, let v
be a vertex of G, and assume that there exists an algorithm to compute the
neighbors of a given vertex of G. If G has good expansion properties, then
one can efficiently sample vertices in G with a close to uniform distribution
by following random walks from vg. Conversely, given a random vertex v
of G, finding a path from vy to v is a hard problem in general. Informally,
isogeny-based cryptography relies on the hardness of this problem when G
is an isogeny graph over a finite field: G can be either a supersingular
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graph of /-isogenies for some fixed ¢, or a superposition of isogeny cycles
of different prime degrees. Isogeny-based primitives are one of the families
of cryptographic proposals (along with, for instance, lattice-based or code-
based primitives) that are conjectured to be quantum-resistant.

Examples of isogeny-based protocols are given by the Charles—Goren—
Lauter hash function [CLGO09|, which uses a supersingular graph of 2-
isogenies; the SIDH key exchange protocol [dJP11], which uses supersin-
gular graphs of 2- and 3-isogenies; and the CSIDH key exchange proto-
col [dKS18, CLM™18|, which uses a superposition of isogeny cycles for
supersingular curves over a prime field IF,. Isogeny-based cryptography is
a very active research area, with recent cryptographic proposals such as
verifiable delay functions [dMPS19] and digital signatures [dG19].

For performance reasons, these protocols rely on computing isogenies
from their kernels using Vélu’s formulae to navigate isogeny graphs, instead
of finding roots of modular polynomials.

1.3 State of the art in higher dimensions

After elliptic curves, it is natural to study abelian varieties, which are by
definition complete group varieties over a field; elliptic curves correspond to
abelian varieties of dimension one. Abelian varieties are fundamental ob-
jects in algebraic geometry and number theory. They appear for instance in
the study of algebraic curves: much information about a smooth algebraic
curve of genus g can be obtained from its Jacobian, which is an abelian
variety of dimension g. Abelian varieties have a very rich theory, that we
do not develop here: we refer to [Mum?70, Mil86a, Mil86b|, and [BL04| for
the complex theory.

1.3.1 Modular equations of Siegel and Hibert type

Just as elliptic modular polynomials encode f-isogenies between elliptic
curves for a fixed prime ¢, higher-dimensional modular equations encode
isogenies of a fixed type between abelian varieties. To define these modular
equations, one works with moduli spaces of abelian varieties, for instance
over C, as we did for elliptic curves in §1.1. In order to obtain well-behaved
moduli spaces, one considers isomorphism classes of abelian varieties en-
dowed with an additional structure called a polarization. A polarization
on an abelian variety A is a certain equivalence class of ample line bundles
on A; it can also be seen as an isogeny from A to its dual abelian variety A,
and the polarization is called principal if this isogeny is an isomorphism.
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In the dimension 2 case, i.e. for abelian surfaces, two moduli spaces are
of particular interest.

1. The Siegel moduli space Ay classifies principally polarized abelian
surfaces. As an algebraic variety, As can be defined over Q, and is
birational to P2, by results of Igusa [[gu62|: in other words, isomor-
phism classes of principally polarized abelian surfaces are generically
classified by three invariants. For each prime /¢, the Siegel modular
equations of level ¢ encode the presence of (-isogenies between prin-
cipally polarized abelian surfaces [BL09, Mill5]; the degree of these
isogenies is /2.

2. Let F be a fixed quadratic field. The Hilbert moduli space Ay p clas-
sifies principally polarized abelian surfaces with real multiplication
by Zp, the ring of integers of F. As an algebraic variety, A; g has
dimension 2. For each totally positive prime § € Zp, the Hilbert mod-
ular equations of level 5 encode the presence of S-isogenies [Mar20,
MR20]; the degree of these isogenies is Ng/q(f).

In practice, one makes a choice of invariants on Ay or Aj p; then the
modular equations can be seen as explicit multivariate rational fractions.
For instance, a standard choice of invariants on the Siegel moduli space As
is given by the three Igusa invariants, denoted by ji, j2, j3. The modular
equations of Siegel type and level ¢ are given by three polynomials ¥, €
Q(j1, Jo, J3)[Y] for 1 < m < 3, with the following property: there exist an
open subvariety U of A, such that for every two points z, 2’ of U(C), the
equalities

\Dz,l(h(z)ab(z) j3( ) 2') )
3X‘I’£,1(j1<z)ajz( 1(2") ) Z') 2(h(z)ajz(z)aj3(2)7j1(2,))
OxWe(j1(2),72(2), (2) - 53(2) = Va3 (1(2),5a(2), 75(2),41(2))

hold if and only if the principally polarized abelian surfaces associated
with 2z and 2z’ are (-isogenous.

Several examples of modular equations for abelian surfaces have already
been computed, but they tend to have frightening sizes due to their large
number of variables, degrees, and heights. Writing down the Siegel mod-
ular equations uses approximately 1 MB for ¢/ = 2, and approximately
410 MB for ¢ = 3; the computations for ¢ = 5 have not been carried out
to our knowledge. As in the case of elliptic modular polynomials, one can
consider variants of modular equations using invariants of abelian surfaces
with level structure. For instance, Siegel modular equations in terms of
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theta constants in dimension 2 (instead of Igusa invariants) have smaller
coefficients, and have been computed up to ¢ =7 [Mil].

The most efficient algorithms to compute Siegel or Hilbert modular
equations currently use complex approximations [Mill5, MR20]|. As in the
elliptic case, an essential subroutine in these algorithms is to compute theta
constants in quasi-linear time in the precision [Dup06, LT16].

1.3.2 Applications

In terms of applications, the literature on modular polynomials for
abelian surfaces is much less developed than for their elliptic counterparts.

The point counting problem. Prior to this thesis, no generalization
of Elkies’s isogeny algorithm was known for abelian surfaces. In the lit-
erature, the asymptotically fastest point counting algorithms for abelian
surfaces over finite fields are based on Schoof’s method, which admits gen-
eralizations to abelian varieties of any dimension [Pil90|. Schoof’s method
uses the action of Frobenius on kernels of endomorphisms of abelian va-
rieties: multiplication by ¢ in the generic case |[GH00, GS12|, and real
multiplication if available [GKS11].

Atkin’s point counting method, which studies the factorization patterns
of modular equations, has also been generalized to dimension 2 [BGLGT16],
but this result does not affect the asymptotic complexity of point counting
algorithms. Moreover, the complexity of this method has not been worked
out, as no bounds from above for the degree and heights of modular equa-
tions for abelian surfaces appear in the literature.

Isogeny graphs. The structure of isogeny graphs of /-isogenies between
principally polarized abelian surfaces over F, can be quite intricate, but
isogeny graphs of S-isogenies between ordinary principally polarized abelian
surfaces with real multiplication are still volcanoes [BJW17, Mar18|. How-
ever, the chosen method to navigate isogeny graphs in dimension 2 is often
to compute isogenies from their kernels using higher-dimensional analogues
of Vélu’s formulee instead of using modular equations; these formule are
available both for /- and S-isogenies [LR12, CR15, CE15, DJRV17|.
Given the current state of knowledge, there are several reasons for pre-
ferring to compute isogenies from their kernels: the complexity of manipu-
lating modular equations is unclear, finding directions in isogeny graphs is
hard due to the lack of explicit kernels, and the databases of precomputed
modular equations are small. The drawback is that the kernel has to be
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computed in the first place, and computing the full /-torsion subgroup of
an abelian surface is costly.

1.4 Results and plan of the thesis

The contributions of this thesis aim to better understand modular equa-
tions in higher dimensions and algorithms using them. A particular focus
is placed on modular equations of Hilbert and Siegel type for principally
polarized abelian surfaces. In short, this thesis provides the three neces-
sary ingredients to generalize Elkies’s point counting method to the case of
abelian surfaces:

1. An isogeny algorithm which, given isogenous abelian surfaces, com-
putes an isogeny between them as an explicit rational map;

2. General complexity bounds for modular equations, i.e. height and de-
gree bounds, in terms of their level,

3. An evaluation algorithm for modular equations and their derivatives.

Combining these results also shows that one can efficiently navigate isogeny
graphs for abelian surfaces using modular equations. Let us now detail the
contents of each chapter.

Chapter 2. We give an introduction to PEL Shimura varieties, which
are moduli spaces for complex abelian varieties with specified polarization,
endomorphism, and level structures. This formalism encompasses the dif-
ferent moduli spaces mentioned in chapter 1, and we detail its connection
with the classical language of Siegel half spaces and modular forms. Adopt-
ing the language of Shimura varieties allows us to give a unified definition
of modular equations, of which elliptic modular polynomials, and Siegel or
Hilbert modular equations for abelian surfaces are special cases.

Chapter 3. This chapter presents an analogue of Elkies’s isogeny algo-
rithm in dimension 2 using modular equations of either Hilbert or Siegel
type, and corresponds to the preprint [KPR19|. Let us present the Siegel
case here: we want to compute an ¢-isogeny ¢ between principally polarized
abelian surfaces A and A’. The Kodaira—Spencer map relates the possible
deformations of ¢, which can be computed from derivatives of Siegel mod-
ular equations, with the tangent map dp: To(A) — To(A’) induced by ¢ on
the tangent spaces of A and A’ at zero. We make the Kodaira—Spencer map
explicit in the case of Jacobians of genus 2 curves: concretely, an explicit
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formula yields the value of certain vector-valued Siegel modular functions,
namely derivatives of Igusa invariants, in terms of the coefficients of a
hyperelliptic curve equation. This explicit formula is the dimension 2 ana-
logue of eq. (1.7) for the derivative of the j-invariant in the case of elliptic
curves. The result is the following.

Theorem 1.4.1. Let ¢ be a prime, and let k be a field of characteristic
zero orp > 80+ 7. Let U be the open subvariety of As consisting of abelian
surfaces A without extra automorphisms and such that js(A) # 0. Assume
that there exists an algorithm to evaluate derivatives of Siegel modular equa-
tions of level € at a given point of U X U over k, using Cea(£) operations
ink. Let o: A — A’ be an l-isogeny defined over k such that A, A’ lie
inU and such that the subvariety of As x As cut out by the Siegel modular
equations of level £ is normal at (A, A"). Then, given the Igqusa invariants
of A and A’, one can compute an explicit representation of the isogeny ¢
using O(Cevar(£)) + O(C) operations in k.

Chapter 4. This chapters contains prerequisites to the results of chap-
ter 5, and corresponds to the preprint [Kie20c|. The first part presents the
notion of heights of polynomials and rational fractions over a number field.
This nonnegative quantity reflects the size of the coefficients. For instance,
if '€ Q(X), one can write F' = P/Q where P, Q) € Z[X] are coprime; then
the height h(F) of F' is the maximum of log |c|, where ¢ runs through the
nonzero coefficients of P and Q.

The second part presents results relating the height of a polynomial or
rational fraction with the heights of its evaluations at certain points; this
allows us to bound A(F) from above when F is a rational fraction obtained
from an interpolation process, and will be applied to modular equations in
chapter 5. We take evaluation points to be (almost) consecutive integers z;,
we are given H > 0 such that h(F(x;)) < H for every i, and we are
particularly looking for results where h(F') is in O(H).

Theorem 1.4.2. Let L be a number field of degree dy, over Q, let [A, B] be
an interval in Z, and write D = B — A and M = max {|A|,|B|}. Let F €
L(X) be a rational fraction of degree at most d > 1. Let S be a subset
of [A, B] containing no pole of F', letn > 1, and let H > max {4,log(2M)}.
Moreover, assume that

1. h(F(z)) < H for everyxz € S.
2. S contains at least D/n elements.

3. D > max{nd®*H,4nddr}.
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Then
h(F) < H + Cpndlog(ndH) + dlog(2M) + log(d + 1),

where C1, is a constant depending only on L. One can take Cg = 960.

Chapter 5. This chapter gives degree and height bounds for modular
equations in the general setting of PEL Shimura varieties in terms of their
level. The associated preprint is [Kie20a|. Let us use the notation of
chapter 2: we consider the PEL Shimura variety associated with a certain
reductive group G and a choice of level, connected components S, T of this
Shimura variety, and a choice of invariants on these connected components.
The algebraic varieties S and 7 are moduli spaces for complex abelian
varieties with PEL structure.

Let 6 be an adelic element of G. The modular equations of level § are
multivariate rational fractions defining the Hecke correspondence of level §
in the product § x 7. In the modular interpretation, this Hecke corre-
spondence describes a certain number d(¢§) of isogenies of degree denoted
by 1(d) between abelian varieties with PEL structure. We show that the
degrees and heights of modular equations of level § are bounded above in
terms of d(J) and 1(6).

Theorem 1.4.3. With the notation above, there exist constants C7 and Cy
(independent of &) with the following property. Let ¢ be an adelic element
of G, and let F be a rational fraction obtained as a coefficient of one of the
modular equations of level 6. Then the total degree of F' is bounded above
by Cy d(5), and the height of F' is bounded above by Cy d(5)log(9).

In the case of Siegel modular equations of level ¢ for principally polarized
abelian surfaces, we have d(8) = €3+ (> + ¢ + 1 and [(§) = ¢*. Thus the
degree of Siegel modular equations of level ¢ is O(¢?), and their height
is O(f3logl). In the case of elliptic modular polynomials, theorem 1.4.3
recovers Cohen’s bounds [Coh84| up to constant factors.

Chapter 6. This chapter corresponds to the preprint [Kie20b]. We
present an evaluation algorithm for Siegel and Hilbert modular equations
in dimension 2 and their derivatives at a given point defined over a num-
ber field. The algorithm also applies to finite fields, by considering lifts
to characteristic zero. We use complex approximations, and rely on fast
algorithms to compute theta constants in dimension 2.

Computing theta constants in dimension 2 in quasi-linear time in the
demanded precision relies on two heuristics, namely the correctness of cer-
tain sign choices in duplication formulse, and the convergence of certain
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Newton iterations. An auxiliary result of this chapter removes the first
heuristic: the sign choices usually made in the algorithm to compute theta
constants are indeed correct. The complete proof appears in the accepted
paper |Kie21|. The second heuristic is valid in practice.

Apart from the computation of theta constants, our evaluation algo-
rithm for modular equations is made provably correct by a rigorous analysis
of precision losses. In particular we obtain the following result.

Theorem 1.4.4 (Under heuristics relative to the computation of theta
constants in dimension 2). Let ¢ be a prime, and let (51,72, j3) € Q°® be a
tuple of height O(1) where the denominators of Siegel modular equations of
level £ do not vanish. Then one can_evaluate these modular equations and
their derivatives at (1, jo, j3) using O(£°) binary operations.

One should compare this cost to the cost of storing Siegel modular
equations in full, which we estimate to be ©(¢*log{) given the results of
chapter 5: when the dimension of the associated moduli space is greater
than one, evaluating modular equations on the fly seems superior to pre-
computing them.

In the case of Hilbert modular equations encoding S-isogenies where
has norm ¢ over Q, the cost of the evaluation algorithm can decrease
to O(f?) binary operations only. If this happens in the context of Elkies’s
method, then manipulating modular equations becomes asymptotically
negligible when compared to the rest of the point counting algorithm.

Chapter 7. We conclude this thesis by applying the results of all pre-
ceding chapters to the point counting problem for abelian surfaces. In
particular, we obtain a heuristic point counting algorithm for principally
polarized abelian surfaces over finite fields with real multiplication by a
fixed real quadratic field F' which, under heuristics and up to constant
factors depending on F', has the same asymptotic complexity as the SEA
algorithm for elliptic curves.
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Chapter 2

Moduli spaces of abelian
varieties and modular equations

Modular equations, such as the elliptic modular polynomials presented
in §1.1, can be defined as equations relating certain modular functions
defined on moduli spaces of abelian varieties. This chapter starts with
reminders on abelian varieties (§2.1), then presents the language of PEL
Shimura varieties, which are moduli spaces for abelian varieties with cer-
tain polarization, endomorphism, and level structures (§2.2). The moduli
spaces that are used to define modular equations of Siegel and Hilbert type
for abelian surfaces, namely the Siegel threefold and Hilbert surfaces, are
special cases of PEL Shimura varieties (§2.3). Using this language, we de-
fine modular equations in the general setting of PEL Shimura varieties as
equations defining Hecke correspondences (§2.4). The modular polynomials
mentioned in chapter 1 are all special cases of this definition. This unified
language will be useful in chapter 5, where we prove size bounds for all
modular equations in terms of their level.

2.1 Reminders on abelian varieties

By definition, an abelian variety over a field k is a complete group
variety over k. In order to study abelian varieties, we endow them with
polarizations. Depending on the context, a polarization on A can be seen
either as an isogeny from A to its dual abelian variety A, or as an equiva-
lence class of ample line bundles on A. An important special case is that of
principal polarizations, when the isogeny A — A is an isomorphism. Ellip-
tic curves, as well as Jacobians of smooth curves in general, are canonically
endowed with a principal polarization.
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When k£ = C, it is possible to describe abelian varieties as complex tori
of the form C9/A, where g > 1 is the dimension and A C C9 is a lattice.
In this case we have an additional way of describing polarizations, namely
as a symplectic form taking integer values on A.

Endowing an abelian variety A with a polarization yields a “positivity
structure” on its endomorphism algebra, given by the Rosati involution. For
instance, it makes sense to talk about real endomorphisms of A, i.e. en-
domorphisms that are invariant under the Rosati involution. Polarizations
also allow us to classify isogenies: the notion of ¢-isogenies between po-
larized abelian varieties is defined in terms of pullbacks of polarizations.
Similarly, if O is an order in a totally real field F' of degree g over Q,
and g € O is totally positive, then we can define the notion of S-isogenies
between abelian varieties of dimension g with real multiplication by O.

References for this section are [Mum70, Mil86a, Mil86b|, and also [BL04]
for abelian varieties over C.

2.1.1 Abelian varieties and polarizations

Let ¢ > 1 be an integer, let k be a field, and let k be an algebraic closure
of k. Let A, B be abelian varieties of the same dimension g over k.

Recall that a group variety over k is, by definition, an algebraic variety
over k endowed with a k-rational neutral point and suitable morphisms
defined over k encoding the group operations. Abelian varieties are smooth
varieties [Mil86a, §1], and also abelian groups [Mil86a, Cor. 2.4]; we will
use the additive notation. If z € A(k), we denote by t, the translation
by x:

t.: A=A y—y+ax.

If © € A(k), then this morphism is defined over k.

An isogeny A — B is a group morphism that has finite kernel (or
equivalently, is surjective [Mil86a, Prop. 8.1]). For every integer n # 0,
the multiplication-by-n map on A, denoted by [n]4, is an isogeny of de-
gree n?9 [Mil86a, Thm. 8.2]. If n is prime to the characteristic of k, then
the n-torsion subgroup A[n] := ker([n]4) of A is an étale group scheme, and
the group of its k-points is isomorphic to (Z/nZ)%.

Since A is smooth, there is a correspondence between line bundles and
divisors on A. One can define three different notions of equivalence for line

bundles on A defined over k.

1. Two line bundles £; and £, on A, corresponding to divisors D
and Ds, are linearly equivalent if Dy — D5 is the divisor of a function;
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equivalently, if £, ® £5' is globally trivial. We often identify line
bundles with their linear equivalence classes.

2. The line bundles £, and Ly are algebraically equivalent if there exists
a smooth variety T, a line bundle M on A X T, and closed points t, t5
of T such that £; ~ M|axq,y and L3 ~ M) axq,y. We say that £ is
algebraically equivalent to zero if it is algebraically equivalent to the
trivial line bundle; the group of line bundles algebraically equivalent
to zero on A is denoted by Pic’(A). Linearly equivalent line bundles
are algebraically equivalent. Line bundles up to algebraic equivalence
on A form a group under the tensor product, called the Néron—Severi

group NS(A) of A.

3. Two algebraically equivalent line bundles on A are always numeri-
cally equivalent, meaning that one can be replaced by the other in
intersection pairings.

Recall that a line bundle £ on A is very ample if the global sections of £
define a projective embedding of A, and that £ is ample if some positive
power of L is very ample. Lefschetz’s theorem [Mum70, §II1.17] states that
for every ample line bundle £ on A, its third power £%? is very ample.

The dual of A, denoted by g, is also an abelian variety of dimen-

sion g over k [Mil86a, §9]. There is a canonical bijection between A(k)
and Pic’(A). For every line bundle £ on A, the map

dri A=A, e (L)L

is a group morphism by the theorem of the square [Mil86a, §6]. Two line
bundles on A are algebraically equivalent if and only if they give rise to
the same map ¢,. The map ¢, is zero if and only if £ is algebraically
equivalent to zero, and ¢, is an isogeny if and only £ is ample [Mil86a,
Prop. 10.1].

For every isogeny ¢: A — B, we have a dual isogeny @: B — /Al; and the
double dual of A is identified with A. Under this identification, isogenies
of the form ¢, are self-dual.

A polarization on A is an isogeny ¢: A — A such that there exists an
ample line bundle £ over A defined over k such that ¢ = ¢,. A polarization
is called principal if it is an isomorphism. In other words, a polarization
on A is an algebraic equivalence class of ample line bundles on A, and we
often make a choice of such a line bundle. Yet another way of looking at
polarizations is to view ¢ as a symmetric correspondence on A x A.
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2.1.2 Jacobians

If C is a smooth curve of genus g over k, then its Jacobian, denoted
by Jac(C), is an abelian variety of dimension g defined over k [Mil86b].
The k-points of Jac(C) are identified with linear equivalence classes of de-
gree zero divisors on C. Let K be a divisor of degree g on C (for instance
the canonical divisor, when g = 2). Then a generic divisor of degree zero
on C can be written as

[P+ -+ P, — K]

where Py, ..., P, € C(k) are uniquely determined up to permutation. This
defines a birational map between the g-th symmetric power C<9~ of C,
which is also a smooth variety of dimension ¢, and the Jacobian vari-
ety Jac(C) |Mil86b, Thm. 5.1]|.

If P € C(k), then we have an embedding
np: C — Jac(C), @~ [Q — P]. (2.1)
The morphism 7p induces an isomorphism
s Q' (Jac(C)) — Q'(C)

between the spaces of global differential forms on C and Jac(C). The iso-
morphism 7} does not depend on the choice of P, hence 1} is defined
over k [Mil86b, Prop. 2.2|. The image np(C) is a divisor on Jac(C), called
the theta divisor; its algebraic equivalence class does not depend on P. The
associated line bundle is ample, and defines a canonical principal polariza-
tion on Jac(C) [Mil86b, Thm. 6.6].

Example 2.1.1. Recall that an elliptic curve over k is a smooth curve
of genus 1 endowed with a base point. An elliptic curve FE is canoni-
cally isomorphic to its Jacobian, and therefore F is a principally polar-
ized abelian variety of dimension 1. If 0g denotes the neutral point of F,
then £ := L([0g]) (in the usual Riemann-Roch notation) is an ample line
bundle such that ¢, is the principal polarization of E. Since £®3 is very
ample, its global sections induce a projective embedding of E; we obtain
the existence of Weierstrass models of E in this way.

In the case ¢ = 2, every principally polarized abelian surface A over k is
either isomorphic to the product of two elliptic curves with their canonical
principal polarizations, or isomorphic to the Jacobian of a smooth genus 2
hyperelliptic curve over k [OU73]. A hyperelliptic curve of genus g over k
is the normalization of a plane curve with equation



where P is a polynomial of degree 2g + 1 or 2g + 2 with simple roots.
If g = 3, then the threefold A is either the Jacobian of a plane quartic curve,
the Jacobian of a genus 3 hyperelliptic curve, or a product of principally
polarized abelian varieties of lower dimensions.

2.1.3 Abelian varieties over C

Every abelian variety A of dimension g over C is isomorphic to a com-
plex torus of the form CY9/A, where A C CY is a lattice, i.e. a discrete free
abelian group of rank 2¢g [Mum?70, §I.1]. A matrix whose columns generate
such a lattice A is called a period matriz of A.

Conversely, every algebraizable complex torus is an abelian variety; this
condition is not automatic, and holds if and only if the generating ma-
trix of A satisfies certain symmetry and positivity conditions called the
Riemann relations [BLO4, §4.2]. One can deduce from these relations
that every abelian variety of dimension g over C admits a period ma-
trix of the form (I, 7) where 7 belongs to the Siegel upper half space Hy,
i.e. 7 € Mat,,(C) is symmetric and Im(7) is positive definite.

Let A = CY9/A be a complex abelian variety, and let £ be a line bundle
on A. Since the pullback of £ to CY is trivial, the line bundle £ can be
described in terms of factors of automorphy for the lattice A; we refer
to |[BLO4, §2.1-2.2| for the precise definition. Starting from any factor of
automorphy of £, one can construct a real-valued alternating form 1, on CY
taking integer values on A. In fact, the alternating form v, can be identified
with the first Chern class of £ [BL04, Thm. 2.1.2|, so that two line bundles
on A are algebraically equivalent if and only if their associated alternating
forms are equal. The form v, has the property that 1 (iu,iv) = ¥z (u,v)
for every u,v € CY, and the line bundle £ is a polarization if and only
if the form (u,v) — ,(u,iv) is symmetric and positive definite [BLO04,
§4.1]. Conversely, if ¢ is an alternating form on CY such that (A, A) C Z
and ¥ (iu,iv) = ¥(u,v) for every u,v € CY, then 1) is the first Chern class
of a line bundle on A.

Let ¢ be a polarization on A, seen as an alternating form. Then there
exists a Z-basis of A in which the matrix of 1 takes the form

o

"D
—Dy g

(0)

. y

for some positive integers Dy|---|D,, uniquely determined by . The tu-
ple (Dy,...,D,) is called the type of the polarization 1. The type of ¢ can
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also be seen as the isomorphism class of the finite group At /A, where
At ={ueC: Vv €A, Y(u,v) € Z}.

The notion of polarization type can be extended to abelian varieties over
any field k, at least when the degree of the polarization is prime to the
characteristic of k.

2.1.4 Endomorphisms and isogenies

Let A be an abelian variety of dimension g over a field k endowed with a
polarization ¢: A — A. We denote by End(A) (resp. Endy(A)) the ring of
endomorphisms of A defined over k (resp. k). Scalar multiplications define
an embedding Z — Endi(A), and the ring End(A) is torsion-free. The
endomorphism algebra of A is End’(A) := End(4) ®z Q.

The Rosati involution. The polarization ¢ defines a Rosati involution
on the algebra End’(A) [Mil86a, §17], defined formally as

fefli=¢0foo.
An endomorphism f of A is called real if fT = f. The map
L ¢t op, (2.2)

is a bijection between NS(A) ® Q and the subspace End®(A)' of real endo-
morphisms of A [Mil86a, Prop. 17.2|, carrying tensor product to addition.
If ¢ is a principal polarization, then the Rosati involution leaves End(A)
stable, and the map (2.2) is a bijection between NS(A) and End(A)'.

In the case k = C, if we write A = CY9/A, then endomorphisms of A
are identified with endomorphisms of C9 as a C-vector space (i.e. g X g
matrices) leaving A stable; and the Rosati involution is adjunction with
respect to the symplectic form ¢ attached to the polarization [BLO04, §5].

The Rosati involution can be used to classify the possible endomorphism
algebras of abelian varieties. The involution t is always a positive involu-
tion [Mum?70, §21, Thm. 1]. Recall that if B is a finite-dimensional Q-
algebra, a positive involution on B is an “anti-involution” *x: B — B
(i.e. b = b and (b0')* = b™b* for all b,i/ € B) such that the bilinear
form (b,0') — Trpq(bb™) is symmetric and positive definite. If A is simple
(i.e. A is not isogenous to products of abelian varieties of smaller dimen-
sions), then End’(A) is a division algebra [Mum?70, §19, Cor. 2|. Further
restrictions on End®(A) are given in [Mum?70, §21, Thm. 2|.
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Isogeny types. Let (A, L) and (A’, L) be polarized abelian varieties;
here we consider polarizations as line bundles. Let ¢ > 1. We say that
an isogeny ¢: A — A’ is an (-isogeny if ©*L' is algebraically equivalent
to L®; equivalently, ¢ is an f-isogeny if p*L’ € NS(A) corresponds to the
real endomorphism ¢ € End”(A)" under the bijection (2.2). An f-isogeny
has degree ¢29. If A and A’ have dimension 1, we recover the usual notion
of (-isogenies between elliptic curves.

When more endomorphisms are present, there are other isogeny types
to consider. Let F' be a totally real field of degree g over Q, and let O
be an order in F'. Let (A, £) and (A’, L) be principally polarized abelian
varieties of dimension g, and assume that we are given real multiplication
embeddings

12 O — End(A), /: O < End(A4")".

We say that A, A’ have real multiplication by O. Let 8 € O. We say that
an isogeny p: A — A’ is a B-isogeny if

e the line bundle ¢*L" € NS(A) corresponds to the real endomor-
phism +(3) € End(A)T, and

e the isogeny ¢ is compatible with the real multiplication embeddings,
in other words we have o t(a) = /() o ¢ for every a € O.

A necessary condition for a [-isogeny to exist is that § € O is totally
positive [DJRV17, Thm. 1.1].

2.2 The theory of PEL Shimura varieties

2.2.1 Motivating the definition

Consider the modular curve X (1), introduced in §1.1.1. It is a com-
pactification of the quotient SLy(Z)\H;, where the modular group SLs(Z)
acts on the upper half plane H; as in eq. (1.1). More generally, modular
curves of higher level are obtained as compactifications of quotients of the
form T'\H;, where I' C SLy(Z) is a congruence subgroup. Recall that a
subgroup I' C SLy(Z) is congruence if it contains a subgroup of the form

P(N) = {7 €8La(Z): v = (5}) mod N}, (2.3)

for some N > 1. An example is given by the group I' = T'°(¢) where £ is a
prime, defined by eq. (1.3).

A drawback of this classical definition is that it is not immediately
clear what the generalizations of H; and SLy(Z) should be in order to
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obtain moduli spaces of abelian varieties of higher dimensions. The goal
of this section is to present another way of defining modular curves which

is better suited for generalization. Our presentation is heavily inspired by
Milne [Mil05, §4-7).

Another interpretation of H;. The action of SLy(Z) on H; is the re-
striction of a “larger” action by the group GLy(R); consisting of all real
2 x 2 matrices with positive determinant. The action of GLy(R), on H is
transitive. Let us fix ¢ € H; as a base point. The stabilizer of i in GLg(R)
is the subgroup

Koo={(%%):a,b€R, (a,b)#(0,0)},

and we have a bijection
GLy(R) /K ~ Hy, ¥ e

As a quotient of Lie groups, GLy(R), /K has a natural structure of a real
differentiable manifold which corresponds to that of Hj.

In turn, we can give an “intrinsic” definition of the subgroup K. By
definition, the group GLa(R), acts on the real vector space V(R) = R? (we
think of V' as the algebraic variety A% over Q, hence the notation). More-
over V(R) has a natural complex structure, meaning an endomorphism x
of V(R) such that xgozg = —1: take

950:(—015)

in the canonical basis (€1, e2) of V(R). We check the following facts.

1. The group GLs(R), acts on the set of complex structures on V(R)
by conjugation: if z is a complex structure on V(R) and v € G(R),
we set Yz == yox oy L

2. The stabilizer of xy under this action is K.; this is the intrisic defi-
nition of K, we were looking for.

3. The orbit of zy under the action of GLo(R) consists of all complex
structures x = ($ ! ) such that ¢t > 0.

u v

To explain point 3, we define a symplectic form ¥ on V' by setting

1/}(617 62> = —1.

Then the complex structure x is positive for i), meaning that the bilinear
form defined by (u,v) — ¥ (u,zo(v)) on V(R) x V(R) is symmetric and
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positive definite; indeed, its matrix in the canonical basis is the identity.
The action of GLy(R) on V' is compatible with 1), in the sense that for
every v € GLy(R), there exists A € R* such that

Vu,v € V(R), ¢¥(yu,yv) = Mp(u,v).

Therefore, if we set © = yxg, the bilinear form (u,v) — ¥ (u, z(v)) is still
symmetric. Moreover, GLy(R), is connected: therefore, if v € GLy(R),
we have A > 0 and hence the symmetric bilinear form 1 (u, z(v)) is positive
definite. The point 3 above states that the orbit of zy, under GLy(R)
consists of all complex structures on V(R) that are positive for .

Turning things around, we start from the vector space V' endowed with
the symplectic form v; we define G = GLy as the algebraic group of auto-
morphisms of V' that are compatible with v; and we fix a complex struc-
ture zo on V' (R) that is positive for ¢). Then the upper half plane H;, with
its usual action of GLy(R),, is identified with the orbit of x, under the
action of GLs(R), by conjugation.

Another interpretation of congruence subgroups. The definition
of congruence subgroups of SLy(Z) also seems rather arbitrary: why con-
sider the subgroups I'(/V) in the first place? In fact, these subgroups arise
naturally when working with adeles.

Let Pg denote the set of prime numbers. Recall that the ring of finite
adeles Ay of Q is defined as a restricted product over Pgy:

Ar = [[(@:2,). (2.4)

pEPg

where Q, and Z, denote the field of p-adic numbers and the ring of p-
adic integers, respectively. The elements of A are tuples (x,),ep, such
that z, € Q, for all p, and z,, € Z, for all p but finitely many. The ring A,
is endowed with the adelic topology: a basis of neighborhoods of 0 € Ay
consists of open sets of the form Hp U,, where U, C Q, is an open set
containing 0, and U, = Z, for every p but finitely many.

If G is any affine algebraic group over Q (for instance G = GLs), we can
define G(Ay) as a topological group. To do so, choose a closed immersion 7
of G in an affine space Ay, for some n > 1. This choice allows us to
define G(Z),, and G(Z,), for every prime p, as the sets of solutions in Z
(resp. Z,) of the equations defining G these sets depend on 7, hence the
subscript. Then we form the restricted product

G(As), = [[ (G@,):G(Z,),).

PEPq
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and we declare that a basis of neigborhoods of 1 € G(Ay), consists of
products of the form Hp U,, where U, C G(Q,) is an open set containing 1,
and U, = G(Z,), for every p but finitely many.

If 7’ is another choice of closed immersion of G into an affine space,
then 7(G) and n/(G) are isomorphic over Q. Therefore they are isomorphic
over Z[1/D], for some D > 1. The subsets G(Z,), and G(Z,),, of G(Q,)
are the same for every prime p not dividing D, therefore G(Ay), = G(Ay),
as topological spaces. Thus G(Ay) is well defined.

We return to the special case G = GLy, and denote by GLy(Q), the
subset of GLy(Q) consisting of matrices with positive determinant. Recall
the usual notation

2= 1] 2, = lim z/nZ.

pEPY n—00

Proposition 2.2.1. For every congruence subgroup I' C SLs(Z), there
exists a compact open subgroup K of GLa(Ay) contained in GLy(Z) such
that T' = GLy(Q)L N K. Conversely, for every compact open subgroup K

of GLo(Ay) that is contained in GLQ(Z), the intersection GLo(Q)y N K is
a congruence subgroup of SLy(Z).

Proof. This is [Mil05, Prop. 4.1], with the additional remark that

In particular, we have SLy(Z) = GLy(Q), N Ky, with Ko = GLy(Z). We
already know that the quotient SLo(Z)\H; can be rewritten as the double
quotient SLy(Z)\ GL2(R); /K, where K, is the stabilizer of the complex
structure xy on V(R).

Proposition 2.2.2. The map

SLa(Z)\ GL2(R)+ /Ko — GL2(Q)+\(GL2(R)+ x GLa(Af))/ (Koo % Ko)
gl — (v (51)

18 a biyjection.

Proof. First, we have to explain how the double quotient on the right is
formed: K, acts on GLy(R), by multiplication on the right, K, acts
on GLy(Af) by multiplication on the right, and GLy(Q)4 acts by mul-
tiplication on the left simultaneously on GLy(R)4 and GLy(Ay).

By [Mil05, Thm. 5.17 and Lem. 5.20| (the assumption that K is suffi-
ciently small is not actually needed there; moreover SLs is simply connected
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as an algebraic group [Mill7, Ex. 18.20]), the determinant induces a bijec-
tion

GLy(Q)1\ GLa(Ay) /Ky — det(GL2(Q)4))\ det (GLa(Ay))/ det(Ko)
= Q\A}/Z".

From description of A given in eq. (2.4), we see that At = QF 7.
Therefore the double quotient QF\Af /Z* is trivial, and every element
of GLy(R); x GLa(Ay) has a representative of the form (v, (§9)) for
some v € GLy(R); modulo the action of GLy(Q); and K.

To conclude, we only have to show that for every v,7 € GLy(R),,
the pairs (7, (39)) and (v, (§9)) are equal in the double quotient if and

only if v and ' are equal modulo SLy(Z). This is straightforward given
that SLQ(Z) = GL2<Q>+ N K(). ]

Note that the double quotient on the right hand side of proposition 2.2.2
would make sense for algebraic groups other than GLy: we have succeeded
in finding another definition of the quotient SLy(Z)\H; that is suitable for
generalization. It remains to find out which algebraic groups give rise to
moduli spaces of polarized abelian varieties.

The modular interpretation of SLy(Z)\H;. Finally, we take another
look at the well-known fact that SLo(Z)\H; parametrizes isomorphism
classes of elliptic curves over C. The elliptic curve associated with 7 € Hj
is E(1) = C/A(7), where A(7) = Z & 7Z. Consider the bijection

n.: V(R)/Z* — C/A(T), e1+>1, eg+s —T.
Then, after simple computations with 2 x 2 matrices, we obtain:

Proposition 2.2.3. Let v € GLy(R),, and let 7 = vi € Hy. Then the
pullback under n, of the multiplication-by-i map on C is the complex struc-
ture yxo on V(R).

In other words, we have a distiguished lattice Ag = Z? C V(R); and for
every complex structure x € GL2(R); /K, the elliptic curve associated
with x is the quotient V(R)/Ag, with x as a complex structure.

We can also describe the natural principal polarization of E(7). Recall
that V' is endowed with the symplectic form 1) such that ¢ (e, es) = —1.
When restricted to Ay X Ag, the form 1 takes values in Z, and corresponds
via 7, to the polarization of E(7).
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In order to construct moduli spaces of polarized abelian varieties of
higher dimensions, it is promising to start from a Q-vector space V of
higher dimension, endowed with a symplectic form 1 and a complex struc-
ture x( that is positive for ¢, and to consider the algebraic group G of
automorphisms of V' compatible with this data (and possibly additional
endomorphisms of V', if we want to classify abelian varieties with an endo-
morphism structure). Then we construct double quotients of the form

G(Q:\(GR), x G(Ay)/(Kx x K)

where K, is the stabiliser of z(, the subgroup K C G(Ay) is compact and
open, and the “plus” subscripts encode some connectedness condition. We
arrive at the definition of a PEL Shimura variety.

2.2.2 Simple PEL Shimura varieties of type (A) or (C)

We continue to follow Milne’s exposition of the theory of Shimura
varieties [Mil05], which is itself inspired from Deligne’s presentation of
Shimura’s works [Del70)].

Notation. If G is a connected affine algebraic group over Q, then
e (% is the derived group of G,
e 7 is the center of G,
o G* = (G/Z is the adjoint group of G,
o T = (G/G" is the largest abelian quotient of G,
e v: G — T is the natural quotient map,

G*(R), is the connected component of the identity in G*4(R) for the
real topology,

G(R), is the preimage of G*(R), in G(R), and finally
* G(Q)4 =GQ)NG(R).

Note that Z, G*, T and G?! are algebraic groups, i.e. exist as schemes.
Defining them is not as direct as in the case of “abstract” groups. First,
there exists a subgroup Z of G such that for every Q-algebra R, the
group Z(R) is the center of the group G(R) [Mill7, Prop. 1.92|. Then
the quotient G* exists by [Mil17, Thm. 5.14], and has following property:
if k is an algebraically closed field containing Q, then G*(k) = G(k)/Z (k)
[Mil17, Prop. 5.47|. The group G9 is defined as the smallest normal sub-
group N of G such that G/N is commutative; G4 can also be characterized
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as the subgroup of G generated by commutators [Mill7, Prop. 6.18|. Fi-
nally, T" is also defined as a scheme-theoretic quotient.

For instance, if G = GL,, we have G = SLy: Z = G,,; G* = PGLy;
T = G; v = det; and G(R);, G(Q)4 are the sets of real (resp. rational)
2 X 2 matrices with positive determinant. This coincides with the notation
used in §2.2.1.

PEL data. Let us introduce the data necessary to define a PEL Shimura
variety. As indicated in §2.2.1, it consists of a (Q-vector space V' equipped
with a symplectic form, certain endomorphisms, and a class of complex
structures, that are “compatible” in a way. Following Milne [Mil05, §§],
we start with the endomorphism algebra of V; it is a finite-dimensional Q-
algebra B endowed with a positive involution denoted by *. We also assume
that B is stmple, meaning that its only two-sided ideals are 0 and B.

The center F' of B is a number field; let F; C F be the subfield of
invariants under *. We make the technical assumption that B is either
of type (A) or (C) [Mil05, Prop. 8.3]: this means that for every embed-
ding @ of F, in an algebraic closure Q of Q, the algebra with positive
involution (B ®p, ¢ Q, *) is isomorphic to a product of factors of the form,
respectively,

(A) Mat,xp(Q) X Mat,,(Q) with (a,b)* = (b, a?), or

(C) Mat,x,(Q) with a* = a'.

Let (V,4) be a faithful symplectic (B, x)-module. In other words, V
is a finite-dimensional Q-vector space equipped with a faithful B-module

structure and a nondegenerate alternating QQ-bilinear form ¢ such that for
all b € B and for all u,v € V,

(b u,v) = Y(u,bv). (2.5)

Let GLg (V') denote the group of automorphisms of V' respecting the action
of B, and let G be its (reduced) algebraic subgroup defined by

G(Q) = {g € GLp(V): ¥(gz, gy) = ¢(u(g)z,y) for some pu(g) € Fy'}.

The group G is affine, connected, and reductive, and its derived group is
G = ker(u) Nker(det) [Mil05, Prop. 8.7|. We warn the reader that our G
is denoted by G in [Mil05, §8 of the 2017 version|. In Milne’s terminology,
our G will define a Shimura variety (so that the results of [Mil05, §5| apply),
but not strictly speaking a PEL Shimura variety. This choice of reductive
group will allow us to consider more Hecke correspondences later on.
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Let  be a complex structure on V(R), meaning an endomorphism
of V(R) such that 2 = —1. We say that z is positive for 1 if it commutes
with the action of B and if the bilinear form (u,v) — ¥ (u,z(v)) on V(R)
is symmetric and positive definite. In particular, z € G(R) and u(z) = 1.
Such a complex structure o exists [Mil05, Prop. 8.14]. Define X to be
the orbit of xy under the action of G(R), by conjugation. We call the
tuple (B, *,V,¢,G, X ) a simple PEL Shimura datum of type (A) or (C),
or simply a PEL datum. To simplify notations, we abbreviate PEL data as
pairs (G, X, ), the underlying data (V) and (B, *) being implicit.

Example 2.2.4. In the example V = Q? studied in §2.2.1, there were
no endomorphisms of V' to consider. This corresponds to taking B = Q
with the involution * being the identity map; in this case (B, *) is indeed a
simple Q-algebra with positive involution of type (C). The bilinear form
satisfies eq. (2.5) by Q-linearity. All automorphisms of V' respect the ac-
tion of B, and the space of symplectic forms on Q? is one-dimensional,
hence G = GLsy. The rest of the definitions coincide with those of §2.2.1.

Remark 2.2.5. Let (G, X, ) be a PEL datum. One can show that the
space X is a hermitian symmetric domain |Mil05, Cor. 5.8]. By definition,
a connected hermitian manifold Y is a hermitian symmetric domain if

e The group of holomorphic isometries of Y acts transitively on Y,

e For each y € Y, there exists an involution of Y having y as an isolated
fixed point.

If one gives H; the usual hermitian metric, then the group GLy(R), acts
on H; by holomorphic isometries, and z — —1/z is the required symmetry
at ¢ € H; [Mil0o5, Ex. 1.1]. This shows that H, is indeed a hermitian
symmetric domain.

PEL Shimura varieties. Let (G, X ;) be a PEL datum as above, let K
be a compact open subgroup of G(Ay), and let K, be the stabilizer of x
in G(R). The PEL Shimura variety associated with (G, X ) of level K is
the double quotient

Shy (G, X1 )(C) = G(Q)\(Xy x G(Ay))/ K

~ G@N\GR), x Ghy) Ko x K. 20

Actually, this quotient will be the set of C-points of the Shimura variety,
hence the notation. In the first line of (2.6), the group G(Q); acts on X
and G(Ay) by conjugation and left multiplication respectively, and K
acts on G(Ay) by right multiplication. When the context is clear, we
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omit (G, X ) from the notation. The set Shx(C) is given the quotient
topology obtained from the real topology on G(R), and the adelic topol-
ogy on G(Ay).

In order to describe Shx(C) more explicitly, we study its connected
components. The projection to the second factor induces a map with con-
nected fibers from Shg (C) to the double quotient G(Q)\G(Ay)/K, which
is finite [Mil05, Lem. 5.12|. Let C be a set of representatives in G(Ay)
for this double quotient. The connected component S, of Sh (C) indexed
by ¢ € C can be identified with T\ X, where I'. = G(Q); N cKc™! is an
arithmetic subgroup of Aut(X,) [Mil05, Lem. 5.13]. Thus, the Shimura
variety Shx (C) has a natural structure of a complex analytic space, and is
an algebraic variety by the theorem of Baily and Borel [Mil05, Thm. 3.12].

Since G is simply connected, by [Mil05, Thm. 5.17 and Lem. 5.20]
(as above, the assumption that K is sufficiently small is not necessary), the
map v induces an isomorphism

GQ)\G(Ay)/K = v(GQ))\T(Ay)/v(K).

Therefore the set of connected components of Shi(C) is a finite abelian
group. Moreover, each connected component is itself a Shimura variety
with underlying group G [Mil05, Rem. 5.23.

A fundamental theorem states that the Shimura variety Shy (G, X,)
exists as an algebraic variety defined over the reflex field E(G, X, ), which
is a number field contained in C, depending only on the PEL datum [Mil05,
§12-14|. The field of definition of the individual connected components
of Shx(C) depends on K, and is a finite abelian extension of E(G, X ).

Example 2.2.6. By §2.2.1, the modular curve X (1) = SLy(Z)\H, is the
PEL Shimura variety associated with (G, X ;) = (GLy, H;) and congruence
subgroup Ky = GLg(z), choosing the identity matrix as the unique element
of C. Let us also recover the classical modular curves of higher level as
special cases of PEL Shimura varieties.

Choose an integer N > 1, and for every p € Pg, denote by v,(NN) the
p-adic valuation of N. Let Ky be the compact open subgroup of GLy(Ay)
defined by

Ky ={y€G(As): Vp € Pq, % € GLy(Z,) and 7, = (}9) mod p*»™}.

It is a subgroup of GLQ(i) defined by congruence conditions modulo the
prime divisors of V.

If N > 1, then the group of connected components of Shg, (C) is not
trivial. Still, choosing the identity matrix as an element of C identifies one of
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the connected components of Shk , (C) with the quotient I'(N)\H;: indeed,
by (2.3), we have I'(N) = GLy(Q); N K. This quotient is the classical
modular curve X(N) of level N; one can check that X (N) is defined over
the cyclotomic field Q(Cy).

2.2.3 Modular interpretation of PEL Shimura varieties

Our motivation in constructing PEL Shimura varieties is to obtain mod-
uli spaces of complex abelian varieties with polarization, endomorphism,
and level structures. This modular interpretation of PEL Shimura varieties
is usually formulated in terms of isogeny classes of abelian varieties (see for
instance [Mil05, Thm. 8.17]). In order to obtain a modular intepretation
in terms of isomorphism classes of abelian varieties in the spirit of [Car86,
§2.6], as in the case of elliptic curves, we fix

e A PEL datum (G, X),
e A lattice Ag C V (see p. 14 for our conventions on lattices),

e A compact open subgroup K C G(Ay) which is assumed to stabilize
the adelic lattice Ay = Ay ® Z C V(Ay),

e A set C C G(Ay) of representatives for the finite double quotient
G(Q)\G(Ag)/K.

Finally, let O be the largest order in B stabilizing Ag. As in §2.2.2, for
every ¢ € C, we write I'. = G(Q), NcKc™!. We also denote by S, = T\ X,
the connected component of Shy (G, X )(C) associated with c.

The local-global principle for lattices holds: the map A — A=AQZ
is a bijection between lattices in V' and lattices in V(Ay), and its inverse
is intersection with V(Q). The assumption that K stabilizes Ao does not
imply a loss of generality, because every compact open subgroup of G(Ay)
stabilizes some lattice in V (Ay).

We define a polarized lattice to be a pair (A, ¢) where A is a free Z-
module of finite rank and ¢: A x A — Z is a nondegenerate alternating
form. Given a polarized lattice (A, ¢), we can extend ¢ to the Q-vector
space A ® Q, and we define

A ={veA®Q:Vwe A, ¢(v,w) € Z}.

Then AL/A is a finite abelian group called the polarization type of (A, ¢).
We say that ¢ is a principal polarization on A if A+ = A.

o7



A modular interpretation in terms of lattices. Using the data above,
we define a standard polarized lattice for each connected component of the
Shimura variety Shy(C), as follows.

Definition 2.2.7. For each ¢ € C, we define

~

Ao =c(Ny), and A, =A.NV(Q).

The action of ¢, or any other element of G(Ay), on adelic lattices is easily
defined locally at each prime. Since c respects the action of B on V(Ay),
the order O is again the stabilizer of /AXC, and thus of A.. Let A\, € Qf be
such that v, := A\ satisfies ¥.(A. x A,) = Z. We call (A.,1.) with its

structure of O-module the standard polarized lattice associated with (Ag, c).

Choose ¢ € C, and let (A, 1.) be the standard polarized lattice associ-
ated with (Ag, c). We consider tuples (A, z, ¢, ¢, nK) where

e A is a free Z-module of rank dimV,

e r € End(A ® R) is a complex structure on A ® R,

e . is an embedding O — Endz(A),

e ¢: A X A = Z is a nondegenerate alternating Z-bilinear form on A,

e nK is a K-orbit of Z-linear isomorphisms of O-modules KO - A® Z,
satisfying the following condition of compatibility with (A, ¥.):

(%) There exists an isomorphism of O-modules a: A — A., carrying nk
to cK and x to an element of X, such that

3 € p(T), Vv € A, 6(u,0) = o (Calu), afv)).

For short, we call such a tuple a lattice with PEL structure defined by (Mg, ¢),
or simply a lattice with PEL structure when the dependency on (Ag,c) is
understood.

By definition, an isomorphism between two lattices with PEL structure
denoted by (A, z,t,¢,nK) and (A, 2',, ¢, K) is an isomorphism of O-
modules f: A — A’ that sends x to 2/, sends nK to n'K, and such that
6(u,v) = ¢ (C(u), f(v)) for some C € u(T.).

For every lattice with PEL structure (A, z, ¢, ¢, nK), the compatibility
condition (x) implies in particular that the complex structure x is positive
for ¢, the adjunction involution defined by ¢ coincides with % on B, the
action of B on A ® Q leaves the complex structure x invariant, and the
polarized lattices (A, ¢) and (A.,1.) have the same polarization type.
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Proposition 2.2.8. Let ¢ € C, and let Z, be the set of isomorphism classes
of lattices with PEL structure defined by (Ao, c). Then the map

Z. — S,

(A, z,0,0,nK) — [aza™, ] where a is as in (x) (2.7)

is well-defined and bijective. The inverse map is
[z,c] = (A, z, 1,7, cK).
where ¢ is the natural action of O on A..

Proof. We check that

1. The map (2.7) is well defined. The complex structure axa™' belongs
to X, because of condition (x). We show that, up to action of I'.
by conjugation, it does not depend on the choice of a. Indeed, if o’
is another choice of isomorphism, then a’ = ga where ¢ is an auto-
morphism of A, leaving v, invariant (modulo multiplication by some
¢ € u(I'c)) and respecting the action of B; so ¢ is an element of G(Q).
Also, the automorphism ¢ sends cK to cK, and carries X, to X,
hence ¢ € G(Q)4 N cKc™! =T, by [Mil05, Prop. 5.7].

2. Isomorphic lattices with PEL structure map to the same point. Let
(A, z,0,0,nK) and (A, 2",/ ¢',n'K) be two such lattices, and let f
be an isomorphism between them. If a: A — A, is as in (%), then
af: N — A, is also a valid isomorphism. The complex structures
on V(R) constructed from (A, z,a) and (A’, 2, af) are the same.

3. If two lattices with PEL structure map to the same class, then they are
isomorphic. Let (A, x,t,¢,nK) and (A, 2,/ ¢', W K) be two lattices
with PEL structure, and choose isomorphisms a, a’ as in (). By
assumption, the complex structures axa™' and a’z’a’~! on V(R) differ
by conjugation by an element ¢ € I'.. Then a='ga’: A’ — A is the
required isomorphism.

4. The map (2.7) is surjective. Let [z,c] € S.. Then [z, ] is the image
of the lattice with PEL structure given by (A, z, ¢, 1., cK) where ¢ is
given by the natural action of O on A.: indeed, the identity A, — A,
satisfies condition (). O

A modular interpretation in terms of abelian varieties. Recall
from §2.1.3 that every complex abelian variety is isomorphic to a complex
torus of the form C9/A for some lattice A C C9; in fact A = H,(A,Z). The
inclusion A C CY defines a natural complex structure on A ® R. Under

99



this identification, endomorphisms of A correspond to endomorphisms of
A that respect the complex structure, and we have seen that a polarization
of A can be seen as a certain symplectic form taking integer values on A.

Let A be a complex abelian variety, and let A = H(A, Z) be the lattice
attached to A under the above equivalence of categories. Recall that for
every prime number p, the Tate module T,(A) is defined as the projective
limit of the torsion subgroups A[p"] as n tends to infinity:

T,(A) = lim Alp"] = lim A/p"A = A© Z,

n—o0 n—o0

Therefore A ® Z is canonically isomorphic to the global Tate module T\(A)
of A, defined as
T = 11 n.
p prime
Fix ¢ € C, and let (A.,1.) be the standard polarized lattice associated

with (Ao, ¢). We define a complex abelian variety with PEL structure defined
by (Ao, ¢) to be a tuple (A, ¢,t,nK) where

e (A, ¢) is a complex polarized abelian variety of dimension dim V/,
e ¢ is an embedding O — End(A),

e 1K is a K-orbit of Z-linear isomorphisms of O-modules Ag — T/(A),
satisfying the following condition of compatibility with (A, ¥.):

(xx) There exists an isomorphism of O-modules a: H,(A,Z) — A., carry-
ing ¢ to 1., carrying nK to cK, and such that the complex structure
induced by a on V(R) belongs to X .

If (A, ¢,t,nK) is a complex abelian variety with PEL structure defined
by (Ag, ¢), then condition (xx) implies that A and (A, 1.) have the same
polarization type, and that the Rosati involution on End(A) ® Q (which
is adjunction with respect to ¢) restricts to x on B. In particular, ¢ takes
values in End(A)T.

An isomorphism between complex abelian varieties with PEL structure
(A, ¢,0,nK) and (A, ¢,/ 7' K) is an isomorphism of complex polarized
abelian varieties f: (A, ¢) — (A, ¢') respecting the action of O and send-
ing nK ton'K.

The difference with the setting of proposition 2.2.8 is that isomor-
phisms of complex abelian varieties with PEL structure must respect the
polarizations exactly, rather than up to an element of u(I'.). In gen-
eral, u(I'.) # {1}, but there is the following workaround. If € € F'* lies in

60



the center of B, then multiplication by e defines an element in the center
of G(Q). Therefore it makes sense to define

Exk={ceFrceeK}={ceF*:cel.}, foreveryce G(Ay).

Proposition 2.2.9. Let ¢ € C, and let (A¢, 1)) be the standard polarized
lattice associated with (Ao, c). If p(Ex) = u(T.), then the map

[z, c] — (V(R)/AC, Ye, t, cK),

where V(R) is seen as a complex vector space via x, and ¢ is the action of O
on V(R)/A. induced by the action of B on V(R), is a bijection between S,
and the set of isomorphism classes of complex abelian varieties with PEL
structure defined by (Ao, ).

Proof. When defining Z. as in proposition 2.2.8, we can impose ( = 1 in
condition (x) and strengthen the notion of isomorphism between lattices
with PEL structure to respect the polarizations exactly. Indeed, multiply-
ing the isomorphism a of () by € € £ leaves everything invariant except
the alternating form, which is multiplied by u(e). The result follows then
from the equivalence of categories between lattices and complex abelian
varieties outlined above. O

Remark 2.2.10. The group u(€k) always has finite index in u(I';). In-
deed, if Zg, denotes the unit group of Fp, then we have

1(€x) C pu(le) C Zy,

and p(Ex) contains a subgroup of finite index in Zg, , namely all the squares
of elements in Z; N K. By [Che51, Thm. 1], there exists a compact open
subgroup M of ;u(K) such that Z; NM = ju(Ek). Define K = KNu~'(M).
Then £k = £k, and for every ¢ € G(Ay) we have

G(Q)y NeK'e ™' = {y eTe: ply) € p(€x)}-

Therefore the hypothesis of proposition 2.2.9 will be satisfied for the smaller
congruence subgroup K.

Example 2.2.11. Let us detail the modular interpretation of the classical
modular curve of level N > 1 introduced in example 2.2.6, keeping the
notation used there. We take Ay = Z2, so that O = Z, and Ky C GLy(Z)
indeed stabilizes Ko.

We focus on the connected component associated with ¢ = I,. Then

the standard polarized lattice defined by (Ag, ¢) is (A, ¥.) = (Ao, ), and
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the polarization ¥ on A is principal. Since I'. = I'(IV) C SLy(Z), we have
wu(T.) = {1}, so proposition 2.2.9 applies.

In the definition of a complex abelian variety with PEL structure, we
can ignore the action of O = Z which is always present. Giving a Z-linear
isomorphism Ay — 7T is the same as specifying a Z,-basis of T,(A) for
every prime p, and two such isomorphisms differ by an element of Ky if
and only if the induced maps (Z/NZ)?> — A[N] are equal. Therefore, a
level structure for Ky is simply an isomorphism 7: (Z/NZ)* — A[N].

Finally, let (A, ¢) be a principally polarized abelian variety of dimen-
sion 1 over C (i.e. a complex elliptic curve) endowed with an isomorphism
n: (Z/NZ)?> — A[N], and let A = H,(A,Z). Let Uy, uy € A[N] = A/NA be
the images of e; = (1,0) and ey = (0,1) by . We claim that condition (%)
holds if and only if

o(ur,u2) = —1 mod N (2.8)

Since (xx) imples ¥(e1,e2) = —1, eq. (2.8) is indeed satisfied. Con-
versely, if (2.8) holds, then the isomorphism a: A — Ay that we want to
construct will be given by a Z-basis (u1,us) of A such that ¢(uy,us) = —1
and (ug,us) reduces to uy,us mod N. Such a basis exists because ¢ is
principal and the reduction map SLy(Z) — SLo(Z/NZ) is surjective. The
complex structure induced by a on Ag ® R belongs to X, because X, is
the set of all complex structures on Ag ® R that are positive for ¢, as we
computed in §2.2.1.

Therefore, by proposition 2.2.9, the connected component S, = I'(N)\H;
of Shk, (C) classifies isomorphism classes of elliptic curves (A, ¢) over C
endowed with an isomorphism 7: (Z/NZ)* — A[N] such that

¢(1(0,1),n(1,0)) =1 mod N.

This is indeed the usual modular interpretation of the classical modular
curve of level V.

2.2.4 Modular forms on PEL Shimura varieties

The definition of elliptic modular polynomials given in §1.1.2 uses a par-
ticular function, the j-invariant, on the modular curve X (1) = SLy(Z)\H,;.
This invariant has an expression in terms of modular forms: we have

E3
= 1728 ——4
TR R

where Ey, Fg are the normalized Eisenstein series of weight 4 and 6 on Hj,
respectively. The fact that j is an isomorphism between X (1) and P!(C)
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is intimately related with the fact that the graded C-algebra of modular
forms for SLy(Z) is C[Ey, Fg).

The notion of modular forms can be generalized to PEL Shimura vari-
eties, and this section attempts to present this generalization without going
into technical details. Modular forms can be used to construct coordinate
functions: by the fundamental theorem of Baily and Borel [BB66], modular
forms on a given PEL Shimura variety realize projective embeddings of its
connected components.

Let (G, X,) be a PEL datum, and let K, C G(R); be the stabilizer
of a fixed complex structure xo € X . Attached to this data is a certain
canonical character of K, |[BB66, §1.8|, denoted by p: K, — C*. Let K
be a compact open subgroup of G(Ay). A modular form of weight w € Z
on Shi (G, X1)(C) is a function

f: G\ (CR), x Glhy)) /K — C

that satisfies suitable growth and holomorphy conditions [Mil90, Prop. 3.2],
and such that

Ve e GR)y, Vg€ G(Af), Vho € Koo, [([2hoo, g]) = p(kea)” f([2, 9])-

The weight of f is denoted by wt(f). We also say that f is of level K.

Let S be a connected component of Shy(C), or a union of these, and
let L be its field of definition. A modular form of weight w on S is the
restriction of a modular form of weight w on Sh (C) to the preimage of S in
G(Q)+\(G(R4)xG(Ay)) /K by the natural projection. There is a canonical
notion of modular forms on S being defined over L [Mil90, Chap. III]. A
modular function on S is the quotient of two modular forms of the same
weight, the denominator being nonzero on each connected component of S.

The following result is well-known; as we could not find a precise refer-
ence, we present a short proof.

Theorem 2.2.12. Let S be a connected component of Shi(G, X, )(C),
and let L be its field of definition. Then the graded L-algebra of modular
forms on S defined over L is finitely generated. Moreover there exists a
weight w > 1 such that modular forms of weight w defined over L realize
a projective embedding of S. FEvery element of the function field L(S) is a
quotient of two modular forms of the same weight defined over L.

Proof. Choose an element ¢ € C C G(Ay) defining the connected compo-
nent S, so that § = ' .\ X, where I'. = G(Q), NcKc™!. Assume first that
the congruence subgroup K of G(Ay) is sufficiently small, so that I'. is
torsion free. By the Baily-Borel theorem [BB66, Thm. 10.11], there exists
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an ample line bundle M¢ on S such that for every w > 1, the algebraic
sections of ME" are exactly the modular forms of weight w on S.

In fact, Mc is the inverse determinant of the tangent bundle on S
[BB66, §7.3]. Since S has a model over L, there exists a line bundle M
on § defined over L such that M ®; C = M. This is a special case of
a general result on the rationality of automorphic vector bundles [Mil90,
Chap. III, Thm. 4.3]. For every w > 1, the L-vector space of modular
forms of weight w on S defined over L is H°(S, M®¥). Since M @ C is
ample, M is ample too, and this implies the conclusions of the theorem.

In general, we can always find a congruence subgroup K’ of finite index
in K such that the arithmetic subgroups G(Q); NcK'c™! for c € G(Ay) are
torsion free [Mil05, Prop. 3.5], and we can assume that K’ is normal in K.
Let &’ be a connected component of Shy(C) lying over S, and let L’ be its
field of definition. Then the conclusions of the theorem hold for §’. We can
identify the modular forms on S defined over L with the modular forms
on &' defined over L’ that are invariant under the action of a subgroup
of K/K' (we refer to §2.4.3 for the definition of this action). Therefore the
conclusions of the theorem also hold for S by Noether’s theorem [Noel5]
on invariants under finite groups. n

We can also consider modular forms that are symmetric under certain
automorphisms of Shg. Let ¥ be a finite group of automorphisms of V' as
a Q-vector space that leaves the symplectic form v invariant, and also acts
on B in such a way that

YueV, Vbe B, Yo € &, o(bu) = o(b)o(u).

This implies that the elements of ¥ commute with the involution %, and
hence leave Fj stable. Under these assumptions, each element ¢ € X
induces an automorphism of G defined over Q, also denoted by o. As-
sume further that these automorphisms leave G(R),, X, K, K, v and
the character p invariant. Then X can be seen as a finite group of auto-
morphisms of S, and one can check as in [Mil05, Thm. 13.6] that these
automorphisms are defined over L. For every modular form f of weight w
on S defined over L, and every o € X, the function

o-f:[z,gl = (o (x),07(9)])

is a modular form of weight w on & defined over L. We say that f is
symmetric under X if o - f = f for every o € 3.

Proposition 2.2.13. Let > be a finite group of automorphisms of G as
above. Then the graded L-algebra of symmetric modular forms on S defined
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over L is finitely generated, and every symmetric modular function on S
defined over L 1is the quotient of two symmetric modular forms of the same
weight defined over L.

Proof. This results from theorem 2.2.12 and Noether’s theorem. O]

Example 2.2.14. When S is the classical modular curve of level N > 1,
we can identify the modular forms on & with the classical modular forms
of level N. Our PEL datum is (G, X, ) = (GLy, H; ), and we fix i € H; as
a base point, so that K., = R* - SO4(R). Recall that a classical modular
form of level N and weight w on H is a holomorphic function g: H; — C
that is holomorphic at infinity and such that for every 7 € H; and every
matrix v = (¢%) € I'(N), we have

g(yr) = (v"1)"g(7)

where
b
NT = Z:——I{——d and 1 =T +d.

We have seen in example 2.2.6 that S is the connected component
of Shg, (G, X )(C) associated with the identity matrix I, € G(Ayf). Every
element of G(Q)1\G(R);+ x G(Ay)/K above S has a representative of the
form [, I,] where v € G(R),.

Given a classical modular form g of level I'(V), we can check that the
function

ol L] = (Vi) g(vi)

is a modular form of weight w on S; here the character p: K, — C* is
given by
P ()\( cos 6 sinﬁ)) — )\fleié

—sinf cos6

for every A € R* and 6 € R. Conversely, let f be a modular form on §.
Let 7 € H, and choose a matrix v € G(R)4 such that 7 = 7i. Then the
quantity

g9(r) = (v ) f([7, L2])

does not depend on the choice of v, and ¢ is a classical modular form of
level N. Under this identification, the modular form f is defined over Q({y)
if and only if the Fourier coefficients of g belong to this number field; thisis a
special case of very general results relating different notions of “rationality”

for modular forms [Mil05, Chap. III, §2|, [Har85, Har86|.
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2.3 Examples of PEL Shimura varieties

In this section, we present two examples of PEL Shimura varieties play-
ing a central role in the rest of this thesis, namely the Siegel and Hilbert
moduli spaces. For correct choices of congruence subgroups and connected
components, Siegel moduli spaces classify isomorphism classes of princi-
pally polarized abelian varieties over C; and the Hilbert moduli space asso-
ciated with a totally real number field F' of degree ¢ classifies isomorphism
classes of principally polarized abelian varieties of dimension g over C with
real multiplication by Zp. Both types of moduli spaces admit classical
descriptions as quotients of hermitian symmetric domains. We link these
classical descriptions to their definitions as Shimura varieties as we did
in §2.2.1 in the case of modular curves.

In the special case of moduli spaces for abelian varieties of dimen-
sion g = 2 (i.e. abelian surfaces), explicit generators for the graded algebra
of Siegel modular forms are known by works of Igusa [Igu60, Igu79]. Similar
results are available for a few examples of Hilbert surfaces.

References for this section are [van08], [Mil05, §6], [BL04, §8] for Siegel
moduli spaces, and [van88, Bru08|, [BLO04, §9| for Hilbert moduli spaces.

2.3.1 Siegel moduli spaces

Let g > 1 be an integer. We want to build a moduli space for principally
polarized abelian varieties of dimension g over C. We start from the vector
space V = Q% endowed with the symplectic form 1 defined by

Yu,v €V, (u,v) :ut<g _019>U.

The symplectic form 1) is a principal polarization on the lattice Aq = Z29.
The endomorphism algebra is chosen to be B = Q, with * being the trivial
involution; (B, *) is simple of type (C). Finally, the complex structure

0= (5%)
is positive for 1.
The algebraic group associated with this data is the general symplectic
group G = GSp,,. Let u: G — Gy, be the morphism such that

Vg € GSp,,(Q), Yu,v €V, ¥(gu, gv) = u(g)i(u,v).

The symplectic group Spy, is, by definition, the kernel of p. Since Spy,(R)
is connected [Mil05, Thm. 5.2 and Prop. 8.7, the group GSp,,(R); consists
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of all elements g € GSp,,(R) such that ;(g) > 0. The orbit X, of xy under
the action of GSp,,(R) by conjugation consists of all complex structures
on V(R) that are positive for ¢» [Mil05, §6]. Finally, one can show that the
reflex field of Siegel spaces is Q [Mil05, §14]. When g = 1, we recover the
PEL data from §2.2.1 associated with classical modular curves.

The classical description of Siegel spaces. Reasoning as in the case
of elliptic curves (§2.2.1), we attach to each complex structure z € X the
unique matrix 7(z) € Mat,y,(C) with invertible imaginary part satisfying
the following property: under the isomorphism 7,: V(R) — CY whose
matrix in the canonical bases is (I, — 7(z)), the pullback of the natural
complex structure on CY is x. In particular, the matrix attached to z
is 7(zo) = i,.

Lemma 2.3.1. For each x € X, the matriz 7(x) is symmetric and its
imaginary part is positive definite; in other words T(x) belongs to the Siegel
upper half space H,.

Proof. Let 1, .1 denote the pushforward of ¢ under 7,; it is an R-bilinear
form on C9. Let (eq,...,e,) be the canonical basis of C?. Then the matrix
of 1,41 in the R-basis of CY given by (ey,...,e4 d€1,...,0e,) is (in g X ¢
blocks)

( 0 Im(7)~* )
Im(7)~" —TIm(7)"*(Re(r) — Re(7)!) Im(7)~* )~

The relation n, .9 (iu, iv) = 1, . (u, v) implies that Re(7) is symmetric, and
the fact that the bilinear form ¢ (u,7v) is symmetric and positive definite
implies that Im(7) is symmetric and positive definite. ]

Lemma 2.3.2. Let v = (2}4) € GSp,,(R) 4 (written in g x g blocks), and
let x € X,. Then we have

7(yz) = (a7(x) + b)(er(x) + d)~".

Proof. We have a commutative diagram

V(R) s V(R) —%s C

V(R) —— V(R) —2- Cv.

Therefore, vy is the pullback of the multiplication by ¢ under the isomor-
phism V(R) — CY whose matrix is (I, — 7(z))~y~". Since v € GSpy,(R),
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this matrix is, up to a scalar in R*, equal to
(U, —7@) (%) = (@)'e +d',—r(@)a’ = 0. (29)

By lemma 2.3.1, we know that 7(z) € Hy. By [BL04, Prop. 8.2.2| the
matrix c7(z) + d is invertible, and moreover (a7 (z) +b)(c7(z) +d)~* € H,
is also symmetric. Starting from eq. (2.9), we act on CY by (7(x)'c' +d")~1,
and we obtain:

V7 € GSpy,(R)4, 7(yx) = (ar(z) + b)(cr(z) + d)~". O

The modular interpretation of Siegel spaces. The maximal compact
open subgroup of G(Ay) leaving the lattice Ag®Z stable is Ko = GSpy,(Z).
The PEL Shimura variety Shg, (C) has only one connected component iden-
tified with I"\H,,, where

I'= GSpQg(Q)-i— N KO = SpQg(Z)

The action of I" on H, is given by the formula from lemma 2.3.2. By propo-
sition 2.2.9, the quotient Sp,,(Z)\H, is a moduli space for principally po-
larized abelian varieties of dimension g over C. This modular interpretation
coincides with the classical one [BLO04, §8.1].

More generally, choose positive integers Ds|---|D, such that D; = 1,
and let A C V(Q) be the lattice generated by the vectors

€1,...,€g, D1€g+1, R 7Dg€2g7

where e1, . .., ea, denote the canonical basis of Q. Then the polarization ¢
has type (Ds,...,D,) on A. Let K be a compact open subgroup of G(Ay)
that stabilizes A®Z, and let S denote the connected component of Shy (C)
defined by the identity matrix in G(A;). Then S is identified with I"\H,,
where

By proposition 2.2.9, the variety S is a moduli space for polarized abelian
varieties A of dimension g over C with polarization type (Ds, ..., D,) and
level K structure, such that H;(A,Z) is isomorphic to the standard polar-
ized lattice (Ag, ) with its natural level K structure.

2.3.2 Siegel modular forms in dimension 2

Given the classical description of Siegel spaces from §2.3.1, modular
forms on Siegel spaces can be identified with certain holomorphic functions
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on the Siegel half space H,. This identification is the higher-dimensional
analogue of example 2.2.14.

Let us focus on the case of the modular group Sp,,(Z), where g > 2 is
an integer. For every v = (25) € GSpy,(R), and every 7 € H, we write

7 = (aT +b)(cr +d)”' and T =cr +d.
Let W be a finite-dimensional vector space over C, and let
p: GL,(C) — GL(IWV)

be an irreducible holomorphic representation of GL,(C) on W. A Siegel
modular form of dimension g and weight p is a holomorphic function
f: Hy, — W satistying the transformation rule

V7 € Spyy(Z), VT € Hy, f(y7) = p(v'7)f(7).

We say that f is scalar-valued if dim W = 1, and vector-valued otherwise.
A Siegel modular function is only required to be meromorphic instead of
holomorphic. Since g > 2, there is no need to enforce a holomorphy con-
dition at the cusps: Koecher’s principle [van08, Thm. 4.4| asserts that it is
automatically satisfied.

If w > 0 is an integer, W = C, and p = det", then the Siegel modular
forms of weight p can be identified with the modular forms on Sp,,(Z)\H, of
weight w in the sense of §2.2.4. We also call these functions (scalar-valued)
Siegel modular forms of weight w. More precisely, we fix 7o = ¢, € H,
as a base point. Then, if h is a classical Siegel modular form of weight w
for Spy,(Z), the function

[l Iag) = (" 70) " h(v70)

is a modular form in the sense of Shimura varieties. Conversely, given
a modular form f of weight w on Sp,,(Z)\H, in the sense of §2.2.4, the
function h: H, — C given by

Vv € GSpQg(R)Jr? h(77'0> = (7*7-0>wf([77 IQQ])

is well defined, and is a classical Siegel modular form of weight w for Sp,,(Z).
By theorem 2.2.12, scalar-valued Siegel modular forms realize a projec-
tive embedding of the quotient Sp,,(Z)\H,.

Remark 2.3.3. We have seen in the proof of theorem 2.2.12 that modular
forms on a PEL Shimura variety S, at least when the congruence subgroup
is small enough, have a geometric interpretation as the algebraic sections of
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a certain line bundle, namely the inverse determinant of the tangent bun-
dle of §. Siegel modular forms, scalar-valued or not, also have a geometric
interpretation as sections of vector bundles constructed from the Hodge
bundle E on Spy,(Z)\H, [van08, §10 and §13] (strictly speaking, E should
be considered as a vector bundle on I'\H,, for some suitable normal sub-
group I' of Sp,,(Z) of finite index, endowed with an action of Sp,,(Z)/T’).
The fiber of E at 7 € H,, is identified with the vector space Q'(A(7)) of
global differential forms on A(7), where A(1) = C9/(Z9 & 77Z9) denotes the
principally polarized abelian variety of dimension ¢ attached to 7 in the
modular interpretation.

Concretely, if A is a principally polarized abelian variety of dimension g
over C, if w is a basis of Q'(A), and if f is a Siegel modular form of
weight p on Hl,, then the quantity f(A,w) makes sense. This fact will play
an important role in chapter 3.

A convenient way to manipulate Siegel modular forms is to write down
Fourier expansions [van08, §4|. Let f be a Siegel modular form on Hj, of any
weight p, with underlying vector space W. If s € Mat,y,(Z) is symmetric,
then f(7+s) = f(7) for every 7 € H,. Hence f(7) has a Fourier expansion
in terms of the quantities exp(2mity;) where 7, is an entry of the matrix 7.
This Fourier expansion is often written in the form

f(r) = Z exp (2mi Tr(n7)) an(f).

nE€Matgyx 4(Q)
symmetric

The Fourier coefficient a,(f) € W can be nonzero only when n is half-
integral (meaning that the coefficients of n lie in %Z, and its diagonal
coefficients lie in Z), and moreover n is positive as a symmetric matrix.

In the special case W = C, the modular form f is defined over Q if
and only if all its Fourier coefficients a,(f) are rational numbers; see for
instance [Har86, Thm. 6.4]. We say that f is defined over Z if its Fourier
coefficients are all integers.

In the special case g = 2, we write for 7 € Ho:

__ (21(7) zg(r)) . and g; = exp(2miz(7)) for 1< <3,

The terms appearing in Fourier expansions of Siegel modular forms in
dimension 2 are of the form aqj'¢y*q3® with a € C, n; > 0, ng > 0,
and n3 < 4njny (note that nz can still be negative). Hence the Fourier
expansion of a Siegel modular form in dimension 2 is an element of the

power series ring Clgs, q3_1] a1, ¢2]]-
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Explicit generators for g = 2. We start by defining the theta constants
on H, for any g > 1 [van08, §7]. Given a,b € {0,1}9, we write

Oup(r) = D exp (mi ((m+4)'7 (m+3) + (m+3)"5)). (210

mezZ9

The pair (a,b) is called the theta characteristic of the theta constant 6, .
Theta constants are holomorphic functions on H,, and are identically zero
unless they are even, i.e. a’b € Z is even.

Even theta constants are not modular forms for the full Siegel modu-
lar group SpQQ(Z), but they satisfy certain transformation properties un-
der Sp,,(Z) which make them convenient building blocks. Every scalar-
valued Siegel modular function of any weight on H, has an expression in
terms of quotients of theta constants [Igu72, Thm. 9 p. 222|. Moreover, for
each 1 < g < 3, the stronger result that every scalar-valued Siegel modular
form is a polynomial in the theta constants holds [Igu64, Igu66, FSM19|. In
the case g = 1, we recover the “genus 1”7 theta constants 6, and 6, defined
in §1.1.1 as the theta constants with characteristics (0,0) and (0, 1).

In the case g = 2, we introduce the following indexation of theta con-
stants [Dup06, §6.2]: write a = (a1, az) € {0,1} and b = (by, by) € {0,1}".
Then we define

O8as+4a1+2b+b1 = Ha,b-

There are ten even genus 2 theta constants, denoted with this convention
by 7+ 6;(7) for j € {0,1,2,3,4,6,8,9,12,15}. Let us present the con-
struction of explicit generators of the graded algebra of scalar-valued Siegel
modular forms for ¢ = 2 in terms of theta constants.

Definition 2.3.4 ([Str10, §IL.7.1]). Let T C {0,1}"* be the set of ten even
theta characteristics for g = 2.

e A Gopel quadruple is a subset C' C T of four characteristics such
that Y .. ¢ € 2Z*; there are 15 Gopel quadruples.

o A syzygous triple is a set of three theta characteristics {b,c,d} C T
that is a subset of a Gépel quadruple; there are 60 syzygous triples.

o If {b,c,d} is a syzygous triple, we write b = (by, bs, b3, by) and similarly
for ¢, d; then we define (b, ¢,d) € {£1} as —1 to the power
bl + b2 +c1+co+ dl + d2 + blcl + bQCQ + b462 + b163 — b264
+ b1d1 — b3d1 + Cldl + bgdz + CQdQ + C4d2 + Cldg - b2b301
— bgb4C2 — bleCg — bgbgdl — bgCldl — bngdl — bQngl — b2b4d2
- b462d2 - b1b2d3 — blcldg — bQCldg.
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Finally, we define the holomorphic functions h; on H for j € {4,6,10,12}

as follows:
hy=Y 05,

ceT

he= Y &(b,c,d)(Bu004)",

{b7c7d}
syzygous

th = H 93, and

ceT

o= Y ] o

C Gopel ceT\C
quadruple

For each j € {4,6,10,12}, the function h; is a Siegel modular form of
weight j for Sp,(Z), and is defined over Q.

Theorem 2.3.5 ([Igu60]). The modular forms hg, hg, hig, h12 are alge-
braically independent, and generate the graded Q-algebra of scalar-valued
Siegel modular forms of even weight in dimension 2.

We refer to [Bol87] for the correspondence between Igusa’s language
in [Igu60] and the modular functions h; from definition 2.3.4.

Remark 2.3.6. Other normalizations of these generators are present in
the literature. For instance, in order to normalize Fourier expansions, one
defines

@Z)4 = 2_2h47 77[)6 = 2_2h6, X10 ‘= —2_12h10, and X12 ‘= 2_15h12. (211)

We warn the reader that different definitions appear in the literature:
our Y19 is —4 times the modular form y;¢ appearing in Igusa’s paper [[gu79],
and our Y1 is 12 times Igusa’s x12. The Fourier expansions of the modular

forms 4, 16, x10 and y12 are

Pa(T) = 1+ 240(q1 + q2)
+ (240¢3 + 13440¢5 + 30240 + 13340¢5 " + 240¢5 ) q1¢2
+0(qt. 43),

Ye(17) =1 —504(q1 + q2)
+ (—504q3 + 44352g; + 166320 + 44352¢; " — 50445 %) 12
+0(4t, 43),

X10(m) = (s =2+ ¢5 )2 + O(qi,¢3),  and

x12(7) = (g3 + 10+ g5 12 + O(q7, 43).
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The absence of constant terms in the Fourier expansions of xio and xiso
indicates that they are cusp forms, hence the different notation.

The Siegel modular form y satisfies the following important property:
the abelian surface A(7) = C?/(Z*@®7Z?) attached to T € Hy is the product
of two elliptic curves over C if and only if x10(7) = 0 [Igu62|. Otherwise,
this abelian surface is isomorphic to the Jacobian of a genus 2 hyperelliptic
curve over C.

The Igusa invariants, defined in [Str10, §11.2.1] as

. hahe _gWatbs
o= o = g
hio X10
h, h2 2
jy = 122 4 _ 2—51?42(127 and
hio X10
jg 1= h_‘sl - 7141?_2
h%o X%o

are Siegel modular functions of weight zero. By theorems 2.2.12 and 2.3.5,
they realize a birational morphism defined over QQ from the Siegel three-
fold Sp,(Z)\H,, viewed as an algebraic variety, to the projective space P3.
Igusa invariants are well-defined for all Jacobians of genus 2 curves over C.

A stronger result than theorem 2.3.5 is to describe the structure of the
graded ring of Siegel modular forms in dimension 2 that are defined over Z.
This is also done by Igusa [Igu79|, who gives a set of fourteen generators,
the first ones being 14, Vg, x10 and x12. We will not need the explicit list
in this thesis, only the following consequence of Igusa’s result.

Proposition 2.3.7. Let f be a scalar-valued Siegel modular form of even
weight k defined over Z. Then 128 f € Z[hy, hg, h1o, hia].

Vector-valued Siegel modular forms in dimension 2. In order to
describe vector-valued modular forms explicitly in dimension 2, we recall
the usual classification of irreducible representations of GLy(C).

Let n > 0 be an integer. We denote by Sym" the n-th symmetric
power of the standard representation of GLy(C) on C2. Explicitly, Sym”
is a representation on the vector space C,[z] of polynomials of degree at
most n, with

Sym"((24)) P(2) = (b +d)"P(—20).

bx +d
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We take (z",...,x,1) as the standard basis of C,[z]. Then we can write
endomorphisms of C,[z] as matrices, and we have

a? ab b?
Sym*((2%)) = | 2ac ad+bc 2bd
2 cd d?

Proposition 2.3.8. The irreducible finite-dimensional holomorphic repre-
sentations of the group GLy(C) are exzactly the representations det® Sym™,
for k € Z and n € N.

Proof. Since SLy(C) is a simply connected Lie group, there is an equiv-
alence between holomorphic finite-dimensional representations of SLy(C)
and representations of its Lie algebra sly(C) [Bou72, Ch. III, §6.1, Th. 1].
By [Bou75, Ch. VIII, §1.3, Th. 1], irreducible representations of sly(C) are
classified by their higher weight; on the Lie group side, this shows that the
holomorphic finite-dimensional irreducible representations of SLy(C) are
exactly the representations Sym" for n € N. The case of GLy(C) follows
easily. O

Writing Sym” as a representation on C,[z] allows us to multiply Siegel
modular forms; hence, they naturally generate a graded C-algebra. In
contrast with the case of scalar-valued modular forms, this graded algebra
is not finitely generated [van08, §25|.

We conclude this section with two examples of vector-valued Siegel mod-
ular forms in dimension 2. The first example is given by the derivatives of
modular functions of weight zero, for instance Igusa invariants.

Proposition 2.3.9. Let f be a Siegel modular function on Hsy of weight zero.
Then the meromorphic function

af 1 (9f o Oof  Of
dr = 2mi <8z1x * 823x+ 322)

is a Siegel modular function of weight Sym?.

This result can be proved by differentiating the relation f(y7) = f(7)
with respect to 7, for every v € Sp,(Z); but the proof is not very en-
lighening. We refer to chapter 3 for a geometric interpretation of proposi-
tion 2.3.9, which is fundamental in the isogeny algorithm.

The second example is that of a Siegel modular form of weight det® Sym®
which will also play a fundamental role in chapter 3.
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Example 2.3.10. Following Ibukiyama [[bul2|, let Es C R® denote the
lattice of half-integer vectors v = (vy, ..., vg) subject to the conditions

8
> v €2Z and V1<kI<8 v,—v €L
k=1

Set a = (2,1,4,4,4,7,4,0) and b = (1,—1,4,4,1,—1,—i,4i) € C® Using the
notation

8
(v,w) == Z VW,
k=1

we write for 0 < j < 6 and 7 € Hs:

- exp (m’((v, v) 21(7) + 2 (v,0") z3(7) + (V/, V) ZQ(T))).

Finally, we define

1 : .
fso(T) = 111456000 Z (?) O,(r) .

Jj=0

Then fg¢ is a nonzero Siegel modular form of weight det® Sym®. This defini-
tion provides an explicit, but slow, method to compute the first coefficients
of the g-expansion; using the expression of fsg in terms of theta series as
in [CFv17] would be faster. We have

foo(m) = ((4¢3 — 16gs + 24 — 16g5" +4q52)qiqa + -+ - ) a°
(12q5 — 24q5 + 24¢5 " — 12¢5)qiqe + -+ ) 2°
(_934‘2—(];1)(]1(12+'~)x4
(—2¢3 + 2(]3:1)(]1(12 + .- ) 3
(_934‘2—(];1)(]1(12+'~)x2
(125 — 24gs + 24q5" — 1265 )qugs + -+ ) @
(4¢3 — 16g5 + 24 — 16¢5 " + 43 )qgs +---) -

2.3.3 Hilbert moduli spaces

Let F' be a fixed totally real number field of degree g over QQ, and let O
be an order in the ring of integers Zr. Recall that a principally polarized
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abelian variety A of dimension g has real multiplication by O if A is endowed
with an embedding n: O — End(A)T.

Our goal is to construct a moduli space of principally polarized abelian
varieties of dimension ¢ with real multiplication by Zp. Let 8}1 denote the
inverse different of F', i.e. the dual of Z for the trace form:

Op' ={z € F:Vy € Zp, Trpp(zy) € Z}.

Consider the lattice
Ao =Zp ®0z' C F2

The symplectic form 1) on F? defined by
Va,b,c,d € F, @Z)((a, b), (c, d)) = Trp/g(ad — be)

is a principal polarization on Ag; the fractional ideal d,' was chosen to
ensure precisely this. We let B = F', with * the trivial involution (which
is indeed positive since F is totally real), act on F? by multiplication.
The Q-algebra (B, *) is simple of type (C). Let V = F?; then (V,%) is a
symplectic (B, *)-module, and the order of B fixing Ag is precisely Zp.

The algebraic group associated with this data is G = GLy(F). The ¢
real embeddings oy, ...,0, of F induce an identification

6(®) - [[GLa(R)

and the subgroup G(R), consists of matrices with totally positive deter-
minant; in other words G(R); = [[{_; GLo(R).
Finally, we consider the complex structure ry € G(R) on V(R) ~ (R?)Y
given by
Ty = (( —01 é))lgigga
which is positive for 1. Let X, be the G(R) -conjugacy class of xy. The

pair (G, X, ) is called a Hilbert Shimura datum. Its reflex field is Q: see
[van88, §X.4] in the case g = 2, and |Mil05, Ex. 12.4] in general.

The classical description of Hilbert moduli spaces. Given the de-
scription of G(R), above, and the identification of the orbit of (% ) un-
der GLy(R) with the upper half plane H; (recall §2.2.1), the domain X
can be identified with HY endowed with the action of GLy(R); on each
coordinate. Explicitly, the action of GLy(F') on HY is the following: for

every v = (2%) € GLo(F) and (7, ...,7,) € Hf, we have

) = (TR0
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In the notation of §2.2.2, the morphism g in the case of the algebraic
group GLo(F') is the determinant. As in remark 2.2.10, we can make a
choice of compact open subgroup K C G(Ay) such that G(Q)+NK contains
exactly those matrices v € GL(Zp ® d5") (i.e. automorphisms of Ay, whose
determinant is a priori a unit of Zr) whose determinant is a square. Let S
be the connected component of Shx (G, X, )(C) associated with the identity
matrix in G(Af). Then we have a natural bijection

S ~ SL(Zr & 05")\HY.

The group I'(1)r := SL(Zr @ 03") is called the Hilbert modular group. By
proposition 2.2.9, the connected component S classifies isomorphism classes
of principally polarized abelian varieties A of dimension g over C, with real
multiplication by Zg, satisfying the compatibility condition (xx). In this
case, the compatibility condition is the following: there exists an isomor-
phism of Zp-modules Hi(A,Z) — Aq carrying the principal polarization
to ¢ [van88, §IX.1].

The Hilbert embedding. Given the modular interpretation of Hilbert
moduli spaces, there should exist a forgetful map, called the Hilbert em-
bedding, from SL(Zp ® 05')\H{ to the Siegel moduli space Sp,,(Z)\H,.
This map is constructed by choosing an isomorphism between the lat-
tices Zp ® 07" C F? and Z% C Q% that respects the symplectic forms, or
in other words a symplectic basis of Zp @ 95'. The map H{ — H, between
the sets of acceptable complex structures depends on this choice of basis,
but the induced map on the moduli spaces does not.

The concrete matrix calculations are as follows. Choose a Z-basis
(€1,...,e4) of Zp, and embed F in RY via (o4, ...,0,). Let R € GLy4(R) be
the matrix whose (k,[)-th entry is ox(e;); then we have Zr = RZ9, and

Zr ®On = (g)“ Ro_t> 7%.

Moreover, the map (% .2, ) : Z* — Zp®0;" respects the symplectic forms.
The associated Hilbert embedding is

Hp: HY — H,

(T1,...,74) + R'Diag(m,...,7,)R, (212)

and the associated map on modular groups, also denoted by Hg, is

Hg: SL(Zp®0z') — Spyy(Z)
a b R0 a® b’ Rt 0
c d 0 R! @ d° 0 R1')°
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with the notation y” = Diag (o1 (y), - .., 04(y)) € Matyy,(R) when y € F.

Remark 2.3.11. The Hilbert embedding is not always a true embedding.
For instance, when g = 2 (so that F'is a real quadratic field), the induced
map between moduli spaces is generically 2-1: if (A,n) is a principally
polarized abelian surface with real multiplication by Zg, and 77 := no o
where o denotes real conjugation in F', then (A,n) and (A,7) are not
isomorphic in general but map to the same point in the Siegel threefold.

If g = 2, the image of the Hilbert embedding is a surface contained in
the Siegel threefold, called the Humbert surface associated with the real
quadratic field F' (or rather Zg). Examples of equations of Humbert sur-

faces in terms of Igusa invariants can be computed when the discriminant
of F' is small [Grul0).

2.3.4 Hilbert modular forms in dimension 2

Keep the notation of §2.3.3. For all v € (2%) € I'(1)p and 7 =
(11,...,74) € Hy, we write

_ (oi(a)7j + 0;(b) ind e T o o
e (axc)maj(d))lggg R | (CICER)

Let wy,...,w, be integers. A Hilbert modular form of weight (wy, ..., w,)
for F' is a holomorphic function f: H{ — C such that for every v € T'(1)p
and every 7 € HY, we have

Fom) =] (05()7; + 05(d) ™ f (7).

J=1

As in the case of Siegel modular forms of degree g > 2, Koecher’s principle
makes enforcing holomorphy conditions at the cusps unnecessary [Bru08,
Thm. 1.20]. Since every irreducible (finite-dimensional, holomorphic) rep-
resentation of GL;(C)? has dimension one, there is no need to consider
vector-valued modular forms in the Hilbert case.

For every w > 1, Hilbert modular forms for F of parallel weight w,
i.e. weight (w,...,w), are identified with modular forms of weight w on
the Shimura component S = T'(1)r\HY described in §2.3.3. Explicitly,
we choose 79 = (i,...,1) € HY as a base point; if h is a classical Hilbert
modular form of weight (w, ..., w) for F, then the function

[y (L)) = (v"10) " h(y70)
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is a modular function of weight w on § in the sense of §2.2.4.

The goal of this section is to describe certain generators of graded rings
of Hilbert modular forms explicitly, as we did in §2.3.2 in the case of Siegel
modular forms. Such generators depend on F', and they are known for a
few examples of real quadratic fields F' of small discriminants; we focus
on the example of F' = Q(v/5). Explicitly, Hilbert modular forms can be
described in terms of Fourier expansions, and also through their relations
to Siegel modular forms via the Hilbert embedding.

For the moment, let F' be a general real quadratic field. We fix an
embedding of F' in R, so that the real embeddings o and o, are the iden-
tity and the real conjugation (denoted by o), respectively. Let ¥ = {1,0}
be the Galois group of F. Then X acts on the Q-vector space V = F?
and satisfies the hypotheses listed in §2.2.4; hence it makes sense to con-
sider Hilbert modular forms that are symmetric under . We check that a
Hilbert modular form f is symmetric if and only if f(7,72) = f(72, 1) for
every 7y, 7o € Hj.

Let (e1, e2) be a Z-basis of Zr and let R = (¢, &2 ) be the matrix defining
the associated Hilbert embedding Hg, as in §2.3.3.

Proposition 2.3.12. Let k € Z, n € N, and let f: Hy — C,[z] be a Siegel
modular form of weight p = det® Sym™. Define the functions g;: H? — C
for 0 <1 < n by the following equality:

Ve HE Y gilt) o' = p(R)J (Hi().

Then each g; is a Hilbert modular form of weight (k+i, k-+n—1). Moreover,
if n =0, then the Hilbert modular form go = det(R)*H3f is symmetric.

Proof. 1t is straightforward to check the transformation rule using the for-
mula for Hgr given in §2.3.3. The heart of the computation is that on
diagonal matrices (7"01 TOQ), the representation det® Sym” splits: the coeffi-
cient before ¢ is multiplied by (r1ro)* ri ri~

In the case n = 0, we observe that real conjugation in F' induces a
symplectic automorphism of the lattice Zg & 8;1; this implies that there
exists a matrix 7, € Sp,(Z) such that Hgr(me, 1) = V.Hg(m1,m2) for ev-
ery 71,7 € Hy. Symmetry follows from the fact that det(v,) = 1. O

As a consequence, the pullbacks of Igusa invariants to H? under Hp
are symmetric Hilbert modular functions of weight (0,0). They define a
birational map from the Humbert surface to the subvariety of C3 cut out
by the Humbert equation.
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Remark 2.3.13. If h is a Siegel modular form of weight Sym? obtained as
the derivative of a Siegel modular form of weight zero as in proposition 2.3.9,
say f(7), we can check that for every (i, 7;) € H2,

p(R)h(HR(71,T2)) = L (aiT1 (HR(Tl,TQ))xz + % (HR(TI,TQ))) .

2mi
In general, if f is a Hilbert modular form of weight (0,0), then its par-
tial derivatives with respect to 7 and 75 are Hilbert modular forms of
weight (2,0) and (0,2) respectively; this is consistent with the result of
proposition 2.3.12.

In the special case F = Q(v/5), we take e; = 1 and ey = (1 — v/5)/2,

and we still take

R= <fl 52) € GLy(R). (2.13)

€1 €2

Hilbert modular forms for F' have Fourier expansions in terms of
wy = exp(?m’(elﬁ + 617'2)) and  wy = exp (27Ti(627’1 + 6272)).

We use this notation and the term w-ezpansions to avoid confusion with
g-expansions of Siegel modular forms. A Hilbert modular form is defined
over Z if its Fourier coefficients are all integers.

If (a,b) € Z*\ {(0,0)}, a nonzero coefficient before wfw can appear
in the w-expansion of a Hilbert modular form only when ae; + bes is a
totally positive element of Zp. Since e; = 1 and e; has negative norm, for
a given a, only finitely many b’s can appear. Therefore we can consider
of w-expansions as elements of the power series ring Clws, wy '][[w,]].

Theorem 2.3.14 (|Nag83|). The graded C-algebra of symmetric Hilbert
modular forms of even parallel weight for F = Q(+\/5) is generated by three
elements Gy, Fg, Fio of respective weights 2, 6 and 10, with w-expansions

Ga(11,m) = 1+ (120wy + 120)w;
+ (120w + 600w3 + 720w, + 600 + 120w; ') wi + O(w?),
F5(m1,72) = (w2 + 1wy + (wj + 20w; — 90w + 20 + wy ') wi + O(w}),
Fio(t1,m) = (w3 — 2wy + Dw? + O(w?).

The ring of Hilbert modular forms of even parallel weight defined over Z is
generated by Gs, Fg, Fg, and

1
Fiy = Z(F62 — Gy Fy).
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As a consequence, we can give an analogue of proposition 2.3.7 in the
case of Hilbert modular forms for Q(v/5), whose proof is immediate given
theorem 2.3.14.

Proposition 2.3.15. Let f be a symmetric Hilbert modular form of even
weight k for the real quadratic field Q(v/5). Then 28 f € Z|G4, G, Fio).

The Gundlach invariants for F = Q(+/5) are

GF,
FlO .

g1 = and gy =

5
2
Fio
They define a birational map from the associated Humbert surface to C2.

By proposition 2.3.12, the pullbacks of the Siegel modular forms v, 1,
X10 and Y12 via the Hilbert embedding Hy are symmetric Hilbert modular
forms of even weight. Their expressions in terms of G, Fy, Fig can be
computed using linear algebra on Fourier expansions [LY11, Prop. 3.2|: in
our case we have

g1 = Wi, (2 = wWW2, (3= W2.

In the following result, we take into account the fact that our choice

of normalization for the Siegel modular forms 19 and xi2 (recall §2.3.2)
differs from that of [LY11].

Proposition 2.3.16 (|[LY11, Thm. 4.4]). In the case F' = Q(\/5), with R
as in (2.13), we have

HE¢4 = Gga
Hi s = G2 — 864K,
Hp x10 = —Fo,

H}; X12 = —12(3F62 — 2G2F10),

As another example, we study the pullback of the modular form fsg
from example 2.3.10 via Hp.

Proposition 2.3.17. Let R be as in eq. (2.13), and define the functions b;(t)
on H? for 0 <i <6 by

vt € Hi, det® Sym®(R) fss(Hn(t)) = > bi(t) ",
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Then by and by are identically zero, and

b3 = 4F) o F,

36 4

b1b5 = % 10Fﬁ2 - 5 120G27
—4 2 1 2
bobs = 2—5F10F6 + 5 10G2,
32 288 3456
bs (b2 + b3b7) = 123Fjy Fs — 3 2 F2GE + o5 W0EE Gy — ﬁpg.

Proof. By proposition 2.3.12, each coefficient b; is a Hilbert modular form of
weight (84-4,14—1). We can check that o exchanges b; and bg_;. From the ¢-
expansion of fgg, we can compute the w-expansions of the b;’s; then, we
use linear algebra to identify symmetric combinations of the b;’s of parallel
even weight in terms of the generators Gs, Fg, Fig from theorem 2.3.14. In
particular we find that byby = 0; since by and by are exchanged by o, both
are identically zero. O]

2.4 Modular equations

In this section, we define modular equations in the setting of PEL
Shimura varieties as equations describing Hecke correspondences. All the
types of modular equations described in chapter 1, namely elliptic modular
polynomials and modular equations of Siegel and Hilbert type for abelian
surfaces, can be recovered as special cases of the general definition.

2.4.1 The example of elliptic modular polynomials

In chapter 1, we defined the classical modular polynomial ®,, where ¢ is
a prime, as follows. We start with the modular invariant j, which generates
the function field of the moduli space & = SLy(Z)\H; over Q. Then, we
look at the function
T j(7/0),

which is invariant under the action of the congruence subgroup
I¢) = {(2%) € SLy(Z): b= 0 mod ¢} .

Then the coefficients of the polynomial

rm= I (v-ithn) ecw]

~ET0(£)\ SLy (Z)
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are modular functions for SLy(Z). The polynomial ®, is the unique polyno-
mial in C[X, Y] satisfying the relation ®,(j(7),Y") = Py(7) for every 7 € Hj.

In order to introduce the definition of modular equations in a broader
sense, we translate the definition of ®, in the language of PEL Shimura
varieties. Recall that the underlying algebraic group in the case of modular
curves is G = GLy. Note that for every 7 € H;, we have

/=467 withd=(}9) € GQ)4,

and moreover
I°(¢) = SLy(Z) N (6" SLa(Z)9).

Geometrically, we consider the diagram

TO(0)\H, =% Ty (¢)\H,

l l (2.14)

S S
where T'o(¢) = (6 SL2(Z)0*) N SLy(Z). It gives a morphism
I°(O\H, - S xS, 7 (1,07).

The product S x S is then birational to P! x P! via (j,7). The modular
curve I'Y(¢)\H] is birational to its image in P! x P!, and the elliptic modular
polynomial of level ¢ is as an equation for this image.

In the modular interpretation, the lattice Z & 07Z contains the lat-
tice Z @ 77 as a sublattice of index £, so the elliptic curves attached to 7
and 07 are indeed f-isogenous.

Recall from example 2.2.14 that if ¢ is a classical modular form, then
the function

folvs o] = (Y) "9 (vi)
is a modular form on § in the sense of §2.2.4: the function f is left-invariant
under G(Q)., right-invariant under a compact subgroup K of G(Ay) (with

K = Ky = GLy(Z) if g was modular for SLy(Z)), and satisfies a certain
transformation rule under right action by the subgroup K., C G(R),.
Under this correspondence, we can consider j as a modular form on § in
the sense of §2.2.4. Then, if 7 = 72 € H;, we have

§(67) = j([6v, L)) = 5 ([7,671]).

Therefore, the classical modular function 7+ j(d7) for T°(¢) corresponds
to the modular function

jsi GQ\(G(Af) x GR)y) — C
[z, 9] = g ([z,9671).
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The function js—1 is right-invariant under Ks-1 := "' Kyd. Define K’ as
the compact open subgroup Ko N Ks-1 of G(Af). The diagram (2.14) can
be rewritten as

Shyer (GLa, Hy ) (C) D970 L gy s (GLy, H,)(C)

l l (2.15)

S S.

Let K" be a normal subgroup of finite index in K contained in K’. We
let Ky act (on the left) on the set of modular functions for K as follows:
if k € Ky and f is such a function, we define

k-f:lz, gl f([z,gk]).

The subgroup K’ of Kj is contained in the stabilizer of js—1. Therefore the
coefficients of the polynomial

Q= H (Y—”Y'jafl)

yeKo /K’

are modular functions of level K;. In the world of classical modular
forms, ), corresponds exactly to P, as inversion induces a bijection be-
tween right cosets of T°(¢) in SLy(Z) and left cosets of K’ in Ky. The
general definition of modular equations uses analogues of diagram (2.15),
which make sense for a general Shimura variety and any 6 € G(Ay); these
diagrams are called Hecke correspondences.

2.4.2 Hecke correspondences

Let us fix a PEL datum (B,*, V9, G, X,) as in §2.2.2, as well as a
compact open subgroup K C G(Ay). Following §2.4.1, we look at the
diagram

[z,9]—[z,g9]

Shye (G, X, )(C) Shs-150r5(G, X, )(C)

l l (2.16)

Sh (G, X4)(C) Shy (G, X4)(C)
where § € G(Ay), and K’ := K N §K§'. The induced map
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is called the Hecke correspondence of level 6 on Shy(C). Alternatively, Hs
can be seen as a correspondence on Shx (C) x Sh (C) consisting of all pairs
of the form ([z, g], [z, gd]) for [z, g] € Shy/(C). Hecke correspondences are
algebraic: the diagram (2.16) is the analytification of a diagram existing
at the level of algebraic varieties. Moreover, Hecke correspondences are
defined over the reflex field F(G, X ) [Mil05, Thm. 13.6].

We define the degree of Hs to be the index

d0) =[K : K'|=[K:Kn §K§].

This index is finite as both K and K’ are compact open subgroups of G(Ay),
and is the degree of the projection map Shyg: — Shg. One can also
consider Hs as a map from Shg to its d(J)-th symmetric power, send-
ing z € Shg to the set {2’ € Shg: (z,2') € Hs}.

It is easy to see how Hs behaves with respect to connected components
of Shg(C): if z lies in the connected component indexed by ¢t € T'(Ay) (in
the notation of §2.2.2), then its images under Hs all lie in the connected
component indexed by ¢ v(J).

We call the Hecke correspondence Hy absolutely irreducible if for every
connected component S of Shy (C) with field of definition L, the preimage
of § in Shg: is absolutely irreducible as a variety defined over L (or equiv-
alently, connected as a variety over C). A sufficient condition for Hs to be
absolutely irreducible is that v(K’) = v(K).

Modular interpretation of Hecke correspondences. In the modular
interpretation, Hecke correspondences describe isogenies of a certain type
between polarized abelian varieties. Let Ag,C, and O be as in §2.2.3, and

write
d(s)

K=||mK'
i=1
where k; € G(Ay) for 1 <i < d(9). Let ¢ € C, denote by S, the connected
component of Shy(C) indexed by ¢, and consider the lattice with PEL
structure (A, ,t,%,, cK) associated with a point [z,¢] € S. by proposi-
tion 2.2.8.

In order to construct the lattices associated with [z, c| via the Hecke
correspondence Hs, we partition the orbit cK into the K'-orbits ck; K’
for 1 < ¢ < d(5). Each ck;0 € G(Ays) is then a Z-linear embedding
of O-modules Ay — V(Ay); it is well defined up to right multiplication
by 6 'K'0, hence by K. Let A; C V(Q) be the lattice such that A; ® Z
is the image of this embedding. There is still a natural action of O on A;.
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The decomposition ck;0K = ¢;d K, with ¢; € G(Q), and ¢ € C, is well
defined, and the element ¢’ does not depend on 7.

Proposition 2.4.1. Let § € G(Ay), let z = [z,c] € S., and construct
A;, q;, ¢ as above. Then the image of z under the Hecke correspondence Hs
in the modular interpretation of proposition 2.2.9 is given by the d(0) iso-
morphism classes of tuples with representatives

(Ai,x, %d}c(u(q[l) - -),cmﬁK) for 1 <1<d(9).

Proof. By construction, the images of [z, ¢| under the Hecke correspondence
are the points [g; 'z, ¢/] of Shx(C). The relation cx;0 K = ¢;¢' K shows that
the map ¢; ' sends the lattice A; to A». This map also respects the action
of O, and sends the complex structure z to g, 2. Finally, it sends the
polarization (u,v) — ¥.(u,v) on A; to (u,v) — ¥ (u(g)u,v) on Ay. O

After multiplying ¢ by a unique suitable element in Q7, which does not

change Hys, we can assume that §(Ag) C Ay and 6(Ag) ¢ pAg for every
prime p; we say that 0 is mormalized with respect to Ag. In this case,
we define the isogeny degree of Hs as the unique integer [(d) > 1 such

that [(6)~ ' det(d) is a unit in Z. In other words,

1(8) = #(Ao/3(Ap)).

For a general 0 € G(Ay), we set [(§) = [(A)) where A € Q7 is chosen such
that A\ is normalized with respect to Ay.

Corollary 2.4.2. Let 6 € G(Ay). Then, in the modular interpretation of
proposition 2.2.9, the Hecke correspondence Hs sends an abelian variety A
with PEL structure to d(6) abelian varieties Ay, ..., Aqs) such that for
every 1 < i < d(9), there exists an isogeny A; — A of degree 1(9).

Proof. We can assume that ¢ is normalized with respect to Ag. Then, in
proposition 2.4.1, each A; for 1 < i < d(6) is a sublattice of A. endowed
with the same complex structure x. Moreover, for every 1 < i < d(d), we

have A./A; ~ Ag/8(Ao), so the index of each A; in A, is I(5). O

Example 2.4.3. In the case of the classical modular curve of level one, we

~

have G = GLy and K = Ky = GLy(Z). Consider the Hecke correspondence
of level § = (§9) € GL2(Ay), where £ is a prime. In this case

K'=KN§K6™" ={(2%) € GLy(Z): b= 0 mod (};
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this is the Hecke correspondence considered in §2.4.1. The Hecke corre-
spondence Hj is absolutely irreducible since v(Ky) = v(K') = Z*. We
have d(0) = ¢+ 1 and [(0) = £. In the classical modular interpretation, Hy
sends an elliptic curve E to the quotients of £ by the ¢ 4+ 1 cyclic sub-
groups of E[l]; these quotient isogenies are dual to the isogenies given in
corollary 2.4.2.

A relation between degrees. For later purposes, we state an inequality
relating d(J) with a power of [(d). Since K C G(Ay) is open, there exists
a smallest integer NV > 1 such that

{g€GAs)N GL(Ao): ¢ = 1 mod N/AXO} C K,

which we call the level of K with respect to /A\o.

Proposition 2.4.4. There exists a constant C' depending on K and Ay
such that for every § € G(Ay), we have d(6) < C1(8) 4™V We can take

C = NWmV)?® “where N s the level of K with respect to Ko.

Proof. We can assume that ¢ is normalized with respect to KO. Then the
subgroup K N 6K~ contains all the elements g € G(Ay) N GL(Ay) that
are the identity modulo A= [(0)N Ao. In other words we have a morphism
of groups K — GL(Ag/N [(8)Ag) whose kernel is contained in K NdK§ .
This yields the result since # GL(Ag/N 1(8)Ag) < (N 1(8))dmV)?, O

Remark 2.4.5. The upper bound on d(d) given in proposition 2.4.4 is far
from optimal in many cases: for instance, if  is normalized with respect
to Ay, if [(4) is prime to N, and if moreover ¢ normalizes the image of K
in GL(Ag/NAg), then d(5) < 1(§)@™V)* But in general, the level of K
does enter into account. As an example, take G = GLg, § = ({{), and

K:{(‘gg)GGLQ@):a:dzlmodNandc:OmodN}.

Then d(d) = N even though /(§) = 1. In the modular interpretation, the
Hecke correspondence Hs has the effect of forgetting the initial K-level
structure entirely.

2.4.3 Modular equations on PEL Shimura varieties

When defining the elliptic modular polynomial ®,, besides choosing the
Hecke correspondence, one uses a particular generator of the function field
of the modular curve, namely the j-invariant. In the general case, we also
fix a choice of invariants on Shimura varieties.
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Fix a PEL datum (B,*,V,¢,G,X ) as above, let K C G(Af) be a
compact open subgroup, and let ¥ be a finite group of automorphisms
of V as in §2.2.4. Let n be the complex dimension of X,; we assume
that n > 1. Let &, T be connected components of Shx(G, X, )(C), and
let L be their field of definition.

Since the field L(S) of modular functions on S has transcendence de-
gree n over L, the field L(S)* of modular functions on S that are symmetric
under ¥ also has transcendence degree n over L. Choose a transcendence
basis (j1,...,jn) of L(S)* over L, and another symmetric function j,,,
that generates the remaining finite extension, whose degree is denoted by e.
On S, the function j,,, satisfies a minimal relation of the form

E(jla'-'ajnJrl):O (217)

where
(5

E = ZEk(Jla v dn) ey € LIy, gl
k=0

and F is irreducible. If L(S)* is purely transcendental over L (if ¥ = {1},
this means that S is birational to P"), then we can take j, 11 = 1, ignore
eq. (2.17), and work with n invariants only. This simplification will happen
for our three main examples of PEL Shimura varieties, namely the modular
curve X (1), the Siegel threefold, and the Hilbert surface for F' = Q(v/5).

We proceed similarly to define coordinates on 7: no confusion will arise
if we also denote them by ji,...,j,11. We refer to the data defined up to
now as a choice of PEL setting.

Given a PEL setting, let 6 € G(Ay) define an absolutely irreducible
Hecke correspondence Hy that intersects S x T nontrivially. We want to
define explicit polynomials with coefficients in L(S), called the modular
equations of level §, describing Hs in the product S x 7. To do this, we
mimic the definition of elliptic modular polynomials in the language of PEL
Shimura varieties given in §2.4.1. As in §2.4.2, we write

K' =KnoKs'.

Let K” be a normal subgroup of finite index in K, contained in K’, and
stabilized by ¥. Let 8” be the preimage of S in Shy(C) (which is possibly
not connected). There is a left action of K x 3 on the space of modular
functions on §”, given by

(k,O') ) f: [CB,g] =0 f([x>gk])
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The modular functions that are invariant under K’ x {1} (resp. K x X) are
exactly the functions on Hs N (S x T) defined over C (resp. the functions
on S defined over C and invariant under ). The modular functions

Jis: [, 9] v Ji([z, gd])
for 1 < i < n + 1 are defined over L and generate the function field
of Hs N (S x T). We define the decreasing chain of subgroups
KxY=KyDK D>-+-D>DK,1 DK

as follows: for each 1 <17 < n + 1, the subgroup K; is the stabilizer of the
modular functions ji 5, ..., Jis-

Galois theory applied to the Galois covering §” — S tells us that for
every 1 < i < n+ 1, the field L(j1,...,Jn+1,J1.6,---,Jis) is the function
field of the preimage of § in the Shimura variety Shg,, and consists of all
modular functions on S” defined over L that are invariant under K;. In
other words, we have a tower of function fields:

L(jb cee 7jn+1>j1,57 s 7jn+1,5) = L(H5 N (S X 7-))

degree dp41

degree da

L(j1,- - Jnt1,J1,6)

degree d

L(S)*,

where d; = [K;_1 : K;] for 1 <i < n+ 1. The modular equations of level §
are defining equations for the successive extensions in the tower.

Definition 2.4.6. The modular equations of level  on & x T are the tuple
(Ws1,...,Ysu11) defined as follows: for each 1 < m < n+ 1, Vs, is the
multivariate polynomial in the m variables Y7, ....,Y,, defined by

Usm= D ((Tﬁlﬂ(ﬁ—%-m)) 11 (Ym—wmdm,é))v

’YEKO/Kmfl =1 'YmeKmfl/Km

where the middle product is over all 7; € Ky/K; such that v; = v mod-
ulo K;_;, but v; # v modulo K;. The expression for Us,, makes sense,
because multiplying v on the right by an element in K,, ; only permutes
the factors in the last product.
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Definition 2.4.6 generalizes the definition of elliptic modular polynomi-
als; the precise formula is inspired from preexisting definitions of modular
equations for abelian surfaces [BL09, Mill5, Mar20, MR20|. We will return
to these examples in §2.4.4.

Let us give elementary properties of modular equations. We need a
technical lemma.

Lemma 2.4.7. Let 7,7 € Ko and 1 < i < n+ 1. Assume that the
equality v - Jis = 7' - Jis holds on one connected component of S”. Then it
holds on all connected components of S”.

Proof. Write v = (k,0) and v/ = (K, 0’) where k, k' € K and 0,0’ € X.
Let ¢ € C C G(Ayf) be an element defining the connected component S
in Shg(C), so that § = T\ X with . = G(Q) . NcKc™!. By assumption,
there exists an element g € G(Ay) such that ¢ = ¢ in the double quotient
space G(Q)+\G(Ay)/K, and

Ve e X, ji,g([o_l(:z:),a_l(gk)]) = ji75([a'_l(:c),0'_1(gk:')]). (2.18)

Since Hjy is absolutely irreducible, we have

GQ)\G(Af)/K = GQ\G(A) /K"

Using the description of connected components of a PEL Shimura variety
in §2.2.2, and the fact that the action of ¥ leaves v invariant, we find
that there exist 71,72 € G(Q)+ such that gk = v0(c) mod o(K’) and
gk’ = 720'(c) mod o'(K"). Then eq. (2.18) is equivalent to the following:

Ve e X, jw([x, C]) = ji75([0’_1(72_1710(x)), c]) (2.19)

Note that 7, ', is well-defined and independent of g, up to multiplication
on the left by an element of G(Q) No’(cK'c™!), and multiplication on the
right by an element of G(Q), No(cK'c™!). Therefore eq. (2.19) holds for

each g € G(Ay) such that g = ¢ in G(Q)+\G(Af)/K. In other words, the
equality v - j;s =" - jis holds on every connected component of S”. O

Proposition 2.4.8. Let 1 <m <n+1, and let v € Ko/Kp,—1. Then, up
to multiplication by an element in L(j1, ..., Jnt1, YV J18s- -7 Jm—15)", we
have

\115,771(’7 : j1,5 yeees 7Vt jm—l,é > Ym) = H (Ym — Y Vm jm,5> .
'YmeKm—l/Km
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Proof. By definition 2.4.6, the above equality holds true after multiplying
the right hand side by

m—1

=11 11 (7']&',5 =i 'ji,é)-

=1 v€Ko/K;
ViFEY
vi=v mod K;_1
The function f a product of nonzero modular functions on S” defined
over L. In order to show that f € L(j1,.. ., Jnt1,7 J16s---+7 * Jm—1.6), W€
check that f is invariant under the action of vK,,_17~!. By definition of
the subgroups K, no factor of f is identically zero on S8”. Therefore f is
invertible by lemma 2.4.7. O]

Let 1 < m < n+ 1. Proposition 2.4.8 implies that up to scaling,
the univariate polynomial Wy, (j1.4,- -, Jm—1.6, Ym) is the minimal polyno-
mial of j, s over the field L(ji,..., Jn+1:J1.65---,Jm-15). In other words,
when the multiplicative coefficient does not vanish, which is generically the
case, Vs, provides all the possible values for j, s once ji,...,jn41 and
Ji,6s- -+, Jm—1, are known. In particular, modular equations vanish on Hs
as promised.

We could also define other modular equations ®;,, for which there is
true equality in proposition 2.4.8, as in the case of elliptic modular poly-
nomials, but they have a more complicated expression. In practice, using
the polynomials W5, is more convenient as they are typically smaller.

Proposition 2.4.9. Let 1 < m < n + 1. The coefficients of Vs, lie
in L(j1,-.-yJnt1)- The degree of Vs, in Y, is [K,, @ Ky-1], and for
each 1 <i < m, the degree of Vs, inY; is at most [K; : K;_1] — 1.

Proof. Tt is clear from definition 2.4.6 that the action of K leaves s,
invariant. Hence the coefficients of W;,, are functions on & invariant un-
der ¥ and defined over L, so the first statement holds. The second part is
obvious. O

In general, using a nontrivial 3 increases the degree of modular equa-
tions. This has a geometric interpretation: modular equations describe the
Hecke correspondence Hs and its conjugates under ¥ simultaneously.

Let Ji,...,Jn,+1 be indeterminates, and let 1 < m < n + 1. By the
equation (2.17) satisfied by j,41 on S, there exists a unique element of the
ring L(Jy, ..., Jn)[Jns1, Y1, ..., Y] of degree at most e — 1 in J,,;1 which,
when evaluated at J; = j; for 1 < i < n + 1, yields ¥s,,. In the sequel,
we also denote it by W;,,. Therefore the coefficients of W, will be either
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functions on S, i.e. elements of L(ji,...,jnr1), or multivariate rational
fractions in the indeterminates Jy, ..., J,.1 that are polynomial in J,,; of
degree at most e — 1, depending on the context.

Remark 2.4.10. In several cases, the function j; s already generates the

whole extension of function fields, so that K1 =--- = K,,,; = K/,
Vo= J[ (Vi—m ),
v1E€Ko/K'

and for every 2 <m < n+1,

Usm = Y ((H (Y1 —m -jl,a)) (Yo = ~jm,a)>. (2.20)

vEKo /K’ Y1FY

In this case, for each 2 < m < n + 1, we have

Usm(d1.6) = i Vs1(J1.s) - (Yon — Jims),

where 0y, denotes derivative with respect to Y;. Therefore W;,, is just the
expression of j,, s as an element of L(S)*[j ] in a compact representation
inspired from [GHK™06].

In this case, we will often keep only the (negative of the) constant term
in (2.20), and consider the modular equations s, for 2 < m < n+1 as
“univariate” polynomials, i.e. elements of the ring L(Jy, ..., J,)[Jnt1, Y] of
degree at most e — 1 in J,,, defined by the relations

s odns) = D (v-dme) [] (V= drs). (2.21)

YEKo /K’ n#EY

Then, we simply have j,, 5 = Vs (j1.6)/0v; Vs1(J1.6)-

2.4.4 Modular equations for abelian surfaces

To conclude chapter 2, we show that modular equations of Siegel and
Hilbert type in dimension 2 [BL09, Mill5, Mar20, MR20| are special cases
of modular equations as defined above.

Modular equations of Siegel type. We saw in §2.3.1 that the Siegel
threefold Sp,(Z)\Hy is the PEL Shimura variety associated with the alge-
braic group G = GSp,(Q), with compact open subgroup K = GSp4(z).
The Shimura variety Shg is connected, defined over QQ, and its function field
is generated by the three algebraically independent Igusa invariants ji, jo, J3-
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Let ¢ be a prime, and consider the Hecke correspondence of level

0= (652 19) as a 4 x 4 matrix in 2 x 2 blocks.
2

The subgroup K N 6K§ ' N G(Q), of Sp,(Z) is usually denoted by T'°(¢),
and the degree of Hy is

d(6) =+ +0+1.

The Hecke correspondence Hs is absolutely irreducible, and describes all
principally polarized abelian surfaces ¢-isogenous to a given one; the degree
of these isogenies is [(§) = ¢2. In this case, the function j; s generates the
function field on the Hecke correspondence [BL09, Lem. 4.2], so that d; =
d(0) and dy = d3 = 1, in the notation of §2.4.3. The modular equations from
definition 2.4.6 (or rather remark 2.4.10) are the usual modular equations
of Siegel type and level ¢, denoted by W, € Q(Jy, J2, J3)[Y] for 1 <m < 3.
They have been computed for £ = 2 and ¢ = 3 [Mill5].

By the dictionary between modular forms in the sense of PEL Shimura
varieties and classical modular forms, we have the following formulse be-
tween meromorphic functions on Sp,(Z)\H; [BL09, Mill5]:

V(i) amasm) = 1 (v=3Gm).

YETO(0)\ Sp4(2)

and for m € {2, 3},

V()220 50) = > dulbrr) TL(Y i)

YET0(£)\ Spy(2) v #EY

Modular equations of Hilbert type. As we saw in §2.3.3, the Hilbert
surface T'p(1)\H? for the quadratic field F = Q(+/5) is identified with a
connected component S of the PEL Shimura variety associated with the
algebraic group G = GLy(F') and a well-chosen congruence subgroup K
of GL(Ay ® Z), where Ag = Zp @& 05"

Let ¥ be the group of order two generated by the real conjugation o
in F'. The algebraic variety S is defined over Q, and the field of symmetric
modular functions on § is generated by the two algebraically independent
Gundlach invariants g1, gs.

Let 8 € ZF be totally positive and prime, and let

5= (g (1)) € G(Ay).
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The Hecke correspondence Hy is absolutely irreducible, and has degree
d(d) = Npjo(B) + 1. In the modular interpretation, Hs parametrizes
[-isogenies between abelian surfaces with real multiplication by Zpg; the
degree of these isogenies is [(§) = Ng/g(8). One can check that Hj inter-
sects S X S nontrivially. Being able to consider this Hecke correspondence
is the reason for our choice of GG in §2.2.2.

The associated modular equations are called the Hilbert modular poly-
nomials of level f in Gundlach invariants, denoted by Vg, € Q(J1, J2)[Y]
for m € {1,2} [MR20]. They have been computed up to Np/g(5) = 59
[Mil]; since the Gundlach invariants are symmetric, they describe both (-
and o(f)-isogenies. In order to write out Hilbert modular equations of
level B in terms of classical Hilbert modular forms, we define

LP(8) ={(¢4) € Tr(1): Blb},
and for all A € F and 7 = (71, 7») € HZ, we write
AT = (AT, A\T2).

Then we have the following equalities of meromorphic functions on H?:

Vs (91 (1), 92(7')) = H (Y — g (%77)), and

el BNk (1)22)
Vo) = I el [T -atm)
YEO(B\(I R (1)%X) oy

Other types of Hilbert modular equations for Q(1/5) using nonsymmet-
ric invariants have also been defined and computed [Mar20].

Finally, we can also consider modular equations of Hilbert type using
pullbacks of the three Igusa invariants under the Hilbert embedding as
invariants on S. The equation (2.17) satisfied by ji,ja2, 73 on S is the
Humbert equation attached to F. When F = Q(+/5), there is no reason to
use Hilbert modular equations in Igusa invariants in practice, as they have
a larger number of variables and larger degrees compared to the modular
equations in Gundlach invariants; their only advantage is that they can be
defined for every real quadratic field F'.
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Chapter 3

Computing isogenies between
abelian surfaces

This chapter corresponds to the preprint [KPR19]. We present an algo-
rithm solving the following problem: given two principally polarized abelian
surfaces A and A’ over a field k which are isogenous, compute such an
isogeny explicitly. More precisely, we assume that either

1. A and A" are (-isogenous, where ¢ is a prime (the Siegel case); or

2. A and A’ have real multiplication by Zpg, where F is a fixed real
quadratic field, and are -isogenous where § € Zr is a totally positive
prime (the Hilbert case).

We refer to §2.1.4 for the definition of /- and [-isogenies. During the algo-
rithm, we make several genericity assumptions on A and A’; in particular
we assume that A and A’ are Jacobians of genus 2 hyperelliptic curves
over k. We also assume that the characteristic of k is sufficiently large with
respect to ¢ or B. We give precise statements in theorems 3.5.2 and 3.5.3.

While the Siegel and Hilbert cases do not cover all possible isogenies
between principally polarized abelian surfaces, they “almost” do so, and
the isogeny algorithm can be adapted to the cases when End(A)" is not
maximal or when § € Zp is totally positive but not prime; see [DJRV17,
Thm. 1.1] for the full classification.

Our algorithm is the generalization of the isogeny algorithm for elliptic
curves described in §1.2.2 to the case of modular equations of Siegel and
Hilbert type for abelian surfaces: the crucial step is to compute the action
of the isogeny on differential forms using derivatives of modular equations.
This computation has a geometric interpretation in terms of the Kodaira—
Spencer isomorphism, and this formulation yields a clear roadmap to gen-
eralize the isogeny algorithm to higher dimensions.
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Using the results of this chapter, one can already implement toy ex-
amples of Elkies’s point counting method on abelian surfaces using pre-
computed modular equations of small levels. However, the key issue of
the complexity of manipulating modular equations is left aside for the mo-
ment. We return to this question in chapter 5, where we present general
size bounds for modular equations in terms of their level, and in chapter 6,
where we investigate the complexity of evaluating modular equations of
Siegel and Hilbert type, i.e. providing the input to the isogeny algorithm.

3.1 Principle of the algorithm

Let us describe the outline of our algorithm in the case of /-isogenies
from a geometric point of view, in any dimension g. The central object is
the Hecke correspondence

Hg = (H&l, Hg72)f Agj — .Ag X Ag

where A, denotes the moduli space of principally polarized abelian vari-
eties of dimension g endowed with the kernel of an /-isogeny, and A, denotes
the moduli space of principally polarized abelian varieties of dimension g.
In the modular interpretation, the map Hy is given by (A, K) — (A, A/K).
Over C, the map H, takes the form

(0\H, — SPay(Z)\Hy, x Spy, (Z)\H,
T — (1,7/0),

where the subgroup I'°(£) C Sp,,(Z) is defined by
TO(0) = {(2Y) € Spyy(Z): b=0mod ¢} . (3.1)

If g = 2, then H, is exactly the Hecke correspondence used in §2.4.4 to
construct the Siegel modular equations of level /.

Let ¢: A — A’ be an (-isogeny, so that (A, A’) lies in the image of H,.
Assume further that (A, A’) are sufficiently generic, so that Hy; and Hy
are étale at (A, A’). Denote by T4(A,) the tangent space of A, at A, and
denote by Tp(A) the tangent space of A at its neutral point. Then there is
a close relation between two maps:

o the deformation map D(p): Ta(Ay) — Ta(A,) defined as

D(g&) = ng,g ¢} (dH&l)_l, and
e the tangent map dp: To(A) — To(A').
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This relation stems from a canonical isomorphism, called the Kodaira—
Spencer map, between T4(A,) and the vector space Sym? Ty(A) [And17].
Therefore, in any dimension g, an isogeny algorithm could run as follows.

1. Compute the deformation map at (A, A’) by differentiating certain
modular equations giving a local model of A, and A,.

2. Compute dp from the deformation map using an explicit version
of the Kodaira—Spencer isomorphism, i.e. an explicit way to map
a pair (A,w) where w € Sym®7Ty(A) to the corresponding point
of T4(A,) in the local model of A,,.

3. Reconstruct ¢ as a rational map by solving a differential system in
power series and performing a multivariate rational reconstruction.

In step 3, the characteristic p of k should be large with respect to ¢. If p
is too small, then a standard solution [JLO06] is to lift the isogeny to the ring
of Witt vectors of k£, which has characteristic zero, and to control the p-
adic precision losses in step 3. This outline follows the steps of the isogeny
algorithm for elliptic curves (§1.2.2), albeit in a very abstract formulation.

We mention that the genericity assumption on (A, A’) can be removed
if one is willing to work with A, as a Deligne-Mumford stack, rather than
a scheme over k; then the maps H,; and H,, are étale everywhere. We
refer to [KPR19, §4] for an account on this formalism. In practice, working
with stacks would involve adding a level structure of level n > 3 prime to ¢
and keeping track of automorphisms. For simplicity, we choose to keep the
genericity hypothesis.

In the case g = 2, we consider the local model of A, given by the
Igusa invariants, defined in §2.3.2; the local model of A, in step 1 is given
by the Siegel modular equations of level ¢ (recall §1.3.1 and §2.4.4). This
choice introduces further singularities, which can be avoided by choosing
other models of Ay; this would be necessary for instance if A or A’ is a
product of elliptic curves, so that its Igusa invariants are not defined. In
order to compute the deformation map, it is enough to evaluate the Siegel
modular equations of level ¢ and their derivatives at (A, A’). In step 2,
we choose to encode a basis of Ty(A) as the choice of a hyperelliptic curve
equation C such that A = Jac(C). Then, the explicit Kodaira—Spencer iso-
morphism is simply an expression for certain Siegel modular forms, namely
derivatives of Igusa invariants, in terms of the coefficients of the curve (see
theorem 3.2.15). Since the curve C embeds in its Jacobian, we are able to
compute with power series in only one variable in step 3.
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3.2 An explicit Kodaira—Spencer map

Let C be a genus 2 hyperelliptic curve over C. Then a choice of hy-
perelliptic equation for C defines a basis w of the space of global differen-
tial forms on C, hence on Jac(C). As we saw in remark 2.3.3, any Siegel
modular form f with values in a vector space W can be evaluated on the
pair (Jac(C),w). This gives rise to a map, denoted by Cov(f), from an open
subset of Cg[z] to W. We show that Cov(f) is a covariant of the hyper-
elliptic equation; the main result of this section is an algorithm to obtain
this covariant explicitly given the g-expansion of f. These calculations have
also been done in [CFv17].

The existence of the Kodaira—Spencer isomorphism translates into the
fact that derivatives of Igusa invariants are modular forms of weight Sym?
(recall proposition 2.3.9). The explicit Kodaira—Spencer isomorphism that
we are looking for is the expression of their associated covariants in terms
of the coefficients of the curve.

We use the following notation. If m is a matrix, we denote the transpose
of m by m!, and we denote the inverse of m! by m™. We denote the
diagonal n x n matrix with diagonal entries 1, ..., x, by Diag(xy, ..., z,).

3.2.1 Hyperelliptic equations

Let C be a smooth hyperelliptic equation of genus 2 over C:
C: v* = Ee(u),

with deg E¢ € {5,6}. Then C is naturally endowed with the basis of differ-

ential forms
udu du

w(C) = (— —). (3.2)

(% (%

Recall from §2.1.2 that the Jacobian Jac(C) is a principally polarized
abelian surface over C. Choosing a base point P on C gives an embedding

np: C — Jac(C), @~ [Q — P].

The pullback map 15 on the spaces of differential forms is an isomorphism
which is independent of P. Therefore we can see w(C) as a basis of differ-
ential forms on Jac(C). This basis depends on the particular hyperelliptic
equation chosen.

Lemma 3.2.1. Let C be a genus 2 hyperelliptic equation over C, and let
r=(2b) € GLy(C). Let Eg be the image of Ee by det™ Sym®(r), and
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let C' be the genus 2 hyperelliptic curve defined by the equation y'? = E¢i(z').
Let n: C" — C be the isomorphism defined by

0 o) = ar’ +c (detr)y
’ br' +d’ (ba' +d)* )

Then the matriz of n*: QY (C) — QY(C') in the bases w(C) and w(C') is r.
Proof. Write (x,y) = n(z’,y’). Then direct calculation shows that

d dx’ d dx’
& (b’ + d)—x, and L — (az’ + c)—x/ O
) ) ) Y

Proposition 3.2.2. Let A be a principally polarized abelian surface over C
that is not a product of two elliptic curves, and let w be a basis of Q(A).
Then there exists a unique hyperelliptic curve equation C of genus 2 over C

such that (Jac(C),w(C)) is isomorphic to (A,w).

Proof. Since A is not a product of elliptic curves, there exists a genus 2
curve equation Cy over C such that A is isomorphic to Jac(Cp). Then w
differs from w(Cp) by a linear transformation in GLy(C). By lemma 3.2.1,
we can make a suitable change of variables on Cy to find the correct C. The
curve C is unique because every isomorphism between hyperelliptic curves
comes from a matrix r as in lemma 3.2.1. O

Let ¢ > 1. Recall that the complex abelian variety of dimension g
attached to 7 € Hy is A(7) = C9/A(7), where A(1) = Z9 & 7Z9. Recall
also that for every 7 € Hyy and every v = (%) € Sp,,(Z) in g x g blocks,
we write

7 = (at +b)(er +d)™' and T =1 +d.

There is a natural basis of differential forms on A(7) given by
w(r) = (2midzy, . .., 2midz,), (3.3)

where 21, ..., 2, are the coordinates of C9. This basis of differential forms
satisfies a simple transformation rule under the action of Sp,,(Z).

Proposition 3.2.3 ([BL04, Rem. 8.1.4]). Let 7 € Hy, and let v € Spy,(Z).
Then there exists an isomorphism

Nyrt AT) = A(yT), 2+ (v*1) 2.
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Similarly, let F' be a totally real number field of degree g, seen as a subset
of RY via its g real embeddings. By §2.3.3, for every 7 = (m,...,7,) € HY,
the abelian variety of dimension g with real multiplication by Zp attached
to 7 is Ap(1) = C9/Ap(7), where Ap(7) = Zp ® Diag(r,...,7,)0x" . The
tuple of differential forms w(7) defined as in eq. (3.3) also defines a basis
of differential forms on Ag(7).

Definition 3.2.4. Let us return to the case g = 2. The bases of differential
forms defined above allow us to define particular curve equations attached
to a point of H or HZ.

1. Let 7 € Hy, and assume that y19(7) # 0. Then, by proposition 3.2.2,
there exists a unique hyperelliptic equation C(7) over C such that

(Jac(C(T)),w(C(T))) ~ (A(T),w(T)).

We call C(7) the standard curve attached to 7. We define the func-
tions a;(7) on Hy for 0 < i < 6 as the coefficients of C(7):

2. Let F be a real quadratic field, and let R € GLy(R) be a matrix
defining a Hilbert embedding (§2.3.3). Let 7 € H?, and assume that
X10(Hg(T)) # 0. Then, by proposition 3.2.2, there exists a unique
hyperelliptic equation Cg(7) over C such that

(Jac(Cp(7)),w(Cr(7))) = (Ar(T),w(T)).

We call Cr(7) the standard curve with real multiplication by Zp at-
tached to 7; this is an abuse of language, since the Jacobian of Cg(T)
has real multiplication by Zg, not the curve itself.

Proposition 3.2.5. The function 7 +— C(7) is a Siegel modular function of
weight det ™2 Sym® which has no poles on the open set V = {x19 # 0} C Hy.

Proof. Let Z be the set of isomorphism classes of pairs (Jac(C),w) where C
is a genus 2 hyperelliptic curve over C and w is a basis of Q'(C). By
proposition 3.2.3, Z is the quotient of ¥V x GLy(C) by the action of Sp,(Z)
given by

v (T7 7“) = (77_7 (V*T)t T)>
and thus inherits a natural complex structure. Let U C Cg[z] be the open
set consisting of polynomials with simple roots. Then the Torelli map
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from U to Z sending C to (Jac(C),w(C)), which is bijective by proposi-
tion 3.2.2, is actually biholomorphic. The map V — Z sending 7 to (7, I5)
is holomorphic, therefore 7 — C(7) is holomorphic on V. Combining propo-
sition 3.2.3 and lemma 3.2.1 shows the transformation rule. O]

Finally, one can relate the curves Cr(7) and C(Hg(7)) for every 7 € H3.

Proposition 3.2.6. Let F, R be as above. Then for every T € H2, left
multiplication by R' on C? induces an isomorphism Ap(7) — A(Hg(T)).

Proof. As above, we view I as a subset of R? via its two real embeddings.
By definition of R, we have Zr = RZ? and 9;.' = R7'Z* Then a direct
computation shows that

Vt € HE, A(Hg(7)) = R' Ap(7). O
Proposition 3.2.7. Let F, R be as above. Then for every 7 € H3, we have
Cr(7) = det ™2 Sym®(R) C(Hg(7)).

Proof. Combine proposition 3.2.6 and lemma 3.2.1. O

3.2.2 Covariants

As indicated in remark 2.3.3, if f is a Siegel modular form of weight p in
dimension g, if A is a principally polarized abelian variety of dimension ¢
over C, and if w is a basis of Q'(A), then f(A,w) is well defined. To
compute this quantity, choose 7 € H, and an isomorphism n: A — A(7).
Let r € GL,(C) be the matrix of the pullback n*: Q'(A(7)) = Q!(A) in
the bases w(7) and w. Then

We can check using proposition 3.2.3 that f(A,w) does not depend on the
choice of 7 and 7. As a consequence, for every Siegel modular form f in
dimension 2, we have a map

Cov(f): C > f(Jac(C),w(C)).

We apply the results of §3.2.1 to show that Cov(f) is a covariant of the
curve equation. A recent reference on covariants is [Mes91].
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Definition 3.2.8. Let p: GL2(C) — GL(V') be a finite-dimensional holo-
morphic representation of GLy(C). A covariant, or polynomial covariant,
of weight p is a map

C: Cglz] =V

which is polynomial in the coefficients, and such that the following trans-
formation rule holds: for every r € GLy(C) and P € Cglz],

C(det™ Sym®(r) P) = p(r) C(P). (3.4)

If dimV > 2, then C' is said to be wvector-valued, and otherwise scalar-
valued. A fractional covariant is a map satisfying (3.4) which is only re-
quired to have a fractional expression in terms of the coeflicients.

As for Siegel modular forms, it is enough to consider covariants of
weight det” Sym™ for k € Z and n € N. What we call a vector-valued
covariant of weight det® Sym™ is called in [Mes91] a covariant of order n
and degree k + n/2; what we call a scalar-valued covariant of weight det”
is called in [Mes91| an invariant of degree k. The reason for this change of
terminology is the following.

Proposition 3.2.9. Let p be a representation of GLy(C) as above. If f is a
Siegel modular function of weight p, then Cov(f) is a fractional covariant
of weight p. Conversely, if F is a fractional covariant of weight p, then
the meromorphic function 7 — F(C(7)) is a Siegel modular function of
weight p. These operations are inverse of each other.

Proof. 1f f is a Siegel modular function, then Cov(f) is well defined on a
Zariski open set of Cg[z] and is algebraic. Therefore Cov(f) has a fractional
expression in terms of the coefficients. It is easy to check the transformation
rules using lemma 3.2.1 and proposition 3.2.5. O

Proposition 3.2.9 gives a bijection between Siegel modular functions and
fractional covariants, but we need more. The following theorem establishes

a relation between Siegel modular forms and polynomial covariants, and
was first proved in [CFv17, §4].

Theorem 3.2.10. Let f be a Siegel modular form. Then Cov(f) is a
polynomial covariant. Moreover, if f is a cusp form, then Cov(f/x10) is
also a polynomial covariant.

Sketch of proof. The main difficulty is that singular hyperelliptic equa-
tions form a codimension 1 subset of all degree 6 polynomials: therefore,
if f is a Siegel modular form, then the proof of proposition 3.2.9 only
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shows that Cov(f) is a polynomial divided by some power of the discrimi-
nant. However, one can show that f extends to a certain compactification
of Ay (C) called the toroidal compactification, and this implies that Cov(f)
is well defined on all curve equations with at most one node. Since the
complementary of this set has codimension 2, the result follows. O

Unlike the graded algebra of vector-valued Siegel modular forms, the
graded C-algebra generated by polynomial covariants is finitely generated.

Theorem 3.2.11 ([Cle72, p.296|). The graded C-algebra of covariants is
generated by 26 elements defined over Q. The number of generators of
weight det” Sym™ is indicated in the following table:

n\k|-3 2 -1 01 2 3 45 6 7 8 9 10 11 15
0 1 1 1 1 1
2 1 1 1 1 1 1
4 1 11 1

6 1 1 1 2

8 1 1 1

10 1

12 1

We only need to manipulate a small subset of these generators. Take
our scalar generators of even weight to be the Igusa—Clebsch covariants
Iy, 14, Ig, 1o, in Mestre’s notation A’, B', C’, D’ [Mes91], and set

]é = (_[2.[4 - 3]6)/2

Denote the generator of weight det'® by R, and denote by yi,vs,ys the
generators of weights det? Sym?, det* Sym?, and det® Sym? respectively;
they are constructed explicitly in [Mes91, §1|. Note that the integers m
and n on page 315 of [Mes91| should be the orders of f and g, and not
their degrees. As a sanity check, we mention that the coefficient of aja}’
in R is 2723765719, Finally, the generator of weight det 2 Sym®, denoted

by X, is the degree 6 polynomial itself.

3.2.3 From g-expansions to covariants

We now explain how to compute the polynomial covariant associated
with a Siegel modular form whose g-expansion is known up to a certain
precision. The works of Igusa already provide the answer in the case of
scalar-valued covariants. Let 14,14, x10 and x12 be the Siegel modular
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forms defined in §2.3.2, and let x35 be the unique Siegel modular form of
weight 35 [Igu62] whose g-expansion starts as follows:

Y35(7) = G165 (01 — @) (3 — ¢5) + Old1, ¢3).-

The modular form y35; also has an explicit expression in terms of genus 2
theta constants.

Theorem 3.2.12. We have

4 Cov(thy)

4 Cov (1)
212 Cov(x10)
)

)

215 COV(X12
2373_95_ 10 COV(X35

I
1. .[107 and

Proof. By [Igu62, p.848|, there exists a constant A € C* such that these
relations hold up to a factor of \¥, for k € {4,6,10,12,35} respectively.
Note that Igusa’s covariant E is —2°3°5'°R. In order to find A\, we ap-
ply Thomae’s formulee [Mum84, Thm. I11a.8.1], [Tho70, pp.216-217] on a
hyperelliptic curve Cy with real roots; for instance

Co:y? =a(x—1)(z — 2)(x — 3)(z — 4)(z — 5).

This yields the values of both the left and right hand sides of theorem 3.2.12
for the curve Cy. We obtain that A\ = 1. O

In particular, the Igusa invariants satisfy

) LI I,I? 153
Cov(j1) = ;1067 Cov(j2) = ;T(:l’ Cov(js) = I—§ (3.5)
10

In order to give an analogue of theorem 3.2.12 for vector-valued modular
forms, we compute the g-expansion of the standard curve C(7). Recall the
Siegel modular form fg ¢ of weight det® Sym® introduced in example 2.3.10.

Proposition 3.2.13. In the notation of §3.2.2, we have Cov(fs¢s/x10) = X.
In other words, for every T € Hy such that x10(7) # 0, we have

fs.6(7)
X10(7) .

C(r) =
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Proof. Since fsg is a cusp form, by theorem 3.2.10, Cov(fss/x10) is a
nonzero polynomial covariant of weight det 2 Sym®. By theorem 3.2.11,
this space of covariants has dimension 1 and is generated by X, so the
relation holds up to a factor A € C*. This yields ¢g-expansions for the
coefficients a;(7) of C(7) up to a factor A\. Then, the relations from theo-
rem 3.2.12 imply A\* = X6 = A3 =1, hence \ = 1. O

Given a Siegel modular form f of weight p defined over Q whose g¢-
expansion can be computed, the following algorithm recovers the expression
of Cov(f) as a polynomial.

Algorithm 3.2.14. 1. Compute a basis B of the vector space of poly-
nomial covariants of weight p using theorem 3.2.11.

2. Choose a precision n > 1 and compute the g-expansion of f modulo
the ideal (¢7',¢3) in Q(g3)[[q1, g2])-

3. For every B € B, compute the g-expansion of the Siegel modular
function 7 — B(C(7)) using proposition 3.2.13.

4. Do linear algebra; if the matrix does not have full rank, go back to
step 2 with a larger n.

Sturm-type bounds [BGP17| provide a theoretical limit for the preci-
sion n that we need to consider; for the examples given in this thesis, taking
n = 3 is sufficient.

We now apply algorithm 3.2.14 to derivatives of Igusa invariants. Recall
from proposition 2.3.9 that for each 1 < k < 3, the derivative

djp. 1 (aﬁc o OJk 5jk>’

ar i\ T ont T on,

where we write 7 = [ ! () 2(7) , is a modular function of weight Sym?.
z3(7)  2(T)

Theorem 3.2.15. In the notation of §3.2.2, we have

46575
4

Iy 14y,

Cov(djl) _ _<153 135 1351@1

— 2y — —— L],
Ir T\ 3 41 5 olgly1 + 5

— 30375 Igy, + 1366875 I4y3>,

dj 1
cov(%) 7 (90 I3 gy + 900 I5ys +40500 IoLay),  and
T 10

dj 1
Cov (djf ) fZn (225 Iy Ijyy 4 101250 Iys).
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Proof. Let 1 < k < 3. The function x3,jx has no poles on Ay(C). There-
fore, the Siegel modular function

djp,
fr = X?OE

is holomorphic on Ay(C). Its g-expansion can be computed from the g-
expansion of x?,j, by formal differentiation. Since

19 _ .9
2mi Oz @ 0q;

for each 1 < j < 3, we check that f; is a cusp form defined over Q. By
theorem 3.2.10, Cov(fx/x10) is a polynomial covariant of weight det® Sym?.
By theorem 3.2.11, a basis of this space of covariants is given by covariants
of the form Iy where y € {y1,y2,y3} and [ is a scalar-valued covariant of
the appropriate even weight. Algorithm 3.2.14 succeeds with n = 3; the
computations were done using Pari/GP [Thel9). O

Remark 3.2.16. Theorems 3.2.12 and 3.2.15 can be checked numerically.
Computing big period matrices of hyperelliptic curves using the algorithm
of [MN19] provides pairs (7, C(7)) with 7 € Hy. We can evaluate Igusa
invariants and their derivatives at a given 7 to high precision using their ex-
pression in terms of theta constants (see chapter 6); from this data, we iden-
tify the associated covariants to high precision using numerical linear alge-
bra. The computations were done using the libraries hcperiods [Moll§|
and cmh [ET14].

Remark 3.2.17. From theorem 3.2.15, we can compute the covariants as-
sociated with derivatives of other modular functions, or even invariants for
abelian surfaces with extra structure such as theta constants. For instance,
consider the invariants

N w% hy = X10%6

hy = -8 _ i _
37 37 4
4 4 ¢4

which are generically well-defined on products of elliptic curves. Then we
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obtain

dhy 1, 297 . 54675 ,, 1701 , 135
COV(?) = Lil<_8y1]4l2 + _Ty21412 + TleG-LLIQ + 73/1[412
346275 1215 405
+ 1366875y3 131> + yolgIsly — Tyllglg + —7y1161§
273375
— 41006253 T61, — Tyzlé),
Cov(d—) = ¢ (~185y111013 — 60750ya L1012 + 900y [0 ),
T 4
dhs 1, 747 , 155925
i) L T Y e TioluTy + 270y1 Lo Is ]
COV<d7-) IE< g Yihiolals 1 yol10l4ls + 270y 1 1101612
135 )
+ = yihol} + 1366875y 1o Ls + 121500y2110I6>.

3.3 Computing the action on tangent spaces

Let ¢: Jac(C) — Jac(C') be an (-isogeny over C, where ¢ is a prime.
Using the explicit formula for the Kodaira—Spencer isomorphism provided
by theorem 3.2.15, we relate the deformation map of ¢, computed from
derivatives of Siegel modular equations of level ¢, to the tangent map of ¢.
Then we adapt the computations to the Hilbert case, and explain why the
results remains valid over any field.

We use an explicit and well-known description of /- and S-isogenies
over C: namely, they are all described by the Hecke correspondences intro-
duced in §2.4.4.

Proposition 3.3.1. Let ¢ be a prime number, let F' be a real quadratic
field, and let B € Zp be a totally positive prime.

1. For every T € Hy, the identity map on C? induces an (-isogeny
A(r) — A(1/0).

Let A, A" be principally polarized abelian surfaces over C, and let
p: A— A’ be an l-isogeny. Then there exists T € Hy such that there
1s a commutative diagram

A—2 N

z !

A(T) === A(1/0).
where the vertical arrows are isomorphisms.
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2. For every T = (11, 72) € H2, write 7/ := (11/8,72/B). The identity
map on C? induces a B-isogeny

Let A, A" be principally polarized abelian surfaces over C with real
multiplication by Zr, and let p: A — A’ be a B-isogeny. Then there
exists T € H? such that there is a commutative diagram

A—F A

lz i

Ap(r) =5 Ap(7/B)

where the vertical arrows are isomorphisms of principally polarized
abelian surfaces with real multiplication.

We used the analogous statement for /-isogenies between elliptic curves
in chapter 1.

Proof. Let p: A — A’ be an (-isogeny over C. Then there exists a 7 € Hy
such that A(7) is isomorphic to A. The kernel of ¢, seen as a subgroup
of A(7)[¢], is maximal isotropic for the symplectic form induced by the
polarization; this property characterizes (-isogenies |[BL09, §3]. If ker ¢ is
equal to A(7/¢), then we obtain the required diagram. Otherwise, we use
the facts that Sp,(Z/¢Z) acts transitively on maximal isotropic subgroups
of A[{], and that the reduction map Sp,(Z) — Sp,(Z/lZ) is surjective, to
replace 7 by a suitable Sp,(Z)-conjugate.

The proof in the Hilbert case is similar: if A has real multiplication
by Zp, then -isogenies ¢ with domain A are characterized by the property
that ker ¢ is a maximal isotropic subgroup of A[3] ~ (Z/(Z)*. m

3.3.1 The Siegel case

Let C,C’ be equations of genus 2 hyperelliptic curves over C, let A, A’
be their Jacobians, and let ¢: A — A’ be an (-isogeny. The choice of curve
equations encodes a choice of bases of Q'(A) and Q!(A’), or equivalently, by
taking dual bases, a choice of bases of the tangent spaces Ty(A) and Tp(A').
By an abuse of notation, we identify the tangent map dy: To(A) — To(A')
with its matrix written in these bases.

Definition 3.3.2. It is convenient to introduce matrix notations.
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e For 7 € H,, we define

1 oi 200
0j(7) = (Tﬁ(r)) o1 0],

T om 1<ki<3 \Q 0 2
T T2
T2 T3

(20 (01 (00
U1_007/02_107U3_027

then the [-th column of 0j(7) contains (up to 27i) the derivatives of
the three Igusa invariants at 7 in the direction v;. More generally,
for each 7 € GLy(C), the I-th column of 9j(7) Sym?(r) contains the
derivatives of Igusa invariants at 7 in the direction r v; t.

where we write 7 = < ) In other words, if we set

Let (A,w) be a principally polarized abelian surface over C with a
basis of differential forms, let n: A — A(7) be an isomorphism for
some 7 € H, and let  be the matrix of n* in the bases w(7) and w.
Since derivatives of Igusa invariants have weight Sym?, we have

0j(A,w) = 97(7) Sym?(r").

We denote by
C — 9j(C)

the associated fractional covariant; theorem 3.2.15 expresses the en-
tries of this matrix in terms of the coefficients of C.

e Consider the Siegel modular equations Wy, Wyo, Uy of level ¢ as
elements of the ring Q[.J1, Ja, J3, J7, J5, Ji], after multiplying by their
denominators. We define

a\I/g n a\Ijé n
D\I/&L = < : ) and D\I/g’R = ( ’ ) .
Ay, 1<n, k<3 8J,; 1<n, k<3

Definition 3.3.3. Let ¢ be an (-isogeny as above, and write j (resp. j') as
a shorthand for the Igusa invariants (ji, jo, j3) of A (resp. (j1, 75, j5) of A").
We say that the isogeny ¢ is generic if the 3 x 3 matrices DV, 1 (j,7),
DV, r(j,7"), 07(C) and 0j(C’) are invertible. In this case, we define the
deformation matriz D(p) of ¢ as

D(p) = —05(C")™" - DYy r(5,5) " - DYy (5,5') - 95(C).
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The matrix D(yp) is the matrix of the deformation map of ¢ in the bases
of Ty(Ay) and T (As) associated with w(C) and w(C’) via the Kodaira—
Spencer isomorphism.

Proposition 3.3.4. If ¢ is generic in the sense of definition 3.5.3, then
we have

Sym*(di) = (D(p).
Proof. By proposition 3.3.1, there exist 7 € Hy and isomorphisms 7, 77’ such

that there is a commutative diagram

A— 2 4N

[ |
A(T) =25 A(T)0).

Let 7 be the matrix of n* in the bases w(7) and w(C), and define r’ similarly.
Then we have dp = r''r~t. By the definition of modular equations, we have

W (1(7), J2(7), 43 (1), 1 (1/€), ja(7/0), js(T/0)) =0 for 1 <n < 3.

We differentiate with respect to the entries of 7 and obtain

. . 1 - .
DV, 1 (4,7") - 04(7) + ZD\I/e,R(J,J ) - 0j(r/l) = 0.

We can rewrite this relation as
—( DYy r(5,5") - 9§(C) - Sym*(r') = Dy r(j, ) - 95 (C") - Sym?*(r"). O

Once we compute the deformation matrix D(¢p), the matrix dy can be
computed up to sign using proposition 3.3.4. This sign indeterminacy is
not an issue in the context of the isogeny algorithm, as the input does not
distinguish ¢ from —.

3.3.2 The Hilbert case

The methods of §3.3.1 can be adapted to modular equations of Hilbert
type and level . In this case, the Kodaira—Spencer isomorphism takes a
different form. If A is a principally polarized abelian surface over C with
real multiplication by Zg, then Ty(A) is a Zp ®z C-module, and we have a
canonical isomorphism [Rap78, Prop. 1.6 and 1.9]

Ta(Asz p) ~ Homy,g,c(To(A), To(A)).

Concretely, this means that we can evaluate Hilbert modular forms on
a basis w of Q!(A) only if w is Hilbert-normalized.
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Definition 3.3.5. Let A be a principally polarized abelian surface over C
endowed with a real multiplication embedding ¢: Zp < End(A)T, and let w
be a basis of Q'(A). We say that (4, t,w) is Hilbert-normalized if for every
« € Zr, the matrix of t(a)*: Q'(A) — Q'(A) in the basis w is (§2).

In more technical terms, we have an isomorphism F' ®g C = F' x F' via
the identity and real conjugation; and w is Hilbert-normalized if and only
if it induces a trivialization of Q!'(A) as a F ®g C-module.

If (A,:,w) is Hilbert-normalized and if f is a Hilbert modular form
of weight (w;,ws), then the quantity f(A,:,w) is computed as follows.
Choose 7 € H}, and choose an isomorphism 7: (A,¢) = (Ap(7), (7)),
where ¢(7) denotes the canonical real multiplication embedding on Ag(7).
Let r be matrix of n* in the bases w(7) and w. Then r is diagonal; if we
write 7 = (3 2 ), then

f(A’ va) = rqivlr;vzf(T)'

Given a genus 2 curve C and a real multiplication embedding ¢ on Jac(C),
we say that the equation of C is Hilbert-normalized if (Jac(C),t,w(C)) is.
Not all curve equations are Hilbert-normalized: the degree of freedom in
choosing a Hilbert-normalized curve equation is GL; x GLy, not GLs.

Computing the tangent matrix. For the moment, assume that there
exists a [-isogeny ¢: (A,1) — (A',/) between complex abelian surfaces
with real multiplication by Zp, and that we are given curve equations C
and C’ that are Hilbert-normalized with respect to these real multiplication
embeddings. We address the question of constructing C and C’ at the end
of this section.

Definition 3.3.6. As in the Siegel case, we introduce matrix notations.

e Denote by ji, jo, j3 the pullbacks of Igusa invariants to H? via the
Hilbert embedding. For 7 € H?, we define

, where 7 = (71, T2).

05" (7) = (i%m

i 0T ) 1<k<3,1<1<2

If C is a curve equation such that w(C) is Hilbert-normalized, then
we denote by 957 (C) the value of this modular form on C.

e We define the 3 x 3 matrices DWg ;, and DWg i in the case of Hilbert
modular equations of level g in Igusa invariants as in definition 3.3.2.
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e Write j as a shorthand for the Igusa invariants (ji, j2, j3) of A, and j’
for the invariants (j1, j3, j5) of A’. We say that the isogeny ¢ is generic
if the 3 x 2 matrices

DWg (4,5 - 95(C) and DWgr(j,5) - 05(C)
have rank 2.

Since derivatives of Igusa invariants with respect to 7, and 75 on H?
are Hilbert modular functions of weight (2,0) and (0,2) respectively, the
weight of the modular function 95 is the following.

Lemma 3.3.7. Let (A, 1, w) be a Hilbert-normalized abelian surface, and
let T € H? such that there is an isomorphism n: (A1) — (Ap(7), (7).
Let r be the matriz of n* in the bases w(T) and w. Then

D7 FN(A, 1, w) = 07F) (1) - 12,

In order to compute the value of 95%) on a curve equation, we relate it
with its Siegel analogue 07.

Proposition 3.3.8. Let (A, t,w) be a Hilbert-normalized abelian surface.
Then Lo

8j(F)(A7L,w):8j(A,w)-T where T = (8?)'

Proof. Let T,m,r be as in lemma 3.3.7, and let R € GLy(R) be a ma-
trix defining a Hilbert embedding for F. By the expression (2.12) of the
Hilbert embedding, the columns of 95F)(7) contain the derivatives of Igusa
invariants at Hg(7) in the directions

I ,(1 0 1 _,/0 0
ER (0 O)R and ER (0 1)R.

07 (r) = 9j(Hp(r)) - Sym*(R") - T.

Hence we have

By proposition 3.2.6, we have an isomorphism ¢: Ap(7) — A(Hg(7)) such
that the matrix of ¢* in the bases w(7) and w(Hg(7)) is R. Therefore

07" (A, ,w) = 05 (r) - 1? and 0j(A,w) = 0j(r) Sym*((rR)"). O

It is natural that R does not appear in the result of proposition 3.3.8:
the Kodaira—Spencer isomorphisms are intrinsic and independent of the
choice of Hilbert embedding.
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Proposition 3.3.9. Let p: A — A’ be a [-isogeny, and let C and C' be
Hilbert-normalized curve equations as above. Then the tangent matrix dy
1s diagonal, and

o : . . 1 0
DV.1(5:1)-0/(0) = ~DWan(i. ) - 00 @)- (05 - @
Proof. By proposition 3.3.1, we can find 7 € H? as well as isomorphisms 7

and 1’ such that there is a commutative diagram

(A0) 4 > (A1)

I L

(Ar(7),er(7)) === (Ar(7/B),r(7/B)).

Let 7 be the matrix of n* in the bases w(7) and w(C), and define " simi-
larly; they are diagonal by definition 3.3.5. We have dp = r'tr=t = ¢/r=1,

Differentiating the modular equations, we obtain
DWs1(5,5") - 05" (7) + DV p(5,5") - 05" (7/ ) - Diag(1/8,1/8) = 0.
The result follows by lemma 3.3.7 since
(1) = 95(C) - r* and 95 (r/B) = 85 (C") - 1", 0

Proposition 3.3.9 allows us to compute (dyp)? from derivatives of mod-
ular equations of level § when ¢ is generic. However, in contrast with the
Siegel case, the knowledge of (dyp)? does not allow us to recover the diago-
nal matrix dp up to sign, as we have to perform two a priori uncorrelated
root extractions: we obtain two possible candidates for +dp.

Constructing Hilbert-normalized curves. Let (A,:) be a principally
polarized abelian surface over C with real multiplication by Zg. Given the
Igusa invariants (ji, jo, j3) of A, we want to construct a curve equation C
such that A ~ Jac(C) and (A,¢,w(C)) is Hilbert-normalized. First, we
compute any curve equation using Mestre’s algorithm [Mes91|; then we
look for a suitable change of variables.

However, we are missing some information, as the two pairs (A,¢)
and (A,7), where 7 denotes the real conjugate of ¢, have the same Igusa
invariants. The best we can hope for is to compute an equation C such
that either (A, L,w(C)) or (A,Z,w(C)) is Hilbert-normalized. In this case,
we say that C is potentially Hilbert-normalized. This ambiguity is a direct
consequence of using symmetric invariants on the Hilbert surface.

113



Proposition 3.3.10. Let C be a hyperelliptic curve equation of genus 2
over C whose Jacobian Jac(C) has real multiplication by Zp. Denote the
Igusa invariants of Jac(C) by (ji, jo,J3), and assume that js # 0. Then C
1s potentially Hilbert-normalized if and only if the two columns of the 3 x 2

matriz o
dj(C)-T where T = (é(l))

define tangent vectors to the Humbert surface at (41, j2, js)-

Proof. Let R € GLy(R) be a matrix defining a Hilbert embedding for F,
and choose 7 € HZ such that there is an isomorphism 7: Jac(C) — Ap(7).
Let 7 be the matrix of n* in the bases w(7) and w(C). Then the columns
of 9j(C) - T contain, up to mi, the derivatives of Igusa invariants at Hp(7)
in the directions

Rtr <(1) 8) "R and R'r (8 (1)) r'R.

These directions are tangent to the Humbert surface if and only if r is is
either diagonal or anti-diagonal. Moreover, the condition j3 # 0 ensures
that Igusa invariants are local coordinates at Hp(7) € A(C). O

Assume that the equation of the Humbert surface for F' in terms of
Igusa invariants is given: this precomputation depends only on F'. Given
Igusa invariants (ji, jo,j3) on the Humbert surface such that j3 # 0, the
algorithm to reconstruct a potentially Hilbert-normalized curve equation
runs as follows.

Algorithm 3.3.11. 1. Construct any curve equation Cy with Igusa in-
variants (j1, j2, j3) using Mestre’s algorithm.

2. Compute r € GLy(C) such that the two columns of the matrix
97(Co) - Sym*(r) - T

are tangent to the Humbert surface at (j1, 2, j3).

3. Output det > Sym®(r) Cy.

In step 2, if a,b,c,d denote the entries of r, we only have to solve a
quadratic equation in a,c, and a quadratic equation in b,d. Therefore
algorithm 3.3.11 involves Op(1) square roots and elementary operations
(i.e. a constant number of operations, when F' is fixed).

In practice, when computing a -isogeny ¢: A — A’ in the Hilbert case,
we are only given the Igusa invariants of A and A’. Constructing potentially
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Hilbert-normalized curves is then equivalent to making a choice of real
multiplication embedding for each abelian surface. If these embeddings are
incompatible via ¢, we obtain antidiagonal matrices when computing the
tangent matrix using proposition 3.3.9; in this case, we apply the change of
variables z — 1/x on one of the curve equations to make them compatible.
Even if they are compatible, ¢ will be either a 8- or a B-isogeny depending
on the choices of real multiplication embeddings. Therefore we really obtain
four candidates for the tangent matrix of ¢ up to sign, among which only
one is usually correct.

3.3.3 Extension to arbitrary fields

The statements of propositions 3.3.4 and 3.3.9, which we proved over C,
make sense over an arbitrary field k, at least if the degree of the isogeny
is prime to the characteristic of k. In fact, they continue to hold in this
generalized setting, along with the fundamental property of modular equa-
tions: if A and A’ are abelian surfaces over k with suitable PEL struc-
ture satisfying a certain genericity hypothesis, then modular equations
of Siegel or Hilbert type vanish at (A, A’) if and only if there exists an
isogeny ¢: A — A’ of the corresponding type over k.

These extended statements are easily proved if k has characteristic zero
using Lefschetz’s principle. We can restrict to the case where k is finitely
generated over Q; then k£ embeds in C, so that the complex theory applies.

If k£ has positive characteristic, then the proof uses more advanced alge-
braic geometry, namely the notion of moduli stacks that we already men-
tioned in §3.1. We do not define these objects here, and refer to [LMO0]
for the theory; instead, we only look at examples and apply some of their
properties in the context of the isogeny algorithm.

Moduli stacks of abelian varieties. The moduli space of abelian va-
rieties of dimension g > 1, denoted by .7, is an algebraic object endowed
with a universal family 2, — 7, such that the following property holds:
if S is any scheme, and if X — S is an abelian scheme of dimension g
(if S = Spec k, this just means that X is an abelian variety of dimension g
over k), then there exists a unique morphism f: S — 47, such that X is the
pullback of 2, via f. In particular we have a bijection between k-points
of 7, and isomorphism classes of abelian varieties of dimension g over k.
We stress that .7, is not a scheme, but its associated coarse moduli
scheme A, is; it is even a quasi-projective scheme by geometric invariant
theory [MFK94|. The k-points of A, still classify isomorphism classes of
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principally polarized abelian varieties of dimension g over k, but the cor-
respondence may fail to hold over non algebraically closed fields. As an
example, take g = 1; the j-invariant realizes an isomorphism from A4; to
the affine space A'. Two elliptic curves having the same j-invariant over k
are not necessarily isomorphic over k, but they are isomorphic over k.

The set of C-points of A, is identified with the quotient Sp,,(Z)\H,.
Informally, we view 7, as the scheme A, endowed with an additional struc-
ture of inertia, i.e. the data of a finite group of automorphisms of x, also
called stabilizers of x, for each point = of A,. For instance the C-points
of &7, are identified with the quotient Sp, (Z)\H, seen as an orbifold, the
same kind of object in the world of complex varieties.

Other examples of moduli stacks are given by the moduli stacks of
principally polarized abelian varieties of dimension g endowed with

e a level ¢ structure for some fixed ¢ > 1,
e the kernel of an /-isogeny,

e a real multiplication structure by Zg, where F' is a fixed totally real
number field of degree g over Q,

denoted by <7 (¢), <, , and 47, p respectively.

Not all these moduli problems are well defined over Z. For instance the
stacks o7, (¢) and &7, classify isomorphism classes of abelian schemes with
suitable structure over S when S is a scheme over Z[1/{], i.e. when S has
“characteristic prime to ¢”. Both 7 (¢) and 7, , can be extended to the
whole of SpecZ as algebraic stacks, but giving a modular interpretation
becomes more difficult: this is done in [DR73| in the case of moduli stacks
of elliptic curves.

Smoothness and étaleness. In many aspects, moduli stacks of abelian
varieties satisfy nicer properties than their coarse moduli schemes. For
instance 7, is smooth over Z |[FC90|, and similarly <7, (¢) and <7, are
smooth over Z[1/¢]. As smoothness implies formal smoothness [Thel§,
Tag 02GZ], we have the following lifting property.

Proposition 3.3.12. Let k be a field of characteristic prime to ¢, and
denote by W (k) the Witt ring of k. Let A and A’ be principally polarized
abelian varieties of dimension g > 1 over k, and let o: A — A’ be an (-
isogeny defined over k. Then there exists an {-isogeny ©: A — Al defined
over W (k) between principally polarized abelian varieties A, A over W (k)
such that Z, A" and ¢ have good reduction, and which reduces to the initial (-
1sogeny @ over k.
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As a consequence, the algorithm to compute the tangent matrix dy
in the Siegel case, presented in §3.3.1, is universally valid over fields of
characteristic prime to /.

Besides proving the existence of lifts to characteristic zero, moduli
stacks help to better understand the geometric situation behind the isogeny
algorithm [KPR19, §4|. Indeed, the two maps

H&l and Hg’gl Ag’g — Ag,

that we used to define the deformation map in §3.1, are well-defined and
étale everywhere at the level of stacks [KPR19, §4.2.1]. If A is a principally
polarized abelian variety of dimension g over k£ with generic automorphisms,
i.e. such that Autz(A) = {%1}, then the scheme A, and the stack <7, are
essentially isomorphic locally around A; we refer to [KPR19, §4.1| for more
details, notably the statement of Luna’s fundamental lemma. From this,
we obtain a sufficient condition for an f-isogeny to be generic in the sense
of definition 3.3.3.

Proposition 3.3.13 (|[KPR19, §4.5]). Let k be a field, and let U be the
open set of Ay consisting of abelian surfaces A such that Auty(A) = {£1}
and j3(A) # 0. Let p: A — A’ be an (-isogeny over k such that A and A’
lie in U, and such that the subvariety cut out by Siegel modular equations
of level £ is normal at (j(A),j(A")), where j denotes the collection of the
three Igusa invariants. Then ¢ is generic in the sense of definition 3.3.3.

In fact, all the computations of §3.3.1 can be interpreted algebraically,
and hence make sense over any scheme of characteristic prime to ¢ [KPR19,
§4.5]; this is arguably a more intrinsic way of showing their universal va-
lidity than using Lefschetz’s principle.

The Hilbert case. The situation in the Hilbert case is analogous: we
have a map

Hp = (Hp1, Hpa): Ayp — Dgp X Dy p

where 7, 3 denotes the moduli stack of principally polarized abelian va-
rieties of dimension ¢ with real multiplication by Zpr endowed with the
kernel of a [-isogeny, and both %3, and %3, are everywhere étale. All
these stacks are smooth over Z[1/¢], where { = Npg(3) |[KPR19, §4.2.3],
[Rap78|. As in proposition 3.3.12, we obtain a sufficient condition for a (-
isogeny ¢ to be generic, at least if we are using nonsymmetric invariants
on the Hilbert surface [KPR19, §4.5].

To interpret the computation of the tangent matrix in proposition 3.3.9
algebraically if p: A — A’ is a S-isogeny defined over a field k, we consider
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the tangent spaces of A and A’ at zero as well as the tangent spaces to the
Hilbert surface at A and A" as Zp ®z k-modules of rank 1 [KPR19, §4.3.2].
Up to enlarging k, we fix an isomorphism Zr ®z k ~ k X k; concretely, we
choose a particular value of VA in k, where A denotes the discriminant
of F. Then we define a Hilbert-normalized basis of differential forms on A
as a basis of 2!'(A) in which the action of Zr ®z k by multiplication takes
the form of the action of k x k by diagonal matrices; when k£ = C, we
recover definition 3.3.5.

If A and A’ are endowed with Hilbert-normalized bases of differential
forms, then dy is a diagonal matrix and can be computed as in proposi-
tion 3.3.9. Moreover, if (wy,ws) is a Hilbert-normalized basis of differential
forms on A, then (w; ® wi,wy ® wy) is naturally identified with a basis
of T4(Asr) |[Rap78, Prop. 1.6]: this provides an algebraic interpretation
of proposition 3.3.8, and also shows that algorithm 3.3.11 to construct
Hilbert-normalized curve equations is universally valid.

When vA ¢ k, we could also use another presentation of Zp ®gz k
instead of diagonal matrices; since Zr ®z k has no zero divisors in this
case, we should be able to decover +dip from (dy)? without ambiguity.

3.4 Computing isogenies from tangent maps

3.4.1 General strategy

Let A, A’ be principally polarized abelian varieties of dimension ¢ de-
fined over a field k, and assume that we are given the tangent map dy of a
separable isogeny p: A — A’. In general, the task of computing ¢ explicitly
is the following: given models of A and A’, i.e. given very ample line bun-
dles L4, Lar on A, A" and a choice of global sections (a;) (resp. (a})) which
give a projective embedding of A (resp. A’), express the functions ¢*a)
on A as rational fractions in terms the coordinates (a;).

One method to determine ¢ given dy is to use the formal groups of A
and A’. Let z4,...,z, be uniformizers at the neutral point 04 of A, and
let y1,...,y, be uniformizers at 0. Knowing the map dy is equivalent to
expressing the differential forms ¢*dy; in term of the differential forms du;
on A. This allows us to write a differential system satisfied by the func-
tions ¢*aj. We can try to solve this differential system using a multivari-
ate Newton algorithm, possibly over an extension of the formal group. If
the algorithm succeeds, we recover the functions ¢*a; as power series in
Z1,...,%4 up to some precision. Finally we obtain ¢ as a rational map by
multivariate rational reconstruction. In order for the rational reconstruc-
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tion algorithm to succeed, the power series precision must be large enough
when compared to the degrees of the result in the variables (a;). These
degrees can be estimated from the intersection degree of p*L 4 and L4, or
alternatively from the intersection degree of p, L4 and L 4.

This strategy to compute ¢ is not new: the idea of using a differ-
ential equation to compute isogenies in dimension 1 appears in [EIk9§],
and [BMSS08| uses a Newton algorithm to solve this differential equa-
tion, as we explained in §1.2.2. These ideas are extended to dimension 2
in [CE15]. The method is further extended to compute endomorphisms of
Jacobians over a number field in [CMSV19|. In [CMSV19, §6|, the endo-
morphism is represented as a divisorial correspondence; the interpolation
of this divisor is done via linear algebra on Riemann—Roch spaces.

A necessary condition for the whole method to work is that ¢ be com-
pletely determined by its tangent map. In general, this will be the case
when char £ is large with respect to the degree of . For instance, we have
the following statement in the case of /-isogenies.

Proposition 3.4.1. Let A and A’ be principally polarized abelian varieties
over a field k, and let M: Toy(A) — To(A’) be a linear map. Assume that
either chark = 0 or chark > 4N. Then there exists at most one (-isogeny
o: A— A" with £ < N such that dp = M.

Proof. Let ¢; and @9 be two such isogenies. Then ¢; = ¢o + 9 where )
is inseparable. If chark = 0, this implies v» = 0 and hence ¢; = s.
Otherwise, write p = char k and denote by @; the contragredient isogeny.
Then we have

VY = P22 + 101 — P1P2 — P21

If 1 0, then 14 is equal to p™ for some m > 1, and 131 = {1, paBy = Uy
with max {f1, (s} < N by hypothesis. Therefore we obtain p™ < 4N. [

In practice, Newton iterations will fail to reach sufficiently high power
series precision if char k is too small.

In the rest of this section, we carry out this strategy in detail when A
and A’ are the Jacobians of genus 2 hyperelliptic curves C and C'. Con-
cretely, we are given the matrix of dp in the bases of Ty (A) and Ty(A’) that
are dual to w(C) and w(C") respectively; this is precisely the input provided
by the algorithm of §3.3. In this case, a nice simplification occurs: the
isogeny ¢ is completely determined by the compositum

Q—[Q-P]
—

C Jac(C) —2— Jac(C') -2t C'<%> -1y A (3.6)
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where P is any point on C, and m is the rational map given by

{(x1, 1), (z2,92)} — ($1 + To, T1X2, Y1Y2, ﬁ)
The compositum (3.6) is a tuple of four rational fractions s, p, q,r € k(u,v)
that we call the rational representation of ¢ at the base point P. We
choose a uniformizer z of C around P and perform the Newton iterations
and rational reconstruction using univariate power series in z.

We explain how we choose the base point P and solve the differential
system in §3.4.2. One difficulty is that the differential system we obtain is
singular; therefore we use the geometry of the curves to compute the first
few terms in the series before switching to Newton iterations. In §3.4.3, we
estimate the degrees of the rational fractions that we want to compute and
present the rational reconstruction step.

3.4.2 Solving the differential equation

We write the curve equations C,C’ and the tangent matrix as

C:v? = Ecu), C':y’ = Eelr), and dw=(m1’1 m)

ma1 Ma2

We assume that ¢ is separable, so that dyp is invertible. If P is a base point
on C, we denote by np the associated embedding C — Jac(C), as in §2.1.2.
Since C is smooth and C’'<?> is proper, the compositum

C < Jac(C) —— Jac(C') --2- C'<*>

extends to a morphism from C to C'<?> that we denote by ¢p.

Step 1: choice of base point and power series. Let P be a point
on C which is not a point at infinity; after enlarging k, we assume that
P € C(k). Since ¢p(P) is zero in Jac(C'), we have

pp(P) ={Q,i(Q)}

for some point ) on C’, where i denotes the hyperelliptic involution on C’.
We say that pp is of Weierstrass type if () is a Weierstrass point of C’, and
of generic type otherwise. If z is a local uniformizer of C at P, and if R
is an étale extension of k[[z]], then we define a local lift of pp at P with
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coefficients in R to be a tuple ¢p = (21, T2, 91, Yy2) € R* such that we have
a commutative diagram

Spec R (r191),(22.92) y C'?
l l (3.7)
Spec k|[2]] > C NS

If the power series x1, xs, y1, y2 define a local lift of ¢ p, then they satisfy
the following differential system:

(11 dxl i ) dIQ _ (m171U I mlz)d_u
1 2 v
ydﬂ + d—xyZ = (mQ,lu + mgg)d—u (3 8)
Y1 Yo v .
yi = Ec/(1)
L Y5 = Eo(x2),

where we consider the coordinates u, v on C as elements of k[[z]], and where
the letter d denotes derivation with respect to z.

We will show how to solve (3.8) when ¢p is of generic type. Proposi-
tion 3.4.4 below explains how to choose the base point P in order to enforce
this condition; in order to prove it, we first study the existence of local lifts
for arbitrary base points.

Lemma 3.4.2. Let z be a uniformizer of C at P. Then there exists a
quadratic extension k'/k and a local lift of pp at P with coefficients in
R = K'[[\/z]]. Moreover, if pp is of generic type, or if P is a Weierstrass
point of C, then the same statement holds with R = k'[[2]].

Proof. First, we assume that ¢p is of generic type. Since the unordered
pair {Q,i(Q)} is defined over k, there exists a quadratic extension k'/k
such that @Q is defined over k’. The map C'? — C'<*> is étale at (Q,i(Q)),
so it induces an isomorphism of completed local rings. Therefore a local
lift of pp exists over k'[[z]].

Second, we assume that @p is of Weierstrass type. In diagram (3.7), the
bottom map Spec k[[z]] — C’<?> defines a k((z))-point of C'<?>, and there
exists a preimage of this point defined over an extension K of k((z)) of
degree 2. Let R be the integral closure of k[[z]] in K. Then R is contained
in k'[[/z]] for some quadratic extension k' of k [Thel8, Tag 09ES|. By the
valuative criterion of properness, our K-point of C"? extends to an R-point
uniquely, so a local lift exists over R.
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Finally, we assume that ¢p is of Weierstrass type and that P is a Weier-
strass point of C. Let (z1,x9,y1,y2) be a local lift of pp over k'[[/z]]. The
completed local ring of the Kummer line of C at P is k[[2?]], and the un-
ordered pair {x, 25} is defined on the Kummer line; by the same argument
as above, z1 and x5 are actually defined over k'[[z]]. The differential sys-
tem (3.8) can be written as

(1/y1) _ <:v1 dr, x4 dx2> - (Rl(z))

1/y2 d.]?l dl’g RQ(Z)

for some power series Ry, Ry € k[[z]]. Therefore y; and y, are defined
over k'[[z]] as well. O

Consider the tangent space T(q ) (C?) of C”* at (Q,i(Q)). It decom-
poses as
TiQi@)(C"?) = To(C") & Tiq)(C) = (To(C"))* (3.9)

where the last isomorphism in (3.9) is given by the hyperelliptic involution
on the second term.

Lemma 3.4.3. Assume that a local lift op of vp to K'[[z]] exists. Then
under the isomorphism (3.9), the tangent vector dpp/dz at z = 0 is not of
the form (v,v) where v € T(C').

Proof. Assume the contrary. Since the direction (1, 1) is contracted to zero
in Jac(C'), every differential form on Jac(C’) is pulled back to zero via pp.
This is a contradiction because ¢* is nonzero. O]

Proposition 3.4.4. The unordered pair {Q,i(Q)} = ¢p(P) is uniquely
determined by the property that, up to a scalar factor,

Wy = wp

where wp (resp. wy) is a nonzero differential form on C (resp. C') vanishing

at P (resp. Q).

Proof. First, assume that a local lift ¢p exists over £'[[z]]. By lemma 3.4.3,
the tangent vector dpp/dz at z = 0 is of the form (v + w,w) for some
v,w € Ty(C') such that v # 0. Let w’ be the unique nonzero differential
form pulled back to wp by . Then ' vanishes on (v, 0), in other words «w’
vanishes at Q).

Second, assume that no such lift exists. By lemma 3.4.2, () is a Weier-
strass point on C’, and P is not a Weierstrass point on C. After a change
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of variables, we may assume that ) is not at infinity. Write P = (ug, vo)
with v # 0, and @ = (x,0). We have to show that

my U + M2
Lo = ———— .
Mo 1Ug + M2 2

Let (x1,y1, T2, y2) be a lift over £'[[\/z]] as in lemma 3.4.2, and look at the
differential system (3.8). Write the lift as

y1 = vivz+tiz+ 0(23/2) and Yo = vo/2 + toz + 0(23/2).

Then the relation y? = E¢/(x) forces x; and xo to have no term in /2, so
that we can write

1 =x9+wiz+ O(Z¥?) and  xy = 2o+ wyz + 0(2%?).
Using the relation dz/y = 2dy/E},(x), we obtain the equalities

d d du
233'1,i + 233'2,i = (leu + m172)—,
B (1) B (x2) v (3.10)
5 dy, P dys ( . )du :
= (mo1u+ mos)—.
EL(r1) | Eb () 2 22
Inspection of the coefficients in (1/z)~! gives the relation v; = —vy. Write

e = E}/(zp). Then the constant term of the series on the left hand side
of (3.10) are respectively

2ro(t + ) and 2(4 4 ).
The differential forms on the right hand side do not vanish simultaneously
at P, therefore mgjug + me o is nonzero. Taking the constant term in the
quotient of the two lines of (3.10) gives the result. O

Using proposition 3.4.4, we choose a base point P on C such that ¢p
is of generic type. By lemma 3.4.2; a local lift pp = (21, 22,91, 92) of vp
exists over k'[[z]], where k' is a quadratic extension of k. By the proof of
lemma 3.4.2, k' is the field of definition of Q).

Let U and D be the power series in z with respective constant terms ug
and dy such that u = U(z) and du/v = D(z) dz. Then we can rewrite (3.8)

as follows: . )
4
TT)  ToTh

= (leU—l-mQ,l)D
hn Y2
o ) _
a + % = (m271U + m2’2>D (311)
yr = Ecr(21)
\y2 - EC’(‘TQ)

where the prime denotes derivation with respect to z.
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Step 2: initialization. Now we explain how to compute the power series
T1, T2, Y1, Y2 up to O(z?), keeping the notation above. First, we compute
the point @ = (xo, yo) using proposition 3.4.4. Write

z1 =10+ vz + 0(2%), =10+ v02 + O(27).

Then, using the curve equations, we can compute yi,y» up to O(z?) in
terms of vy, vy respectively. Then (3.11) gives

V1 vy = %(mmuo + maq1)dy = yo(maeug + ma2)dp. (3.12)
0
Combining the two lines of (3.11), we also obtain

! x!

1 2
T1 — To)— + (22 — x9)— = R,
(@ 0)y1 (= 0)92

where R = 12z + O(2?) has no constant term. At order 1, this yields
v+ U3 = yor. (3.13)

Combining (3.12) and (3.13) yields a quadratic equation satisfied by v,
and v,.

Step 3: Newton iterations. Assume that the series x, x5, ¥y, Y2 are
known up to O(z") for some n > 2. The system (3.11) is satisfied up
to O(z"') for the first two lines, and O(z") for the last two lines. We
attempt to double the current precision, and write

z1 = 23(2) + 571 (2) + O(2*"), etc.

where z{ is the polynomial of degree at most n — 1 that has already been
computed. The unknown series dz; and dy; for ¢ € {1,2} start at the
term z". As above, we denote by z’ the derivative of a power series = with
respect to z.

Proposition 3.4.5. The power series dx1 and dxy satisfy a linear differ-
ential equation of the form

M(2) (g;) + N(2) (32) — R(2) + 0(z>") (3.14)

where M, N € Matoyo(K'[[2]]) and R € Matay, (K'[[2]]) have explicit expres-
sions in terms of a3, 29, y¥, 3, u, v, Ec and Ee. In particular,

M(z) = (x?/y? xS/yS)

/g 1/ys
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and, writing e = E/,(x), the constant term of N is
1 ToU1 V2 ToU2
¢ —— 53¢
Yo 295 Yo 2ug
U2

U1
——e ——e
2y 2y5
Proof. Linearize the system (3.11). We omit the calculations. O]

In order to solve the system (3.11) in quasi-linear time in the required
precision, it is enough to solve equation (3.14) in quasi-linear time in . One
difficulty here, that does not appear in similar works [CE15, CMSV19], is
that the matrix M is not invertible in £'[[z]]. Still, we can adapt the generic
divide-and-conquer algorithm from [BCG'17, §13.2].

0 0
Ty — Ty

YY)

has valuation one

Lemma 3.4.6. The determinant det M(z) =
m z.

Proof. We know that ¢{ and 39 have constant term 4y, # 0. The polyno-
mials 29 and 29 have the same constant term zg, but they do not coincide at
order 1: if they did, then so would y; and y, because of the curve equation,
contradicting lemma 3.4.3. [

By lemma 3.4.6, we can find a matrix I € Matoyxo(k'[[2]]) such that
IM = (52).

Lemma 3.4.7. Let k > 1, and assume that chark > k+ 1. Let A= IN.
Then the matriz A + k has an invertible constant term.

Proof. By lemma 3.4.6, the leading term of det(M) is Az for some nonzero
A € k/. By proposition 3.4.5, the constant term of det(A+ k) is A2k(k+1).
We omit the calculations. [

Proposition 3.4.8. Let 1 < m < 2n — 1, and assume that chark > m.
Then we can solve (3.14) and compute dx1 and dxy up to precision O(z™)
using O(m) operations in k'.

Proof. Write 6 = (gil) Multiplying (3.14) by I, we obtain the equation
2

0+ (A+ k)0 =B+ 0(2%), whered=2n—1and k= 0.

We show that § can be computed from this kind of equation up to O(z?)
using a divide-and-conquer strategy. If d > 1, write § = 0; + z%6, where
dy = |d/2]. Then we have

20+ (A+ k)0, = B+ O(z™M).
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By induction, we can recover 6; up to O(z%). Then
200 4+ (A+ k4 d))by = E+ Oz ™)

where F can be computed from 6;. By induction, we recover 6 up to
precision O(z%~%), hence we can recover  up to O(z?). We initialize the
induction with the case d = 1, where we have to solve for the constant term
in an equation of the form

(A+ k)8 = B.

Since 6 starts at 22, the values of x that occur are 2,...,m — 1 when
solving (3.14) up to precision O(z™). By lemma 3.4.7, the constant term
of A + k is invertible. This concludes the induction, and the result follows
from standard lemmas in computer algebra [BCG™17, Lem. 1.12]. O

Proposition 3.4.9. Let n > 1, and assume that char k > n. Then we can
compute the lift op up to precision O(z") within O(n) operations in k'.

Proof. Combine proposition 3.4.8 and [BCG"17, Lem. 1.12]. ]

3.4.3 Rational reconstruction

Finally, we want to recover the rational representation (s,p,q,r) of ¢
at P from its power series expansion ¢p at some finite precision. First,
we estimate the degrees of the rational fractions that we want to compute;
then we present the reconstruction algorithm.

Degree estimates. The degrees of s,p, ¢, as morphisms from C to P!
can be computed as the intersection numbers of certain divisors on Jac(C’),
namely ¢ p(C) and the polar divisors of s, p, ¢ and r as functions on Jac(C’).
These degrees are already known in the case of an f-isogeny.

Proposition 3.4.10 ([CE15, §6.1|). Let ¢: Jac(C) — Jac(C') be an (-
isogeny, and let P € C(k). Let (s,p,q,r) be the rational representation

of ¢ at the base point P. Then the degrees of s, p, q and r as morphisms
from C to P! are 4¢, 4¢, 12¢, and 8¢ respectively.

Let F be a real quadratic field, and assume that Jac(C) and Jac(C’)
have real multiplication by Zp given by embeddings ¢ : Zr — End(Jac(C))T
and /. Let

@: (Jac(C),t) — (Jac(C"), )
be a [-isogeny. Denote the theta divisors on Jac(C) and Jac(C') by ©
and O respectively, and denote by np: C — Jac(C) the map Q — [Q — P].
Then np(C) is algebraically equivalent to ©.
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Lemma 3.4.11. The polar divisors of the rational functions s,p,q and r
on Jac(C') are algebraically equivalent to 20’, 20', 60’ and 40" respectively.

Proof. See |CE15, §6.1|. For instance, s = 1 + 23 has a pole of order 1
along each of the two divisors {(cos,@): @ € C'}; here ooy are the two
points at infinity on C’, assuming that we chose a degree 6 hyperelliptic
model. Each of these two divisors is algebraically equivalent to ©'. The
proof for p, q, and r is similar. O

Recall that linear equivalence classes of divisors on Jac(C’) are in bi-
jective correspondence with isomorphism classes of line bundles (§2.1.1).
Recall from §2.1.4 that if (A,¢) is a principally polarized abelian surface

with real multiplication by Zg, then there is a bijection (2.2) between Zp

and the Néron—Severi group of A, denoted by a > Eb(a)

Lemma 3.4.12. Let ¢ be a [-isogeny as above. Then the divisor ¢p(C)
is algebmz'cally equivalent to the divisor corresponding to the line bun-

dle ﬁ c') on Jac(C').

Proof. There exists an o € Zp such that the divisor ¢p(C) corresponds
to the line bundle EJaC () up to algebraic equivalence. Consider the pull-
back ¢* (pp(C)) as a divisor on Jac(C). By definition, we have

P (pr(C) = > (& +np(C)).

z€ker

Therefore, up to algebraic equivalence, we have

©" (pp(C)) = (F#ker )© = Np/g(B)0.

Since gp is a f-isogeny, the pullback ¢*©’ corresponds to the line bun-
dle L' 56 )( c) up to algebraic equivalence. Therefore, for every v € Zp, we
have ’ -

* t(vB

[’Jaz = ‘CJ;:(C)'
Therefore a8 = Np/g(f), hence a = 3. O

The next step is to compute the intersection degree of ©” and the divisor

corresponding to L] o) ac(c’) ONL Jac(C'), for every a € Zp.

Proposition 3.4.13 (|[Kanl9, Rem. 16]). Let (A, ) be a principally polar-
ized abelian surface with real multiplication by Zp, and let © be its theta
divisor. Then the quadratic form

D~ (D-06)>-2(D-D)
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on NS(A) corresponds via the bijection (2.2) to the quadratic form on Zp
given by

1
o 2Trpg(a?) — 5 Trro(a)?.

Corollary 3.4.14. Let (A, 1) be a principally polarized abelian surface with
real multiplication by Zg, and let © be its theta divisor. Let o € Zp. Then
we have

(E;ga) : @)2 = Trpg(@)’.

Proof. Write a = a + bv/A, where A denotes the discriminant of . By
proposition 3.4.13, we have

1
(L4 - 0)* —2(£5™ - £5Y) = 2 Tr(a?) — 5 Tr(a)? = 417A.
On the other hand, the Riemann—Roch theorem [Mil86a, Thm. 11.1] gives
(ﬁi&a) : ﬁi&a)) = 2)((5250‘)) = 2y/deg 1(a) = 2(a® — bA).

The result follows by combining the two equations. O]

Proposition 3.4.15. Let ¢ be a (-isogeny as above, and let (s,p,q,r) be
the rational representation of ¢ at P. Then the respective degrees of s, p,
q, and r considered as morphisms from C to P* are 2 Trp/q(53), 2 Trrq(8),

6 Trp/o(B) and 4 Trp(5).

Proof. The degrees of s,p,q,r can be computed as the intersection de-

grees of the polar divisors from lemma 3.4.11 and the divisor ¢p(C). By
lemma 3.4.12, the line bundle associated with ¢p(C) is ES;E? ()c’) up to alge-
braic equivalence. Its intersection number with ©" is nonnegative, hence

by corollary 3.4.14, we have

(¢p(C) - ©') = Trpyg(B) = Trry(f).
The result follows by lemma 3.4.11. O

Rational reconstruction. Let us present the rational reconstruction
algorithm, and compute the power series precision that is precisely needed
to recover rational representations of /- and [-isogenies.

Lemma 3.4.16. Let s: C — P! be a morphism of degree d > 1.

1. If s is invariant under the hyperelliptic involution, then we can write
s(u,v) = X (u) where the degree of the rational fraction X is bounded
above by d/2.
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2. In general, let X, Y be the rational fractions such that
s(u,v) = X(u) + vY(u).

Then the degrees of X and Y are bounded above by d and d + 3
respectively.

Proof. The function u: C — P! has degree 2; item 1 follows. For item 2,
write
s(u,v) — s(u, —v)

s(u,v) + s(u, —v) = 2X (u), . = 2Y (u).

The degrees of these morphisms are bounded above by 2d and 2d + 6
respectively, and item 1 applies. O

Proposition 3.4.17. Let ¢p and @;py be local lifts of pp at P and i(P)
in the uniformizers z and i(z), where i denotes the hyperelliptic involution
on C. Let n = 8( + 7 in the Siegel case, and n = 4Trp/g(B) + 7 in the
Hilbert case. Then, given 9p and 0 p)y at precision O(2"), we can compute
the rational representation of ¢ at P within O(n) field operations.

Proof. 1t is sufficient to recover the rational fractions s and p; afterwards, ¢
and r can be computed from the equation of C’.

First, assume that P is a Weierstrass point of C. Then s, p are invariant
under the hyperelliptic involution. Therefore we have to recover univariate
rational fractions in u of degree d < 2¢ (resp. d < Trgg(8)), by proposi-
tions 3.4.10 and 3.4.15. This can be done in O(n) field operations from the
power series expansions of s and p up to precision O(u***1) [BCG*17, §7.1].
Since u has valuation 2 in z, we need to compute @p at precision O(z44+1),

Second, assume that P is not a Weierstrass point of C. Then the series
defining s(u, —v) and p(u, —v) are given by @;py. We have to compute
rational fractions of degree d < 4¢ 4 3 (resp. d < 2Trp/g(f) + 3) in u, by
lemma 3.4.16. Since u has valuation 1 in z, this can be done in O(n) field
operations if ¢p and @;py are known up to precision O(z*1). O

3.5 Summary of the algorithm
We summarize the isogeny algorithm and state precise complexity re-
sults in both the Siegel case (theorem 3.5.2) and the Hilbert case (theo-

rem 3.5.3). Let k£ be any field, and let F' be a fixed real quadratic field.
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Algorithm 3.5.1. Let A and A’ be principally polarized abelian surfaces
over k. Assume either that A and A’ are (-isogenous where / is a prime
(the Siegel case), or that A and A’ have real multiplication by Zr and are
B-isogenous where 5 € Zp is a totally positive prime (the Hilbert case).
Moreover, assume that the isogeny, called ¢, is generic in the sense of
definition 3.3.3 or definition 3.3.6.

1. Use Mestre’s algorithm [Mes91] to construct curve equations C and C’
whose Jacobians are isomorphic to A and A’ respectively. In the
Hilbert case, use algorithm 3.3.11 to ensure that C and C’ are poten-
tially Hilbert-normalized.

2. Compute at most 4 candidates for the tangent matrix of the isogeny ¢
using proposition 3.3.4 in the Siegel case, or proposition 3.3.9 in the
Hilbert case. Run the rest of the algorithm for all these candidates;
in general, only one will produce meaningful results.

3. Choose a base point P on C such that ¢p is of generic type using
proposition 3.4.4, and compute the power series ¢p and @;p) up to
precision O (2%77), resp. O(z*™H*7) using proposition 3.4.9.

4. Recover the rational representation of ¢ at P using proposition 3.4.17.

Theorem 3.5.2. Let { be a prime, and let k be a field such that char k = 0
or char k > 8(+7. Assume that there exists an algorithm to evaluate deriva-
tives of Siegel modular equations of level € at given Igusa invariants (j,7)
over k using Ceya(€) operations in k.

Let A, A" be principally polarized abelian surfaces over k whose Iqusa
invariants j(A),j(A") are well defined, and assume that there exists an
C-isogeny p: A — A’ defined over k which is generic in the sense of def-
inition 3.3.3. Then, given j(A) and j(A'), algorithm 3.5.1 succeeds and
returns

1. a tower K'/k of at most three quadratic extensions,

2. hyperelliptic curve equations C and C' over k' whose Jacobians are
isomorphic to A and A’ respectively,

3. a point P € C(K),

4. the rational representation (s,p,q,r) € k' (u,v)* of an £-isogen
geny

@: Jac(C) — Jac(C') at P.

The cost of algorithm 3.5.1 in the Siegel case is O (Cogar(€)) + O(€) elemen-
tary operations and O(1) square roots in k'.

Proof. Mestre’s algorithm returns curve equations C and C’ defined over ex-
tensions of k of degree at most 2, and costs O(1) operations in k£ and O(1)

130



square roots. Under our hypotheses, proposition 3.3.4 applies and allows
us to recover the matrix Sym?(dy) using O(Cya(€)) + O(1) operations
in k. We recover dy up to sign using O(1) square roots and elementary
operations; since ¢ is defined over k, extending the base field is not nec-
essary. We choose the base point P on C such that ¢p is of generic type
using proposition 3.4.4, perhaps taking another extension of degree 2. By
proposition 3.4.9, we can compute the local lifts ¢p and @;py up to preci-
sion 8¢+ 7 within O(¢) field operations; this is where we use the hypothesis
on char k. Finally, we recover the rational representation at P using O(¢)
field operations by proposition 3.4.17. The total number of quadratic ex-
tensions taken is at most 3. [

We conclude with the analogue of theorem 3.5.2 in the Hilbert case.

Theorem 3.5.3. Let F' be a real quadratic field, and let B € Zpr be a
totally positive prime. Let k be a field such that either chark = 0 or
chark > 4 Trp/(B) + 7. Assume that there exists an algorithm to evaluate
derivatives of Hilbert modular equations of level B in Iqusa invariants at a
given point (j,7') over k using Ceva(B) operations in k.

Let A, A" be principally polarized abelian surfaces over k with real mul-
tiplication by Zr whose Iqusa invariants j(A), j(A") are well defined, and
assume that there exists a [-isogeny ¢: A — A’ defined over k which is
generic in the sense of definition 3.53.6. Then, given j(A) and j(A), algo-
rithm 3.5.1 succeeds and returns

1. a tower K'/k of at most three quadratic extensions,

2. hyperelliptic curve equations C and C' over k' whose Jacobians are
isomorphic to A and A’ respectively,

3. a point P € C(K'),
4. at most 4 possible candidates for the rational representation
(s,p,q,7) € K'(u,v)* of a B- or B-isogeny ¢: Jac(C) — Jac(C') at P.
The cost of algorithm 3.5.1 is O (Cua(8))+ O (Trr/o(B)) + Op(1) elemen-

tary operations and O(1) square roots in k'; the implied constants, Op(1)
excepted, are independent of F'.

Note that Cevar(5) also depends on F. We expect that the algorithm
returns only one answer for the rational representation of ¢ at P; if the
algorithm outputs several answers, we could implement tests of correctness,
but they might be more expensive than the isogeny algorithm itself.
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Proof. We use algorithm 3.3.11 to construct the curve equations C and C’.
We obtain potentially Hilbert-normalized curves, and each of them is de-
fined over an extension of k of degree dividing 4. This requires Op(1)
elementary operations and O(1) square roots in k. We may assume that C
and C’ are Hilbert-normalized for some choice of real multiplication embed-
dings that are compatible via ¢, which becomes either a - or a S-isogeny.

Under our hypotheses, proposition 3.3.9 applies and allows us to recover
two possible values for (dg)? within O(Cpai(3)) + O(1) operations in k,
and hence 4 possible values for dy, by taking O(1) square roots. We can
now make a change of variables to the (not necessarily Hilbert-normalized)
curves output by Mestre’s algorithm, so that each curve is defined over an
extension of k of degree at most 2. The end of the algorithm is similar to
the Siegel case: we take an extension of degree 2 to find the base point,
then we try to compute the rational representation for each value of dy
using O(Trpg(B)) operations in k. For the correct value of dyp, rational
reconstruction will succeed and output fractions of the correct degrees. [

3.6 An example in the Hilbert case for Q(v/5)

To conclude this chapter, we present a variant of our algorithm in the
case of principally polarized abelian varieties with real multiplication by Z g
where F' = Q(v/5). In this case, the Humbert surface is rational: its func-
tion field can be generated by only two elements called Gundlach invari-
ants, introduced in §2.3.4. Having only two coordinates reduces the size of
modular equations, as we mentioned in §2.4.4.

We work over C, but the methods of §3.3.3 show that the computations
remain valid in general. We illustrate the algorithm with an example of
cyclic isogeny of degree 11 over a finite field.

3.6.1 Variants in the isogeny algorithm

There are two improvements. First, in the construction of Hilbert-
normalized curves, we take advantage of the known structure of the ring of
Hilbert modular forms to find an expression for the standard curve Cp(7)
when 7 € H?. Second, reducing the number of variables allows us to
compute (dp)? using only 2 X 2 matrices.

Constructing potentially Hilbert-normalized curves. An alterna-
tive method to algorithm 3.3.11 is given by proposition 2.3.17, which gives
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the expression of the “universal” Siegel modular form fs¢ as a Hilbert mod-
ular form. We keep the notation used in this proposition and in §3.2.1. By
propositions 3.2.7 and 3.2.13, the standard curve Cx(7) attached to 7 € H3
is proportional to the curve y* = > b;(7)z". The algorithm to compute a
potentially Hilbert-normalized curve C from its Igusa invariants (ji, j2, j3)
runs as follows.

Algorithm 3.6.1. 1. Compute Gundlach invariants (g;, g») mapping to
the Igusa invariants (ji, j2, 73) via the Hilbert embedding using propo-
sition 2.3.16, and compute values for the generators G, Iy, Fig giving
these values of g1, gs.

2. Compute b2, bybs, etc. using proposition 2.3.17.

3. Recover values for the coefficients: let b3 be any square root of b3;
choose any value for b;, which gives b5; finally, solve a quadratic
equation to find by and bg.

We can always choose values of G, F5, and Fjg in such a way that b3 is
a square in k. Then the output is defined over a quadratic extension of k.
Even if arbitrary choices are made during algorithm 3.6.1, the output will
be potentially Hilbert-normalized.

Computing the tangent matrix. Consider the Hilbert modular equa-
tions in Gundlach invariants of level 3, denoted by Vg, and Vg, as ele-
ments of the ring Q[G1, G2, G, G| after multiplication by their denomia-
tors. Define the 2 x 2 matrices

ov ov
D\IJ@L = ( n) and D\I/@R = ( n) .
Gy, 1<n, k<2 aG;f 1<n,k<2

Then the analogue of proposition 3.3.9 holds, where we replace derivatives
of Igusa invariants by derivatives of Gundlach invariants. The relation
between these derivatives is given by proposition 2.3.16.

3.6.2 An example of cyclic isogeny

We illustrate our algorithm in the Hilbert case with F = Q(v/5) by
computing a [-isogeny between Jacobians with real multiplication by Zp,

where Y
1++v5
b=3+ 5

so that Np/g(8) = 11 and Trp/q(B) = 7. We work over the prime finite
field k = F56311, whose characteristic is large enough for our purposes. We

€ ZLr,
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choose a trivialization of Zp ®7 k, in other words a square root of 5 in k,
so that f = 26213.
Consider the Gundlach invariants

(91,92) = (23,56260), (g1, 2) = (8,36073).

The corresponding Igusa invariants are
(j1, 42, 43) = (14030,9041,56122), (41, j5, j5) = (13752, 42980, 12538);

they lie on the Humbert surface as expected.
In order to reconstruct a Hilbert-normalized curve, we apply algo-
rithm 3.6.1. We obtain the curve equations

C: v? = 13425u8 + 347244° + 102u® + 54150u + 11111
C': y* = 4760125 + 358502° + 404762° + 246992 + 40502.

The derivatives of Gundlach invariants are given by the matrices

43658 17394 15131 739
(") () = (F) () =
997(C) (16028 26656)’ 997(C) (50692 49952)'

After computing derivatives of the modular equations as in proposi-
tion 3.3.9, we find that the isogeny ¢ is compatible with the real multipli-
cation embeddings for which C and C’ are Hilbert-normalized. We do not
known whether ¢ is a - or a B-isogeny, so we have four candidates for the
tangent matrix up to sign:

o _ (339320419466 0

S 0 +(53318a + 26659) ) °
o _ (506510 + 53481 0

CE 0 +(11076 + 5538)

where o + a + 2 = 0. We see that ¢ is only defined over the quadratic
extension k().

The curve C has the rational Weierstrass point (36392, O). We can bring
it to (0,0), so that C is of the more standard form

C: v?® = 33461u° + 7399u° + 16387u* + 34825u> + 14713u? + w.

This change of variables multiplies the tangent matrix dy on the right by

44206 18649
0 7615 ) -
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Choose P = (0,0) as a base point on C, and choose z = /u as a
uniformizer; P is a Weierstrass point, and we check that pp is of generic
type. We solve the differential system (3.11) up to precision O(2%%), or any
higher precision. It turns out that the correct tangent matrix is deg |
the other powers series do not come from rational fractions of the prescrlbed
degrees. We obtain

50255u8 + 40618u” + 17196u” + 9527u® + 22804u? + 49419u + 11726
S(W) = =6 T 10883u5 1 220130l 1 418283 © 1806942 1 14612u £ 7238
35444u5 + 9569u® + 52568u’ + 3347u® + 9325u2 + 32206u + 7231
(W) = = S 10883u5 + 22013u’ 1 4182847 1 1806942 1 14612u 1 7238

The degrees of s and p agree with proposition 3.4.15. The isogeny
is k-rational at the level of Kummer surfaces, but not on the Jacobians
themselves: o appears on the numerator of r(u,v).
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Chapter 4

Heights of rational fractions and
interpolation

This chapter corresponds to the preprint [Kie20c|. Let F' be a univariate
polynomial of rational fraction of degree d defined over a number field. We
present bounds on the height of F', which encodes the size of the coefficients
of F', in terms of the heights of its evaluations at small integers: we review
well-known bounds obtained from interpolation algorithms given values
of F'at d+ 1 or 2d + 1 points, and obtain tighter results when considering
a larger number of evaluation points. While interesting in their own right,
and readable independently, the results of this chapter have a particular
purpose in this thesis: they will be essential in proving height bounds for
modular equations in chapter 5.

4.1 Presentation of the problem

Let F' be a univariate rational fraction of degree d defined over Q.
To define the height h(F') of F, write ' = P/Q where P,Q € Z[Y] are
coprime; then h(F') is the maximum value of log |¢|, where ¢ runs through
the nonzero coefficients of P and (). In particular, if x = p/q is a rational
number in irreducible form, then h(z) = log max{|p|, |q|}.

Heights can be generalized to arbitrary number fields, and are a basic
tool in diophantine geometry [HS00, Part B]. They are also meaningful from
an algorithmic point of view: the amount of memory needed to store F' in
a computer is in general O(d h(F')), and the cost of manipulating F' grows
with the size of its coeflicients.

As announced, this chapter presents relations between the height of F
and the heights of evaluations F(z), where x is an integer. One direction
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is easy: by [HS00, Prop. B.7.1], we have
h(F(z)) < dh(x) + h(F) + log(d + 1). (4.1)

In the other direction, when we want to bound A(F') from the heights of
its values, matters are more complicated.

An easy case is when F' € Z[Y] is a polynomial with integer coefficients
of degree at most d > 1. Then looking at the archimedean absolute value
of the coefficients of F is sufficient to bound h(F'). Moreover, given height
bounds on d + 1 values of F', the Lagrange interpolation formula allows us
to bound A(F) in a satisfactory way. For instance, assuming that

h(F(i)) < H for every i € [0,d], (4.2)
we easily obtain
h(F) < H + dlog(2d) + log(d 4+ 1). (4.3)

This result can be refined and adapted to other sets of intepolation points
[BS10, Lem. 20|, [Paz19, Lem. 4.1]; in any case the bound on h(F) is
roughly H up to additional terms in O(dlogd). This is consistent with
inequality (4.1).

When F' is a rational fraction or even a polynomial with rational co-
efficients, this nice result breaks down, and surprisingly little information
appears in the literature despite the simplicity of the question.

Polynomials. First, consider the case where F is a polynomial in Q[Y]
of degree at most d > 1. Then F' is determined by its values at d+1 distinct
points. Let z1,..., 24,1 be distinct integers, let H > 1, and assume that
h(F(x;)) < H for every i. This time, the Lagrange interpolation formula
yields a bound on h(F') which is roughly O(dH) (see proposition 4.4.2).
This is intuitive enough: in general, computing F' from its values F(x;)
involves reducing the rational numbers F'(x;) to the same denominator, thus
multiplying the heights of the input by the number of evaluation points.
But then, inequality (4.1) is very pessimistic at each of the evaluation
points x;: massive cancellations occur with the denominator of F', and the
“expected” size of F(x;) is divided by d.

However, if we consider more than d + 1 evaluation points x1...,zn
where h(F(z;)) < H, we will likely find an evaluation point where inequal-
ity (4.1) is accurate, and hence obtain a bound on A(F) of the form O(H)
rather than O(dH). We prove the following result in this direction.
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Proposition 4.1.1. Let L be a number field, and let [A, B] be an interval
inZ. Write D= B— A and M = max{|A|,|B|}. Letd > 1, let F € L[Y]
be a polynomial of degree at most d, let N > d+ 1, and let x,...,xN be
distinct elements of [A, B]. Assume that h(F(z;)) < H for all1 <i < N.
Then we have

N
MF) < 5

dH + Dlog(D) + dlog(2M) + log(d + 1).

For instance, we obtain a bound on h(F') which is linear in H when
considering N = 2d evaluation points.

Rational fractions. Second, consider the case where F' € Q(Y) is a
rational fraction of degree at most d > 1. Then F' is determined by its
values at 2d 4+ 1 points. If zq, ..., xo4,1 are distinct integers which are not
poles of F| and h(F(z;)) < H for every i, then a direct analysis of the
interpolation algorithm yields a bound on h(F) which is roughly O(d?H)
(see proposition 4.5.7). As above, it makes sense to ask for a bound which
is linear in H when more evaluation points are given.

In this case we could imagine cases where F' = P/(@) has a very large
height, but massive cancellations happen in all the quotients P(x;)/Q(z;).
This makes the result more intricate.

Proposition 4.1.2. Let L be a number field, and let [A, B] be an interval
in Z. Write D = B — A and M = max{|A|,|B|}. Let F' € L(Y) be
a rational fraction of degree at most d > 1. Let S be a subset of [A, B]
containing no poles of F', letn > 1, and let H > max{4,log(2M)}. Assume
further that

1. h(F(z)) < H for every x € S.
2. S contains at least D/n elements.
3. D > max{nd*H, 4nddy}.

Then we have
h(F) < H + Cpndlog(ndH) + dlog(2M) + log(d + 1),
where C1, is a constant depending only on L. We can take Cg = 960.

The number of evaluation points in this result is quite large, and de-
pends on H. Still, proposition 4.1.2 is the main result that we need in
chapter 3, and is strong enough to imply the following.
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Proposition 4.1.3. Let ¢ > 1, let d > 1, and let F € Q(Y') be a rational
fraction of degree at most d. Let V' C Z be a finite set such that F' has no
poles in Z\V. Assume that for every x € Z\V, we have

h(F(z)) < cmax{l,dlogd + dh(zx)}.
Then there ezists a constant C = C(c,#V') such that
h(F) < Cdlog(4d).
We can take C = (4c + 1923)(12 4 log max{1, #V} + 2log(c)).

It would be interesting to know whether we can obtain an efficient
bound on h(F') using only O(d) evaluation points, as in the case of poly-
nomials, instead of O(d*H). The constants in propositions 4.1.2 and 4.1.3
are not optimal: tighter bounds can be obtained following the same ideas
of proof, at the cost of lengthier expressions. The rest of this chapter is
devoted to the definition of heights over number fields and the proofs of
propositions 4.1.1 to 4.1.3.

4.2 Definition of heights

Let L be a number field of degree d; over Q. We denote by V?
(resp. V7°) the set of all nonarchimedean (resp. archimedean) places of L,
and write V; = V) U VX, Let Py (resp. Pr) be the set of primes in Z
(resp. prime ideals in the ring of integers Zj, of L).

For each place v of L, the local degree of L/Q at v is d, = [L, : Q,],
where subscripts denote completion. Denote by ||, the normalized absolute
value associated with v: when v € V2, and p € Pg is the prime below v,
we have |p|, = 1/p. If p € P, we denote the p-adic valuation by v,. By
convention, the p-adic valuation of zero is +o0.

The (absolute logarithmic Weil) height of projective tuples, affine tu-
ples, polynomials and rational fractions over L is defined as follows [HS00,
§B.2 and §B.7].

Definition 4.2.1. Let n > 1, and let ao,...,a, € L.

1. The projective height of (ag:---: a,) € P} is
hag: ...: = 4y 1
(ag:...:an) = %}: 4 og(()rél%>;|ai|v).
vevr
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2. The affine height of (ay,...,a,) € L™ is defined as the projective
height of the tuple (1:ay:---:ay,):

dy
h(ay, ..., ay) Z 4 log (max{1, max la;],}).
veVL
In particular, for a € L, we have

h(a) =h(1:a) = Z Z—Zlog(max{l, lal, })-

veVr,

3. The height of a polynomial P € L[Y},...,Y,] is the height of the
affine tuple formed by all its coefficients: if

P: E Ck}/lkl .'.an7
k=(k1,....kn)ENP

then for v € V, we write

|Pl, = max|ed,

and we define h(P) as

hP) = 3 S tog (max{L, |P,}).

veEV]

If p € P is a prime ideal, we also define the p-adic valuation of P as

vp(P) = min vy(cy).

4. Let F € L(Y1,...,Y,) be a multivariate rational fraction over L, and
choose coprime polynomials P, @ € L[Y7,...,Y,]such that F = P/Q.
Then we define h(F') as the height of the projective tuple formed by
all the coefficients of P and Q).

Elementary properties of heights.

1. The projective height of (ag : -+ : a,) is indeed invariant under
multiplication by a common scalar factor, by the product formula
[HS00, Lem. B.2.1(a)]. Therefore the height of a fraction is also well
defined.
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2. Heights are independent of the ambient field [HS00, Lem. B.2.1(c)].
This is another consequence of the product formula: in particular, we

have d
> d—” =1.

vevge L
3. If z,y € L, then h(zy) < h(x) + h(y); if © # 0, then h(1/x) = h(x).
4. Heights satisfy the Northcott property: for every H € R, the number

of projective tuples (ag : - - : a,) € P} such that h(ag:---:a,) < H
is finite [HS00, Thm. B.2.3|.

5. If L = Q, then definition 4.2.1 coincides with the naive definition of
heights given in §4.1.

As definition 4.2.1 suggests, in order to obtain height bounds for poly-
nomials and rational fractions, we will try to bound their coefficients from
above in all the absolute values associated with places of L.

4.3 Heights of values and roots of polynomials

In this section, we relate the height of a univariate polynomial over L
with the height of its roots. We also give bounds from above on the height
of evaluations of polynomials, generalizing eq. (4.1). The statements are
all easy consequences of the formulee in definition 4.2.1, and will be used
on several occasions.

Let us start with the evaluation of polynomials; the following proposi-
tion is a slight generalization of [HS00, Prop. B.7.1].

Proposition 4.3.1. Let P € L[Y1,...,Y,] be a multivariate polynomial of
total degree at most d > 1, let 1 < m < n, and let yi,...,ym € L. Let
Q =Py, Ym, Yimit1,---, Yn). Then we have

h(Q) < h(P) +mlog(d+ 1) +dh(yr, ..., yn).

More generally, if 7, U ---UZ,. is a partition of [1,m], and if di denotes
the total degree of P in the variables Y; for i € Iy, then we have

h(Q) < h(P)+ Z #1,) log(dy, + 1 +de (¥i)iez, )

Proof. 1t is enough to prove the second statement. Each term of @) is a
sum of terms of the form

al a Am+1 a
C.yl ...ym’m .Ym+1 ...Yn"
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where c is a coefficient of P, and a; < dj foreach1 <:<mand1 <k <r
such that ¢ € Z,.. For each v € V;,, we have

r dy
1L pam < P < 17 4 > .
eyt ], < IUIH1 max{1, max y], }

If v € VY, then the ultrametric inequality implies that

r dy
\P(yl,...,ym,Ym+1,...,Yn)|U§\P\vg(max{l,riréz%f\yi]v}) (44

If v € V§°, then inequality (4.4) holds after multiplying the right hand side
by the number of possible monomials in Y7, ...,Y,,, which is

T

[T+ =

k=1
Taking logarithms and summing gives the result. O]

As a consequence, we can bound the height of a monic polynomial given
the height of its roots.

Proposition 4.3.2. Let Q) € L[Y] be monic polynomial of degree d > 1,
and let oy, ..., aq be its roots in the algebraic closure of L. Then

h(Q) <Y h(aw) + dlog?.

=1

Proof. Apply proposition 4.3.1 on the multivariate polynomial

P =
k

(Y1 — Vi)

d
=1

with m = d, yr, = ay, and Zj, = {k}. Since the coefficients of P all belong

to {—1,0, 1}, we have h(P) = 0. O

Conversely, the height of a univariate polynomial over L controls the
height of its roots.

Proposition 4.3.3. Let P € LIY|\{0}, and let o be a root of P. Then
h(a) < h(P) + log(2).
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Proof. We reproduce the proof given in a lecture by F. Pazuki. We can
assume that P is monic. Let v € V. We want to show that |of, < |P|,
if v e V), and |af, < 2|P|, if v € V{°. Since P is monic, we always
have |P|, > 1. Write P = Y™ + 32770 ¢, Y'*, for some n > 1.

If v € V), we can assume that |a|, > 1. Then

n—1
al, =Y ewa’| < 1P Jali
=0

s0 |af, <[P,
If v € V;°, we can assume that |«|, > 2. Then, by the triangle inequal-
ity, we obtain

ot (), 1 1 .
ol < Pl ool (1 [+ o) < 20all” 1P,
a’l}

o,

so |af, < 2|P|,. Taking logarithms and summing over all v € V;, yields
the result. ]

4.4 Heights of polynomials from their values

This section presents bounds on the height of a polynomial F' € L[Y]
of degree at most d > 1 in terms of the heights of evaluations of F'. We
take our evaluation points to be integers in an interval [A, B] C Z, and we
write D = B — A and M = max{|A4|,|B|}. Our main tool is the Lagrange
interpolation formula: if zq,..., 2441 € [A, B] are distinct, then

- Hj;éi(y - ;)

1
F = Dl ; F(x)Q; where @Q; = D!H#i(l’i —z,) eZY]. (4.5)

Lemma 4.4.1. In the notation of eq. (4.5), we have |Q;| < D! (2M)<.

Proof. Since the denominator [],_,;(; — zx) divides D!, we have

Qi = NiH<X — ;)

J#i
for some N; € Z dividing D!. Therefore, for every 0 < k < d, if ¢; denotes
the coefficient of X4* in ;, we have

d
A (k)M’f < D!29M7, O
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A straightforward application of the Lagrange interpolation formula
on d + 1 evaluation points yields the following result.

Proposition 4.4.2. Let d > 1, let F' € L[Y] be a polynomial of degree at
most d, and let z1, ..., x4 be distinct integers in [A, B]. Write D = B—A
and M = max{A, B}. Assume that h(F(z;)) < H for every 1 <i <d+ 1.
Then we have

h(F) < (d+ 1)H + Dlog(D) + dlog(2M) + log(d + 1).

Proof. Let v be a place of L. If v € V?, then (4.5) yields

1
max{1, |F|,} < ’ﬁ

max{1, [F(z1)], .., |F(zat1)],}

n+1

[ ma{1, [F(a)], -

V=1

‘ 1
< | =
— | D!
If v € Vi°, then lemma 4.4.1 yields

d+1 d+1
max(1,|F|,} < 3 |F(a)], 20 < (d+ 120 [ max(1, |F(x)], ).
=1

=1

Since h(1/D!) = h(D!) < Dlog(D), taking logarithms and summing gives
the result. O

It is interesting to compare proposition 4.4.2 with [HS00, Cor. B.2.6],
using the evaluation maps at x; as linear maps from L[Y] to L: under the
hypotheses of the proposition, the height of the tuple (F(x1),..., F(z4s1))
can be as large as (d+ 1)H.

Better bounds on h(F) can be obtained given height bounds on more
than d 4+ 1 values of F": this is the content of proposition 4.1.1, which we
recall here for convenience.

Proposition 4.4.3. Let L be a number field, and let [A, B] be an interval
inZ. Write D= B — A and M = max{|A|,|B|}. Letd > 1, let F € L[Y]
be a polynomial of degree at most d, let N > d+ 1, and let x1,...,xxN be
distinct elements of [A, B]. Assume that h(F(xz;)) < H for all1 <i < N.
Then we have

h(F) < H + Dlog(D) + dlog(2M) + log(d + 1).

N —d

We need a lemma.
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Lemma 4.4.4. Keep the notation from proposition 4.4.3, and let v € V?
(resp. v € V5°). Then the number of elements x € [A, B] satisfying the
inequality

£,
|F(z)|, < |D!'F|, <resp. |F(z)], < W)

1s at most d.

Proof of lemma 4.4.4. We argue by contradiction. Let (z;)1<j<4+1 be dis-
tinct elements of [A, B] satisfying the given inequality. If v € V9, then the
Lagrange interpolation formula (4.5) gives

|DVF|, < max |[F(z)], < [D!Fl,

which is a contradiction. If v € V;°, then the contradiction is

d+1
|Fl, < @M)* ) |F(@)], < |F],
=1

by lemma 4.4.1. O

Proof of proposition 4.4.3. Let v be a place of L. If v € V? then by
lemma 4.4.4, we have |F(z;)|, > |D!F|, for at least N — d values of 1.
Therefore

N
[[meax{t,|F(z)l,} > |DLF|;,

=1

hence

logmax{1, |F|,} <log

N
1 1
oi| v ;logmax{l, [F(a2)],}-

If v € V{°, then by lemma 4.4.4, at least N — d of the values F'(z;) satisfy
the inequality |F(z;)|, > |F|, /(2M)%(d + 1), hence

N
1
logmax{1, |F|,} < dlog(2M)+log(d+ 1)+m Zlogmax{l, |F(z;)],}-
i=1

Since h(1/D!) < Dlog D, summing over Vy, yields the result. O
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4.5 Heights of fractions from their values

In this section, we study the more difficult question of bounding the
height of rational fractions from above in terms of heights of their values.
Let F € L(Y) be a fraction of degree at most d > 1, and write F' = P/Q
where P, Q) € Z.[Y] are coprime in L[Y]. Let S be a collection of evaluation
points (in Z, for instance) and assume that h(F(z)) < H for each x € S. If
we can prove that both P(x) and Q(x) are “small” for each = € S, then we
can apply proposition 4.1.1 to obtain an upper bound on h(F). However,
it can very well happen that P(z) and Q(x) have a large common factor
even if F'(x) has small height.

In order to prove proposition 4.1.2, we decompose P(x) and Q(x) in
ideals. Define ideals s,., n, and 0, of Z;, as follows:

s, = ged(P(z),Q(x)), (P(2)) = nuse,  (Q(2)) = a8

Then (F(z)) = n,0,;*. The ideal s, encodes the simplifications that occur
when evaluating P/@Q at . The main point of the proof is to show that the
ideal s, is “small” for at least some values of x € S. The height of an ideal
in Zy, is not well defined, but its norm is. Therefore we start by studying
the relation between heights and norms of elements in Zj,.

4.5.1 Heights and norms of integers

We denote the norm of elements and ideals in L by Ny, /g, and we make
the following definition.

Definition 4.5.1. Let z € L\{0}. Then we define
1

~ d,
hiw) = 7-log| Nijo()] = ;joﬁlogwn-
vevr

If a is a fractional ideal in L, we also write

1
h(a) = E log NL/@(O).

Note thatzz and h are equal on Z. They are not equal on Z, in general.
For instance, h is invariant under multiplication by units; this is not the case
for h as soon as L admits a fundamental unit, by the Northcott property.

Lemma 4.5.2. Let x € Z;\{0}. Then we have
0 < h(z) < h(z).
Equality holds on the right if and only if |x|, > 1 for every v € Vi°.
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Proof. We have Npg(z) € Z\{0}, so |Npg(z)| > 1 and h(z) > 0. The
rest is obvious. O

Proposition 4.5.3. There exists a constant C' depending only on the num-
ber field L such that for every x € Z\{0}, there exists a unit € € Zj such
that B

h(ex) < max{C, h(zx)}.

We can take C' = 2d, max;ecr h(e;), where (g;)ier is any basis of units in Zy,.
Proof. Let m = #V7°. In R™, we define the hyperplane H, for s € R by
Hy=A(t1,...,tm) ER™: ty + -+ + t,, = s},
and we define the convex cone A by
Ag={(tr,... tm) ER™: Vi, t; > —s}.

The image of Z7 by the logarithmic embedding
d

Log = <_”1 . )

©8 dy, o8], veEVS®

is a full rank lattice A in Hy. There exists a real number s,,;, such that for
every s > Smin, the convex set Hy N A, contains a fundamental cell V' of A;
we can take sy, = max;es h(g;) in the notation above. Translating in the
direction (1,...,1), we also have:

1. For every s > mspn,, the set H, N A contains a translate of V.
2. For every s > 0, the set H, N A,
Let x € Z;\{0}, and consider the point

contains a translate of V.

d
Lo xz(—vlo x ) e R™.
s(@) = (g, loelelo) ..
The sum of its coordinates is 1i(x). If A(z) > mSupin, then by (1) there exists
a unit € € Z; such that Log(x) + Log(e) belongs to Ag. Then |ex|, > 1 for
every v € V;°, so

h(ex) = h(ez) = h(x)

by lemma 4.5.2. B
On the other hand, if 0 < A(x) < MSmin, then by (2) we can still find a
unit € such that Log(x) 4+ Log(e) € A in other words

Smin?

d

y log |ex|, > —Smin
L
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for all v € V7°. Then

d, ~
h(ex) = Z d—log max{1, [ez|, } < h(ez) + Z Smin < 2MSmin.
vevee vEVoo

This proves the proposition with C' = 2msi < 2d7Smin- ]

Corollary 4.5.4. Let C be as in proposition 4.5.3. Then every principal
tdeal a of Zy, admits a generator a € Zj, such that

h(a) < max{C, h(a)}.
Proof. Apply proposition 4.5.3 with x an arbitrary generator of a. [

This allows us to bound the height of a common denominator for a
given polynomial P € Z.[Y].

Proposition 4.5.5. There exists a constant C depending only on L such
that for every polynomial P € L[Y], there exists an element a € Zj, such
that aP € Zr[Y] and max{h(a), h(aP)} < h(P) + C.

Proof. Let € be a set of ideals of Zj, that are representatives for the class
group of L, and let P € L[Y], which we may assume to be nonzero. Let

a= H pmax{(],fvp(P)}
pePL
be the denominator ideal of P. Then
dy
h(a) = pez?; o log max{1, |P[ } < h(P).
L

Let ¢ € € such that ca is principal. By corollary 4.5.4, if C' denotes the
constant from proposition 4.5.3, we can find a generator a of ca such that

h(a) < max{C, h(ca)} < h(P) + C"
with N
C" = max{C, max h(c)}.

cc€
Then aP has integer coefficients, and we have

h(aP) < Z %(logmax{l, |P|,} + logmax{1, |al,})

veV®
— h(P)+h(a) = 3 j—;log max{1, |P|,}
vevg
— h(P) + h(a) — h(a) < h(P) + C". O
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4.5.2 A naive height bound for fractions

Let L be a number field, and let F' € L(Y)\{0} be a rational fraction of
degree at most d > 1. Write F' = P/(@) where P, () are coprime polynomials
in L[Y], and let dp and dg be the degrees of P and () respectively. Let z;
for 1 <i <dp+dg+1 be distinct elements in an interval [A, B] C Z that
are not poles of F.

Let us recall the interpolation algorithm to reconstruct F' given the
pairs (z;, F(x;)) [BCGT17, §7.1]. Let S € L[Y] be the polynomial of degree
at most dp + dg interpolating the points (x;, F'(z;)). Let a be a common
denominator for the coefficients of S, so that T = a5 has coefficients in Z,.
We compute the dp-th subresultant of T" and the polynomial

s+1

Z=1Jv - ) ez[y].

We obtain a Bézout relation of the form
Ul'+VZ=R

where U, V, R € Z[Y], and moreover deg(U) < dg and deg(R) < dp. Then
F = R/aU.

In order to obtain an upper bound on A(F'), we first bound A(S) from
above using proposition 4.4.2. Then, we use the following well-known fact
about the sizes of subresultants in Z.[Y].

Lemma 4.5.6. Let P,Q € Z.[Y]\{0} be polynomials of degrees dp and dg
respectively, and let 0 < k < min{dp,dg}—1. Let R be the k-th subresultant
of P and Q, and let U and V' be the associated Bézout coefficients. Write
s =dp + dg. Then we have

h(R) < (dg — k) h(P) + (dp — k) h(Q) + =X tog(s — 2k),
WU) < (dg — k — 1) h(P) + (dp — k) h(Q) + # log(s — 2k — 1),
h(V) < (dg — k) h(P) + (dp — k — 1) h(Q) + # log(s — 2k — 1).

For instance, lemma 4.5.6 bounds the sizes of the coefficients appearing
in the subresultant version of the Euclidean algorithm in Q(Y").

Proof. Let v € Vi°. Every coefficient r of R has an expression as the
determinant of a square matrix of size dp + dg — 2k; its entries in the
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first dg — k columns are coeflicients of P, and its entries in the last dp — k
columns are coefficients of ). By Hadamard’s lemma, we can bound |r|,
by the product of L?-norms of the columns in this determinant. Hence

rl, < (Vdp + dg — 2k |P|,)" ™ (Vdp + dg — 2k 1Q],)" .

Taking logarithms and summing over v, we obtain the desired height bound
on R. Similarly, the coefficients of U (resp. V') are determinants of size dp+
dg — 2k — 1, with one column less coming from P (resp. Q). O

Proposition 4.5.7. Let [A, B] be an interval in Z, and let d > 1. Write
D = B — A and M = max{|A|,|B|}. Let F € L(Y)\{0} be a rational
fraction of degree d. Let dp and dg be the degrees of the numerator and
denominator of F' respectively. Let x; for 1 <i <dp+dg+ 1 be distinct
elements of [A, B] that are not poles of F', and assume that h(F(z;)) < H
for every i. Then we can write F' = P/Q where P,Q € ZL[Y]| satisfy
deg P = dp, deg ) = dg, and

max{h(P), h(Q)} < (d+1)(2d + 1)H + (d + 1)Dlog(D)
+ (4d* + 3d) log(2M) + (2d + 2) log(2d + 1)
+(d+1)C,

where C' denotes the constant from proposition 4.5.5.

Proof. Let S,a, T, R,U,V be as in the interpolation algorithm above; to
choose a, we use proposition 4.5.5, so that

max{h(a),h(T)} < h(S) + C.
By proposition 4.4.2, we have
h(S) < (2d+ 1)H + Dlog(D) + 2dlog(2M) + log(2d + 1). (4.6)

The absolute values of the coefficients of Z are bounded above by (2M)24+1]
hence

h(Z) < (2d + 1) log(2M).

By lemma 4.5.6, we have

B(R) < (d+1) h(T) + d(2d + 1) log(2M) + 2L 10g(2d 4+ 1),

h(U) < dh(T) + d(2d + 1) log(2M) + dlog(2d + 1).
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Then F' = R/aU. Therefore

h(F) < max{h(R), h(a) + h(U)}
2d +1

< (d+1)(h(S)+ C) +d(2d + 1) log(2M) + log(2d + 1).

We conclude using the upper bound (4.6) on A(S5). O

As mentioned in §4.1, the upper bound on h(F') in proposition 4.5.7 is
roughly O(d?H). This motivates a result like proposition 4.1.2, where the
dependency on H is only linear.

4.5.3 Some preparatory lemmas

In this section, we state preparatory lemmas for the proof of proposi-
tion 4.1.2 in §4.5.4; the reader might wish to skip them until their use in
the proof becomes apparent.

Lemma 4.5.8. Let [A,B] C Z, let D = B — A, and let n > 1. Let S be
a subset of [A, B] containing at least D/n elements, and let 1 < k < %
be an integer. Then there exists a subinterval of [A, B] of amplitude at
most [2nk]| containing at least k + 1 elements of S.

Recall that the amplitude of [A, B] is B — A.

Proof. Assume the contrary. We can partition [A, B] in at most (Q%J
intervals of amplitude at most [2nk]|, hence

D D D
—S#Sgk[—w < — + k.
n 2nk

This is absurd because k& < %. ]

Lemma 4.5.9. Let R € Z;\{0} be a non-unit. Then

log(N
S Og(+/“2£(p>> < d(2loglog |Npg(R)| + 3.5). (4.7)
pEPL,p|R P
plpE€EPQ

The sum is over all prime ideals p of L diving R, and p € Py denotes
the prime lying under p.
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Proof. First, we assume that L = Q, so that R € Z and |R| > 2. Let m be
the number of prime factors of R, and let (p;);>1 be the sequence of primes
in increasing order. It is enough to prove (4.7) for R’ = [[%, p;, which has
both a greater left hand side, since log(p)/(p — 1) is a decreasing function
of p, and a smaller right hand side, since R < R. We can assume that
m > 2. Then

log(p) | g~ 108(B) 50, )4 3

by Mertens’s first theorem |[Mer74|, and because the sum of the second
series is less than 0.76. By [Ros41], we have p,, < mlogm + mloglogm if
m > 6; so the rough bound p,, < m? holds. Since m < log(R’')/log(2), the
result in the case L = Q follows.

In the general case, if p|R lies above p € Pg, then p divides Ny q(R),
and |Npg(R)| > 2. We apply lemma 4.5.9 to the integer Ny ,q(R) € Z:
hence

Zlog(NL/Q(p))S Z Zp\pIOg(NL/@(p))

—1 —1
pIR p PN /0(R) P

1
=d, Y log(p) < dr(2loglog | Ny g(R)| +3.5).0
p—1
PINL/o(R)
Lemma 4.5.10. Let p € Py, be a prime ideal lying over p € Pg, and let L,
be the p-adic completion of L. Letd > 0, let Q) € L,[Y]\{0} be a polynomial

of degree d, and assume that v,(Q) = 0. Let xq,...,x, be distinct elements
of [A, B], and write D = B — A; assume that D > 1. Let B € N. Then

log(D) N D )
log Npjg(p)  p—1/
Proof. We can assume that d > 1. Let A be the leading coefficient of @,
and let o, ..., aq be the roots of ) in an algebraic closure of L,, where we

extend |-, and v,. Up to reindexation, we may assume that |ay[, <1 for
1<j <t and |oy|, > 1for t+1<j <d. For every i, we have

d d t
Q] = M, Tl — o, = (wp 11 |aj|,,) Tl - o,
=1 =1

j=t+1

> min{d, 0, (@)} < d (5 g (45)

We must have .

|)\|p H |aj|p > 1,

j=t+1
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for otherwise all the coefficients of ) would belong to p. Therefore

Q(z;)) <§ vp(; — ).

Let k¥ € N such that p* < D < p**!. Since the z; are all distinct
modulo p*™ there are at most d values of i such that v,(z; — o) > k
for some j. For these indices i, we bound min{f, v,(Q(z;))} by 5. This
accounts for the term df in inequality (4.8).

For all other values of ¢ (say ¢ € I), we have v,(z; — «;) < k. Thus, for
every 1 < j <t, we have

k
vp(2; — o) = / Ly, (2i—aj)du.
0

Any two x; that fall in the same disk {u < v,(z — «;)} coincide mod-
ulo pl“l. Therefore, for a given a;, and a given u €]l,1 + 1], there exist at
most [D/p'*1] values of i such that z; belongs to this disk. Therefore

> (@) <ZZ% i = a;)

i€l i€l j=1
¢ I+1
= Z Z / u<vp(:plfaj du
i€l j=1 =0
t I+1
/ (Z ]-u<vp (xi—oy) ) du
]_1 =0 il

IA
~

k—1
D tD
; F-‘ Z(ﬁ_'_l) tk+p—1

We have t < d, and

log(D) _ ,_log(D)

k< .
= log(p) = “log Nijo(p)

This accounts for the two remaining terms in inequality (4.8). O

4.5.4 Main result

Finally, we prove propositions 4.1.2 and 4.1.3. We recall the statements
for convenience.
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Proposition 4.5.11. Let L be a number field, and let [A, B] be an interval
in Z. Write D = B — A and M = max{|A|,|B|}. Let F € L(Y) be
a rational fraction of degree at most d > 1. Let S be a subset of [A, B]
containing no poles of F', letn > 1, and let H > max{4,log(2M)}. Assume
further that

1. h(F(x)) < H for every x € S.
2. S contains at least D/n elements.
3. D > max{nd*H,4nddy}.
Then we have
h(F) < H 4+ Crndlog(ndH) + dlog(2M) + log(d + 1),
where C1, is a constant depending only on L. We can take Cy = 960.

Proof. We can assume that F' # 0. We have D > 4nd, so by lemma 4.5.8
with k = 2d, we can find a subinterval [A’, B'] of [A, B] with amplitude
at most [4nd| containing 2d + 1 elements of S, denoted by z1,. .., ZTag:1.
We use these x; as evaluation points in proposition 4.5.7: we can write
F = P/Q where P, € Z.[X] have the correct degrees and

max{h(P),h(Q)} < (d +1)(2d + 1)H + 2d [4nd] log([4nd])
+ (4d* + 3d) log(2M) + (2d + 2) log(2d + 1) + (d + 1)Cy
<27+ Cy)nd*H

where C' is the constant from proposition 4.5.3, which depends only on L.
To simplify the right hand side, we use the inequalities 1 < d, 1 < 7,
[4nd] < D < 2M, [4nd] < 5nd, and log(2M) < H.

Let x € S, and define the ideals s,, n, and 0, of Z; as above:

s, = ged(P(z),Q(x)), (P(2)) =8, (Qz)) = 0,5,
Let v be the greatest common divisor of all the coefficients of P and Q).

Claim 4.5.12. There exists a constant Cp depending only on L such that
the following property holds: there exist at least 2ddy, + 1 elements x of S
such that B B
h(sa) < h(x) + Crndlog(ndH).
Let us explain how to finish the proof of proposition 4.5.11 if claim 4.5.12

holds. By lemma 4.4.4, we can find an € S among these 2dd, + 1 values
such that for every v € V;°, we have

|1Pl,

Ql,
v Z M) Hd + 1)

|P(2)] BT

and [Q(z)], =
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Then, we can calculate h(F) as

dy ~
> 7 logmax{|P|,,1Q],} — A(x)

veVE®

<y g_zlogmax{|p<x>|v,\@<x>|v} — h(x) + dlog(2M) + log(d + 1)

veV®

<3 ;i_z log max{|P(x)|,,|Q(z)|,} + h(s,) — A(x) + dlog(2M) + log(d + 1)

vEV],
< H + Crndlog(ndH) + dlog(2M) + log(d + 1),

as claimed.

In order to prove claim 4.5.12, a crucial remark is that s, divides the
resultant R of P and (). By lemma 4.5.6, we have

h(R) < dh(P)+dh(Q)+ dlog(2d) < (55 4 20 )nd* H.

Let p € P, be a prime factor of R with valuation 3,, and let I be a subset
of S with n elements. We claim that

log(D) D
;vp(sm) < nuple)+d (ﬁp T g Nyal) T p— 1) '

(4.9)

To prove (4.9), we can work in the p-adic completion L, of L. Let m be a
uniformizer of Ly, and let » = min{v,(P),v,(Q)} be the p-adic valuation
of v. Write P, = P/7", Q1 = Q/7". Then one of P; and @) is not divisible
by 7; for instance, assume that 7 does not divide ;. For every x € S, we
have

vp(52) < min{ By, vp(Q(x))} < p(x) + min{ Gy, vy(Q1(2)) -
Thus inequality (4.9) follows from lemma 4.5.10.
Summing over the prime factors p of R, we obtain an upper bound on
the product of the norms of the ideals s,., for z € I. We can assume that R
is not a unit, otherwise claim 4.5.12 holds trivially. Then

H Nio(sz)

xzel

< Npjo(t)" | Npjo(R)|"

. eXp( Z <ddL log(D) + dpw>)

-1
pEPL,pIR p
plpEPQ

< Nijo(t)" [Nijo(R)|
- exp(ddy, log(D) log {NL/@(R)| /log(2)
+dd,D(loglog [Nz o(R)| + 3.5)).

d
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Indeed, R has at most log|Nyg(R)|/log(2) prime factors, and we can
apply lemma 4.5.9. Since h(R) < (55 + 2C)nd®H, we obtain

= = = log(D) ~
ng h(s.) < nh(t) +dh(R) + ddLm h(R)
+ dD(loglog | Ny jo(R)| + 3.5)

< nh(t) + Co(nd*H log(D) + dDlog(ndH))
with
B 3d,(55 + 2C1)
Cy=max {0

Here we use that log(ndH) > 1, and log(D) > 2log 2.

Now we use the assumption that D and S are sufficiently large. Since
D > nd®H > 4 > exp(1), and since the function ¢/log(t) is increasing for
t > exp(1), we have

,6.5 + log(dr) + log(55 + 201)} .

D S nd>H
log(D) ~ 3log(ndH)
Moreover,
#S—2ddL22—2:2.
noo2n 2y
Therefore,

> " h(ss) < nh(r) + 4CsdDlog(ndH)
zel

< n h(x) + 8Cyndlog(ndH)(#S — 2ddy).

This shows that in every subset of #S — 2ddy elements of S, at least
one must satisfy h(s,) < h(r) + 8Cyndlog(ndH). Therefore claim 4.5.12
holds with C' = 8Cs.

If L =Q, we have C; = 0, hence we can take Cy = 120. O]

We conclude this chapter with the proof of proposition 4.1.3.

Proposition 4.5.13. Let ¢ > 1, let d > 1, and let F € Q(Y) be a rational
fraction of degree at most d. Let V C Z be a finite set such that F' has no
poles in Z\V . Assume that for every x € Z\V, we have

h(F(z)) < cmax{l,dlogd + dh(x)}.
Then there ezists a constant C' = C(c, #V') such that
h(F) < Cdlog(4d).
We can take C = (4c + 1923) (12 + log max{1, #V'} + 21log(c)).
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Proof. We want to use proposition 4.1.2 on an interval of the form [0, D]
for some integer D > 4d, with n = 2 and S = [0, D] \V. The set S will
contain at least D/n elements as soon as D > 2#V.

For every z € S, we have h(z) < log(D), hence

h(F(x)) < cmax{l,dlogd+ dlog D}.

Hence, if we define H(D) as
H(D) = max{4,log(2D), c(dlogd + dlog D)},
then we can apply proposition 4.1.2 with H = H(D) as soon as
D > 2d*H(D).
We check that we can take
D = max{2#V, [4cd* log(4cd*) | }.
Then, proposition 4.1.2 yields
W(F) < H(D) + 1920dlog(2dH (D)) + dlog(2D) + log(d + 1).

We have H(D) < 4cdlog(dD) and 2dH (D) < D, hence

h(F) < 4edlog(dD) 4 1920d log(D) + dlog(2D) + log(d + 1)

<
< (4c +1923)dlog(dD)
< (4c + 1923)d(log(2d max{1, #V}) + log(5cd® log(4cd*)))

To simplify this expression further, we write
log(5cd® log(4ed?)) < log(20c2d?) < 3 + 2log(c) + 9log(d),
hence, after other simplifications,
h(F) < Cdlog(4d)

with
C = (4c+1923)(12 + log max{1, #V'} + 2log(c)),

as claimed. O
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Chapter 5

Degree and height bounds for
modular equations

This chapter, which corresponds to the preprint [Kie20a|, presents upper
bounds on the size of modular equations on PEL Shimura varieties in terms
of their level. Let us recall the notation introduced in chapter 2.

We fix a PEL datum (B, x,V 1, G, X,). Let K be a compact open
subgroup of G(Ay), and let ¥ be a finite group of automorphisms of V' as
in §2.2.4. Let n be the complex dimension of X ; we assume that n > 1.
Let § and T be connected components of Shy (G, X )(C), and let L be
their field of definition. We fix a choice of invariants ji, ..., j,+1 as in §2.4.
These modular functions satisfy eq. (2.17):

E(j17---7jn+l> :O, (51)
where

E=3"Bulh o Ja) o € Ll Jus]
k=0

and F is irreducible. Our estimates on the size of modular equations involve
constants depending only on this data.

Let 0 € G(Ay) be an element of G defining an absolutely irreducible
Hecke correspondence Hy that intersects S x T nontrivially. In §2.4.3, we
defined the modular equations ¥, for 1 < m < n + 1; they are elements
of the ring L(J1, ..., Jn)[Jns1, Y1, ..., Y] of degree at most e — 1 in J,41,
defining the Hecke correspondence Hy as a subvariety of S X 7. The degree
of Hs is denoted by d(¢), and the degree of the isogenies described by Hy in
the modular interpretation (recall corollary 2.4.2) is denoted by [(d). Our
main theorem, stated as theorem 1.4.3 in chapter 1, is the following.
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Theorem 5.0.1. Using the notation above, there exist constants C'y and Cs
(independent of 6 ) with the following property. Let 6 € G(Ay) be as above,
and let F € L(J1,...,J,) be a rational fraction obtained as a coefficient
of one of the modular equations Vs, for 1 < m < mn+ 1. Then the total
degree of F' is bounded above by Cy d(6), and the height of F is bounded
above by Cy d(9)log(1(0)).

We refer to §4.2 for the definition of ~(F"). This result allows us to bound
the complexity of algorithms manipulating modular equations, and was
previously known only in the case of elliptic modular polynomials [Coh84].
In the case of Siegel modular equations for abelian surfaces, and Hilbert
modular equations in Gundlach invariants for F = Q(v/5) (recall §2.4.4),
the constants C; and C5 are explicit: see propositions 5.1.15 and 5.1.17,
and theorem 5.2.13. In particular, the degree bounds we obtain match
experimental data exactly; on the other hand the constant C5 is far too
pessimistic for algorithmic use.

The strategy to prove the degree bounds is to exhibit a particular modu-
lar form that behaves as the denominator of ¥ ,,,, and to control its weight.
Then, we show that rewriting quotients of modular forms in terms of the
chosen coordinates ji,...,J,+1 translates bounded weights into bounded
degrees. Giving an explicit expression of the denominator will also be use-
ful in chapter 6. The proof of height bounds is inspired by previous works
on elliptic modular polynomials [Paz19]. We prove height bounds on eval-
uations of modular equations at certain points using well-known results on
the Faltings height of isogenous abelian varieties [Fal83]. Then we use the
tight relation between the height of a rational fraction over a number field
and the height of its evaluations at sufficiently many points provided by
proposition 4.1.2, the main result of chapter 4.

5.1 Degree bounds for modular equations

5.1.1 Denominators of modular equations
We keep the notation used in §2.4.3: in particular
K' =KnN K5, Ky=KxY,

and K" is a normal subgroup of finite index in K, contained in K’ and
stabilized by . The natural action of Ky on modular functions of level K"
extends to modular forms.

For each 1 <7 <n + 1, fix a nonzero modular form y; invariant under >
and defined over L such that y;j; is again a modular form (i.e. has no poles);
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we say that y; is a denominator of j;. This is possible by proposition 2.2.13.
For each i, the function

Xis: [T, 9] = xi([z, 96])

is a modular form of weight wt(y;) on the preimage of S in Shy/ (C). We
define the functions gs,, for 1 <m <n 41 as

m

9s,m = H H T X

i=1 veKo/K'

Lemma 5.1.1. For every 1 < m < n + 1, the function g5, is a nonzero
symmetric modular form on S, and

m

wh(gsm) = (#%)d(8) Y wt(x.).

i=1

Proof. We have #(Ky/K') = (#X)d(6). Therefore the function gs,, is a
modular form of level K" and weight > " | #(Ko/K') wt(x;) by construc-
tion. Each modular form 7y - x;s is nonzero on every connected component
of Shg~(C) above S, so gs,m is nonzero as well.

Acting by an element of Ky permutes the factors in the product defin-
INg gsm, SO gsm is in fact a symmetric modular form on S. O

Proposition 5.1.2. For every 1 < m < n + 1, the coefficients of the
multivariate polynomial g5, Vsm are symmetric modular forms on S.

Proof. By definition 2.4.6, the polynomial ¥, is a sum of terms of the
form

(nﬁ T(v - leé)) [T (%=1 dms)

=1 ’YmEKm—l/Km

where v € Kj is fixed, and the middle product is over all ; € K,/ K; such
that v; = v modulo K;_1, but v; # v modulo K;. In this expression, all the
cosets v; and 77, are simultaneously disjoint as subsets of K,/K’. Each
denominator is accounted for by some factor in the product defining gsn,
so the coefficients of g5,,¥s,, are modular forms. O

When the invariants j1,. .., j,+1 have similar denominators, it is possi-
ble to make a better choice for gs .
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Proposition 5.1.3. Assume that there exists a modular form x on S such
that x; = x* for some integer a; > 0, for every 1 < i < n+ 1. Let
1 <m<n+1, and define

«
Jsm = <H 7-)@) , where o = max «;.
’ 1<i<m
v€Ko

Then gs., is a nonzero symmetric modular form on S, and

wt(gom) = (#2) d(0) o wt(x).
Moreover, the coefficients of gsm¥sm are symmetric modular forms on S.

The proof is similar to that of proposition 5.1.2, and omitted.

5.1.2 Writing modular functions in terms of invariants

Let f/g be a quotient of symmetric modular forms of weight w on S.
We show that when we rewrite such a quotient in terms of the invari-
ants ji, ..., jns1, the degree of the rational fractions we obtain is bounded
above linearly in w, with a proportionality constant depending on our
choice of invariants. In order to make this dependency explicit, we de-
fine the symmetric geometric complezity of our invariants as follows.

Definition 5.1.4. Let f; for 1 < k < r be nonzero generators over L for the
graded ring of symmetric modular forms on S, with respective weights wy.
For each 1 <k <r —1, let 8x > 1 be the minimal integer such that

Brwy € Zwyy1 + -+ - + Zaw,.

We can find nonzero modular forms A, & € L[fry1,- .., fr] such that
wt(Ag) — Wt (&) = Brwg. For every 1 < k <r — 1, the function fkf,’f’“/)\k is
a quotient of two symmetric modular forms of the same weight on §; hence
there exist polynomials Py, Qx € L[J1,. .., J,11] such that

GfF Pty dngn)

)\k Qk(jla"':j?ﬂrl)'

We define the symmetric geometric complexity of ji, ..., jny1 relative to
the choice of fi, Ag, ¥, Py, Qr to be the positive rational number given by,
either
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14+ max —Wt(gk) max deg ()
1<k<r—1 Bpwy ) 1<k<r—1 Brwg + wt(&g)

if the following conditions are satisfied: for every 1 < k <r — 1, the
modular forms A, and &, are powers of f,. and f,_; respectively (in
particular &1 = 1), and Q) = 1; or

T

k =1

otherwise.

Note that formula 1, when it applies, yields a smaller result than formula 2.

We define the symmetric geometric complexity of the chosen coordi-
nates ji, ..., jnt1, denoted by SGC(jy, ..., Jnt1), to be the infimum of this
quantity over all possible choices of modular forms fi, A\, & and polyno-
mials Py, Q.

Given definition 5.1.4, explicit upper bounds on the geometric complex-
ity are easy to obtain if a generating set of modular forms is known. Note
that the symmetric geometric complexity is invariant under permutations
of the invariants 7y, ..., Jn11, in contrast with their geometric complexity to
be defined in the next section, which takes into account the fact that 7,14
is considered differently in eq. (5.1).

Proposition 5.1.5. Let f, g be symmetric modular forms on S of weight w
such that g # 0. Then there ezist polynomials P, Q € L[Ji,..., Joi1] of
degree at most SGC(j1, ..., jnt1)w such that

i _ P(j17"'7jn+1)
g Q(jh‘"ajn-‘rl)

Proof. We keep the notation used in definition 5.1.4, and choose gener-
ators f for 1 < k < r, modular forms A, & for 1 < k& < r — 1, and
polynomials Py, Qr € L[J1,...,Jp41] for 1 < k < r —1. Let C be the
symmetric geometric complexity of ji, ..., 7,11 relative to this choice.

Let f, g be as in the proposition. Then f and g can be expressed as a
sum of monomial terms of the form

T
cfr ... for with ¢ € L and Zakwk:w'
k=1
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We give algorithms to rewrite the fraction P/Q) = f/g (currently a rational
fraction in terms of the modular forms f;) as a fraction in the invari-
ants ji, ..., jns1, and bound the total degree of the output.

Case 1 of definition 5.1.4. We assume that )\, and &, are powers of f,
and f,._1 respectively for every 1 < k < r—1. In this case, for each k < r—2,
the integer (35 can be seen as the order of wy, in the group Z/(Zw, 1+ Zw,).

We can write
r—2

w = Z spwg  (mod Zw,_q + Zw,)
k=1
for some integers 0 < s; < [, and this determines the integers s; uniquely
(if such a linear combination vanishes, considering the smallest nonzero sy,
yields a contradiction) Then each monomial appearing in P and () is
divisible by f;t--- fr57. After simplifying by this common factor, we can
assume that the common weight w of P and @) satisfies w € Zw,_1 + Zw,.
Then, for each 1 < k < r — 2, the exponent of f; in each monomial of P
and @ is divisible by f. For convenience, write

wt(&k)
a = max .
1<k<r—1 [pwy

In order to rewrite P/@) in terms of invariants, we proceed as follows.
1. Multiply P and @ by f,_; Law/ wt(fr—1)]

2. For each 1 < k < r — 2, replace each occurence of f,f’“ by AP/
in P and Q.

3. Let 0 < s,_1 < (B,_1 be such that w = s,_jw,_1 mod w,, and divide P
and Q by f7".

4. Replace each occurence of fﬂ "' by A1 P71 in P and Q.
5. Finally, divide P and @ by frw*Srflwrﬂ)/wr.

This algorithm runs independently on each monomial of P and Q.
Let M = c[[,_, fu*, with ¢ € L, be such a monomial after step 1. Let us
show that the exponent of f,._; in M remains nonnegative after step 2. In
this step, we introduce a denominator given by

wt(Ep)og

r—2
gak/ﬁk _ Wt(fr 1)BE
& .
k=1

We have ) )
— wt(& ak TZ QW aw
k—1 Wt( r— =1 Wt(frfl) N Wt(frfl)’
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hence
r—2

wt (&) oy, aw
< a,_ by step 1
;Wt fr 1 ﬁk \‘Wt(frl)J o ! Y P

because the left hand side is an integer. Therefore, at the end of step 2, M
belongs to the polynomial ring L[Jy, ..., Jpi1][fr—1, fr]. Therefore we have
M e LlJy, ..., Jolf77", f] after step 3, and finally M € LLJy, ..., Joii]
after step 5.

It remains to bound the total degree of M after step 5. To do this, we
consider the total weight of M in fi,..., f,_1. Foreach 1 <k <r —1, the
modular form )\, is a power of f,.; hence replacing f,f * by \pPr/& in steps 2
or 4 reduces this weight by Srwy + wt(&), and increases the total degree
of M in Jy,..., 41 by at most deg(Fy). At the beginning of step 2, the
total weight of M in fi,..., f,—1 is at most (1 + a)w. Therefore the total
degree of M in Ji,...,J,11 at the end of the algorithm is bounded above
by

deg(F%)
(14 ajw 1R Brwy + deg(&x) =Cw

which is the desired result.

Case 2 of definition 5.1.4. In the general case, we perform replacements
and simplifications in a sequential way. We start by defining integers zy, d,
for 0 < k <r—1and s, a for 1 <k <r—1 by induction as follows:

e 2y =w and dy = 0;

e For each 1 <k < r, the integer 0 < s < [ is defined by the relation

Z—1 — SpWi (HlOd Z’LU].C_H + -+ Zwr);

T {Zk Jforeach1<k<r—1
Brwy,

® 2 = 21 — spwy + ap wt(§y) for each 1 <k <7 —1;

o di = dy_1 + apmax{deg(Py),deg(Qx)} for each 1 < k <r —1.

In order to rewrite P/Q in terms of invariants, we proceed as follows.
For k=1 up tor — 1, do:
1. Divide P and @ by f*;
e B

2. Replace each occurence of fk’“ by —— 6.0 in P and Q;
k

3. Multiply P and @ by §*Q*.
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Finally, simplify the remaining occurences of f.. We prove the following
statement (%), by induction for every 1 < k < r:

At the beginning of the k-th loop, the polynomials P and () are elements
of weight zx_y in the ring L{Jy, ..., Jus1][fes .-, fr], with total degree at
most dx_1 in Jy, ..., Jui1, such that

i _ P(j17"'7jn+1)
g Q(jl)"'ajn-‘rl)

The statement (%), is true by definition of zy and dy; assume that (%)
is true. Then we see, in order, that during the k-th loop:

® 21 €Y ., Zw;, hence sy is well defined.

e In each monomial of P and @, the exponent of f; is of the form
af+ sy, for some integer a < a. Therefore step 1 is an exact division,
and after step 2 there are no more occurences of fj in P or Q).

e After step 3, P and @ are elements of L[J, ..., Jo1][fet1,- -, fr] of
weight

Zk_1 — SpWg + ay Wt(fk) = Zk-

It remains to show that the degree of P, Q) in Ji,..., J,41 is bounded
by di after step 3. This comes from the following observation: during the
k-th loop, we only multiply the polynomials in Ji, ..., J,; already present
by P,?QZ’“_I’ for some 0 < b < ay. This proves (), for all 1 <k <r.

At the end of the algorithm, all the occurences of f, disappear. There-
fore we obtain polynomials P, ) with total degree at most d,._; such that

i _ P(j17"'7jn+1)
g Q(jh‘"ajn-‘rl)

By induction, we obtain

and

dy—y < i ( ad max{deg(Py), deg(Qx)} 1:[ (1 + M)) =Cw. O

Brwg, _ Brw
=1
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5.1.3 Degree bounds in canonical form

Recall that the modular function j,,; satisfies eq. (5.1) on S: we
have E(j1,...,Jns1) = 0 where

E=Y Ei(Ji,....Jn) JFy € LI, ..., Joui]
k=0

has degree e in J,, 1 and is irreducible. Let dg denote the total degree of £
in the variables Ji, ..., J,.

In this section, we work in the ring L(Jy,. .., J,)[Jns1] modulo E. We
say that a fraction R € L(Ji,...,J,41) is in canonical form if R is a
polynomial in J,,; of degree at most e — 1.

Proposition 5.1.6. Let P, Q € L[Ji,..., Joi1] be polynomials with total
degree at most d, and assume that Q(j1, ..., Jns1) is not identically zero.
Let R € L(Ji,...,Jn)[Jns1] be the fraction in canonical form such that
P/QQ = R mod E. Then the total degree of R in Jy,...,J, is bounded
above by (e + 2dg)d.

Proof. In this proof, degrees and coefficients are taken with respect to the
variable J, 1 unless otherwise specified. First, we invert the denomina-
tor (). Consider the resultant

Z =Res;, ., (Q,E) € Llh,...,Jul,

which is nonzero by hypothesis. Let U, V' € Llji,. .., jnt1] be the associ-
ated Bézout coefficients, so that

Z=UQ+VE.

The inverse of @ modulo E is U/Z, hence P/Q) = UP/Z mod E.

Recall that Z (resp. @) has a polynomial expression of degree e (resp. de-
gree e — 1) in the coefficients of @), and degree deg(Q) in the coefficients
of E. Since the total degree of () is at most d, the total degrees of Z
and UP in Ji, ..., J, are bounded above by d(e + dg). The degree of UP
in J,,1 is at most d +e — 1.

Now, we reduce UP/Z modulo E to obtain a numerator of degree at
most e — 1 in J, ;1. We can decrease this degree by 1 by multiplying above
and below by E.(Jy,...,J,) and using the relation

e—1
E.Jgy ==Y EnJb, mod F.

k=0
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When doing so, the total degree in Ji,...,J, increases by at most dg.
This operation is done at most d times; the result has total degree at
most (e + 2dg)d in Jy,...,J, and e — 1 in J, 1. O

Definition 5.1.7. The geometric complexity of the invariants ji, ..., jni1
is defined as

GC(j1, -+ dny1) = (e +2dg) SGC(j1, - - -, Juy1) + € — 1.
This quantity depends on the choice of j,.; as a distinguished invariant.

Proposition 5.1.8. Let f and g be symmetric modular forms on S of
weight w, and assume that g # 0. Let R € L(Jy,...,Jn)[Jnt1] be the
rational fraction in canonical form such that

/ . .
5 = R(]la S >]n+1)-

Then the degree of R in Jy, ..., Joi1 is bounded above by GC(j1, ..., jotr1)w.

Proof. Combine propositions 5.1.5 and 5.1.6. m

We are ready to prove the first part of theorem 5.0.1 on degree bounds
for modular equations, with an explicit expression for the constant Cf.

Theorem 5.1.9. Let Hs be an absolutely irreducible Hecke correspondence
on S x T defined by 6 € G(Ay), and let d(0) be the degree of Hs. For
each 1 < i <n+41, let x; be a denominator of the modular function j; as
in§5.1.1. Let F € L(J1,...,Jn)|[Jns1] be a coefficient of one of the modular
equations Vs, for 1 < m < n+ 1. Then the total degree of I is bounded
above by C d(9), where C' is a constant independent of §; more precisely we

can take C = GC(j1,. .., Jnp1) (#X) vy wt(x:)-

Proof. Let g5, be the modular form on S defined in §5.1.1. By propo-
sition 5.1.2, the modular function F(ji,...,jns1) is of the form f/gsm,
where f is a modular form on S of weight wt(gs,,). By lemma 5.1.1, we

have
m

Wt(gsm) = (#) d(0) 3 wt(x:),

=1

so the result follows from proposition 5.1.8. O
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5.1.4 Complete denominators in dimension 2

In the case of Siegel modular equations for abelian surfaces, and Hilbert
modular equations for the real quadratic field F' = @(\/5), it is possible
to refine the choice of denominator g;,, in such a way that the coefficients
of gsm¥sm are defined over Z, i.e. have integral Fourier coefficients. This
refinement is not necessary to obtain explicit degree bounds for these mod-
ular equations (see §5.1.5), but will be useful in the evaluation algorithm
of chapter 6.

Recall from §2.4.4 that for each prime /¢, the Siegel modular equations
of level £ are denoted by Wy, € Q(J1, J2, J3)[Y] for 1 < k < 3. Similarly,
for each totally positive prime § € Zp, the Hilbert modular equations of
level 8 in Gundlach invariants are denoted by Vg1, V5o € Q(Jy, J2)[Y]. In
both cases, the underlying moduli space S is rational.

The Siegel case. We call a polynomial D, € Z[J;, Jo, J5] a complete
denominator of the Siegel modular equations Wy, if for each 1 < £k < 3, we
have

Dg\I/&k € Z[Jl, Jo, J3, Y]

Our goal is to construct a complete denominator for the Siegel modular
equations, given by an analytic formula. Let C, be a set of representatives
for the quotient T'(¢)\ Sp,(Z), the congruence subgroup I'’(¢) being defined
by eq. (3.1). For every 7 € Hy, we define

ge(r) = 1] det(n™r)*h3s ().

neCy

One can check that the function g, is independent of the choice of Cy, and
is a Siegel modular form of weight

wp = 20002 + 2+ 0 +1).

Under the correspondence of §2.3.2, the Siegel modular form g, is the clas-
sical analogue of the modular form gs,, for m = 2 or m = 3 defined in
proposition 5.1.3, if we choose the modular forms hyg, h%,, h3, as denomi-
nators for the Igusa invariants ji, js, j3 respectively. ’

For every 7 € Hy and 0 < ¢ < €3 4+ (2 + ¢ + 1, we define fe(l,z(T) as
the coefficient of Y in the polynomial g,(7)W;(j1(7), j2(7), j3(7)) € C[Y].
The functions fz(l,z are holomorphic on Hy, and also are Siegel modular
forms of weight w, by proposition 5.1.3.

Proposition 5.1.10. The modular forms g, and fg(llz are defined over 7.
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Proof. Both the Hecke correspondence and the modular form hiq are de-
fined over Q, therefore the modular form g, is defined over Q as well. This
is also the case of the modular forms fg(f,z, because the coefficients of Siegel
modular equations are defined over Q as modular functions. Therefore we
only have to show that their Fourier coefficients are algebraic integers.

Let f be a Siegel modular form on Hs of weight k& defined over Z, and
let n € Cy. We claim that the function

h(r) = det(n )" f(3n7)

has a Fourier expansion in terms of exp(2miz;(7)/¢?) for 1 < j < 3, where

we write
_ (=) z(7)
T = )
z3(7)  22(T)
with coefficients in the ring Zlexp(2mi/¢?)]. This claim implies proposi-
tion 5.1.10 because g, and fe(f,z are polynomials in such functions.
In order to compute the Fourier expansion of h(7), we compute a matrix
n' € Spy(Z) such that the transformation 7 — n(3n7) leaves the cusp at

infinity “invariant”. More precisely, writing 4 x 4 matrices in 2 x 2 blocks,
we require that

rnfa b A, B a b
7 (ec w) - (077 DZ)’ where 1 = (c d)'

To compute n't, we proceed as follows. Denote by (-,-) the standard al-
ternating form (_012 102) on Q*. Let ui,us € Z* be the two columns of the
4 x 2 matrix (_(fc). Then (uy,us) = 0, hence u; and uy are contained in
an isotropic subspace V' C Q* of dimension 2. The two last lines of n® are
given by a basis of Z* NV, and we complete them into a symplectic basis
of Z* to obtain n%.

A possible choice of Cy consists of the £3 + ¢2 + ¢ + 1 following matrices
[Dup06, Prop. 10.1]:

e Ti(a,b,c)= (’OIQ %;) for a,b,c € 0,0 — 1],

—42

0 —Iy
e Tr(a,b,c) = (12 —a b ) for a,b,c € [0,¢ — 1] such that ac = b? mod ¢,

[y

0
o T3(a) = ( ‘f(l)) for a € [0,¢ — 1], and
0

cool

| —OO
—

[ ]
=
I
VRS

»—t)|_l>—u~
OO
oO~=OO
N———
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Let us detail a possible choice of nf for all these matrices.

o If n="Ti(a,b,c), we take

nf =1, D,=—ll, detD, =/
o If n =Ts(a,b,c), we take

nR:(_O[Q {)2) D, =1, detD,=1.

o If n =T, we take

R (3
_ [ o
n= ¢ ¢

1

=

Then we have

h(r) = det(n*r) ™" det (UR*<%T]T))_kf(<AnT + Bn)D;I)
= (*det(D,) " f(Ay + By)D; ).

We develop f((A,7 + B,)D; ') using the Fourier expansion of f, and ob-
tain an expansion with coefficients in Z[exp(27i/¢?)] in terms of the quan-
tities exp(2miz;(7)/¢?) for 1 < j < 3. Moreover det(D,) "(** € Z. O

The computations in the proof of proposition 5.1.10 show that g, is
divisible by 202+ hut we do not need this fact. We finally define

wZ/G

Dy(r) =12 ———— hl[) H det(n*7)"*h3, (407), (5.2)
nec,

where a, b are such that 4|w,/6] + w, = 10a 4+ 4b with 0 < b < 4.

Proposition 5.1.11. D, € Z[Jl, Ja, Jg], and Dg‘l’&k c Z[Jl, Jo, Jg,Y] for
each 1 < k < 3.
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Proof. By propositions 2.3.7 and 5.1.10, we know that
12% gy € Zlhy, hg, hio, hio), and 12 £} € Zlhy, he, hyo, hs] for all k, .
Moreover, using the equalities

hahe = jihio,  hihis = johlo,  hi = jshi,

one can show (following the proof of proposition 5.1.5) that for every mod-
ular form f € Z[hy, hg, h1o, h12] of weight k, we have

P
€ Zljr. jr. i
h‘fohg []17]2 j3]
where a, b are such that 4|k/6] + k = 10a 4+ 4b and 0 < b < 4. O

The Hilbert case. Fix F' = Q(+/5), and let 3 € Z be a totally positive
prime. We call Dg € Z[Jy, Jo] a complete denominator of the Hilbert
modular polynomials Vg, if for each 1 < k < 2, we have

DB\D,B,I@ € Z[Jl, Jo, Y]

We construct a complete denominator given by an analytic formula, as in
the Siegel case.
Recall that the subgroup I'°(3) of ['(1)r = SL(Zr @ 03") is defined by

Tr(B) ={(24) € T(1)p: b=0mod B}.

Let A =5 be the discriminant of F', and write £ = Np/g(5). A set Cy of
representatives for the quotient T'°(3)\I'(1)r consists of the £+ 1 following
matrices:

(—1/0\/Z \/OZ) and ((1) a@) for a € 0,0 — 1],

Let o denote the real conjugation automorphism in F'; it induces an auto-
morphism of H? given by o((7i,72)) = (72, 71). A set of representatives for
the quotient I°(8)\(T'(1)r x (o)) is given by C§ := Cs LI Cso.

For every 7 € H3, we define

g95(7) = [[ )" Fao($n7).

nGCg
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We can show that gg is independent of the choice of Cg, and that g3 is a
symmetric Hilbert modular form of weight

wg = 10(20 + 2).

As in the Siegel case, the Hilbert modular form gg is the classical analogue of
the modular form g5, for m = 1 or m = 2 defined in proposition 5.1.3, if we
choose Iy as the denominator of Gundlach invariants; this choice is valid by
proposition 2.3.16. For every 0 < i < 2/4+2and 1 < k < 2, we define f/g?ﬁ(ﬂ
as the coefficient of Y in the polynomial gg(7)¥sx(g1(7), g2(7)) € C[Y].
It is also a symmetric Hilbert modular form of weight wg.

Proposition 5.1.12. The modular forms gg and f/gzzc are defined over Z.

Proof. As above, both the Hecke correspondence and Fj are defined over Q,
hence gz is defined over Q. This is also the case of the modular forms f[%
because the coefficients of Hilbert modular equations are defined over QQ as
modular functions.

As in proposition 5.1.10, it is enough to show the following: if f is a
Hilbert modular form of weight & and n € C, then the function

h(r) = (1)~ f(Gnr)

on H? has an expansion in terms of the quantities exp(2mi(nm + n7)/f),
where n runs through totally positive elements of Zp, with coefficients in
the ring Z[exp(27i/¢)]. The computations are easier than in the Siegel case
due to the simpler form of coset representatives:

o Ifn= <71/0\/Z \/OZ>, then we make 7 act again, and we have
(n*r) " f(gnr) = LF(B).

o Ifn= ((1) a\{Z ), then we directly have

() Ff(3n) = (50t + (aVA, —aV/D)).

Therefore the Fourier expansion of h has integer coefficients. m
For every 7 € H?, we define
Go (T)Qsza/6J 10
D =2 = * Fio(t 5.3
B(T) Fl()(T)aGQ(T)b H (77 T) 10(ﬁ7]7—)7 ( )

nECg

where a, b are such that 2|wg/6] + ws = 10a + 2b with 0 < b < 4.
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Proposition 5.1.13. Let F = Q(v/5), let B € Zp be a totally positive
prime, and define Dg as in eq. (5.3). Then Dg is a complete denominator
of the Hilbert modular equations of level B in Gundlach invariants.

Proof. By propositions 2.3.15 and 5.1.12, we know that
293 gs € Z[Ga, Fo, Fro), and 27 f{) € Z[Ga, Fy, Fyo) for all k,i.
Moreover, using the equalities
G3Fs = g2Fo, G5 = g1Fyo,

one can show (following the proof of proposition 5.1.5) that for every mod-
ular form f € Z[Gs, Fg, Fio] of weight k, we have

Gglk/GJf
I g,
rc © P
where a, b are such that 4|k/6] + k = 10a 4+ 2b and 0 < b < 4. O

In the case of Hilbert modular equations in Igusa invariants for a general
real quadratic field F', we are not able to determine a complete denomi-
nator, because the structure of the ring of Hilbert modular forms defined
over Z is not known a priori.

5.1.5 Explicit degree bounds in dimension 2

Our methods provide new results about the degrees of the coefficients
of modular equations of Siegel and Hilbert type for abelian surfaces. In the
Hilbert case, we restrict to the quadratic field F' = Q(+/5), and we consider
modular equations in Gundlach invariants.

In both cases, the variety S is a rational. We can choose j,.1 = 1, and
take F = J,11 — 1 as the equation satisfied by j,+1 on §. Then the notions
of geometric complexity and symmetric geometric complexity coincide.

Lemma 5.1.14. Let jq,j2,j3 denote the Igusa invariants on the Siegel
threefold Spy(Z)\Ha, as defined in §2.3.2. Then we have

S 1
GC(]17j27j37 1) S 6

Proof. By theorem 2.3.5, the graded ring of Siegel modular forms is gener-
ated by

flzfé, fo="To, fs=1;, and f4= 1.
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We are in case 1 of definition 5.1.7, since

Iily . Lol Lo
[10 J1, [120 J2, an [120 J3
The definition gives
2 1 1
SGC(J1,72,73, ) < [14+ =) - — = —. n

Proposition 5.1.15. Let ¢ be a prime number, and let ¥y, for1 <m <3
denote the Siegel modular equations of level 0. Let F' € Q(Jy, J2, J3) be a
coefficient of W1 (resp. Yoo or Vy3). Then the total degree of F' is bounded
above by 5d(€)/3 (resp. 10d(¢)/3), where d({) = 03 + (> +{ + 1.

Proof. The integer d(¢) is the degree of the Hecke correspondence. The
denominators of ji, js, j3 can be taken to be the Siegel modular forms Ay,
h,, and h%,. Let gy, for 1 < m < 3 be the common denominators of the
modular equations W,,, as in proposition 5.1.3, so that g;o = g3 = ng
and wt(ge1) = 10 d(¢). The modular form g,» corresponds to the classical
modular form g, studied in §5.1.4.

Let F' be a coefficient of W,y (resp. Vs or Wy3). Then F(ji1,j2,J3)
is the quotient of two modular forms of degree 10 d(¢) (resp. 20d({))
on S, by proposition 5.1.3. Therefore the result follows from lemma 5.1.14
and proposition 5.1.8. O]

Lemma 5.1.16. Let F = Q(\/5), and let g1, g, denote the Gundlach in-
variants on the Hilbert surface SL(Zp®0:")\H2, as defined in §2.3.4. Then
we have

1
GC(gla 92, 1) S 6

Proof. Choose Fg, Fy, Fig as generators for the graded ring of Hilbert
modular forms for F'. We have

FsF3 F
Fiq g2 an Fio g1
We are in case 1 of definition 5.1.7, and
2 1 1
GC H<(l4+=) —=-. O
(91, 92 )—( +3) 106

Proposition 5.1.17. Let F' = Q(\/g), let B € Zr be a totally positive
prime, and let Vg, for m € {1,2} denote the Hilbert modular equations of
level B in Gundlach invariants. Let F' € Q(Jy, J2) be a coefficient of Wz,
or Wgo. Then the total degree of F is bounded above by 10 d(53)/3, where

d(B) = Nrjo(B) + 1.
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Proof. The integer d(f3) is the degree of the Hecke correspondence, and the
automorphism group ¥ used to define the Hilbert modular equations has or-
der 2. We can take the modular Fj, as denominator of both ¢g; and g,. The
common denominator gg; = g2 from proposition 5.1.3 has weight 20 d(/5);
it corresponds to the classical Hilbert modular form gs studied in §5.1.4.
The result follows from lemma 5.1.14 and proposition 5.1.8. O

The degree bounds in propositions 5.1.15 and 5.1.17 are both reached
experimentally. In the Siegel case with ¢ = 2, the maximum degree is 25; in
the Hilbert case with Np/g(5) = 41, the maximum degree is 140 [Mil]. In
particular, the inequalities in lemmas 5.1.14 and 5.1.16 are in fact equalities.

5.2 Height bounds for modular equations

We keep the notation introduced at the beginning of chapter 5. We also
write S = I'\ X, where I" is a subgroup of G(Q),. As we mentioned above,
there are two main steps in the proof of height bounds in theorem 5.0.1:
first, we study the heights of evaluations of modular equations; then we
apply the results of chapter 4 to obtain height bounds on their coefficients.

5.2.1 Heights of abelian varieties

Different types of heights can be defined for an abelian variety A over a
number field L. The Faltings height hr(A) is defined in [Fal83, §3| in terms
of Arakelov degrees of metrized line bundles on A. If A is given a principal
polarization £, and r > 2 is an even integer, we can also define the theta
height of level r of (A, L), denoted by he, (A, L), as the projective height
of level r theta constants of (A, £) [Pazl2, Def. 2.6]. Finally, if A is an
abelian variety with PEL structure over L given by a point z € & where
Jis- -+, Jne1 are well defined, we can define the j-height of A as

hJ(A> - h(]l(A>7 s 7jn+1(A))'

We also write hp(A) = max{1, hp(A)} and define h, he., h; similarly.

The goal of this section is to relate the j-heights of isogenous abelian
varieties, under mild conditions related to the geometry of the moduli space.
Such a relation is known for instance in the case of elliptic curves, taking
the usual j-invariant as coordinate [Paz19, Thm. 1.1]. To this end, we
relate the j-height with the Faltings height, since the latter behaves well
with respect to isogenies. Theta heights are an intermediate step between
concrete values of invariants and the Faltings height. More precisely, we
use the two following results.
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Proposition 5.2.1. Let A, A’ be abelian varieties over Q, and assume that
an isogeny p: A — A’ exists. Then

|hp(A) = hp(A')| < §log(deg ).
Proof. This is a consequence of [Fal83, Lem. 5]. O

Theorem 5.2.2 (|Paz12, Cor. 1.3|). For every g > 1, and every evenr > 2,
there exists a constant C(g,r) such that the following holds. Let (A, L) be
a principally polarized abelian variety of dimension g defined over Q. Then

’EQT(A, L) — EF(A)} < C(g,r) log(min{ﬁF(A),E@,r(A,E)} + 2).

1
2
We can take

C(g,r) = 10007 log®(r*).

5.2.2 Relating the j-height and the Faltings height

Using theorem 5.2.2, we can prove that the j-height and the Faltings
height of a generic abelian variety with PEL structure are related.

Proposition 5.2.3. There exists a nonzero polynomial P € L[Y1,...Y,11]
and a positive constant C' such that the following holds: if A is the abelian
variety with PEL structure associated with a point z € S where ji, ..., jny1

are well defined and P(j1,...,jn+1) # 0, and if A is defined over Q, then

Proof. By [Mil05, Thm. 5.17|, we can write S = I"\ X, where [ is a con-
gruence subgroup of G, Since G4 C ker(det), it embeds into GSp,,(Q),
where 2¢g = dimg V. Therefore, by [Mil05, Thm. 5.16], we can find a con-
gruence subgroup I' of G and an even integer 7 > 4 such that T\ X,
embeds in the moduli space Ag, of principally polarized abelian varieties
of dimension g with level r theta structure. We have a diagram

g - f\X+

p’/ % (5.4)

S — F/\X+ Sl/ — I‘//\X+ (;> A@J‘

where I' = I N I”". The maps p’ and p” are finite coverings, and all the
varieties and maps in this diagram are defined over Q.
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The modular interpretation of diagram (5.4) is the following. Let (A, 1))
be the standard polarized lattice associated with the connected compo-
nent S, as in proposition 2.2.8. We can find a sublattice A” C A, and
A € Q* such that (A", M) is principally polarized. A point z € S defines
a complex structure z on A ® R = V(R), up to action of I". Lifting z to
zesS corresponds to considering x up to action of r only, and this group
leaves A" and its level r theta structure stable. Then the image of Z'in Ag
is given by (A" z, \).

In particular, if Z € S, and if A and A” are the abelian varieties corre-
sponding to the points p'(z) € S and ¢ 0 p"(Z) € Ag, respectively, then A
and A” are linked by an isogeny of degree d = #(A/A”). Hence, by propo-
sition 5.2.1 and theorem 5.2.2, we have

|hp(A) —2he, (A")]

< _logQ(d) + C(g,7)log (min{ﬁp(A),E@,r(A”)} +2+3 10g(d>>

< Crmin{hp(A), ho,(A")}
with Cr = (2 + log(d))C(g,r). Therefore

1+CFr—

hr(A) < (24 Cr)ho,(A”) and  he,(A”) < hp(A).  (5.5)

Now we relate the theta height and the j-height using relations between
modular functions; the genericity hypothesis encoded in the polynomial P
appears in this step. Denote by 6, ..., 0 the theta constants of level r.
They define a projective embedding of Ag ., therefore the pullbacks of the
modular functions 60;/6y,...,0/0y generate the function field of S”. By
definition, ji, ..., jn1 are coordinates on S. To ease notation, we identify
all these functions with their pullbacks to S.

By the primitive element theorem, there exists a function f on S such
that both of the tuples (j1,. .., jnt1, f) and (01/0o, ..., 0k/0y, f) are gener-

ating families for the function field of S over Q. We choose polynomials
PJE@[Yla"'aYn—i-le] and P@E@[Yi77yk7X]

such that Pj(j1,...,Jns1,X) and Pg(61/60,...,0k/00, X) are (non neces-

sarily monic) minimal polynomials of f over the function fields of S and S”

respectively. We also choose polynomials N,;, D;; € Q[Y1,. .., Yk, X]

for 1 < i <n+1, and Ng;,De; € Q[Y1,....Y, 41, X] for 1 < i < k
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such that the following equalities hold on S:

Ny,
ji = DJv (01/60, . ..,0i/00, f) for each 1 <i<n+1, and
Jyi
Neoji . . .
0;/00 = —=(j1, - Jns1, f) for each 1 <14 < k.

Do ;

Let F be the smallest Zariski closed subset of S such that outside F , the
following properties are all statisfied:

e all the functions f, j; for 1 <i <n+1and 6;/6y for 1 <i < k are
well defined;

e the polynomials Ps(j1,...,Jns1,X) and Pg(61/00,...,0k/0y, X) do
not vanish;

o All of the quantities Dy;(01/6p,...,0x/00, f) for 1 < i < mn+ 1 and
Do i(J1s- - Jnt1, f) for 1 <i <k do not vanish.

Then F has codimension 1 in S, hence U = S\p/(F) is open dense in S. Let
P e L[Yy,...,Y,.1] be a polynomial such that {P(j1,...,jns1) # 0} CU.

Let 2 € S be a point where ji, . . ., jn41 are well defined, take values in Q,
and satisfy P(ji,...,jnt1) # 0. We look at the diagram (5.4), from left to
right. Lift z to a point z € g; by construction, z ¢ F. By propositions 4.3.1
and 4.3.3, we have

E(j1<g)7 s 7jn+1(z)7 f(g)) < CE(Lh(Z)? s ,jn+1(2)) (56)

with C' = h(Py) + (n+ 1)log(d; + 1) + d; + 1, where d; denotes the total
degree of P; in Y;...,Y, 1. Writing 2" = p”(%2), we also have for every
1<i<k,

h(0:/00(2)) < Ch(j1(Z), -, dnn1(2), F(2)) (5.7)

with C' = h(Ne,;) + h(De;) + (n+ 2) (log(deg(Ne,) + 1) + log(deg(De ;) +
1)) + deg(Ne,;) + deg(De,;). Combining (5.6) and (5.7), we obtain

O

z(g—;w), . 9—0<z">) < Coh(ii(2). - dun (2)

where the constant Cg has an explicit expression in terms of the heigts and
degrees of the polynomials Py and Ng;, De; for 1 < ¢ < k. Therefore, if A

and A” denote the abelian varieties associated with z and z” respectively,
we have

he,(A") < Co hy(A),
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hence by (5.5)
hp(A) < (2+ Cp)Co hj(A).

Going through the diagram (5.4) from right to left gives the reverse in-
equality

— 1+ Cp)Cy -

hi(A) < % hp(A)
where C'; is defined in a similar way to Cg in terms of the polynomials Pg
and Ny;, Dy, for 1 <i:<n+1. O

Assume that the integers r and d, the modular function f, and the poly-
nomials Py, Po,Nji, Dj;, Ne;, De,; can be explicitly determined. Then
both the polynomial P and the constant C' in proposition 5.2.3 can be
determined explicitly as well. We will do this computation in a slightly dif-
ferent way in §5.2.5 in the case of Igusa invariants on the Siegel threefold.

In the sequel, we define U to be the Zariski open set in & where
J1y- -+, Jne1 are well defined and P(jy, ..., jni1) # 0.

Corollary 5.2.4. Let C be the constant from proposition 5.2.3, let z and 2’
be points of U, and let A and A’ be the abelian varieties with PEL structure
associated with z and z'. Assume that A and A" are defined over Q, and
are linked by an isogeny of degree €. Then

By(A) < C2(h;(4) + log ).
Proof. Combine propositions 5.2.1 and 5.2.3. n

Remark 5.2.5. We can presumably do better than corollary 5.2.4. For
instance, when studying j-invariants of isogenous elliptic curves, one can
prove that | h(j(E)) — h(j(E"))| is bounded by logarithmic terms [Paz19,
Thm. 1.1]. This is also the kind of bound provided by theorem 5.2.2. The
rough estimate in corollary 5.2.4 is sufficient for our purposes, but has the
drawback that the constants we derive from it are very pessimistic.

5.2.3 Heights of evaluated modular equations

Let U (resp. U') be an open subset of S (resp. T) where a relation
bewteen the j-height and the Faltings height holds, as in proposition 5.2.3.
Define Us C S to be the Zariski open set of all points [z, g] € S such that
[z, g] € U, and moreover the images of [x, g] under the (symmetrized) Hecke
correspondence Hy all lie in U”: in other words [o(x), o(gkd)] € U’ for every
(k,0) € Ko/Kp41, in the notation of §2.4.3. Finally, we define V5 C L™ to
be the Zariski open set of all points (ji,...,J,) where the equation (5.1)
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given by E(j1, ..., Jn, Jnr1) = 0 has e distinct roots and the following prop-
erty holds: if j,,41 is a root of (5.1), then (ji, ..., jn+1) are the invariants of
some point z € Us. In particular, the modular equations ¥s,, do not have
poles on V.

Lemma 5.2.6. There exist a constant C' independent of §, and a nonzero
polynomial Ps € L[Jy,...,J,] of total degree at most Cd(d) such that

{P5<j17‘-'7jn) 7é 0} C Vs.

Proof. Let R be the the resultant of F and its derivative with respect
to Juy1. If R does not vanish at (ji,...,7,) € L", then the polynomial
E(j1, -+ Jn, Ins1) € L[Jns1] has e distinct roots.

Similarly, there exists a nonzero polynomial @ € L[Ji,..., J,+1] such
that every tuple (ji, ..., jns1) € L™ that satisfies eq. (5.1) and such that
Q(J1y- -+, Jnr1) # 0 lies in the image of S. Let R’ be the resultant of @
and E with respect to J,41. If R’ does not vanish at (ji,...,7j,), then
for every root j,i1 of E(j1,. .., Jn, Jnt1), the tuple (j1,. .., jns1) lies in the
image of S.

Let A, M be symmetric modular forms on S and T respectively, defined
over L, such that {A # 0} C U and {N # 0} C U’. These modular forms

can be chosen independently of §. As in §5.1.1, we construct the modular

form
N=x I %
'yEK()/K’
where A5 is the modular form [z, g] — N ([z, gd]) of level K’. The modular
form \° is defined over L and has weight

wt(\°) = wt(A) + (#2) d(8) wt(N).

Modular forms realize a projective embedding of S by theorem 2.2.12;
therefore, possibly after increasing the weight by a constant independent
of §, we can find a symmetric modular form ¢ defined over L such that
wt(\?) = wt(£) and such that the divisors of A’ and ¢ have no common
codimension 1 components. By proposition 5.1.8, if we write

N S
?:ZRk(jl,...,jn)ij where Ry, € L(J1,. .., Jn),
k=0

then deg Ry < GC(j1, ..., jnp1) Wt(X?) for every 0 < k < e — 1. Taking
the resultant of > Ry J¥ , and E with respect to J,4; yields a rational
fraction R"” € L(.J1,...,J,) of degree at most

(e—1)dp +e max deg(Ry),
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where dg denotes the total degree of F in ji,...,j,. If R and R” are well
defined and do not vanish at (ji,...,J,), then for every root j,.; of (5.1),
the tuple (j1,...,jnr1) comes from a point z € Us.

We take Ps to be the product of R, R/, and the numerator of R”. The
polynomials R and R’ are independent of 0, and the degree of R” is bounded
above linearly in d(0). O

If degree bounds on equations defining & and U’ are explicitly known,
together with the polynomials E and (), then the proof of lemma 5.2.6
allows us to determine a valid constant C' explicitly.

Proposition 5.2.7. There exists a constant C, independent of 0, such that
the following holds. Let (j1,...,7n) € Vs, and let 1 <m < n+ 1. Then

W Vsm(j1, .-y dn)) < CdG) (A1, ..., jn) +logl(d)).

Proof. Let J be the set of roots of (5.1) at (j1,...,7,), and let j, 11 € J.
Let [z, g] be a point of S describing an abelian variety A with PEL structure
whose invariants are (ji,...,jn11). For every o € ¥, denote by A, the
abelian variety with PEL structure associated with the point [o(x), o (g)].

By corollary 2.4.2, for each v = (0, k) € Ko/ K,,, the point [o(z), o(gkd)]
describes an abelian variety A, which is linked to A, by an isogeny of de-
gree [(0(0)) = I(9). Therefore, by corollary 5.2.4, we have

E(’Y ’ j175([l‘,g]), TN jn-&-l,d([xvg])) < C(EOD SR 7jn+1) + 1Og l(5>)’

where the constant C' > 0 is independent of §. By definition 2.4.6, the
multivariate polynomial Vs, (1, .., jns Jnt1) € L[Y1, ..., Y] is the evalu-
ation of a certain multivariate polynomial at the values 7 - j; s([, g]), for
1 <i<mand~y € Ky/K;, each appearing with degree 1. The number of
such values is

Therefore, by proposition 4.3.1, we have

W(Wsm (i1, - - dns1)) < m(#5) d(0)log(2)
£ (#5) dO) (R . o) + 108 1(5))
< C"d(0) (h(jrs- - - dnra) +log U(6)),

where C' and C’ denote explicit constants independent of ¢. In order to
obtain Us,,(j1, ..., Jn), we interpolate a polynomial of degree e — 1 in j,, 44
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where J is the set of interpolation points. By propositions 4.3.1 and 4.3.3,
we have

h(Jni1) < C’E(jl, ey dn) for every j,.1 € J,

where C' is another constant independent on §. The result follows by ap-
plying proposition 4.1.1 with N = d + 1; recall that log d(6) = O(log [(9))
by proposition 2.4.4. O

The proof of proposition 5.2.7 provides an explicit value of C' if the
constant from corollary 5.2.4 is known.

5.2.4 Heights of coefficients of modular equations

We are ready to prove height bounds on modular equations (the second
part of theorem 5.0.1) using proposition 5.2.7 and the results on heights
of fractions given in chapter 4. From now on, we add subscripts to con-
stants: for instance Cf 5 3 denotes a constant larger than 1 such that propo-
sition 5.2.3 holds with this value of C'. Moreover, we denote by Ci, a
constant independent of ¢ such that log d(0) < Coe max{1,log{(d)}. We
can take Clog = (dim V))? +10g(C 44), where V' denotes the Q-vector space
defining the PEL datum.

Definition 5.2.8. We call an (n, Ny, Ny)-evaluation tree a rooted tree with
depth n, arity Ny at depths 0,...,n — 2, and arity N, at depth n — 1, such
that every vertex but the root is labeled by an element of Z and the sons
of every vertex are distinct.

Let T be an (n, N1, Ny)-evaluation tree, and let 1 < k < n. The k-th
evaluation set Ip,(T) of T is the set of points (yi,...,yx) € Z* such that y,
is a son of the root, and y;1 is a son of y; for every 1 < ¢ < k —1. We
say that T is bounded by M if the absolute value of every vertex in T is
bounded above by M. We say that T" has amplitude (Dq, Ds) if for every
vertex y of depth 0 < r < n — 2 (resp. depth n — 1) in 7', the sons of y
lie in an integer interval of amplitude at most D; (resp. Ds); by definition,
the amplitude of [A, B] is B — A.

Let T be an (n, Ny, Ny)-evaluation tree, let a = (aq,...,a,) € Z",
and let M > 1 be an integer. Let F' be a coefficient of WUs,, for some
1 <m < n+1, seen as a polynomial in the variables J,1,Y7,...,Y,, of
degree at most e — 1 in J,,41; hence F € L(Jy,...,J,). Write ' = P/Q in
irreducible form where P,Q € L(Jy,...,J,), and let d = deg(F'); assume
that d > 1. We say that T, a and M are valid evaluation data for F' if the
following conditions are satisfied:

1. T and a are bounded by M.
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2. We have M > 2Blog?(B + 1), where

B = 4031'905,2_7 d(5)4 max{1,log(d)}.

3. Nl = 2d and N2 2 M.
4. T has amplitude (4d,2M).
5. For every (y1,...,yn) € Z,(T), the point

(jla ce 7]71) = (ylyn +ai, . Yn—1Yn T Gn-1,Yn + an)

belongs to Vs.

6. For every (yi,...,Yn-1) € Z,—1(T), the polynomials P and @ evalu-
ated at (1Y +a1,...,yn 1Y +a,_1,Y + a,) are coprime in L[Y].

7. Qay,...,a,) #0.

Lemma 5.2.9. There exists a constant C', independent of 6, such that the
following holds. Let F' be a coefficient of Vs, of degree d > 1. Then there
exist valid evaluation data (T, a, M) for F' such that

C d(8)* max {1,1og’(1(6))} < M < C d(8)* max {1,1og>(1(6))} + 1
and M > 4d[L : Q]. We can take
C = max {Cy, Cy, C3}
where

C1 = 24C8 | 4 C55.7(4Chog + 10g(24C% | 4 C507) + 1),
CQ = 1405?19 + 505.2.67 and 03 = 4C519[L : Q]

Proof. Let M be as above. We check that condition 2 in the definition of
a valid evaluation tree is satisfied because C > C}.

We start by constructing the vector a. Note that M > 2d + 1. Since @)
is nonzero, and has degree at most d in Y;, we can find a; € Z such that
la;| < M and the polynomial Q(aq,Ys,...,Y,) is nonzero. Iterating, we
find @ = (a4, ...,a,) bounded by M such that Q(ay,...,a,) # 0.

We now build the evaluation tree T° down from the root. Let Ps be an
equation for the complement of Vs as in lemma 5.2.6, and define

R5 - P&(Ylyn + ay, ... aYn—lyn + an—layn + an)
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which is a nonzero polynomial of degree at most 2C55¢ d(J). Let R be the
resultant with respect to Y,, of the two polynomials

P(}/lyn + ag, ... 7Yn—1Yn + Ap—1, Yn + an)

and
Q(}/iyn + ay, ... 7Yn71Yn + ap—1, Yn + an)~

The polynomial R is nonzero and has degree at most 4d?.

We want to choose 2d values of y, lying in an interval with amplitude at
most 4d, such that neither Rs nor R vanishes when evaluated at Y; = y;
this nonvanishing condition excludes at most 4d* + 2C5.56 d(d) possible
values of y;. At least one of the intervals of the form [5kd, (5k + 4)d] for 0 <
k < 2d+ Cs526d(d)/d contains at least 2d valid choices of y;. Then |y;] is
always bounded above by 5(2d* + Cs96 d(d)) + 4d < M, because C' > Cy.

We iterate this procedure to construct 7" up to depth n — 1 with the
right arity, bound and amplitude, in such a way that the evaluations of Rs
and R are nonzero at every (y1,...,Yn-1) € Zo_1(T).

We conclude by constructing n-th level of T. Let (yi,...,y,_1) €
Z,1(T). Then, as before, at most 4d* + 2Cs596 d(5) < M values for y,
are forbidden as they make either Rs or R vanish. This leaves at least M
available values for y, in [—M, M].

For every tuple (yi,...,yn) € Z,(T), the fact that the polynomials R;

and R do not vanish at the point (y1, ..., y,) guarantees conditions 5 and 6
of definition 5.2.8 respectively. Finally, the inequality C' > ('3 ensures
that M > 4d[L : Q). [

Theorem 5.2.10. Let Hs be an absolutely irreducible Hecke correspondence
on S X T defined by an element 6 € G(Ay), and let d(5) be the degree of Hs.
Let F € L(Jy,...,J,) be a coefficient of one of the modular equations Vs,
for 1 < m < n+1. Then the height of F is bounded above by C d(J),
where C' is a constant independent of §; more precisely we can take

C=2""12Cs5,7(1+C")
+ 2C45.11C5.1.9(10g(4C5.1.9C5.2.7) + 2Cheg + 1 + C")
+4C5.1.9(10g(Cs.1.9) + Ciog)
+2C51.9(log(2) + C") + 210g(2C5.1.9) + 2),

where C" = 3 +10g(2C5 2.9) + 4Cog-

Proof. By lemma 5.2.9, we can find valid evaluation data (T, a, M) for F
such that the inequality M < Cs..9 d(0)* max {1,1og® [(§) } +1 holds. After
scaling P and @) by an element of L*, we can assume that Q (a4, ..., a,) = 1.
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Let (y1,...,Yn-1) € Z,—1(T), and write
F(Y)=FY +ai,...Yn 1Y +ap1,Y + an).
For every son ¥, of 4,1 in T, we have
h(y1yn + a1, Yn1Yn + an) < log((M 4+ 1)M) < 2log(M + 1).

Therefore, by proposition 5.2.7,

h(F(yn)) < Cs.27 d(6)(21log(M + 1) +log I(9))
< 2C55.7 d(6) (log(M + 1) + max{1,log {(6)}).

Denote this last quantity by H. We have H > 4 and H > log(2M). More-
over, in the notation of definition 5.2.8, the inequality M > 2Blog®(B+1)
ensures that

M

ol 7T > B 2 4 (1527 d(9) max{L1og 0)}).

Therefore M > d*H.

We are in position to apply proposition 4.5.11 for the univariate ra-
tional fraction F' on the interval [—M, M], with n = 2, using the sons
of (y1,...,Yn—1) in T as evaluation points. We obtain

< C"d(§)max{1,logl(d)},

where C’ is a constant independent of §. In order to obtain an explicit
expression for C’, we note that

log(M +1) < C"max {1,log1(d)} .
We check that we can take

C'=2C527(14C")
+2C4511C5.19(10g(4C5.1.9C5.2.7) + 2C1og + 1+ C”)
+ 05_1.9(10g(2) + C”) + 1Og(205_1.9) + 1.

In the second part of the proof, we relate the height of F with the height
of F'. The quotient

PpnY +a1,...,yn1Y +an_1,Y +ay)
QY +ar,...,yn1Y +ap_1,Y + ay)
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is a way to write F in irreducible form in L(Y), and has a coefficient equal

to 1. Therefore h(F') is the affine height of the coefficients appearing in the
quotient. Hence

h(P(yiYn+ a1, ..., Yn-1Yn + an_1,Yn + a,)) < C" d(6) max {1,log I(6)}

for every (y1,...,Yn-1) € Z,—1(P), and the same inequality holds for Q).
Since N; = 2d, we can interpolate successively the variables y, 1, ..., ¥y,
using proposition 4.4.3 with 2d evaluation points at each vertex of the
tree T'. Finally we obtain

h(F) < 2" (C" d(6) max{1,log I(6)} + 4dlog(4d) + dlog(2M) + log(d + 1))
< 2O+ 4C5.1.9(10g(Cs.19) + Clog) 4 Cs.10(log(2) + C”)
+1og(2C5.1.9) + 1) d(6) max {1,log I(5)},

as claimed. N

5.2.5 Explicit height bounds in dimension 2

To conclude this chapter, we derive explicit height bounds for modu-
lar equations of Siegel type and level ¢ for abelian surfaces in the Igusa
invariants 71, j2, j3. Our first aim is to provide an explicit value for the
constant in corollary 5.2.4, using theta constants of level 4 as an interme-
diate step. To relate theta heights and j-heights in this setting, we use
Mestre’s algorithm and Thomae’s formulse instead of writing out polyno-
mials Ny;, Dy, Noi, De, as in the proof of proposition 5.2.3.

Proposition 5.2.11. Let A be a principally polarized abelian surface de-
fined over Q whose Igusa invariants j1, jo, j3 are well defined, and assume
that j3(A) # 0. Then we have

hi(A) <40 hea(A)+12 and  he(A) < 200 h;(A) + 1000.

Proof. Recall the expression of the Igusa invariants in terms of the Siegel
modular forms hy, hg, h1g, and his (§2.3.2):

hahe . hihlz ) hi
J1 = y J2= —J75  J3 = 35 -
hio hio hio

These modular forms have a polynomial expression in terms of the ten even
theta constants of level 4, given in definition 2.3.4. The total degrees of
the polynomials giving hy, hg, h1g and his are 8,12, 20 and 24 respectively;
they contain respectively 10,60,1 and 15 monomials, and their height is
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zero. Up to scaling, we may assume that the first theta constant 6, takes
the value 1. Then, by proposition 4.3.1, we have

h(hi, h4h6h10, hihlz, h%o) S 510g(10) + 40 h9,4(A),
hence the first inequality
h;(A) <40 he4(A) + 12.

For the second inequality, we follow Mestre’s algorithm [Mes91|. Start-
ing from j;(A), jo(A) and j3(A), Mestre’s algorithm constructs a hyperel-
liptic curve y? = f(z) whose Jacobian is isomorphic to A over Q. Choosing
Ly = 1 in eq. (3.5), we see that j;(A),j2(A) and j3(A) are realized by
covariants I, I, Is, and Iy in Q such that

h<127 I47 167 IIO) S hj(A)

The roots of f are the intersection points of a conic and a cubic in P2
whose equations are given explicitly in terms of Iy, Iy, I, and I;y. In or-
der to obtain the equation Zf =1 Cijziz; = 0 of the conic, we start from
Mestre’s equation Zf i1 Ajjz;xz; = 0 and substitute the expressions of
A, B,C,and D in terms of I, I, Is, and I;y. Then we multiply by 211313514

and make the substitutions
21 = 2025001’1, Z9 = 2251‘2, Z3 = I3.

Then, each coefficient ¢;; has an expression as a multivariate polynomial
in I, I;, and I (recall that I, = 1) of total degree at most 7; its coef-
ficients are integers whose absolute values are bounded by 324 - 10°. By
proposition 4.3.1, we have

h((cij)icijes) < T(h;(A) +1og(3)) + 19.6 + 3log(8) < Th;(A) + 33.6.

If we restrict to cq1, ¢12, and c99, then we obtain a smaller upper bound, since
the total degree and the height of coefficients are at most 5 and 18.3 respec-
tively. Similarly, the cubic equation, denoted by ), <i<j<k<s CijkZi%jZk = 0,
has total degree at most 11 in I, I4, and I, and has integer coefficients
whose heights are at most 33.5.

In order to find the hyperelliptic curve equation f, we parametrize the
conic. Let us show that it contains a point P, defined over Q such that
h(Py) < 5h;(A) 4+ 29.9. We can assume that ¢;; # 0; otherwise we take
Py=(1:0:0). Let a be a root of the monic polynomial

C12 C22

o’ + —a+— =0.
C11 C11

187



The point Py = (a : 1:0) belongs to the conic, and by proposition 4.3.3,
h,(Po) = h(Oé) h(Cn, C12, 022) + 10g(2)

5(h;(A) +log(3)) + 18.3 + 3log(6) + log(2)

5h;(A) +29.9.

VANRVANVAN

We parametrize the conic using Py as a base point; for simplicity, we
continue to assume that ¢;; # 0. For (u : v) € P(Q), the point (21 : 22 : 23)
defined by

21 = 04(011U2 + C13uv + 6331)2) — u((2011a + Clg)u + (Clgoé + 023)1)),
Zo = c11u® + cr3uv + c3307,

z3 = —v((2c1a + cr2)u + (c1300 + c23)v)

runs through the conic. Substituting these expressions in the cubic equa-
tion gives the curve equation f. The polynomials we obtain have total
degrees at most 29 in Iy, I4, and I4; they have degree at most 3 in «; and
their coefficients are integers whose heights are bounded above by 86.9.
Therefore, by proposition 4.3.1 (separating Io, Iy, I from «), we have

h(f) < 29(h;(A) +1og(3)) + 86.9 + 3(5h;(A) + 29.9) + 310g(30) + log(4)
< 44h;(A) + 220.1.

Making f monic does not change its height.

Thomae’s formule [Mum84, IIIa.8.1] give an expression of the theta
constants of level 4 of A in terms of roots of f: if # is one of these theta
constants, then 6% is a product of 18 differences of roots of f (up to a
common multiplicative factor). Therefore, by proposition 4.3.3, we obtain

hoa(A, L) < 1 18(h(f) + log(4)) < 198h;(A) + 997. 0

As a consequence, we obtain an explicit analogue of corollary 5.2.4 in
the case of isogenies between principally polarized abelian surfaces.

Proposition 5.2.12. Let A and A’ be principally polarized abelian surfaces
over Q where the Igusa invariants jy, ja, j3 are well defined, and assume

that j3(A)js(A") # 0. Let £ > 1 be an integer. If A and A’ are linked by an
1sogeny of degree £, then we have

h;i(A) <8000 h;(A) 4+ 1.08 - 10" log(h;(A)) + 1.67 - 10'* + 20 log £.
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Proof. By propositions 5.2.1 and 5.2.11 and theorem 5.2.2 (noting that
C(2,4) <1.35-10%), we have

[\}
>

00 h;(A) + 1000,
0.4(4) + C(2,4) log(he,a(A) +2)
hi(A) + C(2,4)log(1202) + C(2, 4) log(h;(A)),

(A) + 1 log?,

hp(A) + C(2,4)log(hp(A’) +2)

00 2 (A) + C(2,4) log(1202) + 2C(2,4) log(h;(A)) + 4 log ¢

+ C(2,4)log (402 + 2C(2,4) log(1202) + C(2,4) + 1 log (),
< 200 h;(A) 4 2C(2,4) log(h;(A)) +4.17-10" + L log ¢, and

hi(A) <40 he 4(A) + 12
< 8000 h;(A) +80C(2,4) log h;(A) + 1.67 - 102 +20log¢. O

>
—~

>

3.

=
(AN VAN VAN VANR VAN VAN
DN NI o= DN

In lemma 5.2.6, we take A = I, and ' = I,1;5. We have
wt(\) = 14 d() + 4,

which is greater than 16, the minimum weight for which Siegel modu-
lar forms define a projective embedding of S. Hence ¢ can be chosen
to be a modular form of weight wt()\°). The fraction R” has degree at
most %(d(é) + 1) by lemma 5.1.14; this is also an upper bound on deg(Ps).

We also mimic the proof of proposition 5.2.7 in the Siegel case. Let [z, g]
be a point of § with Igusa invariants (ji, jo, j3) € Vs. For each 1 <m < 3,
by remark 2.4.10, the polynomial Wy, (j1, j2, j3) is the evaluation of a multi-
variate polynomial in 2 d(J) variables. Moreover, the Hecke correspondence
describes isogenies of degree (. By proposition 5.2.12, h(Us,,(j1, j2, j3))
is bounded above by

2 d(6) (8000 A(ji, jo, j3)+1.08-10" log(h;(A))+1.67-10" +401og ¢). (5.8)

Therefore, we can take
C5.2.7 = 335 . 1012.

Moreover, we have d(0) = (3 + >+ (+1 and [(d) = ¢*. Hence we can take

3
Clog = 5 +log(2) < 2.2.
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We also take

Cys.11 = 960 because L = Q,
10

Cs19 = 3 by proposition 5.1.15, and

Cs26 =15 since d(d) > 15.

In lemma 5.2.9, we can take

Cs09 = 1.36- 10"
and in theorem 5.2.10, we can take

Cs910 = 1.42-10".

Since d(0) < 2¢* and max{1,log(§)} < 2log(¢), we obtain the following
result.

Theorem 5.2.13. Let ¢ > 1 be a prime number, and let F € Q(J1, J2, J3)
be a coefficient of one of the Siegel modular equations of level ¢ in Iqusa
invariants. Then we have

h(F) < 5.68 - 10" log(¢).

In order to obtain tighter height bounds on Siegel modular equations,
we could repeat the computations of §5.2.4 using an expression of the
form (5.8) for the height of evaluated modular equations, instead of the
simpler formula used in proposition 5.2.7. However we cannot hope to
obtain a constant in theorem 5.2.13 that is much lower than the value
of C'(2,4) ~ 1.35 - 10° using our methods. Experimentally, we observe
that the inequalities h(F) < 48.7(31og(¢) and h(F) < 43.6 £31log(¢) hold
for { = 2 and ¢ = 3 respectively.

We could also give an analogue of theorem 5.2.13 in the case of modular
equations of Hilbert type for Q(v/5) in Gundlach invariants. To replace
proposition 5.2.11, we would use the relations between Gundlach and Igusa
invariants (proposition 2.3.16) and the explicit curve equation given by
proposition 2.3.17. We leave the precise calculations for future work.
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Chapter 6

Evaluating modular equations
for abelian surfaces

In this chapter, we are interested in the complexity of manipulating
modular equations of Hilbert or Siegel type for abelian surfaces. The cor-
responding preprint is [Kie20b|; part of this chapter also covers the arti-
cle [Kie21], to appear in Publications Mathématiques de Besangon.

By the main result of chapter 5, theorem 5.0.1, we know that for every
prime ¢, the Siegel modular equations of level ¢, denoted by

Wy1,Woo, Vs € Q(J1, Jo, J3)[Y],

have degree O(£3) in each variable J;, J5, J3, Y, and that each of their coef-
ficients has height O(¢3log¢). Therefore the cost of storing these modular
equations in full is O(¢*®log (). Similarly, if F is a fixed real quadratic field
and if § € Zp is a totally positive prime of norm /¢, then the cost of stor-
ing Hilbert modular equations of level £ in Igusa invariants, or Gundlach
invariants if ' = Q(v/5), is Op(¢*log?).

In analogy with elliptic modular polynomials, we expect that both
upper bounds are asymptotically accurate. Experimentally, Siegel mod-
ular equations are very difficult to compute: even using optimized in-
variants, the computations have never been carried out for £ > 7 to our
knowledge [Mill5|. Indeed, we expect that the Siegel modular equations
of level 11 are roughly 10000 times as large as their level 7 analogues.
In the Hilbert case for the quadratic field Q(y/5), the size of a com-
pressed tar file containing the modular equations is close to 3044 log ¢ bytes
for ¢ € {11,19,29,31,41}, after which the database [Mil| ends.

Given these bounds, in the context of counting points on principally
polarized abelian surfaces over finite fields, using Elkies’s method with pre-
computed modular equations does not bring any asymptotic improvement
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over Schoof’s method described in [GKS11, GS12]. This unfortunate state
of affairs has led to the belief that modular equations for abelian surfaces
should be avoided in practice. In [CE15], for instance, one can read: “it is
unlikely that modular equations will be of any use to accelerate the compu-
tation of torsion points for higher genera, since they are all far too big”.

However, in most contexts, writing out the modular equations in full is
not truly needed. In order to detect isogenies between abelian surfaces, and
also to compute these isogenies explicitly using the algorithms of chapter 3,
we only need evaluations of modular equations and their derivatives: in the
Siegel case, this would be the polynomials

Uy (g1, 72,793, Y) € K[Y] and 05,V (j1, 72,73, Y) € K[Y]

for 1 < k,m < 3, where ji, jo, j3 are fixed elements of a certain field K.

These evaluations can be a lot smaller, because they erase the increase
of the number of variables coming from the dimension of the moduli space.
For instance, if ji,jo, 73 € Q have height O(1), then the size of these
polynomials is O(¢%1og¢) by theorem 5.0.1; if 3 € Zp is a totally positive
prime of norm ¢, then the size of evaluations of Hilbert modular equations
of level B in Igusa invariants at (ji,j2,J3) is only Op(f?logf), the same
aymptotic estimate (up to constants depending on F') as in the case of
elliptic modular polynomials.

The goal of this chapter is to present an algorithm that directly com-
putes evaluations of modular equations of Siegel or Hilbert type for abelian
surfaces, given values of Igusa or Gundlach invariants in a number field.
This evaluation algorithm extends to the case of finite fields via lifts. As a
special case, we obtain the following result.

Theorem 6.0.1 (Under hypothesis 6.2.15 below). There exists an algo-
rithm which, given prime numbers p and £, and given (ji, jo, J3) € Iﬁ‘g where
the denominators of the Siegel modular equations of level ¢ do not vanish
and such that js # 0, computes Wy, (j1, j2, 73, Y) and 05, Vem(j1, jo, J3,Y)
in F,[Y] for 1 < k,m < 3 within O(¢3log® p + (®logp) binary operations.

A similar results holds for Hilbert modular equations for I = Q(v/5) in
Gundlach invariants, with a complexity of only O (¢log? p+¢?logp) binary
operations. In both cases, we save a factor of logp when j;,jo and j3 are
quotients of small integers. In the case of Hilbert modular equations for a
general F', our algorithm is unfortunately only heuristic.

Let us give a high-level view of the algorithm to evaluate Siegel mod-
ular equations, and describe the heuristic assumption that it uses. Let L
be a number field, and choose Igusa invariants (ji, jo, j3) € L where the
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denominator of Siegel modular equations of level ¢, denoted by D, in §5.1.4,
does not vanish. Assume for simplicity that jq, j2, j3 € Zr. We use complex
approximations: for each complex embedding u of L, we compute a period
matrix 7 € Hy whose Igusa invariants are (p(j1), 1£(j2), pt(j3)). Then, we
compute approximations of the numerator and denominator of Siegel mod-
ular equations at 7 using analytic formulee (definition 2.4.6 and eq. (5.2)).
Finally, we recognize their coefficients as algebraic numbers, more precisely
algebraic integers by proposition 5.1.11. During the algorithm, we keep
track of precision losses in order to obtain a provably correct result.

An essential subroutine in the evaluation algorithm is to convert back
and forth between matrices 7 € H, and the values of theta constants
at 7, defined in eq. (2.10). This can be done in quasi-linear time in
the required precision, at least for certain ranges of inputs, using the
arithmetic-geometric mean (AGM) to compute 7 from its theta constants
[Bor88, BM88, Jar08|, and an algorithm of Dupont [Dup06, Chap. 10| in
the other direction. Dupont’s algorithm combines the AGM with New-
ton iterations, and works very well in practice, but its proper convergence
remains heuristic. Hypothesis 6.2.15, on which our main theorem relies,
states that Dupont’s algorithm converges uniformly in a certain compact
subset of H.

This chapter is organized as follows. First, we describe our computa-
tional model and analyze precision losses in “basic” operations on complex
numbers and polynomials, such as reconstructing polynomials from their
roots, Lagrange interpolation, and the reconstruction of integers in number
fields from their values in complex embeddings (§6.1). Then we review the
AGM method for theta constants in genus 2 and Dupont’s algorithm, and
make some new contributions (§6.2):

e In order to bound precision losses uniformly in 7, we prove the tech-
nical result that the relevant AGM sequences are given by good
sign choices |Kie21], a fact that was left as a conjecture in [Dup06,
Conj. 9.1] and [Eng09a, Conj. 9];

e Using Dupont’s algorithm, we explain how to compute theta con-
stants on a fundamental domain F, C Hy with uniform quasi-linear
cost, in a similar way to [Dupll, §6.3] in the genus 1 case;

e We also bound the precision losses when reducing a general 7 € Hy
to JFo, using techniques inspired from [Strl4, §6].

Finally, we present the evaluation algorithm in §6.3, focusing on the case
of Hilbert modular equations, which is more intricate due to the presence
of the Hilbert embedding.
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6.1 Precision losses in polynomial operations

In all algorithms manipulating complex numbers, we use interval arith-
metic. Given z € C and N > 0, we define an approrimation of z to
precision N to be a complex ball centered at some 2z’ € C of radius 27
containing z. An approximation of a polynomial to precision NN is by defi-
nition an approximation to precision N coefficient per coefficient.

Approximations of complex numbers centered at dyadic points can be
stored in a computer. This model makes more mathematical sense than
the usual floating-point or fixed-point approximations; using it, we design
algorithms with meaningful input and provably correct output.

Let M > 1. We say that the precision loss in an algorithm A is M bits
if the following property holds: for all N > M, if the input of A is given as
approximations to precision IV, then the output of A is an approximation
of its “theoretical” output to precision N — M. For instance, precision
losses in elementary operations (additions, multiplications, etc.) can be
bounded above in terms of the size of the operands (see §6.1.1). Besides
these theoretical upper bounds, precision losses can also be computed on
the fly in a precise way. This is done for instance in the Arb library [Joh17],
which is therefore the library of choice to implement our algorithms. If we
run out of precision during the computation, we can simply double the
precision and restart. Therefore, in the theoretical analysis, it is enough to
bound the precision losses in the O notation.

We let M(N) be a quasi-linear, superlinear function of NV such that two
N-bit integers can be multiplied in M(N) binary operations. We write log
(resp. log,) for the natural logarithm (resp. logarithm in base 2), and for
r € R, we define

log" z = logmax {1,2} and logy x = log, max {1,z}.
We denote the absolute value of the largest coefficient in a polynomial P

by |P|; we also use this notation for vectors and matrices.

6.1.1 Elementary operations

To summarize, additions can be done in linear time with a precision
loss of O(1), and multiplications, inversions, and square roots can be done
in quasi-linear time with a precision loss given by the size of the input. We
state these standard facts without proof.

Proposition 6.1.1. Let z € C* and N > —log, |z| + 1.
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1. Given an approximation of z to precision N, the inverse 1/z can
be computed within O(M(N + log™ |z|)) binary operations, with a
precision loss of —2log, |z| + O(1) bits.

2. Given an approzimation of z to precision N, an approximation of a
square root of z can be computed within O(M(N +log™ |z])) binary
operations, with a precision loss of —1log, |z| + O(1) bits.

In proposition 6.1.1, the assumption on N ensures that the ball approx-
imating z does not contain 0.

Precision losses in additions and multiplications of complex numbers
are a special case of the following result for univariate polynomials.

Proposition 6.1.2. Let P, P, € C[X], and N,N;,Ny > 1. Assume
that Py, Py and their approrimations have degree at most d.

1. Giwen approximations of Py, P, to precision N, the sum P, + Py can
be computed within

O((d + 1) (N + logmax{1, |P|, |P2|}))
binary operations, with a precision loss of O(1) bits.

2. Given approximations of P; to precision N; for i = 1,2, the prod-
uct Pi Py can be computed within

O(M((d + 1) max{N; + log|Pi|, N> + log | P»|}))
binary operations, to precision

min{N; — logy | Ps|, No — logg | P1|} — logy(1 +d) — O(1).

6.1.2 Reconstruction from roots and interpolation

We start with a technical lemma that we will use several times, when
we construct polynomials as products of linear factors.

Lemma 6.1.3. There exists an algorithm such that the following holds. Let
d>1, B>1,C > 1, and let x;,y;,z; for 1 < i < d be complex numbers
such that

logt || < B, log" |yl < B, logt|z| <C, foralli.

Let N > 1. Then, given approximations of these complex numbers to pre-
ciston N, the algorithm computes the polynomials

d d
P=[[@X+y) @=> =[x +u)

i=1 =1 j#i

195



within O(/\/l (d(N+C+dB)) log d) binary operations, with a precision loss
of O(C' + dB) bits.

Proof. We use product trees [BCGT17, §1.5.4]. For each 0 < m < [log,(d)],
the m-th level of the product tree to compute P consists of 2Mog:(@)]-m
products of (at most) 2™ factors of the form x; X + y;. Hence, for every
polynomial R appearing at the m-th level, we have

deg(R) <2™ and log'|R| = O(2"B).

Level 0 is given as input. In order to compute level m + 1 from level m,
we compute one product per vertex, for a total cost of O(M (d(N + dB))
binary operations; the precision loss is O(2™B) bits by proposition 6.1.2.
Therefore the total precision loss when computing P is O(dB) bits. The
number of levels is O(logd), so the total cost is O (M (d(N + dB)) logd)
binary operations.

The computations are similar for the polynomial ), with a different
product tree. Each vertex at level m + 1 is a polynomial of the form
N1 P, + Ny P, where P; is a vertex of the product tree for P satisfying

deg(P) <2™ and log" |P| = O(2"B),
and the polynomials N; come from the m-th level, and satisfy
deg(N;) <2™ —1 and log" |N;| = O(C +2"B).

By induction, the m-th level can be computed to precision N — O(C'+2™B)
using a total of O(/\/l (d(N +C+ dB))) binary operations. O]

We apply lemma 6.1.3 to Lagrange interpolation.

Proposition 6.1.4. There exists an algorithm such that the following holds.
Let P € Z[X] be an irreducible polynomial of degree d > 1, let (a;)1<i<a be
the roots of P, and let (t;)1<i<a be complex numbers. Let M,C > 1 such
that

log" |P| < M, and log"|t]| < C for everyi.

Let N > 1. Then, given P and approzimations of the a;,t;, and 1/P'(c;)
to precision N, the algorithm computes the polynomial Q) of degree at most
d — 1 interpolating the points (o, t;) within

O(M(d(N 4 C + dM + dlogd)) logd)
binary operations. The precision loss is O(C + dM + dlogd) bits.
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Proof. We write

<y
Q= ; Plo) [T —ay).

J#i
We have log® |P'| < M + logd. The discriminant Disc(P) of P is the
resultant of P and P’. Hence we can write

UP + VP" = Disc(P)

with U, V' € Z[X]; the coefficients of U, V have expressions as determinants
of size O(d) involving the coefficients of P and P’, so by Hadamard’s lemma,
we have in particular

log* |V| = O(dM + dlogd).

By the proof of proposition 4.3.3, we have log™ |o;| < M +log(2) for every 1,
hence

V(o)
Disc(P)

+

P'(a;)

log™

’ = O(dM + dlogd).

Therefore the precision loss taken when computing the d complex numbers
zi =t;/P'(a;) is O(C +dM + dlogd) bits; the total cost to compute the z;
is

O(dM(N + C + dM + dlog d))

binary operations. We conclude using lemma 6.1.3. O

6.1.3 Recognizing integers in number fields

We conclude this section with estimates on the necessary precision to
recognize integers in a number field L.

We give two results according to the description of the number field. In
the first description, the number field is Q(«) where « is a root of some
polynomial P € Z[X] with bounded coefficients, and we want to recognize
an element x € Z[a]. This situation arises for instance when lifting from a
finite field; not much is known about the number field itself. In the second
description, we assume that an LLL-reduced basis of Zj, is known, and we
want to recognize an element z € Zjy. The necessary precision is given in
terms of the discriminant Ay, of L and the height h(x) of x, defined in §4.2.

Proposition 6.1.5. There exist an algorithm and an absolute constant C
such that the following holds. Let L be a number field of degree d over QQ
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defined by a monic irreducible polynomial P € Z[X], and let M > 1 such
that log™ |P| < M. Let a be a root of P in L. Let

d—1
xr = Z Mol € Za]
=0

with \; € Z and log™ |\;| < H for every j. Let N > C(H +dM + dlogd).
Then, given P and approximations of x, o and 1/P'(«) to precision N in
every complex embedding of L, the algorithm computes x within

O(M (d(H + dM + dlog d)) log d)
binary operations.

Proof. Denote the complex embeddings of L by 1, ..., tg. The polynomial
Q= Zj;é A\; X7 interpolates the points (u;(a), p;(z)) for every 1 < i < d.
By assumption, we have for each ¢

log™ |pi(x)| < H + O(dM).

We are in the situation of proposition 6.1.4: we can compute an approxi-
mation of () with a precision loss of O(H + dM + dlogd) bits. Therefore,
for an appropriate choice of the constant C' that we do not make explicit,
the resulting precision is sufficient to obtain () exactly by rounding the
result to the nearest integers. O]

Let L be a number field of degree d over Q. We endow Z; with the
euclidean metric induced by the map Z; — C? given by the d complex
embeddings i1,...,uqg of L. Then Z; becomes a lattice of volume Aj
in the Euclidean space Z; ®z R. Denote by 1 < A\ < .-+ < \; the
successive minima of Z;. They satisfy the following inequality [NV09,
Chap. 2, Thm. 5]

d
H )\k < Oé(di/2AL7

k=1

where ay <1+ ¢ denotes Hermite’s constant [NV09, Chap. 2, Cor. 3|.

There exist several definitions of a reduced Z-basis (ay, ..., aq) of Zy, in
the literature, which are usually formulated in terms of the coefficients of
the base-change matrix from (ay, ..., aq) to its Gram—Schmidt orthogonal-
ization. We do not need the precise definitions here, and we only state the
following properties:
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o If (ay,...,aq) is HKZ-reduced [NV09, Chap. 2, Thm. 6|, then for
each 1 < k < d, we have

4 (lell) _ B3
k+3 7~ \ A\ - 4

e If (ay,...,ay) is LLL-reduced (with parameter § = 2) [NV09, Chap. 2,
Thm. 9|, then for each 1 < k < d, we have

||6Lk|| S Q(d_l)/2)\k.
Moreover,

d
H ”akH < Qd(d_l)/4AL.
k=1

HKZ-reduced bases approximate the successive minima closely, but are
difficult to compute as the dimension d grows. On the other hand, LLL-
reduced bases can be computed in polynomial time in d by the LLL algo-
rithm [LLL82].

Proposition 6.1.6. There exist an algorithm and an absolute constant C
such that the following holds. Let L be a number field of degree d and dis-
criminant Ayp. Let (ay,...,aq) be an LLL-reduced basis of Zy, let jiq, . .., pta
be the complex embeddings of L, and let my, be the matriz (f;(a;))i1<ij<d-
Let x € Zy, and let H > 1 such that h(z) < H. Let

N > C(log Ay, + dH + d?).

Then, given approzimations of (u;(z))i<i<a and my* to precision N, the
algorithm computes x within O(d2./\/l(H +log Ap + dz)) binary operations.
Proof. Let \; € Z such that x = ) \ja;. By definition of m, we have

M ()

. — mzl .

Ad pa(x)
The determinant of my, is Ay, so |detmy| > 1. In order to bound the
absolute values of the coefficients of m ;' from above, we use Hadamard’s
lemma. Each coefficient of (det my)-m; " is the determinant of a submatrix

of mr, and the L?>mnorms of the columns of my are precisely the | al|
for 1 < k <d. Moreover ||ai|| > 1 for every k. Therefore,

d
Im | < T llaxll < 274072,
k=1
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and hence
log" |m; | <log AL + O(d?).

Since h(z) < H, we have Y0 log" |u(z)| < dH. Therefore, for some
choice of the constant C' that we do not make explicit, we can recover the
coefficients \; € Z exactly. On average, we have log" |y (z)| < H, so the
cost of each multiplication is on average O(M(H +logAp + d2)) binary
operations. Therefore the total cost of the matrix-vector product is only
O(d*>M(H +log A + d?)) binary operations. O

If (ay,...,aq) is instead assumed to be HKZ-reduced in proposition 6.1.6,
then a similar proof shows that one can take

N > C(log A + dH + dlogd)

with a cost of O(dQ./\/l(H + log Ap + dlog d)) binary operations. Indeed,
in this case we have

d d
[Tlaell < d* T < @1+ 9)72A,,
k=1 k=1

hence log™ |m;'| <log(Ay) + O(dlogd).

6.2 Computing theta functions in genus 2

In this section, we present the AGM method to compute 7 € Hy from
its theta constants, and Dupont’s algorithm to go in the reverse direction.
For convenience, we recall the expression (2.10) of theta constants in any
genus: for a,b € {0,1}’ and 7 € H,, we write

Oup(T) = Z exp <i7r ((m + %)tT (m+%)+ (m+ %)t g)) . (6.1)

meZ9d

6.2.1 The AGM method

We start with the easier case of the AGM method in genus 1. Let F
be the classical fundamental domain for the action of SLy(Z) on H, and
assume that the theta quotients 6y ;/6p0 and 6, /600 at 7 € F; are given.
Then the sequence

9(2),0<7'> ’ 9(2),0(7')
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is an AGM sequence, meaning that each term of B(7) is obtained from the
previous one by the transformation

(e.9) = (L vava).

for some choice of the square roots. This is a consequence of the duplication
formula [Mum83, p. 221], the correct square roots being the theta quotients
themselves. In the algorithm, the sign ambiguity is easily removed using
the fact that \/z and /y lie in a common open quarter plane seen from the
origin [Dupl1, Thm. 2|, i.e. a set of the form

{rexp(i(ap+a)) | r>0and 0 < o < 7/2}

for some oy € R. We say that the AGM sequence B(7) is given by good
sign choices. The sequence B(7) converges quadratically to 1/65,(7), as
the series expansion (6.1) shows.

It turns out that the sequence B(—1/7) is also an AGM sequence with
good sign choices [Dupll, Prop. 7|. Its first term can be computed from
theta quotients at 7 using the transformation formulae for theta constants
under SLy(Z). The limit of B(—1/7) is 1/65,(—1/7). Finally, we can
recover 7 using the formula

02, (_71) — 2 (7). (6.2)

Since the convergence of both AGM sequences is quadratic, we obtain
an algorithm to invert theta functions on F; with quasi-linear complexity in
the output precision, at least for fixed 7. This method was already known
to Gauss |Gau68, X.1, pp. 184-206], and we recommend [Cox84, §3C] for a
historical exposition of Gauss’s works on the AGM and elliptic functions.

The analogue of this algorithm in genus 2 is based on a generaliza-
tion of AGM sequences to more than two elements, called Borchardt se-
quences [Bor8§|.

Definition 6.2.1. A Borchardt sequence is a sequence of complex numbers

(n)
(sp )be(Z/2Z)2,n20
with the following property: for every n > 0, there exist complex num-

bers £\ for b € (Z/2Z)? such that ¢\ is a square root of s\ and

n 1 n n
51(; ) _ 1 Z tl()l)tl()z) for each b € (Z/27)*.
b1+ba=b
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The duplication formula [Mum83, p.221| states that for every 7 € H,
the sequence

B(r) = (9371)(2”7)) b€{0,1}2,n.>0

is a Borchardt sequence; the correct choice of square roots at each step
is given by the theta constants 6, ,(2"7) themselves. By the series expan-
sion (6.1), we have

Oop(2"T) = Z exp(—2"mm" Im(7)m) exp (iﬂ(Z"mt Re(r)m + m’%)).

meZ?

When n tends to infinity, all the terms except m = 0 converge rapidly
to zero, because Im(7) is positive definite. Therefore the Borchardt se-
quence B(1) converges to (1,1,1,1).

We say that a set of complex numbers is in good position when it is
included in an open quarter plane. The property of being in good position
is invariant by nonzero complex scaling. A Borchardt sequence is given
by good sign choices if for every m > 0, the complex numbers tl()n for
b € (Z/2Z)* are in good position.

In order to present the algorithm to recover 7 € Hy from its theta
quotients, we introduce four matrices v, € Sp,(Z) for 0 < k < 3. Let

10 00 0 1
Sl_<0 O>a82_(0 1)753_<1 0)7

and define the matrix 7, € Sp,(Z) for 0 < k < 3 by

-1 — Sk
= = < k<
Yo = Iy, and (Sk —I+S£) for1 <k <3.

Also recall from §2.3.2 that the genus 2 theta constants are numbered as
follows [Dup06, §6.2|:

9((10,(11)7(;,07;)1) = 9]' Where ] = bo + 2b1 + 4@0 + 8@1 - [[0, 15]] .

Assuming that the correct choices of square roots in the sequences B(v,7)
can be determined (for instance, if the sign choices in these Borchardt
sequences are always good), we can compute 7 € Hj from its theta quotients
as follows.

Algorithm 6.2.2 ([Dup06, §9.2.3]).

Input: The vector of squares of theta constants 67(7)/63(7) for j € [1,15],
for some 7 € H,.

Output: The matrix 7.

202



1. For each 0 < k < 3, compute the first term of the Borchardt se-
quence B(7;7)/02(77) using the transformation formule for theta
constants under Sp,(Z) (see [Igu72, Thm. 2 p. 175 and Cor. p. 176],
or proposition 6.2.6 below);

2. For each 0 < k < 3, compute 1/62(v,7) as the limit of the Borchardt
sequence B(y,7)/03(77);

3. Use the input and the newly computed 63(yo7) = 62(7) to compute
all squares of theta constants at 7;

4. Recover 7 = (21 ?) using the relations given in [Dup06, §6.3.1]:
3 22

Oh(nT) = —izibi(7), 0(727) = —izb3(7), O5(7s7) = — det(T)65(7).

We stress that algorithm 6.2.2 is theoretical: in practice, we need a way
of determining the correct sign choices, we handle approximations of all
the complex numbers involved, and we have to bound the precision losses
incurred in the computations.

The correct sign choices in the AGM algorithm are difficult to describe
in general, but as in the genus 1 case, things become easier if we restrict
to the fundamental F, for the action of Sp,(Z) on Hy, defined as follows.

Y — <?J1 ?Js)
Ys Y2

be a symmetric 2 x 2 real matrix, and assume that Y is positive definite.
We say that Y is Minkowski-reduced if

Definition 6.2.3. Let

y1 <y and —0<2y; <.

The domain JF5 is defined as the set of all matrices 7 € Hy such that
1. Im(7) is Minkowski-reduced.
2. |Re(7)| < 1/2.
3. |det(y*7)| > 1 for every v € Sp,(Z).

It is enough to check the last condition for an explicit finite set & C Sp,(Z)
consisting of 19 elements [Got59], [Dup06, Thm. 6.1]. Recall that for ev-
ery v = (2%) € Spy(Z) and 7 € Hy, we write v*7 := ¢7 + d.

The original reference [Dup06] makes the observation that the sign
choices in the sequences B(v;7) for 0 < k < 3 are always good when 7 be-
longs to F». This fact is proved in the case of 79 = I in [Dup06, Prop. 9.1],
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but is otherwise left as a conjecture [Dup06, Conj. 9.1], [Eng09a, Conj. 9.
We managed to prove that the other three sequences B(7y,7) for 1 < k <3
are also given by good sign choices when 7 € F, [Kie21|; we give the idea of
the proof in §6.2.2. Then we bound the precision losses in algorithm 6.2.2
in §6.2.3.

6.2.2 Sign choices in the AGM method

In the sequel, we use the following notation. For 7 € H,, we write
- (Zl(” ZS(T)) R L e I P i
y;(7) = Im z;(7)
For 1 < j < 3, we also write
q;(7) = exp(—my;(7)).

We denote by A;(7) the smallest eigenvalue of Im(7), and define

r(r) = min{)\l(T), yléT) : yQéT) }

We often omit the argument 7 to ease notation. We define F} to be the set
of all 7 € Hj such that the following conditions are satisfied:

(6.3)

The domain F, contains the classical fundamental domain F» introduced
in §6.2.1. Assumptions similar to (6.3) are usual when giving analytic esti-
mates on theta constants: for instance, the domain B in [Strl14] is defined
by the first three inequalities of (6.3).

Theorem 6.2.4 ([Kie2l]). For every 7 € Fj and every 0 < k < 3, the
Borchardt sequence B(v,T) contains only good sign choices.

The proof works by giving estimates on the value of theta constants
appearing as the terms of these Borchardt sequences, using the series ex-
pansion (6.1). However, the first terms of this series approximate 6,;,(7)
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efficiently only when 7 is close to the cusp at infinity, more precisely
when Im z1(7), Im 25(7), and det Im(7) are large. These conditions are
satisfied in the case of the sequence B(7o7), whose n-th term consists of
theta constants at 27 for every n > 0, but not in the other cases.

To solve this problem, we construct specific symplectic matrices that
bring the matrices 2"y,7 € Hy for n > 0 and 1 < k < 3 closer to the cusp
at infinity, exactly in the same way as we constructed the matrices nt in
the proof of proposition 5.1.10. For every n > 0, we define

00 —1 0 100 0
w |01 0 0 w |00 0 -1
=110 92 0ol ™ Tloo1 0]
00 0 1 010 27
00 0 —1 0 01 0
=g 1 2 o | md w={ 2 g g oW
10 0 2° 0 00 1

Proposition 6.2.5. Let n > 0.

(n

1. For every 1 < k <4, the matriz n, ) belongs to Sp,(Z).

21 %3
2. For every T =
23 22

) € Hy, we have

n n)/an 27"z z
7—1( ) = 77% )<2 717—> - ( 23 ! 2n32,2) )

() ._ () (gn 'z oz

Ty | = 2"yT) = o ,
2 1y (2"727) ( 2 22) (6.4)
ngn) = nén)(2"737') =27"1, and

() . M on. (2" —23/ 2
Ty =Ty (2 /737—> - (—23/21 2—n(22 - Z%/Z'l>> .

Proof. 1. The lines of each n,(gn) define a symplectic basis of Z*.

2. Recall that the action of Sp,(Z) on H, extends to an action of the
group GSp,(Q);. The matrix 2"v,7 is the image of 7 under

=2, =2"S
(58 k) e s
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When we multiply this matrix by n,(cn) on the left, we obtain

Diag(—1, —2",—2" —1) for k=1,
Diag(—2",—1,—1,—-2") for k =2, and
Diag(—1, -1, —2", —2") for k = 3. ]

In order to relate theta constants at 2"+, 7 with theta constants at T]in),
we use the following transformation formula. For a square matrix m, we
denote by mg the column vector containing the diagonal of m.

Proposition 6.2.6 (|Igu72, Thm. 2 p.175 and Cor. p.176|). Let a,b €

{0,1}2, and let
A B
V= (C D) € Spy(Z).

(5) = (52500

Then, for every T € Hy, we have

Define

Bapn(77) = K(7) 7Y det(CT + D)2 0 (1)

where

(s = ™4, (Z,) = <g> mod 2,
£(7,a,b) = 2(Ba)'(CB) — (Da)'(Ba) — (CB)'(AB) + 2((AB")) (Da — CB),

and k() is an eighth root of unity depending only on v, with a sign ambi-
guity coming from the choice of a holomorphic square root of det(Ct+ D).

Corollary 6.2.7. For every 7 € Hy, we have the following equalities of
projective tuples:

N ) (0a(7) 1 Oo(7) : O6(7) : O2(7)) ifn=0,
w“2”””%ﬁg_{waﬁ”weaﬁ“rexﬁ“yeaﬁm» ifn>1,

N ) (0s(7) 1 O9(7) : Oo(7) = 01(7)) ifn=0,
@@Vﬂm“g_{wwﬁhwmfbewﬁbﬁwﬁm o1,
(0j(2n’737'))0§j§3 = (90 7_3(n)) . 68 7_3(71)) . 94

T?E")) : 912(735”))) for alln >0,
Ti")) : 99(7‘?))) for all m > 0,

where the Tj(") are defined as in (6.4).
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Proof. Apply proposition 6.2.6 to the matrices n,(g”). m

The rest of the proof of theorem 6.2.4 involves technical estimates on
the tails of series defining theta constants. The computations are similar
to those found in [K1i90, pp.116-117], [Dup06, §6.2|, [HP17, §5.1]. For
instance, in the case of the Borchardt sequence B(y7) for 7 € F, we can
apply the following result.

Proposition 6.2.8. Let 7 € Hs.
1. If r(7) > 0.4, then the 6;(1) for 0 < j <3 are in good position.
2. If M (1) > 0.6, then the 0;(T) for 0 < j < 3 are in good position.

Proof. 1. Write
q = exp(—nr(7)).
For 0 < j <3, by (6.1), we have

0;(r) =11 <4+ D exp(=m(7) [n]?)
e (6.5)

1+4+4¢ ¢

(1—q?"

<8¢ +4q* +8¢° +4¢° +4

In (6.5), the first term 4¢* comes from the four vectors n € Z2
with ||n|| = 1. Then we separate the terms n = (ny,ng) such that
Iny| > 3 and |ny| > 3; this accounts for the term 4¢°(1 + ¢)/(1 — q)?,
as in the proof of [Dup06, Prop. 6.1]. We leave the remaining terms
as they are.

If ¢ < 0.287, then the quantity on the right hand side of (6.5) is
less than 1/2/2, and the 0,(7) are contained in a disk centered at 1
which is itself contained in a quarter plane. We have ¢ < 0.287 when
r(r) > 0.4.
2. Write
= exp(—7mA1(7)).

Then for 0 < j < 3, we have

1+4¢q 7
(1—¢q)2""

10,(7) — 1] < 4q+4¢° +4¢" +8¢° + 4¢° + 4

This quantity is less than v/2/2 when A;(7) > 0.6. O
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Proposition 6.2.8 implies that B(y,7) for 7 € F, contains only good
sign choices, since

r(2"7) = 2"r(7) > V/3/4 > 0.4

for every n > 0.

In the study of B(vy7) for 1 < k < 3, we separate different cases
according to the value of n. If n is large enough, then 2"\, (y,7) > 0.6, and
hence proposition 6.2.8 shows that the n + 1st term of B(~,7) is obtained
by a Borchardt iteration with good sign choices. The precise rank where
this happens depends on 7.

Proposition 6.2.9. Let 7 € Hy and v € Spy(Z). Then

det Im(7
M(yT) > 5 (7) 5
897 | (2|7 + 1)

Proof. We have
det Im(y7)
A > — .
107) 2 Tr Im(7y7)
By [Str10, (5.11) p. 57|, we have
Im(y7) = (y'7) " Im(r)(y"7) ",
hence
det Im(7)

. and
[det(y*r)|”

det Im(y7) =

il Gl @I+ 12 7]
[det(yr)]” ~ [det(y*7)|”

One can give more precise versions of proposition 6.2.9 when 7 € F,
and v € {71,72,73} [Kie21]. For instance, we have

9y (7
7"(717-) > yl( ) 2
34 |z, (7)]
for all 7 € F}. Hence proposition 6.2.8 applies to 2"~ 7 if 2" > 1.96y, (7).
On the other hand, when n is smaller, then the matrix

T(n) _ 27" 23
1 Z3 2”2’2

is close to the cusp at infinity. By corollary 6.2.7, in order to prove
that B(;7) contains only good choices of signs, we are led to prove that the
theta constants 6, (7'1(")) for j € {0,2,4,6} are in good position for 7 € F}
and 2" < 1.96y; (7). This is done by careful estimates on the tails of the
series (6.1) and on the complex arguments of the sum of the first few terms.
We refer to [Kie21] for a full proof of theorem 6.2.4.

TrIm(y7) <8 !(7*7)*1‘2 Im(7)| <8
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6.2.3 Precision losses in the AGM method

Once we know that the Borchardt sequences in algorithm 6.2.2 are given
by good sign choices when 7 € F}, we can estimate the precision losses in
this algorithm when giving approximations of theta constants at 7 as input.
We start with four lemmas: the first two give information on the first terms
of the Borchardt sequences obtained from the series expansion (6.1), and
the other ones are general results on Borchardt sequences.

Lemma 6.2.10 ([Strl4, Prop. 7.6 and Cor. 7.7|). Let 7 € F}, and abbre-
viate y1(7) as y1, z1(T) as z1, etc. Then we have:

10,(r) — 1] < 0.405 for j € {0,1,2,3},
0j(7'> .
_ 1‘ .34 4
’2exp(i7rzl/4) <0.348  forj € {4,6},

Hj(T) .
_— ] .34
’2exp(i7rzz/4) ‘ <0.348  for j € 48,9},
and
912(7’)

. : — 1] < 0.438.
‘2(1 + exp(imzs)) exp(im(2z1 + 29 — 223)/4)

In particular,

0.59 < )| 1.41 forj €{0,1,2,3},
1.3exp(—3y1) < [0;(7)] 1.37  for j € {4,6},
L3exp(—Zy) < )| 1.37 for j € {8,9}, and

1.05exp(—2(y1 +y2 — 2y3)) < |612(7)] < 1.56.

Lemma 6.2.11. There exists an angle « < 7/2 such that the follow-
ing holds. Let S be one of the sets {0,1,2,3}, {0,2,4,6}, {0,1,8,9},
or{0,4,8,12}. Then for every T € F}, the theta constants 6;(7) for j € S
are contained in an open angular sector of angle o seen from the origin.

ANVANIVAN

Proof. Using the estimates of lemma 6.2.10 and the definition of F} in (6.3)
is sufficient to conclude, except in the case S = {0,4,8,12}. Consider for
instance the case of S = {0,1,8,9}. The absolute value of the argument
of exp(imzy/4) is at most 7/8, hence the angle between the theta con-
stants 0;(7) for j € S is bounded above by

g + arcsin(0.348) + arcsin(0.405) < g

In the case of S = {0,4, 8,12}, more delicate estimates are needed. We
refer to [Kie21]| for the proof. O
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Lemma 6.2.12 ([Dup06, §7.2]). Let B = (31(7"))b€(z/22)2 >0 be a Borchardt

sequence with good sign choices only, and assume that Re(sl()n)) > 0 for
every b € (Z/27)? and n > 0. For every n > 0, define

m, = min Re(sl(,")) and M, = max ‘sl()")|.
be(z/2z2)? be(Z2/27)2

Then the sequences (m,,) and (M,) are nondecreasing and nonincreasing,
respectively.

Note that every Borchardt sequence with good sign choices can be
rescaled into a Borchardt sequence to which lemma 6.2.12 applies. Fi-
nally, the next lemma shows that once a Borchardt sequence with good
sign choices starts to converge, it does so quadratically.

Lemma 6.2.13 ([Dup06, Prop. 7.1]). Let B = (Sl(?n))be(Z/QZ)Q 0
Borchardt sequence with good sign choices only, and let s> be its limit.

Let 0 < e < /3/2—1, and let ng € N such that for every b € (Z/27Z)*, we
have

be a

|sl()n°) - sén°)| < 8}38"0)‘.

Then, for every k > 0, we have

n Te\2*
s — sé °+k)‘ < 5M,, <§> ,

where M, is defined as in lemma 6.2.12.

We are now ready to bound the precision losses in the AGM method in
genus 2. The contribution we make compared to [Dup06, §9.2.3|, besides
showing that the sign choices are good, is that we make the dependency
on 7 € Fy explicit.

Proposition 6.2.14. Let 7 € F, and N > 1. Then, given approximations
of squares of theta quotients at T to precision N, algorithm 6.2.2 computes
an approximation of T within

O(M(N + |7])log || + M(N)log N)
binary operations. The precision loss is O(log N + |7|log|7|) bits.

Proof. By theorem 6.2.4, we obtain the quantities
(07(2"7:7) /05 (%i7))o<j<s
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after n Borchardt steps with good sign choices. By proposition 6.2.9, we
know that

[log A1 (7)] = O(log]7]).

Therefore, there exists ng = O(log|7|) such that A;(2"0v;7) > 10, for
instance. Even if |7] is not known explicitly, this moment can be detected
during the algorithm: the four values in the Borchardt sequence become
close to each other, so that lemma 6.2.13 applies.

Let us estimate the precision losses in these ng steps. Let B = (sl(]n))
be one of the four Borchardt sequences that we consider. By lemma 6.2.11,
after scaling by a complex number of modulus one, we may assume that the
absolute values of the arguments of the sl()o) for b € (Z/27)? are bounded
above by some o < /2 which is independent of 7. Then, by lemma 6.2.10,
we have

llogmo| = O(|7|) and |My| = O(1).

By lemma 6.2.12, the same estimates hold for m,, and M,, for every n > 0.
Therefore, in the first ng Borchardt steps, we perform O(log|7|) elementary
operations on complex numbers z that satisfy [log(|z|)| = O(|]), for a total
cost of

O(M(N + |7]) log|7])

binary operations, and a precision loss of O(|7|log |7|) bits.

Then, we scale the values in such a way that one of the four values of
the ng-th term in the Borchardt sequence equals 1, and we add O(log V)
Borchardt steps: this O-constant and the accuracy of the result can be
made explicit by lemma 6.2.13. This costs O(M(N)log N) binary oper-
ations, and the precision loss is O(log N) bits. This allows us to com-
pute the quantities 63(v;7) for 1 <4 < 3; the precision loss up to now is
O(log N + |7|log|7|) bits.

Finally, we recover the entries of 7 in step 4 of algorithm 6.2.2, for a
cost of O(N + |7]) binary operations and a precision loss of O(|7|) bits. [

6.2.4 Dupont’s algorithm for theta constants

Dupont’s thesis [Dup06| builds a Newton scheme around the AGM
method in order to compute theta constants in quasi-linear time. In genus 1,
this method yields a provably correct algorithm [Dupll]. In genus 2, the
convergence of Dupont’s algorithm remains heuristic, even using the prov-
ably correct AGM algorithm presented in §6.2.3. In this section, we briefly
present Dupont’s method, we explain the remaining challenges to obtain
a provably correct algorithm, and we state hypothesis 6.2.15 according to
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which Dupont’s algorithm converges uniformly on a compact set. This as-
sumption is fundamental in the complexity estimates for the evaluation of
modular equations for abelian surfaces.

In genus 1, the algorithm is formulated in terms of the function

K (1) = (2228)2 for 7 € H.

For each z € C with positive real part, we define M;(z) as the limit of
the AGM sequence with good sign choices whose first term is {1, z}. De-
fine ] C H; as in [Dupll, Prop. 7]:

Fi={r€H;: |Ret| <1, 2r+1|>1, [2r—1] > 1}.

Note that F] contains the fundamental domain F;. Then £’ is a surjective
analytic map from F] to {z € C: Re(z) > 0} whose derivative does not
vanish. Moreover, the equality

1
93,0 (7')

holds for all 7 € F]. By the inverse function theorem, the function M; is
also analytic.

The Newton scheme to compute k'(7) from 7 € F; uses the fact that
the function

My (K (7))

fr(2) = iMy(2) — TMi(V1 — 22)

vanishes at k'(7); this equality comes from eq. (6.2), the expression of theta
constants at —1/7 € F{, and the Jacobi identity 63, = 65, + 61, [Dupll,
§5.1]. The linearization step in the Newton scheme is based on the equality

Ay M)
dz (k7)) 7Tk (T)(1 — K'(7)2)

If £'(7) is currently computed to precision N, then the derivative of f.
at k'(T) can also be computed to precision roughly N, and this allows in
turn to compute a better approximation of k'(7) to precision roughly 2N.
The computations are made precise in [Dupl1, §5.2, §6.1, and §6.2|. Before
starting the Newton iterations, £'(7) is computed at low precision using the
series expansions of theta constants (the so-called “naive method”, which is
not quasi-linear in the required precision).

The precision losses in each Newton iteration and the initial precision
necessary depend on 7, and grow quickly as Im 7 — 4o00. However, when 7
belongs to a compact set of Fi, these precision losses can be bounded

(6.6)
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uniformly. When Im(7) is large, one can compute theta constants at 7,/2"
for some appropriate n and perform n AGM steps to recover theta constants
at 7. In this way, we obtain an algorithm to evaluate k'(7) at precion N > 1
using O(M(N)log N) operations, uniformly in 7 € F; [Dupll, Thm. 5|.

The only remaining issue is that in order to implement a provably
correct version of Dupont’s algorithm in genus 1, one needs explicit up-
per bounds on the precision losses in a given compact subset of F;. No
such bound is given in [Dupll], or in subsequent works to our knowl-
edge |[Lab18, LT16|. In practice, a common heuristic strategy is to take an
arbitrary error margin; if the Newton iterations do converge in an exper-
imental sense, then one accepts the end value as an approximation of the
true result.

In genus 2, Dupont’s algorithm to compute theta constants follows an
analogous strategy. Given 7 € Fj, we want to compute the theta quo-
tients b;(7) := 0;(7)?/60(7)? for j € {1,2,3}; this is sufficient, because

1. the duplication formulae express all squares of theta constants at 27
in terms of these quantities;

2. the theta constants 6;(7)? themselves can be computed from this data
using one further Borchardt mean.

By theorem 6.2.4, computing an approximation of 7 € F} from the b;(7)
for 1 < 7 < 3 can be done using four Borchardt means with good sign
choices. This yields, as in the genus 1 case, a function

F.: {z€C: Rez >0}’ - C

which satisfies

F,(b1(7), ba(7), bs(1)) = 0.

In order to build a Newton scheme to compute 7 from its theta quo-
tients, one relies on the following heuristic assumption, which holds in
practice [Dup06, §10.2]: the Jacobian matrix of F, at (bi(7),ba(7),bs(T))
is invertible, and can be suitably approximated using finite differences on
the function F,. This yields a heuristic algorithm to compute theta con-
stants at precision N > 1in O,(M(N)log N) binary operations, for a fized
T € Fj. As aby-product, the algorithm computes the Jacobian matrix of F,
at high precision; equivalently, we also recover the values of derivatives of
theta constants at 7 at precision roughly N/2 for no additional cost.

For our application to the evaluation of modular equations for abelian
surfaces, we need to assume more on the behavior of this algorithm, namely
that the Newton iterations converge uniformly on a compact subset of FJ.
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Hypothesis 6.2.15. There exists an algorithm such that the following
holds. Let 7 € F and N > 1. Assume that

max{y1(7),y2(7)} < 10.

Then, given an approximation of 7 to precision N, the algorithm computes
squares of theta constants at 7, and derivatives of theta constants at 7 with
respect to z1(7), 22(7), z3(7), in O(M(N)log N) binary operations with a
precision loss of O(1) bits.

Derivatives of theta constants are uniformly bounded on the compact
set defined by the conditions in hypothesis 6.2.15, hence the precision loss
of O(1) bits. In order to implement an algorithm which hopefully satisfies
hypothesis 6.2.15, one simply applies the Newton scheme with a large ini-
tial precision, say 1000 bits, using the naive evaluation method for theta
constants [Dup06, §10.1], and everything works well.

Using hypothesis 6.2.15, we describe in §6.2.5 an algorithm to compute
theta functions in uniform quasi-linear time at a given 7 € FJ, using du-
plication formulae as in the genus 1 case. In general, in order to compute
theta constants at a given 7 € Hy, we first reduce 7 to the fundamental
domain with controlled precision losses, using an adaptation of the classical
reduction algorithm for inexact input (§6.2.6).

6.2.5 Extension to the whole fundamental domain

Here we describe an algorithm to evaluate theta constants and their
derivatives at 7 € F} to precision N > 1 within O(M(N)log N) binary
operations, uniformly in 7, assuming hypothesis 6.2.15. There are two easy
cases:

1. If 7 belongs to the compact set defined in hypothesis 6.2.15, then we
use Dupont’s algorithm directly.

2. If y1(7) and yo(7) satisfy min{y;,y.} > C'N, where C' is an absolute
constant, then we use the naive algorithm to compute theta constants
at 7 within O(M(N)) binary operations [Dup06, §10.1].

For other values of 7 € F;, we fall back to one of these two cases using
duplication formulee. For every 7 € H,, write

Di(r) =7 and D2(T):<2Z1<T) 53(7)).

z3(7) 52’2(7)

Lemma 6.2.16. Let 7 € FJ.
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1. If Di(7) € Fy, then the tuple of theta constants (07(7))jeq01.2,3) %5
obtained from the tuple of theta constants (ei(Dl(T)))je{o,lz,S} by a
Borchardt iteration with good choice of roots.

2. If Do(T) satisfies (6.3), except that the real part of z1(Da(T)) is al-
lowed to be smaller than 1 instead of 1/2, then (67(7));eq0.2,46) s 0b-
tained from (03(Dy(7)))
choice of roots.

je(0.2.4.6) by a Borchardt iteration with good

Proof. The first item is the classical duplication formula: the choice of
roots is given by the theta constants 6;(D;(7)) for 0 < j < 3, and they are
in good position by lemma 6.2.10. For the second item, apply the theta
transformation formula (proposition 6.2.6) to the symplectic matrix

—1

O = O O
o O = O
o O O

— o O O

The theta constants 6;(Ds(7)) for j € {0,2,4,6} also are in good position
by the proof of [Kie21, Lem. 5.2]|. O

Proposition 6.2.17 (Under hypothesis 6.2.15). There ezists an algorithm
which, given T € F} to precision N > 1, computes the squares and deriva-
tives of theta constants at T in O(M(N)log N) binary operations with a
precision loss of O(1) bits, uniformly in 7.

Proof. Since derivatives of theta constants are uniformly bounded on F3,
the difference between theta constants at 7 and theta constants at the
center of the complex ball approximating 7 is O(27"). Therefore we may
assume that 7 is given at arbitrarily high precision.

First, we let ko be the smallest integer such that

2k2y1(7) > min{CN, 2*k2*2y2(7')}

where C' is an absolute constant. Let 7/ be the matrix obtained after
applying ko times Dy to 7 and reducing the real part at each step. In order
to compute theta constants at 7 to precision NV, we compute theta constants
at 7/ to some precision N’ > N, then apply k5 times the duplication formula
from lemma 6.2.16. We have ky = O(log N), and the total precision loss
when extracting square roots is O(N) bits, hence the total precision loss
is O(N) bits. We can take N’ = C'N where C’ is an absolute constant.
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There are now two cases. If y;(7') > C'N, then we have ys(7') > CN
as well. Hence we can compute theta constants at 7’ to precision N’ using
O(M(N)) operations with the naive algorithm. Otherwise, we have

(7)) < ya(7) <4y (7') < ACN.

Therefore we can find an integer k; = O(log N) such that DY (/) belongs
to the compact set defined in hypothesis 6.2.15. The precision losses in the
duplication formula for D; are O(1) bits per step, hence we recover theta
constants at 7’ to precision N’ in O(M(N)log N) binary operations. [

6.2.6 An approximate reduction algorithm

In order to evaluate theta constants at a given 7 € Hy, our strategy
is to reduce 7 to F5 and to compute theta constants there using the al-
gorithm of proposition 6.2.17. However, the classical reduction algorithm
described in [Strl4, §6] is based on inequalities, and this causes problems
on the boundary when the input is inexact. Therefore, we rather describe
reduction algorithms to neighborhoods of Fy; we still write inequalities,
but they should be understood as inclusions of intervals. Then we show
the validity of the reduction algorithm on inexact input provided that the
precision remains high enough. We start by defining neighborhoods of Fs.

Definition 6.2.18. Fix ¢ > 0, and let

y — (Y1 U
Ys Y2
be a symmetric 2 x 2 real matrix. Assume that Y is positive definite. We
say that Y is e-Minkowsk: reduced if

1 < (1+e)yy and  —eyr < 2y3 < (1+¢€)uyn.

Let & C Sp,(Z) be the set of 19 matrices defining the boundary of F;, as
in definition 6.2.3. We define the neighborhood F5 of F; as the set of all
matrices 7 € Hy such that

1. Im(7) is e-Minkowski reduced.
2. |Re(7)| < 1/2 +e.
3. |det(c*7)| > 1 — ¢ for every o € 6.

The fundamental domain JF; corresponds to the case ¢ = 0.
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The approximate reduction algorithm is copied on [Str14, Alg. 6.8]. The
input is a matrix 7 € Hy to precision N > 1, and the output is 7 € F§
together with v € Sp,(Z) such that 7 = y7. We assume that the precision
remains greater than |loge| 4 1 at any time. If we run out of precision, we
stop and output “failure”.

Algorithm 6.2.19 (Reduction to F5). Start with 7/ = 7 and iterate the
following three steps until 7/ € F5, keeping track of a matrix v € Sp,(Z)
such that 7/ = y7:

1. Reduce Im(7’) such that it becomes e-Minkowski reduced.
2. Reduce Re(7’) such that |Re(7')| < 1/2 +¢.

3. Apply o € & such that |det o*(7')| is at most 1 — £/2 and has the
smallest upper bound, if such a o exists.

4. Update v € Sp,(Z) and recompute 7" = 7.

In order to analyze algorithm 6.2.19, we mimic Streng’s analysis of the
exact reduction algorithm [Str10, §I1.5.3]. For 7 € Hy, we define

A(7) = logmax{2, |7|,det(Im )" '}.

Denote by 0 < Ai(7) < Ao(7) the two eigenvalues of Im(7), and by
0 < my(7) < ma(7) the successive minima of Im(7) on the lattice Z*. By
[Str10, (5.4) p. 54|, we always have

%m1(7’)mg(7) < detIm(7) < mq(7)ms(7), (6.7)

hence

log max{A; (7)™, Xa(7), mi(7) ", ma(7)} = O(A(7)).

First, we detail the Minkowski reduction step.

Lemma 6.2.20. There exist an algorithm and an absolute constant C' such
that the following holds. Let 7 € Hy and € > 0. Then, given an approz-
imation of T to precision N > C(A(7) + |loge|), the algorithm computes
a matric U € SLy(Z) such that U'Im(7)U is e-Minkowski reduced within
O(M(N)log N) binary operations.

Proof. Write Im(7) = R'R, and consider the matrix R’ obtained by round-
ing the coefficients of 2V R to the nearest integers. If C'is chosen appropri-
ately, then the matrix R’ is still invertible. We apply a quasi-linear version
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of Gauss’s reduction algorithm [Sch91, Yap92|, and obtain a Minkowski-
reduced basis of the lattice R'Z?* within O(M(N)log N) binary operations.
By [Str10, Lem. 5.6], the base change matrix U € SLy(Z) satisfies

log |U| = O(A(7)).

Therefore the matrix U* Im(7)U is e-Minkowski reduced provided that C'
is large enough. O]

Then, we bound then precision losses during algorithm 6.2.19.

Lemma 6.2.21. Let 7,7 € H,, and assume that there exists a matrix
v € Spy(Z) such that 7" = ~v1. Then we have

log™ max{|y*7|, ‘(7*7)’1‘} = O(max{A(7),A(7")}),
log |y| = O(maX{A(T),A<T/)}).

Proof. Let R be a real 2 X 2 matrix such that R'R = Im(7). Then we have

() = (') Tm(r)(y°7) ! = BT

with R = R(y*7)"'. Since |R| < |Im(7)]"/? and |R'| < [Im(7)|"/?, we
obtain
el = [B-R| <2 Ry
= Tdet(R) U

Hence log™® |[y*7| = O(max{A(7), A(7")}), and a similar bound holds in the
case of (y*7)~ L.
It remains to bound |y|. If ¢,d denote the two lower blocks of 7, then

Im(y*7) = cIm(7). Therefore log™ |c| = O(max{A(7), A(7')}), and
log™ |d| < log™(|eT| + |v*7]) = O (max{A(7), A(7)}).

Finally, we bound the upper blocks a and b of v in a similar way, using the
relation at + b = 7’(c1 + d). O

Lemma 6.2.22. There exists an absolute constant C' such that the fol-
lowing holds. Let 7 € Hy and € > 0, and assume that the precision dur-
ing algorithm 6.2.19 remains greater than |loge| + 1. Then the number
of iterations is O(A(T)). Moreover, during the algorithm, the quantities
|log(|det(v*7)])|, A(r") and log || remain in O(A(T)).

Proof. The number of iterations is O(A(7)) by [Str10, Prop. 5.16]: observe
that [Str10, Lem. 5.14 and 5.15] still apply, because det Im(7’) is strictly
increasing in algorithm 6.2.19. The proof of [Str10, Lem. 5.17| also applies
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to algorithm 6.2.19 with slightly worse constants. This shows that log |7
and log |det(y*7)| remain in O(A(7)).

During the algorithm, we also have log™ my(7') = O(A(7)) by [Str10,
Lem. 5.12|. Moreover det Im(7") > det Im(7), so

{

1 < meo (T’) meo (T/) 4TTL2 (T’)

~ detIm(7’) = detIm(7) — 3m4(7)?
by (6.7). Therefore we also have A(7") = O(A(7)). The remaining bounds
follow from lemma 6.2.21. O

ml(T/) S

We are now ready to prove the correctness and running time of algo-
rithm 6.2.19.

Proposition 6.2.23. There is an absolute constant C' such that the fol-
lowing holds. Let 7 € Hy and € > 0. Then, given an approximation of T
to precision N > C(A(1) + |loge|) as input, algorithm 6.2.19 does not run
out of precision, and computes a matriz vy € Sp,(Z) such that y7 € F5 and
log |[v| = O(A(7)). It costs O(M(N)N log N) binary operations.

Proof. By lemma 6.2.22, there exists an absolute constant C’ such that
log |y] < C’A(7) during the execution of algorithm 6.2.19 as long as the
absolute precision remains at least |loge| + 1. Therefore, if C' is chosen
appropriately, step 4 in algorithm 6.2.19 ensures that the absolute pre-
cision is at least |loge| + 1 at every step. Hence the estimate on log ||
and A(7’) remains valid until the end of the algorithm, and we can perform
the approximate Minkowski reductions using lemma 6.2.20.

By lemma 6.2.22, there are O(A(7)) steps in algorithm 6.2.19, and by
lemma 6.2.20, each step costs O(M(N)log N) binary operations. Hence
the cost is overall O(M(N)N log N) binary operations. When the algo-
rithm stops, the absolute precision is still greater than [loge|+ 1, hence the
final 7/ belongs to Fs. O

Given 7" € F5, we can increase the imaginary parts of the coefficients
slightly to obtain 7" € F} such that

7" — 7| < Ce ||

for some absolute constant C. Theta constants at 7" can be computed in
quasi-linear time in the precision by proposition 6.2.17; they approximate
the value of theta constants at 7’.

Corollary 6.2.24 (Under hypothesis 6.2.15). There exist an algorithm
and an absolute constant C' such that the following holds. Let T € Hy and
N > 1. Then, given an approximation of T to precision N + CA(T), the
algorithm computes
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1. a matriz v € Sp,(Z) such that log|y| = O(A(T)),

2. a matriz 7" € Fy such that 7" is an approximation of yT to preci-
ston N,

3. an approzximation of squares of theta constants at y1 to precision N,
within
O(M(A(7))A(T)log A(T) + M(N)log N)

binary operations.

Proof. Fix ¢ = 0.01, for instance. First, we apply proposition 6.2.23 to
compute 7 € Spy(Z) such that y7 € F5, using O(M(A(7))A(7) log A(7))
binary operations. Then, we recompute 7/ := 7 to high precision, and
reduce it further if necessary to land in F§ where &’ = 27V exp(—CA(7))
for some appropriate constant C'. This costs O(M(N + A(7))) binary
operations. Finally we compute 7 which satisfies conditions (6.3) and is
close to 7'; the matrix 7" is still an approximation of 7, with O(A(7)) bits
of precision lost. We output theta constants at 7" to precision N 4+ O(1),
which can be computed in time O(M(N)log N) by proposition 6.2.17. [

6.3 Evaluating Hilbert modular equations

Let F' be a real quadraic field. In this final section, we detail a heuris-
tic algorithm to evaluate Hilbert modular equations of level 5 and their
derivatives, where 8 € Zp is a totally positive prime of norm ¢, given Igusa
invariants (ji, jo, J3) in a number field L lying on the Humbert surface. We
let R € GL2(R) be the matrix chosen as in §2.3.4, defining the Hilbert
embedding Hg: H? — Hy.

The algorithm can be adapted to the case of Hilbert modular equations
in Gundlach invariants for ' = Q(+/5), and the case of Siegel modular
equations. In both of these cases, using complete denominators for modular
equations as in §5.1.4 allows us to design an algorithm with provably correct
output.

6.3.1 Outline of the algorithm

A high-level view on the algorithm was already given at the beginning
of chapter 6. In every complex embedding p of L, we compute a period
matrix 79 € Fo with Igusa invariants (u(j1), 1(j2), 1#(j3)), and invert the
Hilbert embedding to find 7 € H? such that Hg(7) is Spy(Z)-equivalent
to 79. Then we evaluate the Hilbert modular equations at 7 using the
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analytic formula given by definition 2.4.6. By the expression of Igusa in-
variants in terms of theta constants given in §2.3.2, this can be done by
computing theta constants at all the matrices H R(%?ﬁ') € H,, where 7 runs
through the set C'7 defined in §5.1.4. Similarly, the derivatives of modular
equations at (4(j1), p(ja), (js)) can be obtained from derivatives of theta
constants at the matrices H R(%m’). Finally, we try to recognize the results
as elements of the number field L.

The necessary precision to perform this algebraic reconstruction is con-
trolled by the height of the modular equations evaluated at (jy, j2, j3), which
is OF(£ log ¢ + ¢ h(jl,jg,jg)) by the results of chapter 5. However, we have
no general formula for the implied constant in terms of the discriminant
of F'. Therefore the algebraic reconstruction step can only be heuristic in
general. In practice, one could work at a high enough precision N so that
an algebraic reconstruction succeeds, and check that the result remains
identical when the computations are done at precision 2/N.

The situation improves if we can build a complete denominator for
the modular equations, as we did in §5.1.4 in the case of Siegel modular
equations, and Hilbert modular equations in Gundlach invariants for F' =
Q(v/5). In this case, we separately evaluate numerators and denominators
of the modular equations using analytic formulse. Then we only have to
recognize algebraic integers from their images under the complex embed-
dings of L, and we can apply the methods of §6.1.3 to obtain a provably
correct output.

Assume, for instance, that we want to evaluate Hilbert modular equa-
tions of level § for F' = Q(\/g) at a given pair of Gundlach invariants
(g1,92) € L. We compute a point 7 € H? realizing these Gundlach in-
variants by inverting the Hilbert embedding as above. By eq. (5.3), the
denominator Dg(7) has the analytic expression

Gy ()25 )

R GG

LI (ro) = P, (6.8)

nECg
where wg = 10(2¢ + 2), and the integers a,b > 0 are chosen such that
2|ws/6] +ws =10a+2b with 0 <b < 4.

Recall that for every 7 = (71, 7) € HF, for every n = (25) € Cg, and for
every A € I, we write A7 = (A7, ATz) and

N1 = (er + d)(ery +d), (no)*t = 77*((7'2, 7'1)).
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By definition of the Hilbert modular equations, we also have the formulze:

Ds(t)Ws,1 (pu(g1), 1(92), Y) = Dp(t) H (Y = a1(5m1))

nGCg
Gy(t)?Lws/C) 10 501
:2wﬁf H n't) " (Fuo(3m)Y — G3(4nt)), and
Fro(t)*Go(t) necs
Da(t)Ws(p(g1), 11(92),Y) = Ds(t) Y ga(5mt) [ (Y — n(3't))
neCy n'#n
G (t)2Lws /6] 10,2
= 2“’57 Z n't) "G (gnt) Fs(5mt)
Fro(t)*Ga(t)® 2ecs

T )T (Fuo(Gnt)Y — G3(5nt).
n'#n
(6.9)
By proposition 5.1.13, these quantities (6.8) and (6.9) are the values, in
each complex embedding p of L, of certain elements

D € Zg1,92], and Py, P, € Z[g1, g2, Y]

If g, and ¢ are integers in L, then D, P, and P, are elements of Zj as
well. In the general case, let ¢ € L be such that both cg; and cgy are inte-
gers; then, by proposition 5.1.17, it is sufficient to multiply D, P;, and P,
by ¢0¢+1D/3 to obtain algebraic integers. Finally, we output

\Ilﬂ,l(glag%y) = P1/D and q’ﬂ,Q(glagQuy) = P2/D-

The same idea of using Dg to obtain algebraic integers works for derivatives
of modular equations too. The proof of correctness follows two steps.

1. In the first step, we assume that we are given approximations of
the values p(ji) for 1 < k < 3 in a fixed complex embedding pu
of L. We analyze the cost and precision losses in the various steps
of the algorithm: computing 7y (§6.3.2), inverting the Hilbert em-
bedding (§6.3.3), reducing the matrices H R(%m') to the fundamen-
tal domain F5, computing theta constants, and evaluating modular
equations analytically (§6.3.4). Towards the end, we restrict to the
formulae (6.8) and (6.9) for the sake of brevity; otherwise, the com-
putations apply to all cases of modular equations in Igusa invariants
discussed above.

2. In the second step (§6.3.5), we focus on the case of Hilbert modular
equations for Q(v/5) in Gundlach invariants. We consider each of
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the two situations of §6.1.3 for the reconstruction of integers in L: in
each situation, we compute the required precision to recognize D, P,
and P, uniquely, and conclude on the cost of the whole algorithm.
The computations in the case of Siegel modular equations are very
similar, and we simply point out the differences in running time.

6.3.2 Computing period matrices

Let dp, be the degree of L over Q, and fix a complex embedding u of L.
In this section, we investigate the first step of the algorithm to evaluate
modular equations: given Igusa invariants (ji, jo, j3) € L3, compute a pe-
riod matrix 7 € F, with Igusa invariants (u(j1), 1(j2), 1(73)). We assume
that j3 # 0: otherwise 7 is not uniquely determined.

During the algorithm, we will consider a finite family O(ji, jo, j3) of
algebraic numbers constructed from j, jo and j3. More precisely we con-
sider © as a finite family of polynomials @ € Q[X3,...,X,,Y], and the
algebraic numbers that we consider are constructed as roots of polynomi-
als of the form Q(j1,jo,J3,%4...,2n, Y ), where zy,...,z, are previously
constructed elements of O(j1, j2,73). When presented in this way, © does
not depend on L, jq, jo, or j3. As a toy example, consider the family ©
consisting of the single polynomial X; — Y2; then O(ji, jo,j3) = {V/7J1}-
We call © a finite recipe of algebraic extensions.

If H denotes the height of (j, 2, 73), then the height of all elements
of ©(j1, j2, j3) is in Og(H) by propositions 4.3.1 and 4.3.3.

For every complex embedding p of L, we define Bg ,, > 0 as the minimal
real number such that

og((7(0)))] < B
for each nonzero 6 € ©(jy, j2, j3) and each extension fi of p to the number
field L(©(j1, ja,j3)). We can take Bg , = Oe¢(d;H); moreover the sum of
the bounds Bg , over all the complex embeddings of L is also Og(dLH).
A typical example of how we use Bg , is as follows.

Proposition 6.3.1. There exist an algorithm and a finite recipe of alge-
braic extensions © such that the following holds. Let L be a number field,
let ji,ja,j3 € L such that js # 0, let v be a complex embedding of L, and
define Bo,, as above. Let N > 1. Then, given approzimations of [i(ji)
for 1 < k < 3 to precision N, the algorithm computes a genus 2 hy-
perelliptic curve C over C with Igusa invariants u(j1), p(j2), n(Jjs) within
O(M(N + Be,,)) binary operations, with a precision loss of O(Be ) bits.

Proof. Use Mestre’s algorithm [Mes91|. This algorithm involves O(1) el-
ementary operations with complex algebraic numbers constructed from
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the p(jy) for 1 < k < 3, hence the estimates on the running time and
precision losses follow from proposition 6.1.2. O]

We prove that any period matrix 7 € F5 of C is bounded in terms
of Bg, for some ©. This is done by looking at theta quotients at 7.

Lemma 6.3.2. There exists a finite recipe of algebraic extensions © such
that the following holds. Let C be as in proposition 6.5.1, and let T € F5 be
a period matriz of C. Then we have

7| = O(Be,p)-

Proof. By Thomae’s formulae [Mum84, Thm. I11a.8.1], the theta quotients
0,(1)/00(7) for j € [1,15] are algebraic numbers constructed from the
coefficients of C, and are nonzero for j € {0,1,2,3,4,6,8,12}. Therefore,
we can choose O in such a way that

|log (16;(7)/80(7)|)| < Be,, for j € {4,8}.

Write 7 = (21 %). By lemma 6.2.10, the real numbers Im(z;) and Im(zs)
are in O(Be,) as well, hence also |Im(z3)| because det Im(7) > 0. Since
|Re(7)| < 1/2, the result follows. O

Proposition 6.3.3 (Under hypothesis 6.2.15). There exist an algorithm
and a finite recipe of algebraic extensions © such that the following holds.
Let L be a number field, let jy,j2,j3 € L be such that j3 # 0, let u be a
complex embedding of L, and define Bg, as above. Let N > 1. Then,
given approximations of u(jx) for 1 < k < 3 to precision N, the algorithm
computes a matriz T € Fo such that the Igusa invariants at T are the p(jy)
for 1 < k < 3. The algorithm involves O(M(N + Beg,,)log(N + Be )
binary operations, and a precision loss of O(log N + Be , log Bg ) bits.

Proof. First, we compute a complex curve C as in proposition 6.3.1. Then,
by Thomae’s formulze, there is a finite number of possibilities for the values
of squares of theta quotients at 7; one of them corresponds to an actual
matrix 7 € F,, and the others correspond to other elements in the or-
bit Sp,(Z)T. When we run the algorithm of proposition 6.2.14 on these
inputs, we may discard all resulting period matrices that do not belong
to F5. In order to distinguish between the remaining possible values of 7,
it is usually enough to compute theta constants to precision O(1) using
the naive algorithm, and match with the input. In extreme cases, we may
resort to computing Igusa invariants at all remaining possible values of 7 to
precision O(N + B,,), using O(M(N + B,,) log(N + B,,)) binary operations,
by proposition 6.2.17; this is where we use hypothesis 6.2.15. O
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6.3.3 Inverting the Hilbert embedding

Let F' be a real quadratic field, and let R € GL2(R) be a matrix defining
a Hilbert embedding Hpg, as in §2.3.3. Recall that for every 7 € Hy, we
denote by 0 < A;(7) < A2(7) the two eigenvalues of Im(7).

Lemma 6.3.4. Let ' and R be as above. Then there exists a constant
C > 0 depending on F and R such that for every T = (11,72) € H3, we
have

&A(HR(7)) < min{lm(n), Im(r) } < CAi(Hr(7)),
EXa(Hp(7)) < max{Tm(7), Tm(75)} < CAo(Hg(7)).

Proof. Use the definition (2.12) of the Hilbert embedding. O

Proposition 6.3.5. Let F' be a real quadratic field, and let R be as above.
Then there exist an algorithm, a constant C' > 0, and a finite recipe of al-
gebraic extensions © depending on F' and R such that the following holds.
Let L be a number field, let ji, ja,j3s € L be such that j3 # 0, let p be a
complex embedding of L, and define Beg,, as in §6.5.2. Let C be a genus 2
hyperelliptic curve over C with Igusa invariants u(j1), p(j2), 1(Jjs), and as-
sume that Jac(C) has real multiplication by Zp. Let 1o € Fo be a period
matriz of C. Then there exists T = (11, 72) € H3 such that Hr(7) € Hy is a
period matriz of C, and

log(Im ;)| < CBe,, fori=1,2.

Moreover, given an approximation of Ty to precision N + CBeg ,, the algo-
rithm computes T to precision N within Op (M(N + Bg ) log Be ,,) binary
operations.

Proof. By lemma 6.3.2, if © is well chosen, we have
70| = O(Be ).

The result would be obvious from lemma 6.3.4 if there existed 7 € H? such
that 7 = Hg(7), but this is not always the case. In general, by [BW03,
Lem. 4.1], there exist coprime integers a, b, ¢, d, and e such that

b —dac —4de = A and  az(10) + bz3(70) + cz2(79) + ddet(rp) + e = 0,

(6.10)
where A denotes the discriminant of F'. Finding the integers a,b,c,d,e
will allow us to construct a conjugate of 75 under Sp,(Z) which admits a
preimage under Hg.
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We claim that the heights of a, b, ¢, d, e are in Op(Be ,) for some choice
of ©. We prove this by comparing the analytic and rational representations
(see [BLO4, §1.2]) of the endomorphism v/A on the complex abelian variety

Alm) = C/(Z* @ 772).

The rational representation of every endomorphism f in the image of Zp
inside End(A(7))T is of the form

n ma 0 md
—mec mb+n —md 0
PR~ (f) = 0 me n e for some m,n € Z,
—me 0 ma mb+n

by [BW03, Cor. 4.2]. On the other hand, the analytic representation of v/A,
denoted by pa.,(v/A), can be computed as follows. Let w = (w1, ws) be a
basis of differential forms on A(7p) such that Sym*(w) corresponds by the
Kodaira—Spencer isomorphism to a deformation of A(7) along the Humbert
surface. Then, by proposition 3.3.10, the matrix of (\/K)* in the basis w is

of the form
N VA 0
0 —VA)

Algorithm 3.3.11 shows that such a basis w exists; moreover the base change
matrix m between (dz;,dz;) and w can be chosen in such a way that

m_ll} = OF(BG,M)

log max{|m|,

after extending © in a suitable way. This proves that the analytic repre-
sentation of the endomorphism /A on A(7) satisfies

log™ |parm(VA)| = Op(Bo,).

For every f € End(A(7)), the rational and analytic representations of f
are related by the following formula [BL04, Rem. 8.14]:

par(f) (To 12) = (7o 12) PRy ()
Taking imaginary parts, we find that there exist m,n € Z such that

n ma
Tm(7p) (—mc mb-+n

Im(m) (_Sld ”gd) — T (pan(VA)).

) = Im(parn(VA)7), and

226



Therefore the heights of a,b,c,d, m and n are in Op(Be,). The same is
true for the integer e by eq. (6.10). This proves our claim.

The algorithm to compute 7 is the following. We compute the integers
a,b,c,d and e using Op(M(Be,,) log Be ) binary operations with a quasi-
linear version of the LLL algorithm [NSV11, NS16|, using eq. (6.10). Then
we apply the algorithm of [BWO03, Prop. 4.5] to compute v € Sp,(Z) such
that y7y lies in the image of Hg; the matrix v has a simple expression in
terms of a, b, ¢,d, and e, hence we also have

log || = Or(Be,y).

By proposition 6.2.9, we also have

A(y7o) = Op(Be,y),

so the result follows from lemma 6.3.4. ]

6.3.4 Analytic evaluation of modular equations

We return to the case of Hilbert modular equations in Gundlach in-
variants for ' = Q(+/5). Let L be a number field, let p be a complex
embedding of L, and let (g1, 92) € L. We keep the notation of §6.3.1. In
the following proposition, we detail the algorithm to evaluate the numerator
and denominator of Hilbert modular equations of level 8 at (u(g1), 1(g2)).
We assume that g; # 0, so that the associated Igusa invariants (ji, j2, j3)
satisfy 73 # 0.

In order to avoid complicated expressions, we hide logarithmic factors in
the O notation from now on. Actually O(T) is always O(M(T' log T') log T').

Proposition 6.3.6 (Under hypothesis 6.2.15). There exist an algorithm, a
finite recipe of algebraic extensions ©, and a constant C' > 0 such that the
following holds. Let L be a number field, let p be a complex embedding of L,
let (g1, 92) € L? such that g1 # 0, and define Be,, as in §6.3.2. Finally,
let N > C(Be,log Be ,, +logl).

Then, given approzimations of 1u(g1) and pu(gs) to precision N, the al-
gorithm computes 11(Dg(g1,92)) € C and p(Dg¥s,m(g1,92,Y)) € C[Y] for
m € {1,2} within O(EB%’# + {N) binary operations, with a precision loss
of O({Be,, +1log N) bits.

Proof. We first compute the associated Igusa invariants p(jy) for 1 < k <3
using proposition 2.3.16. Note that j3 # 0. Using proposition 6.3.3, we
compute a matrix 7o € F having these Igusa invariants in O(N + Bg )
binary operations, with a precision loss of O(log N+ Be , log Bg ) bits, for
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a suitable choice of ©. Then, using proposition 6.3.5, we compute 7 € H?
such that 7 has Gundlach invariants (g1, g2), and

llog(Im7;)| = Op(Be,), foreachie {1,2}.

This costs 5(]\7 + Be,,,) binary operations, with a precision loss of O(Be )
bits. TNhe next step is to compute the points %777' € H2 for alln € C%: this
costs O({(N + Be,)) binary operations, with a precision loss of O(log ()
bits. By lemma 6.3.4, we have for every n € C:

A(HR(%UT)) = O(Be,, +1og?).

Then, we reduce the matrices H R(%HT) to the fundamental domain
using corollary 6.2.24: we compute matrices 7, € F, and v, € Sp,(Z) such
that

’yn(%m') =T, for every n € CF,

with a precision loss of O(Be,, + log{) bits. We also compute squares of
theta constants at every 7,. This can be done in O((Bg , + {N) binary
operations. Moreover, we have

log |v,| € O(Be,, + log?).

Definition 2.3.4 yields the values of the Siegel modular forms hy, hg, h1g, hi2
at all the matrices 7, using O({) binary operations, and a precision loss
of O(1) bits.

At the end, we evaluate Dg(7) using eq. (6.8), and the equality

. ~10
Fio(gnr) = (detv;(5n7))  Fio(7y),

for every n € C§. By lemma 6.2.21, O(K(B@# + logé)) bits of preci-
sion are lost in this computation; the total cost of computing Ds(t) is
O(E(N + B@#)) binary operations.

The polynomials Dg(T),u(\Ifg’m(gl,gg, Y)) for m € {1,2}, given by the
formula (6.9), are computed using product trees as in lemma 6.1.3. This
also costs O(E(N + B@#)) binary operations, and adds a precision loss
of O(K(BU + log E)) bits. We conclude by summing precision losses and

binary costs of each step. O]

In the case of Siegel modular equations of level ¢, the complexity and
precision loss estimates are similar to those in proposition 6.3.6, with each
occurence of ¢ replaced by £3. A further remark is that in the Siegel case,
we can avoid costly reductions to JF, using the matrices ¥ from the proof
of proposition 5.1.10. This is especially attractive since this reduction step
is the only one whose cost is not quasi-linear in the output size.
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6.3.5 Algebraic reconstruction

Recall that we fix F' = Q(\/g) Once the Hilbert modular equations
of level 8 and their denominators have been computed at (gi,¢2) in every
complex embedding of L, we recognize their coefficients as algebraic num-
bers using the methods of §6.1.3. We present two results, one in the case
of lifts from a finite field, and one in the case of a general number field.

In the case of a finite field, we are given a prime power ¢ = p?, and
a monic polynomial P € Z[X] of degree d, irreducible modulo p. We let
M > 1 be such that log|P| < M. We assume that a black box provides us
with approximations of the roots of P to any desired precision. Then we
represent elements of I, as elements of F,[X]/(P).

Proposition 6.3.7 (Under the conditions of the previous paragraph, and
hypothesis 6.2.15). There exists an algorithm such that the following holds:
gwen gi,gs € Fy such that g1 # 0 and Dg(g1,92) # 0, the algorithm com-
putes the polynomials Vg ,,,(g1, g2) € F,[Y] for m € {1,2} within

O(0d? log? p + (d*M? + *dlog p + (*d> M)
binary operations.

If dM = O(logp), and if moreover £ = O(log ), then the cost estimate
simplifies to O(log® ¢) binary operations. If ¢ = p is prime (i.e. d = 1),
then the cost estimate simplifies to O(£log® p 4 £? log p) binary operations.
Theorem 6.0.1 stated at the beginning of this chapter is the analogue of
proposition 6.3.7 in the case of [F,, for Siegel modular equations, where we
replace each occurence of ¢ by £3.

Proof. Let L be the number field Q[X]/(P), and let a be a root of P in L.
We lift g; and ¢, to elements of Z[«] in such a way that the height of their
coefficients is bounded above by logp. Then we have

h(a) < M +1log2, and
max{h(g1), h(g2)} < log(p) + dh(a) + log(d) = O(dM + log p).

Since Dy and the coefficients of U4 ,,, for m € {1, 2} are elements of Z[g1, ¢o]
of degree O(¥¢) and height O(¢log¢) by theorem 5.0.1, the algebraic integers
we have to recognize are all elements of Z[«], and the height of their coeffi-
cients is O({log{ + £dM + {logp). By proposition 6.1.5, we can recognize
each coefficient within O(¢d®>M + (dlog p) binary operations, provided that
its values in every complex embedding of L are computed to precision at
least C'(¢log ¢ + ¢dM + Clog p), where C' is some absolute constant.
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Let u be a complex embedding of L, and start at precision N > 1.
Then p(g1) and p(g2) are obtained by replacing a by one of the complex
roots of P: this can be done within O(d(M + N)) binary operations, and a
precision loss of O(dM + logp) bits, via Horner’s algorithm. Then we run
the algorithm of proposition 6.3.6, for each complex embedding p of L. It
is enough to choose N in

O(dM + llogp + {Bg ),

for a cost of 5(53%’“ + ¢N) binary operations. Since we have

Y Be, = O(dlogp + d*M),
w

and each Bg , is in O(dlogp+ d>M), the total cost of analytic evaluations
over all embeddings is

O(td*1og? p + td*M? + (*dlogp + (*d>M)
binary operations, and dominates the cost of algebraic reconstruction. [J

If g1, go € Z are small integers, then the complexity of evaluating mod-
ular equations is quasi-linear in the output size.

Proposition 6.3.8 (Under hypothesis 6.2.15). There exists an algorithm
such that the following holds. Given and g1, go € Z such that

max{|gi],|g2|} € O(1) and ¢1D3(g1,92) # 0 mod p,

the algorithm computes the polynomials Vg ., (g1, g2) € QY] for m € {1,2}
using a total of O(M(£*logl)logl) binary operations.

Proof. In this case, we have Bg , = O(1). It is sufficient to round the result
of proposition 6.3.6 with N = Cllog ¢, where C' is an absolute constant, to
the nearest integers. O

From another point of view, the complexity of evaluating Hilbert mod-
ular equations for F' over a number field L can be bounded in terms of the
discriminant Ay, of L and the height of the operands. We assume that an
LLL-reduced basis of Zj; has been precomputed. Moreover, if m is the
matrix defined in proposition 6.1.6, we assume that a black box provides
us with the coefficients of mzl to any desired precision.
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Proposition 6.3.9 (Under the conditions from the previous paragraph,
and hypothesis 6.2.15). There exists an algorithm such that the following
holds. Let H > 1, and let g1,92 € L given as quotients of integers of
height at most H such that g1 Dg(g1,g2) # 0. Then the algorithm computes
Vs m(91,92) € LIY] for m € {1,2} within

O(d*0log Ay + d*0 + (d®H? + Pd*H + d*)
binary operations.

In the case L = Q, the cost estimate simplifies to O(¢H2 + (2H) binary
operations.

Proof. For simplicity, assume that ¢g; and gy are actually integers: in the
general case we multiply Dg by an appropriate power of a common denom-
inator of ¢; and ¢» in Zj,.

We know that Ds(g1, g2) and the coefficients of DgWs (g1, g2) are poly-
nomials in Z[g1, go] of degree O(f) and height O(/log/), by theorem 5.0.1.
Therefore they are algebraic integers of height O(¢H). By proposition 6.1.6,
we can recognize each coefficient within O(d*¢(H + d?log Ar + d*) binary
operations, provided that complex approximations are computed at a pre-
cision N high enough; it is enough to take N in O(log Ay + d(H + d?).

In order to obtain these approximations, we run the algorithm of propo-
sition 6.3.6 in each complex embedding  of L. For each embedding p, the
starting precision is chosen in O(log Ay, + d¢H + (Bg, + d?), for a suit-
able recipe of algebraic extensions ©. Therefore the cost to compute the
required complex approximations in the embedding u is

O((B}, + llog Ay + d(*H + (*Be,, + (d?)

binary operations. The sum of the bounds Bg, is in O(dH), as well as
each individual Be . Therefore, the total cost of computing complex ap-

proximations in all embeddings is O(¢d>?H? + ¢dlog Ap + (*d*H) binary
operations. N

The complexity results of propositions 6.3.7 and 6.3.9 are not entirely
satisfactory: the dependence on log p in the finite field case, and on H in the
number field case, is quadratic. This comes from the fact that the reduction
algorithm to the Siegel fundamental domain (proposition 6.2.23) is quasi-
quadratic in A(7), and not quasi-linear. Reduction to the fundamental
domain for elements of Hy is essentially equivalent to lattice reduction
for dimension 4 symplectic lattices; it is likely that this reduction can be
done in quasi-linear time, as for Gauss’s algorithm [Sch91, Yap92| and for
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the LLL algorithm [NSV11, NS16]. Another possibility to improve the
complexities in propositions 6.3.7 and 6.3.9 would be to try to adapt the
reduction algorithm for the matrices H R(%UT) € H, for n € CF, using the
known matrix v € Sp,(Z) such that yHg(7) € Fs.
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Chapter 7

Elkies’s method for abelian
surfaces

The previous chapters presented several results and algorithms about
higher-dimensional modular equations, and in particular modular equations
of Siegel and Hilbert type in dimension 2. We know how to use them to
compute isogenies between abelian surfaces (chapter 3), we can bound their
degrees and heights (chapter 5), and finally we have efficient algorithms to
evaluate them (chapter 6). Thus, all the necessary ingredients to generalize
Elkies’s method to principally polarized abelian surfaces are gathered. This
short chapter details the resulting algorithm, building upon previous works
on Schoof’s and Atkin’s methods for abelian surfaces [GH00, GS12, GKS11,
BGLGT16]. In particular, we obtain a heuristic point-counting algorithm
for principally polarized abelian surfaces with real multiplication by a fixed
quadratic field F' which, up to constants depending on F', has the same
asymptotic complexity as the SEA algorithm for elliptic curves.

7.1 The characteristic polynomial of Frobenius

Let p be a large prime, let ¢ be a power of p, and let A be a principally
polarized abelian surface over F,. Let m4 be the Frobenius endomorphism
of A, and let x4 € Z[X] be its characteristic polynomial. Let ¢ # p be
a prime. Then y,4 is the characteristic polynomial of 74 as an endomor-
phism of the f-adic Tate module Ty(A). In particular, y4 mod ¢ is the
characteristic polynomial of 74 as an endomorphism of A[{] ~ (Z/(Z)*.

Our goal, as in Elkies’s method for elliptic curves (§1.2.2), is to com-
pute x4 mod ¢ using subgroups of A[f] obtained as kernels of isogenies
instead of endomorphisms, in order to reduce the degrees of the polynomi-
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als involved. We consider two cases:
e In the Siegel case, we assume nothing a priori on the ring End(A).

o In the Hilbert case, we fix a real quadratic field F' and assume the
existence of a real multiplication embedding Zy — End(A)" defined
over [Fy, which is not necessarily explicit or computable.

In the Hilbert case, we further assume that ¢ splits in Zr into a product
of two principal ideals generated by totally positive elements /3,5 € Zp.
By the Chebotarev density theorem, this condition holds for a constant
proportion of ¢’s as ¢ grows to infinity; hence this assumption does not
affect the asymptotic complexity of Elkies’s method. Moreover, we can
choose 3 in such a way that Trp/q(3) € Op(vV¥) by [GKS11, §3.3].

The properties of y4 are intimately related with the Rosati dual WL
of m4. For the moment, we do not make the assumption that A is simple or
ordinary. We know that 7', o 74 = ¢ in End(A4) [Mum70, Thm. 4 p. 206],
hence Q(m4) C End’(A) is a commutative subring stable under t. More-
over, the roots of x 4 in C are complex numbers of the form Ay, Ao, g/ A1, ¢/ A2
with |Az|> = ¢ for k € {1,2}. Therefore the characteristic polynomial of 74
takes the form

Xa=X"— 51 X%+ (50 +2¢9)X? — qgs1. X + ¢

where we set

q

7’1:)\+—, 7’2:)\24‘i
A1

Ao’

S1=1r1+1ry, and Sy =rirs.

We have |s;| < 4,/q and |sy| < 4q; in fact, by the proof of [Rii90, Lem. 3.1],
we also have the inequalities

(|s1] — 4+/q)* > s — 4sy > 0.

The endomorphism &4 = w4 + WL satisfies €4 — 5164 + 59 = 0, and 74
satisfies the following relation over Z[4]:

7T124—5A7TA—|—C]:O.

Note that &4 € End’(A)f. By [Mum70, Thm. 3 p. 202], this ring is
either Q, Q x Q, or a real quadratic number field, and is equal to F' in the
Hilbert case. In the point counting context, we want to compute s; and s,
mod ¢ using the action of m4 on kernels of isogenies. The methods in the
Siegel and Hilbert cases differ.

234



7.2 The Siegel case

Recall that A[(] is endowed with an alternating, nondegenerate bilinear
form denoted by (z,y) — (x,y) € Z/{Z induced by the principal polariza-
tion of A. For all z,y € A[f], we have

<7TA(J7>77TA(y)> =4q <(L‘,y> : (71)

We say that ¢ is an FElkies prime if there exists an (-isogeny ¢ with domain A
which is defined over F; equivalently, ¢ is Elkies if A[¢] admits a dimension 2
isotropic subspace which is stable under m4. Let us relate this property with
the decomposition of x4 mod .

If P is a monic polynomial of degree d whose constant term aq is in-
vertible, then we define its g-reciprocal polynomial as

~ 1
P=—X"P(q/X),
Qo

and we say that P is g-reciprocal if P="P Ifd= 2, this simply means
that ag = q.

Proposition 7.2.1. Assume that { is Elkies, and let ¢ be an (-isogeny with
domain A defined over F,. Let P be the characteristic polynomial of m4
on ker . Then xa = PP mod /.

Proof. Choose a symplectic basis of A[¢] whose first two vectors gener-
ate ker p. By (7.1), the matrix of 74 in this basis takes the form

M *
0 qut )

and the characteristic polynomial of gM~t is P. O
Proposition 7.2.2. Let ¢ be a prime, and assume that one of the following
properties holds:

1. xa splits modulo ¢ as a product of the form PP where P and P are
coprime; or

2. xa 1s totally split modulo .
Then ¢ 1s Elkies.
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Proof. In case 1, we write a = P(74) and @ = P(m4) as endomorphisms
of A[¢]. Then we have a decomposition of A[{] as kera @ kera, both sub-
spaces being of dimension 2. Let us show that ker a is isotropic. By (7.1), a
is the adjoint of a; hence

(kera,kera) = (Ima,Ima) = (A[(],Im(aa)) = 0.
In case 2, if v is an eigenvector of 74, then v* is still 74-stable, hence
there exists w € v such that (v) @ (w) is a m4-stable subspace of dimen-
sion 2. O

The splitting of x4 modulo ¢ also determines the number of maximally
isotropic subspaces. For instance, if x4 is totally split over [F,, and if the
eigenvalues satisfy the non-equalities 1 # 79, A\; # ¢/A1 and Ay # ¢/ s,
then there are exactly four of them inside A[/].

To summarize, if ¢ is an Elkies prime, then we can recover x4 mod ¢
by computing the characteristic polynomial of w4 on the kernel of one (-
isogeny, by proposition 7.2.1. Heuristically, we expect that about half of
the primes will be Elkies given the characterization of proposition 7.2.2; so
that it is sufficient to consider Elkies primes ¢ = O(logq) to complete the
point counting algorithm.

7.3 The Hilbert case

In the Hilbert case, the subgroup A[f] decomposes as the orthogonal
direct sum A[S]@A[S], and both subspaces are stable under 74 and 7.

Since A[5] and A[f] are not isotropic, the determinant of 74 on both of
these subspaces is ¢. Hence we have a decomposition of x4 mod ¢ as

Xa = (X? = 15X + ¢)(X* — 53X + q)

where t5 and t7 are the traces of m4 on A[3] and A[f] respectively.

We say that 8 (resp. [3) is Flkies if m4 admits an eigenvector on A|[f]
(resp. on A[A]). Equivalently, 3 is Elkies if there exists a S-isogeny ¢ with
domain A defined over [F,. In this case, knowing the eigenvalue of 74
on ker ¢ is sufficient to reconstruct ts.

However, $ and 8 may not be simultaneously Elkies, hence reconstruct-
ing x4 mod /¢ is not always possible. Instead, we observe that {4 € Zp
and Zp/BZp ~ 7/{Z; in this identification, we have {3 = {4 mod S. In-
stead of using the Chinese remainder theorem to recover the coefficients
of x4 as integers, we recover £4 as an element of Zp.
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We view Zp as a 2-dimensional lattice, endowed with the Euclidean
distance given by the embedding Zr — C? z + (2,7). Then {4 € Zp
has length at most (8¢)/2. We claim that &4 is uniquely determined as
soon as we know the value of £4 mod I, where I is an ideal of norm
strictly greater that 16¢. Indeed, if £, & are equal mod I but distinct,
then Np/g(§ —¢') > N(I); therefore

e — €l = /2| Nijole — )] > 2(80)2

We can stop the point counting algorithm when we have collected the
values of £4 modulo distinct totally positive primes (i,..., By of Zr such
that HZN:1 Npg(Bi) > 16q. Heuristically, we expect that a given j3 is Elkies
with probability about one half, so that it is sufficient to consider Elkies
primes 3 such that Np/g(f) = O(logq) to complete the algorithm.

7.4 Computing the action of Frobenius on iso-
geny kernels

If ¢ or 3 is an Elkies prime, we still have to explain how to find a suit-
able - or ¢-isogeny ¢ with domain A defined over F,, and how to compute
the characteristic polynomial of 74 on ker ¢. The first part, computing ¢,
is where we apply the results of the previous chapters. The second part
involves polynomial systems and is more classical, being already studied in
the context of Schoof’s algorithm on hyperelliptic curves [GS12, Abel8|.

We only give a sketch of the algorithms. For simplicity, we make the
following assumptions:

e The base field F, is prime, i.e. ¢ = p; moreover p > 8¢ + 7 in the
Siegel case, and p > 4 Trp/g(f) + 7 in the Hilbert case.

o A is the Jacobian of a hyperelliptic genus 2 curve C defined over F,,
and has automorphism group {£1} over an algebraic closure of F,
(in particular A is absolutely simple).

Moreover, we assume that the various other genericity assumptions used
in the algorithms of chapters 3 and 6 hold true. For instance, in the Siegel
case, we assume in particular that the denominator D, of Siegel modular
equations does not vanish at (j;(A), j2(A), j3(A)). If p is very large, say of
cryptographic size, and if C is chosen at random, then all these genericity
assumptions hold with overwhelming probability.

The algorithm to compute ¢ can be sketched as follows; we recall

that ¢ = O(logp).
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1. Evaluate the modular equations and their derivatives at A using the
algorithms of chapter 6, assuming that hypothesis 6.2.15 holds; this
costs O(£° log” p) binary operations in the Siegel case, and O (¢ log® p)
binary operations in the Hilbert case. If the Igusa invariants of A can
be written as quotients of integers of height O(1), then the cost of
evaluating modular equations drops to O(¢£%) and Op(¢?) binary op-
erations respectively.

In the Hilbert case, the rational reconstruction step is heuristic, unless
one computes an explicit complete denominator for modular equa-
tions, as we did in the case of Gundlach invariants for F = Q(v/5)
(§5.1.4). It is advisable to use modular equations in nonsymmetric
invariants if possible, since they have smaller degrees and allow us to
distinguish between § and B-isogenies.

2. Compute roots of modular equations to find an isogenous abelian
surface; this step costs O(f*log® p) binary operations in the Siegel
case, and Op(¢log® p) binary operations in the Hilbert case.

3. Compute an explicit representation of the isogeny ¢ using the al-
gorithm of chapter 3; this costs O(¢logp) binary operations in the
Siegel case, and Op(v/¢logp) binary operations in the Hilbert case.

At the end, we have computed a point P of C, possibly over an extension
of F,,, and the rational representation of the isogeny ¢ at the base point P in
the sense of §3.4.1. Denote this rational representation by pp: C — C'<*>.
Following the proof of [Sch95, Prop. 6.1], [BGLG"16, Prop. 3|, one can
show that the kernel of ¢ will be defined over [F,, in generic cases.

It remains to explain how to compute the characteristic polynomial
of m4 on kerp using ¢p as input. For simplicity, assume that P is a
Weierstrass point of C, and that all the points of A[¢]\{0} can be written
in the form [Q; + Q2 — K] where @1, Q) are distinct points of C and K
denotes the canonical divisor of C. Then such a point lies in ker ¢ if and
only if

©p(Q1) = —pp(Q2) in Jac(C').

From this characterization, one derives an ideal of polynomial equations de-
scribing the points of ker()\{0} in C<?>. In order to compute with the for-
mal point of ker(¢)\{0}, we compute a Grébner basis of this ideal. Asymp-
totically, the most costly step in this procedure is to compute the resultant
of certain bivariate polynomials of degree O(d) over IF,, [GS12, §3.1], where d
is the degree of the rational fractions describing ¢p. This costs O(d®log p)
binary operations; in other words O(£3logp) and Op(¢3/?logp) binary op-
erations in the Siegel and Hilbert cases, respectively. The degrees of the
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polynomials in the resulting Grobner basis is O(d?).

The final step is to compute the characteristic polynomial of 74 on ker .
In the Siegel case, where we have to determine two elements of Z/{(Z, we
perform O(¢*+log p) multiplications modulo polynomials of degree O(d?),
for a total cost of O((£* +logp)¢*logp) binary operations. In the Hilbert
case, we only determine one element in Z//Z, therefore the total cost is
only Op(€log?p) binary operations.

We conclude by summing the complexities of all the steps in the point
counting algorithm, and multiplying by the number O(logp) of auxiliary
primes to consider:

Result. We obtain an algorithm which, given a large prime p and given
a principally polarized abelian surface A = Jac(C) over F, without extra
automorphisms, computes x4 € Z[X]. In the generic case, its heuristic
cost is O(log®p) binary operations, or O(log’ p) binary operations if the
Igusa invariants of A are quotients of integers of height O(1). If A has real
multiplication by Zp where F is a fived real quadratic field, its heuristic
cost is Op(log p) binary operations.

In the Siegel case, the complexity of Schoof’s method is already 6(10g8 p)
binary operations. It can be further decreased using recent algorithms for
the computation of bivariate resultants [Vill8|, although the practical ef-
fects of this improvement are not demonstrated. Therefore, Elkies’s method
is (heuristically) asymptotically faster only when A has small invariants.
In the Hilbert case, the heuristic complexity of Elkies’s method improves
on Schoof’s method: up to constant factors depending on F', we reach the
same asymptotic complexity as the SEA algorithm for elliptic curves.
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Research perspectives

To conclude the thesis, we sketch several directions of research that our
results suggest. They concern either improvements or generalizations of
our algorithms.

e First and foremost, releasing an implementation of the algorithms of
chapters 3 and 6 is in order, and perhaps even a full implementation
of Elkies’s method over prime finite fields in generic cases. In partic-
ular, this would allow us to compare the cost of Elkies’s and Schoof’s
methods in the Siegel case experimentally.

e In order to implement a proved algorithm to compute genus 2 theta
constants in quasi-linear time, it would be nice to prove hypothe-
sis 6.2.15 with explicit upper bounds on the necessary initial preci-
sion in the Newton iterations. This calculation is perhaps feasible,
and would be interesting also in the genus 1 case.

e The complexity of the algorithm of chapter 6 to evaluate modular
equations over number fields is not quasi-linear in the output size
in general. In particular, the term H? in proposition 6.3.9 comes
from the fact that reduction to the fundamental domain F, C H,
is not done in quasi-linear time, as proposition 6.2.23 shows. As we
remarked at the end of chapter 6, it should be possible to reformu-
late this problem in terms of lattice reduction for dimension 4 sym-
plectic lattices, and to adapt existing quasi-linear lattice reduction
algorithms [NSV11, NS16] to this setting.

e In order to assess the complexity of Elkies’s method for abelian sur-
faces, it would be interesting to generalize the known results about the
distribution of Elkies primes in the case of elliptic curves [SS14, SS15]
to higher dimensions.

e The isogeny algorithm of chapter 3 could be applied to the construc-
tion of explicit families of abelian surfaces with real multiplication,
besides the examples presented in [GKS11, §4].
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e In order to evaluate modular equations over a finite field F,, lifting to
a number field as in proposition 6.3.7 is not the most natural thing
to do. It is interesting to ask if there exists an algorithm to evaluate
modular equations in quasi-linear time over unramified extensions
of Q,, using canonical lifts of abelian surfaces.

e When constructing complete denominators of modular equations, the
structure of the corresponding rings of modular forms over Z plays a
central role. This raises the question of finding an algorithm to com-
pute the ring of Hilbert modular forms over Z for Q(v/A), when A
varies. The result for A = 29 and A = 37 has recently been com-
puted [Wil20]. It would also be interesting to compute rings of Hilbert
modular forms over Z for totally real cubic fields.

e Finally, beyond abelian surfaces, it would be interesting to extend
Elkies’s method for point counting to the case of principally polar-
ized abelian threefolds with real multiplication over finite fields. We
should obtain strong asymptotic improvements over Schoof’s algo-
rithm in this case. A first step in this direction would be to general-
ize the isogeny algorithm of chapter 3 to Jacobians of quartic curves,
using the newly found correspondance between Siegel modular forms
in dimension 3 and concomitants of ternary quartics [CFvdG20].
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